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The aim of this thesis is to bring together and summarize the results of twenty-five years of active research
into the immunology and physiology of the mammalian lymphoid system using the sheep as the model
species. For this work I have exploited the cannulation of peripheral lymphatics, which enables the
monitoring of lymph, lymphocytes and dendritic cells that are constantly trafficking from the skin or from
lymph nodes. The use of this technique in the sheep permits access to large numbers of lymph-borne cells
over extensive periods and in a form far closer to their in vivo non-activated state than from any other species.
I have organized the publications into four distinct, but interrelated chapters. Chapter 1 is concerned with the
physiology of sheep lymphoid cells and describes the use of the cannulated lymphatic model to answer
fundamental questions of lymphoid biology. My earliest work was focused on the non-random migration of
lymphocytes and the identification of two lymphocyte populations; one associated with the gastrointestinal
tract and other mucosal organs and the other with peripheral lymph nodes and the spleen. Later work
identified two separate populations of B cells with distinct recirculation properties and also concentrated on
the lymph node response to antigen and the role played by antigen in modulating lymphocyte recirculation.
Much of my work in the last few years has been concerned with the biology of dendritic cells (DCs), the cell
population uniquely able to induce the primary immune response. The "pseudo-afferent" cannulation system
in sheep is, arguably the best system for this study, as the isolation procedure does not lead to aberrant
changes in cell phenotype and function.
Chapter 2 relates the work to characterize the sheep immune system, in order to exploit further the sheep as a
species for immunological study. Much of my efforts involved the production and characterization of anti-
sheep MHC and CD1 monoclonal antibodies (mAbs). This resulted in the generation of monoclonal reagents
that are now the standards used to define the ovine/bovine homologues of MHC class I, class II and CD1. The
production and use of anti-ruminant mAbs from about 1985 required their worldwide standardization in order
to maintain confidence in the quality of research. This standardization was accomplished by a series of
international workshops; I was involved in all, and chaired the last two. This resulted in the production of
standard panels of characterized mAbs that define the ruminant homologues of human differentiation
antigens. Although unglamorous work, this effort was essential for the future exploitation of the sheep as an
experimental animal.
The third chapter is concerned with exploiting the experimental system that I have developed, to study the
immunopathology of such diseases as maedi-visna virus, Trypanosoma congolense and cvansi and Theilcria
annulata. The work on maedi-visna was stimulated by the fact that it is a lentivirus (like HIV) and causes
much of the same pathology as HIV. However, it is not immunosuppressive, and the host-virus interactions
can be investigated without the complications of opportunistic infections. The studies on the trypanosomes
have produced much novel information on the ways that these two pathogens interact with the host and cause
disease. The work on the role of the chancre in the infectious process also identifies possible immunological
targets for anti-trypanosome prophylaxis.
Finally, the fourth chapter summarizes my work on the veterinary genetics. My main interest has been
ovine/bovine MHC class I and class II as well as CD1. However, a piece of serendipity led to the
development of use of human mini-satellites for genetic studies in horses. This has subsequently resulted in
DNA fingerprinting being used as the standard method for unambiguous identification of individual horses
and for equine paternity analysis.
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As with any scientific career most published work is a series of collaborations. My early
work was collaboration with my supervisor (Joe Hall). During my early post-doctoral

period, when I was still learning my trade, the work described in my publications was

actually performed by myself but would not have been possible without the extensive

supervisory input, particularly of Ian McConnell and Peter Lachmann. In the last fifteen

years things have changed. I have had less time for 'at the bench science' and I have
taken on the role as supervisor. I have been fortunate in that I have had a series of
excellent post-doctoral scientists and postgraduate students. I have also been fortunate in
that much ofwhat we have achieved has concerned the exploitation of lymphatic
cannulation technology. I have succeeded in retaining this skill and performing the

surgery has enabled me to escape the desk and telephone for at least a day a week. My
contribution to each publication is stated as an appendix to each citation in the reference
lists.
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INTRODUCTION

INTRODUCTION

My research experience has focused primarily on the physiology of the sheep immune
system and the way it functions in response to infection. Central to my work has been
the exploitation of lymphatic cannulation in order to access cells from the different
lymphoid compartments. In particular this has involved the collection of afferent and
efferent lymph draining to and from peripheral lymph nodes. This permits the
continuous monitoring of immunological events that occur over extended periods of
time in organs that retain their normal neurovascular and physiological functions.

Professors Bede Morris, Alex Lascelles and Joe Hall first devised this technology in the
late 1950s when they performed the pioneering work on the physiology of the lymphoid
system at the John Curtin School of Medicine, Australia. Joe Hall subsequently
established a centre of lymphoid physiology research at the Institute for Cancer
Research (London University) in Sutton, Surrey. In 1973 I joined Joe Hall as a young

postgraduate student then served a three-tear apprenticeship in lymphatic surgery. After

obtaining my PhD Joe gave me an invaluable piece of advice - "go learn some science".
Joe was an excellent doctor, a superb surgeon and a wise mentor but knew his own

limitations in the field of cellular and molecular immunology.

Consequently, in 1977 I moved to Cambridge to work with Dr. Ian McConnell and
Professor Peter Lachmann, who had been made aware of the power of the lymphatic
cannulation model after an extended visit to the Basel Institute for Immunology. It was

here that Peter first made contact with two ex-students of Bede Morris; Drs. Ross Cahill
and Jack Hay. He was so impressed by the possibilities for this technology that he
persuaded Ian McConnell and another veterinary colleague, Mike Hobart, to try and
cannulate sheep lymphatics at Cambridge. After much effort this group published a

revolutionary article in Nature entitled " The restoration of
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Specific immunological virginity". This caused an almighty stir, not least because it was

generated by people who were not part of the 'Canberra Club'. I was recruited in 1977
because of my surgical experience, and also I suspect because ofmy connexion with the
'Club'. This move also suited my cause because Peter Lachmann's MRC Mechanisms in
Tumour Immunity Unit, (then at the Department ofPathology in the Medical School but

two-years later at the MRC Centre, Hills Road) had developed an excellent reputation
for state-of-art immunology. It was here, under the beady eyes of Ian and Mike that I
learnt how to do science. Initially it was a painful process but any success I have had
since can be put down to the hard lessons learn during those six years.

In 1982 Ian McConnell was elected to the Chair ofVeterinary Pathology at the

University of Edinburgh and I was appointed Lecturer in Veterinary Immunology a year

later. Over the next three years Ian succeeded in created the best group of large animal
disease scientists anywhere within a European university. This resulted in a highly

productive eight-year period. The key was Ian, who has immense energy and the
enviable ability to recognize talent. The combination in one Department of Drs. Gordon
Harkiss, Bob Dalziel, David Sargan, Neil Watt and myself brought together expertise in

immunology, biochemistry, virology and molecular biology. We each had a small
research group but collaboration between groups was the key to success. We proved to

be highly competitive with the grant awarding bodies, which generated much resentment

among the other veterinary schools.

Predictably, from 1990 onwards, each research group started to expand and become
more independent. Under normal circumstances the group heads would have gradually
moved away. However this did not happen as a dramatic (but amicable) break-up
occurred in 1994 when Ian and David returned to Cambridge.
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The development of large animal immunology research at the University of Edinburgh
was facilitated by the presence of specialized animal facilities within the Faculty of

Veterinary Medicine as well as the convenient presence of several large animal research
institutes. On a personal basis this has led to highly productive collaborations and

friendships between my group and staff at the Moredun Research Institute, The Roslin
Institute and the BBSRC Neuropathogenisis Unit of the Institute for Animal Health. I
would wish to fully acknowledge my current collaborators at these institutes:

Moredun Research Institute

Dr Michael Sharp
Dr Peter Nettleton

Dr Doug Jones
Dr David Haig

The Roslin Institute

Dr Elizabeth Glass

Dr George Russell

Institute for Animal Health

Dr Nora Hunter

I wish to acknowledge fully the efforts of the postdoctoral fellows and postgraduate and
honours students and technicians with whom I have worked over the last twenty years

(see Declaration).

Research

My research can be divided into 4 inter-related areas:

1. Studies on sheep lymphocyte physiology Chapter 1
2. Characterization of the immune system of the sheep and cat Chapter 2
2. Immunopathology of infectious disease Chapter 3
4. Veterinary immunogenetics Chapter 4
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CHAPTER 1

PHYSIOLOGY OF SHEEP LYMPHOID CELLS
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I PHYSIOLOGY OF SHEEP LYMPHOID CELLS

CHAPTER 1

PHYSIOLOGY OF SHEEP LYMPHOID CELLS

The modern science of immunology really began in the late 18th century when the
Gloucestershire physician, Edward Jenner observed that pre-infection with cowpox

protected milkmaids from a lethal infection of smallpox. Using this observation he
started to protect his patients from smallpox by injecting them with lymph isolated from
cowpox blisters found on the teats of infected cattle. This link between ruminants, lymph
and the immune response was forgotten for the next 150 years as immunology

developed as an experimental science, at first along biochemical lines with the work of
von Behring, Kitisato and Bordet and then on cellular lines with the work of
Metchnikoff and Burnet.

The study of the immune system has been largely based on the phenomenon of

specificity. Until the late 1960s this was almost exclusively concerned with the
identification of specific antibody, but since then there has been much effort in the
definition of specific cellular immunity. There is still a prevailing view that the various
in vitro measurements of the immune response - quantitative estimates of specific

antibody or cytotoxic T cells - somehow describe immunity. The reason for this

preoccupation lies in the fact that, in most experimental systems, it is not possible to

analyze the immune response in any other way.

Most experiments are performed either with cell populations in various designs of

plastic containers, or in the laboratory mouse. These methods have great advantages.
The experimental system can be easily defined, measurements can be made and numbers
obtained. In fact experiments with human tissue can usually be performed only in
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1 PHYSIOLOGY OF SHEEP LYMPHOID CELLS

plastic. Furthermore, with the availability of in-bred, transgenic and gene-knockout
animals the experimental mouse has become uniquely defined genetically. The

consequence of this focus is that our understanding of the immune system of mammals
is, in reality, the immunology of the laboratory mouse.

While this approach has led to huge advances in the understanding of immunology, there
is no reason to believe that the murine immune system represents all mammal species
(including man) in every aspect. It has occurred to some scientists that the physiology of
the immune system might be better understood by exploiting different experimental
approaches in other species. One such novel approach is the cannulated lymphatic model
in sheep. The development of the techniques of lymphatic cannulation in ruminants (but
especially sheep) has enabled a more holistic approach to the study of the physiology of
the immune response than is possible using more conventional systems. These methods
are excellent at obtaining 'snap-shot' views, but lymphatic cannulation permits the
continuous monitoring of immunological events, that occur over extended periods of
time, in organs that retain their normal neuro-vascular and physiological functions.

1.1 Studies on lymphocyte recirculation

The use of the cannulated lymphatic model to study novel aspects of the immune

response was first developed in the late 1950s by Bede Morris, Alex Lascelles and Joe
Hall. At the same time James Gowans (in Oxford) was using thoracic duct cannulation
of rats to define the function of lymphocytes and the general phenomenon of lymphocyte
recirculation. The use of rats for this work had the advantage of convenience, but
suffered the major disadvantage that only thoracic duct lymph was obtainable. Joe Hall's

exploited this weakness of the rat system and, in the early 1970s, started to examine the

phenomenon of lymphocyte recirculation in the whole animal, using peripheral and
central lymphatic cannulation in sheep.
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1 PHYSIOLOGY OF SHEEP LYMPHOID CELLS

This focus on lymphocyte recirculation resulted in my recruitment and the establishment
of my PhD project. My first task was to repeat the work described by Gowans (Gowans &

Knight, 1964. Proc. Roy. Soc. B. 159, 257), first using rats and then using sheep. This was

successful and formed the first results chapter of my PhD thesis (The migratory properties of

lymphocytes with particular reference to the gut. University of London. 1976). More importantly it
led to our description of the existence of at least two separate trafficking pathways for
activated lymphocytes (Ref 1.1). In these experiments antigen-activated 'immunoblasts'
were obtained from peripheral lymph nodes or the intestine by the cannulation of either
the popliteal efferent or intestinal ducts. They were labelled using the DNA precursor

125 • t • • • • •I - iodo-deoxyuridine (IUdR), which is only incorporated into dividing cells. These
cells were then re-perfused and their distribution throughout the body determined by

gamma spectroscopy. It was clear that cells from the peripheral lymph node localized
back to those lymph nodes and the spleen whereas cells from the gut localized to the
lamina propria of the small intestine and the mesenteric lymph nodes. Peripheral cells
avoided the gut and mucosal cells avoided the periphery.

Further experiments, performed in collaboration with Roland Scollay, asked similar

questions of recirculating, non-activated small lymphocytes. These were also obtained

by cannulation and were labelled with Cr5,-sodium chromate. An added complication of
these experiments was the necessity to have double cannulated sheep; that is sheep with
both the popliteal efferent and the intestinal ducts cannulated at the same time. These

experiments resulted in the conclusion that there were at least two distinct pathways of
small lymphocyte recirculation (Ref 1.2). These experiments also included the

phenotypic analysis of the cells that were being studied. It was clear that a major
difference between the peripheral and mucosal lymphocytes is the expression of surface
IgA by the mucosal B cells. Consequently, we interpreted these results as indicating that
there was a possible role for surface Ig in non-random recirculation. We were wrong.

The control of leukocyte (including lymphocytes) recirculation has been an area of great
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1 PHYSIOLOGY OF SHEEP LYMPHOID CELLS

research effort over the last twenty years and we now know that it involves a range of
cell surface molecules - Ig is not one of them. A repeat of the first series of experiments,
but this time using transfer of maternal cells into antigen-free foetal lambs (Ref 1.3)
demonstrated that the trafficking pathways of immunoblasts are innate and are not
influenced by the antigen environment of the tissue oforigin. An additional series of
experiments (in collaboration with John Reynolds) described the in vivo primary and

secondary responses to the skin sensitizing agent oxazalone (Ref. 1.7) and eventually led
to experiments I performed in Cambridge concerned with the phenomenon known as

'cell shut-down'.

1.2 Analysis of the role of antigen in lymph node function

My recruitment by Peter Lachmann was a direct result of his visit to the Basel Institute
for Immunology three years previously. I had two major tasks; the first was to repeat and

expand on the experiments that had been published with much publicity in the paper

"The restoration of specific immunological virginity" (McConnell, Lachmann & Hobart, 1974.

Nature (Lond.) 250,113). This paper described the abrogation of specific immunological

reactivity by the repeated stimulation of a cannulated lymph node with the antigen and
the removal of the responding cells. The original paper was given a highly sceptical

reception, not least by myself. Joe Hall wittily responded to this paper, stating that it was

not novel as the first claim for restoration ofvirginity occurred two thousand years ago -

I wish I had his wit. Unfortunately Nature did not publish Joe's letter. It took almost
three years and a huge effort to repeat the experiments to my own satisfaction.

The original paper described data from just three animals with one antigen. I confirmed
these findings with the results from nine sheep using three antigens and three

independent immunological assays {Ref. 1.5). In these experiments sheep were

immunized with the antigens Bacille Calmette Guerin (BCG), Mycobacterium avium
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1 PHYSIOLOGY OF SHEEP LYMPHOID CELLS

paratuberculosis (Johne's disease vaccine) and keyhole limpet haemocyanin (KLH).
The efferent duct of a popliteal lymph node was then cannulated and stimulated
repeatedly with PPD (the antigen of BCG) and the draining cells removed from the
sheep. The other two antigens were injected into the uncannulated contra-lateral node.
During this time the blood lymphocytes were monitored for reactivity to all three
antigens by in vitro proliferation assays. The response of these cells to PPD was found to

be gradually eliminated after repeated challenge. The response to the other antigens was

unimpaired. No depletion of the anti-PPD response occurred in cannulated sheep when
PPD was given into the uncannulated node. In vivo delayed-type hypersensitivity skin
test and helper T cell assays confirmed that the PPD response was specifically
eliminated. Our explanation for this result was that there is specific selection of antigen-
reactive cells from the recirculating lymphocyte pool into antigen-stimulated lymph
nodes.

My second task was to investigate the production of non-specific 'suppressor factor'.
Peter Lachmann had done some preliminary experiments on this when in Basel and I
took it on when I arrived in Cambridge. When antigen is injected into the drainage area

of a lymph node it stimulates an acute response within the node that is reflected in

changes in the cellular content of the efferent lymph. After primary challenge, the

response is relatively unapparent, but after secondary challenge there is a 90% drop in
cell output (but no change in lymph flow) from 6 to 18 hours. This has been named 'cell
shutdown'. Peter found that lymph plasma from the cell shutdown period was highly

suppressive for T cell proliferation in vitro. My first series of experiments found that cell
shutdown occurred after primary challenge if the antigen was delivered as an antibody-

antigen immune complex. Antibody-antigen complexes are important activators of the

complement system and we found that other complement fixing molecules (e.g. inulin,
cobra venom factor) would also stimulate cell shutdown after primary challenge and

generate the production of'suppressor factor' (Refs. 1.6; 1.21). Complement is one of
the most potent activators of acute inflammation, and one of the major mediators
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1 PHYSIOLOGY OF SHEEP LYMPHOID CELLS

released during inflammation is prostaglandin E2. Analysis of the lymph draining the
node during the cell shutdown revealed very high concentrations of PGE2; perfusion of
the node with PGE2 mimicked cell shutdown and pre-treatment of the node with aspirin
or indomethacin (cycloxygenase inhibitors - that inhibit PG synthesis) abrogated the

phenomenon (.Refs.1.6; 1.7; 1.21; 1.22). The existence of PGE2also explained the

presence of the 'suppressor factor'. PGE2 is highly inhibitory for a large range of

immunological responses; lymph from aspirin-treated nodes did not inhibit T cell
proliferation and anti- PGE2 antibodies blocked the suppression (Ref. 1.8).

1.3 Role of dendritic cells in antigen transport and T cell activation

A major emphasis after moving to Edinburgh was a study of the role of dendritic cells in
the induction of the immune response. This area ofwork has proved to be so important
that it continues today. The induction ofprimary immune responses requires the
activation of 'nai've' T cells. Dendritic cells (DC) are unique in their ability to activate
these cells and induce the primary immune response. Much work on the biology ofDC
has been done using the mouse and man. This work suffers from the disadvantage that it

requires extensive purification protocols and/or in vitro tissue culture to isolate DC.
These procedures change cell phenotype and function and therefore the cells cannot be

equated to resting DC in vivo. Access to DC in a resting physiological state is feasible
in sheep using the technique of "pseudo-afferent" cannulation (Ref. 1.9; 1.24). The

technique is performed by first removing the draining lymph node and allowing
anastomosis of the afferent vessels with the remaining efferent duct. Approximately

eight weeks later, the "efferent" vessel can be cannulated and afferent lymph obtained
for periods often in excess of a month. This 'pseudo-afferent' lymphatic contains cells
and lymph plasma identical to 'true' afferent lymph. The DC can be purified rapidly by
a simple density-centrifiigation step and if required by negative selection using magnetic
beads. This approach overcomes the activation problems inherent in obtaining DC in

17



I PHYSIOLOGY OF SHEEP LYMPHOID CELLS

humans and rodents. Sheep afferent lymph DC can be obtained in large numbers, over

extensive periods and in a form far closer to their in vivo non-activated state than from

any other species.

Although it had been known for sometime that DC are uniquely capable of inducing

primary immune responses and are the most potent stimulators of secondary responses,

it was not known whether they play any role in the transport of antigen in vivo. This
question was eventually answered by a complex series of experiments performed by
Raymond Bujdoso and myself (Ref. 1.9). Firstly, sheep were immunized with two
unrelated antigens, ovalbumen (OVA) and purified protein derivative of tuberculin

(PPD). OVA and PPD-specific T cell lines were then generated such that they

proliferated in response to their own antigen but were unresponsive to the other. The

'pseudo-afferent' lymphatic ducts of these sheep were then cannulated and either OVA
or PPD inoculated into the drainage area of the duct. At intervals after inoculation the
afferent lymph DC were isolated and added to the T cell lines without exogenous

antigen. DC isolated after OVA inoculation could only stimulate the OVA-specific T
cell lines; DC from PPD inoculated sheep could only activate the PPD-specific lines.
This experiment proved that DC in afferent lymph took up antigen when in the skin and
could use it to activate T cells in an antigen-specific manner.

Since 1980 it became clear that basic descriptive lymphoid physiology had no future.

Consequently I started to generate monoclonal antibodies (mAbs) to the immunological

important molecules of the sheep immune system (see Chapter 2). Two of the first mAbs
made and characterized were specific for Major Histocompatibility Complex class II

(MHC class II) and cluster of differentiation 1 (CD1). In a parallel series of experiments
described in Ref. 1.13, anti-MHC class II (Ref. 2.1) and CD1 {Ref. 1.9) mAbs were used
to analyze the phenotypic and functional changes that occur in DC after primary and

secondary antigenic challenge {Ref 1.10). By flow cytometry using fluorescent antibody
and by saturation binding using radiolabelled antibody, I developed techniques to
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I PHYSIOLOGY OF SHEEP LYMPHOID CELLS

quantify changes in the levels of expression of MHC class II and CD1 on afferent lymph
DC during in vivo immune responses. The use of in vitro proliferation assays also
enabled me to correlate changes in the antigen-presentational function of DC with

changes in phenotype. It became clear that primary challenge resulted in only minor

changes to DC phenotype and no change to their function. In contrast, secondary

challenge led to a major alteration in CD1 expression and a seven-fold increase in MHC
class II. The increase in MHC class II expression correlated almost exactly with an

increase in the stimulatory capacity of the cells. It became clear that the magnitude of
the T cell response stimulated by the DC is directly related to the product of the
concentration of antigen and MHC class II. These experiments showed that the DC is a

highly responsive cell population whose phenotype and function can change

dramatically in response to local stimuli and requirements (Ref.1.25).

The plasticity of DC was further investigated to examine the alterations in expression of
the cellular receptor for the pro-inflammatory cytokines, IL-la and IL-lp, that are

known to enhance the antigen-presenting function of accessory cells. The genes for
ovine IL-la and IL-lf3 had been cloned and sequenced and recombinant cytokines

produced using the yeast Ty-vlp expression system. These were labelled with I125 and
used to quantify IL-1 receptors by saturation binding and Scatchard analysis (Ref.1.16).
We found that non-activated DC express approximately 500 receptors per cell for IL-la

(Kd~30pM) and 350 for IL-ip (Kd ~160pM). This is in contrast to freshly isolated
alveolar macrophages, which express -2,600 IL-laR (Kd ~56pM) and 16,500 IL-1 PR

(Kd ~4.6pM). Saturation binding and in situ analyses show an initial transient increase in
IL-la binding to DC by 4 hours in response to secondary ovalbumen challenge.
Maximal IL-1R expression, reaching approximately 22,000 IL-1R per cell for IL-la,
occurred by about 48 hours. From two days post-challenge the levels of expression
declined to reach resting state by eight days. This timescale was similar to that found
with MHC class II and CD1 (Ref.10). No changes were observed in the numbers of
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receptors of IL-ip. These experiments give further evidence for the fact that the DC is a

highly reactive cell population and that rapidly responds to external stimuli. The data on

the different affinities of cytokine receptors on DC and macrophages also imply that the
two cell populations express distinct receptors for two of the major pro-inflammatory

cytokines.

The mechanisms by which DC incorporate antigens and become activated (as described
above) is unclear. Studies using human and murine DC initially failed to find the cellular
receptors for complement and immunoglobulin that are present on classical
macrophages. The reason for this failure was that the procedures required to isolate
human and murine DC led to the loss of expression of many cell surface molecules. Our
initial studies (Ref 1.13), examining this question using freshly isolated afferent lymph
cells, showed that DC can take up antigen at low levels spontaneously. However,

antigen uptake is amplified by the presence of intact IgGi or IgG2 antibody but not

F(ab')2 fragments, showing that DC express functional Fc receptors and that these are

used for the opsonization of antigen. This work also illustrated the heterogeneity of the
afferent lymph DC population; simple visualization with only two reagents, immune

complexes and anti-CD 1 mAb, delineates 4 distinct populations. We continued this work
to examine the functional consequences of antigen uptake via FcyR and found that the T
cell stimulatory capacity of DC is enhanced by several orders of magnitude in the

presence of specific IgG antibody (Ref. 1.17). Furthermore, sub-stimulating
concentrations of antigen were shown to be able to activate T cells only when

complexed with IgG antibody. This enhancement was maximal with immune complexes
in moderate antibody excess (3 - 30 fold) but still occurred with ratios as high as 300:1.
As with antigen uptake, this occurred only with intact IgG antibody showing that it is a

function of antigen localization via DC-expressed FcyR.
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Although the uptake of immune complexes made with intact antibody implies the

expression of FcyR, confirmation required the production and characterization of

specific anti - FcyR antibodies. Polyclonal anti-FcyR antibody was generated by

immunizing rabbits with sheep FcyR purified from alveolar macrophage lysates using
affinity chromatography using sheep IgG as the ligand (Ref 1.18). The subsequent
antisera were absorbed with sheep IgG to remove anti-sheep Ig reactivity and were then
shown by immunoblotting to react with a protein species of approximately Mr 40,000
from DC and macrophage cell lysates. This is consistent with it reacting with the sheep

homologue of FcyRII, the major low affinity Fc receptor responsible for opsonization.
This antibody was then characterized functionally by its ability to inhibit EA rosettes,

the standard for assessing anti- FcyRII reactivity. More recent experiments (Ref. 2.22)

generated monoclonal antibodies to sheep FcyRII and confirm these data.

Additional experiments were also performed to examine the plasticity of DC phenotype
and function. My earlier work (Ref. 1.10) showed that in vivo antigen challenge affected
the levels of MHC class II and CD1 expression as well as the T cell stimulatory function
of DC. Primary challenge resulted in only very minor effects. Later work {Ref. 1.18)
demonstrated that many of these changes were a result of antigen uptake via FcyR.

Furthermore; FcyR engagement also results in acute modifications to DC phenotype. In

particular there is a highly significant loss of the expression of the cell adhesion (e.g.
LFA-1, LFA-3, CD44 and VLA-4) and antigen presentational molecules (MHC class II
and CD1) by 8 hours but a significant elevation of the same molecules by 24 hours.
These changes only occur after engagement of immune complexes and not with either

antibody or antigen alone. The phenomenon may function to maximize subsequent

presentation of the challenge antigen to T cells.

My work with DC has not been restricted to the experiments described above and I have
made a major effort to define DC by generating mAbs to the most important cell surface
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molecules expressed by these cells (Chapter 2). In addition, my interest in the antigen-

presenting function of DC has led to extensive studies on the biochemistry (Chapter 2)
and molecular genetics (Chapter 4) ofboth sheep MHC class II and CD1.
Several of my current research programmes are focused on DC. The main aim of one

project is to establish and analyze a robust model system for gene-gun delivery of
genetic vaccines targeted to cutaneous DC. In this project we are exploiting the 'pseudo-
afferent cannulation technique to analyze the expression of enhanced green fluorescent
protein (eGFP) in the skin and DC after genetic vaccination. In addition we are

examining the role of DC in functional eGFP carriage and T cell activation and also the
role of co-administered cytokine genes on the modulation ofDC function (Ref.6.1). In a

second project, we are testing the hypothesis that DC are important cells in the
dissemination of scrapie agent (FITC-labelled PRPSC). This is based on the observations
that some sheep become infected with scrapie by skin scarification and that DC in the

draining lymph nodes have been shown to be important in the amplification of the agent.
The cannulation of the afferent lymphatics draining the site of infection will give very

important information about the way that PRPSC is disseminated. In addition, assays for
DC and lymphocyte function (e.g. in vitro proliferation, nuclease protection for

• qp

quantification of cytokine mRNA) are being used to assess the effect ofPRP carriage
on lymph cell function. Finally, a third project is concerned with the role of DC in the
innate protective response. In addition to utilizing receptors for antibody-antigen
complexes (Fc receptors) for antigen uptake, DC also express such innate receptors as

complement receptor 4 (CR4 - CD1 lc/CD18), CD14 (receptor for bacterial LPS - LPB

complex) and mannose receptors. We are currently engaging these receptors with
specific mAbs (separate and cross-linked) and assessing, by nuclease protection, the
effects of that engagement on the expression of DC cytokines.

The value of the sheep cannulation model for studies on DC is that it enables relatively
large quantities of cells to be isolated in a form closest to their non-activated in vivo

state. Consequently, it is possible to ask questions about DC physiology and the
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mechanisms that lead to DC activation. This is not possible with human and murine DC
as the procedures required for their isolation leads to changes in their physiology that

may be an experimental artifact.

1.4 Lymphocyte populations during in vivo immune responses

In this extended series of studies we exploited both afferent and efferent lymphatic
cannulation in order to analyze the events occurring in peripheral tissues and lymph
nodes undergoing primary and secondary immune responses. For these studies we also
used new anti-sheep leukocyte mAbs that started to become available from about 1986

(Chapter 2). Using these reagents, it became clear that the recirculation capacity of the
different lymphocyte populations was not random. This was distinct from out previous

finding concerning mucosal and peripheral-homing lymphocytes (Refs. 1.1; 1.2; 1.3).

Simple phenotypic analysis with mAbs that defined the major lymphocyte populations -

anti-IgM and CD21 for B cells; anti-CD4, CD8 and TCR1 for T cells - it was clear that
the percentage of the different cell populations was different in the different lymphoid

compartments (Refs. 1.23; 1.26; 1.28). For example, there is almost twice the proportion
of TCR1+ T cells in afferent lymph as in efferent lymph and blood. In contrast, the

proportion of B cells in blood is more than twice that in either afferent or efferent lymph

compartments. Simplistically, this means that there is selection process for lymphocyte
extravasation into lymph nodes.

In a series of experiments designed to examine this problem in detail we measured the
levels of CD4+ and CD8+ T cells in efferent lymph draining a lymph node responding
to the non-replicating protein antigens - PPD and OVA (Ref. 1.11). Although the
numbers of CD4+ and CD8+ T cells exiting a lymph node increase as a result of

antigenic stimulation, they do so in a non co-ordinate manner. CD4+ T cells rise from a

resting level of about 50% to greater than 70% on days 2 and 3 post-challenge. The
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CD8+ T cells rise from a resting level of 16% up to 35% on days 4 and 5. This causes

the CD4/CD8 ratio to first increase above the resting level during the CD4 phase (day

2/3) and then to decrease during the CD8 phase (day 4/5). Examination of the lymph
fluid for cytokine activity showed that IL-2 activity was present during the CD4 phase
but not during the CD8 phase. Examination of the cells for the presence of IL-2

responsiveness showed that CD25+ T cells occurred from days 3-6 (but not day 2) and
that these cells were of all three T cell phenotypes (Refs. 1.11; 1.28), including CD8+
and TCR1+ despite the fact that the antigen was non-replicating protein. These data
show a sequential exit of different T cell subsets from an antigen-stimulated lymph node
and that the appearance of IL-2 and IL-2 responsive cells are temporally distinct events.

More detailed analysis of the non-random nature of T cell migration, using an array of
new mAbs, was published later by Charles Mackay from the Basel Institute for

Immunology (Mackay et al. 1990. J. Exp. Med 171, 801). These data were interpreted as

showing that 'memory' and activated T cells interact with tissue endothelium and then
enter afferent lymph while 'nai've' T cells only interact with lymph node high
endothelial venules and migrate to efferent lymph. Subsequently, the results from a

large series of experiments partly confirmed these data but also raised doubts about the

over-simplicity of the initial interpretation (Refs. 1.14; 1.15). The first paper (Ref. 1.14)
characterized anti-sheep MHC class II DQ and DR specific mAbs and used them to

examine, by two-colour flow cytometry, the class II expression by lymphocyte subsets
in the different lymphoid compartments. It is clear that T cells express different levels of

DQ and DR depending on their anatomical localization. In peripheral blood and efferent

lymph about 30% of all three T cell subsets express DR but none express DQ. In

contrast, the majority of afferent lymph T cells express both DQ and DR. In lymph
nodes about 30% express DQ and 50% express DR; DQ+ T cells always express DR.
We concluded from these data that the pattern of MHC expression on T cells reflects
different levels of T cell differentiation and activation. The DQ-DR— population is

typical of antigen-naive and foetal T cells. These change to DQ—DR+ and DQ+DR+
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after exposure to antigen. The DQ+DR+ phenotype is characteristic of recently activated
T cells in afferent lymph and lymph nodes and the DQ- DR+ cells represent a resting
and recirculating memory phenotype present in efferent lymph and blood. These data
establish that there is considerable plasticity of T cell phenotype. Mackay's explanation
for differential recirculation is that only activated and 'memory' T cells interact with
tissue endothelium and enter afferent lymph. The data described in Refs 1.14 and 1.15

argues against this interpretation, as there are essentially no DQ+ 'activated' T cells in
peripheral blood. An alternative explanation is that the act of extravasation leads to cell
activation, which would explain the presence of the activated phenotype in afferent
lymph. The absence of the DQ expression by efferent lymph cells may reflect the fact
that these cells do not appear in the lymph until about 30 hours after they have crossed
the endothelium and by this time they may have lost DQ expression and reverted to the
DQ-DR+ phenotype.

The functional significance of the expression of MHC class II on T cells was examined
in an accompanying paper (Ref. 1.15). This utilized the same anti-MHC class II mAbs to

quantify the levels of expression by recirculating T cells using both saturation binding
and quantitative flow cytometry techniques. In vivo secondary, but not primary antigenic

challenge is associated with both kinetic and phenotypic alterations in MHC class II

expression by all three major T cell subsets. There is an approximate four-fold increase
in DR expression by the efferent lymph T cells but no change in B cell phenotype.

Resting lymph is either MHC class II- or DQ- DR+, but this changes to DQ+DR+ after

antigenic challenge. In view of the fact that these cells express high levels of MHC class
II we examined the antigen presenting function of the class 11+ efferent lymph T cells at

daily intervals after in vivo antigen challenge. These experiments were performed before
the existence of co-stimulation was known. T cells from resting lymph nodes were

weakly stimulatory in allo-mixed lymphocyte reactions (MLR) at high (>2:1) stimulator
cell ratios. In contrast, activated T cells, expressing high levels of DQ and DR, strongly
stimulated allo-MLR. Neither resting nor activated T cells were capable ofpresenting
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soluble antigen or antigenic peptides to antigen-specific T cell lines. In the MLR assays,

the relative stimulation by class 11+ T cells correlated with the levels of class II

expression. The conclusion from these data is that both qualitative and quantitative

changes in MHC class II play a role in the regulation of immune responses in vivo but
that role is not just one of antigen presentation.

The availability of defined mAbs to the p2-integrins (Ref.2.9; 2.14) and the various
CD21variants (Hein et al. 1998. J. Immunol. 161,458) has also enabled the study of B cell

physiology. Our work identified two mutually exclusive B cell sub-populations (.Ref
1.19). These sub-populations have distinct recirculation characteristics and tissue
distributions. Phenotypically, the populations are distinguished by their differential

expression of the complement receptors, CD21 (CR2) and CD1 lb/CD18 (CR3).
CD1 lb+B cells are sIgMhl/sIgG~ co-express CD1 lb but are CD21 and L-selectin

negative. They populate the splenic marginal zone but are absent from splenic and ileal
Peyers' patch (IPP) follicles and both afferent and efferent lymph compartments.

Fluorescent tracing experiments show that the CD1 lb+ B cells are non-recirculating as

they did not appear in lymph after iv. inoculation but were restricted to the blood and
spleen. The CD1 lb-/CD21+ B cell population expresses a conformational determinant
of CD21 that is recognized by the monoclonal antibody, Du 2-74. They are slgM10 and
L-selectin+ and the small proportion of sIgG+ B cells are all of this phenotype. They

populate the splenic and IPP follicles, are absent from the splenic marginal zone and are

the only B cells in afferent lymph, efferent lymph and all lymph nodes. Fluorescent

tracing experiments show that the CD21+ B cells are recirculating cells with their entry

into efferent lymph being detectable by 16 hrs and peaking at between 24 - 30 hrs.

Functionally, the CD1 lb+ B cells respond to bacterial LPS very rapidly secreting high
levels of IgM. In contrast the CD21+ B cells respond to LPS very slowly and secrete

only very low levels of IgM. Neither in vivo nor in vitro activation leads to switching
between the two populations. These data suggest that there are at least two lineages of B
cells in the sheep with different phenotypic, functional and recirculation characteristics.
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The CD1 lb+ B cells seem to be the first line of defence with their rapid response to

bacterial antigens. The CD21+ B cells seem to be conventional B cells that recirculate

through lymphoid organs, undergo somatic mutation and heavy chain switch and are

probably responsible for the IgG antibody response.

Today we have to hand mAbs, cDNA clones and recombinant protein of many of the

sheep cytokines. This work built on experiments that defined these molecules

functionally and biochemically. The first description of sheep IL-2 was as a soluble
factor that supported T cell proliferation, present in afferent and efferent lymph and in
tissue culture supernatant of Con A activated T cells (Ref 1.11). This material was

further characterized {Ref. 1.12) by standard protein biochemistry techniques. The active
material was present at maximum concentration in lymph from 24 to 48 hours after in
vivo antigenic challenge (in a primed animal) and in the 12 - 24 hour supernatant of
concanavalin A - stimulated sheep T cells. Biochemical fractionation of these materials
showed that significant differences exist between in vivo and in vitro generated 'T cell

growth factor'. Con A supernatant contained material ofMr 20,000 that has a single

peak of activity following anion exchange HPLC. In contrast both afferent and efferent
lymph plasma contain active material ofMr 20,000 and 40,000 as judged by gel
filtration. The Mr 20,000 material from afferent lymph eluted from DEAE-Sepharose as

a single species at 125mM NaCl while that from efferent lymph eluted with two peaks at
125mM and 300mM NaCl. A similar trend was seen with the Mr 40,000 material that

eluted as a single peak at 200mM NaCl from afferent lymph and 200mM and 400mM
NaCl from efferent lymph. This heterogeneity reflects the different range of cytokines
released at distinct lymphoid compartments. It now appears clear the 'T cell growth
factor' was not all IL-2. This work now demands to be repeated and extended using

reagents to defined cytokines and not assays for broad biological activities..
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CHAPTER 2

CHARACTERIZATION OF THE IMMUNE SYSTEM OF THE SHEEP AND CAT

By the late 1970s it became clear that the form of descriptive and experimental

immunology practised throughout the previous two decades was now becoming
outdated. I was fortunate in being attached to the Laboratory ofMolecular Biology,
Cambridge and became aware of the power of monoclonal antibody technology for the
analysis of lymphocyte phenotype and function. It became clear that if the sheep

lymphatic cannulation model was to be exploited to the full we must start to generate
mAbs to the important cell surface molecules of the sheep immune system.

The same conclusions had been reached at several other laboratories and it soon became

clear that three major labs were focusing their effort on sheep and three on cattle. The

relationship between these two species is such that many reagents cross react between
the two. I succeeded in generating large numbers of mAbs when at Cambridge but the
work suffered about a two-year hiatus because of my move to Edinburgh in 1983. By
1985 Mai Brandon in Melbourne and Wayne Hein in Basel had started to produce well-
characterized mAbs. The three 'cattle laboratories', ILRAD in Nairobi, IAH at Compton
and WSU in Pullman were also forging ahead. Almost by coincidence, the three sheep
laboratories had different priorities. The Melbourne group concentrated principally on

mAbs to different T cell subsets. The Basel laboratory focused on B cells while the

major aim of my new Edinburgh group, because of our interest in DC, was antigen

presentational molecules and cell surface antigens on dendritic cells/macrophages.
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2.1 Characterization of sheep Major Histocompatibility Complex
molecules

The first of our mAbs to be described, and perhaps the most widely used anti-ruminant
mAb, is SW72.2, a rat mAb specific for sheep MHC class II {Ref. 2.1). This mAb

precipitates the MHC class II a/(3 dimer ofMr 28,000/34,000 and western blotting shows
it to be specific for the |3 chain. We were fortunate to be able to compare this specific
anti-sheep mAb with two anti-human MHC class II mAbs that cross react with sheep;
YE2.36 (Brickell, et al. 1981. Immunology 43, 493) and DA6.231 (Guy, et al. 1982. Eur. J. Immunol.

12,942). The specificity of SW73.2 was further ascertained by its ability to inhibit both

antigen and allo-induced in vitro T cell proliferation. Furthermore, its binding to cells
was partially inhibited by DA6.231, a mAb that recognized a non-polymorphic
determinant on the P chain ofhuman DP, DQ and DR. A screen of several hundred
animals of a wide variety of breeds suggests that this mAb recognizes a monomorphic
epitope in sheep. However, it cross reacts with a polymorphic epitope on human class II.
It also cross reacts with murine class II, reacting with all mouse strains tested (Balb/c
and DBA/2, H-2d; CBA and C3H, H-2k; SJL, H-2q) except C57/BL (H-2b) which has a

deletion in the I-E a gene and does not express the I-E gene product. These data show
that the reactivity of an anti-MHC mAb in one species is not an accurate indication of its

reactivity in other species. Subsequent 2D-electrophoresis {Ref. 1.14) and gene

transfection data {Ref. 4.7) confirm that this mAb reacts with a monomorphic
determinant on all sheep MHC class II P chains.

This work stimulated the focusing of attention on sheep class II and the eventual

production of a panel of approximately 50 anti-sheep MHC class II mAbs. The first 19
mAbs were described in Ref. 2.3. These mAbs were raised after immunization of mice
with a variety of antigens, including afferent lymph DC, thymocytes and affinity-

purified SW73.2 antigen. Nine mAbs reacted with p chains, four reacted with the a

chains and six were unassigned. In addition, three reacted with a polymorphic
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determinant. It was also clear that this panel could be sub-divided into two groups

determined by reactivity with efferent lymph, with one group reacting with
approximately 25% of cells and the other group reacting with about 50%. At the time the
reason for this grouping was unclear although it was proposed to be concerned with the
locus-specificity of the mAbs.

The subdivision of the complete panel of anti-class II mAbs into two groups was

confirmed using an ELISA technique in which the antigens from each mAb were

purified and were then reacted with all the mAbs {Ref. 1.14). Using this technique three
groups of antibodies could be discriminated; two were mutually exclusive and one

reacted with both groups. NH2-terminal sequence analysis, after affinity purification and
high performance electrophoresis, confirmed that the anti-a chain mAbs in the mutually
exclusive groups are specific for DQ and DR. The locus-specificity of the anti-P chain
mAbs and the mAbs with unassigned chain specificity were then confirmed by their

relationship with the anti-a chain mAbs. Direct NlU-terminal sequencing of the p chains
of the anti-P chain mAbs was always problematic as the antigens were NlU-terminally
blocked or only a few residues could be resolved. However, sequence analysis of their a

chains (Ref 4.3) confirmed their locus specificity. NEPHGE-PAGE 2D electrophoresis
showed there to be several expressed DR P chains but probably only a single DQ p
chain. In contrast, sheep seem to express at least two DQ a chains and probably only a

single DR a chain (see Ref. 4.12). Similar analysis of the p chains of the SW72.3 antigen
confirmed that this mAb reacts with all the DQ and DR p chains. The mAbs that reacted
with only 25% efferent lymphocytes were shown to be specific for sheep DQ and the
others were either DR-specific or to react to both locus products. We obtained no

evidence for the existence of the sheep homologue of DP. It has subsequently been
determined that ruminants do not express the DP homologue because they are

genetically DP deficient (Naessens, et al. 1997. Int. Immunol. 3, 349).
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These experiments enabled us to adopt five mAbs for the standard definition of the non-

polymorphic products of sheep MHC class II genes. These are: VPM36 and VPM41 for

DQa and DQP, VPM54 and VPM57 for DRa and DRf3; SW73.3 is used to define total

sheep class II. By 1993 the definition of sheep class II was superior to the cattle
homologues despite a major effort on the characterization of bovine immune system by
several institutes. Fortunately our selected panel of five mAbs cross reacted with cattle
and we exploited our established techniques to characterize the bovine class II complex.
Unlike sheep, where NEPHGE was used the different species of cattle class II could be
discriminated well by isoelectric focusing (IEF) and SDS-PAGE (see Refs. 4.4; 4.6).
This showed that VPM36 and VPM54 defined distinct bovine class II molecules; the

cross reactive ELISA confirmed that they were mutually exclusive and also that other

anti-sheep and cattle mAbs could be defined in relation to these two anti-a chain mAbs.
NFE-terminal sequencing of affinity-purified antigen verified that the locus specificity of
these two mAbs was consistent in both sheep and cattle and that they could be used for
the unambiguous identification of the bovine homologues of human DQ and DR. These
data also showed that SW73.2 reacted with all bovine class II p chains (see Chapter 4).

Sheep MHC class I (Ovar class I) proteins have not been the great focus of attention
when compared to MHC class II. However, a number of mAbs have been generated

including VPM19 (Ref. 2.4). This was defined by standard immunochemical and flow

cytometry techniques as well by ELISA; the VPM19 antigen reacted with a number of
cross reacting anti-human class I mAbs (including W6/32, DA6.231 and YAM55.6). In

contrast, bovine MHC class I (BoLA class I) has been the centre of attention for a

number of years due to the possibility of the selection of lines of disease resistant cattle.
One of the major questions about cattle class I concerns the number of expressed loci.

Micro-cytotoxicity assays using internationally recognized allo-antisera define a single
locus (Bernoco, et al. 1991. Animal Genetics 22,477) whereas 1D-IEF suggest the existence of
two highly polymorphic loci (Joosten, etal. 1992. Animal Genetics 23, 113). We used standard

protein biochemical techniques (see also Chapter 4, Ref. 4.5) to investigate the origins of
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charge diversity ofBoLA class I and to try and resolve the differences between the

cytotoxicity and IEF data. Our first series of experiments concerned the role of post-

translational modification in the generation of the charge variants. BoLA class I is

glycosylated at a single N'-linked position with a complex-type carbohydrate moiety that
has up to three sialic acid residues, but deglycosylated protein still resolves into several
charge variants by IEF. The heterogeneity is also not due to phosphorylation as class I
molecules immunoprecipitated from lymphocytes are not phosphorylated. Other
common modifications, such as palmitation, are non-polar and do not cause charge
variations. Peptide mapping reveals that different BoLA class I charge variants have
distinct digestion patterns. Furthermore, a number of different polypeptides are

associated with each serological specificity. These polypeptides appear to be encoded by
different loci that exist in linkage disequilibrium. The number of charge variants with
different peptide maps indicates that the BoLA class I system has a minimum of three

expressed loci.

2.2 Characterization of sheep CD1 molecules

CD1 molecules are cell surface glycoproteins consisting, in humans, of a heterodimer of
an a chain of 43-49kD associated with P2-microgl°t,ulin. In humans five distinct CD1

loci have been identified, CD1A, B, C, D and E. These encode the serologically defined
CD la, b, c and d molecules. Sequence has permitted the genes to be divided into two

distinct classes, the group I genes (CD1A, -B, -C) and group II genes (CDID). The

protein products of the Group I and Group II genes have different sizes of a chains and
tissue distributions. The human CD1E gene, for which no protein product has at present

been detected, is of an intermediate type. Mice and rats express only CD ID while
rabbits possess both CD IB and CDID. The different patterns of tissue expression and
intra-class relatedness suggest that the two subclasses may have different functions.
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CD1 has structural and sequence homology to MHC class I and seem to play a novel
role in antigen presentation. Human and murine CD1 has been shown to act as a

restriction element in the presentation of lipid, glycolipid and hydrophobic peptide

antigens to several T cells subsets, including CD4~CD8~aP (DNaP), DNy8 T cells,

CD8+aP as well as the DN and CD4+ NK1+ T cell subsets (see Ref.6.4 for review). In
terms ofbiological importance, the CD 1-restricted presentation of these novel antigens
has been shown to be protective for a number ofpersistent, intracellular bacterial
infections such as Mycobacterium tuberculosis and M. leprae (Porcelli, etal. 1992. Nature

360, 593).

My interest in cluster of differentiation 1 (CD1) of the sheep was initially fortuitous as

an anti-CD 1 mAb was one of the first to be produced that reacted with afferent lymph
DC but not to cells in efferent lymph or blood. This mAb (VPM5) was also shown to
react with Langerhans' cells at the dermal/epidermal junction, DC in the lymph node

paracortex and thymic medulla as well as the majority of immature cortical thymocytes.
It was identified as anti-CD 1 by these criteria and by the fact that it immunoprecipitated
a dimer ofMr 46,000 and 14,000 (Ref. 1.9). The characteristics are very similar to those
of the first anti-human CD1 mAbs NA1/34 (McMichael, etal. 1979. Eur. J. Immunol. 9, 205).

Subsequently, analysis ofmAbs specific for the CD1 complex has performed during the
First (Ref.2.5), Second (Ref. 2.9), Third (JRefs. 2.21; 2.25; 2.26) and Fourth International
Workshops on Leukocyte Antigens of Cattle and Sheep under the auspices of the
Veterinary Immunology Committee of the International Union of Immunological
Societies. Fortunately, all eleven anti-ruminant CD1 mAbs react with both species.

The mAbs within the CD1 cluster can be sub-divided into two groups by cell phenotype

analysis. OvCDlwl consists of three mAbs and OvCDl w2 consists of nine mAbs (Refs.
2.6; 2.8; 2.22). Both groups exhibit an identical staining pattern within the thymus and
skin with the exception of one OvCDlwl mAb, 20-27 (Mackay, et al. 1985. Immunology 55,
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729) which also stains the Langerhans' cells within the epidermis. The major difference
between OvCDl wl and OvCDl w2 is, however their reactivity on

macrophages/monocytes and on B lymphocytes; only mAbs of OvCDlwl show
constitutive staining of these two major cell lineages.

The expression of the different CD1 antigens on DC however is not static. In addition to
the changes that occur as a result ofphysiological stimuli (see Chapter 1; Refs. 1.10;

1.17) there is modulation of CD1 expression in disease. Mycobacterium avium

paratuberculosis infects macrophages in gut of a wide variety of species, in particular
ruminants, and is the causative agent ofparatuberculosis (Johne's disease). Two forms
of intestinal pathology have been reported, possibly corresponding to the stage or level
of the host immune response. Lesions in the paucibacillary (tuberculoid) form present a

marked lymphocytic infiltrate with low numbers ofmycobacteria and high T cell
numbers. In the multibacillary (lepromatous) form the lesions are characterized by the
presence of a macrophage infiltrate containing many bacteria and few T cells. These
differences relate to the nature of the cell-mediated immune response that is strong in the
tuberculoid form and absent in the lepromatous form. OvCDlwl and OvCDlw2+ foci,
representing infected DC or macrophages are present in both forms of the disease (Ref.
2.22). In view of the role of CD1 in the presentation of hydrophobic antigens to the
immune system, it is likely that this up-regulation represents a protective host reaction in
response to mycobacterial infection.

Monoclonal antibodies in OvCDlwl and 0vCDlw2 both immunoprecipitate a dimer of
Mr 46,000 and 14,000, from cell surface iodinated thymocytes or DC (Refs. 2.8; 2.21;

6.4). These represent the CD1 a chain and associated (32-microglobulin. This contrasts

to the characteristics of human CD1, where the products of the different loci have
distinct molecular weights dependent on the degree of glycosylation. Western blot

analysis shows that representative mAbs from both CD1 groups react with the Mr 46,000
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a chain that, after deglycosylation with N-glycosidase F, has a protein backbone ofMr
33,000.

The immunochemical relationship between antigens in the two groups was investigated
by a variety of techniques including western blotting, sequential immunoprecipitation
and immunoaffinity purification/ELISA (Refs. 2.8; 2.21). These data show that sheep
CD1 is more complex than seen by cell phenotype analysis and confirm that there are at

least two groups of anti-ovine CD1 mAbs. OvCDl w2 remains unchanged, but the

assignment of the three remaining mAbs into (TvCDlwl must be adjusted. It is clear that
20-27 is distinct from all other anti-CD 1 mAbs and seems to react with both the

OvCDlwl and 0vCDlw2 as well as with a distinct CD1 species.

The isotype identification of the ovine CD1 groups has been by cross-reaction of the
anti-ovine mAbs with human CD1 transfected COS cell lines and by NH2-sequence

analysis, which shows that shows that <9vCDlw2 is the sheep homologue of CD lb. We
have been unable to perform a similar analysis on the C>vCDlw2 mAbs. However,

sequence analysis the 20-27 antigen revealed a high percentage identity to the predicted

sequence of human CDle (see Ref. 4.10). We are currently cloning and sequencing this

gene using expression libraries, and if this confirmed it will be the first description ofan

expressed CDle protein.

2.3 Monoclonal antibodies to sheep lymphocytes and immunoglobulins

The generation of mAbs to sheep lymphocytes and immunoglobulins has not been a

major priority, but I have been responsible for the production of several including those

specific for CD5 and CD45 (Ref 2.4) as well as IgG, IgM and Ig light chain (Ref. 2.15).
In addition I have been involved, via the Leukocyte Antigen Workshops for the
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characterization of sheep CD4 (Ref. 2.7) and CD45 {Refs. 2.10; 2.11) and the
identification of mAbs the cross react with a wide range of ruminant species {Ref. 2.16).

The generation and characterization of anti-CD5 and CD45 followed entirely
conventional routes. The biochemical characteristics and phenotypic expression in sheep
is almost identical to that in other species. Sheep CD5 (0vCD5) is expressed by all T
cells and by a small proportion of B cells, all ofwhich are CD1 lb+/CD21- (Ref. 1.19).
It is a single polypeptide chain with Mr 67,000. The one unusual point about 0vCD5 is
that its expression is lost after T cell activation, which explains the plethora of data

describing the lack of CD5+ T cells, but the presence of CD4+ and CD8+ T cells in

pathological lesions (e.g. Gorrell, etal. 1988. Clin. Exp. Immunol. 72, 274). The anti-0vCD45
mAbs that were generated {Refs. 2.4; 2.5) reacted with all the CD45 isoforms from Mr
180,000-200,000.

The production of anti-sheep Ig mAbs also followed a conventional course {Ref. 2.15).
The mAbs, VPM6, 7 and 8 were produced by immunization of mice with

chromatography purified IgGl. The first two are specific for sheep IgG but do not
discriminate between IgGl and IgG2. VPM8 reacts with Ig light chains and reacts with
the sheep B cells (as defined by polyclonal anti-sheep Ig). As sheep possess a massive
Uk predominance (Hood, et al. 1985. Cell 40,225) VPM8 almost certainly has specificity for
the X light chain. VPM13, anti-sheep IgM was produced by immunization of serum

opsonized Pasteurella bacteria. The mAbs were characterized by immunoprecipitation,
Western blotting and immuno-electrophoresis. These mAbs are now standard reagents
and are used routinely for immunoglobulin detection and measurement by flow
cytometry and capture ELISA.

The Leukocyte Antigen Workshop {Refs. 2.5; 2.12; 2.20; 2.25; 2.26) characterization of
panels of mAbs has been invaluable for the health of immunology and disease studies in
cattle and sheep. Although I have chaired the Third and Fourth Workshops my principal
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interest has been on the mAbs specific for macrophages/monocytes and DC. Small
contributions have been made in the standardization of OvCD4 and (9vCD45R mAbs

(Refs. 2.7; 2.10). The Workshop studies on the ovine CD4 homologue {Ref. 2.7)

basically confirmed that five of the mAbs under test were standard anti-CD4 mAbs. The
identification of 0vCD4 was by a combination ofbiochemical and phenotypic

parameters. A similar characterization was performed on (9vCD45R mAbs {Ref.2 10).
This panel consisted of 14 mAbs that clustered into workshop temporary cluster 1

(TCI). All the mAbs that reacted with sheep precipitated polypeptides in the size range

Mr 200,000 - 220,000. The conclusion from cell phenotype and immunoprecipitation
analysis was that this panel could be divided into five distinct groupings. Some mAbs
recognize only a single isoform while others react with a doublet. Arguably the most
useful mAbs within this panel are two that are specific for the Mr 220,000 OvCD45RA
isoform that seem to define the nai've T cell populations.

After the Second Workshop the criteria for acceptance of homology was more rigorous,
with one or more of three criteria being required:

• The cluster contains mAbs that cross-react with the homologous human antigen.
• In the case of protein antigens, it (or the gene) displayed sequence homology

with the human antigen.
• Homology of a combination of unique biochemical and/or functional features.

2.4 Monoclonal antibodies to sheep macrophages/monocytes and DC

The first mAbs tested in this category were those in the workshop cluster 6 (OvWC6).

Workshop clusters were devised to group mAbs, with no obvious homology to human
clusters, but with similar phenotypic, function and/or biochemical characteristics. WC6
consisted of only three mAbs but has the major characteristic of reacting strongly with
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all afferent lymph DC (Ref. 2.11). These antibodies precipitate a single polypeptide from
DC of Mr 220,000 but reacts with a dimer ofMr 180,000 and 220,000 on lymphocytes.

Sequential immunoprecipitation revealed that 0vWC6 is distinct from OvCD45. At

present its identity is unclear, but they are the only mAbs define the entire afferent
lymph DC population.

The p2-integrins are the principal molecules that control leukocyte adhesion to other
leukocytes and to endothelia. In humans this family comprises three a/{3 dimeric,
transmembrane glycoproteins expressed by macrophages and other leukocytes. Each
member consists of a distinct a chain - CD1 la, b or c - with Mr 180,000, 170,000 and

150,000 and the common P chain -CD18) - with Mr 95,000. The CD1 la chain (oil) is

commonly known as leukocyte functional antigen 1 or LFA-1, and functions (in
association with CD18) by binding to its ligands ICAM-1 and 2 (CD54 and CD102)

during lymphocyte-lymphocyte or lymphocyte-macrophage (or DC) interaction. The
CD1 lb chain (a\i) is commonly known as mac-1 or complement receptor 3 (CR3) and
the CD1 lc chain (ax) is known as pi50,95 or CR4. Both CR3 and CR4 are important in

leukocyte-endothelial interaction where their ligands are cell matrix molecules such as

vitronectin and fibrinogen. In addition they function as receptors for the complement

component iC3b, where they contribute to opsonization.

The investigation of the sheep p2-integrin family originated with my interest in the

antigen-presenting function of DC and macrophages including the study of the ways

these cells interact with antigen. Immunoprecipitation analysis of all thirteen mAbs
showed that they could be divided into four distinct groups {Ref. 2.9). Each of these
mAbs precipitate the Mr 95,000 p chain but they different in the size or number (or both)
of the a chains. Groups 1, 2 and 3 precipitate a chains ofMr 180,000, 170,000 and
150,000 respectively. Group 4 mAbs precipitate a chains of all three sizes. The

relationship between these mAbs was demonstrated by sequential immunoprecipitation
{Ref.2.14), which showed that group 4 antibodies shared a common specificity with the

42



2 CHARACTERIZEITION OF TIIE IMMUNE SYSTEM

other three groups. By analogy with human (LZ-integrins, group 1 seems to be specific
for CD1 la; group 2 are CD1 lb, group 3 are CD1 lc and group 4 are CD 18.

In addition to different molecular weights, these mAbs have different cellular and tissue
distributions (Refs. 2.9; 2.14). CD1 la and CD18 mAbs were distributed identically;
these antigens are present on all leukocyte populations including tissue macrophages and
afferent lymph DC. CD1 lb-specific mAbs reacted with a sub-population ofperipheral
blood B cells {Refs. 1.19; 2.14) and all myeloid cells except afferent lymph DC. Anti-
CD 1 lc mAbs reacted strongly with a sub-population of B cells, macrophages and DC
but were weakly reactive on monocytes and negative on neutrophils. Afferent lymph DC
therefore, were shown to express CR4 but not CR3 {Ref.2.14). These mAbs were

verified at the Leukocyte Antigen Workshop as being ruminant homologues of CD11
and CD18 by virtue of a combination of unique biochemical and/or functional features.

A similar type of analysis was performed with a small panel of three mAbs, the cellular
distribution ofwhich was similar to human CD14 {Refs. 2.20; 2.24). This molecule is an

important component of the innate immune system; it acts as a cellular receptor for the
LPS - LPS binding protein (LPB) complex and is responsible for the induction of
inflammation induced by the lipid A moiety of LPS. LPB has a high affinity for Lipid A

and, together with CD 14 acts to opsonized Lipid A-bearing particles. Engagement of
LPS-LPB by CD 14 results in cellular activation, the release of pro-inflammatory

cytokines and the induction of acute inflammation.

All three mAbs immunoprecipitated a single polypeptide ofMr 55,000 from alveolar

macrophage lysate. After deglycosylation the antigen had decreased by about Mr 3,000.
Furthermore we found that the antigen was linked to the cell membrane by a glycosyl

phosphatidyl inositol linkage as the antigen was removed by phosphatidyl inositol-

phospholipase C (PI-PLC) digestion. These characteristics and the fact that the antigen
was present on monocytes and macrophages in all tissues but absent from lymphocytes
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suggested that these mAbs were specific for 0vCD14. Final confirmation was based on

an ELISA assay, where the antigen, produced by immunoaffinity chromatography, was

reactive with the anti-human CD 14 mAb, TUK4. In view of the fact that LPS is a major
cause of lung disease and that the sheep is a significant animal model of endotoxaemia
and chronic obstructive pulmonary disease, the generation and characterization of mAbs
that define OvCD14 is a significant advance in the progress of the work.

Our work on the mechanisms by which DC interact with antigen initially led to the

generation ofpolyclonal antisera to Fc receptors (Ref. 1.18). A small panel of mAbs that
we submitted to the Third Leukocyte Antigen Workshop had characteristics similar to

anti-human FcyR antibodies (Ref2.22). Two mAbs within this panel reacted with
alveolar macrophages but not lymphocytes. One antibody, VPM64, reacted strongly
with blood monocytes, all granulocytes and a minor subpopulation of lymphocytes. The
other mAb (VPM63) was unreactive on any blood leukocyte including monocytes. In

addition, they could be distinguished from the anti-OvCD14 mAbs because their

antigens were not PI-PLC sensitive. Immunoprecipitation analysis showed that the
VPM64 antigen was a glycoprotein ofMr 60,000 - 80,000 with the associated

carbohydrate contributing approximately Mr 3,000. The VPM63 antigen precipitated a

doublet ofMr 40,000 and 42,000 also with about Mr 3,000 carbohydrate. The specificity
of these antigens remains uncertain. The characteristics of VPM64 are consistent with
the antigen being an FcRylll (CD 16) isoform but at present we have no confirmatory
data. However, it is likely that the VPM63 antigen is an isoform of FcRyll (CD32). It
has the correct molecular weight and it reacts with a polyclonal anti-FcRyl peptide
antiserum. This antiserum was generated in response to a peptide 154- 168 of human

FcRyl but this has a high degree of identity (62%) with residues 249 - 258 of bovine

FcRyll. Furthermore, this antiserum immunoprecipitates both the FcRyl polypeptide (Mr

70,000) and the putative FcRyll dimer (Mr 40,000 and 42,000). This work illustrates the

difficulty in generating and characterizing standard reagents for species other than
humans and rodents.

44



2 CILARACTERIZA TION OF THE IMMUNE SYSTEM

The work concerned with anti-ruminant mAbs has generated data on many interesting

antigens that have no obvious homology to those in humans and mice. I have already
described WC6 cluster (Ref. 2.12), but another interesting antigen is that designated
TC15 during the Second Leukocyte Antigen Workshop (Sopp & Howard, 1993. Vet. Immunol.

Immunopathol. 39,13). This TC contained four murine IgM mAbs that reacted strongly
with all B cells in blood and lymph as well B cells in the light zone of lymph node
follicles and the apical crescent of ileal Peyers' patch follicles. The ileal Peyers' patch
in ruminants is an organ ofprimary B cell lymphopoiesis homologous to the chicken
Bursa of Fabricius. The antigen is a glycoprotein ofMr 28,000 and the epitope is the
carbohydrate, as reactivity is lost after neuraminidase digestion. Its expression is not

entirely restricted to B cells as it can be detected on activated T cells by flow cytometry,

although the level of expression is at least two logs below than on B cells. One of these
antibodies, VPM30, is perhaps the most widely used antibody for defining mature,
ruminant B cells although its human homologue remains a mystery {Ref. 2.24).

In addition to the construction of murine mAbs, much effort was expended in the

generation of sheep mAbs. This was based on the premise that different species might
recognize different epitopes on a single protein antigen which is important in the

production ofpeptide vaccines. The consequence of this is that peptide vaccines that

proved protective in mice would not necessarily by protective in sheep. For the

generation of sheep mAbs we initially constructed a stable sheep x mouse hetero-

hybridoma cell line to act as the fusion partner {Ref. 2.2). This line was first generated
by fusing the mouse myeloma line, NSO, to sheep lymphocytes. The line was then
rendered sensitive to aminopterin by a combination or X-irradiation and 6-thioguanine.
Characterization of the cell line showed that it did not secrete sheep immunoglobulin,

express slg or other normal sheep B or T cells markers. The line has remained stable for
periods ofyears and has showed no sign of reversion to aminopterin resistance. It was

used as a fusion partner with lymphocytes from an antigen-primed sheep, to generate
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sheep mAbs to human chorionic gonadotrophin and to a synthetic peptide analogue of
the VP1 capsid polypeptide of foot-and-mouth disease. The use of this line for the

production of sheep mAbs was then optimized, and it was found that lymphocytes from
efferent lymph or lymph node taken four days after antigen challenge gave the highest
fusion efficiency. As a result, a large number of monoclonal sheep anti-VPl antibodies
were produced that were used to assess sheep specific antigenic epitopes that could be
used as candidate vaccines.

2.5 Isolation and cloning of sheep cytokine genes

The isolation and cloning of sheep cytokine genes has not been a major part of my

research and I have relied on colleagues with this department, at the Moredun Research
Institute and at the University of Melbourne. However, in view of my interest in DC
function I was particularly interested in sheep interleukin 10 a cytokine of central

importance in lymphoid and myeloid cell growth and function. The nucleotide sequence

of the sheep IL-10 encoding cDNA was derived by amplification of mRNA by RT-PCR.
LPS-stimulated sheep alveolar macrophages were used as the source of mRNA template
for cDNA synthesis and the primers were based on common sequences in the human and
mouse genes (Ref 2.13). A 720 bp fragment was amplified which was identified as IL-
10 by ds sequencing. The complete coding sequence was then obtained by 5' RACE.
The 531 bp OvILlO open reading frame encodes a 177 amino acid polypeptide which is

approximately 70% identical to both human and mouse IL-10. The OvILlO sequence is
obtainable from EMBL/Genbank, accession number Z29362.
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2.6 Monoclonal antibodies to cat leukocyte antigens

Although most ofmy research has been focused on the sheep immune system, I have
also been involved with diagnostic pathology in the cat. Initially this took the form of

assessing our anti-sheep mAbs for reactivity against cat lymphocytes and eventually we

generated a small number of specific anti-cat mAbs. Unsurprisingly, the only anti-sheep
mAbs to cross react with the cat were anti-MHC. In addition, we also obtained a panel
of anti-cat mAbs from Chris Grant (Biotrends, Sacramento, CA.), which were produced
as a by-product of his construction of anti - feline immunodeficiency virus mAbs.

Initially, we described the biochemical characterization of feline MHC class II by means

of the anti-sheep DR P chain mAb, VPM46 (Ref. 2.3) and five anti-cat mAbs. Despite
their independent source all six mAbs gave rise to identical reactivities,

immunoprecipitating two complexes ofMr 28,000 - 31,000 (MHC class II p chains) and
33,000 - 37,000 (MHC class II a chains) from 35S-labelled lymph node lysate.
Immunoblot analysis showed them to be p chain specific. Both immunoprecipitation and

blotting showed that cat class II is a diverse series of molecules. This diversity occurs

with both chains, with the P chain consisting of at least five bands and the a chains of
four bands. One- and two-dimensional electrophoresis revealed that feline class II is

heterogeneous with respect to both mass and charge and implies the expression of
multiple class II loci. The array of both a and P chains expressed by lymphocytes in the

thymus, spleen and blood was much less than by lymph node cells showing that
individual cell populations express a distinct set of class II variants. This suggests either
the differential expression or distinct post-translational modification of the MHC class II

expressed by lymphocytes from different sites. These mAbs were also used for a

detailed examination of the cellular distribution and tissue localization of feline class II,

which is similar to that in humans and mice, with the fundamental exception that cat

CD4+ and CD8+ T cells are constitutively class II positive (Ref. 2.17).

One of the most important reagents for immunopathological analysis of feline disease is
anti-CD45 (leukocyte common antigen), which would be ofvital importance in the
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recognition and differentiation of lymphomata. One murine IgGl mAb reacted, by flow

cytometry, with all cat leukocyte populations. By immunohistology it also reacted only
with leukocytes and not with endothelia, epithelia and connective tissue and precipitated
a complex of glycoproteins ofMr 180.000 - 220,000. These data imply that it reacts with
all the major isoforms of CD45 (Ref. 2.18).
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CHAPTER 3

IMMUNOPATHOLOGY OF INFECTIOUS DISEASE

My original research interests had focused on the basic physiology and genetics of the
sheep immune system (Chapters 1, 2 and 4), but the cannulation system and monoclonal
antibody reagents have been extensively exploited to study the immunopathology of
such persistent diseases as; maedi-visna, border disease, Trypanosoma congolense and

Trypanosoma evansi. Although I have not been the initiator ofmany of these studies, my

input has enabled novel questions to be asked about the pathogenesis of these diseases.

3.1 Pathogenesis of the small ruminant lentivirus - maedi-visna virus

Although human immunodeficiency virus (HIV) is now, probably the best-characterized
lentivirus, maedi-visna virus (MVV) was discovered first and is regarded as the

prototype virus of the Lentiviridae family. In addition, this family also contains viruses
of many other mammalian species including monkeys (SIV), cattle (BIV), cats (FIV),
goats (CAEV) and horses (EIAV). Lentivirus infections are characterized by a long
incubation period and a slow progression of disease. The course of infection is often
divided into four stages: initial exposure and the establishment of infection; a prolonged
asymptomatic incubation period; the gradual development of lesions in many organ

systems; and finally manifest disease and death. Unlike many other virus infections,
persistent infection is characterized by continuous virus replication in the presence of an

active host immune response.
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MVV causes multi-organ pathology due to lymphoproliferation and chronic
inflammation; however, different strains of virus affect particular organ systems. The
'maedi' strains of the virus target the lungs, causing interstitial pneumonia while the
'visna' strains target the brain, causing demyelinating leukoencephalopathy. In addition,
ail MVV strains cause body wasting, arthritis and mastitis; but unlike the

immunodeficiency viruses, MVV (and CAEV/EIAV) does not cause

immunosuppression and the AIDS-like syndrome is not part of its pathology. The
primary target cell population for MVV infection is the macrophage and it is clear that
virus-induced dysfunction of this population is a major cause of the pathology.

Consequently, MVV has been used as a model lentivirus because direct viral

pathogenesis can be investigated in the absence of complicating immunosuppression.

My first work on MVV was in collaboration with Drs. Peter Kennedy and Bill Narayan

(at Johns Hopkins University School of Medicine, Baltimore). This group had been

working for several years on the molecular virology and pathology of MVV but had yet

to address the immunological aspects of the disease. In this collaborative study (Ref 3.1)
we investigated the MVV-induced lymphoproliferative disorder. Using

immunohistology/m situ hybridization we found that viral RNA expression was

confined to macrophages, but only in tissues showing disease. We found a very high
level ofMHC class II expression in the lesions and that the amounts of class II and viral
RNA were closely correlated. The pan-sheep class II mAb SW73.2 was used for this
study, as was the technique I was developing for the quantification of cell surface

antigen expression {Ref. 1.10). However, only a small number of macrophages in the
lesions showed evidence of virus-gene transcription. Concurrent in vitro experiments
showed that MVV can induce the expression of an interferon-like cytokine from

peripheral blood monocytes of uninfected sheep. This cytokine shares physico-chemical
characteristics with both type 1 and type 2 interferons, induces MHC class II on blood
monocytes and restricts viral replication to macrophages. These data invited speculation
that the inflammatory cells in the MVV lesions produce the interferon; this might induce
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MHC class II expression, which then indirectly causing the lymphoproliferation and
restricted virus replication.

This work with a high profile United States group acted as the spur to initiate MW
studies in Edinburgh and this eventually became a major focus of research within the

department. Subsequently, I collaborated with Gordon Harkiss on MVV-induced
arthritis, Bob Dalziel on virus-cell interactions, Neil Watt on lung pathology and Ian
McConnell on the acute response to MVV infection.

Initial work on arthritis and lung pathology was concerned with using the panel of
defined mAbs to describe the lesions,. The phenotypic analysis of synovial fluid from
infected sheep found that there was a marked infiltration of lymphocytes and

macrophages/DCs into the joint in animals with sub-clinical disease as well as those

showing frank pathology (Ref 3. J). It was clear that there was a significant

predominance of CD8+ T cells over CD4+ T cells in these joints, with the numbers of
TCR1+ T cells being highly variable and B cells being relatively rare. Up to 50% of the

infiltrating cells had macrophage/DC morphology and the majority of these are DCs, as

defined by the expression of CD1 and very high levels of MHC class II (at least 2 logs

higher fluorescence intensity than macrophages). Staining with both DQ and DR -

specific mAbs showed that there were significantly elevated levels of MHC class II in
the infected animals. The presence of large numbers ofpotential antigen-presenting cells
and the elevated level of class II expression in the infected joint suggests an enhanced

capacity for presenting antigen to a variety of T cells which could initiate or perpetuate

local inflammatory reactions.

One mechanism by which virus tropism is controlled is by the expression of a specific
virus receptor on the surface of cells. Perhaps the best-known example is the interaction
of HIV with cellular CD4. It became clear from the data in the previous two papers that
there is a link between MW infection and the enhanced expression of MHC class II.
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This led to the publication of a landmark paper (Ref. 3.8) showing that MHC class II is
involved in direct virus-cell interactions. In an initial series of virus overlay protein blot

experiments we found that MVV interacted with polypeptides ofMr 30,000 - 33,000 on

permissive but not non-permissive cells. This pattern ofpolypeptides was reminiscent of
MHC class II p chains {Ref. 1.14). The case for class II was strengthened when we found
that a polyclonal anti-sheep class II antiserum specifically blocked the interaction of
virus with these polypeptides. Using an ELISA assay we also showed that
immunopurified MHC class II bound to MW but not other viruses (e.g. BPIV-3). Pre¬
incubation ofMW with soluble class II resulted in the inhibition of virus-induced

syncytia formation, but we were unable to inhibit infection with the anti-class II
antibodies. These data suggest that class II is a component of the cellular receptor for
MVV. This is ofparticular interest because of the enhanced expression of class II during
infection, which might amplify the number of potential target cells and thus facilitate the

spread of infection, leading ultimately to the persistence of the virus in the infected
animal.

MVV-induced ovine interstitial pneumonia (OIP) is characterized by thickening of the
inter-alveolar septae due to smooth muscle hyperplasia, mononuclear cell infiltration and
the formation of lymphoid follicles. The replication of this virus is restricted to cells of
the monocytes/macrophage lineage and it does not seem to be lymphotrophic. However,
it is the lymphocytes that accumulate in the diseased lung. Previous studies by Neil
Watt on the lung interstitium and alveolar milieu (Watt et al. 1992. Clin. Exp. Immunol. 92: 204;

Lujan et al. 1993. Clin. Exp. Immunol. 93: 272) showed that the lymphocyte populations in the
infected lung are altered in a similar way to those in the MVV-infected joint. The

purpose of these studies and those described in Ref. 3.11 was to characterize the

immunopathology of OIP with a view to understanding the mechanisms ofpathology
and quantifying parameters of disease severity and progression. The major thrust of

Ref. 3.11 was in the analysis of the activation state of the infiltrating cells. Previously, we

had shown that expression of MHC class II and loss of CD5 were parameters of sheep T
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cell activation (Refs. 2.1; 2.4). Additional elements are the expression of IL-2R and
increase in cell size and complexity (as assessed by forward and side scatter parameters

by flow cytometry). The animals used in this study were MVV seropositive, had a lower
body condition but showed no clinical signs of respiratory disease. Bronchoalveolar
lavage T cells from infected sheep had a significant loss of CD5 and an increase in
expression ofboth MHC class II DQ and DR. However, no change in IL-2R expression
or cell size was detected. The phenotype ofperipheral blood T cells of infected sheep
was also examined and found to be identical to uninfected controls. These data are

evidence for a restricted activation state of the T cells accumulating in the MW-
infected lung. There was little evidence for ongoing local T cell proliferation although
there was undeniable lymphocyte accumulation and organization into follicles. The

changes in lymphocyte phenotype are most likely to be caused by cytokine-mediated
dysfunction. The T cell accumulation and restricted activation state could be a result of
interferon (or other cytokines), produced by the small numbers of actively infected
macrophages. More recently, two assays have been developed for the measurement of
virus load and replication. A competitive PCR assay based on a truncated MVV pol2

template was used to quantify MVV DNA load with a minimum sensitivity of 100

copies per 500ng of cellular DNA {Refs 6.2). Secondly, a competition ELISA using
monoclonal anti-MVV gag and recombinant p25 antigen was developed to quantify viral

gene transcription that had a sensitivity of 500pg per ml. These assays have

subsequently been used to show to show that GM-CSF, but not IFNy cause significant
increases in virus production by macrophages {Ref. 6.3)\ and that TGFp has a potent

static effect.

Almost all the work concerned with the analysis of the immunopathology ofMVV has
been concerned with ongoing and persistent infections. As a contrast to this, the
cannulated lymphatic model was used to investigate the early events following acute

local infection {Ref. 3.10). These early events are likely to be important in determining
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the establishment and progression of disease. Lymphatic cannulation was used to

monitor both the virus and the immune response in the efferent lymph after infection of
the lymph node with MVV. Virus-infected cells were detected in the lymph from about

day 9 to day 18 after initial infection, showing that dissemination from a local site
occurred at a particular time after infection. The maximum frequency of infected cells
was only 11 per 106and over the first 20 days after infection, only 104 virus-infected
cells migrated from the node. However, virus infection resulted in profound alterations
to the cell populations. Although there was no change in the total cell output, the

proportions of lymphoid blast cells (as assessed by the scatter parameters) increased by

up to 17 fold from 1 to 2 weeks after infection. This increase was almost exclusively due
to an increase in the CD8+ lymphoblasts which co-expressed both MHC class II DQ and
DR but not IL-2R. Unlike lymphoblasts leaving an antigen-activated lymph node, these
cells were not responsive to IL-2 in vitro and were refractory to the mitogen,
Concanavalin A. The antigen specificity of these cells could not be demonstrated, as

they did not proliferate in response to MVV until after day 15. Despite the high levels of
activated CD8+ cells, direct MVV-specific cytotoxic activity was only detected in only
one of five MW-infected sheep. Virus-specific antibody was quantified by virus

neutralization, ELISA and Western blot. Virus-neutralizing and anti-gpl35 env

antibodies were not detectable until day 10-12 whereas anti-p25 gag antibodies were

present on day 4. It is tempting to speculate that the neutralizing antibody is gpl35 env

specific. The early antibody response was due to IgM anti-p25 gag and this changes to

IgGl from about day 12. No IgG2 anti-MVV antibodies were ever detected in response

to MVV infection.

The production of the defectively activated (DQ+/DR+, IL-2R-) CD8 blast cell

population after MVV infection seems to be a common feature of the host response to

many lentiviruses; populations of cells with a similar phenotype have been described in
both HIV and SIVmac (Pantaleo, e/a/. 1990. J. Immunol. 144: 1696; Reimann, et al. 1991 .J. Clin.

Invest. 88: 1113). These cells are not specific for the infecting virus, are refractory to other
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antigens and mitogens and are unable to prevent the dissemination of the virus from the
site of local infection. Interestingly, third party antigenic activation occurring at the
same time as acute MW infection results in stimulated MVV replication and
dissemination and enhanced severity of virus-induced lesions. The 'defective' CD8 cells

may play a role in damping down any immune-mediated enhancement of infection. By
whatever mechanism, MVV-infected cells evade the immune response and are

disseminated from the local lymph node. Although the frequency of infected cells is low,
we do not know the replication state of the cells. In situ hybridization revealed very rare

MVV mRNA+ cells (about 5 in 106 cells) but no pi 5 or p25 gag expression was

detected by immunofluorescence. The lineage of these infected cells also remains a

mystery; efferent lymph has been reported to be entirely lymphocytic (Hall and Morris,
1963. Q. J. Exp. Physiol. 48,235) but rare esterase positive (macrophages?) can be detected at

a frequency approximately equivalent to that of the cell-associated virus.

The above experiments recorded the events that were detected in efferent lymph

draining an MVV-infected lymph node. A parallel series of experiments examined the
events that occurred within the node (Ref. 3.12) as it is at this site that the initial
interaction ofvirus with host immune cells occurs. Virus-infected cells could be detected

in efferent lymph from 9 to 18 days after infection {Ref3.10), but in lymph nodes they
were seen as early as day 4 post-infection, with maximum numbers appearing at 7 to 14

days pi. The numbers of infected cells in nodes were equally as rare as in the lymph,
with 25 per 106 cells being the maximum detected. After about day 18 the number of
infected cells fell to less than 2 per 106, and this level was maintained for extended
periods of time. The immune response to the virus within the node was also earlier that
in the efferent lymph with virus-specific proliferation detectable from day 7 and CTL

precursors present from day 10 pi.

Histological examination showed that acute MW infection resulted in lymphoid

hyperplasia with marked T cell proliferation in the paracortex and prominent germinal
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centre formation. The maximum proliferative response within the node coincided with

peak of virus infection (days 7 to 14 pi). At this stage, the numbers of medullary cord

plasma cells was maximal and this coincided with the peak of antibody response in the
efferent lymph. Flow cytometry analysis of isolated lymph node cells failed to detect
significant changes to lymph node macrophages, DCs or T cell populations despite the
fact that CD8+ blast cells form a major component of cells leaving the node. This
suggests that there might be a balanced increase in all cell types, but the CD8+ blast
cells are selectively expelled from the node. Alternatively, the other populations are

selectively retained. These data show that a virus-specific response occurs within the
node at the same time as maximum virus replication. Soon after the peak of the response

the numbers of virus infected cells declines, which implies that that the two events are

related. However the continued, low frequency presence of infected cells is evidence of
viral persistence. The mechanisms that lead to MVV persistence in the presence of an

immune response remain a mystery.

3.2 Immunopathology of animal trypanosomes

Animal trypanosomiasis is a series of diseases affecting more than two billion domestic
livestock in Africa and Southern Asia and costing in excess of US$5 billion per year in
Africa alone. The aetiological agents are haemoflagellate protozoal parasites that are

transmitted to their mammalian hosts by a variety of arthropod vectors. In sub - Saharan
Africa the disease is known as nagana and it is transmitted by the Glossina genus of
flies, principally tsetse. These insects are a necessary intermediate host, in which the

parasite undergoes a developmental process from the non-infective mammalian form to

the infective metacyclic form. This insect dependent development is essential before the
infection of further mammalian hosts. The most important cyclically transmitted animal

parasites of this type are T. brucei, T. vivax and particularly T. congolense. In North
Africa, the Middle East and Southern Asia the most important trypanosome disease is
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surra, which is transmitted by a variety of biting flies. This disease is caused principally
by non-cyclical T. b. evansi, and these insects simply transfer the infective parasites
from an infected host to another, susceptible host.

Although the acute forms of these diseases have been reported, chronic forms are far
more common, with the severity varying according to the susceptibility of the host. T.

congolense chiefly affects cattle with sheep and goats being less severely affected. T. b.
evansi also affects cattle, sheep and goats but is most virulent in buffalo, camels and
horses. The inoculation of infected organisms into the skin leads to the development of a

local skin reaction or chancre, which is maximal by day 10-15 and is resolved by day
17. The resolution of the chancre is followed by a 7 - 10 day period before clinical signs
become obvious. Initial symptoms include lymphocytosis, fever, loss of body condition
and in pregnant animals, abortion. As the infection progresses most of the major organs

suffer inflammatory damage but the most critical symptom is anaemia, which is the

primary cause of death in most infected animals.

The immune response to trypanosomes is focused on the variable surface glycoprotein
(VSG) and it eliminates most parasites but it does not lead to sterile immunity. On
infection the vast majority of the parasites express a single VSG (variable antigen type

or VAT) but during parasite proliferation a small number switch VAT. The immune

response eliminates the initial VAT type parasites but is ineffective against the switched
organisms that express a different VAT, which proliferate to cause a new wave of

parasitaemia. Infected animals can experience multiple waves ofparasitaemia that

eventually leads to death. This mechanism for immune evasion obviously has great

implications for vaccination, which is clinically ineffective. Consequently, control of

trypanosomiasis relies on chemotherapy and elimination of the vectors.

My involvement in trypanosome immunopathology was initially stimulated by a

collaborative study with Dr Tony Luckins (Centre for Tropical Veterinary Medicine,
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Edinburgh) concerned with the analysis of VATs on metacyclic stage parasites of T.

congolense (Ref.3.3). As stated above, the metacyclic is the only infective stage of this

species of parasite, and the mature, bloodstream stage is not infective. Previous work

(Crowe, etal. 1983. Nature 306,389) had produced mAbs to all nine metacyclic-VATs (M-
VATs) and these mAbs were used to investigate the role of the chancre in trypanosome

biology (Ref. 3.3). Animals were infected by fly bites (flies deliver approximately 300

organisms). By day 7 after infection the numbers of trypanosomes had increased to

about 250,000 and these seemed to have a similar spectrum of M-VATs as present in the

original inoculum, although small changes did occur in the proportions of one or two
individual M-VATs. At the same time, other VATs, not present in the metacyclic

repertoire, started to occur. By day 12 neutralizing antibodies to the M-VAT repertoire
started to appear in the efferent lymph draining the chancre and the M-VATs started to

disappear. These anti M-VAT antibodies also appeared in the serum and were detectable
for up to five weeks. These data made clear that the two major events that take place
within the chancre are trypanosome proliferation and the maturation of the infective
metacyclics into the mature bloodstream form. The resolution of the chancre seems to

correlate with the production of anti M-VAT antibodies and the subsequent removal of
M-VATs from the skin.

This initial collaboration triggered a long association with Tony Luckins' group as we

exploited the sheep cannulated lymphatic model and the anti-sheep mAbs for the
analysis of the trypanosome immunopathology. This continued collaboration was

eventually formalized by the joint supervision of three excellent Veterinary Scholars,
Duncan Mwangi, Denis Onah and Kennedy Choongo funded by The British Council,
The Commonwealth Commission and The Beit Trust respectively.

The work described above (Ref. 3.3) on the early stages of infection with T. congolense
was continued using the cannulation model. By cannulating the afferent and efferent

lymphatics, draining the chancre and regional lymph node, the progressive development
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and migration of trypanosomes from the chancre could be monitored and the expression
of individual M-VATs determined (Ref. 3.14). The kinetics of parasitosis in the two

lymph compartments was similar, showing that the lymph node does not form a barrier
to the passage of the parasites. After i.d. infection with 105 metacyclics, trypanosomes
were present in both afferent and efferent lymph by five days after inoculation, which is

approximately the same time as the first appearance of the chancre. The numbers of

parasites reached peak levels of between 106 and 107/ml of lymph on day 8 (average
hourly flow rate of 6 mis) and slowly declined over the next two weeks. These data
show that the enumeration of skin parasites undertaken in Ref. 3.3 was a gross

underestimate of levels ofparasite expansion. It also illustrates that parasites are still

present locally, even after the seemingly complete resolution of the chancre. Analysis of
the M-VATs by mAbs showed that the majority of the parasites in afferent lymph up to

day 20 were metacyclics with about 10% expressing the bloodstream VATs from day 10
onwards. The picture in efferent lymph was different; up to day 9, the trypanosomes in
efferent lymph expressed the same spectrum of VATs as afferent lymph but from day 10
the proportion of metacyclics declined to less than 0.1%. This suggests that a major
switch in VAT expression occurs in the lymph node, but the mechanisms that drive that
switch remain obscure.

The immunopathology of the early stages of T. congolense infection was the major
theme of Duncan Mwangi's PhD project that was eventually published as his thesis
(Trypanosoma (Nannomonas) congolense: pathogenesis and cellular responses during the early stages of

infection in sheep. University of Edinburgh, 1991) and in a series of four papers (Refs. 3.4; 3.7;
3.13; 3.16). Initial experiments were concerned with the immunohistological and
ultrastructural analysis of the chancre (Refs. 3.4; 3.13), followed by the characterization
of the immunopathology in the lymph node (Ref. 3.7) and then the afferent and efferent
lymph (Ref. 3.16).
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The analysis of the immunopathology of the chancre was made possible by the

availability of anti-sheep leukocyte mAbs that were accredited by the First Leukocyte
Antigen Workshop (Ref. 2.5). The intradermal inoculation of 105 T. congolense
metacyclics resulted in an acute inflammatory response with the infiltration of large
numbers of neutrophils from days 1 to 3 post-infection. This response resolved and the
neutrophils were replaced by lymphocytes. Normal skin contains only a few T cells and
no B cells. Within five days of infection however there was a major infiltration of CD4+
and CD8+ (but not y5+ ) T cells and especially prominent were dense accumulations of
B cells. Many of the T cells did not co-express CD5 and were MHC class II+, showing a

state of cellular activation. The relative proportions ofCD4/CD8 changes during the

progression of the chancre from approximately 2:1 at days 5 - 7 to about 2:3 on days 17
- 23. Although external examination shows the chancre to be resolved by day 17

significant numbers of lymphocytes were present in the area for periods in excess of five
weeks.

The chancre seems to be a response to actively dividing parasites. Treatment of animals
with the trypanocidal drug - Berenil on day 5 after infection resulted in a profound
reduction in lymphocyte infiltration and a more rapid resolution of the chancre. Re-
inoculation of the homologous serodeme resulted in eventual infection but did not

induce chancre formation; in contrast subsequent infection with a heterologous
serodeme induced chancre formation with identical kinetics and pathology to the first
infection. Pre-existing contact with a specific serodeme therefore, totally inhibits
chancre formation although the animals are fully susceptible to infection. Furthermore,
animals infected with one serodeme and super-infected with either a homologous or

heterologous strain show no chancre formation and only slight increases in mononuclear
cell infiltration (Ref. 3.4).

Ultrastructural analysis of the early phases of chancre formation showed that there was

little metacyclic proliferation until days 3 after inoculation. By day 5 however, parasites
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were present in the connective tissue matrix of the dermis and started to appear in the
dermal lymphatics. Degranulated mast cells were found in the skin by day 5, which is
indicative of a role for dermal mast cells and mast cell proteases in the induction of
inflammation and in chancre formation. Despite these data, the pharmacological and
immunological factors that determine chancre formation and the role of the chancre in

trypanosome infection remain uncertain (Ref. 3.13).

The lymph nodes draining the chancre also showed profound cellular changes (Ref 3.7).
Within six days of infection, lymph nodes showed a marked follicular hyperplasia with

many germinal centres deep in the cortex and also within the medulla. The paracortex

became reduced, with relatively few T cells but increased numbers of DCs and

macrophages. At the same time the medullary and subcapsular sinuses became distended
and packed with macrophages, lymphocytes and lymphoblasts, while the medullary
cords contained densely packed B cells, CD8+ T cells and plasma cells. As with the
chancre, the response of the lymph node started to subside after day 15, but even as late
as day 30 there was still a marked increase in follicular development and a reduced

paracortex.

This work was continued by an examination of the trypanosomes and cells in both the
afferent lymph draining the chancre and the efferent lymph draining the responding

lymph node (Ref. 3.16). The cellular output of both lymph compartments increased

markedly after the onset of parasitosis on day 5 after infection with characteristic peaks
on days 8-12 and 15-20. The earlier peak was principally derived from an increased

output of CD4+ and CD8+ T cells and the later peak is largely B cells. This cellular

picture reflects the events in the chancre and lymph node. One exception to this is that

neutrophils were seldom seen in either lymph compartment despite an acute

inflammatory response occurring within the skin in the first 2 days of infection. The
resolution of this localized neutrophilia must therefore occur either by local destruction
or by the direct migration of the cells back into the blood.
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The establishment of T. congolense infection after the bite of a tsetse fly is the most

critical stage in the survival of this vector-borne parasite. The work described in the six

papers summarized above shows that there are three phases of infection. Firstly,

metacyclic tiypanosomes develop and proliferate greatly in the chancre, increasing the
number of M-VATs, before disappearing from the skin. Secondly, the metacyclics

migrate from the skin into the lymph node via afferent lymphatics, still expressing M-
VATs. In the lymph node, the parasites accumulate and multiply in the sub-capsular and

medullary sinuses, lose M-VAT expression and gain bloodstream VATs before further

migrating into the blood via the efferent lymphatic. The major host cellular event that
occurs in all compartments is the enhanced B cell response, which occurs at the same

time in all the lymphoid compartments analyzed. It is unclear whether the accumulation
of B cells in the skin is due to cellular infiltration from the blood or local proliferation,

although clearly the lymph node enlargement is due to follicular hyperplasia and B

lymphopoiesis. Whether this B cell proliferation is specific for parasite antigens or if it is
largely polyclonal activation is unclear; increased B cell accumulation and proliferation
in the skin and lymph node is first obvious by about day 5 but anti M-VAT antibodies
are not detectable until day 16. This is clearly an area that requires more work.

A different range of experiments was performed using Trypanosoma evansi as the

pathogen. This was the major theme of Denis Onah's PhD project, which was eventually

published as his thesis (Trypanosoma (Trypanozoon) evansi: immune response and

immunosuppression during infection in sheep. University of Edinburgh, 1992), and in a series of six

papers (Refs. 3.17; 3.19; 3.20; 3.21; 3.23; 3.24).

Infection of sheep by the intravenous route, with 2x106 T. b. evansi organisms results in
low level of parasitaemia and mild fever, with anaemia and pronounced lymphocytosis
in six out of eight animals tested (Ref. 3.17). The affected group of sheep (Group A) was

treated with Berenil on day 62, after which the various blood parameters returned to
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normal. The most interesting aspect of this study was that two of the eight sheep self-
cured after about seven weeks of infection (Group B). As with the persistently infected
animals, this small group showed evidence of parasitaemia by about two weeks, but
were clear of infection by about 50 days. Unlike group A sheep, these animals showed
no signs of pathological change, and did not experience fever, anaemia or

lymphocytosis. The basis of this sensitivity and resistance in sheep is unclear, but it is
similar to that found with Boran and N'dama cattle, which also have contrasting
outcomes to T. b. evansi infection (Williams, et al. 1991. Parasite Immunol. 13, 171).

Phenotypic analysis of the peripheral blood mononuclear cells during this acute phase of
infection showed that the lymphocytosis in group A animals is caused by a proliferation
of B cells. In addition, changes occur with T cell populations, where there are significant
decreases of CD4+ T cells and significant increases of CD8+ T cells. The self-cure
animals showed no significant change in the lymphocyte composition of the blood (Refs.
3.24; 3.25). The ability of self-cure seems to correlate with the production of IgM and

IgGl specific anti-trypanosome antibodies, as group B animals had significantly higher

IgM levels by one week and IgGl levels by 4 weeks after infection. Strangely, the

higher levels of antibody were produced in the animals with the fewer B cells.

Tiypanosome-infected animals exhibited a marked B cells polyclonal activation that
resulted in B lymphocytosis and consequent IgM hyperglobulinaemia; very little of
which was specific to the infecting organism (Terry etal. 1973. Trans. R. Soc. Trop. Med. Hyg.

67, 263).

A major feature of infection with many tiypanosomes species is immunosuppression,
which correlates with marked lymphoid hyperplasia and alterations in lymphocyte

populations. Indeed, the changes in lymphocyte biology are likely to affect the

immunocompetence of the infected animal and the pathology of the disease. T. b. evansi
- induced immunosuppression was investigated by examining the role of infection in the
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immune response to the vaccine for the common sheep pathogen, Pasteurella

haemolytica.

Initial experiments were focused on the effects of T. b. evansi infection on the biology of
the immune response to the vaccine within a local lymph node. As described in Chapter
1, the immunological events that occur within a reacting lymph node are reflected in the
cellular and humoral output of that node. Cannulation of the efferent lymph draining that
node therefore, permits direct and regular measurements of the output.

P. haemolytica vaccine was inoculated into the drainage area of a cannulated prefemoral

lymph node of T. b. evansi infected and uninfected sheep (Ref. 3. 19). In the uninfected

sheep, primary vaccination resulted in a 3 - 4 fold increase in cell output on days 4 and
5, falling to pre-inoculation levels by day 12. Secondary challenge produced the typical
biphasic cell output response including a high output of lymphoblasts on days 4 - 6. In
contrast, trypanosome-infected sheep showed only marginal increases on days 8-10
after first challenge but almost no response after secondary and tertiary challenges.
Chronic infection with T. b. evansi therefore almost completely inhibited the normal

physiological and proliferative response of a lymph node to antigen.

In addition to altered lymph node cell kinetics, cells from trypanosome infected sheep
also showed highly unusual phenotypes (Ref. 3.21; 3.26). Two-colour flow cytometry

showed that the efferent lymph of infected sheep contain small numbers (~5%) of an

immature phenotype of T cells that co-express CD4 and CD8 as well as up to 15% of
CD5+ B cells (about 50% of the B cells in efferent lymph). These phenotypes were

never present in the efferent lymph of uninfected animals. However, both primary and

secondary challenge of the lymph node with Pasteurella vaccine led to marked increases
in both these unusual cell populations. By day 4 after vaccination, the proportions of the
CD4+/8+ double positive T cells increased up to approximately 25% and virtually all the
B cells co-expressed CD5.
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A similar analysis of lymphocyte phenotypes in the blood (Ref. 3. 20) showed that the T.
b. evansi - induced B lymphocytosis is chiefly produced by an overwhelming

production of CD5+ B cells. The increase in this population coincided with a reduction
in all T cells including the CD4+/CD8+ double positive cell, which is present in only
very small numbers in blood. Coincidental measurements of a variety of immunological

parameters showed that T. b. evansi infected animals are profoundly immunosuppressed

(Refs. 3.20; 3.24). Quantitative skin reactions, IgM and IgGl antibody responses to
Pasteurella vaccine were all significantly reduced (Ref. 3.20) as were the in vitro

responses to Con A, LPS and specific Pasteurella and trypanosome antigens (Ref. 3.24).
The suppression seemed to be produced by active trypanosome infection because all
responses (except the in vitro response to Pasteurella) returned to normal after
chemotherapy and the resultant removal of parasites.

The contribution of the unusual cell phenotypes to the immunosuppression is a matter
for speculation. Although normally a marker of immature cortical thymocytes, the
presence ofperipheral CD4+/8+ double positive T cells has been reported to occur as a

result of autoimmune but not normal T cell activation (Ellerman, etal. 1988. Nature 331,265).
The appearance of this population is rapidly followed by a marked depletion of all T cell
populations (Refs. 3.20; 3.24), which would definitely contribute to immunosuppression.
The appearance of the CD5+ B cell may also contribute to the lack of immunity. Normal

sheep possess very few B cells that express CD5, but those that do are all of the "B-l"

type that also co-express CD1 lb/c (Ref. 1.19) and are restricted to the blood and spleen.
In uninfected sheep, these cells seem to be a rapid first line of defence against bacterial
pathogens and in other species are responsible for the production of low affinity,
polyreactive IgM auto-antibodies. It is likely that these cells are responsible for the non-

trypanosome specific IgM hyperglobulinaemia.. At present, the mechanisms by which T.
b. evansi induces these cellular changes and the consequent immunosuppression are

unknown, but it is clear that the immunosuppression induced by the parasite is an

important aspect of trypanosome pathogenesis..
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3.3 Studies on sheep Border Disease Virus

The work on the immunopathology of sheep Border disease was stimulated by a direct
collaboration with Gary Entrican and Peter Nettleton of the Moredun Research Institute,
Edinburgh. Border disease (BD) is a congenital viral infection of sheep caused by BD
virus. This virus is a member of the Pestiviridae and is closely related serologically to

bovine viral diarrhoea (mucosal disease) and hog cholera (classical swine fever) viruses.
The infection of susceptible pregnant ewes with the non-cytopathic biotype of BDV

during early pregnancy results in either abortion or the birth or persistently infected
lambs. These lambs are viraemic and are unable to mount an anti-BDV immune

response. Furthermore, they are infectious and act as important disseminators of disease.
The apparent tolerance of the persistently infected lambs seems to be specific for BDV,
since they are immunocompetent in the face of other antigenic stimuli. The cells

responsible for the regulation and generation of the immune response in infected animals
have been studied in order to try to elucidate the mechanisms ofpersistence. Again, this
work exploited the newly characterized anti-sheep mAbs and the sheep lymphatic
cannulation model to ask fundamental questions about the immunopathology of a

specific disease.

The initial series of experiments (Rcf 3.2) examined the surface phenotype ofperipheral
blood lymphocytes of lambs and adult sheep persistently infected with BDV and

compared them with those of healthy controls. The most obvious difference between the
two groups was that the BDV+ animals had a significant increase in the numbers of B
cells and coincident (non-significant) drop in the number and proportion of T cells.
Unlike trypanosomiasis (see section 3.2), BDV induced B lymphocytosis did not

coincide with hyperglobulinaemia or generalized immunosuppression.

Strangely, when a similar series of experiments were performed on efferent lymphocytes

(Ref. 3. 9), there was no evidence of B cell hyperplasia; rather there were significant
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increases in all the T cell subsets. One possible explanation, not apparent at the time,
could be that the peripheral blood B cell hyperplasia is caused by the CD1 lb+ B cell
subset (Ref 1.19) that are unable to cross vascular endothelium. There is no doubt that
the virus infects lymph nodes, as immunohistology with anti-pl20 mAb showed the

presence of viral proteins in up to 10% of efferent lymphocytes and within the body of
the node, including the blood vessel walls. However, when in situ hybridization was

used as a measure of infection (Ref. 3.6) it was found that up to 80% of efferent
lymphocytes harboured virus genome. Although these three studies simply described the
changes that occur in the lymphoid system because of BDV infection, no answer was

obtained as to the mechanisms of BDV-induced disease. The virus persists in the

presence of an intact immune system but no immune response to the virus takes place.
The animals seem to be specifically unreactive to the virus, which may be a result of
foetal tolerance as a consequence of contact with viral antigens during the first few
weeks of gestation.

3.4 Role of cytokines in Theileria annulata pathogenesis

My interest in the immunopathology of Theileria was stimulated by collaboration with
Drs Roger Spooner and Liz Glass of the Roslin Institute, Edinburgh (see Chapter 4) who
had been working on this organism for several years. Theileria annulata is a tick-
transmitted protozoan parasite of ruminants that causes the severe lymphoproliferative
disease, tropical theileriosis that is endemic from Southern Europe to China. The

sporozoite stage of the parasite enters the skin via a tick bite and localizes within the

draining lymph node. Here it develops into the macroschizont within host macrophages.
Infected cells proliferate rapidly and then migrate into the circulation and many other
host tissues. Infected cattle suffer from fever, cachexia, anaemia and consequent

respiratory distress. There is high morbidity and low mortality of native cattle breeds,
but introduced European stock can be decimated.
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Although the lymphoproliferation is caused by Theileria infection, not all proliferating
cells are infected. The infected cells cause a non-specific, polyclonal activation ofhost

lymphocytes. Furthermore, Theileria-'mfected cells can act as professional antigen-

presenting cells, in addition they have an intrinsic ability to induce naive autologous
cells to proliferate. The vaccines for this disease are attenuated, infected cell lines that
are effective but require 3-4 years in vitro culture before they are suitably avirulent. Less
attenuated lines are also protective but cause post-vaccinal lymphoproliferation that in
unrelated to cellular infection. This seems related to the non specific in vitro activation
of T cells described above. Our studies were aimed at short-circuiting the attenuation

process by examining parameters of attenuation in a panel of Theileria-'mfected clones.

CD 14+ blood monocytes were infected with T. annulata sporozoites and the resultant
line cloned by soft agar cloning. These three clones (Clones G, I and L) and the parent

line were then assessed for their ability to activate T cells non-specifically. Clear
differences were found between Clone I (low level of activation) and the other three
lines (clones G, L and the parent) (Refs. 3.15; 3.22). Clones I and L were then selected
to test for post-vaccinal reactions by using them to vaccinate one of two groups of

healthy cattle. Although both groups of animals were protected from virulent challenge,
those immunized with clone L experienced significantly more severe clinical signs

(including temperature, and leukocytosis) than the animals immunized with clone I (Ref.

3.22).

Two potential correlates ofvirulence were assessed; level of MHC class II and

quantitative cytokine expression. Saturation binding and quantitative flow cytometry

showed that the level of class II expression was not linked to activation. Clones I and L

expressed approximately equal quantities of class II whereas clone G and the parent line

expressed 10-25 fold greater levels, but had similar activation stimuli to clone L (Ref.

3.22). All four cell lines were then assayed for quantitative cytokine expression by

multiple cycle RT-PCR. It was clear that the degree of T cell proliferation and post-
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vaccinal reaction was directly correlated with the levels of expression of the T cell

stimulatory cytokines, especially ILla and IL-6. The production and analysis of these
lines begins to clarify factors associated with attenuation and highlights possible ways in
which vaccine production can be increased.
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CHAPTER 4

VETERINARY IMMUNOGENETICS

Until the mid-1980s the immunogenetics ofveterinary species was the preserve of a very

limited number ofworkers, chief among them being Harris Lewin and Roger Spooner.

Subsequently, however there has been an explosion of interest in farm animal genetics,
which culminated with the birth of'Dolly' in early 1996.

4.1 DNA fingerprinting of horses

My interest in veterinary genetics was initiated in 1989 by the arrival in my laboratory of
a veterinary intercalated honours student, Frances O'Connell. The student body of the

Royal (Dick) School ofVeterinary Studies owns a small herd ofExmoor ponies that is
used for pony trekking and riding lesions; and Frances was a leading light in the group

of students particularly involved in the herd's husbandry. In the autumn of 1988, three

young ponies, one female and two males, shared a paddock and the filly subsequently
became pregnant. The two possible sires were three-quarters siblings and were half-
siblings to the dam. For her honours project Frances wanted to determine the paternity of
the foal. Two years previously, Alex Jeffreys had shown that his human mini-satellites
could be used to obtain individual DNA fingerprints of cats and dogs (Jeffreys and Morton,

1987. Animal Genetics 18, l) and 1 suggested that we use these probes on the Exmoors.

Fortunately, this could be done as my brother Brian was involved in human forensic

diagnosis with Genmark Diagnostics and was using DNA fingerprinting on a daily basis.

Consequently, Frances took DNA, from the three candidates and the rest of the herd, for

analysis to Genmark. Southern hybridization of restricted Exmoor pony DNA with
human mini-satellites resulted in unambiguous resolution to the paternity question,
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despite the fact the Exmoor herd was inbred with a greater than 60% band share, and
that the two putative sires and the dam were closely related with a 70% band share (Ref.

4.1). This was the first report of the use of DNA fingerprinting in equids and showed
that mini-satellite typing could distinguish even very closely related or inbred animals.

The remainder of my work on veterinary genetics has been focused on the restriction
elements of sheep and cattle, principally MHC class L, class II and the CD1 family.

4.1 MHC class II of sheep and cattle

The work of the genetics of sheep MHC {Ovar) was a direct extension ofmy long-term
studies on the MHC molecules (see Sections 1.4 and 2.1) and was performed in direct
collaboration with Keith Ballingall and Harry Wright at the Moredun Research Institute.

Harry is a Moredun staff member and some of this work was part of his PhD project,

supervised by his Moredun supervisor, David Haig and myself. Previous work, by Keith
and Harry in association with Jonathan Howard's group at Babraham (Deverson, etal. 1991.

Animal Genetics 22,211) had isolated seven different MHC A genes and twenty -four
different B genes from cosmid libraries. In an attempt to identify expressible pairs ofA
and B genes, these cosmids were transfected into murine L cells (Refs. 4.2; 4.12). Two
transfected lines were established that stably expressed Ovar class II. The two lines

expressed the same A gene associated with different alleles of the same B gene. Both the
A and B genes were shown to be DR homologues by virtue ofcross hybridization with
human probes and a high degree of sequence identity with the human genes. These cells
were then used to screen the reactivity of all our anti-MHC class II mAbs. A group of

eight mAbs recognized both cell lines; these had been assigned DR-specificity (some a

and some p chain specific) on immunochemical and NH2-terminal peptide sequence

criteria. Two other groups of mAbs did not bind the transfectants; the first contained

putative DQ-specific mAbs and the second was DRp specific. These data confirmed the
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locus specificity of the majority of our mAbs and further implied that there may be a

second expressed DRp chain that is not present in the transfectants but is recognized by
some of our DR specific mAbs.

The existence of a second expressed DRP chain was further investigated by two-

dimensional immunoblotting and peptide sequencing (Ref. 4.3). Two anti - P chain
mAbs, VPM37 and VPM43 react with DR but not DQ antigen by ELISA (Ref. 4.11) but
do not react with the DRp chain expressed by the DR transfected L cell line, DR-T8.1.
Two-dimensional immunoblotting shows that these antibodies bind a subgroup of the

antigen recognized by the mAb VPM57, which is distinct from the p chain expressed by
the DR transfectants. Nfh-terminal sequencing of the WM37 a chain shows that it

homologous to human DRa, implying that the VPM37 P chain is also a DR homologue.
In view of the fact that VPM37 and VPM43 react with different epitopes, it is highly

unlikely that they are specific for a particular post translational modification or common

allele. Consequently, the likely explanation is that there are two distinct DRp chains

expressed in sheep.

This work was continued by the generation of an additional five L cell transfectants,
each ofwhich expressed a Ovar MHC A/B gene pair (Ref. 4.7). Two DQ transfectants

expressed different alleles ofDQA1 and DQB1 whilst the third expressed a DQ A/B pair,
but where the A gene lack the 5' UT and exon 1. The two DR transfectants possessed the
same A gene but distinct B genes. Flow cytometry of these cell lines confirmed the
immunochemical characterization of 16 ofa panel of 23 mAbs. The DQ and DR

specificity of each mAb could be assigned without interference from the products of
other expressed class II loci. The specificities of our 'standard' mAbs, SW73.2, VPM36
and VPM54 were confirmed as 'pan p' class II, DQa and DRa respectively.

Furthermore, the assignment of VPM37 and VPM43 to a second expressed DRp chain
was justified by their reactivity with the DR-T31.3 line but not DR-T8.1. This work
made it clear that the characterization of MHC expression requires the use of a whole
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range of techniques, and the combined data are required to obtain an accurate picture of
a very complex system.

The characterization of bovine MHC (BoLA) class II using our mAbs followed on

directly from our work on sheep. Much of the previous work on the polymorphism of
bovine class II had been by biosynthetic labeling, immunoprecipitation and IEF (e.g.
Glass, et al. 1991. Immunology 72,380). This is a very slow and difficult technique as well as

being expensive. Our work with sheep class II had started by selecting mAbs that
detected antigen under Western blot conditions. These mAbs were now shown to react

to BoLA class II under identical conditions (Ref. 4.4) and we also devised a way that we

could detect class II haplotypes by blotting from IEF gels. This technique showed that
VPM57, anti-sheep DR|3, reacted with a range of bovine MHC haplotypes and was

particularly good at discriminating electrophoretic variants that had similar isoelectric
points. Future work on BoLA class II typing therefore, can now utilize this simple and
inexpensive method.

Although we had defined locus-specific mAbs in the sheep, the locus-specificity of
these, and specific anti- BoLA class II mAbs, had yet to be defined in cattle. The
definition of the different BoLA MHC class II locus products exploited the

methodologies that we had developed for our work with the sheep (Ref. 4.6).
The affinity purification/ELISA technique identified two distinct groups of anti-class II
mAbs that reacted with bovine MHC class II. One group contained the anti- Ovar DQa
mAb - VPM36, and the other contained the anti-Ovar DRa mAb - VPM54. Two-

dimensional immunoblotting confirmed these data and NH2-terminal sequencing of the

purified a chains of the bovine VPM36 and VPM54 antigens identified the locus

specificity of the mAbs. VPM36 together with two anti-bovine class II mAbs (TH22A
and TH81 A) are specific for BoLA DQ, whereas VPM54 and the mAbs TH14B and J11
are specific for BoLA DR. As in sheep, the mAb SW73.2 cross reacts with both MHC
loci of all animals tested.
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4.2 Bovine MHC class I

The work of bovine MHC was stimulated by collaboration with Roger Spooner and Liz
Glass of the Roslin Institute, who had been working on tissue typing in cattle for many

years. Roger's principal work has been the generation of internationally recognized
alloantisera for use in lymphocyte micro-cytotoxicity assays. These antisera were

thought to detect single alleles of individual lock However, at the time it was not known
how many MIIC class I loci arc expressed in cattle as different protein studies generated
inconsistent and contradictory results. The aim of the first study (Ref 4.5) was to

investigate the origins of the charge diversity, observed using one-dimensional
isoelectric focusing (IEF), of a defined BoLA class I allotype (wlO/wl 1).

BoLA class I molecules are glycosylated at a single N'-linked position with a complex

carbohydrate moiety of up to three sialic acid residues. This carbohydrate is completely
removed by digestion with neuraminidase and endoglysidase F/N-glycosidase F (EndoF)
but this has no effect on the charge heterogeneity. The observed IEF pattern could also
be the result of differential phosphorylation of the protein products. To investigate this,
non-activated lymphocytes were metabolically labelled with 32P-orthophosphate, but it
was found that the BoLA class I is not phosphorylated and it was concluded that

phosphate did not contribute to the charge differences. Finally, Cleveland peptide

mapping showed that the different BoLA charge variants have distinct digestion patterns,

and that different polypeptides are associated with each serological specificity. These
combined data indicate that the BoLA system has a minimum ofthree expressed class I
loci.

This area of study was continued by the examination of expressible class I genes in an

animal that was serologically heterozygous (with wlO/wl 1 specificity). This was

facilitated by the development of a novel expression vector for BoLA MHC class I that
was based on pBR322, but included the BoLA class I promoter region, exon 1 and
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polyadenylation sequence (Ref. 4.8). Class I genes are amplified by PCR using primers
in conserved parts of exon 2 and in the 3'-UT. These amplified genes can then be sub-
cloned into the vector, which contains the necessary 5' and 3' sequences for correct

expression. Using this vector, one ofmy postgraduate students - Suminder Sawhney -

showed that the wIO/wl 1 haplotype consists of at least three (and not two) distinct BoLA
class I genes (Characterization of bovine MHC class I genes. University of Edinburgh. 1995), and the

sequence of these genes shows that they are likely to represent separate locL This
genetic study is entirely consistent with the previous work using peptide maps and
concluded that there are three expressible BoLA class I genes.

4.3 The ovine CD1 gene family

The study of the genetics of the ovine CD1 family was a natural progression of my work
on the anti-CD 1 mAbs (Section 2.2). The initial isolation of an ovine CD1 gene was

achieved by screening a 'phage X lamb thymus cDNA library using a human CDIC

genomic clone, which identified the sheep CD1 cDNA clone, SCDIA25 (Refs. 4.9;

4.12). A sheep CD1 probe was then used to screen a number of cDNA libraries resulted
in the isolation of an additional three sheep CD1 clones, SCD1B-42, SCD1B-52 and
SCD1T10. An alternative strategy generated the clone SCD1D (Ref. 4.10)\ a degenerate
sense primer was used in conjunction with a conserved exon 4 antisense primer to
isolate this gene fragment from a sheep lymph node library. A variety of techniques,

including 5' RACE, were then used to complete the sequence of all genes (except

SCD1T10).

The SCD1A25 and SCD1B-42 sequences encode complete CD1 molecules. Both clones
encode polypeptide chains of 333 amino acids with a sixteen amino acid signal peptide.
SCD1B-52 is closely related to SCD1B-42, but this encodes a polypeptide of 241
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residues and consists of only two extracellular domains (al and a2) as well as the
transmembrane and cytoplasmic domains. The a3 domain is precisely deleted from this
clone. The SCD1T10 cDNA is truncated at both the 5' and 3' ends and consists of26 bp
of the 3' end of the al domain, the a2, a3, transmembrane and cytoplasmic domains.
SCD1D is complete and encodes a polypeptide of a predicted 337 amino acids with a 17-
residue signal peptide (Ref 4.10).

A comparison of the nucleotide and derived amino acid sequences between the five

sheep CD1 clones and sequences from other species (Refs. 4.9; 4.10; 6.4) reveals that
SCD1A25, B-42, B-52 and T10 are about 80% identical to the human CDIB gene

sequence, and 75 % identical at the protein sequence level with lesser homology to the
other CD1 loci. Comparison of the predicted sequences of these clones with the NH2-
terminal sequence of antigens purified using the mAbs IAH-CC14 and 20-27 shows that
the IAH-CC14 sequence is identical to the predicted sequence ofSCD1B-42 and B-52. It
also shares 11 of 13 amino acids with SCD1A25. Furthermore, the mAb IAH-CC20

(which has the same antigenic specificity as IAH-CC14) reacts with human CD lb
expressed in a stable transfected line. The 29-residue NH2-terminal sequence of the 20-
27 antigen is most homologous (66% identity) to the predicted sequence ofhuman CDle
as compared with approximately 50% identity to human CD la, b and c and human and
rodent CD Id. This is the first indication of the existence of a possible expressed CD IE

gene product. SCD1D in contrast, is clearly most homologous to the CD1D family

(human CD1D, mouse CD1.1 and CD1.2, rat CD1 and cottontail rabbit CD1).

Although there is little doubt that SCD1A25, B-42 and T10 are all CD1B homologues,
the 67 - 90% identity between them make it likely that they are products of distinct
CD/5-like genes. These observations also support the probability that SCD1B-42 and B-
52 are alleles of a single gene, although B-52 does have the precise exon 4/a3 domain
deletion.
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The question of the number of CD1 genes in the sheep has been addressed by Southern

hybridization analysis (Ref 4.9). Sheep genomic DNA was digested with twelve
restriction endonucleases and hybridized with a a3 probe derived from SCD1T10. Seven
bands were obtained with seven of the twelve enzymes. The data described above

suggests the existence of four and possibly five distinct sheep CD1 genes; three CDIB

homologues and one CD1D gene and the gene that encode 20-27 antigen.

Consequently, there is the possibility for the existence of an additional two expressed
CD1 genes in the sheep that are, as yet, unidentified.
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The purpose of this thesis is to assemble and summarize the results of my career (so far)
concerned with research into the immunology and physiology of the lymphoid system.

For this work I have exploited the sheep cannulated lymphatic model to monitor the

output of lymph, lymphocytes and dendritic cells from the skin or from lymph nodes.
The use of this model system permits access to large numbers of lymph-borne cells over

extensive periods and in a form far closer to their in vivo non-activated state than from

any other species.

My early work built on the experiments of Morris and Hall (using the sheep) and
Gowans (using the rat) to ask questions concerned with the recirculation behaviour of

lymphocytes and the physiological response of lymphoid tissue to antigen. However, it
soon became clear that if the sheep was going make a contribution to immunology

research, and compete with humans and rodents, reagents needed to be generated that
defined the important molecules of the ovine immune system. This reagent generation
has taken about fifteen years so far and is yet to be completed. Nevertheless, there is
now available a large range of monoclonal antibodies, cloned genes and assay systems

that enable the advancement of fundamental immunology research in the sheep.

The experimental system and the availability of the reagents have enabled novel

questions to be answered on the subject of the pathogenesis of such pathogens as the
lentivirus, maedi-visna virus and the protozoal parasites Trypanosoma congolense, T.
evansi and Theileria annulata.

Programmes currently in progress within the Molecular Immunology Group (that I

direct) centre on the biology of dendritic cells (DCs) and the role played by these cells in
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the induction of the immune response and the pathogenesis of disease. DCs have the

unique ability to activate naive T cells and are the most potent inducers of secondary

responses. Many factors influence DC function but the ways in which these different
factors interact to give rise to the unique functions is poorly understood. In addition,

pathogens that infect or associate with DCs have the potential to modulate cell function
and the ways in which they cause disease can be directly related to DC dysfunction. DC
function is assessed by alterations in cell phenotype, expression of cytokines and
activation of lymphocytes

DNA vaccination and dendritic cells - immunization with plasmid DNA has
revolutionized approaches to vaccination. However, the mechanisms operating are not

understood. Our studies aim to elucidate the role of DCs in DNA vaccination by

analyzing gene uptake and expression in sheep skin and afferent lymph DCs. We use a

reporter construct encoding green fluorescent protein (GFP) administered either by intra¬
dermal injection or by gene gun. Initial experiments are designed to determine if afferent

lymph DCs carry plasmid, make GFP and/or take up free GFP from the lymph plasma.
In parallel studies, 3 genes encoding immunodominant antigens from orf virus are being
administered to sheep to determine the efficiency of gene gun immunization in sheep.
Orfvirus is an important zoonotic pathogen causing pustular dermatitis in sheep and

sheep handlers. Determination of immune responses and level ofprotection to orf virus

challenge will indicate whether these genes are protective. The information generated
will be invaluable for the development of an effective vaccine against this disease.
Related work concerns the role of specific cytokine genes, also delivered by gene gun, to

act as adjuvants for the antigen gene or to modulate the subsequent immune response.

Role of lymph-borne cells in the dissemination of scrapie - one of the ways in which

sheep become infected with scrapie is by skin scarification; as scrapie affected animals

indulge in much scraping of their skin on tree trunks, fences and barbed wire (hence

"scrapie"). Any scrapie agent delivered to the skin must, eventually become
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disseminated to the central lymphoid organs and the CNS. We are examining the role of
DCs and other migrating cells, in the dissemination and amplification of this skin-
associated scrapie agent. In addition, we are studying whether the carriage of scrapie

agent results in DC dysfunction and alterations in the immune response.

Analysis of the innate protective function of dendritic cells - DCs interact with

antigens by means of cell-surface receptors and the way in which that antigen interacts
with the DC is critical to the subsequent function. This project assesses the role ofDC

receptor cross-linkage on DC function as measured by quantification of specific

cytokine expression and T cell activation.

Immunopathology of sheep paratuberculosis - this programme is concerned with the

immunopathology Mycobacterium avium paratuberculosis the causative agent of
Johne's disease in ruminants. Current work is focusing on the development of an acute

infection model of this chronic disease. Future work will be concerned with the

molecular pathology of mycobacterial infection, the identification of the specific

antigens that are seen by the sheep immune system and the identification of specific
virulence determinants.

Molecular characterization of ovine CD1 - our major interest is in the role of CD1 as

DC antigen presentational molecules for non-peptide antigen moieties from

mycobacterial and parasites. We are currently completing the cloning and sequencing
the sheep CD1 genes as a prelude to biochemical studies on antigen presentation.

Characterization of the acute response to VTEC - the main aim is to characterize the
acute response to different VTEC strains (VeroToxigenic E. coli) in the bovine host and
to correlate the response with the development of immunity.
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(Reprinted from Nature, Vol. 259, No. 5541, pp. 308—309, January 29, 1976)

Selective entry of immunoblasts
into gut from intestinal lymph
The observation' that the lymphoid blast cells in the
thoracic duct lymph of rats homed preferentially to the
lamina propria of the small gut after being injected intra¬
venously has received ample confirmation2"4. But although
the thoracic duct lymph of rodents comes principally from
the intestine there must also be a significant contribution
from other viscera as well as from the caudal somatic
lymph nodes. It follows that the large lymphoid immuno¬
blasts present in thoracic duct lymph may have come from
several sources, and it has been shown that their numbers
increase after antigens have been injected subcutaneously
into the hindquarters5. Are the immunoblasts that home
to the small gut selected randomly, or do they have some
special feature which mediates their extravasation in the
gut? Straightforward immunological factors such as the
specificity of the immunoblasts or the presence of antigens
in the gut do not seem to be of primary importance6,7.

Immunoblasts teased from somatic lymph nodes cannot
home to the gut nearly as well as those from mesenteric
nodes or thoracic duct lymph2,8 but the performance of
immunoblasts which normally enter the lymph from
somatic nodes has not been measured. By cannulating
appropriate lymph ducts in experimental sheep we have
studied the problem directly and our results are reported
here.

of O.lMCiml"1. The total number of white cells in the
collections varied between 10' and 1010 and included
10-40% immunoblasts; autoradiographs showed later that
70-80% of the latter had labelled nuclei. The labelled cells
were then washed once and returned to the sheep by intra¬
venous injection. The sheep was killed 20 h later and
selected organs were removed, cut into small pieces and
loaded into counting vials so that the gamma emission of
each organ could be measured in a scintillation spectro¬
meter. The relevant results from nine such experiments
are shown in Table 1.

Clearly immunoblasts generated in somatic nodes did
not enter the small gut but tended to localise in the spleen
and, incidentally, did not reappear in significant numbers
in samples of either lymph or blood. Conversely, immuno¬
blasts generated in the lymphoid tissue associated with the
gut avoided the spleen and localised mainly in the small
gut; up to a further 10% of the injected cells were
recovered in the intestinal lymph during the course of the
experiments. The latter observation shows that, as in
studies on rats3,4,6 most radioactivity remained associated
with intact immunoblasts throughout the experiment.
Unfortunately, it is not practical to prepare representative
autoradiographo from the major organs of an adult sheep,
and so little can be said about the microanatomical localisa
tion of the labelled cells—we assume that it is generally
similar to that found in the rat3,4.

Table 1 Percentages of injected radioactivity present in tissues of sheep 20 h aftor injoction of autochthonous immunoblasts colloctod from
intestinal lymph or efferent lymph of somatic lymph nodes and labelled in vitro with 125IUdR

Type of labelled! Immunoblasts from efferent
cells injected / lymph of somatic nodes Immunoblasts from intestinal lymph

Experiment no. 1 3 5 7 2 4 6 8 10

Small intestine 0.9 0.4 0.8 0.6 35.3 30.5 27.8 27.0 28.4

Spleen 16.0 16.8 21.0 19.0 0.2 1.4 0.3 1.4 0.4

Mesenteric
lymph nodes

0.1 0.1 0.2 0.1 1.8 3.4 2.7 2.9 3.4

Somatic
lymph nodes

1.3 2.6 0.9 0.8 0.2 1.1 0.3 0.7 0.6

Yearling sheep were anaesthetised and polyvinyl cannulae
inserted into the intestinal lymph duct and an efferent duct
of one of the peripheral, somatic lymph nodes (popliteal,
prefemoral or prescapular). After the operation the con¬
scious sheep were placed in metabolism cages and the
lymph was collected quantitatively into sterile, heparinised,
plastic bottles9"11. In these relatively young sheep up to
15% of the white cells in the intestinal lymph were
immunoblasts, but in the efferent lymph from somatic
nodes, immunoblasts accounted for 2% or less of the white
cells. For this reason 2 ml of a mixture of suspensions of
killed bacteria (Corynebacterium parvum, Brucella abortus
and Salmonella typhi O and H, Wellcome Research Labo¬
ratories) was injected subcutaneously into the drainage
area of the cannulated node so that 4 d later, when the
immune response was greatest, 20-40% of the cells in the
efferent lymph consisted of immunoblasts12,13. An 8-h col¬
lection of either intestinal or efferent lymph was then
incubated for 1 h at 38 °C with 12T-iododeoxyuridine (IUdR,
Radiochemical Centre, Amersham) at a final concentration

It was suggested, on a priori grounds, that immunoblasts
which enter the gut must be IgA secretors4 and there is
evidence for this view8,14. In the experiments reported here
we found, by immunodiffusion tests, that detergent extracts
of washed cells from intestinal lymph always contained
IgA as the major immunoglobulin. Extracts of lymph cells
from stimulated somatic nodes contained mainly IgG, with
some IgM, but we found no IgA. Furthermore, the
immunoblasts from somatic nodes did not acquire the
ability to home to gut even when they had been collected
and incubated in isologouG intestinal lymph plasma, which
is rich in IgA15.

These findings support the view that one of the intrinsic
cellular factors which mediate the extravasation of immu¬
noblasts in the small gut is the production of IgA or a
molecule associated closely with it. Certainly the view3
that lymph-borne immunoblasts from any source may
extravasate into the gut is wrong in any general sense.
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(Reprinted from Nature, Vol. 260, No. 5551, pp. 528-529, April 8, 1976)

Possible role of surface Ig in non-random
recirculation of small lymphocytes
The selective extravasation of some lymph-borne immunoblasts
in the gut-associated lymphoid tissue (GALT) is well estab¬
lished1-5. It seems that immunoblasts generated in the GALT
return to it, whereas those formed in peripheral somatic
lymph nodes (PSLNs) go to the spleen or other lymph nodes6.
On the other hand, for want of contrary evidence, it is assumed
generally that the small lymphocytes comprising the re¬
circulating pool recirculate more or less randomly through the
various nodes in the body. T and B lymphocytes may have
different rates and microanatomical routes of recirculation
through a given lymphoid organ7-9 but until now it has not
been possible to show that recirculating lymphocytes dis¬
criminate between different lymphoid organs. By comparing
the recirculation of small lymphocytes from the intestinal
lymph with that of lymphocytes from the efferent lymph of
PSLNs in unanaesthetised sheep, we found that each popu¬
lation tends to recirculate preferentially through the type of

Fig. 1 The specific radioactivities (counts per unit cell number)
of 51Cr-labelled small lymphocytes in various lymphatic ducts
after the injection, at time 0, of 3 x 109 cells from intestinal
lymph (a) or 2 x 10s cells from prescapular efferent lymph (b).
The cells had been labelled in vitro with Na251Cr04 at 15 gCi
ml-1 for 1 h at 38 °C. □, Intestinal lymph; •, prefemoral
efferent lymph; O, prescapular efferent lymph. Counting rates
in individual samples were usually well above 103 c.p.m. except
for the first few hours after injection of the labelled cells.

lymphoid tissue from which the collections were made.
Crossbred adult wethers or ewes were anaesthetised and

polyvinyl cannulae were inserted into the intestinal lymph
duct and into an efferent duct of one or two of the PSLNs
(popliteal, prefemoral or prescapular). After operation the
conscious sheep were placed in metabolism cages and the
lymph collected quantitatively10-12. Serial collections were
made over periods of 8-16 h and in each experiment either a
collection of intestinal lymph or a collection of efferent lymph
was incubated in vitro with 51Cr. The washed, labelled cells
were returned to the sheep through an intravenous cannula
after which regular samples of each type of lymph were taken
for 24-^48 h. The lymphocytes were washed, counted and
radioassayed and their specific radioactivities determined.
Eight such experiments were performed; four in which labelled
intestinal cells were reinfused and four in which efferent cells
from PSLNs were used (Fig. 1). Cells from intestinal lymph
tend to reappear in that lymph, whereas cells from peripheral
efferent lymphatics tend to recirculate through PSLNs; this
happened quite unequivocally in every experiment.

In all experiments 2% of the injected labelled cells were
immunoblasts; by labelling the immunoblasts with 125I-
iododeoxyuridine (125IUdR) it was possible to compute the
amount of 51Cr associated with this type of cell and rule out
the possibility that their presence could bias the results.
The lower graph (b) confirms our previous report13 that
efferent cells from any one PSLN will recirculate equally well
through any other PSLN. It should also be noted that there
was no fall in the specific radioactivities of the lymph cells
within the experimental period. This suggests a longer re¬
circulation time for lymphocytes in sheep than in rodents14,
but is in agreement with other results from sheep13,15.

It is obvious that the distinction between peripheral and
intestinal recirculation is by no means absolute. This may
indicate that there is only a tendency for a given cell to return
to its place of origin, but the results could just as well be
explained by the presence of two populations; one made up of
cells with a strong preference for a given pathway, and the other
made up of randomly recirculating cells. The return of immuno¬
blasts to the GALT is possibly mediated by their immuno¬
globulin A (IgA) or a closely associated molecule6,14. It seems
plausible, therefore, that those small lymphocytes which
recirculate preferentially through the GALT do so because of
their a-associated determinants, as up to 40% of all Ig-bearing
lymphocytes are believed to have a chains on their surfaces17.
Thus, we suggest that the route of recirculation of B cells may
be influenced by the class of their surface Ig, while the non-Ig
bearing T cells recirculate randomly. Sordat et a/.18 found
significant amounts of Ig in the walls of post-capillary venules
in the tonsil and although functional evidence was lacking they
suggested that the presence of Ig was in some way related to
lymphocyte recirculation. If these ideas are true it is possible
that the number of B cells available to a given tissue may be
limited to those with the corresponding Ig subclass; this could
be important in determining the nature of immune responses
and possibly also the metastatic pattern of some malignant
lymphomata.
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j.g. Hail, j. Hopkins and e. Orlans Studies on the lymphocytes of sheep

The Chester Beatty Laboratories*, III. Destination of lymph-borne immunoblasts in
Institute of Cancer Research, Royal relation to their tissue of Origin
Marsden Hospital, Sutton

Lymph-borne immunoblasts were labeled in vitro with 125I[]iodo-deoxy-
uridine, washed and returned by intravenous injection to the sheep from
which they had been collected. Twenty h later the sheep were killed
and the distribution of the immunoblasts was determined by assaying the
radioactivity in various organs.

Immunoblasts from the efferent lymph of peripheral somatic lymph nodes
(PSLN) went mainly to the spleen, lungs and other PSLN, while immuno¬
blasts from intestinal lymph went mainly to the small gut. This ability
of intestinal immunoblasts to home to the gut was demonstrated also in
the sterile environment of fetuses in utero; apparently the migratory be¬
havior of immunoblasts, like that of small lymphocytes, is not primarily
"antigen-driven".

A technique was devised for the collection of peripheral (i.e. afferent to
the mesenteric node) intestinal lymph which was found to contain 10—20
times the numbers of small lymphocytes that occur in the peripheral
lymph from other tissues. Immunoblasts from peripheral intestinal lymph
also homed to the gut.

The immunoglobulin content of immunoblasts was studied by making
detergent extracts of lymph cells, by applying immuno-peroxidase tech¬
niques to cell films and by investigating the incorporation of 14C-labeled
amino acids into immunoglobulins by immunoblasts in vitro. Immuno¬
blasts from both somatic and intestinal lymph contained and made IgG
and IgM, but many intestinal immunoblasts contained and made IgA. It
is not known whether this immunoglobulin mediates the extravasation
of immunoblasts into the gut. Nonetheless, there is compelling evidence
that there are two major migratory pathways for lymphoid cells; one
through the gut-associated lymphoid tissue and the other through the
somatic-splenic lymphoid tissues.

1. Introduction

The observation that the large lymphoid immunoblasts pre¬
sent in the thoracic duct lymph of rats have the property of
"homing" to the lamina propria of the small gut [1] has been
amply confirmed [2,3]. Furthermore it has been shown that
this property is shared by immunoblasts which have been
teased from mesenteric lymph nodes, whereas similar cells
prepared from somatic nodes have no such propensity [4,5],

The notion that immunoblasts generated in the gut-asso¬
ciated lymphoid tissue (GALT) later home back to the
gut by virtue of an immunological specificity for dietary or
microbial antigens which are present within the lumen of the
gut has not been borne out by experiment. Studies of hetero-

[I 1554]
* The Chester Beatty Research Institute receives support from the

Medical Research Council and the Cancer Research Campaign

Correspondence: Joe G. Hall, The Chester Beatty Laboratories, Institute
of Cancer Research, Royal Marsden Hospital, Downs Road, Sutton,
Surrey, GB

Abbreviations: PSLN: Peripheral somatic lymph node(s) HRP: Horse
radish peroxidase GALT: Gut-associated lymphoid tissue [125l]dUrd:
,25I-labeled deoxyuridine FCA: Freund's complete adjuvant cpm:
Counts per min

topic transplants of sterile gut [6,7] or caesarian-derived
neonatal rats [8] showed that even in these antigen-free situ¬
ations the homing of immunoblasts to the gut was the same
as under normal circumstances. Nonetheless in rats which

had been sensitized systemically by parenteral cholera toxoid
a challenge of the antigen given later into a restricted region
of the gut elicited a local accumulation of immunoblasts [9],
Clearly, the situation is complicated, and both B [3] and T
[10] immunoblasts may be involved. Some of the complexity
follows from the fact that the principal source of experimental
material, i.e. the thoracic duct (sic) lymph of rodents, con¬
tains a conglomerate population of cells. Although the majori¬
ty of these are derived from the GALT, a substantial minority
must issue from other viscera and the caudal, somatic nodes, and
there is no simple way of distinguishing between them. More¬
over, even the cells in pure intestinal lymph may come from
either the mesenteric lymph nodes or the lymphoid tissue in
the wall of the gut.

In this paper we have sought to clarify these points by com¬

paring and contrasting in unanesthetized sheep the migratory
properties of immunoblasts from these various sources. These
experiments have been carried out both in adults and in fetal
sheep in utero. Some of the earlier results relating to cell traf¬
fic through the adult intestine have been the subject of a brief,
preliminary report [11].
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2. Materials and methods

2.1. Sheep

Cross-bred sheep were penned in a sheep house built for this
purpose and fed a standard diet of chaff and grain oats with
water ad libitum. During the experiments each sheep was

placed in a mobile metabolism cage.

2.2. Surgical procedures and lymph collection

2.2.1. General remarks

All operations were performed under aseptic conditions. An¬
esthesia was induced with intravenous (i.v.) sodium pento¬
barbitone (Sagatal, May and Baker Ltd., Dagenham, G.B.)
and maintained by a fluothane-oxygen mixture administered
via an endotracheal tube which was connected to the closed
circuit of a Boyle machine. The methods for cannulating the
intestinal [12], popliteal efferent [13], prefemoral efferent
[14] and prescapular efferent [15] lymphatic ducts have been
published in detail. Lymph was collected into sterile poly¬
thene bottles containing heparin and antibiotics [14, 16].

2.2.2. Fetal surgery

In order to administer i.v. injections to fetuses in utero, preg¬
nant sheep were anesthetized and placed on their backs. The
uterus was exposed by a midline incision in the lower ab¬
domen and the ventral aspect of one gravid horn was exteri¬
orized and, if necessary, maintained in position by suturing it
to the edges of the abdominal wound. A purse-string suture
was passed through the thickness of the uterine wall and mem¬
branes in the region of a hind hoof. A small incision allowed
one hind limb to be delivered, the purse-string suture was
drawn snugly around it to prevent the escape of amniotic
fluid, and the injection was made directly into one of the
subcutaneous (s.c.) veins.

2.2.3. Collection of peripheral intestinal lymph

This fluid is found in the mesenteric lacteals which connect

the interstitial spaces of the gut wall to the mesenteric lymph
nodes. These vessels were found to be so delicate that the

usual cannulation procedures were impossible. Instead, we
used a method based on the results of 22 experiments in which
we found that, after excision of the popliteal or prefemoral
nodes, the afferent and efferent vessels became reconnected.
Some weeks later it was possible to cannulate the relatively
large "efferent" duct and yet collect "afferent", peripheral
lymph, characterized by its low cell count and the presence
of macrophages. We found (see Sec. 3) that after excision of
the mesenteric nodes the same result was obtained, and in
this way peripheral intestinal lymph was collected success¬

fully.

2.3. Antigenic stimulation

The efferent lymph from peripheral somatic lymph nodes
(PSLN) normally contains only 1—2 % of immunoblasts, and
in order to obtain substantial numbers of such cells it is neces¬

sary to stimulate the nodes antigenically [16]. For this pur¬
pose a mixture of bacterial antigens was used throughout
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which consisted of equal volumes of suspensions of S. typhi
O, S. typhi H, B. abortus and C. parvum (Wellcome Research
Laboratories, Beckenham, Kent). Doses of 2 ml of this mix¬
ture were diluted in 5 ml of normal saline and injected s.c.
into the drainage areas of lymph nodes under study. Four
days later 20—40 % of the lymph cells were immunoblasts.

2.4. Cell counts

Total white cell counts were performed by using a Neubauer
hemocytometer. Differential cell counts were performed by
direct examination of a drop of lymph, beneath a cover slip,
using phase-contrast optics with a x 100 objective. Where
necessary such counts were confirmed by Romanowsky-
stained preparations [16] and electron microscopy [17].

2.5. Radio labeling of lymph cells for reinjection in vivo

Whole lymph was incubated at 38°C for 45 min with
[ 125I]iodo-deoxyuridine ([125I]dUrd, Radiochemical Centre,
Amersham) at a final concentration of 0.1 /iCi/ml. The cells
were deposited by centrifugation at 1000 rpm and the super¬
natant discarded. The cells were washed once in balanced
salt solution (TC 199, Wellcome Research Laboratories),
resuspended in 10 ml of TC 199 and injected immediately
into the jugular vein of the recipient. A small measured
portion of the injected material was retained for radio-
assay. Each sheep received a single dose of between 1 x 109
and 3 x 109 lymphocytes containing 2 x 10s — 2 x 106
counts/min (cpm) of radioactivity. Autoradiography was
carried out by a standard dipping technique and confirmed
that the radioactivity was associated with immunoblasts;
small lymphocytes were, of course, unlabeled [3],

In some experiments on the long-term fate of immunoblasts
in vivo it was necessary to minimize radiation damage to the
cells by incubating them with a lower concentration, i.e.
0.01 jUCi/ml., of [12sI]dUrd. The counting rate of the cells
was correspondingly reduced and the delivery of sufficient
counts, i.e. approx. 5 x 10s cpm, to the recipient required
that serial injections of labeled cells be given for several days.

2.6. Radioassay of post-mortem material

Sheep were anesthetized with pentobarbitone and exsan¬
guinated via a 1 cm diameter cannula which was inserted
into a jugular vein. Tissues for assay were washed in isotonic
saline and loaded into 25 ml plastic scintillation vials. The
vials were then filled up with 10 % formol saline to prevent
putrefaction and to ensure uniform self absorption character¬
istics. Their 7-emission was measured in a Packard model
578 scintillation spectrometer.

In dealing with organs of particular interest such as the small
gut, lungs and spleen it was our practice to load every bit of
tissue into the counting vials. In this way it was possible to
divide the small gut into 30 or more equal portions so that
the distribution of radioactivity along the length of the small
gut could be determined. Larger organs like the liver were
dealt with by assaying several small weighed portions and
noting the weight of the remainder so that the total radio¬
activity could be calculated. It was impossible to recover the
whole bone marrow but 109 — 1010 nucleated cells were aspi¬
rated from the ribs, sternum and pelvic bones.
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2.7. Detergent extracts of lymph cells

A pellet of twice-washed lymph cells was resuspended in an

equal volume of TC 199 containing 0.1 % of a nonionic de¬
tergent, Brij 58 (Honeywill-Atlas Ltd., Carshalton, Surrey,
GB). The suspension was kept at 4°C with occasional stir¬
ring for about 2 h, when phase-contrast microscopy showed
that the cytoplasmic membranes of most cells had been dis¬
rupted. The suspension was centrifuged and the supernatant
solution used in immunodiffusion tests.

2.8. Synthesis of 14C-labeled protein by immunoblasts in
vitro

Fresh (1—2 h) collections of intestinal or efferent lymph in
which immunoblasts accounted for 15—20 % of the white
cells were used. The cells were washed and resuspended in
Eagle's minimum essential medium +10 % fetal calf serum
and 10~5 M 2-mercaptoethanol at 2 x 107 white cells/ml.
14C-labeled amino acids were added to a final concentration
of 6.25 juCi/ml in the form of a protein hydrolysate (Radio¬
chemical Centre). After 8 h incubation at 38°C the super¬
natant was collected by centrifugation and concentrated
8-fold by precipitation at half-saturation with ammonium
sulfate. After thorough dialysis the activity of such material
was approximately 106 cpm/ml.

2.9. Immunodiffusion and autoradiography of dried gels

Double diffusion reactions were carried out in agar gels by
standard techniques [18]. For autoradiograph of specimens
containing 14C-labeled material, the plates were washed ex¬

tensively, dried, and applied to Kodak clinical x-ray film for
a week before development.

2.10. Antisera and conjugates

An antiserum specific for ovine IgA was kindly supplied by
Dr. J.-P. Vaerman of the University of Louvain.

Sheep IgG, and IgG2 were prepared according to Milstein
et al. [19,20], F(ab')2 was made by digesting IgG! with
pepsin (3000 U/mg, Worthington Biochemical Co. Ltd.,
Freehold, N.J.) at a pepsin:IgG ratio of 1:100 in sodium
acetate buffer (0.1 M, pH 3.9) until one third of the pro¬
tein had become dialyzable. The F(ab')2 fraction was se¬
parated from other digestion products on a column of
Ultrogel AcA 22 (LKB Ltd., Croydon, Surrey). Sheep IgM
was prepared in the same way as human material [21 J.

Antisera to these sheep immunoglobulins were made by
giving rabbits either one or two s.c. injections of 1 —2 mg
of the protein in Freund's complete adjuvant (FCA) and
bleeding 3 weeks later. Subclass specificity was seen more

readily in the sera of rabbits that had received a single in¬
jection. An antiserum that did not distinguish between IgGi
and IgG2 was absorbed with F(ab )2 to give an anti-7 reagent.
An anti-IgM serum was absorbed with IgG2 and with fetal
lamb serum to give a specific anti-p reagent.

Sheep anti-rabbit IgG serum was made by injecting sheep
with rabbit IgG in FCA. Rabbit IgG was prepared from rab¬
bit serum by elution from DEAE-cellulose (DE23 Whatman)

with 0.01 M phosphate buffer, pH 7.0 [18]. An IgG prepara¬
tion from the sheep anti-rabbit IgG serum was conjugated
with horse radish peroxidase (HRP, Sigma Grade VI) by the
method of Nakane and Kawoii [22] at a molar ratio of HRP:
IgG of 2.

2.11. Identification of intra-cytoplasmic Ig in immunoblasts
with peroxidase conjugates

Air-dried films of washed lymph cells were fixed in 30:70
ether.methanol for 30 min, rinsed, flooded with a 1/25 di¬
lution of rabbit anti-sheep Ig reagent and allowed to stand
at room temperature for 20 min in a damp box. The slides
were washed and soaked in sheep anti-rabbit Ig-HRP con¬

jugate for 20 min. After washing the slides were exposed to
diamino-benzidine-peroxide reagent [23] for 10 min, washed,
dried and examined under the microscope. The reagents used
were sufficiently sensitive to detect the surface Ig in suspen¬
sions of unfixed, small lymphocytes [24],

3. Results

3.1. Distribution of immunoblasts 20 h after injection

3.1.1. General remarks

Each of a series of 14 sheep was anesthetized, and a cannula
was inserted into the intestinal lymph duct and/or the ef¬
ferent duct of a PSLN. After the operations the conscious
sheep were placed in metabolism cages and the lymph col¬
lected quantitatively. An 8 h collection of either intestinal
or efferent lymph was then incubated with [12SI]dUrd as
described, to label the immunoblasts, and the washed cells
were returned to the sheep by i.v. injection. The sheep were
killed 20 h later and their organs were assayed for radioacti¬
vity. The results are shown in Table 1.

The salient finding was that immunoblasts from intestinal
lymph homed to the small gut and not to the spleen. Simi¬
larly, they entered other parts of the GALT, i.e. the me¬
senteric nodes, Peyer's patches and large gut, in numbers
which exceeded those of immunoblasts from PSLN by a
factor of more than 10.

Immunoblasts from PSLN behaved in an opposite way;

very few went to the gut, many went to the spleen and, in
addition, a substantial portion was found in the lungs. The
intra-pulmonary trapping of injected cells is well documented
[3] and has often been assumed to reflect sublethal damage
inflicted on the injected cells by in vitro manipulations. How¬
ever, this view is no longer tenable since the immunoblasts
from intestinal lymph, which had received identical treat¬
ment, were not found in the lungs in significant quantity.
Few immunoblasts from any source entered either the sali¬
vary and lachrymal glands or the bone marrow.

3.1.2. Role of antigenic stimulation

In the intestinal lymph of the sheep used in these experiments
8—15 % of the cells were immunoblasts. Such cells presum¬

ably represent the effects on the GALT of antigens derived
from dietary or microbial antigens within the gut. On the other
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Table 1. Percentages of injected radioactivity recovered in various organs of sheep 20 h after i.v. injection of autochthonous, lymph-borne
immunoblasts that had been labeled in vitro with [12sl]dUrd

Exp.no.
Immunoblasts from efferent lymph of PSLN

1 3 5 7 9 Mean 2 4 6
Immunoblasts from intestinal lymph

8 10 12a) 13b) 14^) Mean lie)

Spleen 16.0 16.8 21.0 19.0 11.5 16.9 0.15 1.4 0.3 1.4 0.4 1.1 0.37 4.4 1.19 2.1

Small gut 0.9 0.4 0.8 0.6 1.2 0.8 35.3 30.5 27.8 27.0 28.4 35.2 24.0 27.0 29.4 13.7

Large gut 0.06 0.01 0.15 0.04 0.19 0.09 0.3 1.9 1.3 1.9 1.2 1.2 0.9 1.2 1.2 0.6

Peyer's patches 0.05 0.02 0.01 0.01 0.01 0.02 0.4 0.7 0.5 0.7 0.3 _. 0.6 0.9 0.6 0.4
Mesenteric LN 0.06 0.1 0.2 0.1 0.45 0.18 1.8 3.4 2.7 2.9 3.4 _ 2.8 3.4 2.6 2.9
PSLN 1.3 2.6 0.9 0.8 0.8 1.3 0.2 1.1 0.3 0.7 0.6 0.1 0.2 1.3 0.6 0.3

Lungs 20.0 16.0 16.0 13.5 21.0 17.3 0.6 0.4 0.5 4.0 1.5 0.84 0.9 3.1 1.5 5.8
Liver 3.0 2.7 1.5 2.1 1.8 2.2 0.3 1.9 0.3 0.9 0.6 _ 0.9 1.3 0.9 0.8

Lachrymal glands 0.01 < 0.01 <0.01 <0.01 <0.01 < 0.01 < 0.01 < 0.01
Salivary glands < 0.01 <0.01 0.07 <0.01 <0.01 0.02 < 0.01 < 0.01
Bone marrow < 0.01 <0.01 < 0.01 < 0.01 < 0.01 <0.01

Combined 41.4 38.6 40.6 36.2 37.0 38.8 39.1 41.4 33.7 39.5 36.4 38.4 30.7 42.6 37.8 26.6
recovery

a) Cells from peripheral intestinal lymph injected.
b) Stimulated by bacterial antigens.
c) Allogeneic cells injected.

hand, the efferent lymph from the PSLN normally contained
less than 2 % of immunoblasts, and the numbers of immuno¬
blasts needed for experiments 1, 3, 5, 7 and 9 were obtained
by stimulation of the PSLN with the mixture of bacterial
antigens as described. In order to show that the different
behavior of the immunoblasts from the PSLN was not caused

by the particular stimulus used, the same mixture of antigens
was injected into the subcapsular sinuses of the mesenteric
lymph nodes (Exp. 13) and into the wall of the small in¬
testine (Exp. 14). Four days later the percentage of immu¬
noblasts in the intestinal lymph had more than doubled. The
pattern of their distribution (Table 1) was the same as that
of the other intestinal immunoblasts and their distribution

along the length of the small gut was uniform.

3.1.3. Role of humoral factors

It could be argued that the peculiar migratory properties of
the immunoblasts in intestinal lymph were acquired passively
by absorption of a humoral factor present in the interstitial
fluid of the gut. To test this proposition, experiment 7 was

performed in which the lymph from a stimulated PSLN was
collected into autochthonous intestinal lymph plasma, the
cells remaining in this fluid throughout the in vitro incuba¬
tion procedures. This treatment made no difference to the
distribution in vivo of the immunoblasts; they failed to enter
the small gut in substantial numbers and the largest propor¬
tions of them went, as usual, to the spleen and lungs.

3.1.4. Role of lymphocyte depletion

A chronic fistula of the intestinal lymph duct inevitably en¬
tails a substantial loss of lymphocytes. It is possible therefore
that the extravasation of intestinal blasts in the gut repre¬
sents merely the entry of cells into a depopulated tissue.
However, in experiments 1 and 3 an intestinal cannula had
been running for 4 days before the blasts from the PSLN
were injected. Even so the injected cells showed no tendency
to home to the gut.

3.1.5. Kinetics of immunoblast distribution

The kinetics of the distribution of labeled cells were moni¬
tored by radioassay of the washed lymph cells at intervals
of 2 h. The results are shown in Fig. 1. Recirculation of the

immunoblasts through their target lymphoid tissue was maxi¬
mal between 6— 12 h for both intestinal and PSLN immuno¬
blasts. Presumably it was during this time that the majority
of the intestinal immunoblasts extravasated into the wall
of the small gut. During the 24 h of these experiments near¬

ly 10 % of the injected intestinal immunoblasts were re¬
covered in the collections of intestinal lymph. The recovery
of immunoblasts in the efferent lymph from a single PSLN
was, of course, much smaller representing less than 1 % of
the total injected. In autoradiographs of cell films prepared
from these lymph collections, radioactivity was detected
only in immunoblasts.

In spite of these findings it is important to realize that im¬
munoblasts are not recirculating cells like small lymphocytes.
Within 24 h of their injection virtually all blasts had disap¬
peared from the circulation so that they could no longer be
found in either lymph or blood.

3.1.6. Distribution of immunoblasts collected from peripheral
intestinal lymph

The immunoblasts in the intestinal lymph may arise from
either of two major sources; the mesenteric lymph nodes or
the lymphoid tissue in the wall of the gut such as the lamina
propria, and the Peyer's patches. As described above, Exp. 13
indicates that blasts generated in the mesenteric nodes are

fully capable of homing back to the gut; but in order to de¬
monstrate the performance of immunoblasts generated in the
wall of the gut, lymph was collected from afferent mesenteric
lymphatics by the methods described, i.e. by first excising
the mesenteric nodes. In a pilot experiment the mesenteric
nodes (18 g) were excised from a weanling lamb. Three
months later a cannula was inserted into a mesenteric "ef¬
ferent" duct which drained only a small length of gut, and
although the lymph flowed at only about 3 ml/h it continued
to do so for 7 days. The white cell count was 16 000/mm3,
7 % of the cells were blasts, 88 % were small lymphocytes and
5 % were macrophages which never appear in true efferent
lymph.

This procedure was repeated on a larger lamb and 28 g of
mesenteric nodes were excised. Three months later a mesen¬

teric lymph vessel was cannulated and the lymph flowed at
25 ml/h and contained 20 000 white cells/mm3. Again, 7 %
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Figure 1. Histograms showing specific radioactivities of washed lymph
cells collected at intervals over 24 h after i.v. injection of autochtho¬
nous, lymph-borne immunoblasts that had been labeled in vitro with
[125I]dUdr. The results in histogram (a) were obtained after injecting
intestinal blasts and monitoring intestinal lymph; those in (b) involved
the blasts and lymph from a PSLN.

of the cells were immunoblasts and 5 % were macrophages,
the rest being small lymphocytes. An 8 h collection of this
lymph was labeled with [125I]dUrd and the washed cells
reinfused. The results (Exp. 12) are shown in Table 1; the
distribution of cells was typical of that of intestinal blasts.
This experiment also demonstrated another point. The lymph
came from a restricted length of the small gut (about 100
cm), and yet the injected cells were distributed uniformly
along the whole length of the small gut. Similarly, in Exp. 2,
intestinal lymph was collected from the efferent duct of a

single mesenteric node and thus drained only from a limited
length of bowel. Nonetheless the injected cells were again
uniformly distributed thoughout the small gut.

3.2. Distribution of immunoblasts in lambs in utero

Exp. 11 (Table 1) showed that the distribution in vivo of
allogeneic intestinal immunoblasts was similar to that of
autochthonous blasts, although a smaller percentage of the
injected dose was recovered.
This finding allowed the i.v. injection of labeled, allogeneic
blasts from unrelated donors into fetal lambs in utero. The

experiment was performed on six fetuses belonging to dif¬
ferent ewes; three of the fetuses received intestinal lymph
cells and three received lymph cells from PSLN; they were
killed 20 h later. The donors of the intestinal lymph had
received no deliberate antigenic stimuli whilst the donors
of lymph cells efferent from PSLN had received the usual
injection of mixed bacterial antigens. The results are shown
in Table 2. The amount of radioactivity recovered in the
tissues of the fetuses was lower than in adults. Probably,
this was because the cells survived less well in allogeneic

hosts than in autochthonous situations, and also because
the injected material was distributed throughout the entire
fetal circulation, membranes and placenta. Nonetheless, the
same basic "adult" pattern of distribution could still be seen.
Proportionally, 3—4 times as many intestinal immunoblasts
extravasated in the small gut than did their counterparts,
from PSLN. Conversely, the latter were more abundant in
the spleen. Autoradiographs of sections cut from formalin-
fixed tissues showed that in fetuses that had received in¬
testinal immunoblasts many labeled cells were scattered
throughout the lamina propria of the small gut. Most of the
labeled cells were extravascular but a few had penetrated
the basement membrane and entered into the epithelium. As
expected, labeled cells were more difficult to find in sections
of the small gut of the fetuses that had received immunoblasts
from the PSLN; they were more abundant in the spleen where
they were seen both in the white pulp, associated with the
peri-arteriolar lymphoid sheaths, and also in the red pulp.

Table 2. Percentages of injected radiolabel recovered in the spleens
and small gut of fetal sheep 20 h after i.v. injection of allogeneic
immunobiasts labeled with [125l]dUrd

Exp. Gestation Type of immunoblast Percent dose of
no. (days) injected radioactivity

recovered in
Small gut Spleen

1 100 Efferent from PSLN 3.0 10.3
2 140 Efferent from PSLN 2.0 5.5
3 140 Efferent from PSLN 4.0 10.2
4 80 Intestinal 9.4 3.0
5 80 Intestinal 10.3 2.0
6 100 Intestinal 14.0 3.0

3.3. The long-term fate of immunoblasts in vivo

This was investigated in five sheep. In the first 3 experiments
lymph was collected from bilateral prescapular preparations.
Twice daily, during the 3 days of the immunoblast response
to the usual stimulus, the lymph cells were collected, labeled
with [125I]dUrd (0.1 /iCi/ml) and injected i.v. Each sheep
received a total of 1010 autochthonous immunoblasts. At
intervals throughout the next 6 weeks samples of washed
lymphocytes were obtained from blood [25] and lymph and
assayed for radioactivity. At no time after the first day was
any significant amount of radioactivity found in association
with circulating lymphocytes.
The procedure was repeated on a 4th sheep using more lightly
labeled cells (see Sec. 2.5.) but, again, no activity was detected
in the white cells of either blood or lymph. In a 5th sheep,
lightly labeled immunoblasts from intestinal lymph gave the
same negative result.

3.4. Immunoglobulins in immunoblasts

3.4.1. Detergent extracts

Detergent extracts prepared from samples of washed lymph
cells containing at least 1 5 % of immunoblasts always con¬
tained immunoglobulin that was detectable by immunodif¬
fusion. Lymph cells from PSLN yielded extracts in which the
major immunoglobulin was IgG, together with small amounts
of IgM. Extracts of intestinal lymph cells also contained
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Rabbit Percent of Ig-positive immunoblasts stained
antiserum with various anti-heavy-chain sera
to Lymph efferent Intestinal

from PSLN lymph

T 77 25

F- 33 25
a 0 50

these Ig but a substantial amount of IgA was present as well
(Fig. 2). As can be seen in Fig. 2, IgA was easily demonstrable
in intestinal lymph plasma but not in blood serum or extracts
of cells efferent from PSLN. With diluted antiserum and longer
time periods it was also possible to detect IgA in blood serum
where the amounts were much smaller than in intestinal

lymph.

Table 3. Class of cytoplasmic Ig in immunoblasts demonstrated by
immunoperoxidase techniques in fixed films of washed cells from
intestinal or somatic lymph

Figure 2. Precipitation reactions of detergent extracts of pellets of
washed lymph cells containing 10-20 % of blasts. Rabbit antisera to
IgA (aA) or F(ab')2 (aF) were in the central wells. The peripheral
wells contained pooled blood serum (bs), defatted intestinal lymph
plasma (iL), extract of intestinal lymph cells (iBx) and of cells from
the efferent lymph of PSLN (pBx).

3.4.3. Synthesis of Ig by immunoblasts in vitro

In order to show that the Ig detected in immunoblasts was

actively synthesized by the cells, intestinal and somatic im¬
munoblasts were cultured in the presence of 14C-labeled
amino acids. The globulin fraction from the supernatants of
the cultures were tested by immunodiffusion against various
anti-Ig sera, and the radioactivity of the precipitin lines was
visualized by autoradiography. The results (Fig. 4) show that
both intestinal and somatic lymph cells incorporated radio¬
activity into IgG and IgM. The intestinal immunoblasts also
synthesized IgA.

3.4.2. Immunoperoxidase studies

Microscopic examination of fixed cells by the immuno-HRP
method, using rabbit anti-sheep F(ab')2 as the first layer,
showed unequivocal staining (Fig. 3) of about half the im¬
munoblasts in both intestinal and somatic lymph. The un¬
stained blast cells could have been either blast cells at the
earliest stage of Ig production or genuinely Ig-negative T
blasts. The class of Ig present was determined by using rabbit
antisera which were specific for the various heavy chains.
The results, shown in Table 3, are consistent with those of
the immunodiffusion studies of detergent extracts.

Figure 4. Reactions of culture supernatants from PSLN (P) and in¬
testinal immunoblasts (I) with rabbit antisera, stained for protein (left)
and (right) the corresponding autoradiographs. In (a) the mixtures
of culture supernatants and intestinal lymph (P + L and I + L) were
included to give a strong IgA line in which radioactivity can be seen.
The reactions of P and I with anti-F(ab')2 (a-F) show that roughly si¬
milar amounts of total Ig had been synthesized by both types of im¬
munoblasts.
In (b) the anti-aserum (a-a) was diluted 1:2 and gave a clear, strong¬
ly labeled line only with I. The reaction with anti-y (a-y) and anti-/U
(a-/U) show that IgG and IgM had been formed by both types of im¬
munoblasts.

Figure 3. Photomicrograph of a cell smear prepared from sheep in¬
testinal lymph, fixed with methanohether and stained by a "sand¬
wich" immunoperoxidase technique using a rabbit anti-sheep F(ab')2
as the primary antiserum. A large and medium sized immunoblast
show unequivocal cytoplasmic staining; note the presence of un¬
stained immunoblasts (magnification rat approx. x 1700).

4. Discussion

The results show clearly that in the sheep immunoblasts from
intestinal lymph home to the small gut whereas those from
the PSLN do not; earlier suggestions that immunoblasts
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from any source can home to the gut [2,3] are therefore
wrong. Although the extravasation of immunoblasts in the
intestine was most marked in the small gut it occurred to
some extent in the large gut, although apparently at a much
slower rate.

The finding that immunoblasts in intestinal lymph obtained
from restricted lengths of small gut later became distributed
uniformly along that organ suggests that their immunological
specificity for the antigens present in the particular region of
the gut did not influence the site of their extravasation. Si¬
milarly, after a deliberate antigenic stimulus was given to the
wall of the gut, the immunoblasts in the intestinal lymph did
not return preferentially to the site of the stimulus. These
results, together with those of our experiments on fetal lambs
in utero, suggest strongly that like the recirculation of small
lymphocytes [26], and in accord with experiments on the gut
of neonatal rats [6,8], the homing of immunoblasts to the
gut is not "antigen-driven". Although it seems that immuno¬
blasts from intestinal lymph have an intrinsic "gut-seeking"
property, this need not exclude a role for antigen especially
where a secondary response to a tissue-bound antigen like
cholera toxoid is involved [9]. Indeed, since immunoblasts
are very motile cells [27] it is easy to imagine mechanisms
whereby after extravasation they later accumulate, speci¬
fically, around a focus of antigen.

About half of the immunoblasts used in these experiments
did not contain Ig. Some of these must have been thymus-
derived (T) blasts, but there is no way of demonstrating
this directly in the sheep. However, experiments on mice
[10] and rats [28] have shown that T blasts from thoracic
duct lymph also home to the gut, although they tend to
enter the interfollicular regions of Peyer's patches [28]
rather than the lamina propria.

The finding that IgA-forming immunoblasts were present in
sheep intestinal lymph confirms previous studies on thoracic
duct lymph in mice and rats [29, 30] but unlike Beh and
Lascelles [3 1 ] we found by the three methods used that IgG
and IgM were also present. In view of the substantial number
of IgG plasma cells in the lamina propria [32] it would be
strange if all the Ig-positive immunoblasts in intestinal lymph
contained nothing but IgA.

The feature which distinguishes the cells of intestinal lymph
from those of somatic lymph is the presence of blasts that
contain IgA. Williams and Gowans [33] have shown that half
of the large lymphoid cells in rat thoracic duct lymph con¬
tained IgA and that all of these also had IgA on their sur¬
faces. Obviously, it is tempting to propose that the IgA mole¬
cule, or some part of it, is the surface structure that mediates
the extravasation of immunoblasts into the gut [3], The IgA
in the intestinal lymph of sheep occurs mainly in a highly
polymerized form (12 S —19 S) and probably possesses J-chain
and an affinity for secretory piece. The concept of a surface
Ig marker is at present difficult to apply to T blasts. Further¬
more, it has proved impossible in mice to affect the homing
pattern of GALT-derived immunoblasts by injecting large
amounts of IgA, which might have been expected to compete
for the same receptors [34].

The high proportion of immunoblasts from the efferent
lymph of PSLN that was found in the lungs was an unex¬

pected result. The protection of the respiratory tract, lime
that of the gut, has been claimed to involve IgA-forming cells
[35]. The immunoblasts from PSLN did not make IgA, which
suggests that even though the mucosae of the bronchi and
upper respiratory tract contain cells which secrete IgA [36],
the alveolar parenchyma of the lung is policed, in sheep, by
cells which secrete IgG and IgM antibodies. Similarly, in man,
the plasma cells in the bronchial mucosae contain IgA whereas
those in the bronchial nodes, that drain the lung parenchyma,
contain IgG [37],

The failure to detect the entry of any type of immunoblast
into the salivary and lachrymal glands suggests that the anti¬
bodies in their secretions [38, 39] are derived mainly from
the blood serum, rather than by local production. Light and
electron microscope studies of these glands showed that
lymphocytes and plasma cells were sparsely distributed. As
in previous studies on rats [3] we found no evidence of sig¬
nificant extravasation in the stomachs or oesophagus.

Sanders and Florey [40] showed that lymph nodes did not
regenerate after they had been excised, and our experiments
showed that the severed afferent ducts became reconnected
with the efferent ducts fairly quickly. By exploiting this
finding we were able for the first time to collect peripheral
intestinal lymph from the small gut for periods of several
days. Baker [41 ] collected small amounts of peripheral in¬
testinal lymph from anesthetized cats and reported that the
lymph coming from Peyer's patches was especially rich in
lymphocytes. Certainly, we found that the "peripheral" in¬
testinal lymph of sheep contained 10—20 times more small
lymphocytes than peripheral lymph from other tissues [16,
42], Presumably, these recirculating small lymphocytes ex-
travasated in the wall of the gut, although in our experiments
macroscopic Peyer's patches, a major site of lymphocyte re¬
circulation in rats [1], were not seen. Thus the recirculatory
pathway of the small lymphocytes in peripheral intestinal
lymph is uncertain as they may have come through the lamina
propria as such or through microscopic lymphoid follicles.

The B immunoblasts that enter the lamina propria of the gut
turn into plasma cells [1,3] many of which secrete IgA and
specific antibody [9], They presumably die after a few days
[43] and make room for the newcomers that are arriving
continually. The fate of the T blasts that reach the gut is
less clear. According to Sprent [ 10] some of them may
become intra-epithelial lymphocytes. In the experiments
where sheep received serial injections of labeled cells for
several days, no class of lymph-borne immunoblast gave
rise to cells that remained in the recirculating lymphocyte
pool for more than a day or two. This result is in general
agreement with that of Sprent and Miller [44] who found
that T blasts from mouse thoracic duct lymph made no
durable contribution to the pool of recirculating lympho¬
cytes. Whether these findings reflect the real situation or
are primarily a consequence of cumulative radiation damage
remains to be seen. What does seem to be emerging rather
clearly is that the circulating lymphocytes of mammals dis¬
tribute between one or other of two major recirculation
pathways; the GALT on the one hand, and the somatic and
splenic lymphoid tissue on the other. This is not something
that is peculiar to immunoblasts as some recirculating small
lymphocytes also tend to make this distinction [45], A similar



Eur. J. Immunol. 1977. 7: 30-37 Homing of lymph-borne immunoblasts 37

phenomenon occurs in the natural history of malignant lympho-
mata in man: malignancies of the GALT, such as the "Medi¬
terranean" lymphoma associated with a-chain disease [46],
are for the most part confined to that tissue; conversely,
Hodgkin's disease, primarily a malignant disease of lymph
nodes, rarely involves the GALT even when widely dissemi¬
nated [47],

Dr. R.G. Scollay helped with some of the surgical procedures and
D.J. Glover provided general technical assistance; M.S. C. Birbeck
and D.M. Parry carried out electron microscope studies.
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Summary. Efferent lymph from nodes regional to
areas of skin that had been treated with solutions of
oxazolone in acetone was collected from unanaesthe-
tized sheep. The application of 5% solutions of oxazo¬
lone to unsensitized sheep caused no signs of acute
inflammation or 'shut-down' of lymphocyte traffic;
none the less, normal immune responses ensued so
that immunoblasts, some containing immunoglobu¬
lin, were discharged into the lymph together with spe¬
cific humoral antibodies. When previously sensitized
sheep were challenged with 2-5% solutions of oxazo¬
lone the vigorous secondary responses were heralded
by Arthus reactions, induced presumably by pre-exist¬
ing antibodies, which were mainly of the IgG class. A
similar sequence of events occurred in a thymus-
deprived sheep which had undergone intra-uterine
thymectomy at 60 days of gestation. Repeated appli¬
cations of oxazolone to normal sheep did not exhaust
or inhibit the characteristic changes in the flow and
composition of the lymph. When immunoblasts from
efferent lymph were radiolabeled with l25I-UdR and
returned intravenously to the sheep they showed no
significant tendency to localize either specifically or
non-specifically in areas of skin that had been treated
with contact-sensitizing chemicals.
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INTRODUCTION

Oxazolone (i.e. 4-ethoxymethy!ene-2-phenyloxazolone)
was one of the substances used by Cell, Harington
& Rivers (1946) in their investigations of the antigenic
functions of simple chemical compounds. Since then,
other investigators (Oort & Turk, 1965; Davies,
Carter, Leuchars & Wallis, 1969) have used this im-
munogen in studies of the histology and cytogenetics
of immune responses and it is still used as a model for
the study of contact sensitivity in the mouse (Asher-
son, Allwood & Mayhew, 1973). The first attempts
to study contact sensitivity in the sheep used fluoro-
dinitrobenzene (FDNB) as the sensitizing agent (Hall
& Smith, 1971); unfortunately, the vesicant properties
of such compounds caused acute inflammation and
granulocyte exudation which complicated the changes
in the regional lymphatic system. Skin-painting with
modest doses of oxazolone does not cause acute in¬
flammation in unsensitized sheep and we describe here
some properties of cells that are discharged into the
efferent lymph by the regional nodes.

MATERIALS AND METHODS

Animals and surgical preparations
Cross-bred wethers were obtained at local auctions
and time-mated pregnant ewes from the University of
Manchester experimental farm. Polyvinyl cannulae
were inserted into the efferent ducts of the prefemoral
or popliteal nodes as required. After the operations
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sheep were placed in individual metabolism cages and
the lymph was collected quantitatively into sterile
polythene bottles which contained heparin and anti¬
biotics. The bottles were changed at appropriate inter¬
vals. The volume and thus the rate of flow of each
collection was measured, total and differential white
cell counts were performed, and a sample of lymph
plasma was stored frozen pending the assay of specific
antibody.

Detailed accounts of the anaesthesia, surgical tech¬
niques and post-operative care have been published
(Hall & Morris, 1962; Hall, 1967a. b). Lambs were

thymectomized in utero after the methods of Cole &
Morris (1971).

Application ofoxazolone
4-Ethoxymethylene-2-phenyloxazolone was obtained
from BDH Chemicals Ltd. Poole, Dorset and dis¬
solved in 'Analar' grade acetone to the required con¬
centration. The solution was loaded into a polythene
syringe fitted with a 27 gauge needle and sprayed on
the appropriate area of skin, which had been freshly
shorn and wiped with a mixture of equal parts of
ethanol and ether to remove the wool fat. When the

popliteal lymphatic system was the subject of the
experiment, 5 ml of a solution of oxazolone was
applied to the lateral aspect of the cannon, i.e. between
the fetlock and the hock on the hind leg. In order to
stimulate the prefemoral node 15 ml of the solution
was sprayed on the appropriate flank just caudal to the
costal margin.

In some experiments acetone solutions of DNCB
(dinitrochlorobenzene) or picryl chloride, or suspen¬
sions of killed Br. abortus organisms (Wellcome) were
used as control antigens.

Antibody assay
Antibodies to oxazolone were titrated in terms of their

ability to agglutinate isologous red cells which had
oxazolone attached to their surfaces (Askenase & Ash-
erson. 1972). Doubling dilutions of lymph or blood
plasma were made in phosphate-buffered saline (PBS.
pH 7-4. containing 1-0% bovine serum albumin, Koch-
Light Laboratories, Colnbrook, Bucks.) in 0-2 ml
systems in WHO haemagglutination trays. One drop
of a 5% solution of sensitized cells was added to each
well and the agglutination patterns were inspected
after the plates had stood overnight at room tempera¬
ture. Haemagglutinins for oxazolone-treated SRBC
were never detected in the blood or lymph plasma of
sheep which had not been deliberately sensitized.

Lymph plasma collected from several immunized
sheep at the height of the responses was pooled to yield
a standard antiserum with a haemagglutinating titre
of about 1 in 256. The ability of oxazolone-protein
adducts to inhibit this antisera was used to detect the

presence of oxazolone in lymph plasma collected im¬
mediately after skin-painting. When lymph plasma
suspected of containing oxazolone was collected,
doubling dilutions of it were made in the above, stan¬
dard antiserum; inhibition ofhaemagglutination for at
least the first three wells was taken as indicating that
oxazolone residues were present.

Preparation of immunoglobulins from lymph cells
At the peak of an immune response up to half of the
cells in the efferent lymph can be immunoblasts, some
of which contain immunoglobulin. Although it is
possible to extract this immunoglobulin (Ig) by treat¬
ing pellets of washed lymph cells with non-ionic deter¬
gents (Hall, Scollay, Birbeck & Theilen, 1975), the
product is difficult to titrate because the detergent lyses
the red cells. Instead, the Ig associated with the im¬
munoblasts was obtained by xenogeneic transfer
method (Hall, Parry & Smith, 1971). Briefly, washed
lymph cells, containing no less than 2 x 108 blasts, were

injected subcutaneously into each mouse. Four days
later the mice were exsanguinated and the serum con¬
taining the Ig products of the immunoblasts in a form
suitable for gel diffusion technique and haemagglu¬
tination assay was collected.

Immuno-histoehemical demonstration of cellular im¬
munoglobulin
For light microscope studies of Ig on small lympho¬
cytes and Ig in immunoblasts immuno-peroxidase
reagents were applied, either directly or by using a
'sandwich' technique, to conventional films of washed
lymph cells that had been fixed with methanol/ether.
The details of the methods including the preparation
of anti-F(ab')2 reagents and conjugates have been pub¬
lished (Scollay, Hall & Orlans, 1976; Hall, Hopkins &
Orlans, 1977).

In addition, internal Ig was demonstrated in im¬
munoblasts at the ultrastructural level (Hall. Birbeck,
Robertson, Peppard & Orlans. 1978).

Total and differential eel! counts
The total number of white cells in samples of lymph
was counted visually in a haemocytometer. Differen¬
tial counts were performed by inspecting a drop of
lymph directly with a x 100 objective using phase-
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contrast optics. Where necessary the results were
confirmed by Romanowsky stained cell films (Hall
& Morris, 1963) and/or electron microscopy (Hall,
Morris, Moreno & Bessis, 1967).

Radiolabelling of lymph cells and radioassay of tissues
In some experiments, the immunoblasts in efferent
lymph were labelled by incubating the lymph cells in
vitro with l25I-deoxyuridine (l25I-UdR, Radiochemical
Centre, Amersham, Bucks.) at a concentration of 01
pC'\ per ml (Hall et al., 1977). After they had been
washed, the cells were returned by intravenous injec¬
tion to the sheep from which they had been collected.
Twenty hours later the recipient was killed and exsan¬

guinated; various tissues including areas of skin that
had been treated with contact-sensitizing agents were
fixed briefly in 10% formal-saline, blotted dry,
weighed and loaded into vials so that their y-emissions
could be assayed in a model 2001 gamma counter (Wilj
Electronics, Ashford. Kent).

In these experiments, it was usual to inject at least
106 counts per minute (c.p.m.) of cell-associated
radioactivity and the selected tissues all contained sig¬
nificant amounts of radioactivity. This was expressed
as a specific activity, i.e. c.p.m. per gram weight; how¬
ever, in order to make the results from different experi¬
ments directly comparable, the tissue with the highest
specific radioactivity (usually the efferent lymph cells
collected after the i.v. injection) was arbitarily given
the value of 100, and the other results were converted
to correspond accordingly.

Autoradiographs of labelled immunoblasts were

prepared as described previously (Birbeck & Hall,
1967).

RESULTS

Efferent lymph was collected from thirty different
sheep before and after the application of oxazolone to
the regional skin; twenty-five primary and eighteen
secondary responses were studied. In six sheep, the
preparations functioned long enough for several
sequential responses to be studied.

Dose of oxazolone

In the earliest experiments. 10% solutions of oxazo¬
lone in acetone were applied to the skin. Even in
unprimed animals, this caused neutrophil polymor¬
phonuclear granulocytes to appear in the lymph as

well as an acute 'shut-down' (Hall & Morris, 1965) of
lymphocyte traffic through the node. Later, it was
found that the solutions containing under 7% of
oxazolone did not cause any signs of inflammation
and it became our practice to use 5% solutions for
primary sensitization and 2-5% solutions for second¬
ary challenge. Primary applications were made usually
to two different areas of skin in order to prevent a
failure of systemic sensitization that might have
resulted from the chronic collection of lymph from a
single site (Hall et al., 1967).

Nature of primary and secondary responses

The changes in the numbers and types of cells in the
efferent lymph from a node draining the site of pri¬
mary sensitization and secondary challenge are shown
diagramatically in Fig. 1. Generally, the responses did
not differ from those provoked by conventional

1° stim. ' 2°stim.

Time in Hours

Figure 1. The changes in efferent lymph from a prefemoral
node after primary and secondary stimulation with oxazo¬
lone, an acetone solution of which was applied to the skin of
the appropriate flank at the times indicated by the arrows.
The clear area of the histogram denotes the output of small
lymphocytes, the shaded area denotes the output of im¬
munoblasts. The titre of antibody to oxazolone in the lymph
plasma is shown by the line • • . Note that the primary
stimulus caused no 'shut-down' of lymphocyte traffic.

antigens (Hall & Morris, 1963; Hall et al.. 1967) and
need only a brief description here. Before any stimulus
was applied, the lymph was populated almost entirely
with normal small lymphocytes. The primary stimulus
caused the output of these cells to double or treble and
between 100 and 200 h substantial numbers of blast
cells appeared in the lymph, together with specific



Figure 2. Electron micrographs of cells collected from the lymphatic vessels or noaes mat nau Deen stimulated witn oxazolone.
(A) An immunoblast from efferent lymph 120 h after primary stimulation with oxazolone. The cell was undergoing mitosis and
the immunoglobulin in the endoplasmic reticulum (ER) has been demonstrated by an anti-F(ab')2-peroxidase conjugate
(x 7000). (B) As in (A) but the cell is not in mitosis. Immunoglobulin is present in the nuclear membrane and the Golgi region, as
well as in the ER (x 7000). (C) Autoradiograph of an immunoblast from efferent lymph that had been incubated in vitro with
l25I-UdR; for demonstration purposes the radiolabelled thymidine analogue was used at a concentration of 1 jtCi per ml. Yhe
nucleus of the cell is labelled heavily and the cytoplasm contains little in the way of ER (>c 8500). (D) Macrophages in peripheral
lymph, afferent to the popliteal node. Although such cells were abundant in afferent lymph they never appeared in the efferent
lymph (x 4650).
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Figure 3. Immunoelectrophoretic patterns formed by normal mouse serum (NMS), normal sheep serum (NSS) and serum from a
mouse given washed sheep lymph cells s.c. (SLMS), with antisera to rat IgG and sheep Ig. The anti-rat serum reacted well with
the mouse globulin. The anti-sheep Ig distinguished between IgG 1 and IgG2 (arrowed) and shows that the sheep immunoblasts
generated in response to oxazolone made both these Igs.

antibody. Even in primary responses, up to 30% of
these immunoblasts contained intracellular Ig (Fig. 2)
and many were seen in mitosis. After a secondary
challenge these events were repeated more rapidly so
that the content of immunoblasts and specific anti¬
body in the lymph both reached a peak about 100 h
after the stimulus was applied. Macrophages, which
were abundant in the peripheral lymph afferent to the
nodes (Hall, 1979), never appeared in the efferent
lymph. Oxazolone was detected in lymph plasma, by
haemagglutination-inhibition, for 30-50 h after the
primary application. It was not detected unequivo¬
cally after secondary challenge, perhaps because of the
smaller dose and the presence of specific antibody in
sheep with established immunity.

The classes of Ig represented in the specific antibody
were not determined precisely. Only at the beginning of
the primary responses did treatment with 2-mercapto-
ethanol have a significant effect on the antibody titre in
the lymph plasma and the Igs extracted from the blast
cells by the xenogeneic transfer system were of the IgG
classes (Fig. 3). Actual antibody activity against oxa¬
zolone was detected only in the sera of mice that had
received sheep immunoblasts generated in secondary
responses; although sheep immunoglobulin was present

in the sera of mice that had received immunoblasts

generated in primary responses, it was apparently
insufficiently avid to agglutinate the specific antigen.

There was one new and noteworthy feature of these
responses to oxazolone. This was the absence of a
'shut-down' of the output of lymphocytes in the
efferent lymph after the primary local application of
a 5% solution of oxazolone. Although 'shut-down' did
not occur the subsequent immune response seemed
entirely normal. The 'shut-down' phenomenon was

always seen after secondary challenge of a sensitized
sheep but it was accompanied always by signs of acute
inflammation. Polymorphs appeared in the lymph and
its flow rate and protein concentration increased sig¬
nificantly (Hall, 1979). The area of painted skin
became abnormally warm to the touch and, in cases
where the experiment involved the leg, local oedema
was obvious. In other words, secondary challenge
always provoked an Arthus reaction, presumably
because of the presence of pre-existing specific anti¬
body capable of binding complement. This does not
mean that a state of cutaneous, delayed-type hyper¬
sensitivity did not co-exist, but if it did it was always
obscured by the florid, immediate hypersensitivity
reaction.
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Effects of repeated stimuli
It has been suggested (Alexander, Bensted, Delorme,
Hall & Hodgett, 1969) that the continual bombard¬
ment of a lymph node with (e.g. tumour) antigens may
prevent the release of immunoblasts into the lymph
and thus promote a state of systemic anergy. The
repeated injection of suspensions of bacteria, etc., is
not feasible in unanaesthetized large animals and it
was hoped (Hall & Smith, 1971) that the application of
skin-sensitizing chemicals would overcome this diffi¬
culty and allow an experimental test of the original
proposition. The vesicant properties of FDNB pre¬
vented this experiment but, at the doses we used,
oxazolone does not have this disadvantage and the
results of giving six sequential applications of oxazo¬
lone at 48 h intervals are shown diagramatically in Fig.
4. It can be seen that although antigen must be
assumed to have been impinging on the node for 12
consecutive days this did not prevent the development
of a response that was vigorous both in terms of
antibody production and the release of immunoblasts.

Similarly, in another sheep the cannula in the efler-

Table I. The radioactivities of contact-sensitized ears of sheep 20 h after an i.v. injection of autochthonous,
lymph-borne immunoblasts labelled with l25I-UdR

Details of labelled
efferent lymph cells Radioactivity in

that were injected i.v. left ear Radioactivity in
Expt (treated with right ear Radioactivity
No. Number Time of collection oxazolone) (control) in normal skin

1 1-4 x 109 138-148 h after Sp. Act. = 19-5 Treated with acetone Sp. Act. =0-4
15% blasts 1° stim. with Recovery = 005% Sp. Act. = 1 0
5 x 106 c.p.m. oxazolone Recovery = 0003%

2 5 x 10s 137-144 h after Sp. Act. = 11-9 Treated with DNCB Sp. Act. =0-4
10% blasts 1° stim. with Recovery = 0- 20% Sp. Act. =20-8
106 c.p.m. oxazolone Recovery = 0-34

3 3-5 x 109 126-145 h after Sp. Act. =8-6 Treated with DNCB Sp. Act. = 1-1
12% blasts 1° stim. with Recovery = 0015% Sp. Act. =20-8
7 x 107 c.p.m. oxazolone Recovery 0 038

4 2 x 109 91-96 h after Sp. Act. = 25-1 Treated with picryl chloride Sp. Act. =0-2
10% blasts F stim. with Recovery =0-31% Sp. Act. =2-7
6 x 106 c.p.m. oxazolone Recovery = 0034%

5 6x 109 73-91 h after Sp. Act. = 22-2 Treated with DNCB Sp. Act. =0-2
17% blasts 2° stim. with Recovery = 0-15% Sp. Act. = 5-9
1-6 x 107 c.p.m. Br. abortus Recovery = 0-039%

One day before the lymph cells were collected for radiolabelling in vitro the sheep's ears were treated with
acetone solutions of contact sensitizers, as indicated above. Thus about 40 h elapsed between challenge and
radioassay of the treated skin. The specific activities were derived from measurements ofc.p.m. per g wet weight
as described in the Methods section.

Time in Hours

Figure 4. The changes in efferent lymph from a prefemoral
node caused by six sequential cutaneous applications
(arrowed) of a solution of oxazolone in acetone. The clear
area of the histogram denotes the output of small lympho¬
cytes; the shaded area that of immunoblasts, and the line
• • shows the titre of antibody in the lymph plasma.
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ent duct of one popliteal node continued to function
for over 3 months and we were able to observe the

responses to six sequential applications of oxazolone
given at fortnightly intervals. Even at the end of this
period the responses in the efferent lymph were of
normal vigour.

Effect of thymectomy
One of a pair of twin lambs was thymectomized in
utero on the 60th day of gestation. After it was born,
the thymectomized sheep thrived and, apart from the
operation scar, the only detectable abnormality was an
alteration in the ratio of surface Ig-negative: surface
Ig-positive small lymphocytes in the recirculating
pool. In the thymectomized lamb the usual ratio of
70-80:30-20 was reversed, so that the bulk of the
circulating small lymphocytes exhibited Ig on their
surfaces.

When the thymectomized sheep was fully grown the
efferent duct of one prefemoral node was cannulated
and the skin of the corresponding flank treated with
oxazolone. Primary and secondary responses similar
to those shown in Fig. 1 were observed. With the
advantage of hindsight it might be possible to say that
numbers of cells involved in these responses were on
the lower side of the normal range but without
recourse to the results of staining for surface Ig it
would be impossible to state that this sheep's re¬
sponses to oxazolone were abnormal in any way.

Distribution of labelled immunoblasts in vivo

In order to find out whether the immunoblasts gener¬
ated in response to oxazolone would 'home' preferen¬
tially to the sites of application of contact sensitizing
chemicals, the following experiments were carried out.
A day before the immunoblast response in the efferent
lymph was due to reach a maximum, the sheep's left
ear was sprayed with a 2-5% solution of oxazolone,
and the right ear treated with a control solution. At the
peak of the immunoblast response, the lymph was
collected and incubated with 125I-UdR as described.

Twenty hours after the washed, labelled cells had been
injected intravenously, the sheep was killed and the
ears and normal skin assayed for radioactivity. The
results of five such experiments are shown in Table 1.
The salient finding was that over 99-5% of the injected
cells did not enter the sites of application of skin
sensitizing agents, and those few that did were not
selected on the basis of immunological specificity.

DISCUSSION

The responses of regional lymph nodes to the local
application of oxazolone provoked cellular and
humoral changes in the efferent lymph similar to those
that occur after challenge with conventional antigens,
and lend no support to the notion that oxazolone
stimulates preferentially the cell-mediated component
of immunity. Even in primary responses many of the
immunoblasts that were generated were engaged un¬
ambiguously in the synthesis of immunoglobulin,
although the doses of oxazolone used were, relative to
body weight, less than those customarily given to mice.

Similarly, the ability of a thymus-deprived sheep to
respond well to oxazolone argues against a fundamen¬
tal role for T cells in all aspects of the response (see
Morris, 1973). The reasons why oxazolone produces
expansion of the traffic areas of the regional node have
been discussed elsewhere (Hall, 1979).

The failure of immunogenic, but sub-inflammatory
doses of oxazolone to cause 'shut-down' probably
follows from the fact that unsensitized sheep had no
pre-existing antibody to this chemical. In immunized
sheep, where antibody was present, complement was
bound and, as in the case of high primary doses of
oxazolone or FDNB, polymorphs were attracted and
'shut-down' occurred. This suggests that some phar¬
macologically active products of acute anaphylaxis are
the prime movers in the 'shut-down' reaction. Indeed,
recent work (McConnell, Hopkins & Lachmann,
1979) has implicated prostaglandins in the mediation
of the phenomenon; it is entirely credible that such
substances would be formed when antigens, anti¬
bodies and complement interact in proximity with
the endothelium of lymphatic or blood vessels. How¬
ever, the findings suggest that 'shut-down' is an epi-
phenomenon of the induction of immunity rather than
an essential prerequisite.

No evidence was found to support the theory that
the continual bombardment of a lymph node with
antigen inhibits the release of immunoblasts into the
lymph. Although the unavailability of radiolabelled
oxazolone prevented a direct measure of the uptake by
the regional lymphatic system of oxazolone applied
locally to the skin, it seems reasonable to assume that it
would follow the same kinetics as 3H-FDNB (Hall &
Smith, 1971) and the haemagglutination inhibition
results support this. Such experiments showed that
oxazolone was detectable in the lymph for up to 48 h
after primary skin-painting. We conclude, therefore,
that by repeating the skin-painting at intervals of 48 h,
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the regional node was effectively perfused with antigen
and yet was able to respond normally. Similarly, the
release of immunoblasts by sheep lymph nodes
regional to growing tumours was unimpaired (Hall el
al., 1975).

Hay & Morris (1976) concluded that it is rather
difficult to deplete an individual sheep of specifically
responsive cells by the quantal collection of lymph
from a node undergoing repeated stimuli, and our
results are consistent with this view, though contrary
claims exist (McConnell, Lachmann & Hobart, 1974).

The experiments with radiolabelled immunoblasts
represent yet another instance of failure in the attempt
to show antigen specific 'homing' by this class of cell
(Hall, 1976b; Moore & Hall, 1973; Rose, Parrott &
Bruce, 1976). After a dozen years of negative results it
seems proper to conclude that immunoblasts are not
generally capable of localizing in foci of specific
antigen. Their occasional entry into such areas seems
to be a random event, conditioned probably by non¬

specific mediators of the inflammatory process (Asher-
son & Allwood, 1972; Asherson et al., 1973). Most
immunoblasts become distributed in other lymphoid
tissue in the lymph nodes and spleen (Hall et al., 1977),
and there is evidence that it is primarily in such tissues
that they express their diverse potentials (Fahy,
Gerber, Morris, Trevella and Zukoski, 1979).
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Lymphocyte traffic through antigen-stimulated lymph nodes

I. COMPLEMENT ACTIVATION WITHIN LYMPH NODES INITIATES CELL SHUTDOWN

I. McCONNELL& J. HOPKINS Mechanisms in Tumour Immunity Unit, MRC Centre, Hilts Road, Cambridge
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Summary. Complement activation within lymph
nodes has been shown to alter lymphocyte traffic
through the node. Challenge of cannulated sheep
lymph nodes with either immune complexes or com¬
plement activators was found to initiate the pheno¬
menon of cell shutdown associated with antigenic
challenge of lymph nodes in primed animals.

INTRODUCTION

The recirculation of lymphocytes through lymphoid
tissue is the physiological mechanism which promotes
antigen recognition and dissemination of the immune
response. The flow of lymphocytes through lymphoid
tissue as a whole has been studied by thoracic duct
cannulation (Gowans, 1959; Gowans & Knight, 1964)
whereas details of lymphocyte traffic and events occur¬
ring within stimulated lymph nodes have been ana¬
lysed predominantly by cannulation of lymphatics
running to and from single lymph nodes in sheep
(Lascelles & Morris, 1961; Hall & Morris, 1962).

The kinetic changes in lymphocyte traffic through
single cannulated lymph nodes challenged with par¬
ticulate antigens (Hall & Morris, 1965), viruses (Smith
& Morris, 1970), soluble antigens (Hay, Lachmann &
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0019-2805/81 /0200-0217S02.00
©1981 Blackwell Scientific Publications

Trnka, 1973; Cahill, Frost & Trnka, 1976) and homo-
grafts (Pederson & Morris, 1970) are well docu¬
mented. Following challenge with certain antigens
there is a marked drop in lymphocyte output from the
node during the first 24 h—a phenomenon known as
cell shutdown. This is usually followed over the next
100 h by a biphasic increase in lymphocyte output
from the node; the first wave of cells leaving the node
are mainly small lymphocytes which entered the node
during cell shutdown (Cahill et a/., 1976), blast cells
and antibody producing cells occur predominantly in
the second peak (Hall & Morris, 1963; Cahill et al.,
1976).

The precise mechanisms and significance of cell
shutdown to the immune response are not known. In
the experiments reported here we have observed con¬
sistently that with certain antigens cell shutdown
occurs only on secondary challenge with antigen, sug¬
gesting that primed T cells and/or antibody acting
with other effector mechanisms may be involved.
T-cell involvement in cell shutdown is implicated by
the fact that lymphocyte retention within the node can
be induced by intralymphatic infusion of the products
of primed T cells (Kelly, Wolstencroft, Dumonde &
Balfour, 1972) and does not occur in neonatally thy-
mectomized animals (de Sousa & Parrott, 1969). The
role of the complement system in cell shutdown has
never been investigated although Spry, Lane & Vyak-
arnam (1977) have shown that complement activation
in vivo can reduce T-cell traffic through lymphoid
tissue. We have therefore investigated the involvement
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of the complement system in cell shutdown and have
shown that cell shutdown can be initiated by comple
ment activation within the node.

MATERIALS AND METHODS

Animals
Finnish Landrace sheep were obtained from our own

breeding flock. Details of the husbandry and the
methods used for the cannulations of afferent and
efferent lymphatics were as previously described (Hall
& Morris, 1962).

Lymph collections and storage
All lymph was collected into sterile plastic tubes con¬

taining 50 u heparin. Prior to infusion, lymph collec¬
tions were made at 30 min intervals and after infusion,
samples were collected every 15 min. At each 15 min
interval, 5 min collections were also taken into 0 01 m
EDTA for complement studies (C3 conversion). All
lymph samples were stored on ice, volume and cell
concentration measured and the samples then centri-
fuged. Heparinized plasma samples were stored at
— 70° and later tested for functional complement
levels.

Infusion ofsubstances via afferent lymphatics
The sheep were allowed at least 48 h recovery from
surgery prior to the start of each shutdown experi¬
ment. Substances were not infused via an afferent

lymphatic until the efferent output of lymphocytes in
the efferent lymph had stabilized. The patency of the
afferent preparation was maintained by twice daily
infusions of 200 p\ of sterile PBS containing 100 u.
heparin/ml.

Each shutdown experiment was performed on a
separate sheep. The substances were infused via an
afferent lymphatic to the popliteal node over a period
of 5 min. Each infusion comprised 200 p\ of sterile
PBS, the antigen in 200 p\ PBS and then a further 200
pi of sterile PBS. Infusion of 600 pi ofsterile PBS alone
was without effect.

Antigens, immune complexes and complement acti¬
vators

In the shutdown experiments the following substances
were infused:

Antigens. PPD: 100 pg PPD (purified protein deriva¬

tive of Mycobacterium tuberculosis, tuberculin). One
hundred micrograms T<\ coliphagc.

Immune complexes. In each case 100 pg of an im¬
mune complex was infused. These were either 50 pg T4
phage + 50 pg purified sheep IgG anti-T4 phage, 50 pg
T4 phage-l- 50 pg sheep F(ab'): anti-T4 phage or 50 pg
of T4 phage+ 50 pg sheep Fab' anti-T4 phage. The
control infusion was 100 pg sheep IgG anti-T4 phage
given alone. All infusions of immune complex prepa¬
rations were done in sheep which were not primed to
T4 phage and where infusion of 100 pg of T4 phage
alone failed to produce shutdown (see Fig. 1). One
hundred micrograms of immune complex prepared at
equivalence from sheep IgG anti-human C3 and
human C3 was also infused.

Complement activators. Cobra venom factor (CVF)
Naja naja (Sigma, Poole, Dorset) was purified free of
neurotoxin by ion exchange chromatography and
Sephadex G200 gel filtration (Ballow & Cochrane,
1969). The CVF was tested for its ability to activate the
alternative pathway in normal human serum and
sheep serum and found to have an activity of approxi¬
mately 320 u/0-1 ml. Inactivated CVF was obtained by
heating 100 pg for 30 min at 72°. Inulin (a potent
activator of the alternative pathway) was purchased
from Sigma.

Detection of surface immunoglobulin positive cells
(slg + )
Cells from efferent lymph were washed three times
with Hanks's BSS containing 0-01 m sodium azide and
1 x 106 cells in 25 p\ medium were stained with fluores-
ceinated (FITC) rabbit anti-sheep F(ab')2 for 30 min
on ice. The cells were then washed three times and the

proportion of slg+ cells determined by u.v. micro¬
scopy. The antiserum was previously absorbed with
sheep erythrocytes and did not stain nylon wool frac¬
tionated cells devoid of B cells.

Complement assays in serum and efferent lymph
The complement levels in efferent lymph were deter¬
mined by assays routinely used for estimating comple¬
ment function in human serum (Lachmann & Hobart,
1978). Briefly, these were as follows:

Total alternative pathway. This was measured by
haemolytic radial diffusion assay performed in 2%
Agarose/PBS containing 10% guinea-pig erythrocytes
and alternative pathway buffer (20 mM EGTA; 14 mM
MgCh). The area of haemolysis produced by normal
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resting lymph (tested neat or diluted 1/2, 1/4 and 1/8)
was measured and a dose-response curve for normal
lymph established. The alternative pathway activity of
test lymph (neat and 1/2) was expressed as a percent¬
age of the standard.

Detection of the CVF-dependent C3 conver-
tase—(CVF-Bb). CVF-Bb was also measured by
haemolytic radial diffusion. The plate contained 10%
guinea-pig erythrocytes in 2% Agarose PBS contain¬
ing 1/20 normal human serum EDTA (0 01 m). Since
the first 15-min lymph sample after infusion contained
substantial CVF-Bb activity this was taken as the
100% level and levels in later lymph samples during a
CVF infusion experiment were always expressed as a

percentage of this maximum level.

C3 conversion. This was measured by the Laurell
two-dimensional immuno-electrophoresis technique
using appropriate concentrations of rabbit anti-sheep
C3 serum raised to zymosan particles carrying sheep
C3 (Lachmann & Hobart, 1978). The first dimension
was run in 1% Agarose veronal buffer (sodium barbital
pH 8-6) and the second dimension run overnight at 5
mA/cm in the same buffer but containing 1% rabbit
anti-sheep C3. The plates were stained with 0-1% Coo-
massie blue, the area under the peaks enlarged,
measured and percentage C3 conversion calculated.

RESULTS

Kinetics of lymphocyte output following challenge of
lymph nodes with tuberculin (PPD) and T4 coli phage
Both the total and B lymphocyte output (slg+ cells) in
the efferent lymph following challenge of separate
popliteal nodes with antigen are detailed in Fig. 1.
PPD (100 pg) given either subcutaneously into the
drainage area or directly via an afferent lymphatic
produced cell shutdown in BCG positive sheep. The
onset of shutdown is more rapid (15-30 min) and of
shorter duration (up to 5 h) when PPD is directly
infused via an afferent lymphatic to a cannulated node.
When the antigen is given subcutaneously shutdown is

Figure 1. Effects of antigen on inducing cell shutdown in
primed and unprimed sheep. Each figure shows the total cell
output (—) and percentage of surface immunoglobulin posi¬
tive (B) lymphocytes ( ) in the efferent lymph at intervals
after challenge of popliteal nodes with antigen. Except for A
all antigens were infused via a cannulated afferent lymphatic,
f = antigen infusion.
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Figure 2. Lymph flow during cell shutdown. Popliteal nodes in primed sheep were challenged with either T4 phage or PPD.

prolonged for up to 24 h. This is presumably due to
continuous arrival of antigen at the node from the
subcutaneous site. Infusion of 100 /ig T4 phage via an
afferent lymphatic to the popliteal node in sheep
primed to T4 phage had a similar effect.

Challenge of nodes of unprimed sheep did not pro¬
duce cell shutdown with the two antigens used in this
study. During shutdown the percentage of B lympho¬
cytes is reduced from a resting level of about 20% to
less than 5%. Thus, in addition to an overall retention
of lymphocytes in the node there is also a preferential
retention of B lymphocytes. There is no reduction in
lymph flow during antigen-induced shutdown (Fig. 2).

Kinetics of lymphocyte output following afferent infu¬
sion of antigen-antibody complexes into the node
Immune complexes made with sheep IgG were infused
via an afferent lymphatic to cannulated popliteal
lymph nodes. Some immune complexes were prepared
from a high titre sheep anti-T4 phage (50% phage
inactivation at dilution of 1/106) and included com¬

plexes made either with whole IgG, F(ab')2 and Fab'
anti-T4. Complexes made with IgG or F(ab')2 anti-T4
produced cell shutdown and B-cell disappearance.
IgG alone, or complexes made with Fab', were with¬
out effect. When IgG was infused, phage neutralizing
antibody was detected in the efferent lymph (100%
phage neutralization at a dilution of 1/10.000) show¬
ing that the IgG had passed through the node. Soluble
immune complexes prepared at equivalence from

sheep IgG anti-human C3 and human C3 also induced
cell shutdown.

Kinetics of lymphocyte output following afferent infu¬
sion of complement activators
Both cobra venom factor (CVF) and inulin are potent
activators of the alternative pathway of complement.
CVF forms a C3 convertase with Factor B of the
alternative pathway (CVF-Bb) which is insusceptible
to inactivation by the control proteins Factor H and
Factor I (see Lachmann, 1979). Inulin acts by a differ¬
ent mechanism and binds C3b such that it is protected
from inactivation and therefore produces complement
activation via the C3b feedback cycle. Afferent infu¬
sion of CVF or inulin produced cell shutdown and
B-cell disappearance within 15 min which lasted for
several hours (Fig. 3). Shutdown produced by CVF
does not show tachyphylaxis since repeated injections
of CVF always produce cell shutdown. This action of
CVF is not related to any phospholipase presence in
the CVF since heat-inactivated CVF failed to produce
cell shutdown. Heating CVF at 70° for 30 min destroys
potential CVF convertase activity but leaves the phos¬
pholipase unaffected (Lachmann, Halbwachs, Gew-
urz & Gewurz, 1976).

Effect of afferent infusion of complement activators on
complement levels and functions in efferent lymph
Alterations to complement levels in efferent lymph

100M9 phage
in primed sheep

100M9 PPD
in BCG + ve sheep
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Figure 3. Effect of complement activators on inducing cell
shutdown: 100 pg of CVF, heat-inactivated CVF or inulin
were infused via an afferent lymphatic to a cannulated popli¬
teal node. Total cell output (—) and percentage of surface
immunoglobulin positive (B) lymphocytes ( ) in efferent
lymph measured at different intervals, f = antigen infusion.

following afferent infusion of complement activators
were assayed by a variety of methods. The effects of
infusing CVF directly into the node has been studied in
three sheep. Table 1 summarizes the results from one
of these sheep and shows that CVF-Bb is present in
lymph 15 min after infusion. The levels of this conver-
tase declined over the next 6 h and at 24 h no conver-

tase activity could be detected. Due to complement
activation within the node the total alternative path¬
way activity of efferent lymph was also abolished dur¬
ing the same period and most of the C3 present in
efferent lymph was found to be converted to C3b.

Even 24 h after infusion there was still marked con¬

sumption of the alternative pathway activity and 74%
of the C3 remained converted. This is presumably
mediated by CVF (or CVF-Bb) remaining within the
node. Preliminary experiments have shown that even 7
days after infusion there is still substantial conversion
of C3 (38%) and consumption of alternative pathway
activity (49%).

The levels of alternative pathway activity were
reduced only transiently to 60-66% of resting level
during the first 20 min following infusion of inulin,
immune complexes or T4 phage in primed sheep.
Efferent lymph from resting, unstimulated lymph
nodes was always found to contain a low percentage of
converted C3 (12-23%). However, this appears to be a
consequence of the cannulation since if lymph is taken
directly from the efferent lymphatic prior to cannula¬
tion no converted C3 can be detected.

DISCUSSION

Antigenic challenge of lymph nodes can have marked
effects on lymphocyte traffic through the node. Within
24 h of challenge, retention of lymphocytes within the
node can be recognized histologically as an accumu¬
lation of cells at the paracortico-medullary junction
and within the lymph sinuses (de Sousa & Parrott,
1969; Kelly, 1970; Kelly et al., 1972). If the efferent
lymphatic from the node is cannulated this retention
of lymphocytes is seen as a reduction in the number of
lymphocytes leaving the node in the efferent lymph—a
phenomenon known as cell shutdown (Hall & Morris,
1965; Cahill et al., 1976). In addition there is a marked
increase in the blood supply to the node resulting in a
four-fold increase in lymphocyte entry to the node
(Hay & Hobbs, 1977). Both the increased entry of cells
and their reduced exit from the node are distinct

events, can occur independently and may be mediated
by different mechanisms (Cahill et al., 1976).

The studies presented in this paper show that cell
shutdown can be induced by complement activation
within the node. Infusion of a variety of complement
activating substances (immune complexes, CVF and
inulin) directly into the node via an afferent lymphatic
all produce cell shutdown and B-cell disappearance
from the efferent lymph. The kinetics of this response
are similar to antigen induced shutdown. Complement
activation within the node may also explain the prefer¬
ential retention of B lymphocytes by the node during
cell shutdown. C3b generated within the node might
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Table 1. Complement function in efferent lymph following afferent infu¬
sion of CVF* into a cannulated popliteal lymph node

Total alternative!
Time after CVF convertasef pathway activity C3§ conversion
challenge activity (%) (% of normal lymph) in lymph (%)

Pre-challenge 0 100 18
15min 100 0 83

1 h 67 0 88
2 h 55 0 86
3 h 49 0 76
6 h 22 0 75

24 h 0 0 74

*100 pg CVF infused via afferent lymphatic.
tAssayed by haemolytic radial diffusion. The amount of CVF conver-

tase activity in the 15 min sample is regarded as 100%. Dilutions of this («,
1/2, 1/4, 1/10) are used to establish a standard curve and subsequent levels
in lymph expressed as a percentage of the standard.

JAssayed by haemolytic radial diffusion using normal lymph from
unstimulated nodes as standard.

§As measured by two-dimensional immuno-electrophoresis using rabbit
anti-sheep C3.

interact with B lymphocytes and other cells expressing
C3b receptors thereby altering the intranodal traffic of
lymphocytes. Although Spry et at. (1977) have shown
that in vivo complement activation alters T- and not
B-cell traffic through lymphoid tissue this result,
although interesting, is not strictly comparable to that
described here. In the study by Spry et al., (1977)
complement activation occurred in the peripheral tis¬
sues and serum and the effect was measured on the

output of cells in the thoracic duct.
Although cell shutdown is readily observed in

primed animals it can occur shortly after primary
challenge and before an immune response has deve¬
loped. Challenge of lymph nodes with swine influenza
virus, for example, produces a profound cell shutdown
and almost aceilular lymph (Smith & Morris, 1970;
Cahill et al., 1976) for about 24 h. It is conceivable that
this response is also mediated by complement acti¬
vation within the node. Influenza virus, like many
oncornaviruses (Cooper, Jensen, Welsh & Oldstone,
1976) may be able to initiate antibody-independent
activation of the classical pathway of complement or
alternatively the neuraminidase associated with the
influenza virus may remove sialic acid from cell
surfaces in the node resulting in alternative pathway
activation by these cells (Fearon & Austen, 1977).
Lipopolysaccharide (LPS), a known activator of the
classical pathway via its lipid A component (see Lach-

mann, 1979) has also been shown to readily induce cell
shutdown (Cahill et al., 1976).

Although these studies suggest that complement
activation within the node is involved in cell shutdown
it is not the only mediator system involved. In the
following paper we show that complement activation
induces cell shutdown through initiating the release of
prostaglandin.
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Summary. Prostaglandin E2 (PGE2) can mediate
changes in lymphocyte traffic through lymph nodes.
By measuring PGE2 levels in efferent lymph from
cannulated sheep lymph nodes it was shown that in¬
creased synthesis of PGE2 always correlated with cell
shutdown; infusion of PGE2 alone induced cell shut¬
down and inhibition of PGE2 synthesis by the node
abolished cell shutdown induced by antigen.

INTRODUCTION

Many of the kinetic changes in lymphocyte traffic
through antigen-stimulated lymph nodes are directly
related to changes in the blood supply to the node.
Immediately following antigenic stimulation there is a
four-fold increase in blood supply to the node (Hay &
Hobbs, 1977) and a concomitant increase in both
vascular permeability (Anderson, Anderson & Wyllie,
1975) and input of lymphocytes into the node (Cahill,
Frost & Trnka, 1976). This increase in vascularity is
not caused by generalized vasodilation of nodal capill¬
ary beds but is a product of the enlargement of the
post-capillary venules (Herman, Yamamoto & Mel-
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lins, 1972; Herman, 1980) and the opening of direct
arteriovenous shunts (Anderson et a/., 1975; Herman,
Utsonomiya & Hessel, 1979).

Prostaglandins and other metabolites of arachi-
donic acid are important local regulators of blood flow
(Kaley, 1978). Although the actions of these com¬

ponents vary according to species and vascular bed,
prostaglandin E2 (PGE2) and prostacyclin (PGI2)
are generally potent vasodilators (Nakano, 1973;
Armstrong, Chappie, Dusting, Hughes, Moncada &
Vane, 1977) while thromboxane A2 (TxA2) is a power¬
ful vasoconstrictor (Needleman, Kulkarni & Raz,
1977). Independent studies have shown that substan¬
tial rises in the levels of prostaglandins can occur both
in afferent lymph draining sites of injection of Escheri¬
chia coli and in efferent lymph from nodes responding
to several inflammatory agents (Johnston. Hay &
Movat, 1979.1980). In a pilot study (Moore, Hopkins,
McConnell & Lachmann, 1980) it was found that
direct infusion of PGE2 alone via an afferent lymphatic
induced cell shutdown.

We have now assayed the levels of PGE2, PGI2 and
TxA2 in efferent lymph following antigenic stimula¬
tion, and found that raised levels of PGE2 (but not of
PGI2 or TxA2) correlate with cell shutdown. A preli¬
minary description of some of these findings has been
presented at a recent meeting (McConnell, Hopkins &
Lachmann, 1979). Additionally we have now shown
that inhibition of prostaglandin synthesis abolishes
shutdown. This result also provided an opportunity to
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see whether elimination of cell shutdown to a second¬

ary challenge with antigen had any effect on the sub¬
sequent immune response by the node.

MATERIALS AND METHODS

molecule) as described (Brownstone, Mitchison &
Pitt-Rivers, 1966b). The anti-NIP antibody response
after injection of either NIP-PPD and NIP-CG was

assayed by the Farr test using 10~8 m Nl25IP-caproic
acid (Farr, 1958). Sodium 125I-iodide for iodination
was obtained from the Radiochemical Centre, Amer-
sham.

Animals

Finnish Landrace sheep (1-2 years old) were obtained
from our own breeding flock. An afferent lymphatic
to, and the efferent lymphatic from, popliteal lymph
nodes were cannulated under general anaesthesia
using the methods of Hall & Morris (1962).

Infusions
Details of the method of infusion of the antigens,
immune complexes and complement activators were
described in our previous paper (McConnell & Hop¬
kins, 1981). Prostaglandin E2 (Prostin, Upjohn Co.,
Kalamazoo, Mich.) was stored at —20° in absolute
ethanol and was diluted in sterile phosphate buffered
saline (PBS) pH 7-2 immediately before infusion.

Prostaglandin radioimmunoassays
Lymph samples were extracted by the method of Dray,
Charbonnel & Maclouf (1975). Radioimmunoassays
for PGE2, 6-keto-PGFic and thromboxane B2 were

performed as previously described (Pearson, Ager,
Trevethick & Gordon, 1979). The antiserum for each
assay was a gift from Drs Dray & Sors (Institute
Pasteur, Paris) but more recent prostaglandin E2
measurements used an antiserum were obtained from
Miles-Yeda Laboratories (Rehovot, Israel).

Inhibition ofarachidonic acid metabolism within nodes
The metabolism of arachidonic acid was inhibited by
three separate infusions at 60 min intervals of either
200 pg acetyl salicylic acid (1 mg/ml, pH 7-2), 20 pg
indomethacin (100 ^g/ml pH 7-2) or 75 pg imidazole
(375 ^g/ml, pH 7-2) in sterile PBS. All three drugs were
obtained from Sigma (Poole, Dorset). Antigen was
infused immediately after the third infusion of the
inhibitor.

Measurement ofanti-NIP antibodies
The hapten NIP (4-hydroxyl-5-iodo-3-nitrophenace-
tyl-) was synthesized by Dr M. J. Hobart according to
Brownstone, Mitchison & Pitt-Rivers (1966a) and was

conjugated to PPD (0-5 NIP groups per PPD mole¬
cule) and chicken globulin (15 NIP groups per CG

RESULTS

Assays for prostaglandins in efferent lymph
The lymph samples from all the shutdown experiments
described in our previous paper (McConnell & Hop¬
kins, 1981) were assayed for PGE2, thromboxane B2
(TxB2, the stable breakdown product from TxA2) and
6-keto-PGFi;, (the stable breakdown product from
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Figure 1. Relationship between the cell output and prostag¬
landin E2 level in efferent lymph draining lymph nodes 60 min
after infusion of 100 pg antigen, immune complexes or com¬
plement activators. The cell output and PGE2 levels after
subcutaneous injection of PPD is taken at 6 h after antigen
administration. Cell output is expressed as percentage of
resting level (resting level = 100%).
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Figure 2. The cell output and levels of PGE2 ( x ), 6-keto-PGF|a (o), and TxBt (•), in efferent lymph after infusion via an afferent
lymphatic of (a) 100 /rg T4 + anti-T4 F(ab')2 and (b) 100 /jg T4 + anti-T4 Fab'.

prostacyclin). In every case of cell shutdown there was
a large increase in the output of PGE2 into the efferent
lymph (Fig. 1). Infusion of substances that failed to
elicit shutdown induced no significant changes in
PGE2 levels. The levels of TxB2 also increased within
15 min of infusion but this occurred regardless of
shutdown (Fig. 2). No significant changes in the levels
of 6-keto-PGF|2 were observed in any response.

Effect of PGE2 on lymphocyte output from the node
Moore et al. (1980) demonstrated that the infusion of a
single dose of 50 ng PGE2 produced cell shutdown. In
similar experiments we found that infusion of 20 ng
PGE2 reduced cell output from 150 x 106 to 25 x 106
within 2 h, and it then returned to pre-inoculation
levels after 6 h. The disappearance of slg+ B lympho¬
cytes, characteristic of antigen-induced shutdown,
also occurred after PGE2 infusion.

Inhibition of shutdown by aspirin and indomethacin
Aspirin (acetyl salicylic acid) and indomethacin sup¬
press prostaglandin synthesis by inhibiting the enzyme

cyclo-oxygenase (Ferreira & Vane, 1974). Experi¬
ments were therefore done to see if infusion of these
inhibitors affected the shutdown normally elicited by
antigen or CVF. Fig. 3a shows that prior infusion of
3 x 200 ng aspirin totally abrogated PGE2 release into
efferent lymph and inhibited cell shutdown. Infusion
of CVF into the same node 3 days later (Fig. 3b)
produced normal cell shutdown with high levels of
PGE2 in the efferent lymph. In similar experiments
treatment of nodes with either aspirin (3 x 200 /rg) or
indomethacin (3 x 20 /rg) also inhibited PPD- and
NIP-PPD-induced cell shutdown (data not shown).
The specificity of this inhibition was shown by the fact
that treatment of the node with indomethacin did not

abolish the shutdown response produced by direct
infusion of PGE2.

Although with CVF, shutdown did not occur after
infusion of inhibitors of prostaglandin synthesis, com¬

plement activation still occurred within the lymph
node. Using assays described in our previous paper
CVF convertase (CVF-Bb) was detected in efferent
lymph, and the total alternative pathway activity of
afferent lymph was abolished for up to 72 h after
injection of CVF (Fig. 3).
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Figure 3. Acetyl salicylic acid inhibition of the shutdown normally induced by 100 pg CVF, (a) showing the cell output ( ) and
PGEj level ( x ), and the percentage of CVF convertase (t), and alternative pathway activity (□), in the efferent lymph. Effects of
100 pg CVF alone on the same node 3 days later are shown in (b).

Infusion of imidazole, a selective inhibitor of TxA2
synthesis (Moncade, Bunting, Muilane, Thorogood,
Vane, Raz & Needleman, 1977), had no effect on the
cell shutdown elicited by 60 pg of CVF. Again all these
products of complement activation were detected in
the efferent lymph.

Relationship of cell shutdown to the subsequent immune
response of the node
The exact relationship of cell shutdown to the sub¬
sequent immune response is unknown. One possibility
is that temporary stasis in lymphocyte traffic through
the node might enhance rare cell interactions such as
occur in T-B cell co-operation. Although primary
challenge of nodes with antigens that do not induce
shutdown results in a normal immune response (Hall
& Morris, 1965; Smith & Morris, 1970) no quantita¬
tive comparisons have been made on the role of cell
shutdown in secondary antibody responses involving

T-B cell interactions. We therefore investigated the
effects of inhibiting cell shutdown following secondary
challenge with NIP-PPD on the subsequent anti-NIP
antibody response in the efferent lymph. Inhibition of
cell shutdown to NIP-PPD had no effect either on the

subsequent changes in cell output which were typically
biphasic (Fig. 4) or on the blast cell peak (10% blast
cells) which appeared by day 5. The lymph had an

antigen binding capacity for the NI P-hapten of 2 x 103
units/ml following challenge with either NIP-PPD
(inhibited shutdown) or N1P-CG (shutdown not inhi¬
bited). The carrier molecule was changed to CG in the
second injection to avoid any enhanced response due
to T-cell priming by the first challenge.

DISCUSSION

This paper shows that prostaglandin E: is released into
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Figure 4. Cell output ( ) and PGE2 levels ( x), (a) after acetyl salicylic acid inhibition of the shutdown normally induced by
the afferent infusion of 100 /igNIP-PPD and (b) after subcutaneous injection 100 pg NIP-CG in the same node 15 days later; (c)
and (d) show the anti-NIP antibody response in the efferent lymph after NIP-PPD and NIP-CG, respectively.
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efferent lymph during the shutdown produced either
by antigen or following complement activation within
a lymph node. When antigen is infused into lymph
nodes of unprimed animals there is no shutdown and
no PGEt is released into the efferent lymph. Further¬
more, when prostaglandin synthesis within the node is
inhibited by aspirin or indomethacin the shutdown
normally elicited by either antigen or CVF is abo¬
lished. This suggests that PGEj mediates cell shut¬
down.

Together with the results in our previous paper
(McConnell & Hopkins 1981) these studies show that
complement activation alone does not induce cell
shutdown and suggests that complement activation
initiates shutdown by stimulating the production of
PGE2 which then mediates the response. Prior infu¬
sion of lymph nodes with inhibitors of prostaglandin
synthesis abolished the shutdown induced by CVF, yet
complement activation still occurred within the node.

PGEj may be directly involved in the increased
blood flow to the node during cell shutdown, and thus
modulate the enhanced vascular permeability to fluid
and lymphocytes (Johnston, Hay & Movat, 1976; Wil¬
liams & Peck, 1977). It is possible, though not yet

experimentally tested, that PGE2 constricts the lym¬
phatic sinuses within the node and in this way prevents
lymphocyte output (Kelly, 1970). Alternatively, since
PGE2 is known to inhibit a wide variety of lymphocyte
effector functions (see Henney, Bourne & Lichten-
stein, 1972; Gordon, Bray & Morley, 1976; Goodwin,
Bankhurst & Messner, 1977), it may therefore inhibit
the migration of lymphocytes by modulating their
interaction with adherent cells within the node (Haston,
1979).

Further work is required to identify the cell type
responsible for the synthesis of PGE2. Although the
ability to synthesize prostaglandins is almost ubiqui¬
tous among mammalian cells, the cells of the
mononuclear phagocyte series are perhaps the most
likely candidates in the present experiments. It is well
established that macrophages of different types can be
triggered to secrete PGE2 in response to inflammatory
stimuli (see Bonney, Wightman, Davies, Sadowski,
Kuehl & Humes, 1978; Hsueh, Kuhn & Needleman,
1979).

Our results suggest that local PGE2 synthesis is
normally required for cell shutdown in the acute re¬
sponse to antigen. Overproduction of PGE2 at sites of
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chronic inflammation, or of tumour growth, might
therefore alter lymphocyte traffic at the site of the
lesion or within the draining node. In this respect it is
interesting that many tumours secrete PGE2 in vivo
(Pelus & Strausser, 1977) and that nodes draining such
sites become engorged with lymphocytes, including
blast forms (Alexander, Bensted, Delorme, Hall &
Hodgett 1969), which are non-specifically anergic
(Mavligit, Jubert, Gutterman, McBride & Hersch,
1974; Eremin, Roberts, Plumb & Stephens, 1980).

The immune response can occur after injection of
antigen into unprimed animals in the absence of cell
shutdown (Cahill et al., 1976; Smith & Morris, 1970)
and presumably with no detectable PGE2 released into
efferent lymph. Our own studies extend this observa¬
tion in that inhibition of NIP-PPD shutdown by
aspirin had no apparent effect on either blast cell
output or the production of anti-NIP antibody by the
node. Shutdown however may well be important when
either the antigen concentration or the number of
antigen-specific cells is limiting.

In conclusion, we have been able to show for the
first time that shutdown requires the synthesis of
PGE2, normally in response to complement activation
following the arrival of antigen at the node.
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SPECIFIC SELECTION OF ANTIGEN-REACTIVE

LYMPHOCYTES INTO ANTIGENICALLY STIMULATED

LYMPH NODES IN SHEEP*

By J. HOPKINS, I. McCONNELL, and P. J. LACHMANN

From the Mechanisms in Tumour Immunity Unit, MRC Centre, Cambridge, CB2 2QH, England

Antigen-specific trapping of recirculating lymphocytes in vivo increases the number
of immunocompetent cells available for the induction of the immune response. This
recruitment of specific cells into lymphoid tissue also results in their selective depletion
from the recirculating lymphocyte pool (RLP)1 (1).

Experimental evidence for this is shown by the fact that shortly after intravenous
challenge of mice or rats with heterologous erythrocytes (2-4) or allogeneic cells (5, 6),
lymphocytes specific for these antigens become depleted from the thoracic duct lymph
(TDL). This depletion is matched by a net increase in the number of specific cells in
the spleen, the main site of antigen localization (7). Similarly, if parental-strain
lymphocytes are adoptively transferred to irradiated Fi recipients, then the parental
cells appearing in the TDL of the Fi recipient 36 h later have little reactivity to
recipient alloantigens but normal reactivity to third-party alloantigens (7). Finally,
antigen present in lymph nodes has also been shown to be able to produce the specific
accumulation of antigen-reactive cells in this tissue (8, 9).

It is generally assumed that the mechanism of specific trapping of cells by antigen
is the same in spleen and lymph nodes. That is, antigen localized to the surface of
antigen-presenting cells within lymphoid tissue gradually abstracts all the specific
cells as a result of repeated and random passage of the RLP through each lymphoid
organ (1, 10). This seems a plausible explanation for the trapping of specific cells in
the spleen where the total RLP passes through the organ in the blood in a very short
time. However for lymph nodes the situation may not be entirely identical because
only a fraction of the RLP present in the blood randomly enters a single node at any
one time.

There are two sets of observations that show that antigen-specific localization of
cells within lymph nodes can occur even when the efferent lymphatic from the node
is cannulated (11, 12). In this situation, repeated passage of the specific cells cannot
occur because all cells that enter the node are lost from the RLP via the indwelling
cannula. In our own study (11) it was shown that if the efferent lymphatic from a
single lymph node in sheep was cannulated and the node repeatedly challenged with

* Supported by the Cancer Research Campaign.
1 Abbreviations used in this paper: ABC, antigen-binding capacity; CG, chicken globulin; DTH, delayed-

type hypersensitivity; FCS, fetal calf serum; IIBSS, Hanks' balanced salt solution; KLH, keyhole limpet
hemocyanin; MLC, mixed lymphocyte culture; NIP, 4-hydroxyl-5-iodo-3 nitrophenyl acetyl; NIP-CAP, 4-
hydroxyl-5-[125I]iodo-3-nitrophenyl acetyl caproic acid; PBL, peripheral blood lymphocytes; PCV, post¬
capillary venule; PPD, purified protein derivative of tuberculin; RLP, recirculating lymphocyte pool:
SRBC, sheep erythrocytes; TDL, thoracic duct lymph; TNP, trinitrophenyl sulphonic acid.
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antigen, then the entire animal became specifically unresponsive to the challenge
antigen. Because the cells and antigen present within the node are lost from the
animal via the cannulated lymphatic, other explanations based on tolerance induction
or active suppression seem unlikely. Preliminary observations by Cahill et al. (12)
similarly showed that challenge of a cannulated popliteal node with allogeneic cells
resulted in the loss of alloreactive cells from a nonstimulated, contralateral node.

This paper confirms our earlier observations. In addition, it shows that there is a

gradual and specific loss of antigen-reactive cells from the RLP in the blood after
repeated challenge of a cannulated node with antigen.

Materials and Methods
Animals and Surgery. 1- to 2-yr-old Finnish Landrace sheep were obtained from our own

breeding flock. They were kept in standard pattern metabolism cages and were fed on hay with
water and salt lick ad libitum. The efferent popliteal lymphatic vessels were cannulated as
described (13). Animals were allowed 48 h to recover before the first injection of antigen.
During the experiment, lymph samples were collected quantitatively into sterile, heparinized
bottles.

Antigens. Purified protein derivative of tuberculin; batch 297, (PPD), and johnin (a similar
purified protein derivative from Mycobacterium paratuberculosis; batch 298) were obtained from
the Central Veterinary Laboratories, Weybridge, Surrey. Keyhole limpet hemocyanin (KLH)
was obtained from Calbiochem-Behring Corp., American Hoechst Corp., La Jolla, Calif. They
were made to 50 gg/ml in the culture medium, sterilized by filtration (0.22 fig Millex) and
stored at —20°C. The hapten 4-hydroxyl-5-iodo-3-nitrophenyl acetyl (NIP) was synthesized by
Dr. M. J. Hobart using the method of Brownstone et al. (14) and conjugated to PPD and
chicken globulin (CG) by the method of Brownstone et al. (15). Trinitrophenyl sulphonic acid
(TNP; BDH Chemicals Ltd., Poole, Dorset, England) was conjugated to johnin, KLH, and
autologous sheep erythrocytes (SRBC) by the method of Rittcnbcrg and Amkraut (16) and
Rittenberg and Pratt (17). Allogeneic peripheral blood lymphocytes (PBL) were obtained from
a 2 yr old Clun Forest sheep and were prepared from the jugular blood by standard methods
using Ficoll-Hypaque separation.

Culture Medium. RPMI-1640 buffered by NaHCCb at 2.2 g/liter with 10% FCS (both from
Gibco-Biocult Ltd, Irvine, Scotland) and supplemented with antibiotics, fungizone (E. R.
Squibb and Sons, New York), and 2-mercaptoethanol at 2 X 10~5 M.

Preparation of PBL. Blood was taken by venepuncture and defibrinated using glass beads.
The defibrinated blood was diluted two times with Hanks' balanced salt solution (HBSS) and
the lymphocytes isolated by centrifugation over Ficoll-Hypaque (18). Cells were washed twice
and made to a concentration of 1.25 X 106/ml in the culture medium.

In Vitro Transformation of PBL. Transformation assays were performed in sterile, round-
bottomed microtiter trays (Sterilin Ltd, Teddington, Surrey, England). Four concentrations of
cells were used: 1.25 X 105 (100 p\ of cell suspension/well); 0.625 X 105 (50 \x 1); 0.25 X 105 (20
fil) and 0.125 X 105 (10 fil). Allogeneic stimulator cells for mixed lymphocyte cultures (MLC)
were washed twice in HBSS and made to a concentration of 1.5 X 10b/ml in the culture
medium. They were then incubated with mitomycin C (Sigma Chemical) at 25 fig/ml for 30
min at 37°C. After washing these cells three times, they were made to a concentration of 1.25
X 106/ml in the culture medium.

100 ftl (5 jug) of antigen (either PPD, johnin, or KLH) or 100 /il (1.25 X 105) mitomycin C-
treated allogeneic PBL were then added (five replicates of each). The final vol of all cultures
was made to a concentration of 200 p]. The plates were incubated for 5 d at 37°C in 7% CO2.
Control cultures were set up without antigen. 10 fil (1 /iCi [,!H]thymidine (Radiochemical
Centre, Amersham, England) was added to each well for the final 24 h incubation. The cultures
were harvested onto Whatman GF/A filter (Whatman Chemicals, Div. W. & R. Balston,
Maidstone, Kent, England) mats using a Titertek microtitration harvester (Flow Laboratories,
Inc., Rockville, Md.). The radioactivity of each sample was measured by /^-spectroscopy using
toluene-2,5-diphenyloxazole (PPO) as scintillant. The results are expressed as logio of the square



DAYS AFTER FIRST INJECTION OF PPD (KX)Hg) TO NODE

Fig. 1. In vitro transformation (by PPD, johnin, or KLH) of PBL of sheep DF28 that had been
given five injections of 100 fig PPD into the drainage area of a cannulated popliteal lymph node
(|). The four sections (a-d) show results from four different cell concentrations. In all cases the
results are expressed as logio cpm [3H]thymidine incorporation. The standard deviation within the
replicates (5 times) of individual assays was always < ± 15% of the root square mean.
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Fig. 3. Anti-hapten antibody response in sheep DF28 after injection of 500 ju.g hapten-carrier
conjugates given when sheep was unresponsive to PPD by DTH skin test.

root of the mean (experimental counts per minute — negative control counts per minute). The
SD within replicates as < ± 15% of the square root of the mean.

Delayed-Type Hypersensitivity Responses (DTH) Skin Testing. PPD and johnin were stored at
—20°C at concentrations of 500 jttg, 250 /ig, 125 /xg, and 62.5 /xg/ml in sterile phosphate-buffered
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Table I

Specific Depletion of Systemic Reactivity to PPD in Sheep after Repeater/ Challenge ofa Cannuluted Node
with PPD

In vitro proliferation of PBL*

Before

Sheep

After five PPD

injections

DTH skin reaction^:
Serum anti-NIP

response§

PPD
MLC or

KLH
PPD

MLC or

KLH
Before

After five
PPD

injections
NIP-PPD NIP-CG

logw cpm mm ABC U/ml x W2
7F019 4.51 4.50|| 2.4 4.59|| 7.0 0.5 25.0 90

8F002 4.44 4.19|| 3.1 4.24|| 8.5 0 10.3 62

8F005 4.5 4.48|| 1 4.34|| 6.5 1.5 8.5 45

DF28 4.93 4.59 2.7 4.19 7.0 0 1.25 40

8F024 5.04 4.16 1 4.47 7.0 1.0 3.2 64

513 4.84 4.77 3.72 4.40 8.0 1.0 2.5 18

5F07 4.67 4.83 3.37 4.62 7.0 1.0 4.0 65

6F015 4.76 4.62 3.16 4.60 12.0 0.5 15.0 97

YT9 3.76 3.6 1 3.6 6.0 1.0 5.7 45

* The in vitro lymphocyte transformation of PBL (1.25 X 10 cells/culture) was measured before the start
of the experiment and 5 d after the 5th injection of PPD into the node. Specificity controls were either
MLC or KLH. Transformation is measured by [3H]thymidine incorporation,

j: DTH skin reactions to intradermal injection of 50 jug of PPD both before the start of the experiment and
5 d after the fifth injection of PPD into the node. Before injection, the skin thickness was ~2 mm. The
increase in skin thickness to johnin in all sheep after five injections of PPD was always >8 mm.

§ Serum anti-NIP titers after systemic challenge with 500 jUg NIP-PPD or NIP-CG given when sheep were
skin test negative to PPD. Titers expressed as U of antibodv/ml of serum.

|| MLC.

saline (PBS). Skin testing was by intradermal injection of 100 p\ of each dose of antigen on the
flank of the sheep at sites where the skin thickness before injection did not exceed 3 mm.
Thickness of skin was measured by calipers before and at 24 and 48 h after injection. Results
are expressed as increase in skin thickness (mm) over the pre-injection measurement.

Measurement ofAnti-Hapten Antibodies. Anti-NIP antibody was measured by the Farr test (19)
using 10-8 M 4-hydroxyl-5-(125I]iodo-3-nitrophenyl acetyl caproic acid (NIP-CAP) as antigen.
NIP-CAP was iodinatcd using the method of Brownstonc ct al. (14). [125I]sodium iodide was
obtained from the Radiochemical Centre. The antigen-binding capacity (ABC) was calculated
from the linear position of the binding curve between 3% binding (1 U of antibody/ml) and
30% binding (10 U of antibody/ml). Sera or lymphs were similarly diluted so that at least two
dilutions lay between 3 and 30% binding. Anti-TNP antibodies were measured by direct,
passive hemagglutination of TNP-coupled sheep erythrocytes (SRBC). The sera were inacti¬
vated at 56°C for 30 min before titration.

Experimental Protocol. Sheep were primed over a period of several weeks to a variety of
antigens. These were bacillus Calmette-Guerin, 10 human doses (Glaxo Laboratories Ltd.,
Greenford, England); Johne's disease vaccine, 0.75 ml (Mycobacterium paratuberculosis; Central
Veterinary Laboratories, Weybridge, Surrey, England); KLH, 1 mg precipitated on alum;
NIP-CG, 1 mg on alum; and TNP as TNP-KLH conjugate, 1 mg on alum. All injections were
given at different times in several sites intramuscularly. 3 wk after the last injection, the baseline
reactivity to PPD and johnin was measured by DTH skin testing. Baseline reactivity of the
peripheral blood lymphocytes to PPD, johnin, and KLH (or allogeneic lymphocytes) was
assayed by the in vitro proliferation of PBL to these antigens.

The efferent lymphatic draining a single popliteal lymph node was then cannulated and the
node challenged by subcutaneous injection of 100 pg of PPD into the drainage area of the
node. A further four injections were given at intervals of 4-5 d. The second challenge was
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LYMPH
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0 1
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10 11 12 13

DAYS AFTER CHALLENGE

Fig. 4. Anti-NIP antibody titers in efferent lymph plasma and serum of two sheep (DF28 and
0115/7) after injection of 100 /xg NIP-PPD (f) into the drainage area of a cannulated popliteal
node. On subsequent postmortem examination the node of D115/7 had a second, noncannulatcd
efferent duct.

always given as NIP-PPD and both the efferent lymph plasma and blood serum later tested for
anti NIP antibody. This was to check that no systemic response occurs after challenge of a
cannulated node (see Results). During the entire injection schedule the systemic reactivity of
the sheep was monitored by testing the PBL twice weekly for in vitro reactivity to PPD, johnin,
and KLH (or allogeneic lymphocytes) by the transformation assay.

After the five injections of PPD the cannulated node was excised and the systemic response
to PPD and johnin measured by DTH skin response. Antigen-specific in vivo helper T cell
activity was tested by systemic challenge with 500 /xg NIP-PPD and TNP-johnin. One-half the
antigen was given intramuscularly in the shoulder region and the other one-half intravenously.
Sera were collected over the next 14 d at which time the sheep were then similarly rechallenged
with 500 /tg NIP-CG and TNP-KLH and later serum samples taken. The anti-NIP antibody
titers of the serum samples were measured by the Farr assay and the anti-TNP titers assayed by
agglutination of TNP-coupled SRBC. Over the next 2-3 mo, the sheep were tested for reactivity
to the antigen by repeated in vitro transformation of PBL and skin testing.

Results

Disappearance of Reactivity to Antigen after Local Challenge of Cannulated Lymph Nodes with
Antigen. A total of nine sheep were made systemically unresponsive to PPD after
repeated challenge of a cannulated popliteal lymph node with this antigen. Fig. 1
shows the results of the in vitro transformation of the peripheral blood lymphocytes
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Fig. 5 a and b
Fig. 5. Reactivity of sheep 6F040 to various antigens after cannulation of the efferent lymphatic
from the right popliteal node and Five injections of 100 [ig PPD into the drainage area of the
uncannulated left popliteal node, (a) In vitro transformation of PBL (0.25 X 105 cells/culture) to
PPD, johnin, and KLH. (b) DTH skin response to different concentrations of PPD and johnin. (c)
Anti-hapten antibody (Ab) response of sheep 6F040 after systemic challenge with 500 /zg hapten-
carrier conjugates.
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of one sheep (DF28) that had been injected five times with PPD. Before cannulation
this sheep was equally reactive to all three antigens (PPD, johnin, and KLH) at all
four cell concentrations. The reactivity to PPD over the duration of the experiment
can be seen to fall. This is most noticeable in the cultures with the lower cell
concentrations (0.125 and 0.25 X 105/vvell) where significant decrease in reactivity is
seen after two injections of PPD. At the higher cell concentrations (0.625 and 1.25 X
105/well) this is only obvious after the fourth injection. No significant decrease in the
in vitro transformation to johnin and KLH was observed during the same period.

After the fifth injection of PPD the cannulation was terminated and the lymph
node excised. The sheep was then skin tested with both PPD and johnin. In contrast
to the preinoculation skin test, which showed that the sheep as reactive to both
antigens, the skin test after cannulation and five injections of PPD was negative to all
four doses of PPD (Fig. 2). Skin test reactivity to johnin was retained.

The absence of systemic T cell reactivity to PPD also applied to T helper cells.
Systemic challenge with NIP-PPD produced little serum anti-NIP antibody, whereas
challenge 24 h later with TNP on a different carrier (johnin) produced anti-TNP
antibody (Fig. 3). This was shown to be a result of loss of PPD-specific T cell and not
NIP-specific B cell reactivity, because anti-NIP antibody was produced after systemic
challenge with NIP-CG 14 d later. Eight other sheep have been similarly depleted of
reactivity to PPD using this procedure; the essential data, after the last injection of
antigen when the sheep became unresponsive to the test antigen, are summarized in

It is known that antigenic challenge of a cannulated node does not result in a

systemic response (20). Activated cells and molecules >10,000 mol wt present within
the node (21) do not regain the blood at the level of the node. Systemic spread of the

Table I.
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Fig. 6 a and b
Fig. 6. Reactivity of sheep 5F053 to various antigens after five injections of 100 [ig PPD given
simultaneously into the uncannulated left popliteal node, (a) In vitro transformation of PBL (0.25
X 105 cells/culture) to PPD, johnin, and KLH. (b) DTH skin test to different concentrations of
PPD and johnin. (c) Anti-hapten antibody response after systemic challenge with 500 fig hapten-
carrier conjugates.
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response occurs only via the efferent lymphatic and the main lymphatic trunks. The
above was confirmed in these experiments A second challenge of the cannulated node
with NIP-PPD produced a brisk anti-NIP antibody response in the efferent lymph
without a serum anti-NIP response (Fig. 4 a). This shows that PPD-specific helper T
cells were present at the beginning of the experiment. When there is escape of antigen
or activated cells into the circulation either via collateral lymphatics which bypass
the node or because of additional (noncannulated) efferent ducts, then a serum anti-
NIP response occurs (Fig. lb). We have found that when this happens such sheep
never become systemically unresponsive even after five injections of PPD.

Attempts to accelerate the rate of depletion by injection of antigen every 24 or 48
h have failed. In these experiments (two sheep) five injections of PPD were given in
a 10-d period.

Failure to Induce Systemic Unresponsiveness after Repeated Challenge of an Uncannulated
Node. We have repeated the experimental protocol in three sheep where the cannu¬
lated lymph node was unchallenged and the five injections of PPD given into the
uncannulated contralateral node. In these sheep there was no depression of PPD-
specific reactivity. The in vitro transformation to PPD (Fig. 5 a) remained the same
as the antigen specificity controls (johnin and KLFI), and there was little diminution
of DTH skin response to PPD (Fig. 5 b). Furthermore, the level of anti-NIP antibody
in the blood serum was the same after injection of 500 ;tig NIP-PPD as after 500 jttg of
NIP-CG (Fig. 5c). This shows that antigen-specific depletion occurs only after
prolonged lymphatic drainage of a lymph node undergoing chronic antigenic stimu¬
lation and is not just a consequence of the multiple injections of antigen.

In two other sheep these protocols were combined to include internal specificity
controls. Five injections of PPD were given into an uncannulated lymph node, while
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at the same time KLH was injected into the cannulated node. Figs 6 a and 6 b show
that the PPD-specific response was unaltered whereas in vitro transformation of PBL
to KLH was depleted. This diminution of KLH reactivity was also shown by the
helper T cell assay; no anti-TNP antibody was produced after systemic injection of
TNP-KLH (Fig. 6c), although anti-NIP antibody was detected after NIP-PPD
challenge. Anti-TNP antibody was produced after TNP-johnin injection.

The in vitro transformation to KLH returned to preinoculation levels within 60 d
because the challenged lymph node was not excised. We have found that the same

applies to sheep depleted of PPD reactivity; failure to excise the challenged node
when the animal is systemically unresponsive results in the reappearance of PPD
reactivity.

Discussion

This paper shows that prolonged lymphatic drainage of a lymph node undergoing
chronic antigenic stimulation causes systemic unresponsiveness to the challenge
antigen. It was shown that repeated challenge of a cannulated node with PPD resulted
in gradual loss of PPD-reactivity from the blood as assayed by in vitro transformation
of peripheral blood lymphocytes. No depletion of reactivity to the other non-cross-

reacting antigens (including KLH, johnin, and allogenic lymphocytes) was observed.
Total disappearance of PPD reactivity occurred only after the fifth injection of that
antigen.

This in vitro unresponsiveness was confirmed in vivo by the absence of a DTH skin
response to PPD and by the inability of the animal to produce an anti-hapten
antibody response after systemic challenge with hapten-PPD conjugate. These studies
confirm our previous results and further, show that gradual loss of specific reactivity
can be monitoried during the experiment. Our explanation for this phenomenon is
that there is an antigen-specific selective mechanism operating in antigen-stimulated
lymph nodes that removes specifically reactive cells from the blood. Random entry of
lymphocytes into a stimulated node with total collection of cells and lymph from the
cannulated efferent duct cannot account for specific depletion.

We have proposed at least two possible mechanisms for this phenomenon (11, 22).
Antigen-specific depletion could be explained by antigen being attached to the
luminal surface of the vascular endothelial cells of the PCV. This might preferentially
select antigen-reactive lymphocytes into the node. At each passage through the node,
only a fraction of the specific cells would be selected from the blood. This would
occur in addition to normal random entry. Although no evidence exists for the
antigen-specific selection of lymphocytes by endothelial cells at least one example of
nonrandom recirculation of lymphocytes is probably determined by direct lympho-
cyte-endothelium interaction. The preferential migration of intestinal lymph cells
through gut-associated lymphoid tissue and peripheral efferent lymphocytes through
peripheral lymph nodes (23, 24) seems to be related to the in vitro patterns of
lymphocyte adherence to the cut surface of the high endothelial venules of lymph
node tissue sections (25). Furthermore the finding that endothelia possess membrane
la antigens (26) may implicate these cells in antigen presentation.

It can be calculated from the kinetics of lymphocyte traffic through lymph nodes
that depletion of antigen-reactive cells would occur if there was a two- or three-fold
enhancement in the rate of their entry into the stimulated node. Hay and Hobbs (27)
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have shown that 60% of the RLP passes through the vascular compartment of a node
in the 5 d after antigen stimulation and ~25% of these cells actually enter the node
at each passage. From this it follows that 15% of the total recirculating pool is removed
by the node every 5 d, leaving 85% of the cells in the circulation.

In our experiments five cycles of antigen stimulation were given over ~25 d. If we

ignore the formation of new cells over this period, this would leave ~(0.85)5 or 45% of
the total RLP. Ifantigen on the post-capillary venule (PCV) endothelium can increase
entry of specific cells by a factor of two (i.e., 30% of the specific cells traffic from blood
to lymph), then 70% of the specific cells remain after one cycle. After five such cycles
(0.7)5 or 17% of specific cells will then remain in the RLP. If the extraction rate were
three times as efficient, then 55% of the specific cells would remain after one cycle and
(0.55) or 5% remain after five cycles. It is at this time that unresponsiveness to PPD
is first observed.

The alternative explanation challenges the accepted view that lymphocytes move
only from blood to lymph nodes and never in the reverse direction. Entry across the
PCV endothelium could be random (28) and all cells which are activated by antigen
become retained within the nodes. A proportion of the nonactivated cells returns
directly to the blood within the node. Although the work with isolated, perfused rat
lymph nodes suggests that retrograde traffic does not occur (29) this need not
necessarily apply to nodes undergoing an immune response when marked changes
occur in blood flow (27) and lymphocyte traffic through the node (30). Furthermore,
recent data (31) strongly suggest that lymphocytes may migrate from lymph nodes to
blood in central lymph nodes and that retrograde traffic may be a feature of nodes
with a high input of cells from the afferent lymphatic. If specific selection does occur
within the node then the likely candidate cells involved are dendritic cells which have
been shown to present antigen at the cell surface (32, 33).

It seems unlikely that specific, systemic unresponsiveness induced by the protocol
described here is a result of some form of specific desensitization by blocking factors
(34) or tolerance induction (35) mediated by suppressor T cells (36, 37). This would
require antigen or antigen-specific cells to enter the systemic circulation which does
not occur when the efferent lymphatic is cannulated. No anti-hapten response is seen
in the serum when antigen is given into the lymph node. Furthermore multiple
injections of antigen into an uncannulated lymph node failed to induce unrespon¬
siveness even although a contralateral node was cannulated. We have attempted to
test for the presence of a suppressor T cell population in the hlood of depleted animals
but have failed because of the strong allogeneic differences between individual sheep.

This work is continuing in order to ascertain the actual mechanism of the antigen-
specific depletion. We are also attempting to deplete allogeneic responsiveness, which
may have some clinical significance.

Summary
Sheep were primed to a variety of antigens and the efferent lymphatic from a

popliteal lymph node was cannulated. The cannulated node was challenged repeat¬
edly with PPD and all the lymph and cells removed from the animal. During this
time the PBL were monitored for reactivity to all antigens (purified protein derivative
of tuberculin [PPD], johnin, and keyhole limpet hemocyanin [KLH]) by the in vitro
transformation assay. The response of these cells to PPD was found to be gradually
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eliminated after repeated challenge of the cannulated node with that antigen. The
response to the other antigens was unimpaired. No depletion of this response to PPD
occurred in cannulated sheep when the antigen was given into a noncannulated node.
In vivo delayed-type hypersensitivity skin test and helper T cell assays confirmed that
the PPD response was specifically eliminated. Our explanation for this result is that
there is a specific selection of antigen-reactive cells from the recirculating lymphocyte
pool into antigen-stimulated lymph nodes.

We thank Mr. Joher Raniwalla for his excellent technical assistance.

Receivedfor publication 27 October 1980.
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Antigen-induced non-specific suppressor factor in
sheep efferent lymph is prostaglandin E2
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Summary. Efferent lymph from the popliteal node of
sheep challenged with antigen was found to suppress
the in vitro transformation of sheep peripheral blood
lymphocytes to a variety of antigens. The suppressor
factor appeared 6-20 hr after challenge of the node
and was shown to be prostaglandin E2, probably
complexed to albumin.

INTRODUCTION

T lymphocytes secrete a variety of non-immunoglobu-
lin molecules or lymphokines (Dumonde, Wolsten-
croft, Panayi, Matthew, Morley & Howson, 1969)
which are involved in the immune response (Gateley,
Gateley & Mayer, 1975; Mills, 1975). They are
released following T-cell activation by antigen (Ben¬
nett & Bloom, 1968; Feldmann & Basten, 1972), and
regulate the immune response via specific and non¬
specific helper or suppressor factors (see Tada, Tana-
guchi & Takemori, 1975). Lymphokines also promote
lymphocyte differentiation (see Katz, 1977) and
enhance macrophage function. Many of these func¬
tions are the properties of different effector molecules
(David, 1971; Bray, Dumonde, Hanson, Morley,
Wolstencroft & Smart, 1976).
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Lymphokines produced in vivo within a single
lymph node can be collected using the sheep lymphatic
annulation model of Hall & Morris, 1962, (Hay,
Lachmann & Trnka, 1973; Lowe & Lachmann, 1974).
The advantage of this system is that large quantities of
active lymph can be collected and the lymphokine
fraction isolated. In our previous studies (Scott,
Agomo, McConnell & Lachmann, 1978) we have used
this approach to characterize both antigen-specific
and non-specific factors which inhibit macrophage
migration (MIF). These were detected in efferent
lymph from the popliteal node 6-20 hr after challenge
of the node with purified-protein derivative (PPD)
tuberculin and shown to be glycoproteins of approxi¬
mately 67,000 mol. wt.

In view of the interest in suppressor factors in the
immune response (Tada et al., 1975) we have
attempted to look for such factors in efferent lymph. In
this paper we report that lymph draining nodes
responding to PPD tuberculin, contain material that is
highly suppressive for antigen and mitogen-stimulated
lymphocyte proliferation.

MATERIALS AND METHODS

Animals
One to two-year-old Finnish Landrace sheep from our
own flock were used for all experiments. They were
primed over a period ofseveral weeks by subcutaneous
(s.c.) injections of ten human doses of BCG (Glaxo
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Laboratories, Greenford, Middx.) and by 0-75 ml
Johne's disease vaccine (Mycobacterium paratubercu-
losis, Central Veterinary Laboratories, Weybridge,
Surrey). Priming to KLH was by intramuscular (i.m.)
injection of 1 mg adsorbed onto alum. Four weeks
after the last injection the popliteal efferent lymphatics
were cannulated using methods described by Hall &
Morris (1962). Lymph was collected quantitively into
sterile, plastic bottles containing 100 i.u. heparin.

Antigen
PPD (purified protein derivative of tuberculin, batch
297) and johnin (a similar derivative of M. paratuber-
culosis, batch 298) were obtained from the Central
Veterinary Laboratories, Weybridge, Surrey. Keyhole
Limpet Haemocyanin (KLH) was from Calbiochem
and Phytohaemagglutinin (PHA) from Wellcome
Laboratories, Beckenham, Kent. For use in culture
the PPD, johnin and KLH were made to 100 pg/ml in
the culture medium, sterilized by filtration through
0-22 pm Millex filters (Millipore) and stored at —20°.
PHA was made up from stock before each assay.
Allogeneic lymphocytes were prepared as described
below, and incubated with mitomycin C (Sigma) at 25
pg/ml for 30 min at 37°. They were washed three times
and made to 1-25 x 106 ml in the culture medium.

Culture Medium
RPMI 1640 with NaHCOj at 2-2 g/1 with 10% foetal
calf serum (FCS) (both Gibco Biocult, Glasgow),
supplemented with antibiotics (100 i.u. ml benzyl
penicillin and 10 pg/ml streptomycin), amphotericin B
(2 pg/ml. Fungizone, Squibb & Co. New York) and
2-mercaptoethanol (2-ME) at 2 x 10~5m.

Preparation ofperipheral blood lymphocytes ( PBL)
Sheep venous blood was defibrinated using glass
beads, and diluted with an equal volume of Hanks's
balanced salt solution (HBSS). The lymphocytes were
isolated by centrifugation on Ficol-Hypaque (Boyum
1968), the cells were washed twice in HBSS and made
up to 2-5 x 106 ml in the culture medium.

Transformation assays
These were performed in sterile, round-bottomed
microtitre trays (Sterilin). Fifty microlitres of the
responder cell suspension was added to each well in
addition to 50 pi of the antigen, mitogen or mitomycin
C-treated stimulator cell suspension. Lymph or lymph
fractions to be tested were sterilized by filtration and

added to the culture wells in the appropriate concen¬
tration. Final volume of the culture was 200 pi. At least
five replicates of each culture were set up. The plates
were then incubated for 3 days (PHA) or 5 days
(antigen or allogenic lymphocytes) at 37° in 7% C02.
Ten microlitres (1 pCi) [3H]-thymidine (Radiochemi¬
cal Centre, Amersham) was added to each well for the
final 24 hr incubation. Cultures were harvested onto

Whatman GF/A filter mats using a Titertek microtit-
ration harvester (Flow Laboratories). The radioacti¬
vity of each sample was measured by ^-spectroscopy
using toluene-PPO as scintillant. The standard devia¬
tion within replicates of individual assays was always
less than ± 15% of the root square mean.

Lymph fractionation
Fractionation of lymph by both salt precipitation and
Sephadex G200 (Pharmacia Fine Chemicals, Uppsala,
Sweden) gel filtration were as described in Scott et al.
(1978). After fractionation the various fractions were
concentrated by Diaflow ultrafiltration to the original
volume and then dialysed against phosphate-buffered
saline and RPMI 1640 containing 2 x 10~5 m 2-ME.

Affinity chromatography
PPD, KLH and IgG anti-prostaglandin E2 (anti-
PGE2) were separately coupled to Sepharose 4B
(Pharmacia) as described in Fuchs & Sela (1978).
Fractionation of the lymph on these columns was as
described by Scott et al. (1978). A monoclonal anti-
PGE2 antibody, obtained as lyophilized rat ascitic
fluid was kindly provided by Dr Juraj Ivanyi, Well¬
come Research Laboratories, Beckenham, Kent. One
millilitre of this ascitic fluid bound 1 pg PGE2 and 0-5
ml was coupled to 1 ml Sepharose 4B. During
fractionation the efficiency of the column was moni¬
tored by adding [3H]-PGE2 to the active lymph. One
millilitre of active lymph containing 6-5 ng PGE2
(labelled with [3H]-PGE2 62,460 c.p.m.) was applied to
the column and less than 50 pg (1527 c.p.m.3H) was

present in the excluded fraction. Chromatography on
Con A-(Miles-Jeda, Rehovot, Israel) Sepharose 4B
was described by Lowe & Lachmann (1974).

Prostaglandin radioimmunoassay
Radioimmunoassay for PGE2 was performed by Dr J.
Pearson, ARC Institute of Animal Physiology, Babra-
ham, Cambridge, using methods described by Pear¬
son, Ager, Trevethick & Gordon (1979).
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RESULTS

Suppressor activity of efferent lymph plasma
Following the administration of PPD tuberculin to
BCG-sensitized sheep there was a typical cellular
response in the efferent lymph draining the stimulated
node (Hall & Morris, 1963; McConnell, Lachmann &
Hobart, 1974). Cell output fell to approximately 10%
of the preinoculation level during the shutdown period
(Hall & Morris, 1965) which lasts from 6 to 20 hr after
antigen injection (Fig la). The lymph flow remained
unchanged during this time. The lymphocyte output
then increased biphasically to reach peaks at 48 and 90
hr. Pyroninophilic blast cells began to appear at about
48 hr and reached a maximum of 9% at 85-95 hr post
inoculation.

Lymph plasma was collected throughout the re-

Figure 1. (a) Small lymphocyte ( ) and blast cell (hatched)
output from a cannulated popliteal lymph node after subcu¬
taneous injection of 100 /ig PPD into the draining area of a
cannulated popliteal lymph node, (b) Effect of 1: 10 dilution
of lymph plasma taken from various times of the immune
response to PPD on the in vitro transformation of autologous
PBL to PHA and PPD. Transformation is expressed as logio
c.p.m. of [3H]-thymidine incorporation.

sponse, stored at — 70° and later tested for its effect on
antigen and PHA-stimulated lymphocyte transforma¬
tion by adding different concentrations of lymph to
lymphocytes in the presence of antigen or mitogen.
Figure lb shows that the efferent lymph plasma
produced during the 6-20 hr shutdown period con¬
tains material which causes profound suppression of
lymphocyte proliferation induced by either antigen or
mitogen. Lymph collected at other times of the
response had little effect. The lymph remained active
following storage at —70° for periods of up to 3
months. Longer storage or storage at — 20' resulted in
loss of suppressor activity.

Titration of suppressor activity
The suppressor activity in efferent lymph draining
stimulated nodes showed no antigen specificity. Figure
2 shows that lymph produced in response to PPD can
be equally effective in inhibiting lymphocyte transfor¬
mation to unrelated antigens such as johnin, KLH or
allogeneic cells. Similarly, shutdown lymph from
nodes challenged with KLH, E. coli or johnin all
inhibited transformation of lymphocytes to PPD,
although the level of suppressor activity varied (Fig.
3), the two tuberculins giving much more suppressive
lymph than the other two antigens. Both Figs 2 and 3
show that high concentrations of lymph (1/2 and 1/5)
are not as suppressive as lower dilutions. This is
particularly marked with lymph produced in response
to PPD and johnin. This mitogenic effect of high
concentration of lymph has been described before
(Hay et al., 1973; English, Morris & Adams, 1977).
Our more recent studies indicate that this is due to the
presence of lymphocyte growth factor in interleukin 2
(Watson & Mochizuki, 1980) which enhance lympho¬
cyte proliferation to antigen and override the suppres¬
sor activity (Hopkins & McConnell, in preparation).

Fractionation of active lymph
Initial fractionation of the active lymph plasma was
made using saturated ammonium sulphate. The
0%-20% saturated precipitate was highly suppressive,
but this was found to be due to clotting in the culture
wells. If the fibrinogen was first precipitated by
neutralizing the heparin anticoagulant with protamine
sulphate the inhibition was totally abrogated. This has
been previously described by Meade, Lachmann &
Binns (1976). The 20%-40% precipitate contained
very little activity. Activity was concentrated almost
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1:5 ACTIVE LYMPH 1:10 ACTIVE LYMPH 1:10 NORMAL LYMPH

Figure 2. Effect of 6-20 hr active lymph at dilutions of 1:5 and 1:10 on in vitro transformation of PBL to PPD, johnin, KLH and
allogeneic lymphocytes.

—I 1 1 1 1 l " 1

1:2 1:5 1:10 1:20 1:50 1:100 1:200

Dilution of lymph.

Figure 3. Effect of 6-20 hr 'active' lymph collected after subcutaneous injection into a cannulated popliteal lymph node of 100 /(g
PPD, johnin, KLH or 109 organisms of E. coli on in vitro transformation of PBL to PPD.
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entirely in the 40%-90% saturated precipitate. Frac¬
tionation of lymph plasma on Sephadex G200 showed
that the bulk of suppressor activity co-fractionated
with albumin (4S pool). This fraction produced almost
100% suppression oflymphocyte proliferation to PPD
to a dilution of 1:50. The material in the 4S fraction
was not antigen-specific in its suppression. Unlike
whole plasma, high concentrations of the 4S pool were
not less suppressive. The material present in the 7S
fraction caused slight inhibition at high concentra¬
tions (1:2 dilution) but was totally ineffective at lower
concentrations. The 19S pool contained no suppres¬
sive activity.

Nature of suppression
Suppression oflymphocyte transformation with active
lymph plasma or the 4S fraction only occurred if this
was added at the start of the culture. Table 1 shows
that the transformation of sheep peripheral blood
lymphocytes to PHA is totally abolished if the lym¬
phocytes are pretreated with 4S fraction or if it is
added at the start of the culture. Addition of the 4S
fraction 24 or 48 hr after the initiation of the culture
had little effect on subsequent transformation. Further
evidence that the active material is not simply toxic for
cells is shown by the fact that incubation of lympho¬
cytes in the suppressor material for 24 hr had no effect
on their viability as measured by trypan blue exclusion
or fluorescein diacetate uptake and hydrolysis.

Correlation of suppression with PGE2 levels in efferent
lymph
The 6-20 hr postinoculation lymph samples were
collected following several series of repeated injections
of either PPD or johnin at 5 day intervals. Only lymph
collected during the first response to antigen contained
substantial quantities of suppressor material. Those
samples collected after the third and fourth injections
were non-inhibitory. This pattern of suppressor acti¬
vity correlated exactly with the levels of prostaglandin
E2 in the efferent lymph sample (Fig 4). The quantity
of PGE2 in the first sample was in excess of 2 ng/ml and
in the other samples were similar to pre-inoculation
levels at less than 10 pg/ml.

Affinity chromatography of suppressor lymph
Since the suppressor activity of efferent lymph plasma
correlated with PGE2 levels, the 4S peak of active
lymph produced in response to PPD which contained
6-5 ng/ml PGE2 was then passed through an anti-
PGE2 Sepharose column and both the excluded and
eluted fractions tested for suppression and PGE2
levels. Table 2 shows that compared with the starting
material the excluded fraction from the anti-PGE2
column had lost all suppressor activity and contained
less than 0-05 ng/ml PGE2. No suppressor activity was
eluted from the anti-PGE2 column with 0-5 m glycine-
HC1, pH 2-8 + 2m NaCl. This is not surprising since at

Table 1. Effect on in vitro transformation of peripheral blood lympho¬
cytes to PHA of the 4S fraction of suppressor lymph added at different
intervals after mitogen stimulation

Lymph concentration}:

Time after 1:10 1:50
addition of
4S fraction Expt. 1 Expt. 2 Expt. 1 Expt. 2

0* 2-05 1 2-26 2-0
1 hrt 1 95 1 2-54 1
24 hrt 3-72 3-94 417 4-21
48 hrt 414 4-26 4-41 4-30
No lymph 4-38 4-29

* Peripheral blood lymphocytes pre-incubated for 60 min in 4S
fraction, washed three times and then set up in culture.

t 4S fraction added 1, 24 or 48 hr after initiation of culture.
{ Results expressed as logio c.p.m. of 3H-thymidine incorporation.



210 J. Hopkins, I. McConnell & J. Raniwalla

Figure 4. Correlation between PGE2 levels and suppressor
activity in lymph taken 6-20 hr after stimulation of cannu-
lated nodes. 1-4 represent lymph samples from four sequen¬
tial shutdown responses to PPD (a) or to johnin (b).

pH of less than 4, PGE2 is converted to PGA: which
has no biological activity and cross-reacts poorly with
the anti-PGEr antibody used in the radioimmunoas¬
say (Salmon & Karin 1976).

Scott et al.,( 1978) showed that a single glycoprotein
possessing antigen-specific M1F activity could be
isolated by fractionation of the 4S pool of PPD-active
lymph on PPD or Con A-Sepharose affinity columns.
However this was not found to be the case with the

suppressor material since the eluted fraction from
either the PPD or the Con A columns had no

suppressor activity.

DISCUSSION

The efferent lymph draining a lymph node responding
to an antigenic stimulus is a potent source of the
molecules thought to mediate the immune response
(Hay et al., 1973; English et al., 1977). Scott et al.
(1978) have shown that lymph contains both antigen-
specific and non-specific MIF. In this paper we have
shown that lymph also contains molecule(s) capable of
suppressing, non-specifically, in vitro proliferation of
peripheral blood lymphocytes in response to antigens
and mitogens. Like the MIF described by Hay et al.
(1973) and Scott et al. (1978), this suppressor moiety is
present in lymph 6-20 hr after challenge of the node
with a variety of antigens including PPD (in BCG-
sensitized sheep), KLH and E. coli. It is not present at
other times. It is precipitated by ammonium sulphate
at 40%-90% saturation and co-fractionates with albu¬
min after Sephadex G-200 gel filtration.

The presence of suppressor activity in efferent
lymph correlates with the increased levels of PGE2
which mediate the cell shutdown response (Hopkins,

Table 2. Affinity chromatography of 4S fractions from active lymph produced in response to PPD

Affinity column Excluded fraction Eluted fraction*
(Sepharose 4B)
coupled with Transformation) PGE2 (ng/ml) Transformation) PGE2 (ng/ml)

Starting material (not column passed) 1 6-5
Anti-PGE2 4-29 <005 4-66 <0-05
PPD 1-7 2-5 4-30 <0-05
KLH 1 2-2 4-32 <005
Con A 2-9 1-6 4-60 <0-05

* Elution buffer 0-5 m glycine-HCl pH 2-8-I-2m NaCl.
t Transformation of sheep peripheral blood lymphocytes to PPD. Results expressed as logio c.p.m. of

[3H]-thymidine incorporation.
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McConnell & Pearson 1981). Lymph draining the
lymph node during cell shutdown induced by PPD can
contain PGE2 to levels in excess of 3 ng/ml (10~8m)
(Hopkins et al., 1981). In the present experiments
lymph was found to be suppressive to a dilutation of
1:50 (final concentration of PGE2 is 60 pg/ml
2x10~'°m) while Goodwin, Bankhurst & Messner
(1977) demonstrated that PGEi at 3 x 10~9m is inhibi¬
tory for human PBL proliferation to PHA in vitro.
Confirmation that the suppressor factor was asso¬
ciated with PGE2 was shown by the fact that the
suppressor activity in the lymph was removed follow¬
ing its passage through a monoclonal anti-PGEj
column.

Since PGE: in vivo is often complexed with albumin
(Raz, 1972a,) it seems likely that the suppressor
activity is in fact PGE2 complexed with albumin.
Failure to remove suppressor activity on a Con A
column suggests that PGE2 is not associated with any

glycoproteins in lymph some of which have been
shown to have lymphokine-like activity (Scott et al.,
1978).

The results in this paper suggest that only brief
exposure of the lymphocytes to PGE2 prior to anti¬
genic stimulation is necessary for the suppression of
the subsequent response. Exposure after stimulation
has much less effect. A similar action of PGE2 has been
described by Kingston & Ivanyi (1979). The
mechanisms of this suppression seem to be due to an
increase in cAMP levels (Bourne, Lichtenstein, Mel-
mon, Henney, Weinstein & Shearer, 1974) caused by
the binding of PGE2 to PGE2 receptors on the
lymphocyte surface (Goodwin, Wiik, Lewis, Bank¬
hurst & Williams, 1979). Although Berenbaum, Cope
& Bundick (1976) have shown that preincubation for
20 hr of human peripheral blood lymphocytes with
purified PGE2 did not inhibit their in vitro prolifer¬
ation in response to PHA; in our study the PGE2 was
complexed with macromolecules of the 4s fraction of
lymph plasma, and this could have influenced its
binding to the sheep lymphocytes.

Most cell types have the capacity for prostaglandin
synthesis, but the macrophage-monocyte series of
cells within the node are the most likely to produce the
large quantity of PGE2 found in efferent lymph during
the 6-20 hr postchallenge period. Indeed the produc¬
tion of E series prostaglandins by antigen-activated
macrophages has been thought to be a mechanism for
the suppression of both B- and T- lymphocyte prolifer¬
ation (Kurland, Kinlade & Moore 1977; Goodwin et
al., 1977). The action of prostaglandin is not only to

affect mitogenesis but also to inhibit a variety of
lymphocyte effector functions, including lymphokine
secretion (Gordon, Bray & Morley, 1976), haemolytic
plaque formation (Henney, Bourne & Lichtenstein,
1972) and direct cytolysis (Melmon, Bourne, Wein¬
stein, Shearer, Kram & Bauminger, 1974).

Inhibition of lymphocyte function by prostaglan¬
dins is thought to be one of the mechanisms whereby
tumour cells may evade the immune response.
Tumours in laboratory animals have been shown to
produce increased quantities of prostaglandins (Pelus
& Bockman, 1979; see Goodwin, Husby & Williams
1980), which are not only suppressive to lymphocyte
effector function but also inhibit the migration of cells
from lymph nodes (Hopkins et al.. 1981). This may

explain why nodes draining sites of tumour lesions are

hyperplastic (Alexander, Bensted, Delorme, Hall &
Hodgett, 1969) with cells incapable of reacting to
either antigen or mitogens (Mavligit, Jubert, Gutter-
man, McBride & Hersch, 1974). Surgical removal of
the main tumour mass results in the mass exit of

lymphocytes and blast cells from the affected nodes
with subsequent immunity to tumour challenge (Alex¬
ander et al., 1969). These findings have resulted in the
therapeutic use of inhibitors of arachidonic acid
metabolism in the treatment of certain human
tumours (see Jaffe 1974).
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CHARACTERIZATION OF SHEEP AFFERENT LYMPH

DENDRITIC CELLS AND THEIR ROLE IN
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The functions of accessory cells in T-dependent responses to antigen appear to
be at least twofold. First, to present antigen in association with MHC molecules
for recognition by clonotypic antigen receptors on T cells; second, to promote acti¬
vation and subsequent proliferation of antigen-specific T cells. Dendritic cells, in¬
cluding mature Langerhans' cells, afferent lymph veiled cells, and lymph node in-
terdigitating cells appear to be unique accessory cells with respect to T cell activation
(1-4). While a wide variety of MHC class II-positive cells induce proliferation of
previously activated T cells, only dendritic cells are capable of clustering with and
stimulating proliferation of normal resting T cells (5).

It is suggested these dendritic cells represent different stages along a migratory
pathway that is related to their function. Langerhans' cells are believed to migrate
from the dermis through afferent lymphatic vessels in the form of veiled cells that
enter lymph nodes as interdigitating cells (6-8). The functional significance of this
migration is the carriage of antigen from the dermis to the paracortical areas of the
lymph node for presentation to T cells. Several observations support this scheme.
Langerhans' cells, veiled cells, and interdigitating cells in the mouse are recognized
by the mAb NLDC-145, suggesting a common lineage for these cells (9); cells with
Birbeck granules, a marker of Langerhans' cells in some species, have been found
in afferent lymph and T-dependent areas of lymph nodes following skin sensitiza
tion (6, 10); afferent lymph veiled cells and lymph node dendritic cells have been
isolated with antigen on their cell surface following skin painting with dinitrofluoro-
benzene (DNFB)1 (11) and FITC (12), respectively.

The low number of dendritic cells in tissues and the lengthy fractionation proce¬
dures required for their isolation have hampered studies on these cells. In the case
of afferent lymph dendritic cells, these problems may be overcome by the cannula-
tion of pseudo-afferent lymphatic vessels in relatively large experimental animals
(13, 14). These lymphatics arise after lymphadenectomy when true afferent lym¬
phatic vessels reanastomose with the former efferent duct (15). Lymph collected from
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dress correspondence to Dr. R. Bujdoso, Department of Veterinary Pathology, University of Edinburgh,
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1 Abbreviations used in this paper: CD, cluster of differentiation; DNFB, dinitrofluorobenzene; LFA-3,
lymphocyte functional antigen.
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these lymphatic vessels has a cellular composition similar to that of true afferent
lymph and includes 1-10% nonlymphoid MHC class II-positive dendritic cells (13,
16, 17). In this report, we describe the properties of dendritic cells collected from
sheep pseudo-afferent lymphatic vessels. In characterizing these cells, we have devel¬
oped a mAb that reacts with sheep CD1 and identifies dendritic cells in afferent
lymph as well as skin and lymph node tissue. The expression of MHC class II and
CD1 by afferent dendritic cells suggests they are related to skin Langerhans' cells.
This is supported by our observation that afferent dendritic cells migrating from
a site of intradermal antigen challenge are able to present the injected antigen to
specific T cells in vitro. In an accompanying paper (18) we show the changes in MHC
Class II and CD1 expression by afferent dendritic cells as a consequence of in vivo
antigen challenge.

Materials and Methods

Antigens
Ovalbumin was obtained from Sigma Chemical Co. Ltd (cat. no. A5503, Grade V; Poole,

UK). Purified protein derivative of bovine tuberculin (PPD, batch 291) was kindly supplied
by the Central Veterinary Laboratory, Weybridge, UK.

Immunization and Secondary In Vivo Challenge of Animals
1-3-yr-old Finnish Landrace sheep of either sex were purchased from the Moredun Re¬

search Institute, Edinburgh, Scotland. Sheep were immunized with 1 mg of ovalbumin in¬
jected over two sites intramuscularly in a 1-ml mixture of PBS and CFA containing H37Ra
Mycobacterium tuberculosis. Sheep were also immunized with five human doses of Bacillus
Calmette-Guerin (BCG; Glaxo Laboratories Ltd., Greenford, UK). Secondary in vivo an¬
tigen challenge of primed animals was by intradermal injection of 50 fxg of antigen in 1 ml
of PBS into several sites around the drainage area of the cannulated pseudo-afferent lym¬
phatic vessel.

Medium
RPMI 1640 (cat. no. 074-1800; Gibco Biocult, Uxbridge, UK) was supplemented with

2 mM L-glutamine, 100 U/ml benzyl penicillin and 100 U/ml streptomycin, 5 x 10"5 M
2-ME, and 2 g/liter sodium b rbonate. Culture medium consisted of RPMI 1640 with sup¬
plements and 10% FCS (Flc laboratories, Hertfordshire, UK). Wash medium consisted
of RPMI with supplements and 1% FCS.

Collection and Fractionation of Lymph Cells
Surgical techniques for the cannulation of the popliteal efferent lymphatic vessels were as

described by Hall et al. (19). Pseudo-afferent lymphatic cannulations were as those described
for the prefemoral lymphatic except that the node had been excised at least 6 wk previously
(13). Cannulations were allowed at least 3 d to stabilize after operative procedures. Lymph
was collected from fully conscious animals into sterile siliconized bottles containing 200 U
heparin and was centrifuged at 800 g for 10 min to separate cells from lymph fluid. Mononuclear
lymph cells were harvested by centrifugation over Lymphoprep (Nyegaard, Oslo, Denmark).

Afferent Dendritic Cells. Afferent mononuclear cells were fractionated by centrifugation over
a discontinuous gradient of 14.5% (wt/vol) Metrizamide (Nyegaard) in RPMI 1640 plus 10%
FCS (20). Cells and density medium were cooled on ice then centrifuged for 30 min at 4°C
with 800 g applied to the interface of cells and metrizamide. Purified afferent lymph dendritic
cells were collected from the top of the metrizamide gradient after centrifugation and washed
twice.

Efferent T Cells. Resting T cells were prepared from efferent lymphocytes after removal
of plastic adherent cells by incubation at 37°C for 1 h. Cells were then frationated by nylon
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fiber column according to Julius et al. (21). The nylon fiber nonadherent cells were routinely
>95% CD5+ cells.

Peripheral Blood Mononuclear Cells. PBMC were prepared by defibrination of venous blood
followed by centrifugation over Lymphoprep (22).

Generation of Antigen-specific Cell Lines
Antigen-specific cell lines were generated and recovered as described previously (23). Briefly,

PBMC, prepared from antigen-primed sheep, were cultured with antigen for 5 d. Viable
blast cells were expanded by culture for 14 d with fresh additions of 120 pM human rIL-2
(Biogen SA, Geneva, Switzerland) every 3-4 d. Viable cells were harvested over Lymphoprep
and restimulated with antigen in the presence of X-ray irradiated autologus PBMC and the
resultant blast cells were again expanded with rIL-2. Viable resting cells collected after this
second cycle of antigen stimulation and IL-2 expansion were stored under liquid nitrogen.

T Cell Proliferation
Resting T Cells. T cells were cultured in 96-well round-bottomed microculture plates in

a final volume of 200 /xl. Triplicate cultures were stimulated with various numbers of X-ray
irradiated afferent or efferent mononuclear cells or fractionated dendritic cells.

Antigen-specific T Cell Lines. Antigen-specific T cells were recovered from storage under
liquid nitrogen as described elsewhere (23). Cells were cultured in 96-well flat-bottomed
microculture plates in a final volume of 200 /x1. Triplicate cultures were stimulated with the
indicated number of X-ray irradiated autologous afferent dendritic cells that were collected
either before or at different times after in vivo antigen pulsing. Appropriate exogenous soluble
protein was added to the cultures of T cells and dendritic cells at the indicated concentrations.

Culture plates were incubated at 37°C for 5 d in a humidified atmosphere of 5%
C02/95% air. Cells were pulsed with 1 ^xCi [3H]thymidine (specific activity, 2Ci/mmol;
Amersham Corp., UK) over the last 5 h of culture then collected onto glass filter paper using
a semiautomated harvester. [JH]Thymidine incorporation was assessed by liquid scintilla¬
tion counting. The data are expressed as the geometric mean for the triplicate cultures.

Dendritic-T Cell Clustering
A feature of cocultures between T cells and dendritic cells is the formation of discrete clusters

involving both cell types. To demonstrate these clusters resting T cells were cultured at 2
x 106/ml with irradiated unfractionated lymph cells or purified dendritic cells in 1 ml of
culture medium in 24-well plates. Cultures were incubated for 3 d at 37°C in a humidified
atmosphere of 5% COj/95% air. Clusters were photographed within the wells using an in¬
verted Diavert microscope at x40 magnification.

X-Ray Irradiation
Cells were resuspended in culture medium to a concentration of 2 x 106/ml and irradi¬

ated with 2,500 rad using a cobalt-cesium source.

Production of VPM5
BALB/c mice were immunized by intramuscular injection with 106 afferent lymph den¬

dritic cells emulsified in 250 /x1 CFA, followed 3 wk later by the same inoculation given in-
traperitoneally, then intravenously with cells in PBS 4 d before fusion. Spleen cells from im¬
munized mice were fused with the NSO cell line at a ratio of 115, respectively (24). The products
of these fusions were seeded at 5 x 104 NSO cells/well in 96-well flat-bottomed plates. After
HAT selection, supernatants were screened on ELISA plates coated with 1% paraformaldehyde-
fixed afferent lymph cells and hybrids from positive wells were cloned in soft agar. VPM5
was picked for further study.

Immunoprecipitation of VPM5 Antigen
Sheep thymocytes were treated with methyl-/>-hydroxylbenzimidate HC1 as described by

Wall and Fitch (25) then iodinated with 125I catalyzed by lactoperoxidase and glucose oxi-
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dase. Cells were washed three times with PBS plus 0.1% sodium azide, resuspended at 5 x
107/ml, and aliquots of ~2.5 x 107 cpm were mixed with 10 pd of VPM5 ascites fluid at 37°C
for 60 min. Cells were then lysed in 0.5 ml of 0.5% (vol/vol) Triton X-100 in 150 mM NaCl,
20 mM Tris-HCl, pH 8, and 0.2 mM PMSF at room temperature for 10 min. Cell debris
was removed by microfuging for 5 min at 16,000 g and the supernatant was incubated for
16 h at 4°C. Immune complexes were isolated by incubation for 1 h at 4°C with 50 /A sheep
anti-mouse Ig Affigel 10 (10 mg affinity-purified antibody per milliliter affigel), (Bio-Rad
Laboratories, Watford, UK). The beads were washed four times in lysis buffer and the com¬
plexes were eluted by boiling in 50 pd SDS-elution buffer containing 5% 2-ME. Eluted mate¬
rial was separated by 5-20% linear gradient SDS-PAGE (26) followed by autoradiography
using Kodak XS-1 film.

Monoclonal Antibodies

SBU-1, SBU-T4, SBU-T6, and SBU-T8 are mouse mAbs that recognize the sheep cell sur¬
face glycoproteins MHC class I, CD4, CD1, and CD8, respectively (27-29). These were a
generous gift from Dr. M. Brandon (Melbourne, Australia). L/180/1 and I35-A are mouse
mAbs that recognize sheep LFA-3 (30) and CD2 (31), respectively, and were a generous gift
from Dr. T. Hunig, Max-Plank Institute, Munich, FRG. VPM8 is a mouse monoclonal anti¬
body generated in our laboratory that has specificity for sheep Ig light chain (Jones, P., and
I. McConnell, unpublished observation). SW73.2 and VPM16 are rat mAbs and mouse mAbs,
respectively, that react with sheep MF1C class II (Dutia, B., et al., manuscript in preparation).

Immunofluorescence and Immunohistology
Cells were washed twice with ice-cold PBS containing 1% BSA and 0.1% sodium azide

(PBS-BA). 1-2 x 106 cells/tube were treated with the appropriate dilution of mAb for 30
min on ice, washed twice with PBS-BA, and reacted with sheep anti-mouse Ig-FITC for
30 min on ice. Cells were washed three times with PBS-BA and fixed with 1% paraformalde¬
hyde in PBS then stored at 4°C. Cells were analyzed by FACS using either a Becton Dick¬
inson & Co. (Mountain View, CA) FACS IV or a FACScan system. 104 cells were analyzed
per sample with dead cells excluded on the basis of forward light scatter. The tissue distribu¬
tion of the VPM5 antigen was by standard immunoperoxidase methods (32) using peroxidase-
labeled antiglobulin for tissue sections and gold-labeled antiglobulin (Jannsen Biochemica,
Beerse, Belgium) for smears.

Histochemical Staining
Staining for alkaline phosphatase, membrane ATPase, nonspecific esterase, and Sudan Black

was carried out by routine histochemical techniques (32).

Results

We have collected afferent lymph dendritic cells in order to study their role in
antigen carriage and presentation. A major problem associated with functional studies
on afferent lymph cells is that single afferent lymphatics are small and are difficult
to cannulate. These lymphatics have a low output of cells and lymph fluid. To over¬
come this problem we have ablated peripheral lymph nodes in sheep and subsequently
cannulated the pseudo-afferent lymphatic vessel that arises as a consequence of afferent
lymphatic vessels reanastomosing with the former efferent duct. The pseudo-afferent
lymphatic vessel is easier to cannulate and routinely provides a greater output of
cells than does the cannulation of true afferent lymphatic vessels. In our character¬
ization of afferent dendritic cells we have isolated a mAb that reacts not only with
these cells in afferent lymph but also dendritic cells in sheep peripheral lymphoid
organs. Functionl studies show that afferent dendritic cells are capable of stimulating
primary resting T cells and are involved in antigen carriage from the skin to draining
lymph nodes.
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Characterization and Distribution of VPM5 Antigen. VPM5 (formerly A1E1) is a mAb
isolated from mice immunized with purified afferent lymph dendritic cells. The mono¬
clonal reacts in tissue sections with large nonlymphoid dendritic cells as described
in Table I. In lymph node tissue, positive cells are localized to the paracortical T
cell areas. The monoclonal does not stain all of the dendritic cells as VPM5~ MHC
class II-positive dendritic cells can be identified in this area. VPM5+ cells within
this site might represent recently arrived migrants that subsequently lose VPM5
staining. Cells staining with VPM5 in the spleen are found predominately in the
inner periarteriolar lymphocyte sheath (PALS) around the central arteriole In the
thymus, nonlymphoid dendritic cells of the medulla and the corticomedullar regions
stained with VPM5 as did thymic cortical lymphocytes. Cells in the skin that stained
with VPM5 were found within the dermis and at the junction of the dermis and
epidermis. Cells were isolated from afferent and efferent lymph as well as peripheral
blood. Positive cells were found only in afferent lymph and these were typical den¬
dritic or veiled cells as described in afferent lymph of other species (33-35).

VPM5 staining is similar to that described for SBU-T6, a mAb that recognizes
sheep CD1 (27) except that, unlike SBU-T6, VPM5 does not stain peripheral blood
B cells or B cell follicles. SBU-T6, however, reacts strongly in an ELISA with im-
munopurified VPM5 antigen (data not shown). The staining pattern of VPM5 is
also similar to that described for two anti-bovine CD1 mAbs, CC13 and CC14, which
crossreact with sheep tissue (36).

Immunoprecipitation of radiolabeled sheep thymocytes with VPM5 followed by
SDS-PAGE and autoradiography shows that VPM5 specifically precipitates poly¬
peptides of 48 and 12 kD (Fig. 1). The tissue distribution together with the molec¬
ular mass of the antigen suggest that it recognizes sheep CD1. Furthermore, our
data suggest that it recognizes a subgroup of the antigen recognized by SBU-T6.

Table I

Staining Pattern of VPM5 on Sections of Various Organs and on

Cytospin Preparations of In Vitro Isolated Cells

Organ
VPM5

staining Cell type and localization
Spleen + Dendritic cells in PALS

Lymph node + Dendritic cells in paracortex
Thymus + Cortical thymocytes

Medullary dendritic cells
Skin + Dendritic cells within the dermis and at the

junction of the dermis and epidermis
Peyer's patch -

Brain -

Heart -

Kidney -

Liver -

In vitro isolated cells

PBMC -

Afferent lymph + Dendritic cells
Efferent lymph -

Staining of tissue sections and cytocentrifuge smears was carried out as described
in Materials and Methods.



1290

94 "•

67

45 H

30 H

20 H

14 H

SHEEP AFFERENT LYMPH DENDRITIC CELLS

Lane 1 Lane 2

Figure 1. Autoradiograph of the material immunoprecipitated from
I2oI-labeled sheep thymocytes using control (lane 1) and VPM5 (lane
2) ascites.

Isolation and Characterization ofAfferent Dendritic Cells. Lymph collected from a pseudo-
afferent cannulation contains cells at a concentration of 1-5 x 106/ml. The cellular

composition of afferent lymph cells (Table II) contains 1-10% VPM5+ cells that are
large nonlymphoid dendritic cells. Enriched populations of dendritic cells were pre¬
pared by centrifugation of afferent mononuclear cells on a single density band of
14.5% metrizamide, according to the method of Knight et al. (20). After this, a popu¬
lation of cells that are routinely >75% dendritic cells, as seen by light microscopy,
may be recovered from the top of the density gradient. Approximately 106—10' den¬
dritic cells could be harvested by this technique after fractionating a 16-h collection
of afferent cells. Afferent lymphocytes and some of the dendritic cells pass through
this concentration of metrizamide. Purified dendritic cells were stained with a panel
of mouse anti-sheep leukocyte mAbs and analyzed by flow cytometry (Table III).
Contaminating lymphocytes that were mainly T cells and <5% B cells were excluded
from the analysis on the basis of their lower forward and side scatter compared with
dendritic cells. All of the dendritic cells expressed high levels of MHC class I and
class II molecules. The majority of dendritic cells reacted with VPM5 mAb, confirming
the expression of CD1 by these cells (27). Afferent dendritic cells were stained by
the mAb 135/A, which identifies sheep CD2, a ligand of LFA-3 (30). VPM8, a mono¬
clonal that reacts with sheep Ig light chain, stained the majority of afferent dendritic

Table II

Staining of VPM5 in Lymph Compartments of the Sheep

Percentage positive cells
Source of cells CD5 slg VPM5 Class II

Efferent

Afferent

67.2 (7.0)
83.4 (2.2)

22.8 (7.0)
11.0 (8.1)

<0.5 (0.06)
8.2 (10.8)

29.4 (7.1)
57.0 (5.3)

Afferent and efferent lymph mononuclear cells were stained with mouse mAbs
followed by rabbit anti-mouse Ig-FITC. Cells were fixed with 1 % paraformalde¬
hyde and analyzed by flow cytometry. The data shown are the mean of four
experiments with the standard deviation in parentheses.
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Table III

Phenotype of Afferent Lymph Dendritic Cells

Reactivity with
Name Antigen dendritic cells

SBU-T4 CD4 -

SBU-T6 CD1 +

SBU-T8 CD8 -

VPM5 CD1 + +

U180/1 LFA-3 + + +

I35/A CD2 +

VPM8 slg +

SBU-1 Class I + + +

SW73.2 Class II + + +

Afferent lymph dendritic cells were isolated as described in Materials and Methods
then stained with mouse mAbs followed by (Fab)2 rabbit anti-mouse Ig-FITC.
Cells were fixed with 1 % paraformaldehyde and analyzed by flow cytometry.
These results were seen in three of three experiments.

cells. The slg+ cells in afferent lymph, therefore, include some of the dendritic cells,
in contrast to efferent lymph where the slg+ cells are all small lymphocytes (Table
II). A representative sample of fluorescence staining of the dendritic cells analyzed
by a Becton Dickinson & Co.. FACScan is shown in Fig. 2. The results show afferent
dendritic cells displaying unimodal marginal positivity for CD4 expression. When
analyzed by a Becton Dickinson & Co. FACS IV (Table III), these cells show no
reactivity with anti-CD4 mAbs. The data also show afferent dendritic cells have a
uniform expression of LFA-3 and MHC class II. The expression of LFA-3 is of equiva¬
lent intensity as shown by afferent lymphocytes while the level of MHC class II ex¬
pression by afferent dendritic cells is 3-10 greater than resting B cells.

Although we cannot exclude the possibility that the purified population of den¬
dritic cells includes macrophage cells, histochemical staining of fractionated den¬
dritic cells showed no staining for the macrophage markers nonspecific esterase or
Sudan Black. Positive staining was seen for membrane ATPase and alkaline phos¬
phatase. We have also found that sheep macrophages collected by bronchiolar la¬
vage do not express VPM5 or CD2.

a

S

Figure 2. Immunofluorescence profile of affer¬
ent dendritic cells stained with various mAbs.
Afferent lymph dendritic cells were isolated as de¬
scribed in Materials and Methods then stained
with anti-CD4, anti-LFA-3, or anti-MHC class
II mAbs followed by (Fab)2 rabbit anti-mouse
Ig-FITC. Cells were fixed with 1% paraformalde¬
hyde and analyzed by FACScan flow cytometry.
These results were seen in three of three experi¬
ments. (••••) Control, ( —) CD4, (••••) LFA-3,
(—) MHC class II.

Log fluorescence intensity
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The results shown here, in particular the expression of CD1 and MHC class II
by afferent dendritic cells, together with the results of Hein et al. (17) and Mackay
et al. (28), suggest that afferent dendritic cells are lymph-borne Langerhans' cells
or a migratory intermediatory between Langerhans' cells and interdigitating cells (9).

Accessory Functions ofAfferent Lymph Dendritic Cells. Both afferent and efferent lymph
compartments contain MHC class II-positive cells and therefore the potential to
act as accessory cells for T lymphocyte responses to antigen. This potential has been
analyzed in this study by measuring the primary T cell response to alloantigen. Fig.
3 shows cocultures of allogeneic afferent or efferent lymph cells with resting T cells.
Clustering does not occur when autologous (Fig. 3 A) or allogeneic (Fig. 3 B) efferent
lymph cells are mixed with resting T cells. In contrast, when unfractionated allogeneic
afferent mononuclear cells are cultured with resting T cells, small and infrequent
clusters develop (Fig. 3 C). With purified allogeneic afferent dendritic cells as stimu¬
lators, larger and more frequent clusters are seen compared with cultures with un¬
fractionated afferent cells (Fig. 3 D). Within these clusters one or more dendritic
cells could be seen surrounded by numerous lymphocytes.

Afferent and efferent lymph cells differ in their ability to stimulate the prolifera¬
tion of resting T cells. Fig. 4 A shows that unfractionated allogeneic afferent lymph
cells stimulate proliferation of resting T cells but allogeneic efferent cells do not.
This proliferative response can be stimulated by purified afferent dendritic cells, as
shown in Fig. 4 B. At high numbers of stimulator cells/well, autologous dendritic
cells stimulate a response of similar magnitude to that stimulated by allogeneic den-
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Figure 3. 105/well nylon fiber nonadherent resting efferent lymph T cells were cultured with
irradiated lymph cells. {A) 105/well autologous efferent T cells. (B) 105/well allogeneic efferent
cells. (C) 105/well allogeneic afferent cells. (Z)) 5 x 104/well allogeneic fractionated afferent den¬
dritic cells. Cultures were incubated for 3 d in 24-well plates. Cells were photographed at x40
magnification.



BUJDOSO ET AL. 1293

a) B>

Culture Medium / -o- Culture Medium P
Allogeneic Afferent / Allogeneic dendritic cells /
Allogeneic Efferent / -o- Autologous dendritic /

¥ ■ ♦ * ♦ *

cells /

0 0.3 1.1 3.3 11 33 100 0 0.3 1.1 3.3 11

Stimulator cells/well x 10 4

Figure 4. T cell proliferation stimulated by afferent dendritic cells. lO VWell nylon fiber nonad¬
herent resting efferent lymph T cells were cultured with irradiated lymph cells in round-bottomed
microculture plates with either (A) irradiated unfractionated afferent or efferent lymph cells or
(£) irradiated fractionated autologous or allogeneic dendritic cells. Cultures were incubated for
3 d and proliferation was measured by the uptake of [ 'HJthymidine over the last 5 h of culture.
The data is expressed as the geometric mean of counts per minute from triplicate cultures.

dritic cells. As the number of stimulator cells/well is reduced then only allogeneic
dendritic cells stimulate a significant response by the T cells. Although we have not
demonstrated that proliferating cells arise from within these clusters, significant
['Hjthymidine uptake did not occur in the absence of cluster formation.

Both afferent and efferent lymph contains MHC class II-positive cells, yet only
afferent lymph cells are capable of clustering and activating resting T cells These
functions can be carried out by enriched populations of afferent dendritic cells showing
the similarity between these and other isolated dendritic cells in stimulating pri
mary responses by T cells to antigen (5).

Afferent Dendritic Cells Are Involved in Antigen Carriage. We have investigated the hy¬
pothesis that dendritic cells are involved in antigen carriage from the skin to draining
lymph nodes. Dendritic cells were collected 24 h after an intradermal injection of
soluble protein antigen into the drainage area of a pseudo-afferent cannulation then
cultured in the absence of exogenous antigen with antigen-specific cells prepared
from the same animal.

Table IV shows the proliferative response of PBMC, from primed animals, stimu-

Tabi.f. IV

The Response oj PBMC to Autologous In Vivo Pulsed Dendritic Cells

Antigen pulse
Dendritic

cells

Collection of dendritic cells (h)
24 h after

Pre-pulse antigen challenge
Ovalbumin (50 /xg) - 6,330 4,443

+ 5,078 10,777

PPD (20 Mg) - 2,143 2,132
+ 3,189 8,734

105 PBMC/well were cultured with 5 x 104/well irradiated fractionated affer¬
ent dendritic cells collected either before or at 24 h after an intradermal injec¬
tion of antigen into the drainage area of the pseudo-afferent cannulation area.
Cultures were incubated for 3 d and proliferation measured by the uptake of
[ 'HJthymidine over the last 5 h of culture. The data are expressed as the geo¬
metric mean of counts per minute from triplicated cultures.
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lated by autologous in vivo antigen-pulsed dendritic cells. Dendritic cells collected
after in vivo antigen challenge stimulate a significant response above that seen with
pre-challenge dendritic cells. This response is seen when either ovalbumin or PPD
is used to antigen pulse dendritic cells in vivo. These data show that dendritic cells
may at least pick up antigen in vivo and either present antigen directly to T cells
or pass the material to other accessory cells within the PBM population. To distin¬
guish between these, the experiment was repeated using antigen-specific T cell lines
that do not respond to antigen in the absence of added accessory cells (23). Table
V shows dendritic cells, collected after in vivo antigen challenge with ovalbumin,
stimulate a significant proliferative response by ovalbumin-specific T cells compared
with that induced by pre-challenge dendritic cells. This effect is antigen specific as
no response is seen by PPD-specific T cells. In Exp. 2, dendritic cells collected after
in vivo antigen challenge with PPD stimulate a significant proliferative response by
the PPD-specific cell line. No response is seen by the ovalbumin-specific T cells to
the PPD-pulsed dendritic cells. The proliferation of antigen-specific T cells is de¬
pendent upon the number of in vivo pulsed dendritic cells added to the cultures.
Fig. 5 shows the response stimulated by antigen-specific T cells to various numbers
of ovalbumin-pulsed dendritic cells collected after in vivo antigen challenge. A
significant response is seen by the ovalbumin-specific cell line down to 1.9 x 103
dendritic cells/well. In contrast, the PPD-specific cell line shows a background level
of proliferation to all concentrations of added dendritic cells. The experiments de¬
scribed in Table V and Fig. 5 were set up at the same time. As in vivo antigen pulsed
afferent dendritic cells were the only accessory cells added to these cultures these
data show that these cells can directly stimulate T cells in an antigen-specific manner
and do so with antigen acquired in vivo.

It may be argued that the failure to see proliferation by the PPD-specific cell line
with ovalbumin-pulsed dendritic cells, or the ovalumin-specific cell line with PPD-
pulsed dendritic cells, is due to the cell lines failing to survive liquid nitrogen storage.
To show this was not the case, antigen-specific T cells were cultured with exogenous
specific antigen in the presence of dendritic cells pulsed with nonspecific antigen.
The results are shown in Table VI. On each day of recovery from liquid nitrogen

Table V

The Response of Cell Lines to Autologous In Vivo Pulsed Dendritic Cells

Antigen pulse Cell line

Collection of dendritic cells

24 h after

Pre-pulse antigen challenge
Ovalbumin (50 /xg) Ovalbumin 5,704 169,588

PPD 2,709 3,978

PPD (20 ^g) Ovalbumin 1,032 3,654
PPD 1,212 20,040

5 x 104 ovalbumin-specific or PPD-specific T cells/well were cultured with 5 x
104/well irradiated fractionated afferent dendritic cells collected either before or

at 24 h after an intradermal injection of antigen into the drainage area of the
pseudo-afferent cannulation drainage area. Cultures were incubated for 3 d and
proliferation measured by the uptake of [3H]thymidine over the last 5 h of cul¬
ture. The data are expressed as the geometric mean counts per minute from tripli¬
cate cultures.
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Number of dendritic cells/well x 10"2

Figure 5. Response of cell lines to var¬
ious numbers of dendritic cells pulsed in
vivo with ovalbumin. 5 x 104 ovalbumin-

specific or PPD-specific T cells/well were
cultured with various numbers of irradi¬
ated fractionated afferent dendritic cells
collected 24 h after in vivo antigen pulsing
with 50 fig ovalbumin. Cultures were in¬
cubated for 3 d and proliferation measured
by the uptake of [3H]thymidine over the
last 5 h of culture. The data are expressed
as the geometric mean of counts per min¬
ute from triplicate cultures.

Table VI

The Response of Cell Lines to Specific Antigen with
In Vivo Pulsed Dendritic Cells

Antigen
pulse Cell line

Antigen
(27 fig/ml)

Collection of dendritic cells

24 h after

Pre-pulse antigen challenge
Ovalbumin PPD - 5,704 3,282

+ 136,593 122,980
PPD Ovalbumin _ 1,325 4,822

+ 110,584 150,706

5 x 104 ovalbumin-specific or PPD-specific T cells/well were cultured with 5 x
104/well irradiated fractionated afferent dendritic cells collected either before or

at 24 h after an intradermal injection of antigen into the drainage area of the
pseudo-afferent cannulation area. T cells were cultured with dendritic cells in
the absence or presence of 27 /xg/ml soluble protein antigen. Cultures were in¬
cubated for 3 d and proliferation measured by the uptake of [3H]thymidine over
the last 5 h of culture. The data are expressed as the geometric mean of counts
per minute from triplicate cultures.

the PPD-specific cell line, while showing no response to ovalbumin-pulsed dendritic
cells alone, clearly responded to PPD antigen presented by the same dendritic cells.
Similarly, the ovalbumin cell line responded to ovalbumin in the presence of PPD-
pulsed dendritic cells. These data confirm the viability of cells recovered from liquid
nitrogen.

Collectively, the data described in Tables V and VI show the ability of afferent
dendritic cells to acquire soluble protein antigen either in vivo or in vitro for presen¬
tation to autologous T cells. As these experiments were set up at the same time they
also show that as a population, the dendritic cells are able to present more than
one antigen at a time.

Discussion

Dendritic cells first isolated from tissue sites by Steinman have been shown to be
potent accessory cells for T cell responses to antigen (reviewed in 37). The in vivo
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correlates of isolated dendritic cells include epidermal Langerhans' cells, afferent
lymph veiled cells, and lymph node interdigitating cells. Furthermore, it is postu¬
lated that these dendritic cells represent intermediates along a pathway of migration
involved in the carriage of antigen to lymph nodes (8). While information has been
described for Langerhans' cells and lymph node interdigitating cells in this scheme,
little data are available concerning the role of afferent lymph dendritic cells. Here
we report on the isolation and characterization of dendritic cells from sheep afferent
lymph. These cells are obtained by the cannulation of pseudo-afferent lymphatic
vessels that arise after lymphadenectomy of peripheral nodes. A 16-h collection of
lymph from these cannulations may contain between 106 and 107 dendritic cells. The
bulk of these may be harvested at a purity of >75% following a single density-gradient
centrifugation step. The ability to collect afferent dendritic cells in large numbers,
and in high purity, provides an opportunity to characterize and investigate the role
of these cells in antigen carriage and presentation of soluble protein antigen to T cells.

We have found that sheep afferent dendritic cells, like human and mouse Langer¬
hans' cells, express CD1. This family of molecules is best described in the human
system where three subgroups are defined, CDla, CDlb, and CDlc, that have gly¬
cosylated heavy chains of 49, 45, and 43 kD, respectively, and that can be differen¬
tiated on the basis of their tissue distribution (38). All the anti-human CD1 mAbs
stain cortical thymocytes, but while anti-CDla monoclonals stain both dermal and
epidermal dendritic cells, CDlb monoclonals stain only dermal dendritic cells. Anti-
CDlc mAbs can be differentiated by their ability to stain B cells (39). The tissue
distribution of VPM5 antigen is similar to that of the human CDlb antigen. VPM5
tissue staining resembles that of the anti-bovine CD1 monoclonals CC13 and CC14
(36), but differs from that of the sheep anti-CDl marker SBU-T6 in that VPM5
does not stain B cells (27). SBU-T6, however, reacts strongly with VPM5 antigen.
These data show that in the sheep the CD1 antigen consists of more than one product
and demonstrate that there are reagents that can differentiate these products. Sheep
afferent dendritic cells express high levels of surface molecules involved in antigen
recognition by T cells. The expression of MHC class I and class II molecules allows
afferent dendritic cells the potential to present antigen to CD8+ and CD4+ T cells
(40). The level of MHC class II expression by afferent dendritic cells is approxi¬
mately three times that seen on resting B cells (41). A feature of some dendritic cells
is the ability to form clusters with resting T cells and is likely to involve an interac¬
tion between cellular adhesion molecules (42). LFA-3 was found on afferent den¬
dritic cells at levels approximately equal to those on afferent lymphocytes. A human
lymphoblastoid cell line has been described with two forms of cell surface LFA-3
(43). One of these is linked to the membrane by a hydrophobic transmembrane re¬
gion followed by an intracytoplasmic tail. The other lacks the intracytoplasmic tail
and is linked to the membrane by a phosphatidylinositol glycan moiety attached
to the COOH terminus of the LFA-3 molecule. This second type of linkage has been
identified on membrane proteins involved in transmembrane signaling, interleukin
release, and intercellular adhesion (44). If both forms of LFA-3 are present on afferent
dendritic cells then a dichotomy of function might exist for this molecule. One form
may act as an anchor for clustering with T cells while the other may be involved
in signal transduction and cytokine release. It is reported that perturbation of LFA-3
on human macrophages by anti-LFA-3 induces IL-1 release (45). We are currently
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investigating the linkage and function of LFA-3 on afferent dendritic cells. Afferent
dendritic cells were found to express CD2, a ligand for LFA-3 (46), on their cell
surface. We do not know at the present whether this is due to expression of a CD2
gene or adsorption of the molecule (47) as a consequence of the high level of LFA-3
shown by dendritic cells.

Dendritic cells are potent accessory cells for T cell responses but significant differ¬
ences exist in the accessory potential displayed by different dendritic cells. In vitro
cultured mouse epidermal Langerhans' cells, like spleen dendritic cells, form clusters
with resting T cells, whereas fresh Langerhans' cells do not (48). Fresh Langerhans'
cells have similar amounts of MHC class II molecules to splenic dendritic cells and
although levels increase during in vitro culture, it does not appear to be the sole
determinant of this increased accessory potential. A maturation step for mouse Langer¬
hans' cells has been demonstrated in vitro that can be mediated by recombinant
granulocyte/macrophage colony-stimulating factor (GM-CSF) (49). As suggested
by others (49), Langerhans' cells may differentiate in the epidermis under the influence
of cytokines from keratinocytes and macrophages that produce GM-CSF and IL-1.
Both of these cytokines increase the accessory function of dendritic cells and may
allow Langerhans' cells to mature into competent accessory cells as they pass into
afferent lymph.

A prediction of the hypothesis that afferent dendritic cells are involved in antigen
carriage from the dermis to lymph nodes is that antigen deposited in the dermis
should, at some stage, be associated with these cells. We have demonstrated that
this is the case by a functional assay. Afferent dendritic cells collected from the site
of an intradermal challenge with soluble protein antigen were able to induce prolifer¬
ation of autologous antigen-specific T cell lines, in the absence of exogenous antigen
or other accessory cells. Previous studies that have investigated this have shown that
in vivo antigen-pulsed dendritic cells stimulate T cell proliferation but fail to distin¬
guish between an antigen-specific response and that which occurs as a result of in¬
creased nonspecific accessory function (12, 50). The data presented here, together
with the studies showing the localization of antigen on afferent veiled cells or lymph
node dendritic cells after antigen challenge at the skin (11, 12), provide strong evi¬
dence for a direct role by dendritic cells in the carriage of antigen to lymph nodes.
It is not clear how dendritic cells acquire and transport soluble protein antigen in
vivo. It has been customary to assume that antigen becomes cell associated as a re¬
sult of nonspecific pinocytosis and/or phagocytosis. However, Langerhans' cells and
lymphoid dendritic cells fail to accumulate the pinocytotic tracer horseradish perox¬
idase and are regarded as poorly phagocytic (48). Recent studies by Lanzavecchia
have shown that efficient uptake and presentation of antigen occurs only when an¬

tigen interacts in a specific manner with the presenting cell. This is demonstrated
by antigen-specific EBV-transformed B cells that can present specific ancigen at much
lower concentrations than do nonspecific cells (51). Second, MHC class II-positive
T cell clones only present antigen that binds with high affinity to their cell mem¬
brane such as recombinant HIV gpl20 protein interacting with CD4 (52). Our ob¬
servation that afferent dendritic cells have Ig on their cell surface reinforces the findings
by Miller and Adams (53) that dendritic cells display membrane-associated IgM.
This may reflect natural antibody passively acquired by the dendritic cells that func¬
tions as a receptor for antigen. The subsequent interaction of antigen with this anti-
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body would allow foreign material to enter an antigen processing pathway that would
exclude self material. A separation of foreign and self material is unlikely to occur
if the process of uptake occurs by a nonspecific mechanism. By using antigen-anti¬
body complexes, dendritic cells in vivo may efficiently concentrate and process small
amounts of antigen. This may be particularly important during a primary response
to soluble antigen for which dendritic cells appear to be the principal antigen-presenting
cell.

It has become clear that dendritic cells play a major role in the pathogenesis of
persistent viral infections by members of the lentivirus family. HIV infects CD4+
cells (54) and part of the immunosuppression caused by this virus is due to an altera¬
tion of CD4+ accessory cell function. Visna virus, the sheep lentivirus, also infects
accessory cells including macrophages (55). The data reported here and in the ac¬
companying paper (18), which describes the alterations of afferent dendritic cell MHC
class II and CD1 expression as a consequence of in vivo antigen challenge, provide
parameters with which to assess the role of infected dendritic cells in lentivirus infection.

Summary
We have ablated peripheral lymph nodes in sheep and subsequently cannulated

the pseudo-afferent lymphatic vessel that arises as a consequence of afferent lym¬
phatic vessels reanastomosing with the former efferent duct. This technique allows
the collection of lymph with a cellular composition that resembles true afferent fluid,
and in particular, containing 1-10% dendritic cells. A 16-h collection of this lymph
may contain between 106 and 107 dendritic cells. This dendritic cell population may
be enriched to >75% by a single-density gradient centrifugation step. We have gener¬
ated a mAb that recognizes sheep CD1. This monoclonal not only reacts with afferent
dendritic cells, but with dendritic cells in the skin and paracortical T cell areas of
lymph nodes. The expression of CD1 suggests afferent dendritic cells are related
to skin Langerhans' cells and other dendritic cells that act as accessory cells for T
cell responses. Consistent with this is the high level of expression by dendritic cells
of molecules involved in antigen recognition by T cells, including MHC class I and
class II. Afferent dendritic cells express high levels of the cellular adhesion molecule
LFA-3, and at the same time express a ligand for this molecule, namely CD2. The
accessory functions of afferent dendritic cells resemble those displayed by mature
Langerhans' cells and by lymph node interdigitating cells. These include clustering
with resting T cells and stimulating their proliferation in a primary response to an¬
tigen. Afferent dendritic cells are capable of acquiring soluble protein antigen in
vivo or in vitro and presenting the material directly to autologous T cells in an antigen-
specific manner. We conclude that afferent dendritic cells represent a lymph-borne
Langerhans' cell involved in antigen carriage to the lymph node.

We thank Dr. Alan Munro for his valuable and stimulating discussions in the preparation
of these experiments.
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IN VIVO MODULATION OF CD1 AND MHC CLASS II
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In this article we detail the kinetic changes that take place in the expression of
immunologically important cell surface molecules by lymph-borne cells during in
vivo immune responses and describe the consequences of these changes for the im¬
munological functions of these cells. We used the unique advantages of the cannu-
lated lymphatic model in the sheep (1) to integrate the physiological changes occur¬
ring in antigen-stimulated lymphoid tissue with lymph cell function. This experimental
model has the potential to provide information on lymphoid and accessory cell func¬
tion that is not readily gained with other systems. The approaches we have used
involve the development of mAbs to molecules associated with immune cell func¬
tion, the use of these monoclonals to measure the changes in immune cell phenotype
that occur during in vivo immune responses, and correlation of these changes with
alteration of in vitro immunological functions of afferent lymph dendritic cells
(DC).1

The major advantage of the cannulated lymphatic model lies in the opportunity
to access in vivo fractionated cell populations from distinct lymphoid compartments.
To do this, the afferent lymphatics to, and the efferent lymphatics from single pe¬

ripheral lymph nodes are cannulated and lymph is collected quantitatively over ex¬
tended periods of time (often 3-4 wk).

The cellular constituents of afferent lymph and efferent lymph are different (2).
Afferent lymph contains few cells (0.5-1 x 106/ml) but does include between 1 and
10% dendritic cells and <10% B cells. Efferent lymph contains 5-10-fold more cells,
consisting of ~30% B cells and 70% T cells (3). No cells of the macrophage/mono¬
cyte or DC series occur in efferent lymph. Evidence for this comes from morpholog¬
ical observation (2) as well as from data that show that efferent cells are incapable
of responding to soluble antigen in vitro without the addition of accessory cells (4).
Experiments described in a companion paper (5) demonstrated that DC isolated
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1 Abbreviations used in this paper: BCG, Bacille Calmette Guerin; DC, dendritic cell; PPD, purified pro¬
tein derivative of tuberculin.
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from sheep afferent lymph are able to associate with antigen injected in vivo and
to present that antigen to antigen-specific T cells. Furthermore, they seem to have
a unique role in the induction of primary immune responses (6). In afferent lymph
these cells can be defined as those with dendritic morphology that constitutively ex¬
press MHC class II and CD1 (5, 7). The major biological function of class II is
known to be the binding of antigenic peptides and communication with the TCR
(8) and CD4 (9) molecules on T helper/inducer populations.

The CD1 family of molecules is expressed mainly by cortical thymocytes, B cells,
and dendritic cells in several sites (10). Within the thymus CD1 is thought to be
covalently associated with the CD8 molecule and it is speculated to be involved in
T cell selection (11). The function of CD1 expressed on DC is at present unknown.

We document the alteration of MHC class II and CD1 expression by dendritic
cells in sheep afferent lymph draining sites of both primary and secondary in vivo
antigen challenge. Using in vitro MLR and soluble antigen-induced proliferation
(of antigen-specific T cell lines) assays we have studied the accessory function of these
cells isolated at intervals during immune responses. Increased accessory function
of DC correlates both temporally and quantitatively with MHC class II expression
but not CD1.

Materials and Methods

Animals and Surgery. 1-yr-old blackface x finn crossbred sheep were obtained from IAGPR,
Dryden, UK. Sheep were primed by intradermal injection of five human doses of Bacillus
Calmette Guerin (BCG; Glaxo, Greenford, UK) and intramuscular injection of 1 mg OVA
or sperm whale myoglobin (both Sigma Chemical Co., Poole, UK) in CFA. Prefemoral afferent
(peripheral) lymph was collected by the ablation of the prefemoral lymph node and cannula-
tion of the efferent duct 6 wk later (3). This duct now contains afferent lymph and is known
as a " pseudoafferent." Efferent lymph was collected by the chronic cannulation of the popliteal
efferent duct (12). This procedure is necessary because the yields from standard afferent lym¬
phatic cannulations are always very low. Animals were allowed at least 7 d postoperative recovery
before the start of the experiments. Lymph was collected quantitatively in sterile (siliconized)
bottles containing heparin.

Cell Fractionation. Afferent lymph cells were fractionated into lymphocytes and dendritic
cells by centrifugation over stepped metrizamide (Nygaard & Co., Oslo, Norway) gradients
(13). Purity of fractionation was always assessed by staining with the monoclonal anti-sheep
CD1 antibody, VPM 5 (5), as well as by using geimsa-stained cytospin smears. B and T cells
were enumerated using FITC-conjugated mAbs to sheep X light chains (VPM 8) and the
sheep analogue ofCD5, SBU-T1 (7). Efferent lymph T cells were isolated by nylon-wool (Type
200; Fenwall Laboratories, Deerfield, IL) fractionation (14).

Flow Cytometry. Class II and CD1 quantitation by flow cytometry was done using single
batches of FITC-conjugated SW73.2 or VPM 5 at 10 /ig/ml in HBSS/0.1% BSA/0.01 M so¬
dium azide. F(abj2 of SW73.2 and IgM of VPM 5 were coupled to FITC at a wt/wt ratio
of lOOil, protein/FITC). SW73.2 is a rat mAb specific for a nonpolymorphic determinant
on sheep class II that reacts with the known products of all the expressed class II loci (15).
10'' cells of each cell population (afferent lymph dendritic cells and lymphocytes) were stained
daily with 50 fil FITC-antibody. After a 30-min incubation at 4°C the cells were spun through
0.5 ml FCS, washed once, made to 0.5 ml with HBSS + 5% FCS, then fixed by the addition
of 0.5 ml 1% paraformaldehyde. Daily samples were stored at 4°C for analysis at the end
of the experiment. 104 cells were analyzed by flow cytometry using a Becton Dickenson &
Co. (Mountain View, CA) FACS IV with a 488-nm argon laser. FITC (520 nm) emission
was detected with the photomultiplier tube voltage set at 555 mV. Forward and side (90°)
scatter amplification was linear, while FITC amplification was logarithmic (all 256 channels).
Antibody-negative cells were gated by reference to fixed cell samples reacted with a negative
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mAb. Within experiments, class II-positive controls were made by the daily staining of 2 x
10r> BL20 cells, a cloned bovine leukosis cell line (16). In all experiments BL20 had a modal
channel number of 180 (178-186) when stained with FITC-SW73.2 as detailed above. The
data are expressed as relative fluorescence intensity (modal channel number). The cell cycle
state of the cells was assessed by using propidium iodide (PI; Sigma) using the methods of
Vindelov et al. (17). Cell couplets were gated out by using resting efferent lymph cells as
the control.

Saturation Binding Studies. The quantitation of anti-class II antibody binding sites per cell
was by saturation binding as described previously (15, 18). Briefly, washed cells were made
to 2 x 105/ml in RPMI 1640 + 10% FCS + 0.01 M sodium azide. 250 fi\ of cell suspen¬
sion were mixed with doubling dilutions of l25I- (Radiochemical Centre, Amersham, UK)
labeled Fab' SW73.2 at 4°C. After a 2-h incubation, aliquots of the reaction mixture from
each dilution were layered on to 200 fil phthalate (dibutyl/dionyl phthalate at a ratio of 411)
in 0.4 ml microfuge tubes and centrifuged at 13,000 g for 5 min then snap frozen in liquid
Nj. The frozen microfuge tubes were then cut in order to separate the radioactivity associated
with the cells from the unbound antibody. As with the flow cytometry experiments, these
studies were controlled daily by measurements on the BL20 cell line (mean of 2 x 105 anti¬
body binding sites per cell, variation 1.6-2.3 x 105). The proportion of class II-positive cells
in each population was always considered when calculating the number of antibody binding
sites per cell.

Purification ofMonoclonal Ig. IgM from VPM5 ascitic fluid (and of the mouse IgM anti-sheep
class II mAb VPM 3) was purified by initial precipitation with ammonium sulphate at 45%
saturation and then gel filtration using Sephacryl S300 (Pharmacia Fine Chemicals, Piscataway,
NJ). IgGja and F(ab')2 isolation from SW73.2 ascitic fluid were as described previously (15).
The Fab' fragment was produced from the F(ab')2 by reduction (10 mM dithiothreitol in 100
mM Tris, pH 8, for 1 h) and alkylation (30 mM iodoacetamide for 1 h). The F(ab')2 was
purified on DEAE-cellulose (10 mM phosphate buffer, pH 7.5). The Fab' fragment was purified
by gel filtration on Sephadex G200 superfine (Pharmacia Fine Chemicals). Purified Ig of
VPM 5 and F(ab')2 of SW73.2 for the proliferation assays was made to 100 /rg/ml in RPMI
1640 + 10% FCS before sterile filtration and storage at -70°C. Supernatants of an IgM
anti-sheep class II (VPM 3), the anti-sheep CD1 monoclonal SBU-T6 (7) and the anti-bo¬
vine CD1 antibodies CC13 and CC14 (19) used in the in vitro assays were dialyzed against
RPMI 1640, filter sterilized, then FCS was added to 10%.

Production ofAntigen-specific Cell Lines. Cell lines specific for the antigens OVA and purified
protein derivative of tuberculin (PPD) were constructed as described by Bujdoso et al. (20).
Briefly, efferent lymphocytes were cultured at 2 x 106/ml in 24-well culture plates with RPMI
1640 + 10% FCS containing either OVA or PPD at 25 /rg/ml. Irradiated PBM were added
to 5 x 107ml. After 7 d incubation, viable cells were harvested by LYMPHOPREP and fur¬
ther incubated for 14 d at 1 x 107ml with 20 U human rIL-2 (a gift from Biogen SA, Basel,
Switzerland) added every 3 d. Viable cells were again harvested and restimulated with an¬
tigen by culturing at 5 x 105 cells/ml with 1 x 106/ml irradiated, autologous PBM. After
7 d the cells were again harvested and expanded with IL-2 for 14 d. The viable cells were
then cryopreserved in liquid N2 using a programmed cell freezer (Planar Products Ltd.,
London, UK).

In Vitro Proliferation Assays. Briefly, 104 antigen-specific T cells per well (in round-bottomed
microtest trays; Gibco-Biocult, Paisley, Scotland) were cultured with OVA, sperm whale myo¬
globin (both Sigma Chemical Co.) or PPD (batch 297; Central Veterinary Laboratories,
Weybridge, UK) at a final concentration of 25 /tg/ml. APCs for soluble antigen-induced lym¬
phocyte proliferation and MLR assays were 1 x 103 to 2.5 x 104 PBMC or afferent lymph
DC irradiated with 3,000 rad 7-irradiation. PBMC were prepared by centrifugation over LYM¬
PHOPREP (Nygaard). Responder cells in MLR assays were 2.5 x 104 allogeneic efferent
lymph T cells purified by nylon-wool.

The effects of monoclonal anti-class II and anti-CDl antibodies on in vitro proliferation
and MLR assays were assessed by the addition of 20 /xl of SW73.2 and VPM 5 at dilutions
of 0.01-100 /rg/ml. Supernatants of VPM 3, SBU-T6, CC13, and CC14 were used at final
concentrations of 1/2, 1/5, and 1/10.
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Experimental Protocol. A prefemoral "pseudoafferent" lymphatic was cannulated and 7 d
later antigen was introduced into the drainage area by intradermal injection of 50 ng PPD,
OVA, or sperm whale myoglobin. Daily for 2 d before and for 8 d after in vivo antigenic
challenge in both antigen-naive and in antigen-primed animals the levels of both MHC class
II and CD1 expression by the purified DC were assessed by flow cytometry. Quantitative
expression of class II expression was also measured by a saturation binding technique. The
immunological function of the DC was assessed by testing their ability to present soluble
antigen (either OVA or PPD) to autologous OVA-specific or PPD-specific T cell lines and
to stimulate allogenic efferent T cells in an MLR. The involvement of MHC class II and
CD1 in the alterations in DC function was studied by examining the effects of mAbs to these
molecules in these in vitro assays. 11 sheep were used (four with PPD and four with OVA
and three with sperm whale myoglobin) to assess secondary antigenic challenge; while six
(two for each antigen) sheep were used to compare the primary and secondary responses.

Results

Effect of In Vivo Antigenic Challenge on Afferent Cell Output. The changes in the per¬
centage of class II-positive lymphocytes in afferent lymph during a secondary im¬
mune response to PPD can be seen in Fig. 1 a. The proportion of slg+ cells remains
unaltered at ~9% (6-12%) of the total, but class II-expressing T cells increase from
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~28% of the total (variation 23-35%) up to 54% (45-59%). The proportion of
CD1+ DC (1-10%) and macrophages (<0.2%) within individual animals remains
stable throughout the response. The results obtained with OVA and myoglobin were
the same as those with PPD.

Local antigenic stimulation also induces changes in lymph cell kinetics (Fig. 1
b). Resting afferent lymph has a total cell output of between 6 and 10 x 106 cells/h,
this falls three- to fivefold, to <2 x 10 /h during days 1-3 because of a drop in lymph
cell concentration. By day 5 the cell output increases >5-fold (to 5-8 x 107/h), partly
because of a rise in lymph fluid flow rate. These changes are only transient however,
as by 8-9 d after challenge the lymph cell phenotype and kinetics are similar to those
in resting lymph. These changes are restricted to secondary responses. No detect¬
able modulation of class II expression and cell kinetics occur during primary anti¬
genic challenge in antigen-naive sheep.

Alteration in Afferent DC Expression of Class II. The rise in the proportion of class
II-positive cells in afferent lymph during secondary responses is also accompanied
by marked increases in the overall level of class II expression by single cells. Anti¬
body binding studies have shown that DC constitutively express ~3 x 105 MHC
class II molecules per cell (assuming one antibody binding site per class II molecule)
(variation between 2.3 and 3.6 x 105), which doubles to x 105 on day 3, and
increases almost sixfold to 1.7 x 106 (1.5-2.1 x 106) in response to in vivo challenge
with antigen (Fig. 2 <2). These figures were calculated by saturation binding, where
1 x 106 DC were reacted with dilutions of 125I-labeled F(ab')2 SW73.2, 1 ^g anti¬
body is 150,000 cpm. 1 x 106 DC from day 0 afferent labeled with 7,000 cpm at
saturation (i.e., 3 x 105 molecules per cell), on day 3 they labeled with 15,000 cpm
at saturation (6 x 105 molecules per cell), and on day 5 with 41,000 cpm at satura¬
tion (1.7 x 106 molecules per cell). Cellular class II expression by lymphocytes is
also increased, rising from a mean resting level of <1 x 105 (0.5-1.3 x 105) up to
2.3 x 105 (1.6-2.6 x 105). These alterations are only transient, however (Fig. 2 b),
as quantitative class II expression of afferent cells returns to resting levels by day
8 after challenge.

An exact parallel series of experiments has been done to monitor the changes,
in terms of both cell output and class II expression, in the primary response. Using
sperm whale myoglobin as antigen and repeating the experiments as described above
we were unable to demonstrate any significant alteration in either cell number or
MHC class II expression. In contrast, subsequent secondary challenge with myo¬
globin in the same animals gave identical results as those described for OVA and PPD.

Flow cytometry confirms these data (Fig. 3). DC from unstimulated lymph (time
0) have a log relative fluorescence intensity (modal channel number, MCN) of 196
(190-205); this increases to MCN of 255 (>250 in all of 10 experiments) on days
4 and 5 after in vivo challenge, and returns to 194 (190-202) on day 8. The class
II-positive lymphocytes from unstimulated lymph have a MCN of 133 (125-138),
which increases to 164 (159-170) days 4 after antigen (data not shown). An increase
of 30 channels represents a doubling of fluorescence intensity, therefore the rise in
MCN of DC from 196 (on day 0) to >250 (on day 5) represents at least a fourfold
increase in class II expression.

Alteration in Afferent DC Expression ofCD1. CD1 expression by DC in resting afferent
lymph show a single population (time 0) with a MCN of 187 (variation between
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179 and 196 in five experiments). Antigenic stimulation of an antigen-naive animal
(primary stimulation) results in the appearance of three distinct CD1 expressing popu¬
lations of DC at the 14-h time point (Fig. 4). The dull staining population consists
of 15-20% of DC, with MCN of 183 (175-188); the intermediate population of 52-60%
has MCN of 205 (201-209) and the bright population of 15-20% with MCN of 233
(228-239). The alteration in CD1 expression is only transient as the flow cytometry
profile by 45 h is identical to that at time 0.

In contrast, changes in CD1 expression after antigenic challenge in a primed sheep
(secondary stimulation) are far less transient and show the appearance of the inter¬
mediate CD1 expressing population with MCN of 207 (197-214) from 2-6 d after
antigen inoculation (data not shown). Although the DC have distinct levels of CD1
expression (after both primary and secondary challenge), they have a homogeneous
expression of class II and cannot be distinguished by their 90° scatter profile (side
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scatter). The increase in class II expression during secondary challenge occurs with
every cell and not on minor populations.

By coupling mAb staining with cell cycle analysis it is possible to correlate cell
surface phenotype with stages of cell activation. Staining with pi and the monoclonals
SW73.2 (anti-class II) and VPM 5 (anti-CDl) showed that the increase in DC class
II expression and change in CD1 phenotype was not associated with these cells en¬
tering cell cycle (data not shown).

Alteration in the In Vitro Accessory Function ofDC as a Result of In Vivo Antigenic Stimula¬
tion. In the companion article (5) we have reported that in vivo pulsed afferent
DC are capable of stimulating autologous T cell lines, in the absence of exogenous
antigen, in an antigen-specific manner. In this article we investigate their accessory
potential in the presence of exogenous antigen. DC fractionated from afferent lymph
were tested both before, and at daily intervals after, in vivo antigenic challenge to
see whether their antigen-presenting ability was altered and if such alteration cor¬
related with changes in the expression of either CD1 or MHC class II. Antigen-
induced proliferation of PPD- and OVA-specific T cell lines and MLR assays were
used to assess the in vitro antigen-presenting function of the DC. In all these experi¬
ments irradiated PBMC were used as a control for fractionated DC. Representative
data from these experiments are shown in Figs. 5 and 6.

Fig. 5 compares the effects of in vivo primary and in vivo secondary antigenic
challenge (to sperm whale myoglobin) on the ability of DC, isolated at different times
after immune stimulation, to present alloantigen to allogeneic T cells and OVA to
an OVA-specific T cell line. The same sheep were used for both the primary and
secondary experiments and before the start of the secondary responses the animals
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were primed with, and shown to be responsive to, sperm whale myoglobin. It is clear
from these data that the capacity to induce T cell proliferation by DC isolated during
the in vivo primary responses does not vary significantly after antigen inoculation.
In contrast is the effect of secondary in vivo challenge. Although the results with
PBMC are unchanging, the proliferation of the T cell lines and allogeneic efferent
cells cultured with DC is markedly increased in both the antigen-induced prolifera¬
tion and MLR assays respectively.

Fig. 6 further illustrates the ability of DC from in vivo stimulated afferent lymph,
isolated during a secondary response to myoglobin, to stimulate in an MLR or OVA-
induced proliferation assay. It is clear that DC induce a substantially greater prolifer¬
ation than PBM, which is most noticeable at limiting accessory cell concentrations.
1 x 103 DC, isolated 4 and 5 d after in vivo challenge with myoglobin, support
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Figure 5. Comparison of the accessory function of afferent lymph DC and PBMC isolated
at daily intervals after in vivo primary of in vivo secondary antigenic challenge with sperm whale
myoglobin. Response of 2.5 x 104 efferent lymphocytes in MLR assays (a and b); and 1 x 104
OVA-specific T cells OVA-induced proliferation assays (c and d). 1 x 104 accessory cells were
used in both assay systems.

18-20,000 cpm (MLR) and 15-16,000 cpm (OVA) proliferation, approximately fivefold
greater than that initiated by DC from resting lymph (4,000 and 3,000 cpm, respec¬
tively). That number of PBM did not induce proliferation in either assay. The modu¬
lation of proliferation induced by DC correlates temporally with the differential ex¬
pression of MHC class II and not CD1. The relative degree of in vitro function
gradually declines to preinoculation levels by day 8. Identical results were obtained
when PPD and OVA were used as the in vivo antigen and also when autologous
efferent lymphocytes were used as responder cells in the antigen-induced prolifera¬
tion assays. These data support the view that DC, activated during secondary anti¬
genic challenge, have an increased capacity to present exogenous antigen.

Effect ofMonoclonal Anti-Class II and Anti-CD1 Monoclonals on In Vitro DC Function. To
assess the role of class II and CD1 expression on the antigen-presenting function
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Figure 6. Response of 2.5 x 104 efferent lymphocytes in MLR assays; and 1 x 104 OVA-specific
T cells in OVA-induced proliferation assays. Titration of PBM and afferent lymph DC isolated
at intervals after in vivo challenge with myoglobin in a myoglobin-primed sheep (secondary im¬
mune response).
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of afferent lymph DC, titrations of purified Ig [or F(ab')2 of SW73.2] of the
anti-class II and anti-CDl monoclonals were added to the in vitro assays. The
anti-class II antibodies tested, SW73.2 (IgG2a) and VPM 3 (IgM), totally inhibited
lymphocyte proliferation in both assays, with DC taken from resting afferent lymph.
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The enhanced proliferation found with the use of DC isolated at days 3, 5, and 8
after secondary antigenic challenge was also blocked. SW73.2 and VPM 3 gave 50%
inhibition at 10 ng/ml, and at a 1/10 dilution, respectively, with 100% inhibition
at 10 /xg and at a 1/2 dilution (data not shown). The addition of the anti-CDl anti¬
bodies VPM 5, SBU-T6, CC13, and CC14 had no effect at any time on either assay,
even with supernatant dilutions as high as 1/2.

Discussion

In this article we examine the kinetic changes in afferent lymph cell output and
phenotype that occur as a result of in vivo primary and in vivo secondary antigenic
stimulation in the drainage area of the afferent lymphatic, and correlate these changes
with alterations in in vitro immunological function of afferent lymph DC. Afferent
lymph DC are defined as those cells of dendritic morphology that constitutively ex¬
press both MHC class II and the sheep analogue of CD1 (5).

Primary antigenic challenge stimulates no detectable alterations in afferent cell
output or the numbers of cells expressing slg, class II, or CD1, although dramatic
changes occur in levels of CD1 expression by a large majority of individual DC.
Resting afferent lymph has a relatively homogeneous population of CD1+ DC with
a MCN of 187. Within 14 h of primary challenge up to 60% DC express 1.5 times
the number of CD1 molecules (MCN of 205) and 15-20% express almost 3 times
the level (MCN of 233). These changes are very transient however, as by 45 h the
pattern in resting lymph is re-established.

In contrast are the changes that occur during secondary responses. Although the
relative proportions of the different cell populations (DC, B cells, and T cells) re¬
main stable, the total cell output is decreased on days 1-3 after challenge but is in¬
creased to approximately fivefold preinoculation levels on days 4-7. In addition, the
proportion of class II-positive cells increases, resulting in a more than doubling of
the proportion of class II-positive cells at days 4-5. This results from a rise in the
number of class II-positive T cells as there is no change in the proportion of DC
and B cells in afferent lymph. Unlike the primary response, no immediate effect
on CD1 expression is seen, but the intermediate CDl-expressing population (MCN
207) appears by day 2, reaching up to 35% on day 5 and disappearing after day 7.

In vivo antigenic stimulation in primed animals was demonstrated to have pro¬
found effects on the quantitative expression of MHC class II, as well as CD1. If we
assume one antibody binding site per class II molecule, the expression of class II
on DC is increased from 3 x 105 molecules (channel number 196) to 1.7 x 106 mol¬
ecules (channel number >250) per cell as a result of antigenic challenge. This level
of class II expression by sheep DC and its relative increase induced by exogenous
stimuli are very similar to those shown for mouse epidermal Langerhans' cells (21)
which seem to be the precursors of lymphoid DC (22). Changes in class II expres¬
sion by afferent lymphocytes are less marked, increasing from ~1 x 105 (channel
number 133) to 2 x 105 (channel number 164). These data establish that the stimuli
for the increase in class II occur in antigenically primed animals only. This strongly
suggests that they arise from antigen-activated T cells. Cytokines from activated T
cells have been shown to induce class II synthesis (23). Candidate mediators there¬
fore would include BSF-l/IL-4 and IFN-7, both ofwhich have been shown to induce
class II expression in nondividing cells (24-27). It is of interest to note that the rela-
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tive increase in class II expression by DC (x5-6) is much greater than for afferent
lymphocytes (x 2). This raises the possibility that the class II expressed by DC and
lymphocyte populations are qualitatively different. Afferent T cells for instance could
be restricted in their expression of individual locus products. The alternative expla¬
nation, that the increase in class II expression is a result of cell division (28), has
been eliminated, as we have shown that the afferent lymph DC are not in cycle.
There have been no previous descriptions of quantitative variations of CD1 expres¬
sion; the stimuli for the changes in CD1 expression are, therefore, open to specula¬
tion. The data in this article illustrate that afferent lymph DC of the sheep, like those
of the rat (29), rabbit (30), pig (31), and bovine (32), can present soluble antigen
to antigen-specific T cells as well as stimulating allogeneic lymphocytes in the pri¬
mary MLR. The capacity of afferent DC to enhance in vitro lymphocyte prolifera¬
tion seems also to correlate directly with increased class II expression but not with
CD1. At day 5 after in vivo antigen, the DC express five- to sixfold the preinocula-
tion levels of class II and, at limiting DC concentrations, are about fivefold as active
in the proliferation assays. The main increase in dendritic cell expression of CD1
occurs by day 2, before any increase in class II and enhancement of antigen presen¬
tation. In addition, treatment of the cells with anti-class II antibodies, but not anti-
CD1 antibodies, abrogates all in vitro accessory function, including that at the peak
of the in vivo response.

Although class II expression is necessary for antigen presentation (33, 34) and
cells such as macrophages and astrocytes can present antigen only after they have
been induced to express class II (35, 36), it is beginning to be clear that quantitative
variation of expressed class II plays a central role in immune regulation (37-40)
and aberrant expression may contribute to autoimmune disease (41). These data
support the proposition that the magnitude ofT cell responses is related to the product
of the concentrations of antigen and class II (42). The function of CD1 expressed
by DC is unclear, but in view of its differential expression during both primary and
secondary responses, as well as its homology with both MHC class I and class II
(43), it is intriguing to speculate on its potential as an antigen-binding protein. In
this article we document a temporal correlation between enhanced accessory func¬
tion of DC and increases in class II expression, but antigenic stimulation almost
certainly affects parameters other than CD1 and class II synthesis. IL-1, for instance,
is produced as a result of many different stimuli (44) and has been shown to upregu-
late the stimulatory activity of DC (45). In vivo stimulation could induce DC to
secrete IL-1 or even express membrane IL-1 on the cell surface (46). The results
could also be explained by the fact that the enhanced capacity to induce a prolifera¬
tive response in lymphocytes is mediated by IL-1 or similar molecules released by
in vivo activated DC.

In summary, we describe in this article our approach to the study of the molecules
associated with immune cell function. We describe the in vivo variation of CD1 and
class II expression by DC, implicating quantitative variations of class II expression
in immune regulation in vivo. We also extend our knowledge to include those events
that occur within the relevant physiological environment in vivo. Further work will
concentrate on the differential expression of the products of the individual CD1 and
class 11 genes by the distinct cell populations within the sheep lymphoid system.
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Summary
The experiments described in this article characterize the phenotypic and func¬

tional changes in afferent lymph cell populations that occur as a result of in vivo
immune stimulation. During the primary immune response (in antigen-naive sheep)
there are very transient increases in level of CD1 expression by subpopulations of
dendritic cells (DC) but no alterations in cell kinetics or MHC class II expression.
In contrast, secondary antigenic challenge (in primed sheep) into the drainage area
of an afferent lymphatic causes profound changes in the cell output, characterized
by a greater than threefold drop in total cell output on days 1-3 followed by an ap¬
proximate fivefold rise on day 5. There is also a substantial increase in both the
proportion of MHC class II-positive T lymphocytes (from 28 to 54%) and in the
quantitative expression of class II by both DC and lymphocytes. Class II expression
by DC increases five- to sixfold by day 5, while the level of expression of class II
on lymphocytes approximately doubles. The increase in CD1 expression during the
secondary response is more prolonged than during the primary response, being de¬
tectable between days 2 and 6 after challenge. The rise in class II affects the whole
DC population, in contrast to CD1 where the increase affects only a subpopulation
of cells.

In terms of functional properties, afferent lymph DC isolated during a primary
response show no alteration of their activity, whereas DC taken 4-5 d after secondary
challenge are up to fivefold more active in their ability to present soluble antigen
to primed autologous T cells and to antigen-specific cell lines as well as to stimulate
in the MLR. The relative expression of class II correlates temporally with an in¬
creased capacity of DC to present antigen. Monoclonal anti-class II antibodies to¬
tally inhibit the in vitro assays but anti-CDl antibodies have no effect. The previous
paper (5) has demonstrated that afferent DC can associate with antigen in vivo and
can present that antigen to antigen-specific T cells. This article extends our knowl¬
edge of DC biology and demonstrates that DC, activated during secondary in vivo
immune responses, have an enhanced ability to present an antigen, unrelated to
that used for challenge, to specific T cell lines. This enhancement correlates directly
with quantitative variation of expressed class II and not CD1 and suggests that this
variation in class II expression plays a physiological role in in vivo immune regulation.

Received for publication 6 March 1989 and in revised form 15 June 1989.
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In this investigation we have examined some of the cellular and molecular changes in
efferent lymph that drains from an antigen-stimulated peripheral lymph node. Rest¬
ing efferent lymph is characterized by a higher percentage of CD4+ cells and conse¬
quently, a higher CD4/CD8 ratio than peripheral blood. Following antigen stimula
tion of a cannulated peripheral lymph node in antigen-primed sheep, the percentage
of CD4+ cells in efferent lymph increases above the resting level during days 1, 2 and
3 post antigen stimulation. This is followed on days, 3, 4, and 5 after antigen stimula¬
tion by an increase in the percentage of CD8+ cells above the resting level which
occurs as the percentage of CD4+ cells returns to the resting level. These changes
cause the CD4/CD8 ratio to first increase above the resting value during the CD4
phase and then decrease below the resting value during the CD8 phase. During the
CD4 phase a lymphokine activity is present in cell-free lymph fluid. Lymph fluid
collected at this time supports the proliferation of activated T cells. Supernatants
generated from efferent cells collected at a similar time and cultured in vivo for 24 h
without any further stimulation are capable of releasing this material. During the CD8
phase cells expressing functional interleukin(IL) 2 receptors appear in lymph fluid.
The data suggests a sequential oxit of T cell subsets from an antigen stimulated lymph
node and that the appearance of IL2-like activity and IL2-responsive cells in efferent
lymph fluid are temporally distinct events.

1 Introduction

Mature T cells can be divided into two major subgroups based
on their function and expression of specific antigens on their
cell surface [1, 2]. CD4+ T cells recognize antigen in associa¬
tion with MHC class II molecules [3, 4] and are believed to
undergo clonal expansion by an autocrine mechanism [5]. That
is, these cells release and respond to their own IL2 in the ab¬
sence of an interaction with other T cells. In contrast, CD8+
cells which recognize antigen in association with MHC class I
molecules [6], are thought not to function independently of
other T cells. This is based on experiments which have shown a
requirement for cells expressing MHC class II molecules in
responses involving CD8+ cells [7-11] and may be supported
by in vivo studies using mice depleted of CD4+ cells by prior
treatment with anti-CD4 mAb [12, 13]. These mice show an
impaired ability to generate cytotoxic cells to viral infection
and have delayed footpad swelling in response to local viral
challenge. Several in vitro studies, however, suggest that the
activation pathways for CD8+ and CD4+ cells may be similar.
It has been demonstrated that CD8+ cells can be directly acti¬
vated to produce IL2 and exhibit a proliferative response in a
primary mixed leukocyte reaction [14-16], In particular,
cytotoxic cells may be generated from highly purified CD8+
cells in response to MHC class Il-negative macrophage tumor
cell lines [17].
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We have reasoned that if differences do exist between these
two T cell subsets with respect to requirements for activation,
then this might be reflected by the kinetics of thoir migration
and their responsiveness to II 7 upon leaving a site, of antigen
presentation. To investigate this, we have cannulated the
offercnt lymphatic voscel of peripheral LN in antigen primed
sheep and have characterized some of the cellular and molecu¬
lar events occurring within the lymphatic vessel as a conse¬
quence of antigen challenge to the node. The data show that
following antigen challenge significant changes occur in the
composition of efferent lymph cells with respect to the CD4
and CD8 subsets, and suggests a non-random exit of T cells
from the LN. Initially there is an increased percentage of
CD4+ cells which is accompanied by the presence of an IL2-
like activity in efferent lymph fluid. This phase is followed by
an increased percentage of CD8+ cells which occurs together
with the appearance of IL 2-responsive cells in efferent lymph.
The opportunity to study the phenotype and function of cells
migrating from the site of an ongoing immune response may
provide novel information that supports or modifies current
hypotheses regarding events within lymphoid tissue during its
response to antigen.

2 Materials and methods

2.1 Antigens, immunization and secondary in vivo challenge
of animals

OVA was obtained from Sigma Chemical Co. Ltd (Grade V,
Poole, Dorset, GB). PPD (batch 291) was kindly supplied by
the Central Veterinary Laboratory, Weybridge.

One- to three-year-old Finnish Landrace sheep of either sex
were purchased from the Moredun Research Institute, Edin¬
burgh. Sheep were immunized with 1 mg of OVA injected
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over two sites i.m. in a 1 ml mixture of PBS and CFA contain¬

ing H37Ra Mycobacterium tuberculosis. Sheep were also
immunized with five human doses of BCG (Glaxo La¬
boratories Ltd, Greenford, GB). Secondary in vivo antigen
challenge of primed animals was by i.d. injection of 50 pig of
antigen in 1 ml of PBS into several sites around the drainage
area of either the prescapular, prefemoral or popliteal LN.

2.2 Medium

RPMI 1640 (Gibco Ltd, Paisley, Scotland) was supplemented
with 2 mM L-glutamine, 100 U/mi benzyl penicillin and 100 U/
ml streptomycin, 5 x 10~5 M 2-mercaptoethanol and 2 g/1
sodium hydrogen carbonate. Culture medium consisted of
RPMI 1640 and supplements with 10% heat-inactivated
serum: either FCS (Flow Laboratories, Hertfordshire, GB) or
lamb serum (Gibco). Wash medium consisted of RPMI with
supplements and 1% serum.

2.3 Collection of cells and lymph fluid

Surgical techniques for the cannulation of efferent lymphatics
were as described by Hall et al. [18]. Pseudo-afferent lympha¬
tic cannulations were as those described for the prefemoral
efferent lymphatic except that the node had been excised at
least 6 weeks previously [19], Cannulations were allowed to
stabilize for at least 3 days following operative procedures.
Lymph for analysis was collected over a 1-h-period from fully
conscious animals into sterile siliconized bottles containing
200 U heparin and centrifuged at 800 x g for 10 min to sepa¬
rate cells from lymph fluid. The cell-free lymph fluid was dia-
lyzed extensively against PBS and stored at -20°C. PBMC
were prepared from defibrinated venous blood by centrifuga-
tion over Lymphoprep (Nyegaard AS, Oslo, Norway) [20].
Single-cell suspensions from excised prefemoral LN were pre¬
pared by gentle teasing of the tissue in culture medium fol¬
lowed by centrifugation over Lymphoprep to recover viable
cells. Isolated cells were washed three times in wash medium
and either placed in culture or stained for flow cytometry as
decribed below.

2.4 Proliferation assays

2.4.1 IL2 responsiveness

The response of efferent cells to IL2 was determined by co-
culture of cells with human rIL2, kindly supplied by Biogcn,
SA (Geneva, Switzerland). Cells collected at intervals before
and after in vivo antigen challenge were resuspended at
2 x 106/ml in culture containing lamb serum and dispensed in
100 (xl aliquots in 96-well flat-bottom microculture plates con¬
taining various doses of rIL2 in 100 pi volumes in triplicate.

2.4.2 Lymphokine activity

The presence of lymphokine activity in cell-free lymph fluid or
in vitro generated culture SN was assessed by co culture of test
samples with sheep Con A blasts which had been prepared
previously by stimulation of PBMC with 5 pg/ml Con A
(Sigma) for 3 days. Blasts were recovered from storage in
liquid nitrogen, resuspended at 3 X 105/ml in culture medium
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containing lamb serum and dispensed in 100-pl aliquots in 96-
well flat-bottom microculture plates containing triplicate sam¬
ples of test material in 100-pl volumes.

Cultures were incubated at 37 °C in a humidified atmosphere
of 5% C02/95% air for 3 days. Cells were pulsed with 1 pCi
[3H]thymidine (sp. act. 2 Ci/mmol = 74 GBq/mmol, Amer-
sham Int., Bucks., GB) and 5 h later collected onto glass filter
paper using a semi-automated harvester. [3H]thymidine incor¬
poration was assessed by liquid scintillation counting.

2.5 Release of lymphokine activity from efferent cells

Efferent cells collected before and after in vivo antigen chal¬
lenge were washed three times, resuspended at 1 x 107/ml in
culture medium containing FCS and incubated 37 °C in a
humidified atmosphere of 5% C02/95% air for 24 h. Cell-free
SN was obtained by centrifugation and stored at — 20 °C prior
to assay for lymphokine activity by co-culture with Con A
blasts as described above.

2.6 Immunofluorescence staining

SBU-T4 and SBU-T8 are mouse IgG2a mAb that recognize
sheep CD4 and CD8, respectively [21], These were a kind gift
from Dr M. Brandon (Melbourne, Australia). ST4 is an IgG]
mouse mAb that recognizes sheep CD4 and was a kind gift
from Dr W. Hein (Basel Institute for Immunology, Switzer¬
land), MOPC21 and UPC10 (Sigma) were used as control
IgG! and IgG2a mAb, respectively. For single-color fluores¬
cence, cells were washed twice with ice-cold PBS containing
1 mg/ml BSA and 0.1% sodium azide (PBS-BA). Cells
(1 X 106-2 x 106/tube) were treated with neat culture SN of
SBU-T4 or SBU-T8 antibody for 30 min on ice, washed twice
with PBS-BA and reacted with FITC-sheep anti-mouse Ig for
50 mm on ice. Cells were washed three times, fixed with fresh
1% paraformaldehyde in PBS and then stored at 4°C. For
two-color immunofluorescence, ST4 and SBU-T8 and control
antibodies were used following their fractionation from ascites
fluid by caprylic acid treatment [22], Cells were treated with
the appropriate dilutions of antibodies followed by FITC-rab-
bit anti-mouse IgGj (Serotec, Oxford, GB) and biotin-sheep
anti-mouse IgG2a (The Binding Site, Birmingham, GB) then
streptavidin-PE (Serotec). In some experiments SBU-T8
biotinylated by reaction with biotin-amido caproate N-
hydroxysuccinimide ester (Sigma) was used [23]. Cells were
analyzed by flow cytometry using either a Becton Dickinson
FACS IV or a FACScan system (Mountain View, CA). Ten
thousand cells were analyzed per sample with dead cells
excluded on the basis of forward light scatter.

3 Results

3.1 Changes in efferent lymph CD4: CD8 ratio following LN
antigen challenge

In these experiments we have investigated the percentage of
CD4+ and CD8+ cells in efferent lymph from resting and anti¬
gen-stimulated eannulatcd peripheral LN. Resting efferent
lymph as well as afferent lymph and LN tissue mononuclear
cells are characterized by a higher percentage of CD4+ cells
than peripheral blood. The percentage of CD8+ cells is
approximately equal in all four lymphocyte compartments.
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Table 1. Changes in the CD4 and CD8 staining of efferent cells fol¬
lowing in vivo antigen challenge"'

Days after antigen challenge
Exp. no. T cell subset 0 1 2 3 4 5 6 7

1 OVA CD4 46 56 73 70 62 56 ND 52
CDS 18 16 18 23 37 25 ND 19

CD4/CD8 ratio 2.6 3.5 4.1 3.0 1.7 2.2 ND 2.7

2 PPD CD4 57 71 69 61 62 56 54 53
CD8 21 18 22 29 27 24 23 23

CD4/CD8 ratio 2.7 3.9 3.1 2.1 2.3 2.3 2.4 2.3

a) Efferent cells were collected from pre-scapular LN before and
after in vivo antigen challenge with OVA (Exp. 1) or PPD
(Exp. 2). Cells were stained with SBU-T4 or SBU-T8 and ana¬
lyzed by flow cytometry.
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returns to the pre-challenge level. These changes cause the
CD4: CD8 ratio to first rise above the pre-challenge value as
the percentage of CD4+ cells increases and then decreases
below the pre-challenge level as the percentage of CD8+ cells
increases. Similar changes were seen when either OVA or
PPD was used for antigen challenge. Six experiments were
carried out with this protocol, three have involved antigen
challenge with OVA and three with PPD. The time of peak
increase in CD4+ cells was on either day 1 or day 2, and was
seen in all six experiments. The mean peak increase in percen¬
tage of CD4+ cells was 37%. The time of peak increase in
CD8+ cells was on day 4 or 5 following antigen challenge and
was seen in five out of five experiments. The mean peak
increase in percentage of CD8+ cells was 77%. In some experi¬
ments the percentage of CD8+ cells fell below the resting level
during the first 24 h while the percentage of CD4+ cells
increased. This led to CD4/CD8 ratios of up to 13.

Consequently, a higher CD4/CD8 ratio exists for efferent
lymph, afferent lymph and LN tissue mononuclear cells com¬
pared to that of peripheral blood [24] and shows the non-
random distribution of T cell subsets between the vascular and

lymphatic compartments of the sheep [25].

Antigen challenge of a LN leads to pronounced changes in
output of cells [26, 27]. Staining with SBU-T4 and SBU-T8
show these changes in cell output to be accompanied by varia¬
tions in the composition of efferent cells with respect to T cell
subsets. Table 1 shows the percentages of CD4+ and CD8+
cells in efferent lymph following antigen challenge of the LN.
On days 1, 2 and 3 post antigen challenge the percentage of
CD4+ cells increases while the percentage of CD8+ cells
remains at the pre-challenge level. During days 3, 4 and 5 post
antigen challenge there is an increase in the percentage of
CD8+ cells which occurs as the percentage of CD4+ cells

3.2 Lack of significant co-expression of CD4 and CD8 on in
vivo activated cells

The data in Table 1 suggests that lymph cells on days 4 and 5
following antigen challenge consist almost entirely of CD4+
and CD8+ cells. It is possible that these values represent an
overestimation of the true contribution of the two subsets due
to co-expression of CD4 and CD8 on in vivo activated T cells.
The activation-dependent co-expression of CD4 and CD8 has
been described for both human and rat polyclonal [28-30] and
clonal [31, 32] T cell populations. Fig. 1 shows a two-color
immunofluorescence analysis of day-4 post antigen challenge
efferent lymph cells stained for CD4 and CD8. Less than 0.5%
of the cells collected at this time express both T cell subset
markers. It has been reported that < 1% of Con A-stimulated
sheep PBMC co-express CD4 and CD8 [24]. Together, these
observations indicate that co-expression of CD4 and CD8 is
not a significant feature of both in vivo and in vitro activated
sheep T cells.

(A) Anti-CD8 (B) Anti-CD4 (C) Anti-CD4 plus anti-CD8

CD4 (FITC)
Figure 1. Two-color immunofluorescence analysis of efferent cells collected on day 4 following in vivo antigen challenge. Cells were stained with
(A) SBU-T8 (IgG2a) and MOPC21 (IgG,) (B) ST4 (IgGd and UPC10 (IgG2a) (C) ST4 and SBU-T8. These were followed in all cases with FITC-
sheep anti-mouse IgG] and biotin-sheep anti-mouse IgG2a then streptavidin-PE.
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3.3 The appearance

We have investigated the expression of functional IL2R on
cells draining a stimulated node by their response to human
rIL2. Fig. 2 shows the proliferation of efferent cells in the
presence of 120 pM human rIL2, a concentration that binds to
and stimulates high-affinity IL2R on human cells [33], Cells
collected at days 1 and 2 following antigen challenge show the
same response to exogenous IL2 as pre-challenge cells. Cells
leaving the node from day 3 and -onwards show a significant
response to IL2. The appearance of IL 2-responsive cells at
this time was seen when either OVA (two experiments) or
PPD (two experiments) was used for in vivo antigen challenge
of the LN.

The composition of efferent cells at the time of IL2-respon-
siveness includes both CD4+ and CD8+ cells. We have tested
several mAb that react with the 55-kDa (p55 or Tac) protein of
mouse or human IL2R in an attempt to determine the
phenotype of efferent cells expressing IL 2R and responding to
exogenous IL2. None of the reagents tested appear to cross-
react with the homologous receptor protein on sheep cells
(data not shown). Indirect evidence suggests that both CD4+
and CD8+ cells collected on day 4 post antigen challenge are
capable of responding to exogenous IL2. First, both subsets
included cells with a blast-like appearance as judged by
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Figure 2. Proliferative response of efferent cells to rIL 2. Efferent
cells collected before and after in vivo antigen challenge were cultured
in the presence (0) or absence (B)of 120 pM human rIL2 in medium
containing 10% lamb serum. After culture for 3 days proliferation was
measured by [3H]dThd uptake over the last 5 h.

increased 90° scatter determined by flow cytometry. Second,
blast cells of both T cell subsets express MHC class II
molecules, a transient activation marker of sheep T cells (our
own unpublished observations).

3.4 IL2-like activity in efferent lymph fluid

Cell-free lymph samples collected before and after antigen
challenge were assayed for lymphokine activity by co-culture
with sheep Con A blasts. Fig. 3 A shows that lymph collected
on days 1 and 2 following in vivo antigen challenge can stimu¬
late the proliferation of blast cells above that seen by pre-
challenge lymph. This activity is found when either OVA
(three experiments) or PPD (three experiments) was used for
secondary antigen challenge. This lymphokine activity is pre¬
cipitated from lymph by 40-80% ammonium sulfate saturation
and comprises material with a Mr of 40 kDa and 20 kDa. The
HPLC ion exchange fractionation profile of the 20-kDa effe-
ent material is similar to that of partially purified sheep IL2
derived from Con A-stimulated PBMC (R. Bujdoso, submit¬
ted for publication).

It is possible that activated cells migrating from the node into
the efferent lymphatic compartment are capable of producing
and releasing the lymphokine activity detected in lymph fluid.
Efferent cells collected before and after antigen challenge
were cultured in vitro in the absence of any further stimulation
and the SN from these cultures assayed for lymphokine activ¬
ity. Fig. 3 B shows that SN generated from cells collected on
day 1 following in vivo antigen challenge are capable of stimu¬
lating activated T cell proliferation. This time point corre¬
sponds with the time of peak lymphokine activity found in cell-
free efferent lymph fluid.

4 Discussion

In this report we have investigated changes in the percentage
and state of activation of CD4+ and CD8+ cells within efferent

lymph draining antigen-stimulated peripheral LN. It is known
that >85% of the cells in efferent lymph are derived from the
blood stream and not afferent lymph [25, 34]. Our data here
confirms that efferent lymph along with mononuclear cells
from afferent lymph and LN tissue have a greater percentage
of CD4+ cells and consequently a higher CD4: CD8 ratio than
peripheral blood [21, 25]. This higher percentage of CD4+
cells in efferent and afferent lymph compartments compared
to blood supports the concept of selective T cell migration

£
x

72 96 120

Time after antigen challenge (h)

Figure 3. The appearance of lym¬
phokine activity in efferent lymph.
Sheep Con A blast cells were cultured in
medium containing 10% lamb serum
with (A) cell-free efferent lymph and
(B) 24-h in vitro generated SN from
efferent cells; collected before and after
in vivo antigen challenge with either
OVA (0) or PPD (■). Blasts were cul¬
tured for 3 days and proliferation was
measured by [3H]dThd uptake over the
last 5 h.
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across subcutaneous endothelium and LN endothelial venules,
resulting in the non-random distribution of T cell subsets
between blood and the lymphatic system [25]. Non-random
extravasation of lymphocyte subsets has been shown to be
determined at least in part by selective migration across
endothelial cells [35, 36].

The flow of lymphocytes through LN is markedly altered as a
result of antigen challenge of the node. From 6-24 h after
secondary challenge of the node with antigen there is a marked
reduction in cells leaving the node in the efferent lymph but no
reduction in lymph flow, a phenomenon known as cell shut¬
down [27]. Following cell shutdown there is an increased out¬
put of cells which comprises the lymphocytes which entered
the node during cell shutdown as well as cells generated within
the node in response to the antigen [37], It has always been
assumed these kinetic changes in cell output are unaccom¬
panied by changes in the lymphocyte subset composition of
efferent lymph. Our findings show that the exit of lymphocyte
subsets from the node is non-random and that there is a

sequential increase in the exit of T cell subsets from an anti¬
gen-stimulated LN. This data supports a concept of selective T
cell migration operating between blood and efferent lymph.
Under resting conditions, this selection appears to act in a
monophasic manner by enriching for CD4+ cells in efferent
lymph. In contrast, following antigen challenge of the LN, a
biphasic selection process appears to operate. The composi¬
tion of efferent lymph cells is characterized initially by an
increased proportion of CD4+ which occurs during the first 3
days following antigen challenge. This is followed by an
increased proportion of CD8+ cells which occurs when the cell
output from the node reaches its maximum. The wave of
CD8+ cells leaving the node on days 3 and 4 is proportionately
greater than the CD4+ wave on days 1 and 2 judged by the
mean peak increase in subset staining and cell concentration at
these times. Similar changes were not seen in the staining of
mononuclear cells from LN tissue isolated at similar times.
There are several mechanisms which could account for these
different phases seen with efferent cells: there may be an
active selection from blood to efferent lymph of firstly CD4+
cells followed by CD8+ cells; there may be a selective reten¬
tion of CD8+ cells during shutdown followed by their release
during the time of increased output; the intra-nodal migration
patterns of antigen-activated CD4+ and CD8+ cells may be
different from that of resting CD4+ and CD8+ cells. We are
unable to distinguish between these possibilities at this stage.

It is reasonable to assume that the biphasic exit of T cell sub¬
sets is a direct consequence of antigen presentation within the
LN. The release of IL2 and appearance of cells expressing
IL2R is an early feature of antigen-induced clonal expansion.
Fig. 4 shows the correlation of the appearance of lymphokine
activity and IL 2-responsive cells with the cellular changes
found to occur in efferent lymph following antigen challenge
of the LN. The lymphokine activity found in efferent lymph
during the CD4 phase on days 1 and 2 and in SN generated in
vitro from efferent cells collected at this time stimulate a signif¬
icant proliferative response by activated T cells. In a separate
study, we have found that fractionation of this activity from
lymph fluid reveals a material with a Mr of 20 kDa with similar
biochemical properties to those of partially purified sheep
IL2. If T-T cell interactions do occur during initiation of an
immune response, then in its minimum form this may involve
the release of IL2 from one subset for use by another. We
have investigated the expression of functional high-affinity
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A SEQUENTIAL EXIT OF T CELL SUBSETS FROM ANTIGEN-STIMULATED LN

INCREASED
PERCENTAGE
IN EFFERENT
LYMPH

Figure 4. A summary of the phenotypic changes and functional
changes in efferent lymph following in vivo antigen challenge.

IL2R on post-antigen challenge cells by measuring their
uptake of [ H]thymidine after culture with rIL2. A significant
response was seen only during the CD8 phase. Although effer¬
ent cells at this time are enriched for CD8+ cells they still
contain CD4+ cells and in the absence of reagents that identify
a component of the sheep IL2R we were unable to establish
which subset was responding to IL2. However, as both subsets
during the CD8+ phase are characterized by cells expressing
MHC class II molecules and by cells with an increased 90°
scatter then both subsets appear to contain activated cells.
This suggests that cells of either subset with the potential to
respond to IL2 leave the node at the same time. There are
several explanations for the failure to see a proliferative
response to IL2 by cells collected during the CD4 phase. One
possibility is that cells leaving the node in the CD4 phase do
not express IL 2R and that the increased proportion of CD4+
cells is due to the action of mediators released upon antigen
challenge which alter intra-nodal traffic patterns of resting
lymphocytes. A recent report by Hein and Supersaxo [38] has
shown an increased proportion of CD4+ cells in efferent lymph
can be induced by an injection of human rIFN-a2a into the
drainage area of a cannulated lymph node. This indicates the
CD4 phase may be mediated, at least in part, by one or more
nonspecific mediators and may not be characterized by anti¬
gen-specific activated T cells. A second possibility is that there
are antigen-activated T cells present in the CD4 phase but
these fail to respond to IL 2 due to the increased levels of PGE
released from node following antigen challenge [39], This PG
is thought to regulate IL2 responsiveness either by inhibiting
IL2 release and/or IL2R expression [40, 41].

Collectively, our studies here have shown that although there
is an increase in the proportion of CD4+ followed by CD8+
T cells leaving an antigen-stimulated LN, it appears that CD4+
and CD8+ cells responsive to IL2 leave the node at the same
time. Preliminary experiments of this kind in antigen-naive
sheep suggest that some of the changes reported here do not
occur in a primary response to soluble protein antigens. In
particular, there does not appear to be a significant CD4
phase. These and future experiments should allow us to estab¬
lish an understanding of the LN response to inert antigens and
provide a base from which to study the effect of viral antigen
challenge on peripheral LN.

We thank Bernadette Dutia for useful comments and help in preparing
this study.
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1784 R. Bujdoso, P. Young, J. Hopkins et al. Eur. J. Immunol. 1989.19: 1779-1784

5 References

1 Cantor, H. and Boyse, E. A., J. Exp. Med. 1975. 141: 1376.
2 Walker, I. D., Hogarth, P. M., Murray, B. J., Lovering, K. E.,

Classon, B. J., Chambers, G. W. and McKenzie, I. F. C., Immu¬
nol. Rev. 1984. 82: 47.

3 Dialynas, D., Quan, Z. S., Wall, K. A., Pierres, A., Quintas, J.,
Loken, M. R., Pierres, M. and Fitch, F. W., J. Immunol. 1983.
131: 2445.

4 Schwarz, R., Adv. Immunol. 1986. 38: 31.
5 Meuer, S. C., Hussey, R. E., Cantrell, D. A., Hodgdon, J. C.,

Schlossman, S. F., Smith, K. A. and Reinherz, E. L., Proc. Natl.
Acad. Sci. USA 1984. 81: 1509.

6 Zinkernagel, R. M. and Doherty, P. C., Nature 1974. 251: 547.
7 Weinberger, O., Germain, R. N. and Burakoff, S. L., Nature

1983. 302: 429.
8 Rock, K. L., Barnes, M. C., Germain, R. N. and Benacerraf, B.,

J. Immunol. 1983. 130: 457.
9 Cantor, H. and Boyse, E. A., J. Exp. Med. 1975. 141: 1390.

10 Wagner, H. and Rollinghoff, M.,/. Exp. Med. 1978. 148: 1523.
11 Bach, F. H., Grillot-Courvalin, C., Kuperman, O. J., Sollinger,

H. W., Hayes, C., Sondel, P. M., Alter, B. J. and Bach, M.L.,
Immunol. Rev. 1977. 35: 76.

12 Cobbold, S. P., Jayasuriya, A., Nash, A., Prospero, T. D. and
Waldmann, H., Nature 1984. 312: 548.

13 Leist, T. P., Cobbold, S. P., Waldmann, H., Aguet, M. and Zin¬
kernagel, R. M., J. Immunol. 1986. 138: 2278.

14 Sprent, J. and Schaefer, M., J. Exp. Med. 1985. 162: 2068.
15 Mizuochi, T. Ono, S., Malek, T. R. and Singer, A., J. Exp. Med.

1986. 163: 603.
16 Inaba, K., Young, J. W. and Steinman, R. M., J. Exp. Med. 1986.

166: 182.
17 Sprent, J. and Schaefer, M., Nature 1986. 322: 541.
18 Hall, J. G. and Morris, B., Quart. J. Exp. Physiol. 1962. 47: 360.
19 Hopkins, J., McConnell, I., Bujdoso, R. and Munro, A. J., in

Morris, B. and Miyasaka, M. (Eds.), Immunology of the sheep,
Editiones Roche, Basel 1985, p. 441.

20 Byum, A., Nature 1964. 204: 793.
21 Maddox, J. F., Mackay, C. R. and Brandon, M. R., Immunology

1985. 55: 739.
22 Russo, C., Callegano, L., Lanza, E. and Ferrone, S., J. Imm.

Methods 1983. 165: 269.
23 Bayer, E. A. and Wilcheale, J., Trends Biochem. Sci. 1978. 3:

N257.
24 Mackay, C. R.. Maddox, J. F. and Brandon, M. R., Eur. J. Immu¬

nol. 1986. 16: 19.
25 Mackay, C. R., Kimpton, W. G., Brandon, M. R. and Cahill, R.

N.P., J. Exp. Med. 1988. 167: 1755.
26 Hall, J. G. and Morris, B., J. Exp. Med. 1965. 121: 901.
27 Hall, J. G. and Morris, B., Br. J. Exp. Pathol. 1965. 46: 450.
28 Blue, M. L., Daley, J.F., Levine, H. and Schlossman, S. F.,/. Im¬

munol. 1985. 134: 2281.
29 Blue, M. L., Daley, J. F., Levine, H., Craig, K. A. and Schloss¬

man, S. F., J. Immunol. 1986. 137: 1202.
30 Green, J. and Jotte, R., J. Exp. Med. 1985. 162: 1546.
31 Ottenhoff, T. H. M., Elferink, D. G., Klaster, P. R. and De Vries,

R. R. P., Nature 1986. 322: 462.
32 Ellerman, K. E., Powers, J.M. and Brostoff, S. W., Nature 1988.

331: 265.
33 Robb, R. J., Greene, W. C. and Rusk, C. M., J. Exp. Med. 1984.

160: 1126.
34 Hall, J. G., Quart. J. Exp. Physiol. 1967. 52: 76.
35 Streeter, P. R., Berg, E. L., Tien, N. B., Bargatze, R. F. and

Butcher, E. C., Nature 1988. 331: 41.
36 Butcher, E. C., Curr. Top. Microbiol. Immunol. 1986. 128: 85.
37 Hay, J. B. and Hobbs, B. B., J. Exp. Med. 1977. 145: 31.
38 Hein, W. R. and Supersaxo, A., Immunology 1988. 64: 469.
39 Hopkins, J., McConnell, I. and Raniwalla, J., Immunology 1981.

43: 205.
40 Mary, D., Aussel, C., Ferrua, B. and Fehlmann, M., J. Immunol.

1987. 139: 1179.
41 Farrar, W. L., Evans, S. W., Rapp, U. R. and Cleveland, J. L.,

J. Immunol. 1987. 139: 2075.



\'\%-

Immunology 1990 69 45-51

IL-2-like activity in lymph fluid following in vivo antigen challenge

R. BUJDOSO, P. YOUNG, J. HOPKINS & I. MCCONNELL Department of Veterinary Pathology,
University of Edinburgh, Summerhall, Edinburgh

Acceptedfor publication 12 September 1989

SUMMARY

The majority of studies that characterize lymphokines utilize in vitro activation of lymphocytes. In an

attempt to identify and characterize lymphokines released from tissue sites, we have cannulated sheep
lymphatic vessels and collected lymph that drains a site of in vivo antigen challenge. Lymph draining
directly from a site of intradermal antigen challenge (afferent lymph) and lymph draining an antigen-
stimulated lymph node (efferent lymph) were assayed for lymphokine activity by the ability of cell-
free lymph fluid to stimulate the proliferation of sheep Con A-blasts. Afferent and efferent lymph,
both collected at 24 and 48 hr following in vivo antigen challenge, with either ovalbumin or PPD in
primed animals, stimulates the proliferation of sheep Con A-blast cells. This in wi'o-derived
lymphokine activity and in vitro-generated sheep Con A supernatant has an active component with
properties similar to interleukin-2 (IL-2) that has been described in several other species. The IL-2-
like material is precipitated by 40-80% ammonium sulphate saturation, has a molecular weight
(MW) of 20,000 MW as judged by gel filtration chromatography, and is eluted from an anion-
exchange HPLC column with 125 niM NaCl. HPLC ion-exchange fractionation of the 20,000 MW
material from lymph fluid shows differences between afferent and efferent lymph material. The
fractionation of afferent material is similar to that of in vitro generated Con A supernatant material
with a single peak of activity eluted by 125 mM NaCl. In contrast, the 20,000 MW material from
efferent lymph elutes with peaks of activity at 125 and 300 mM NaCl.

INTRODUCTION

A variety of interleukins are released from T cells following their
rctivation by antigen or mitogen (Morgan, Ruscetti & Gallo,
1976; Smith, 1984). The best characterized of these is inter-
eukin-2 (IL-2) which has been purified to homogeneity from
leveral species including human, mouse and rat (Granelli-
ihperno, Vassalli & Reich, 1981; Di Sabto, 1982; Gillis et al.,
1982). These studies have identified IL-2 as a sialoglycoprotein
hat comprises a single polypeptide chain of 15,000-22,000
V1W. cDNA of bovine, human and murine IL-2 have now been
:loned and sequenced (Taniguchi et al., 1983; Kushima et al.,
1985; Cerretti et al., 1986). These studies reveal that IL-2 from
Efferent species shows sequence conservation at both the
lucleotide and the predicted amino acid level. The predicted

Abbreviations: Con A, concanavalin A; ELISA, enzyme-linked
mmunoabsorbent assay; HEPES, V-2-hydroxyethylpiperazine-./V'-2-
:thanesulphonic acid; HPLC, high-pressure liquid chromatography;
CAM, intercellular adhesion molecule; IL-2, interleukin-2; LEA,
ymphocyte functional antigen; MHC, major histocompatibility corn-
flex; PBMC, peripheral blood mononuclear cells; PBS, phosphate-
tuffered saline; PEG, polyethylene glycol; PPD, purified protein
lerivative of bovine tuberculin.

Correspondence: Dr R. Bujdoso, Dept. of Veterinary Pathology,
Jniversity of Edinburgh, Summerhall, Edinburgh EH9 1QH, U.K.

amino acid sequences show an overall homology of approxi¬
mately 63% (Reeves et al., 1986). Some of the conserved
sequences of IL-2 have been identified as regions of the molecule
that are involved in binding to the IL-2-receptor (Kuo & Robb.
1986; Zurawski & Zurawski, 1988). The function of IL-2 is to
allow activated T cells to progress through the G1 phase of the
cell cycle (Stern & Smith, 1986). The binding of IL-2 to high-
affinity receptors on activated T cells results in the expression of
transferrin receptors (Neckers & Crossman, 1983). IL-2 is also
reported to bind to receptors on activated B cells (Neckers,
Yenokida & James, 1984). These observations suggest that IL-2
has an essential role in the clonal expansion of both T and
B lymphocytes.

Two lines of investigation have suggested that lymphokines,
at least those that arc T-ccIl derived, arc short-range acting
mediators. Firstly, antigen recognition and subsequent T-cell
activation accompanied by lymphokine release requires contact
between the T cell and its target. This includes crosslinking of
the T-cell receptor by antigen in association with MHC
molecules (Schwartz, 1985; Weiss et al, 1986) and interactions
between accessory structures such as LFA-1 with ICAM-1
(Marlin & Springer, 1987) and LFA-3 with CD2 (Shaw & Luce,
1987). Secondly, T- and B-cell collaboration lead to a clustering
of recognition and adhesion molecules on adjacent membranes
(Kupfer et al., 1986), which suggests a directed release of
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secretory products towards the B cell (Kupfer, Swain & Singer,
1987; Poo, Conrad & Janeway, 1988).

Lymphoid tissues, such as peripheral lymph nodes, are sites of
interaction between collaborating T cells and antigen-present¬
ing cells during antigen recognition. Lymphokines released
during this process may be inactivated within the node or,
alternatively, pass in an active form into the lymphatic compart
ment. A number of previous reports have described lymphokine
activities in lymph fluid (Hay, Lachmann & Trnka, 1973;
English. 1982, English & Whitehurst, 1984). To further these
studies, we have assayed for lymphokine activity in lymph
draining directly from a site of intradermal antigen challenge
(afferent lymph) and lymph draining from an antigen-stimu¬
lated node (efferent lymph). Both fluids contain a component
with biochemical properties similar to partially purified IL-2 in
other species. The results also suggest that differences exist
between lymphokines draining to a lymph node and those
draining from the lymph node.

MATERIALS AND METHODS

Immunization and secondary in vivo antigen challenge ofanimals
1-3 year-old, Finnish Landrace sheep of either sex were
obtained from the Moredun Research Institute, Edinburgh.
Sheep were immunized with 1 mg of ovalbumin (Sigma, cat. no.
A5503, Grade V) injected over two sites i.m. in a 1-ml mixture of
PBS and complete Freund's adjuvant. Sheep were also immu¬
nized with five human doses of Bacillus Calmette-Guerin (BCG.
Glaxo, Laboratories, Greenford, Middlesex). Secondary in vivo
antigen challenge of primed animals, 4-6 weeks after primary
immunization, was by intradermal injection of 50 tig of antigen,
either ovalbumin or purified protein derivative of bovine
tuberculin (PPD) (batch 291, kindly supplied by the Central
Veterinary Laboratory, Weybridge, Surrey) given in 1 ml of PBS
into several sites around the drainage area of the cannulated
lymphatic vessel.

Interleukins
Recombinant bovine and human IL-2 were generous gifts from
Dr P. Baker (Immunex Corp., Seattle, U.S.A.) and Biogen SA
(Geneva, Sitzerland), respectively.

Medium

RPMI-1640 (Gibco Biocult, Uxbridge, cat. no. 074-1800) was

supplemented with 2 mM L-glutamine, 100 U/ml benzyl penicil¬
lin and 100 U/ml streptomycin, 5 x 10~5 m 2-mercaptoethanol
and 2 g/litre sodium bicarbonate. Wash medium consisted of
RPMI-1640 and supplements with 1% FCS (Flow Laborator¬
ies, Irvine, Ayrshire) or 1% lamb serum (Gibco). The culture
medium contained either 10% serum or 1% BSA (Sigma, cat.
no. A7906).

Collection of lymph
Surgical techniques for the cannulation of popliteal lymphatic
vessels were as described by Hall & Morris (1962). Pseudo-
afferent lymphatic cannulations were as those described for the
prefemoral lymphatic except that the node had been excised at
least 6 weeks previously (Hopkins et al., 1985). Cannulations
were allowed at least 3 days to stabilize following surgical
procedures. Lymph was collected 0-6 hr after an in vivo antigen
challenge then 6-24 hr and then every second 12-hr period.

Collections were made from fully conscious animals into sterile
siliconized bottles containing 200 units heparin and centrifuged
at 800 g for 10 min to separate cells from lymph fluid. Cell-free
lymph fluid was dialysed extensively against PBS and stored at
-200°.

Preparation of Con A supernatant
Cells collected from afferent or efferent lymphatic cannulations,
or single-cell suspensions prepared from excised lymph node or

spleen tissue were centrifuged over Lymphoprep to isolate
mononuclear cells which were subsequently used to generate
IL-2-containing supernatants. Cells were cultured at 5 x 106 ml
for 24 hr at 37° with 5 /(g/ml Con A (Sigma, cat. no. C-2010) in
medium containing 1% BSA. The supernatant was harvested
following centrifugation and stored at —20°.

IL-2 bioassay
The proliferation of sheep Con A-blasts was used to monitor the
purification of sheep IL-2. PBMC prepared by centrifugation of
defibrinated peripheral venous blood over Lymphoprep (Nye-
gaard, Oslo) were cultured at 2x 106/ml in medium with 10%
FCS and 5 /(g/ml Con A for 4 days at 37° then stored under
liquid nitrogen as described elsewhere (Bujdoso et al., 1989).
Blast cells recovered from liquid nitrogen were resuspended in
medium containing 10% lamb serum at 3xl05/ml and dis¬
pensed in 100-/(1 aliquots into 96-well flat-bottomed plates.
Triplicate dilutions of IL-2-containing supernatant were added
in 100-/4 volumes. Cultures were incubated at 37° in a
humidified atmosphere of 5% CCF 95% air for 3 days.
Proliferation was measured by [3H]thymidine-uptake over the
last 5 hr of culture.

Biochemical fractionation of lymphokine activity
Afferent lymph, efferent lymph and Con A supernatant were
treated with ammonium sulphate to achieve 20% saturation and
after stirring at 40° for at least 4 hr the precipitate was

centrifuged, resuspended in a minimal volume of PBS and
dialysed extensively against PBS at 4'.The supernatant was then
subjected to 40, 60 and 80% ammonium sulphate saturation in a

sequential manner and the fractions assayed for IL-2 activity in
the Con A-blast assay. Active fractions were applied to an
AcA54 Ultrogel gel filtration column (3-2 x 90 cm), previously
equilibrated with PBS containing 0.28 m NaCl and 0.1% PEG
6000. The flow rate was adjusted to 20 ml/hr and 10-ml fractions
were collected in siliconized tubes containing 1 mg BSA and
100 U/ml penicillin/streptomycin. Active fractions eluted from
the AcA54 column were pooled, concentrated 10-fold by
Amicon filtration using a YM10 membrane, dialysed against
either 10 mM HEPES buffer pH 7-2 or 20 mM sodium acetate
pH 5 and fractionated on an anion (DEAE-5PW) or cation (CM
cellulose-TSK) HPLC column (10x95 mm), respectively.
Material was eluted with a 0-500 mM gradient of NaCl
generated over 40 min at a flow rate of 1 ml/min. Two millilitre
fractions were collected into siliconized tubes containing BSA
with penicillin/streptomycin and dialysed against PBS prior to
assay of IL-2 activity.

RESULTS

Con A-blast proliferation assay

The functional test for the detection of sheep lymphokine
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Figure 1. Response of sheep Con A-blasts to recombinant IL-2. Con A
blasts were cultured at 3 x 104/well with various dilutions of recombi¬
nant bovine or human recombinant IL-2. Proliferation was measured
after 3 days of culture by [3H]thymidine uptake over the last 5 hr.

activity was the proliferation of sheep Con A-blasts. Figure 1
shows the response of blast cells, recovered from storage under
liquid nitrogen, to recombinant bovine or human IL-2. Sheep
cells responded to both forms of IL-2. The response titrated in
the picomolar range and plateaued at approximately 100 pM of
added recombinant IL-2. High affinity IL-2 receptors in the
human system are saturated by concentrations of IL-2 greater
than 100 pM (Robb, Greene & Rusk, 1984). This suggests that
both bovine and human IL-2 are capable of binding to and
stimulating high affinity IL-2 receptors on sheep cells.

Lymphokine activity in antigen-stimulated lymph fluid

Lymph fluid was collected from cannulated afferent and efferent
ymphatic vessels before, and at regular intervals after, in vivo
intigen challenge of primed animals. Figure 2 shows the ability
yf cell-free fluid from afferent and efferent lymph to stimulate
:he proliferation of sheep Con A blasts. Lymph collected before
intigen challenge does not support the proliferation of blast
sells. In contrast, lymph collected at 24 and 48 hr following in
jivo antigen challenge stimulated a significant response com-
yared to the pre-challenge lymph. This activity was present in
yoth afferent and efferent lymph collected after antigen chal-
enge with either ovalbumin or PPD. Routinely, the peak of this
ictivity was seen with lymph collected in the first 24 hr following
intigen challenge. Secondary antigen challenge with ovalbumin
yr PPD gave rise to typical DTH responses at the site of
njections but no Arthus reaction, as shown by the absence of
leutrophils in either lymph after challenge. The flow rates of the
ifferent and efferent ducts were similar before (3-6 ml/hr) and
ifter in vivo antigen challenge when increases of 2-3-fold were
;een by Days 4 and 5. The lymphokine activity was approxima-
ely the same in afferent and efferent lymph despite the fact that
he efferent duct drains much more lymphoid tissue, namely a
ymph node, while the afferent duct drains areas of skin. This
:ould be explained by the fact that the lymphokines in the
ifferent duct are produced within the developing DTH lesions,
secondly, the afferent lymph in these experiments was collected
rom a pseudoafferent cannulation which drains lymph from a
vide area (i.e. multiple afferent ducts). Activated lymphocytes,
is judged by their response to recombinant human IL-2, were

30-1
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0 24 48 72 96

Time after antigen challenge (hr)

Figure 2. Time-course for the appearance of lymphokine activity in
lymph fluid. Sheep Con A blasts were cultured at 3 x 104/well in medium
containing 10% lamb serum with cell-free (a) efferent or (b) afferent
lymph collected before, and at regular intervals after, in vivo antigen
challenge. Proliferation was measured after 3 days of culture by
[3H]thymidine uptake over the last 5 hr.

observed in the efferent duct on Days 3-7 following in vivo
antigen challenge. T cells isolated from afferent lymph prior to
any in vivo antigen challenge respond to recombinant IL-2 in
vitro in the absence of any further stimulation. (Bujdoso et at.,
1989a).

We believe this lymphokine activity is generated in vivo and
is not due to antigen draining into the cannulation bottle to
stimulate cells in vitro. To show this, 50 tig of antigen were

placed into the cannulation bottle and lymph collected from an
unstimulated node of an antigen-primed sheep, over 24 hr. The
response by blast cells to this lymph was the same as that
stimulated by lymph collected before in vivo antigen challenge
(data not shown).

Biochemical fractionation of in vivo and in vitro generated
iymphokine material

Twenty-four hours post-antigen challenge lymph was frac¬
tionated by conventional biochemical techniques in order to
characterize the lymphokine activity present. Con A super¬
natant generated in vitro by stimulation of mononuclear cells, a
known source of lymphokines in several other species, was
fractionated in parallel.
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Table 1. Ammonium sulphate precipitation of in vivo- and in vitro-
generated lymphokine material

Ammonium

sulphate
fraction (%)

Lymphokine activity (units/ml)

Con A

supernatant

Afferent lymph Efferent lymph

OVA PPD OVA PPD

0-20 6 0 0 0 0

20-40 54 0 0 0 0

40-60 486 4 8 2 2

60-80 162 16 16 8 16

>80 2 0 0 0 0

Afferent and efferent lymph fluid as well as Con A supernatant were
treated sequentially with increasing concentrations of ammonium
sulphate. Precipitates were resuspended in the minimal volume of PBS
and dialysed extensively. Samples were tested for their ability to support
the proliferation ofCon A-blast. Blasts were cultured at 3 x 104 well with
various dilutions of each sample and proliferation was measured after 3
days of culture by [3H]thymidine uptake over the last 5 hr. The data is
expressed as proliferation units/ml, which represents the reciprocal of
the highest dilution which gave 50% of the maximal response.

Ammonium sulphate precipitation
Both in vivo and in vitro-generated lymphokine material was
fractionated initially by sequential ammonium sulphate precipi¬
tation. Table 1 shows that the majority of the proliferative
activity was recovered within the 40-60% and 60-80% ammo¬
nium sulphate saturation fractions. The activity was precipi¬
tated in these fractions from both afferent and efferent lymph
and when either ovalbumin or PPD was used for antigen
challenge. Con A supernatant showed greater activity in the
40-60% fraction compared to the 60-80% fraction, which is in
contrast to the results for the lymph samples. We suspect this
was due to residual Con A as a control fractionation of
uncultured medium; in addition Con A showed residual activity
in the 20-40% and 40-60% fractions but not the 60-80%
fraction.

Gel filtration chromatography

Active material from the 40-60% or 60-80% ammonium

sulphate saturation fractions from each sample was con¬
centrated five-fold and fractionated by gel filtration. The
fractionation was carried out using 0-28 m NaCl to minimize
dimerization of protein molecules. Ten-millilitre fractions were
collected and made isotonic with distilled water prior to assay
for lymphokine activity. Figure 3a shows the activity profile of
in t'/tro-derived material eluted from the AcA54 column. The

activity eluted as a single peak with an apparent average
molecular weight of 20,000. This was seen with both the 40-60%
and the 60-80% fractions from in vitro-derived material. Figure
3b and c show the fractionation profile of the 40-60% samples
from afferent and efferent lymph, respectively. These both
showed two peaks of activity with a molecular mass of 40,000
MW and 20,000 MW. Fractionation of the 60-80% fraction
from both afferent and efferent lymph usually revealed only the
activity with 20,000 MW. These individual peaks of activity
were concentrated five-fold and fractionated by ion-exchange
HPLC.

140- (a)
V0 67,000 43,000

120- | t t
100-

80-

60-

40-

20-
K>

o

Elution volume (ml)

Figure 3. AcA54 gel-filtration of ammonium sulphate-precipitated
lymphokines. Active ammonium sulphate-precipitated samples were
fractionated by AcA54 gel-filtration chromatography in buffer contain¬
ing 0-28 M NaCl and 1 % PEG. The activity profiles shown are for the
40-60% ammonium sulphate saturation fractions of (a) Con A
supernatant, (b) 24-hr post-antigen challenge afferent lymph, (c) 24-hr
post-antigen challenge efferent lymph. The proliferative activity within
each fraction was determined by the proliferation of Con A-blast cells.

Ion exchange HPLC

Figure 4 shows that fractionation of the in r/rro-derived 20,000
MW material by anion-exchange chromatography results in a

single peak of activity which is eluted routinely with 125 mM
NaCl. Figures 5a and b show the fractionation by anion-
exchange HPLC of the 20,000 MW material from afferent and
efferent lymph, respectively. Material from afferent lymph
eluted as a single peak of activity at 125 mM NaCl, whilst that
from efferent lymph eluted with two peaks of activity, one at
125 mM NaCl and the other at 300 mM NaCl. The 40,000 MW
material from both afferent and efferent fluid failed to bind to

the anion-exchange column and was fractionated by cation
exchange HPLC. Figure 5c and d show the fractionation by
cation-exchange HPLC of 40,000 MW material from afferent
and efferent lymph, respectively. The activity from afferent
lymph was eluted as a single peak at 200 mM NaCl. In contrast,
the 40,000 MW material from efferent lymph eluted as twc
peaks, one at 200 mM NaCl and a second at 400 mM NaCl.

This preliminary data suggests that the 20,000 MW material
found in afferent and efferent lymph, as well as in vitro-

25,000 13,000 MW
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■igure 4. Ion-exchange fractionation of the 20,000 MW material from in
//re-generated Con A supernatant. The 20,000 MW peak eluted from
he AcA54 column was further fractionated by DEAE-cellulose ion-
xchange chromatography. Material was eluted from the ion-exchange
olunin by a 0-500 mM gradient of NaCl.

Generated Con A supernatant, might be sheep IL-2. The
ractionation profile shown by this activity is similar to that
iescribed for IL-2 in several other species (Gillis et at., 1982).
rhe data also suggest that different molecular species of
ymphokines are to be found in afferent and efferent lymph.

DISCUSSION

The release of lymphokines occurs from activated cells follow¬
ing lymphocyte recognition of antigen. A wealth of information
now exists which describes the molecular characteristics of
lymphokines and their possible mechanism of action. It is
suggested that the release of lymphokines is directional and acts
locally on collaborating cells. One site where an interaction
between cells is likely to occur is within lymphoid tissue such as
peripheral lymph nodes. An analysis of the lymphokines
released from these tissue sites may provide information on the
nature and fate of lymphokines in vivo. Earlier studies by other
investigators have reported that lymph draining from a tuber¬
culin skin reaction contains material mitogenic for efferent
lymphocytes as well as an inhibitor of macrophage migration
(Haye/cr/., 1973; English, 1982; English &Whitehurst, 1984). In
this report we have investigated lymphokine activity present in
lymph fluid draining to and from peripheral lymph nodes that
undergo secondary immune responses. Our results show that
both afferent and efferent lymph fluid collected 24 hr following
in vivo antigen challenge contains a component that resembles
IL-2. The criteria for post-antigen challenge lymph fluid
containing IL-2 is based on the ability of these fluids to stimulate
the proliferation of activated T cells and on the biochemical
properties of fractionated lymph samples. Biochemical fraction¬
ation of this fluid was carried out in parallel with that of Con A
supernatant generated in vitro by stimulation of sheep mono-
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Figure 5. Ion exchange fractionation of 20,000 and 40,000 MW material from afferent and efferent lymph. The 20,000 MW material
from afferent (a) and from efferent (b) were fractionated by anion exchange HPLC. The 40,000 MW material from afferent (c) and
efferent (d) was fractionated by cation-exchange HPLC. Material was eluted from each column by a gradient of 0-500 mM NaCl.
Fractions were dialysed against PBS and the proliferative activity determined by the Con A blast assay.
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nuclear cells. Con A supernatant has been found to be a source
of IL-2 in several other species. The IL-2-like activity found in
post-antigen challenge lymph and sheep Con A supernatant is
precipitated by 40-80% ammonium sulphate saturation. This is
similar to the precipitation of IL-2 in Con A supernatants
generated from T cells in several other species (Gillis et al.,
1982). Active ammonium sulphate precipitated samples frac¬
tionated by AcA54 gel-filtration chromatography contain a

component of approximately 20,000 MW which is common to
afferent and efferent lymph fluid as well as Con A supernatant.
Mature IL-2 from bovine, human and rat species has a
molecular weight of approximately 15,000-20,000 (Gillis et al.,
1982). DEAE-ion exchange chromatography of the 20,000 MW
material from sheep afferent and efferent lymph fluid, as well as
Con A supernatant, reported here, shows a component eluted
by 125 mM NaCl. Bovine and rat IL-2 are eluted from DEAE-
cellulose by 75-100 mM and 185 mM NaCl, respectively (Brown
& Grab, 1985; Gillis et al., 1982; Namen & Magnuson, 1984).
Collectively, the data suggest that the 20,000 MW material in
afferent and efferent post-antigen challenge lymph fluid, and
also in Con A supernatant, is a candidate for sheep IL-2. The
biochemical fractionation ofpost-antigen challenge lymph fluid
and Con A supernatant shows that significant differences exist
between in vivo and in r/rro-generated lymphokines. Con A
supernatant contained material active in the blast proliferation
assay of molecular mass 20,000 MW which eluted as a single
peak of activity following DEAE ion-exchange chromato¬
graphy. In contrast, both afferent and efferent post-antigen
challenge lymph fluid contains active material of molecular
mass 20,000 MW and 40,000 MW, as judged by AcA54 gel
filtration. Lymphokines with molecular mass 25,000-40,000
MW have been detected in sheep efferent lymph from unstimu¬
lated and stimulated lymph nodes (English, 1982; English &
Whitehurst, 1985). In our studies we have not detected these
activities in lymph from unstimulated nodes. Although the
AcA54 gel filtrations reported here were carried out in the
presence of a high NaCl concentration and with PEG present,
we cannot exclude the possibility that the 40,000 MW material
represents a dimer of the 20,000 MW component. However, the
20,000 MW and 40,000 MW activities were further fractionated
by different ion-exchange columns, anion and cation respect¬
ively. This suggests significantly different properties between the
two molecular mass activities which are unlikely to be accounted
for by dimerization. The elution profiles for both the 20,000
MW and 40,000 MW material of afferent and efferent lymph
showed differences when fractionated by ion-exchange HPLC.
The 20,000 MW material from afferent lymph eluted as a single
peak ofactivity at 125 mM NaCl, whilst that from efferent lymph
elutes with two peaks of activity, one at 125 mM NaCl and the
other at 300 nM NaCl. A similar trend was seen with the 40,000
MW material which eluted with a single peak of activity with
200 mM NaCl, whereas material of the same molecular mass

from efferent lymph eluted as two peaks of activity at 200 mM
and 400 mM NaCl.

The different lymphokine profiles of afferent and efferent
lymph may reflect lymphokines released at different sites of
antigen presentation. The presence of lymphokines in afferent
lymph suggests that antigen presentation to T cells may occur
proximal to the lymph node, either in the skin where antigen was
injected or in the afferent lymphatic vessel as cells migrate from
the dermal regions to peripheral lymph nodes. This is supported

by our finding that afferent lymph draining from a site ol
intradermal antigen challenge contains dendritic cells carrying
antigen as judged by their ability to present injected antigen tc
autologous antigen-specific T-cell lines (Bujdoso et al., 1989b).
The presence of lymphokines in efferent lymph may arise as a
consequence of antigen presentation occurring both within and
proximal to the lymph node. Lymphokines generated proximal
but in a compartment connected to the lymph node might flow,
unaltered through the lymphoid tissue into the efferent lymph
compartment. The lymphokine activity found only in efferenl
lymph, those eluted by high concentrations of NaCl from ion-
exchange columns, may then represent those produced oi
metabolized exclusively within the lymph node.

We have recently shown that lymphokine activity in efferenl
lymph occurs at a time when there is an increased percentage ol
CD4-positive cells leaving the lymph node. Efferent cells
collected at this time and cultured in vitro for 24 hr, in the
absence of any further stimulation, release material capable ol
stimulating activated T-cell proliferation (Bujdoso et al..
1989a). As these different cells are enriched for CD4-positive
T cells, the observation suggests a role for this particular subsel
of T cells in the generation of lymphokines in efferent lymph. In
the mouse, at least two distinct subsets of CD4-positive T cell
have been identified, TH1 and TH2 (Kim et al., 1985;Mosmanr
et al., 1986; Bottomly, 1988). These clones also differ in theii
functional properties and release of cytokines including IL-2.
IL-4 and IFN-y. In the human species, CD4-positive cells may
be subdivided at the polyclonal level into naive and memory
cells T cells, based on their expression of CD45R (Akbar et al..
1988; Morimoto et al., 1986; Sanders et al., 1988). Naive cells
have a high density of CD45R but low expression of two othei
markers, CD2 and LFA-3. Memory cells, in contrast, have low
CD45R and high levels of CD2 and LFA-3. Using monoclonals
to sheep CD2, LFA-3 and GD45R we have established thai
T cells of a naive and memory phenotype can be identified ir
lymph compartments (R. Bujdoso, unpublished observations)
Afferent T cells are predominantly of the memory phenotype
whilst efferent lymph contains both naive and memory T cells. 11
is likely that naive and memory cells differ in their cytokine
profiles as to TH1/TH2 cells. Activation of these differenl
subsets of CD4-positive cells in different lymphocyte compart¬
ments may account for the differences in lymphokine profile
seen between afferent and efferent lymph. It might also be
expected that other lymphokines, such as IL-4 and IFN-y, wif
be present in post-antigen challenge lymph fluid. An analysis o!
the lymphokines produced by various T-cell subsets in differenl
lymph compartments will test this hypothesis.
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Uptake of antigen by afferent lymph dendritic
cells mediated by antibody*

Dendritic cells isolated from sheep afferent lymph were examined for their ability
to bind soluble protein and peptide antigens labeled with fluorescein both in in
vitro assays and following intradermal injection of antigen in vivo. Analysis of
dendritic cells by flow cytometry revealed weak direct binding of proteins and
peptide antigens. However, the degiee of uptake was gieatly enhanced in the
presence of specific antibody in vitro or if antigen was in jected intradermally into
antigen-primed sheep. About 60% of dendritic cells possessed the ability to take
up antigen in both the in vitro and in vivo experiments. The uptake of antigen
occurred very rapidly, reaching maximum values in terms of cell numbers and
fluorescence intensity in less than 5 min in vitro and 20-40 min following in vivo
challenge. Both sheep IgG subclasses could mediate this effect, but F(ab')2
fragments were ineffective. Procedures adopted to remove complement compo¬
nents from the in vitro test mixtures did not result in any reduction in the binding
of antigen by dendritic cells Two-color flow cytometry analysis of the dendritic
cell population further showed that 43% of cells taking up the antigen/antibody
complexes were CD1 + , suggesting a relationship between these cells and
I .angerhans' cells or other dendritic cells in skin. The results, thus, indicate thai
approximately two thirds of sheep afferent lymph dendritic cells bind antigen/
antibody complexes via an Fc receptor, a mechanism which could be important in
the accentuated accessory function of these cells known to occur following
secondary antigen challenge.

1 Introduction

Peripheral afferent lymph of man and several species of
laboratory animals is known to contain mainly T lympho¬
cytes and a small number (1% —10%) of cells with veiled or
dendritic morphology [1-5J. Phenotypic analysis of den¬
dritic cells (DC) from human and mouse tissues has shown
the presence of several surface markers, including class I
and II molecules of the MHC, leukocyte common antigen
(CD45), and C receptors. Such DC are also negative for
lymphocyte or M<t> markers and usually do not possess FcR
[6]. Recent work in sheep has demonstrated that afferent
lymph DC express LFA 3, CD1, and a marker expressed on
myeloid/erythroid cells [5, 7], in addition to CD45 and
MHC class II molecules.

The origin of these DC and their relationship to other DC
such as the Langerhans' cells of skin and the interdigitating
DC of lymphoid tissue has been a subject of active
investigation for several years. Afferent lymph DC appear
to originate from Langerhans' cells and migrate via the
afferent lymphatics to lodge in the paracortical areas of the
LN, where they develop into interdigitating DC [8-12].The
function of afferent lymph DC appears to be in antigen
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carriage, transporting antigen from sites of infection into
lymphoid tissue [7, 13]. However, DC have also been
shown to act as potent accessory cells in proliferative [7 14,
15] and contact sensitivity or cytotoxic Tcell responses [13,
16, 17], as well as stimulators of allogeneic and syngeneic
MLR [18].

As part of a study of how DC mediate some of these
functions, we have investigated the ability of sheep afferent
lymph DC to bind antigen in vitro and in vivo In particular
we show that the uptake of antigen by DC occurs rapidly in
the presence of specific antibodies, suggesting that DC may
concentrate antigon on their surface efficiently via FcR.
Such a mechanism may be an important means of antigen
capture by DC in the generation of rapid and enhanced
responses during secondary immune stimulation.

2 Materials and methods

2.1 Antigens and antibodies

OVA and human serum albumin (HSA) were obtained
from the Sigma Chemical Company (Poole, GB). A
40-residue peptide analogue of the VP1 capsid protein of
foot and mouth disease virus (FMDV) [19] was kindly
supplied by Dr. R. DiMarchi (Eli Lilly, Indianapolis, IN). A
16-residue synthetic peptide of OVA residues 323-328 was
synthesized as described previously [20], OVA, HSA, OVA
peptide and FMDV 40-residue peptide were labeled with
FITC (Sigma) at a 20/1 ratio of protein/FITC. Murine IgG
anti-sheep CD1 mAb (SBU-T6) were obtained from Dr. M.
Brandon (Melbourne, Australia [21]). A goat anti-mouse
IgG R-PE conjugate was obtained from Sigma.

IgG anti-OVA antibodies were purified from a high-titer
sheep antiserum by affinity chromatography using OVA
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coupled to CNBr-activated Sepharose 4B CL (Pharmacia,
Uppsala, Sweden). Sheep IgGi and IgG2 subclass anti-
OVA antibodies were prepared from the affinity-purified
antibodies by DEAE-cellulose ion-exchange chromatogra¬
phy. The IgGj and IgG2 antibodies were absorbed by
passage over an affinity column bearing murine mAb to
sheep IgM generated in this laboratory. The IgGi and IgG2
antibody preparations were adjusted to 1 and 0.1 mg/ml,
respectively.

F(ab')2 anti-OVA antibodies were made by digesting the
IgGj antibody preparation with pepsin (2%, w/w), followed
by fractionation on DEAE-cellulose ion-exchange chroma¬
tography. The eluted F(ab')2 fragments were concentrated
to 0.4 mg/ml. The purity of the IgG and F(ab')2 prepara¬
tions was confirmed by PAGE analysis using a 10%
acrylamide slab gel run under reducing conditions. The
amount of antibody in each preparation was measured by
ELISA. Microtiter plates were coated with OVA at
10 pg/ml PBS overnight at 4°C. Serial dilutions of each
preparation were tested and the bound antibodies detected
with a peroxidase-labeled donkey anti-sheep IgG conjugate
(Scottish Antibody Production Unit, Carluke, Scotland),
or when comparing whole IgG with F(ab')2 antibodies a
murine mAb (VPM8) specific for sheep L chains developed
in this laboratory. Equivalence points were determined by
single radial immunodiffusion.

2.2 Animals and surgery

One- to three-year-old Finnish Landrace sheep were
obtained from the Moredun Research Institute, Edin¬
burgh, GB.The sheep were primed with 1 mg OVA in CFA,
and subsequently boosted with 100 pg OVA in CFA on two
occasions. Prefemoral or prescapular afferent lymph was
collected by ablation of the appropriate LN and cannula-
tion of the efferent (pseudoafferent) duct 6 weeks later
[22], The animals were allowed 7 days postoperative recov¬
ery before collecting lymph for experiments or injecting
soluble antigen.

2.3 Afferent lymph DC

Fresh afferent lymph cells were washed three times in PBS
containing 2% BSA (PBS/BSA) before use. For some
experiments, afferent lymph cells were fractionated into
DC and lymphocytes by centrifugation over discontinuous
gradients (14% w/v) of metrizamide (Nyegaard, Oslo,
Norway) in RPMI/10% FCS [14, 23],

2.4 Uptake of antigens and immune complexes by
afferent lymph cells

One hundred microliters of washed afferent lymph cells at a
concentration of 106 cells/ml was incubated with 50 pi of
FITC-OVA, -HSA, or -40 residue FMDV peptide at various
concentrations and 50 pi of fresh afferent lymph or 50 pi
PBS/BSA for 20 min at room temperature then washed
three times in PBS/BSA. The cells were fixed in 0.5%

paraformaldehyde then analyzed by FCM on a Becton
Dickinson FACScan system (Moutain View, CA) with a
488-nm argon laser. The machine was set up with live gates

around the DC or mononuclear cells using Forward (FSC)
and Side (SSC) scatter linear amplification dot plots. Ten
thousand cells were analyzed per sample with dead cells
excluded on the basis of FSC. The DC were defined for this

purpose as cells which were both larger (FSC) and had
greater intracellular complexity (SSC) than the lymphocyte
population.

The uptake of complexed antigen by DC was determined
by mixing 50 pi of FITC-labeled antigen, 50 pi of antibody
(either as whole afferent lymph or as purified IgG antibod¬
ies) and 100 pi of washed afferent lymph cells, and incu¬
bating at room temperature for periods up to 30 min. The
cells were then washed three times, fixed, and analyzed as
above. Fc rosetting studies to detect FcR were performed
by standard techniques using sheep erythrocytes coated
with rabbit antibodies (EA) and metrizamide-purified
afferent lymph DC

2.5 Two-color FCM of DC for CD1 and putative FcR

One hundred microliters of afferent lymph cells was
incubated at RT for 30 min with 25 pi of afferent lymph
containing anti OVA antibodies and 50 pi of a 1/1000
dilution of SBU-T6 ascites in PBS/BSA. After washing, the
antibodies were visualized with a 1/100 dilution of an

anti-mouse IgG R-PE conjugate. After a 30-min incubation
the cells were washed, fixed and analyzed by two-color
FCM.

3 Results

3.1 Fc rosetting

Incubation of afferent lymph DC isolated on metrizamide
gradients with EA showed typical rosetting mediated by
FcR (Fig. 1). Approximately 60%-70% of DC consisently
showed rosetting.

3.2 Uptake of free antigen by afferent lymph cells in
vitro

The finding that afferent lymph DC possessed FcR sug¬
gested that these cells might take up antigen in the form of
antigen/antibody complexes via such receptors. Initial
experiments were carried out to determine the ability of DC
to bind free antigen in vitro. This was assessed by adding
dilutions of FITC-labeled OVA, HSA, or 40-residue
FMDV peptide to fresh unprimed whole sheep afferent
lymph cells and analyzing by FCM using a live gate around
the DC population.The results showed that OVA and HSA
were taken up by approximately 35% of DC at high antigen
concentrations (5.0 pg/105 afferent lymph cells; data not
shown). When the OVA peptide or FMDV 40-residue
peptide were added, about 25% of DC were positive for
fluorescence at 25 pg/ml. In contrast, < 3% of lymphocytes
had taken up any of the antigens to any significant extent at
any of the concentrations tested.

To assess the effects of specific antibody on antigen uptake
by afferent lymph cells, an antigen concentration of
0.5 pg/103 afferent lymph cells was chosen so that the level
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Figure 1. EA rosetting of metrizamide-purified afferent lymph
DC.
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and proportion of uptake by DC would be low (i.e.
5%-10% DC+). The uptake of FITC-OVA by DC in the
presence of afferent lymph containing high titer antibodies
to OVA is shown in Fig. 2. The results showed that in the
presence of anti-OVA antibodies, FITC-OVA was taken up
by a substantial proportion of DC. The DC were very
heterogeneous in their degree of antigen uptake, with
positive fluorescence being discernible across the whole
four log range and some cells exceeding the fO4 log
fluorescence marker (Fig. 2A). The level of response
depended on the antigen/antibody ratio, the degree of
positivity dropping as the concentration of antibody was
reduced 16-fold (Fig. 2B) and 64-fold (Fig. 2C).This effect
is seen clearly in Fig. 3, where the initial proportion of DC
showing positive fluorescence, 60%-70%, drops with
decreasing amounts of antibody. The specificity of this
dose-response curve was shown by the complete absence of
effect of the anti-OVA antibodies on the uptake of
FITC-HSA or -FMDV 40-residue peptide. There was also
no effect on the uptake of FITC-OVA peptide, consistent
with the absence of anti-OVA peptide antibodies in the
anti-OVA antibody lymph.

Uptake of OVA by lymphocytes was also found to increase
in the presence of anti-OVA antibodies (Fig. 3), though
only to a maximum of 16%. The extent of uptake by
lymphocytes was also noted to be dependent on the
antigen/antibody ratio, increasing to a maximum at 1/32
dilution of antibody-containing afferent lymph plasma.
Again, the response was shown to be specific since no
increase in uptake was observed with the other antigens
(data not shown).
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Figure 2. FCM profiles of binding of FITC-OVA (2.5 pg/ml) by
afferent lymph DC in the presence of afferent lymph anti-OVA
antibodies diluted 1/4 (a), 1/64 (b), 1/256 (c). The uptake of
FITC-OVA in the absence of antibody (dotted line), and the
position of the gate (arrow) for positivity assessments are shown in
(a).

Dilution of afferent lymph

Figure 3. Proportion of afferent lymph DC binding of FITC-OVA
(•), -HSA (A), -OVA synthetic peptide (□), or -FMDV 40-residue
synthetic peptide (■) at 2.5 pg/ml in the presence of dilutions of
afferent lymph containing anti-OVA antibodies.The dilutions were
made into afferent lymph from an unprimed sheep. The afferent
lymph cells were incubated with the antigens for 30 min at room
temperature. The proportion of afferent lymph lymphocytes
binding FITC-OVA (A) is also shown for comparison.The binding
of the other antigens to lymphocytes was <1% and is not
shown.
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3.3 Uptake of FITC-OVA in the presence of sheep IgGj
or IgGo antibodies

To confirm that the increased uptake of antigen by afferent
lymph cells observed in Fig. 3 was indeed due to antibody,
purified sheep IgGi and IgG2 anti-OVA antibodies were
mixed with FITC-OVA and afferent lymph cells as before in
the presence of fresh lymph plasma from an unprimed
sheep.The results are shown in Fig. 4. A similar response to
that found with unfractionated antibody-positive lymph in
Fig. 3 was observed with IgGi subclass antibodies. About
60% of DC were positive at the highest concentration of
IgGi antibodies tested, and this decreased proportionately
with serial dilution. Approximately 25% of DC were
positive when IgG2 subclass antibodies were used. How¬
ever, although the amounts of the latter available for testing
were considerably lower than those for the IgGi antibodies,
the degree of antigen uptake was similar over comparable
concentrations. Nonimmune sheep IgG (a mixture of IgGi
and IgG2 subclasses) tested at the same concentrations as
the IgGi subclass antibodies had no effect on antigen
uptake.

Anti-OVA F(ab')2 fragments generated from the sheep
IgGi subclass antibodies were also tested for their ability to
promote antigen uptake by DC. The results showed that the
F(ab')2 antibodies were completely ineffective (Fig. 4).
This was not due to these antibodies being less active at
binding antigen because the F(ab')2 and intact IgGi
subclass antibodies were tested by ELISA and shown to

70-|

Amount of IgG anti-OVA antibodies added (pg)

Figure 4. Proportion of afferent lymph DC binding FITC-OVA
(2.5 pg/ml) in the presence of doubling dilutions of anti-OVA
antibodies: IgGi (A) and IgG2 (A) subclass antibodies diluted
from 0.25 mg/ml and 0.025 mg/ml, respectively; F(ab')2 fragments
(■) diluted from 0.1 mg/ml; control sheep IgG (□) diluted from
0.25 mg/ml. The binding of FITC-OVA to DC in the presence of
doubling dilutions (1/4-1/2048) of afferent lymph antibodies (•) is
also shown for comparison.

have similar antibody titers in relation to their stock protein
concentrations. The endpoint titers obtained were as
follows: F(ab')2: 1/4096,98 ng/ml; IgGp 1/8192,122 ng/ml;
IgG2:1/16, 6 ng/ml; sheep IgG control: < 1/4, > 250 pg/ml;
positive afferent lymph control: 1/32,768; negative afferent
lymph control: < 1/4.

The uptake of FITC-OVA by lymphocytes was slightly
elevated (6% of lymphocytes positive) with the highest
concentration of IgGi subclass antibodies, while the F(ab')2
antibodies, IgG2 subclass antibodies, and sheep IgG control
preparation showed no effect (data not shown).

3.4 Kinetics of antigen uptake

Afferent lymph cells were mixed with antigen-antibody
mixtures as in Fig. 2 for 0, 5, 10, 20 or 30 min, and at 4°C,
25 °C or 37°C, then spun and washed three times. Analysis
of the uptake of FITC-OVA by DC showed that 60%-70%
of DC were positive at the 5 min time point at all three
temperatures and remained at this level for the other time
points. A maximum of 5% of lymphocytes were positive at
all time points (data not shown). Thus, the uptake mecha¬
nism operated rapidly and was temperature independent.

3.5 Uptake of antigen/antibody mixtures by
inetrizamide-purified afferent lymph DC

Afferent lymph cells were fractionated on a metrizamide
gradient to obtain cell populations enriched for DC or
lymphocytes, and these were tested for their ability to take
up antigen in the presence of antibody. The results are
shown in Fig. 5. The DC population took up OVA or
FMDV 40-residue synthetic peptide efficiently in the
presence of specific IgGi anti-OVA antibodies (56% DC+)

DVA FITC-FMDV

peptide

I
<2. St &cl ~

> -
CO Q CO

Figure 5. Proportion of afferent lymph DC (A) or lymphocytes
(B), obtained by metrizamide fractionation, binding to FITC-OVA
or FITC-FMDV 40-residue synthetic peptide in the presence of
IgG! subclass anti-OVA antibodies or sheep antiserum to FMDV
40-residue peptide (shaded bars), or control sheep IgG (open
bars).
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or antisera to the synthetic peptide (38% DC+), respec¬
tively. Less than 7% of DC were positive when the sheep
IgG control preparation was used. Approximately 9% of
lymphocytes were positive in the presence of either anti¬
gen/antibody mixture, while <1% took up antigen in the
presence of the sheep IgG control sample.

3.6 Co-expression of CD1 and putative FcR

Previous work from this and other laboratories has shown
that a high proportion of sheep afferent lymph DC bear the

'**''
-

■i*-'.

LU
0.

FITC fluorescence intensity ■

Figure 6. Two-color FCM analysis of DC for CD 1 (PE) using mAb
SBU-T6, and immune complex uptake (FITC) using fluorescei-
nated OVA/anti-OVA antibodies. (A) Double stain for CD1 and
FITC-immune complex uptake; (B) single stain for FITC-immune
complex uptake; (C) single stain for CDl.The cut-off markers for
CD1 and immune complex uptake were determined using DC
treated with PE conjugate alone and FITC-OVA alone, respective¬
ly-

CD1 surface marker [5,7]. To determine the degree of
overlap between cells bearing the CD1 marker and ability
to bind immune complexes, two-color analysis of Ihe
live-gated DC was performed as shown in Fig. 6. The
individual staining patterns for CD1 and immune complex
uptake showed that 43% of DC were CDI+ (Fig. 6C) and
55% were positive for immune complex uptake (Fig. 6B).
The double-staining pattern is shown in Fig. 6A. Twenty-
three percent of DC stained for both CD1 and immune
complex uptake, compared with 31% that were CDl"/im-
mune complex"1", and 22% that were CDl+/immune com¬
plex". Twenty-four percent of DC were double negatives.
Thus, of the DC that took up immune complexes, 43%
were CD1 + . Conversely, of the DC that were CD1 + , 51%
bound complexes.

3.7 Uptake of antigen by afferent lymph cells in vivo

To assess whether the enhanced uptake of antigen by
afferent lymph cells mediated by antibody in vitro also
occurred in vivo during antigen challenge, FITC-OVA or
FITC-HSA were, in separate experiments, injected i.d. into
the drainage area of cannulated pseudo-afferent lymphatic
vessels of three OVA-primed sheep. Afferent lymph cells
were collected at various time intervals, washed and then
analyzed for fluorescence. The results are shown in Fig. 7.
The uptake of antigen by lymphocytes is documented in the
text below. In the first experiment, where 0.2 mg of
FITC-OVA were injected, a maximum of 40% of DC were
positive at 40 min post injection and the response had
disappeared by 2 h. No increase in staining was observed in
the lymphocyte population. In a second experiment, 2 mg
of FITC-OVA were injected and over 60% of DC registered
positive 20 min after the injection. The response peaked at
40 min, and thereafter decreased over the next 6 h. A
maximum of 5% of lymphocytes took up the antigen over
this time period. As controls for these experiments,
FITC-HSA was injected into two OVA-primed sheep 24 h
after they had received FITC-OVA. A maximum of 10%
DC and 0% lymphocytes were positive at the 1-h time point
when 2 mg of FITC-HSA was injected (Fig. 7). Less than
5% DC and 1% lymphocytes were positive when 0.2 mg of
FITC-HSA was injected.

60-

40-

2 3 4 5

Time after antigen injection (h )

Figure 7. Time course of the uptake of FITC-OVA or FITC-HSA
by afferent lymph DC in vivo following i.d. injection into two sheep
primed to OVA. 0.2 mg (A) and 2.0 mg (•) FITC-OVA; 0.2 mg
(□) and 2.0 mg (■) FITC-HSA.
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4 Discussion

The role of DC in immune responses is thought to be
twofold: antigen carriage from peripheral tissues to orga¬
nized lymphoid tissue, and presentation of processed
antigen to antigen-specific T cells. To facilitate these
functions, DC require a mechanism for antigen uptake.Two
possibilities can be considered.The first is that DC take up
antigen via phagocytosis or pinocytosis. Most studies show
that DC are non or poorly phagocytic [18, 24-27], and,
while pinocytosis may occur, it is unlikely that this repre¬
sents an efficient method of uptake in vivo. A second
possibility is that DC bind antigen via cytophilic immun¬
oglobulin or via uptake of antigen/antibody complexes.
Recent independent studies in sheep [7, 26], have con¬
firmed earlier observations [28] that afferent lymph DC
bear surface IgM and IgG molecules, and can take up
immune complexes [29].

In the present report, we have shown that afferent lymph
DC rosette with EA and that the in vitro and in vivo uptake
of soluble protein and peptide antigens is greatly enhanced
in the presence of specific antibody. This enhanced uptake
was manifest not only in the increased numbers of DC
taking up antigen but also in the increased intensity of
fluorescence observed on the DC. The uptake of antigen in
the presence of antibody was found to be rapid, reaching
maximum values in under 5 min at 4 °C.Thus, the amount of
antigen/antibody complex formation taking place within a
few minutes incubation was sufficient for enhanced uptake.
It is also apparent, therefore, that the binding mechanism
of such complexes to DC is also rapid. Similar rapid
responses were also observed in vivo when antigen was
injected i.d. into antigen-primed sheep. DC collected from
afferent lymph within 20 min of antigen injection were
strongly fluorescent. In subsequent experiments, fluores¬
cence-positive DC have been detected 5-10 min after
antigen injection (G. D. Harkiss, unpublished observa¬
tions). Such rapidity suggests that similar mechanisms of
uptake of antigen by DC in the presence of antibody
operate in vivo and in vitro.

It was found that both IgG subclasses of antibody could
mediate the enhanced antigen uptake, though due to
differences in concentrations available for testing it was not
possible to quantitate accurately the relative efficiencies of
each subclass in this respect. To test the possibility that this
effect was being mediated via FcR, F(ab')2 fragments were
prepared and used in place of intact IgG antibodies. The
results showed that intact Fc portions were required to
mediate the increased binding of antigen, since the F(ab')2
preparation was ineffective. The F(ab')2 fragments had
similar ELISA titers to the intact IgGi subclass antibodies
that were used to generate them. Equivalence points were
also determined and found to be similar. The enhanced

uptake did not appear to be mediated by C components as
there was no decrease in uptake when heat-inactivated
lymph or PBS/BSA were used as diluents (data not shown),
and the non-C fixing IgG2 subclass antibody was also
capable of mediating the effect.

The expression of FcR on DC from other tissues in other
species is variable [30], DC isolated from mouse spleen, rat
lymph, or human peripheral blood are negative for FcR
[6, 24], However, DC from human afferent lymph or
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murine pulmonary tissue, and fresh human and mouse
Langerhans' cells express such receptors [6, 15,25, 31-33],
Thus, FcR expression appears not to be a uniform charac¬
teristic of DC. It has been noted, however, that murine
Langerhans' cells lose their expressed FcR following in vitro
culture [6, 15, 34], and, since DC isolated from lymphoid
tissues require a culture step during isolation, it is possible
that FcR may be lost in some cases. FcR on DC may, thus,
be a differentiation-sensitive marker, and the data pre¬
sented here reflects the receptor status at one stage in their
differentiation in lymph.These receptors may be lost by DC
once they have entered organized lymphoid tissue.

The functional significance of FcR expression by sheep
afferent lymph DC is unclear at present. The enhanced
uptake of antigen via such receptors could represent a
significant concentrating mechanism for antigen during
secondary immune responses. Work with human and rat LN
DC has shown that increased uptake of antigen by addition
of mAb or polyclonal antibodies results in enhanced
proliferation of antigen-specific Tcell lines [35, 36]. This is
supported by the observations that afferent lymph DC of
sheep function more efficiently as accessory cells in antigen
presentation toT cells during secondary responses [14]. It is
also possible that the immune complexes may be retained
on the surface of some of these DC and function as

antigen-transport cells [37]. The latter cells in mice have
been shown to transport undegraded immune complexes to
follicular DC in LN, which in turn present the complexes in
the form of iccosomes to germinal center B cells [38]. It will,
therefore, be important to determine the fate of such
complexes on the surface of sheep afferent lymph DC.

While almost all afferent lymph DC express high levels of
MHC class II molecules [7], the double-marker studies for
CD1 and FcR showed that the cells are heterogeneous and
can be divided into four subpopulations: (a) CD1 + , FcR"
(b) CD1 + , FcR+, (c) CD1-, FcR+ and (d) CD1", FcR".
Since the CD1 marker is present on Langerhans' cells and
other DC in skin [39], it is possible that the CD1+ DC
subset in afferent lymph that takes up complexes represent
Langerhans' cells draining to the local LN. Further work is
required to elucidate the role of immune complex uptake
and CD1 expression in the function of afferent lymph
DC.

Received September 22, 1989; in revised form June 15, 1990.

5 References

1 Smith, J. B., Mcintosh, G. H. and Morris, B., J. Anat. 1970.
107: 87.

2 Engeset. A.. Sokolowski, J. and Alsewski.W. L., Lymphology
1977. 10: 198.

3 Kelly, R. H., Balfours, B. M., Armstrong, J. A. and Griffiths,
S.. Anat. Rec. 1978. 190: 5.

4 Sokolowski. J.. Jakobsen. E. and Johannessen. J.V., Lymphol¬
ogy 1978. 11: 202.

5 Hein. W. R., McClure. S. J. and Miyasaka. M., Int. Arch.
Allergy Appl. Immunol. 1987. 84: 241.

6 Romani, N., Inaba, K.,Witmer-Pack, M., Crowley, M., Pure.
E. and Steinman, R. M., J. Exp. Med. 1989. 169: 1153.

7 Bujdoso, R., Hopkins. J., Dutia, B. M., Young. P. and
McConnell, I., J. Exp. Med. 1989. 170: 1285.



Eur. J. Immunol. 1990. 20: 2367-2373 Antigen uptake by dendritic cells 2373

8 Kraal, G., Breel. M., Janse, M. and Bruin, G., J. Exp. Med.
1986. 163: 981.

9 Drexhage, H. A., Mullink, H., De Groot, J., Clarke, J. and
Balfour, B. M., Cell Tissue Res. 1979. 202: 407.

10 Balfour, B. M., Drexhage, H. A., Kamperdijk, E.W. A. and
Hoefsmit, E. H., Ciba Found. Symp. 1981. 84: 281.

11 Silberberg-Sinakin, I.,Thorbecke, G. J., Baer, R. L.. Rosen¬
thal, S. A. and Berezowsky, V., Cell. Immunol. 1976. 25:
137.

12 Knight, S. C., Immunobiology 1984. 168: 349.
13 Macatonia, S. E., Knight, S. C., Edwards, A. J., Griffiths, S.

and Fryer, P., J. Exp. Med. 1987. 166: 1654.
14 Hopkins, J., Dutia, B. M., Bujdoso, R. and McConnell, I.,

J. Exp. Med. 1989. 170: 1303.
15 Schuler, G. and Steinman, R. M., J. Exp. Med. 1985. 161:

526.
16 Phillips, M. L., Parker, J. A., Frelinger, J. A. and O'Brien,

R. L., J. Immunol. 1980. 124: 2700.
17 Klinkert,W. E. F., Labadie, J. H. and Bowers, W. E., /. Exp.

Med. 1982. 156: 1.
18 Steinman, R. M. and Nussenzweig, M. C., Immunol. Rev. 1980.

53: 127.
19 DiMarchi, R.. Brooke, G., Gale, C., CracknelhV., Doel.T. and

Mowat, N., Science 1986. 232: 639.
20 Bujdoso, R., Young, P., Harkiss, G. D. and McConnell, I.,

Immunology 1989. 66: 559.
21 Mackay, C. R., Maddox, J. F., Gogolin-Ewens, K. J. and

Brandon, M. R., Immunology 1985. 55: 729.
22 Hopkins. J., McConnell, I., Bujdoso, R. and Munro, A. J., in

Morris, B. and Miyasaka, M. (Eds.), Immunology of the sheep.
Editiones Roche, Basel 1985, p. 441.

23 Knight, S. C., Farrant, J.. Bryant, A., Edwards, A. J., Burman,
S., Lever, A., Clarke, J. and Webster. D. B., Immunology 1986.
57: 595.

24 Pugh. C.W., McPherson, G. G. and Steer, H.W.,7. Exp. Med.
1983. 157: 1758.

25 Stingl, G., Wolff-Schreiner, E. C., Pichler, W. J., Gschnait,
G. F., Knapp, W. and Wolff, K., Nature 1977. 268: 245.

26 Barfoot, R., Denham, S., Gyure, L. A., Hall, J. G., Hobbs,
S. M., Jackson, L. E. and Robertson, R., Immunology 1989.
68: 233.

27 Fossum, S., Rolstad, B. and Ford,W. L., Immunobiology 1984.
168: 403.

28 Miller, H. R. P. and Adams, E. P., Am. J. Pathol. 1977. 87:
59.

29 Hall, J. G. and Robertson, R., Int. Arch. Allergy Appl.
Immunol. 1984. 73: 155.

30 Austyn, J. M., Immunology 1987. 62: 161.
31 Spry, C. J. F., Pflug, A. J., Janossy, G. and Humphrey, J. H.,

Clin. Exp. Immunol. 1980. 39: 750.
32 Sertl, K.,Takemura,T.,Tschachler, E.. Ferrans,V. J., Kaliner,

M. A. and Shevach, E. M., J. Exp. Med. 1986. 163: 436.
33 Haines, K. A., Flotte, T. J., Springer, T. A., Gigli, I. and

Thorbecke, G. J., Proc. Natl. Acad. Sci. USA 1983. 80:
3448.

34 Witmer-Pack, M. D.,Valinsky, J., Olivier, W. and Steinman,
R. M., J. Invest. Dermatol. 1988. 90: 387.

35 Celis, E. and Chang,T.W., Science 1984. 224: 297.
36 Schalke, B. C. G., Klinkert.W. E. F.,Wekerle, H. and Dwyer,

D. S., J. Immunol. 1985. 134: 3643.
37 Szakal, A. K., Holmes, K. L. and Tew, J. G.,J. Immunol. 1983.

131: 1714.
38 Szakal, A. K., Kosko, M. H. and Tew, J. G., Annu. Rev.

Immunol. 1989. 7: 91.
39 Longley, B. J., Braverman, I. M. and Edelson, R. I., Ann. NY.

Acad. Sci. 1989. 548: 225.



2882 B. M. Dutia, I. McConncll, K. Bird et al. Eur. J. Immunol. 1993. 23: 2882-2888

Bernadette M. Dutia,
Ian MeConnell,
Kay Bird,
Paula Keating and
John Hopkins

Department of Veterinary
Pathology, University of
Edinburgh, Edinburgh

Patterns of major histocompatibility complex
class II expression on T cell subsets in different
immunological compartments 1. Expression on
resting T cells*

In this study we have investigated the expression of major histocompatibility
complex (MHC) class II molecules on T cells from various lymphoid compart¬
ments in the sheep. Monoclonal antibodies which react specifically with sheep
MHC class II molecules homologous to the human DQ and DR molecules have
been characterized. These antibodies have been used, together with the
monoclonal antibodies specific for sheep CD4-, CD8- and T19-positiveT cells, to
quantitate DQ and DR expression on T cell subsets in adult and fetal peripheral
blood, afferent lymph, lymph node and efferent lymph. The results show that
expression of class II by T cells depends on the age of the animal and the
physiological location of theT cell. In fetal blood there is no expression of class II
on CD8+ or T19+ cells and very low expression on CD4+ T cells. In adult
peripheral blood and efferent lymph a significant proportion of cells express DR
but not DQ. A very different situation is found in afferent lymph and the
peripheral lymph node: in afferent lymph the majority of T cells in all three
subsets express both DQ and DR molecules; in the lymph node over 50% of
T cells express DRand30% are DQ+. These results suggest that within all T cell
subsets there is a progression from DQ DR- to DQ~DR+ and DQ+DR+ which
correlates with physiological stages of T cell differentiation in vivo.

1 Introduction

MHC class II expression by T lymphocytes shows consider¬
able inter-species variation. In humans activated but not
resting T cells are MHC class II-positive [1, 2| whereas in
mice evidence for the expression of class II by T cells is
controversial [3, 4], AllequineT cellsconstitutively express
class II [5] and studies in sheep suggest that a proportion of
T cells are class II-positive [6], This is unlike the situation
with dendritic cells and B cells which constitutively express
class II in all species so far examined [7, 8].The significance
of class II expression onT cells is not clear. Class II-positive
T cells can present peptide antigens and function as antigen
presenting cells in an MLR [9-12] but their ability to
present soluble antigens is limited by their lack of an
efficient mechanism of antigen capture [13].

One approach to understanding the significance of T cell
class II is to characterize its expression on T cell subsets
isolated from different parts of the recirculating lympho¬
cyte pool. This is only possible in sheep where lymphatic
cannulation techniques permit an overall picture of physio¬
logical changes in lymphocyte phenotype and function to

[I 11139]
* This work was supported by an Agricultural and Food Research

Council Link Research Grant (LRG31) and the Wellcome
Trust

Correspondence: BcrnadetteM. Dutia. Department of Veterinary
Pathology, University of Edinburgh, EH9 1QH, GB (Fax: 4431-
6506511)

Key words: Major histocompatibility complex class II / T cells

be studied. We have chosen to examine phenotypic changes
in class II on T cells because it is known that T cells drawn
from different immunological compartments vary in their
cell surface phenotype. Sheep afferent lymph T cells
express memory cell surface phenotype while efferent
lymph contains T cells of mainly naive phenotype and
peripheral blood contains a mixture of the two phenotypes
[14]. These phenotypic differences include differential
expression of CD45 isoforms and quantitative variation of
expression of LFA-1, LFA-3 and CD2. Whether these
phenotypic differences identify fixed subsets of T cells or
whether they reflect T cells at different stages of activation
as a consequence of their physiological location is not
known. While it is clear that CD45RO+ cells have recall
function in vitro [15, 16], the inflexibility of cell-surface
phenotype has been called into question. In the rat,
CD45RO"1" cells can revert to CD45RA+ [17] and there is
evidence that high levels of expression of LFA-1 can more
properly be regarded as a marker of activation than as a
memory cell marker [18].

In this paper we describe the development of a panel of
monoclonal antibodies which recognize ovine DQ and DR
homologues and use these antibodies to analyze expression
of MHC class II molecules on T cell subsets isolated from
different immunological compartments. The data show that
in sheep there is considerable expression of MHC class II
molecules on small resting T lymphocytes but that the
products of the different loci are differentially expressed in
all compartments. Furthermore, the class II phenotype of
T cells varies significantly between different sites and is
dependent on the age of the animal. These data indicate
that expression of DR correlates with a differentiation state
of T lymphocytes while DQ+ cells appear to represent a
population of recently activated cells. Our results show that
T lymphocyte phenotype is not fixed but is continuously
modulated during recirculation.
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2 Materials and methods Table 1. Monoclonal antibodies used

2.1 Anti-sheep monoclonal antibodies

Two panels of anti-sheep monoclonal antibodies were used
in this study, one defining the major lymphocyte pheno-
types and the other recognizing the sheep MHC class II
locus products. These antibodies are listed in Table 1. The
anti-sheep class II monoclonal antibodies have been de¬
scribed previously [6. 19]. These antibodies react with all
sheep tested (> 30) and appear to react with monomorphic
determinants. VPM30 is a pan-sheep B cell monoclonal
antibody which is not directed against Ig [20]. CC15 is an
anti-bovine T19 monoclonal antibody which recognizes
CD4~CD8~ T cells expressing the gamma/delta T cell
receptor [21]. This monoclonal antibody was a generous gift
from Dr. C. Howard. SBUT4 and SBUT8 are specific for
sheep CD4 and CD8 [22],

2.2 Preparation of cells

Sheep aged between 12 and 18 months were obtained from
the Moredun Research Institute, Edinburgh. Prefemoral
afferent lymph was collected by ablation of the prefemoral
lymph node and subsequent cannulation of the efferent
duct [23]. This duct now contains afferent lymph and is
known as a "pseudoafferent". Efferent lymph cells were
obtained by cannulation of the prefemoral efferent lym¬
phatic [24]. Animals were allowed at least seven days
post-operative recovery before lymph cells were taken for
examination. Peripheral blood lymphocytes were isolated
from heparinized blood by NH4C1 lysis as described by
Mishell and Shiigi [25]. Fetal blood was obtained from
animals at 130 days gestation and lymphocytes were iso¬
lated as described above. Lymph node lymphocytes were
obtained from prefemoral lymph nodes and splenocytes
were prepared from spleens obtained from the local
abbatoir. Cells were teased into suspension and lympho¬
cytes were obtained by centrifugation over Lymphoprep
(Nycomed AS, Oslo, Norway).

2.3 Iinmunopurification and ELISA analysis of sheep
class II

Immunoglobulin was prepared from anti-sheep class II
monoclonal antibody ascites fluid by caprylic acid precipi¬
tation [26] and linked to Affigel 10 (Bio-Rad, Hemel
Hempstead, GB). Sheep class II molecules were purified
from spleen by affinity chromatography as described pre¬
viously [6], ELISA for detection of purified class II were
carried out as described previously [6]. Both antibodies and
antigens were titrated to give optimal concentrations.

2.4 Two-dimensional immunoblot analysis

For the analysis of p chains sheep afferent lymph cells were
lysed at a concentration of 8 x 106/ml in 2% (w/v) NP40,
8.5 m urea containing 2% (v/v) 2D Pharmalyte (Sigma
Chemical Company, Poole, Dorset, GB). Cells
(0.4 x 106 - 2 X 106) were fractionated by 2D NEPHGE-
SDS (two-dimensional non-equilibrium pH gradient gel
electrophoresis-SDS) polyacrylamide gel electrophoresis

Antibody Specificity Reference

SW73.2 Anti-sheep MHC II pan |3 chain [19]
VPM36 Anti-sheep MHC II a chain [6]
VPM38 Anti-sheep MHC II a chain [6]
VPM41 Anti-sheep MHC II [3 chain [6]
VPM57 Anti-sheep MHC II p chain unpublished

data
VPM30 Anti-sheep B cell [20]
CC15 Anti-bovine T19 [21]
SBUT4 Anti-sheep CD4 [22]
SB UTS Anti-sheep CDS [22]

using a non-reduced gel in the second dimension [27]. For
the analysis of a chains sheep splenocytes were lysed at the
same concentration in 2% (w/v) NP40, 8.5 m urea, 2%
(v/v) pH 2.5-5 Pharmalyte (Sigma) and fractionated by 2D
IEF-SDS polyacrylamide gel electrophoresis using a non-
reduced gel in the second dimension [28]. The gels were
blotted onto nitrocellulose, blocked with 5 % (w/v) dried
milk powder in PBS and incubated overnight in monoclonal
antibody supernatant. Blots were incubated overnight in
monoclonal antibody supernatant and developed by incu¬
bating in biotinylated anti-mouse Ig (Boehringer Mann¬
heim, East Sussex, GB) or biotinylated anti-rat Ig (Sigma)
followed by streptavidin alkaline phosphatase (Boehringer
Mannheim) and nitroblue tetrazolium/bromochloroindole
phosphate.

2.5 N-terminal sequence analysis of class II molecules

Affinity-purified class II molecules were separated into a
and |3 chains by SDS polyacrylamide gel electrophoresis
using an Applied Biosystems HPEC 230A (Applied Bio-
systems, Warrington, Cheshire, GB). Separation was
achieved on 10 % polyacrylamide gels in 75 mM Tris
phosphate pH 7.5 [29].The separated eluted a and [3 chains
were centrifuged onto Problot membrane (Applied Biosys¬
tems) and sequenced by the SERC Protein Sequencing
Facility, University of Aberdeen, GB, on an ABI pulsed
liquid analyzer.

2.6 Flow cytometry

Immunoglobulin of the anti-cell phenotype antibodies,
with the exception of VPM30,was isolated from asciticfluid
by caprylic acid treatment [26] followed by ammonium
sulfate precipitation. VPM30 IgM was purified by S300
(Pharmacia, Milton Keynes, Bucks. GB) gel filtration
chromatography. Purified Ig were then coupled to biotin
(biotinamidocaproate N-hydroxysuccinamide ester) (Sig¬
ma) at a biotin/Ig ratio of 75 pg/mg. Anti-class II mono¬
clonal antibody Ig were treated similarly but were not
coupled to biotin. The biotinylated anti-cell phenotype
antibodies were detected using streptavidin-phycoerythrin
(SA-PE, Amersham International PLC, Amersham, GB)
and the anti-class II monoclonal antibodies were detected
using the relevant Ig subclass-specific FITC-conjugated
anti-mouse Ig antiserum (The Binding Site, Birmingham,
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GB). Before use, the concentrations of all reagents were
optimized by checkerboard titrations.

Cells (106) of each cell population were stained simulta¬
neously with 50 pi of the appropriate dilution of biotiny-
lated anti-phenotype monoclonal antibody and anti-class II
monoclonal antibody diluted in PBS/0.1% BSA/0.01 M
sodium azide (PBA). After 60-min incubation at 4°C the
cells were washed twice in PBA and incubated for 60 min
with SA-PE and FITC-antiglobulin before final washing
and analysis. Cells (104) live-gated on small lymphocytes
were analyzed by flow cytometry using a Becton Dickinson
FACScan Analyzer (Mountain View, CA). Live gating
using forward scatter (FSC) and side scatter (SSC) para¬
meters was used to distinguish the different cell populations
in afferent and efferent lymph and blood [30]. Linear
amplification was used for the physical parameters (FSC,
SSC) and logarithmic amplification used for the fluores¬
cence parameters (FLl-green, FL2-red). FL1-FL2 and
FL2-FL1 compensation was used to optimize the two-color
analysis. Antibody-negative cells were gated by reference
to biotinylated normal mouse Ig at 10 pg/ml followed by
FITC anti-mouse IgG.

3 Results
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Figure 1. Two-dimensional immunoblots of sheep class II |3
chains. Sheep afferent lymph cell lysates were fractionated by
NEPHGE 2D PAGE, transferred to nitrocellulose and developed
with monoclonal antibodies. (a)SW73.2; (b)VPM57; (c)VPM41.
Arrows indicate spots common to SW73.2 and VPM41 blots which
are not present in VPM57 blots.

3.1 Monoclonal antibodies identify subgroups of sheep
class II

The aim of these experiments was to identify which
anti-sheep class II monoclonal antibodies reacted with
different MHC class II molecules.The panel of monoclonal
antibodies was characterized by immunopurifying the
antigens reacting with each antibody and reacting the
purified antigen with all other monoclonal antibodies by
ELISA. Affinity purification of class II results in both a and
|3 chains being isolated regardless of the chain specificity of
the monoclonal antibodies [19],Table 2 shows the results of
such an ELISA. OD readings are comparable except with
VPM41 antigen which contains lower levels of antigen than
the other preparations. These data show that there are two
mutually exclusive groups of class II molecules: those
defined by VPM36 and VPM41 (36/41) and those defined
by VPM38 and VPM57 (38/57).

3.2 Two-dimensional gel analysis of sheep class II

In order to further define the different subgroups of sheep
class II, two-dimensional gel analysis of the a and [3 chains

was carried out. Fig. 1 shows the sheep class II (3 chain
spots. Fig. la shows the total |3 spots identified by the pan-|3
chain rat monoclonal antibody SW73.2, Fig. lb and c show
identical blots probed with VPM57 (lb) or VPM41 (lc).
Arrows in la and c indicate spots which are absent in
Fig. lb. Spots in Fig. lc which are not arrowed are not
resolved from VPM57|3 spots. The data shows that VPM57
and VPM41 identify different patterns of spots which are
subgroups of total class II. No spots were observed with
either mouse or rat negative control antibodies (data not
shown). Fig. 2 shows the sheep class II a chain spots
identified by VPM36 (2a) and VPM38 (2b). These two
antibodies clearly recognize different molecules.

3.3 N-terminal amino acid analysis of sheep class II
molecules

In order to determine the relationship between the sheep
class II subgroups 36/41 and 38/57 and the subgroups of
human and mouse class II, the N-terminal amino acid
sequence of VPM36 and VPM38 a chains was determined.
Fig. 3 shows the N-terminal amino acid sequence of

Table 2. Cross-reactivities of a panel of anti-sheep MHC class II monoclonal antibodies with the corresponding affinity purified class II
molecules

Antibodyb' Chain

Specificity
SW73.2 VPM36

Antigen8'

VPM41 VPM38 VPM57

SW73.2 P 1.076c) 1.353 0.367 1.560 1.121
VPM36 a 1.539 0.868 0.296 0.091 0.0
VPM41 P 1.712 0.983 0.351 0.076 0.0
VPM38 a 1.558 0.117 0.053 0.889 0.703
VPM57 P 1.392 0.0 0.012 0.685 0.598

a) MHC class II molecules purified by affinity
chromatography with each monoclonal antibody;
appropriate dilutions of each preparation in
PBS/azide were coated onto an ELISA plate
overnight at 4°C.

b) Monoclonal antibody used in ELISA; antibodies
were used as 1/40 dilutions of saturated superna¬
tant.

c) OD492 nm with the negative control sub¬
tracted.
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Figure 2. Two-dimensional immnnoblots of sheep MHC class II a
chains. Sheep splenocyte Iysates were fractionated by IEF 2D
PAGE, transferred to nitrocellulose and developed with mono¬
clonal antibodies. (a)VPM36; (b)VPM38.

VPM36 a and VPM38 a chains compared with human and
mouse sequences [31].The VPM36 a chain sequence is close
to that of DQa and I-Aa and the a chain sequence of
VPM38 antigen is homologous to human DRa and mouse
I-Ea.
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Figure 3. N-terminal amino acid analysis of (a) VPM36a and (b)
VPM38a chains compared with human DP, DQ and DR and mouse
I-A and I-E a chain sequences. Boxes indicate identity with sheep
sequence; indicates that residues could not be determined;
indicates a gap inserted to maximize alignment. Alternative
residues indicate different allelles for human and mouse sequences.
For sheep sequences alternative residues indicate that more than
one residue was present. Human and mouse sequences taken fom
Travers and McDevitt [31].

These data taken together with the ELISA and 2D blot
data show that we have two mutually exclusive groups of
monoclonal antibodies which define unambiguously the a
(VPM36) and (3 (VPM41) chains of the sheep DQ and the a
(VPM38) and (3 (VPM57) chains of the sheep DR (VPM38
and VPM57) molecules.

3.4 Expression of MHC class II in vivo

Previous experiments had shown that the anti-sheep pan-
class II monoclonal antibody SW73.2 stained 62 ± 5 % of
sheep resting PBMC [20].This is higher than the percentage
which can be accounted for by B cells. Two-color flow
cytometry using SW73.2 and the anti-cell phenotype mono¬
clonal antibodies showed that approximately 50% of the
class Il-positive cells are B cells. The remainder of class
II-positive cells, which express class II at a lower and more
variable level, are 27 % CD4+, 16 % CD8+ and 13 % T19+
(data not shown).This establishes that in the sheep class II
is expressed on small resting T cells.

3.5 Differental expression of MHC class II by T cells

Having shown that peripheral blood resting T cells express
class II we then used the the anti-DQ (VPM36) and
anti-DR (VPM38) monoclonal antibodies to investigate
expression of the individual locus products in vivo. Class II
expression on CD4+, CD8+ and T19+ T cells in afferent

and efferent lymph as well as peripheral blood and in the
lymph node was investigated. To assess the effect of natural
antigenic exposure on class II expression we examined
class II subtype expression on fetal blood lymphocytes.

Fig. 4 shows the expression of DQ and DR molecules on
CD4+ T cells drawn from the five different compartments.
The class II positive population is not a discrete population,
rather variable levels of class II appear to be expressed on
individual T cells leading to the appearance of a con¬
tinuum. These results are consistent over a large number of
animals. The data show that CD4+ T cells from all com¬

partments express DR molecules but the number of
DR+CD4+ T cells varies between the different immunolog¬
ical environments. Approximately 90% of afferent lymph
CD4+ T cells express DR but only 50 % of lymph node and
30 % of efferent lymph CD4+ T cells are DR+ (Table 3). In
fetal blood around 15 % of CD4+ T cells express DR while
in adult sheep (> 1 year of age) 60 % of peripheral blood
CD4+ T cells are DR+. Expression of DQ molecules on
CD4+ T cells differs considerably from DR expression. In
peripheral blood, fetal blood and efferent lymph very few
CD4+ T cells express the DQ molecule. Significant expres¬
sion of DQ is only found in afferent lymph and lymph node
where 80 % and 33 % respectively of CD4+ T cells express
DQ.

Expression of DQ and DR molecules on CD8+ T cells
mirrors the expression on CD4+ T cells with the exception
of fetal blood where there is no detectable expression of
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CD4 + T CELLS

LOG FLUORESCENCE INTENSITY GREEN (ANTI-CLASS II)

Figure 4. FACScan analysis of lymphocytes from adult sheep peripheral blood (PBMC). afferent lymph, lymph node, efferent lymph and
peripheral blood taken from fetuses at 130 days gestation (fetal PBMC) double-stained with the anti-CD4 monoclonal antibody SBU-T4
and the anti-class II subgroup-specific monoclonal antibodies VPM36 (anti-DQ) and VPM38 (anti-DR). SBU-T4 was coupled to biotin
and detected with streptavidin-labeled phycoerythrin (red fluorescence) and the anti-class II monoclonal antibodies detected with
isotype-specific FITC labeled anti-mouse Ig (green fluorescence).

either locus product on CD8+ T cells (Table 3). In afferent
lymph expression of both locus products is uniformly high.
In adult peripheral blood very few CD8+ T cells express
DQ whereas a significant percentage express DR. The
percentage of CD8+DR 4 T cells is, however, higher in
blood than in efferent lymph. In the lymph node 30% of
CD8+ T cells are DQ+ and 50-60 % express DR molecules.

MHC class II expression on T19+ T cells is generally lower
than on CD4+ and CD8+ T cells but the pattern is similar
(Table 3). DQ and DR are differentially expressed in all
compartments.Very few T19+ T cells in peripheral blood or
efferent lymph are DQ+ but in afferent lymph and the
lymph node >50% of cells are DQ+. Fetal T19+ T cells,
which comprise the majority of T cells in fetal blood, are
DQ DR".

In contrast to the results withT cells there is no differential

expression of class II molecules on B cells from any of the
lymphoid compartments with all B cells expressing DQ and
DR (data not shown).

4 Discussion

The aim of these studies was to develop and characterize
monoclonal antibodies which are specific for the sheep
homologues of DQ and DR, and to use these monoclonal
antibodies to link T cell expression of MHC class II with the
recirculation pathways of T cell subsets.

Using a combination of affinity purification and ELISA
analysis we have described four monoclonal antibodies

Table 3. Percentage of T cells from different lymphoid compartments expressing MHC class II DQ and DR molecules3'

Tissue compartment
PBMC Afferent Lymph Node Efferent Fetal PBMC

Lymph Lymph
(n = 5) (n = 4) (« = 4) (n = 8) (n = 3)

CD4+ DQ 3.5 ± 2.8 80.1 ± 3.6 33.6 ± 4.6 7 ±2 11.4 ± 2.5
T cells DR 57.1 ± 8.3 89.1 u 8.3 51.6 ± 5.2 30 ±3 15.9 ± 2.5

CD8+ DQ 6.4 ± 3.9 73.8 ± 4.2 30.3 ± 3.2 13.0 ± 2 < 1
T cells DR 51.4 ± 7.3 79.8 ± 6.8 56.5 ± 6.3 38.4 ± 4 < 1

T19+ DQ < 1 60.6 ± 6.2 48.3 ± 4.7 6 ± 3 < 1
T cells DR 35.3 + 9.3 78.7 ± 4.8 62.3 ± 8.2 19 ±2 < 1

a) Lymphocytes from each tissue were
double-stained with biotinylated anti-
CD4, anti-CD8 or anti-T19 mono¬

clonal antibody and VPM36 (DQ spe¬
cific) or VPM38 (DR specific) mono¬
clonal antibody. T cells were detected
using streptavidin-phycoerythrin and
class II staining was detected using
isotype-specific anti-mouse FITC.
Cells were analyzed by FACScan and
gated to include only small resting
lymphocytes.
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which react with the a or |3 chains of two distinct subgropus
of sheep MHC class II molecules. By a combination of
two-dimensional immunoblot analysis on separated a and (3
chains, together with N-terminal sequence analysis of
affinity-purified class II, we have shown that the monoclon¬
al antibodies VPM 36 and VPM 41 recognize the ovine
homologue of DQ, whereas the other monoclonal antibod¬
ies VPM 38 and VPM 57 recognize DR. The N-terminal
amino acid analysis of the a chains of the two subgroups
shows that there is a high degree of homology between
ovine a chains and the corresponding a chains in the
human.These monoclonal antibodies can therefore be used
for the unambiguous identification of the ovine equivalents
of the human DQ and DR locus products.

We have established that there are both qualitative and
quantitative differences in T cell subset expression of
class II, depending on age and physiological location of the
cells. Two-color flow cytometry using the monomorphic
anti-sheep class II monoclonal, SW 73.2, and anti-cell
phenotype monoclonals, shows that up to 50% ofT cells in
blood express class II. These cells originate from normal
healthy animals and are non-activated small lymphocytes.
Although it is difficult to detect de novo synthesis of class II
by these T cells, data in the accompanying paper [32] shows
that T cells synthesize class II following in vivo activation.
In contrast to the sheep, human T cells express class II only
after recent activation [1,2] and equine T cells are 100%
class Il-positive, even in the resting state [5].

Using the DR- and DQ-specific monoclonals we have
shown that fetal blood T cells do not express DQ or DR in
either the CD8+ or T19+ T cell subsets, and show low levels
of expression of both DR and DQ only in the CD4+ T cell
subset. By contrast, in adult sheep PBMC there is a
significant level of expression of DR on all T cell subsets.
Despite these elevated levels of DR onT cell subsets in the
blood, the level of DQ expression is low. Similar results are
found in efferent lymph whereT cells are virtually DQ but
cells from all three subsets express DR albeit at a lower
level than is found in blood. A different T cell class 11

phenotype is apparent when the T cell subsets are isolated
either from afferent lymph or the lymph node. In these
compartments the majority of the T cell subsets now
express DQ as well as DR (DQ+DR+).

Phenotypic differences between afferent and efferent
lymph and blood have been documented by Mackay et al.
[14] who used a variety of non-MHC class II markers to
show that afferent lymph contains cells mainly of the
memory phenotype while efferent lymph and blood contain
a mixture of memory and naive pleno types. Based on
numbers alone, the expression of DR on T cells correlates
with a memory phenotype in all compartments. Our
preliminary experiments using three-color FACS analysis
have so far shown that CD45RA+ cells (naive) are
DQ~DR". In humans, expression of DQ by T cells seems
to be a result of recent activation [33] and the data in the
accompanying paper [32] suggests that this also applies to
sheep T cells. Afferent lymph T cells have an activation
profile; they have a high forward and side scatter in FACS
analysis, have a high rate of spontaneous DNA synthesis
[23] and express elevated levels of IL-2R (unpublished
observations). We conclude that the pattern of MHC
class II expression on T cells reflects different levels of

Blood
DQ+/-DR++

Figure 5. Expression of MHC class II molecules on T cells in
different lymphoid compartments. + + + : >60% positive; + + :
30-60% positive; +: 20-30% positive; ±: < 10% positive.

T cell differentiation and activation.The DQ DR pheno¬
type is typical of antigen-naive fetal T cells.These change to
being DQ~DR+ and DQ+DR+ after exposure to antigen.
The DQ+DR+ phenotype is characteristic of recently
activated T cells present in afferent lymph and node and the
DQ~DR+ T cells represent a resting and recirculating
memory T cell phenotype present in efferent lymph and
blood (Fig. 5).

These data also establish that there is considerable plastic¬
ity of T cell phenotype. The migration of lymphocytes
across endothelia into tissues (e.g. skin or lymph node) is a
multistep process requiring adhesion, activation of (T
integrins on the lymphocyte surface and trans-endothelial
migration [34, 35]. Crucially this process requires activa¬
tion which occurs via endothelium/T cell interaction or

endothial-derived factors. High levels of DQ and DR in
afferent lymph may therefore be a consequence of this
activation. The explanation for the low level of DQ
expression in efferent lymph may reflect the fact these cells
do not appear in efferent lymph until about 3(1 h after they
have crossed the endothelium [36] and by this time they
have reverted to a DQ DR+ phenotype. In rats,T cells can
revert their phenotype from CD45RO+ to CD45RA+ [17]
and we propose that the reversion from DQ+DR+ to
DQ DR+ is another example of modulation of T cell
phenotype which occurs at different stages in the recircu¬
lation pathway. The functional significance of differential
expression of MHC class II on T cells is discussed in the
accompanying paper [32].
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This study characterizes antigen-induced phenotypic and functional aspects of
major histocompatibility complex (MHC) class II expression on recirculating
T cells in efferent lymph. In vivo secondary, but not primary challenge is
associated with both kinetic and phenotypic alterations in class II expression by
T cells. All three major T cell subsets, CD4+, CD8+ and T19+ (yb T cell
receptor), show an approximate four fold increase in the level of MHC class II
expression during secondary responses. No changes in B cell expression of class II
were seen. Resting efferent lymph T cells are predominantly either class II" or
DR+DQ" but this changes to DR+DQ+ after antigenic challenge.
The antigen-presenting function of these class II+ T cells was investigated at daily
intervals after in vivo antigenic challenge. T cells from non-activated lymph
nodes could not induce proliferation of antigen-specific T cells with soluble
antigen but were weakly stimulatory in allo-mixed lymphocyte reaction (MLR) at
high (>2:1) stimulator cell ratios. Activated T cells isolated during secondary
in vivo responses, and expressing increased quantities of MHC class II, were
positive stimulator cells in the MLR. In contrast these cells could not present
soluble antigen ortrypsin-digested antigen to theT cell lines. In the MLR assays,
the relative stimulation by class II+ T cells correlates with the levels of class II
expression. We conclude from these experiments that both quantitative and
qualitative changes in MHC class II, induced on T cells under physiological
conditions, play a role in the regulation of the immune response in vivo but that
that role is not simply one of presentation of soluble antigen.

Patterns of major histocompatibility complex
class II expression by T cell subsets in different
immunological compartments. 2. Altered
expression and cell function following activation
in vivo*

1 Introduction

The different cells of the lymphoid system have a highly
mutable cell surface and changes at the cell surface often
affect or mirror alterations in cell function [1-3]. In the
previous paper [4] we established that T cell subsets in
distinct lymphoid compartments show differential expres¬
sion of MHC class II DQ and DR locus products. The study
described here compares the effects of in vivo primary and
in vivo secondary immune responses within peripheral
lymph nodes, on the relative expression of DQ and DR by
the threeT cell populations in efferent lymph. In addition it
examines the consequence of these responses on the
immunological function of the cells.

We show that there are major differences in the cellular
kinetics and phenotype between primary and secondary
responses. In the primary response very few changes occur
in cell kinetics, MHC class II expression or immunological
function. In contrast, during secondary responses in anti¬
gen-primed animals there are profound changes in both
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lymphocyte output into efferent lymph as well as the
expression of all the MHC class II locus products. The
proportion of all three major T cell populations expressing
DQ and DR increases dramatically after secondary chal¬
lenge. In addition there is a four-fold rise in the level of
cellular class II expression. No increase in B cell class II
expression was observed.

These data on changes in cell phenotype raise a major
question concerning the antigen-presenting function of
these class II+ T cells. Although in vitro generated sheep
T cell lines are functional antigen-presenting cells, class ID
efferent lymph cells in resting lymph are unable to present
either native or trypsin-digested antigen.They are, however
weakly stimulatory in the MLR. Secondary antigenic
challenge did not enhance the ability of efferent lymph
T cells to present soluble or digested antigen but their
capacity to stimulate allogeneic T cells in MLR assays was
increased up to four-fold, correlating both temporally and
quantitatively with increased MHC class II expression. No
changes in cell function were detectable after primary
antigenic challenge.

2 Materials and methods

2.1 Animals and surgery

Animals and surgery were as described in the previous
paper [4]. Antigenic priming was by i.d. injection of five
human doses of BCG (Glaxo, Greenford, Middx. GB) and
s.c. injection of 1 mg ovalbumin (OVA) or sperm whale
myoglobin on alum.

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim. 1993 0014-2980/93/1111-2889$ 10.00 + .25/0
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2.2 Cell purification

Peripheral blood leukocytes were isolated from heparin-
ized venous blood by ammonium chloride lysis [5]. Efferent
lymph T cells were prepared by fractionation of efferent
lymphocytes by nylon wool [6] (Type 200, Fenwal Labs,
Deerfield, IL). Purity of the T cell preparation was checked
by flow cytometry using a monoclonal anti-sheep light
chain (VPM8) and an anti-sheep CD5 antibody [7] with the
appropriate FITC-antiglobulin. Cytoplasmic Ig+ cells were
assessed by staining with VPM8 on acetone-fixed cytospin
smears. Fractionation routinely produced cells that stained
> 97 % positive for high levels of CD5 and < 1 % immu-
noglobulin-positive (surface and cytoplasmic). Efferent
lymph B cells were eluted from the nylon wool by 60 min
incubation in RPMI1640 + 20% FCS and subsequent
vigorous agitation. This cell population was consistently
>95% slg+. PBMC were prepared from defibrinated
blood by centrifugation over Lymphoprep (Nygaard. Oslo,
Norway).

2.3 Antigen-presenting cells

Antigen-presenting cells (APC) for soluble antigen-
induced proliferation were efferent lymph lymphocytes,
efferent T cells or peripheral blood mononuclear cells
(PBMC) prepared as described above and irradiated with
3000 rad y-irradiation. Antigen pulsing was by 2 h incuba¬
tion in OVA at i mg/ml. Cells were then washed twice
before addition to the cultures. For fixation [8], cells were
washed twice (after antigen pulsing) and adjusted to
5 x 106/ml in F1BSS and fixed by the addition of twice
redistilled gluteraldehyde to a final concentration of
0.05 %. After 30 s incubation at room temperature the
fixation was stopped by adding an equal volume of 0.2 M
lysine monohydrochloride, pH 7.4 in HBSS. Cells were
washed twice before use.

2.4 In vitro lymphocyte proliferation assays

Antigen-induced lymphocyte proliferation and MLR
assays were carried out as described previously [1, 9].
Briefly, 1 X 104 antigen-specific T cells per well (in round-
bottom microtest trays, Gibco-Biocult, Renfrew, GB) were
cultured with OVA, sperm whale myoglobin or PPD at a
final concentration of 25 pg/ml. The T cell lines were
prepared exactly as described by Bujdoso et al. [10]. The
ability of T cells to present degraded antigen was investi¬
gated by using a tryptic digest of OVA prepared as
described by Shimonkevitz et al. [8]. Possible deficit in
interleukin production was studied by using purified por¬
cine IL-1 (a gift from Dr. J. Saklavala, Strangeways Labs,
Cambridge) and human recombinant IL-2 (a gift from
Biogen SA). Cells were incubated for 5 days at 37 °C in 6 %
CO2. [3H] thymidine (Amersham International, Amer-
sham, GB) 0.5 pCi (in 10 pi PBS) was added for the last 5 h.
Cultures were harvested and the radioactivity associated
with the dried filter disks measured by (3 spectroscopy.

2.5 Monoclonal antibodies and flow cytometry

Two panels of anti-sheep monoclonal antibodies were used
in this study, one defines the major lymphocyte phenotypes

[ 11-14] and the other recognizes the different MHC class II
locus products [4],Two-color flow cytometry was exactly as
described by Dutia et al. [4]. Live gating using forward
scatter (FSC) and side scatter (SSC) parameters was used to
distinguish lymphocytes from granulocytes in the peripher¬
al blood and the small lymphocytes from lymphoblasts in
efferent lymph [7].

2.6 Saturation binding studies

The quantitation of anti-class II antibody binding sites per
cell was by saturation binding analysis as described pre¬
viously [1] using 125I- (Amersham)labeled Fab SW73.2 (a
rat monoclonal antibody specific for a monomorphic,
framework determinant on sheep class II |3 chains) [15] at
4°C.

2.7 Biosynthetic labeling of T cell class II

Fractionated T cells isolated daily after in vivo antigenic
challenge were used for biosynthetic labeling. Briefly,
5 x 107 purified efferent lymphT cells were resuspended in
5 ml methionine-free Dulbecco's modified Eagle's medium
with 2% dialyzed FCS, 2 mM L-glutamine and 5 X 10~5 M
2-|3-mercaptoethanol and incubated for 90 min at 37 °C.
Cells were centrifuged then resuspended in the same
medium containing 250 pCi 35S-methionine (50 pCi/ml,
specific activity > 800 Ci/mM. Amersham) and incubated
for a further 15 h. Labeled cells were washed three times
and then lysed on ice for 30 min at 2 X 107/ml in 0.5 %
Triton X 100 in 50 mM Tris pFI 8, 150 mM NaCl, 5 mM
iodoacetamide and 1 mM PMSF. Debris was removed by
microfuging at 13 000 x g for 10 min and the supernatant
stored at — 70°C prior to use.

2.8 Immunopurification of T cell class II

IgG of SW73.2 ascitic fluid was isolated by DEAE-affigel
blue (Biorad. Hemel Hempstead, GB) anion-exchange
chromatography and was coupled to Affigel 10 (Biorad),
according to the manufacturer's instructions. Approxi¬
mately 10 mg of antibody was coupled to 1 ml gel. Labeled
cell lysate (0.25 ml) was incubated for 24 h at 4°C with
100 pi SW73.2-affigel, unbound proteins were removed by
six washings with 0.5 % sodium deoxycholate in 50 mM Tris
pH 8,150 mM LiCl. Bound class II was eluted by boiling for
5 min in 50 pi 2 % SDS, 50 mM Tris pH 8, 5 % 2-ME, 10 %
glycerol. Eluted proteins were separated using 12% SDS-
PAGE gels under reducing conditions. After electrophore¬
sis the gels were fixed in methanol: acetic acid: water
(5:2:5), impregnated with AMPLIFY (Amersham) and
dried before autoradiography at — 70 °C.

3 Results

3.1 Effect of in vivo antigenic challenge on T cell
expression of class II

The kinetic changes which occur in the efferent lymph as a
result of secondary antigenic challenge of the draining
lymph node with OVA, PPD or sperm whale myoglobin
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were similar to those described previously for other non-
replicating antigens [16, 17]. Cell shutdown [18] occurs
over the first 24 h and is followed by a biphasic three- to
sixfold increase in lymphocyte output at about 48 h and
between 80 and 150 h. Lymphoid blast cells begin to appear
at about 60 h reaching a peak of between 10-25 % of total
cells between 80 and 150 h. Cell output and lymph flow
return to resting levels by 9-10 days after challenge.This is
in contrast to primary antigenic challenge where there is no
cell shutdown, the cell output increases only 1.5-2-fold
(from days 4-10) and the percentage of blast cells rises from
a background level of 1-2% to 5-6% over the same
period.

The rise in cell output during the secondary response
in vivo coincides with a marked increase in the proportion
of small lymphocytes expressing MHC class II as assessed
by the anti-framework mAb, SW73.2 (Fig. 1). As the
proportion of B cells remains relatively stable (between 18
and 25%) during both primary and secondary responses
and accessory cells do not exit the node [6, 16], this increase
is caused by a rise in the proportions of class II+ T cells. The
proportion of class II+ small lymphocytes rises from
approximately 55 % in resting lymph up to > 75 % during
secondary responses. In primary responses the proportions
of class II+ small lymphocytes remains unchanged.

dayo
52%

DAY 4
77%

DAY 7
78%

DAY 11
75%

3.2 Quantitation of class II expression

The rise in the proportion of class II+ cells in efferent lymph
during secondary responses is accompanied by marked
increases in the overall expression of class II by single cells.
The antibody binding studies show that T cells constitutive-
ly express approximately 2 x 104 MHC class II molecules
per cell (assuming one antibody binding site per class II
molecule and that 55 % of T cells are class II+) (variation
between 1.5 X 104-2.6 X 104). B cells in lymph draining
resting lymph nodes express about 1 x 105 (variation
0.85 x 105—1.17 X 105). Measurement of class II expres¬
sion at daily intervals during a secondary antigenic chal¬
lenge show that the level of T cells class II increased up to
approximately 8 x 104(6.5 x 104-9.3 X 104, assuming that
75 % of T cells are class II+) molecules per cell on days 4
and 5 after challenge (Fig. 2) whereas B cell class II
expression remained unchanged.
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Figure 1. Flow cytometry histograms of efferent lymph cells
isolated at daily intervals during a secondary immune response to
OVA. Each panel shows cells stained with the anti-class II
framework mAb SW73.2. The figures represent the percentage
positive cells when compared with 10 |xg/ml normal rat Ig negative
control (< 1 % positive).
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Figure 2. Quantitation of MHC class II expression by purified
efferent lymph B and T cells isolated at intervals after secondary
stimulation with OVA, as measured by saturation binding experi¬
ments.

3.3 Biosynthetic labeling of T cell class II

Purified T cells were isolated from efferent lymph before,
and at daily intervals after, secondary in vivo challenge
then biosynthetically labeled with 35S-methionine. As
shown in Fig. 3, sheepT cell class II is generated by de novo
synthesis. It is not acquired cytophilically from class II+
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Figure 3. Biosynthetic labeling analysis of T cell class II. Autora-
diograph of class II immunoprecipitated from purified efferent
lymph T cells isolated at intervals during a secondary response to
OVA.T cells were labeled with 35S-methionine, the class II immu¬
noprecipitated with SW73.2 and fractionated using SDS-PAGE
under reducing conditions.

cells within the lymph node. Fig. 3 also confirms the
quantitative changes inT cell class II expression during the
response, peak expression occurring on day 4 after chal¬
lenge . These data show class II migrating as a single band of
31-33 kDa. The a and (3 chains of sheep class II are
discriminated by SDS-PAGE under non-reducing condi¬
tions only [15].

3.4 Differential expression of MHC class II by T cells

These experiments were performed to assess the changes of
expression of the different class II locus products by the
three major T cell populations (CD4+, CD8+ and T19+) in
efferent lymph at intervals during secondary responses.
Only small lymphocytes were examined, lymphoblasts with
high FCS/SSC scatter profiles were eliminated from this
analysis by live-gating on the small lymphocyte population.
Fig. 4 shows that the proportion of DR+ cells in all three
T cell populations rises approximately two-fold by day 4,
however the most dramatic changes occur with the numbers
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Figure 4. Graphs showing the changes in the expression of class II
the three T cell populations (CD4+, CD8+ and T19+) isolated
from efferent lymph at invervals during a secondary response to
OVA. Small lymphocytes were delineated by livegating using
FSC/SSC parameters. Cells were stained with biotinylated anti-cell
phenotype mAb (and RPE) and either VPM36 (anti-DQa) or
VPM38 anti-DRa).The percentages are determined by reference
to biotinylated normal mouse Ig at 10 pg/ml negative control
(< 1 %). Error bars ± SD.
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Figure 5. Two-colour flow cytometry
analysis of efferent small lymphocytes
isolated during a secondary response
to OVA and stained with anti-CD4 and
anti-DQ mAb. Live gating using
FSC/SSC parameters was used to deli¬
neate small lymphocytes. Quadrants
were set using biotinylated normal
mouse Ig at 10 |xg/ml.
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of DQ-expressing cells (Fig. 5). In resting efferent lymph
very fewT cells express the sheep homologue of the human
DO molecule [4] but by day 4 after secondary challenge up
to 40 % of the CD4+ population, about 50 % of CD8+ cells
and 30 % of T19+ cells express DQ.These high proportions
of class II positive cells remain elevated for an extended
period of time returning to resting levels only by day 16-18.

The class II phenotype of the lymphoid blast cells also
changes during the response. Of the small numbers of blast
cells present in efferent lymph prior to antigenic challenge
only about 40% express class II. After secondary challenge
almost all the CD8+ and T19+ blast cells and between
83-90% of CD4+ blast cells arc class II+ with little

significant differential expression of DQ and DR (Fig. 6).
This pattern of expression by blast cells was retained for up
to 2 weeks.

with digested antigen up to 250 pg/ml also did not induce
theT cell proliferation. In contrast these cells are capable of
stimulating allogeneic efferent T cells in MLR assays, albeit
with a much reduced efficiency when compared with
PBMC. Unfractionated efferent lymphocytes and purified
T cells are five- to sixfold less efficient at stimulating
allogeneic T cells in the MLR than are PBMC.

Cells isolated from a resting lymph node or at daily intervals
after antigen challenge were compared with PBMC for
antigen presentation. Table 1 contains representative data
from day 5 post-challenge and shows that the stimulatory
capacity of these cells did not change significantly during
in vivo primary responses as assessed by both soluble
antigen and MLR assays.

3.5 Class II+ T cells as antigen-presenting cells

We next addressed the question of whether T cells exhibit¬
ing a physiological increase in MHC class II were able to
utilize this class II as an antigen-presenting molecule. This
was established by assaying the capacity of irradiated
efferent lymphT cells and B cells to present soluble antigen
to antigen-specific, autologous T cell lines. The ability of
irradiated efferent lymph cells to act as stimulators in a
one-way MLR was also tested.The data inTable 1 show that
unfractionated efferent lymphocytes and purified efferent
T cells draining an unstimulated lymph node (Day 0) are
not capable of inducing proliferation of antigen-specific
T cell lines with native or trypsin-digested OVA. This
contrasts with the irradiated T cell lines which are efficient

presenters of digested OVA and alloantigen but are
incapable of presenting native OVA. Increasing the num¬
ber of irradiated T cells up to 5 x 105 cells/well (i.e. 50:1),

Table 2. In vitro proliferation assay of OVA-specific T cells with
the addition of IL-1 and/or IL-23'

Presenting cells [3H] Thymidine incorporation

PBMC 36321 ± 4002cl
Purified T cells'3' 1846 ± 176
T cells + IL-1 1548 ± 144
T cells + IL-2 2034 + 223
T cells + IL-1 + IL-2 2377 ± 209
Medium control 2011 ± 188

a) Cells isolated on day 5 after secondary antigenic challenge
stimulated with trypsin-digested OVA @ 25 pg/ml.

b) Results expressed as cpm tritiated thymidine incorporation ±
SD.

c) Presenting cells isolated on day 5 after secondary antigenic
challenge.

Table 1. In vitro proliferation of T cells in response to irradiated presenting/stimulator cells isolated at intervals during the primary and
secondary in vivo immune response

Presenting cells In vitro proliferation assays-response to:
Native ova Trypsin-digested Alloantigen (MLR)

ova

Day 0
PBMC 54550 ± 4986"' 63435 ± 6833 40166 ± 3768
Unfract. efferent 2034 ± 227 2197 + 226 5873 ± 482
Purified T cells 1473 ± 158 1551 ± 164 5680 ± 559
T cell line 1654 ± 174 18263 ± 768 15775 ± 604
Medium control 1824 ± 203 2028 ± 195 1765 + 180

Day 5
(primary response)
PBMC NDb> ND 38568 + 3572
Unfract efferent ND ND 5471 + 612
Purified T cells ND ND 5337 ± 439
Medium control ND ND 1655 ± 163

Day 5
(secondary response)
PBMC 59683 ± 6122 68341 ± 7655 38334 + 3452
Unfract. efferent 2348 ± 212 2510 ± 277 18303 ± 2107
Purified T cells 2051 + 198 2135 ± 238 15059 ± 1699
Medium control 2033 ± 257 2085 ± 194 1341 ± 172

a) Results expressed as cpm tritiatcd thy¬
midine incorporation ± SD.

b) ND - not determinable.
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During secondary responses, when there are high levels of
class II+ T cells, neither unfractionated efferent nor puri¬
fied T cells induce a significant level of proliferation with
native or typsin-digested OVA. In contrast the MLR
stimulatory capacity of both unfractionated efferent cells
and T cells was increased up to three- to fourfold. This
augmentation of function peaks at days 4 to 7 and then
returns to prechallenge levels by day 16. Increasing the
concentration of irradiated efferent cells (up to 105/well) or
antigen (up to 100 pg/ml) did not induce the T cell prolif¬
eration. The addition of 10 pg/ml F(ab')2 SW73.2 (anti-
class II mAb) abolished the MLR stimulated by these
T cells (data not shown).

In order to assess whether the deficiency in presentation of
soluble antigen by efferent lymphocytes was due to a lack of
cytokine production by the presenting cell population,
purified pig IL-1 and recombinant human IL-2 were titrated
into these assays. Both these cytokines have been shown to
be biologically active for sheep cells [10, 19]. Optimal
concentration of IL-1 in the thymocyte co-mitogen assay is
10 units/ml, and for IL-2, in the stimulation of Con
A-activated sheep T cells, it is 20 units/ml [10], Neither
purified T cells nor unfractionated lymphocytes taken from
the efferent lymph 5 days after secondary antigenic chal¬
lenge (at the peak of the MLR stimulatory response) were
able to stimulate autologous antigen-specific T cell lines
(Table 2) with digested OVA even in the presence of
optimum concentrations of IL-1 or IL-2 or a combination of
both.

4 Discussion

This paper is concerned with the relationship between
T cell class II expression and T cell function. We present
data which describes the kinetic and phenotypic changes in
DQ and DR expression onT cell subsets following in vivo
antigenic activation and assess the role of T cell class II in
antigen presentation. Using locus-specific anti-class II
mAb together with B cell and T cell subset-specific mAb
we have shown that a proportion of T cells in resting lymph

Figure 6. Two-colour flow cytometry
analysis of efferent lymphocytes blast
cells isolated during a secondary res¬
ponse to OVA and stained with anti-
CD4 and anti-DQ mAb. Live gating
using FSC/SSC parameters was used to
delineate the larger, more complex
blast cells from small lymphocytes.
Quadrants were set using biotinylated
normal mouse Ig at 10 pg/ml.

express DR and not DQ. Primary challenge produces only
minor changes in lymph flow, cell output and blastogenesis
and little change in MHC class II expression. In contrast,
secondary challenge results in the cell shutdown response
[18] followed by a biphasic increase in both small lympho¬
cyte and blast cell output. Coincident with these changes is
a twofold rise in the proportion of T cells expressing DR
and a four- to fivefold rise in the proportion of DQ+ T cells.
The changes in T cell class II apply to all three subsets
including theT19+, y6 TCR+ cells. The expression of DQ
by sheep T cells therefore seems to be a result of very recent
activation.

This rise in class II+ cells coincides with a profound increase
in the level of class II expressed by single cells. T cells and
B cells in resting efferent lymph express approximately
20000 and 100000 class II molecules per cell, respectively.
Primary challenge has no detectable effect but secondary
challenge results in a fourfold rise inT cell expression with
no quantitative change in the levels of B cell class II.

Expression of class II by blast cells is also influenced by
antigenic stimulation in vivo. Of the small proportion of
blasts present in resting lymph only 40 % express both DQ
and DR whereas after both primary and secondary chal¬
lenge all blast cells express a uniformly high level of both
DQ and DR. Unlike small lymphocytes, blast cells show no
differential expression of the different class II locus prod¬
ucts.

This study also shows that sheep T cells synthesize class II.
Similar findings have been reported for activated T cells in
man [20] whereas the data for murine T cells is contradic¬
tory. Alloreactive murineT cells have been shown to adsorb
class II molecules from the stimulating cell population [21]
whereas cloned T cell lines behave like human and sheep
cells and synthesize these molecules [22].

Since these events occur during secondary responses only,
one possible mechanism is that the increased expression of
class II by T cells is induced by cytokines released by
activated T cells [23]. Candidate mediators therefore would
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include IFN-y, IL-4and IL-10, all of which have been shown
to induce class II expression [24-26]. IL-4 and IL-10 seem
unlikely candidates because they chiefly affect B lympho¬
cytes [25, 26] whereas IFN-y seems to have a wide range of
target cells [26]. Furthermore IFN-y has been shown to be
released into efferent lymph from antigen-activated lymph
nodes only during secondary responses [27]. In addition the
induction of the different class II locus products by IFN-y in
different cell types is not coordinate [28]. DR is induced in
the absence of DQ on certain fibroblast [28] and myeloid
leukemia lines but is induced with DQ on other leukemic
lines [29] and particular melanoma cells [30]. The up-
regulation of class II by IFN-y seems to be controlled by the
control boxes situated 5' of each class II gene (reviewed
[31, 32]). There are different control boxes associated with
each class II locus which have been shown to have differ¬
ential susceptibility to different cytokines [32],This implies
that DR and DQ are differentially susceptible to cytokines
when on cells of different lineages but that class II expres¬
sion is coordinately controlled in subsets of cells of the same
lineage.

MFIC class II are molecules involved in the presentation of
antigen to T cells and have a clear functional role in
presenting peptides taken up by macrophages, dendritic
cells or B cells [33, 34], In this study we have shown that
despite expressing large quantities of MHC class II, in vivo
activated sheepT cells cannot induce antigen-specificT cell
proliferation even with trypsin-digested antigen. The defi¬
ciency does not seem to be a simple one of lack of IL-1 or
IL-2 or the inability to process the antigen since the
addition of these cytokines and the use of digested antigen
did not induce responder cell activation. Increasing the
concentration of soluble antigen in the proliferation assays
to levels up to five-fold higher than shown to be sufficient
for non-specific presentation by EBV+ B cells [35] also did
not remedy this defect. Additional defects may be a lack of
expression of either MHC class II y chain [36, 37] or the B7
molecule [38]. These studies make use of physiologically
activated T cells and contrast with in vitro studies with
T cell clones and lines which can present antigenic peptides
but not native antigen (Table 1 and [39-41]). This does not
imply that T cell class II cannot act as presentational
molecules. Physiologically activated class II+ T cells can
act as antigen-presenting cells if the requirement for uptake
is bypassed as in the case of ligands which bind to the cell
surface [42] or in allogeneic combinations where the
alloantigen is an integral part of the polymorphic structure
of the class II molecule. Furthermore, in common with
activated class II+ human T cells [40, 42], class II+ sheep
T cells can stimulate allogeneic T cells in the MLR. The
relative ability of these cells to stimulate allogeneic T cells
increases during in vivo secondary responses and seems to
correlate both temporally and quantitatively with the level
of class II expression. At the peak of the in vivo response
there is an approximate three- to fourfold rise in stimula¬
tory activity of efferent T cells which coincides with the
level of cellular class II expression. This is similar to the
correlation between quantitative class II expression and the
antigen-presenting ability of afferent lymph dendritic cells
[1] and adds support to the proposition that the magnitude
of T cell responses is related to the product of the
concentrations of antigen and class II [2].

In terms of physiological immune responses however MHC
class II may have a regulatory role as well as presentational
function. HLA-DR, expressed by activated human CD4+
T cell clones has been shown to play a role in signal
transduction [43]. Antibody cross-linking of DR but not
DQ results in an increase in tyrosine phosphorylation and
T cell activation. The class II on theT cells could interact
with co-expressed CD4 or CD4 expressed by antigen-
presenting dendritic cells [44] leading to up-regulation of
dendritic cell B7 expression [45]. Alternatively for
class II+CD8+ T cells direct T cell-T cell interactions may
be important.

These data imply that DR and DQ may fulfill different
roles. Evidence from both man and mouse [46, 47] suggests
that DQ (or I-E) molecules may be more involved in the
presentation of suppressor rather than helper epitopes.
Currently experiments are in progress to investigate the
control of differentia! expression by class II+ T cells and its
functional role.
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Interleukin-1 receptor expression by ovine
afferent lymph dendritic cells: response to
secondary antigen challenge*

Interleukin(IL)-l is thought to enhance the function of antigen presenting cells of
the dendritic cell lineage. To investigate the interaction ofIL-1 and dendritic cells,
recombinant ovine IL-la and IL-lf) have been used to determine IL-1 receptor
(R) expression on fresh dendritic cells (ALDC) collected from cannulated sheep
pseudoafferent lymph ducts, both prior to and in response to localized ovalbumin
challenge. Resting ovine ALDC express ~ 510 IL-1R per cell for IL-la (Kd
~ 30 pM) and ~ 350 IL-lR/cell for IL-ip (Kd ~ 160 pM). Saturation binding and
in situ analyses show an initial transient but dramatic increase in IL-la binding to
ALDC by 4 h in response to ovalbumin challenge of primed sheep. Maximal
IL-1R expression, reaching > 21700 IL-lR/cell for IL-la detected by around
48 h, was followed by a gradual return to resting level by 8 days post challenge.
Fewer than 0.5 % of resting ALDC expressed IL-1R but at least 5 % of ALDC
bound IL-la after ovalbumin challenge. There was no evidence of specific
up-regulation of receptors for IL-1|3 on these cells. Fresh ovine alveolar
macrophages, used as a positive control for specific IL-1R expression, were found
to express ~ 2600 sites/cell for IL-la (Kd ~ 56 pM) and 16500 sites/cell for IL-ip
(Kd ~ 4.6 pM). In view of the differing IL-1 binding characteristics displayed by
the receptors on the two cell types, it is postulated that afferent lymph dendritic
cells and macrophages are not expressing the same form of IL-1R.

1 Introduction

There is currently much interest in the roles of specialized
antigen presenting cells (APC) in sensitizing T cells to
antigen and in the induction of cytotoxic T cell responses.
It is becoming clear that the influence of cytokines on both
antigen processing and presentation differs between one
type of APC and another.

Dendritic cells (DC) function uniquely to initiate primary
immune responses and are the most potent APC with
respect to secondary responses. Langerhans'cells (LC) are
immature DC highly specialized to process foreign antigens
but are relatively inefficient antigen-presenting cells. LC
are subject to a phenotypic maturation as theymigrate from
skin to lymph node and the antigen-bearing DC found
within the draining node are potent accessory cells [1-4],
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Morphologically different DC subpopulations are found in
sheep afferent lymph and at least four populations, based
on their FcR and CD 1 expression, enter the lymph node via
the afferent lymph [5] but is is not clear whether these cells
represent distinct lineages or a single population of cells in
differing stages of development.

Analysis of DC function in other systems requires cells
isolated from lymph organs using adhesion techniques,
resulting in activation of the cells. Cannulation of sheep
lymphatic ducts is a simple technique whereby fresh cells
can be collected directly and also allows detection of early
in vivo events following antigen challenge of the draining
skin area.

From published data, IL-1 is not a second signal for
allogeneic T cell responses, but rather enhances the func¬
tion of the accessory dendritic cells. IL-1(3 is effective in the
initiation of primary immune responses [6] and circumstan¬
tial evidence points to an enhancing role for IL-1 in
secondary responses [7-10]. Much remains to be learned
about IL-1 involvement in antigen uptake and presentation
by DC. As an initial step towards defining more clearly the
relationship between IL-1 and ALDC, this study was
designed to determine IL-1R expression on ovine ALDC
during secondary responses to localized antigen chal¬
lenge.

2 Materials and methods

2.1 Animals

Finnish Landrace sheep (I-2-years old) were obtained
from the Moredun Research Institute, Edinburgh. Animals
were treated to be free of parasitic infection and housed
under barrier conditions.

© VCH Verlagsgesellschaft mbH. D-69451 Weinheim, 1994 0014-2980/94/1010-2351 $ 10.00 +.25/0
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2.2 Cell collections

Sheep prefemoral lymph nodes were excised. The animals
were primed with 500 pg ovalbumin in complete Freund's
adjuvant, injected subcutaneously at three sites round the
lymph node area and 8 weeks later boosted with 50 pg
ovalbumin in PBS. The reanastamosed pseudoafferent
lymph ducts were subsequently cannulated [11] and cannu-
lations allowed to stabilize prior to initiation of experi¬
ments. For studying the effects of secondary antigen
challenge, cannulated animals were injected intradermally
with a further 50 pg ovalbumin. A positive response to
antigen was assessed by proliferation of circulating lympho¬
cytes in the presence of ovalbumin [11], Ovine alveolar
macrophages were obtained by bronchoalveolar lavage, the
cells purified by centrifugation onto Lymphoprep and
resuspended in phosphate-buffered saline containing 0.1%
bovine serum albumin and 0.1% sodium azide (PBA).
ALDC and lymphocytes were isolated by centrifugation
over a discontinuous (14.5 % over 20 % w/v) metrizamide
gradient in Iscove's serum-free medium. The upper inter¬
face population consisted of > 80 % ALDC, the remainder
being lymphocytes. The lower interface consisted of lym¬
phocytes and some ALDC. Washed DC and lymphocytes
were resuspended in PBA.

2.3 Identification of cell populations on cytospins

Cells were centrifuged onto poly-lysine coated glass slides
at 500 rpm for 5 min and fixed with cold acetone. Slides
were stained with Giemsa using standard techniques or
nonspecific esterase stain, NSE [12]. Slides used for
radiographic detection were either stained with NSE prior
to exposure or counterstained with Geimsa after develop¬
ing.

2.4 Recombinant cytokines

Ovine recombinant IL-la and IL-1(3 were produced using
the yeast Ty-vlp expression system as described previously
[13]. HPLC-purified IL-1 (1 pg) was iodinated using Iodo-
beads as recommended (Pharmacia). Protein preparations
obtained from theTy expression system, i.e. mock-digested
pi vlps, yeast proteins and Factor Xa restriction protease
were similarly iodinated as control preparations. Specific
activities were routinely in the range 0.7 x 106 — 1 x
106 cpm/pM. Iodination did not result in loss of IL-1
bioactivity.

2.5 Saturation binding and Scatchard analysis

All binding experiments were done in the presence of 0.1 %
Na azide to prevent internalization of the bound ligand
[14]. For Scatchard analysis [15], 2 X 105 ALDC, 2 X 106
lymphocytes or 2 x 10ft M<P were incubated with 125I-
labeled protein for 2.5 h at 4°C in the presence or absence
of an excess of unlabeled protein. Cells for counting were
washed three times with 1.8 ml ice-cold PBA, resuspended
in 100 pi PBA and microfuged through 300 pi cold phthal-
ate oil (dibutyl phthalate: bis(2-ethylhexyl) phthalate
1.5:1 v/v) in 0.3 pi Sarstedt microsedimentation tubes in
order to separate the remaining unbound labeled protein
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from the cells. The tube was frozen in a dry ice/ethanol bath
and the tip containing the cell pellet cut off and counted.To
validate data, quintuplicate samples using cells from differ¬
ent DC collections were incubated with IL-1. Standard
errors were in the order of 9% of counts bound.

2.6 In situ analysis

Cells for in situ autoradiography were incubated with 5 ng
of 125I-labeled protein, washed five times with PBA and
centrifuged onto glass slides. Bound 125I-labeled IL-1
(125I-IL-1) was detected by exposing the slides with Amer-
sham LM-1 emulsion (diluted 1:2 with water) for up to 4
weeks before developing. Between 800 and 1000 cells in
consecutive fields were analyzed for the presence of silver
grains. Areas in which background grain counts did not
exceed 20 grains over cell equivalent areas were analyzed
and cells with more than three times the background grain
count were deemed positive.

3 Results

3.1 Criteria for distinguishing ALDC from macrophages

Afferent lymph may contain some blood to tissue-derived
macrophages and differential staining was performed on
the ALDC samples to establish localization of IL-1 binding.
M<1> stain very darkly for non-specific esterase (Fig. 2B)
whereas ALDC stain much less strongly and demonstrate a
number of different staining patterns (Fig. 2 A). All ALDC
within purified preparations stain to some extent but fewer
than 0.05 % of cells showed M<P-like staining in any of the
preparations examined. Lymphocytes are NSE negative.

3.2 Analysis of IL-1R expression by resting ovine cells

IL-1 binding to alveolar macrophages and to ALDC was
specific and saturable. Although IL-1|3 was equally efficient
at competing with IL-1|3 or IL-la binding to Md>, IL-la did
not effectively compete with IL-1|3 binding. In contrast,
IL-la did compete with IL-1|3 for binding to ALDC (data
not shown). Saturation binding analysis reveals the pre¬
sence of high- and low-affinity IL-1 binding sites on both
M4> and ALDC (Fig. 1). M<I> expressed 16500 ± 707
sites/cell for IL-1|3 with Kd 4.6 ± 1 pM and 2600 ± 98
sites/cell for IL-la with Kd 56 ± 11 pM. Resting ALDC
expressed 510 ± 56 sites/cell for IL-la with Kd 30 ± 4 pM
and 350 ± 145 sites/cell for IL-1|3 with Kd 160 + 58 pM (see
Table 1). About 9% bound IL-la and 25% bound IL-1|3
dissociated from washed ALDC over 20 h, also suggesting
a higher affinity or the receptors for IL-la.

In situ analysis shows the distribution of receptor expres¬
sion. Of Md> 24 ± 7 % bound IL-1 (3 (144 ±110 grains/cell)
and 14 ± 4% bound IL-la (89 ± 56 grains/cell). No more
than 0.5 % of resting ALDC showed associated grains.
None of the positive ALDC appear to display the classical
veiled morphology but are rather the more obviously
granular type cells, examples of which are shown (Fig. 2).
Under the conditions used, no binding by control prepara¬
tions was detected.
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Table 1. IL-1R expression detected on ALDC in response to secondary ovalbumin challenge

Challenge Lymph sample In situ analysis Saturation binding
analysis

Hours ALDC x % +ve Grains/+ve Sites/cell Kd pM
Post ovaa' 105/h Cells Cell")

IL-la: Resting — 4.3 ± 1.1 < 0.5 41 ± 25 510 ± 56 30 ± 4
OVA-1 0 5.1 < 0.5 34 ± 8 568 29

4 12.5 2.4 64 ± 36 nad na

43 21.6 1.2 26 ± 19 4300 163
66c 38.2 na na na na

90 29.7 5.6 42 ± 12 9116 189
168 9.0 <0.5 36 + 9 490 31

OVA-2 0 4.0 na na 435 29
48 3.3 na na 21700 171
72 2.6 na na 13180 168

IL-lfi: Resting 4.3 + 1.1 <0.5 94 ± 43 350 ± 145 160 ± 58
OVA-1 0 5.1 <0.5 84 ± 42 344 185

18 12.6 <0.5 87 ± 50 360 na

43 21.6 <0.1 93 ± 48 nse ns

90 29.7 <0.5 61 ± 28 74 39
114 16.6 <0.5 80 ± 27 385 172

OVA-2 48 3.3 na na ns ns

a) OVA-1, initial secondary ovalbumin challenge; OVA-2, re-challenge with ovalbumin.
b) Cells (1000) in consecutive fields were analyzed for the presence of silver grains. Figures are given excluding the very heavily grained

cells (Sect. 3.3). Figures including these cells can not be assessed with any accuracy.
c) Sample formed a clot during metrizamide gradient centrifugation.
d) na - not available.
e) ns - not saturable.

Figure 1. Representative Scatchard plots of
123I-IL-1 binding to alveolar macrophages and
resting afferent lymph dendritic cells. Cells
were incubated with 125I-IL-1 for 2 h at 4°C,
sedimented thorough oil to remove unbound
material and the cell pellet counted. Binding
analyses were carried out as per Scatchard
[15]. (a) 125IL-la binding to macrophages; (b)
125IL-1(1 binding to macrophages; (c) 125IL-la
binding to resting ALDC; (d) 125IL-1(3 bind¬
ing to resting ALDC.
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3.3 Effect of secondary ovalbumin challenge on IL-1R
expression by ALDC

Table 1 details results obtained after secondary antigenic
challenge. Cell output profiles after OVA-1 and OVA-2
challenges followed patterns observed previously [1, 5, 11]
and the proportion of ALDC did not vary greatly during the
response. By 72 h post-OVA-2 the lymph flow had ceased
and no further results could be obtained.

The pattern of receptor binding after OVA-1 challenge was
reproduced during the repeat OVA-2 challenge. Both IL-la
and IL-1(5 binding are seen to increase from 18 h post
challenge. Increased IL-1(3 binding appears to be transient,
between 24-48 h post-challenge, whereas IL-la binding
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increases rapidly to peak over days 2-3 and thereafter
decreases gradually over the next 6-7 days. The 66 h post
OVA-1 sample, which might have been expected to show
peak IL-la binding, formed a clot while being centrifuged
through metrizamide and no ALDC could be salvaged.
IL-la binding increased up to > 9000 sites/cell in response
to OVA challenge and at least 21700 sites/cell 2-3 days after
rechallenge. Samples showing increased IL-la binding also
show slightly reduced binding affinities. The specificity of
the enhanced IL-la binding was confirmed by cold compe¬
tition. By 4 h after secondary challenge, a large but
transient increase in the number of IL-la receptor-positive
ALDC (up to > 5.6%) was seen on cytospins. However,
the number of grains seen on positive cells remained
constant. Saturation binding analyses were not performed

Figure 2. In situ analysis of ovine
macrophages and afferent lymph
dendritic cells. Cells were stained for

non-specific esterases (A-D) or with
Giemsa (E-H). For autoradiography,
cells were incubated with 5 ng 125I-
labeled protein under standard condi¬
tions. Cytospins of labeled cells were
exposed for up to 4 weeks with Amer-
sham LM 1 emulsion. Cells were

stained for NSE to autoradiographic
exposure. Slightly different coloration
is seen on unexposed and exposed
slides. Giemsa staining was carried out
after exposure. (A) ALDC showing a
variety of NSE staining patterns
(x 850); (B) NSE stained M4>
(x 800); (C) 125I-IL-la bound to
ALDC, viewed under phase-contrast
(x 700); (D) 125I-IL-la bound to
ALDC, showing one heavily grained
cell within a cluster (x 700); (E) 125I-
IL-la bound to a single ALDC
(X 1500); (F) 125I-IL-1 (3 bound to M4>
(x 500); (G) 125I-IL-la bound to M<t>
(x 500); (H) M<t> incubated with 125I-
pl showing no cell-associated grains
(x 350). Photographs demonstrate
selective labeling of individual cells.
Comparative magnifications are indi¬
cated.
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on 0-4 h cell collections because of the limited volume of

lymph available over this time period. A few cells demon¬
strate extremely heavy graining {e.g. Fig. 2D). These cells
are seen in all IL-la/ALDC samples but more are apparent
at times of increased binding e.g. 0.002% pre-OVA and
0.85 % by 4 h; 0.1 % by 43 h and 0.25 % by 90 h post-OVA.
Grains/+ve cell figures in Table 1 are given excluding these
cells but the equivalent inclusive figures are appended as a
footnote. The latter figures are impossible to assess accu¬
rately and can only be an underestimate. Sites/cell figures
post-OVA can only be reconciled with MO data if these
heavily grained cells are included in calculations. Sufficient
ALDC for in situ analysis were not available after the
re-challenge. IL-lp binding was increased on day 2 after
both OVA challenges. Although IL-ip binding at all other
times during the responses was specific, this apparently
increased binding was neither saturable nor specific.

Throughout the cannulation IL-ip binding to lymphocytes
was virtually undetectable. The ~ 420 IL-la sites/cell
detected in resting animals decreased to fewer than 200
throughout the first 4 days after secondary challenge.
Contaminating lymphocytes in the ALDC-enriched frac¬
tion did not therefore contribute significantly to any bound
counts detected in the ALDC population.

4 Discussion

IL-1R expression by numerous human and murine cell
types has been successfully quantitated using iodinated
ligand. Using similar techniques, resting ovine ALDC were
found to express 500 high-affinity IL-lR/cell (Kd 30 pM) for
IL-la and 350 IL-lR/cell (Kd 160 pM) for IL-ip, in the same
range as figures reported for cultured murine LC and
LC-derived DC which express > 500 and > 100 IL-lR/cell
respectively with Kd < 100 pM [16J. In situ data however,
shows that only an extremely small percentage of the
resting ALDC population express detectable IL-1R.
Secondary OVA challenge resulted in two phases of specific
up-regulation of receptors for IL-la, a transient peak by
4 h, followed by a second increase to maximal expression
around 2 days post challenge. The increase in IL-lR/cell
over the whole population was accounted for by a greater
percentage of ALDC expressing IL-1R rather than a
greater number of grains per positive cell, although the
proportion of ALDC in unfractionated lymph did not vary
during the response. Increased IL-la binding correlated
inversely with receptor binding affinity, a phenomenon
reported for in vitro treatment of two human B cell lines
with dexamethasone [17J. IL-ip at all times bound to a
lesser extent than IL- la and there was no clear evidence for

up-regulation of receptors specific for IL-ip.

A number of pieces of circumstantial evidence point to
different IL-1R types being expressed on ALDC and M4>.
Two distinct types of IL-1R have been characterized:
IL-1RI and IL-1RII which differ in their IL-1 binding
potential [14]. IL-1RI reaches binding equilibrium more
rapidly and binds IL-la preferentially, whereas IL-1RII
binds IL-lp to a greater extent. IL-la and IL-ip are
mutually competitive for IL-1RI binding but IL-la does not
compete with IL-lp for IL-1RII. Ovine M<I> display IL-1R1I
binding characteristics, as would be expected, but all of the

above criteria for IL-1RI binding were exhibited by ovine
ALDC and point to expression of IL-1RI. Schuleret al. [16]
suggest that this may be the case for cultured murine
LC/DC. Although IL-1RII is generally expressed by cells of
myeloid origin and IL-1RI by most other cell types, some
B cell lines exhibit a heterogeneous population of receptors
one of which binds IL-la more avidly than IL-ip [18]. A
few other cells can express both forms of the receptor but
only IL-1RI appears to mediate biological responses to IL-1
[19]. As both M<I> and DC are derived from myeloid
precursors, differentiation related mechanisms or function¬
al requirements may be determining which IL-1R is
expressed.

Because of the lack of data on fresh human and murine DC
and the fact that cultured murine and sheep DC do not
necessarily display the same characteristics as freshly
isolated DC ([20] and S. Coughlin, personal communica¬
tion) data obtained from fresh ovine ALDC is of great
importance with respect to ascertaining the in vivo behav¬
ior of these cells.The dendritic cells in ALDC are a complex
and dynamic population derived from Langerhans' cells of
the epidermis as well as dermal dendritic cells. Even after
secondary antigen challenge only very few ALDC showed
extremely high IL-la binding and no more than 6 % ALDC
expressed detectable IL-1R at the time intervals studied. It
is likely that IL-1R expression data will reflect certain
stages of differentiation or activation of the cells. Veiled
cells, which are thought to be the mature form of ALDC
and which stain very weakly for NSE, did not seem to be
expressing IL-1R. IL-lR-positive ALDC are morphologi¬
cally similar to ALDC positive for acetylcholinesterase
(data not shown), a marker specific for LC in sheep
epidermis [21]. It is possible that the former are LC-derived
and have not yet undergone phenotypic maturation,
although dual-staining experiments have not been success¬
ful. In support of an early role for IL-la in vivo, published
data indicates that IL-1 may synergise with GM-CSF and
TNF to initiate mobilization of LC from the epidermis and
maturation into lymph-borne dendritic cells [22]. After
secondary antigen challenge, uptake of antigen by sheep
cells is rapid and only a proportion of the ALDC arriving at
the lymph node contain detectable antigen [5]. Whether
individual ALDC which bind IL-la are also antigen-
associated still requires to be determined.

An alternative possibility with respect to the origin of these
IL-lR-expressing cells stems from the observation that
during activation of dendritic cells in the skin either in a
DTH response or by cytokines such as TNF and GM-CSF,
there is an increase in dendritic cells in the dermis,
presumably representing recruitment from the blood as
well as migration of LC from the epidermis. (There is no
evidence of DC division in the skin although total DC
numbers increase during such responses both in skin and
draining lymph). It is possible that rapid transit of the
blood-derived cells to the afferent lymph may give rise to
the IL-1R rich population. The newly recruited cells in the
dermis are largely CD-I negative and in afferent lymph
after secondary antigen challenge, should be distinguish¬
able from the majority of ALDC in which CD-I is elevated
at the times when high IL-1R expressing cells are present.
Antibodies recognizing IL-1R could be used to sort for
these IL-la binding cells and we are currently developing
these in the sheep.
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Although IL-lp is effective in the induction of primary
immune responses and circumstantial evidence implies that
IL-1 enhanced DC function via direct action on the DC,
evidence for altered IL-1R expression by ALDC during an
immune response has not previously been obtained. The
ovine IL-1 receptor data demonstrates that after secondary
ovalbumin challenge ALDC are responsive to IL-la but not
to IL-1(3, whereas resting ALDC display only a slight
preference for IL-la.

Received May 18, 1994; accepted June 20, 1994.
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ovalbumin; PBM, peripheral blood mononuclear cells; PBS, phosphate buffered saline;
TCR, T cell receptor.

1. Introduction

Dendritic cells (DC) are unique in their ability to induce primary immune responses
and are the most potent inducers of secondary responses (Steinman, 1991; Knight et al.,
1992). The DC population is a minor one numerically, but it is ubiquitously distributed
throughout the body in both lymphoid and non-lymphoid tissues. DC in different parts
of the body seem to represent variant forms originating from a common precursor
(Fossum, 1988). Afferent lymph DC are thought to arise from a bone marrow-derived
dendritic stem cell via skin Langerhans cells and perhaps blood-borne precursors, and
populate the draining lymph nodes as interdigitating reticular cells (Fossum, 1988).
Despite their universally recognised potency as antigen presenting cells, the mechanisms
underlying their superior accessory function are poorly understood. The factors likely to
influence these unique DC functions are the efficiency of antigen uptake and processing,
and the expression of cytokines and surface costimulatory molecules.

Previous work has shown that antigen presentation by rat DC isolated from lymph
nodes is augmented by the presence of specific antibody, though the mechanism
operating was not investigated (Schalke et al., 1985). We have shown previously that
sheep afferent lymph DC bear a functional Fc receptor for IgG (Fc-yR) (Harkiss et al.,
1990). Antigen uptake by DC is greatly augmented in the presence of specific IgG
antibody in vitro and in vivo in primed animals. The existence of such an antigen
concentrating mechanism might explain, at least partially, the increased accessory
function displayed by these cells following antigen challenge in vivo reported previously
(Hopkins et al., 1989). Here, we have addressed the question of whether the enhanced
uptake of antigen via the ovine DC FcyR results in functional enhancement of antigen
presentation to T cells in secondary responses.

2. Materials and methods

2.1. Animals and surgery

Sheep (2-4 years old) and the surgical procedures used to generate cannulated
pseudoafferent prefemoral lymphatics were as described previously (Dutia et al., 1993).
Antigenic priming was performed by injecting 1 mg of ovalbumin (Ova) or human
serum albumin (HSA) subcutaneously in Freund's complete adjuvant. The animals were
boosted 10 days and 17 days later by two further injections of 0.2 mg of these antigens
in incomplete Freund's adjuvant respectively. The sera were tested for anti-Ova or
anti-HSA antibodies by enzyme-linked immunosorbent assay (ELISA). Lymph was
collected into sterile bottles containing 2.5 X 103 units of heparin and 2.5 X 104 units of
penicillin and streptomycin.
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2.2. Cell purification

DC were obtained from afferent lymph by centrifugation over 14% metrizamide
(Nycomed, Oslo) as described previously (Knight et al., 1986; Hopkins et al., 1989).
Peripheral blood mononuclear cells (PBM) were isolated using Lymphoprep (1.077 g
ml"1) (Nycomed). Autologous CD4+ T cells were obtained from the purified PBM
using a magnetic activated cell sorter (MACS) and biotinylated anti-CD4 monoclonal
antibody; 107 cells in 90 ml of phosphate buffered saline (PBS) were incubated with 1
ml of streptavidin-labelled magnetic MACS microbeads (Miltenyi Biotech, Bergisch
Glasbach, Germany). Streptavidin-phycoerythrin (Sigma) was added to allow assess¬
ment of the purity of the selected population by flow cytometry. The purity of the CD4 +
T cells assessed by flow cytometry was routinely > 93% using a live gate for
lymphocytes based on the forward/side scatter profile.

2.3. Purification of antibodies

Sera from sheep immunised to Ova or HSA were fractionated on DEAE-cellulose ion
exchange columns (Whatman, Maidstone) equilibrated in 10 mM phosphate buffer pH
7.5. The fractions containing IgG were pooled and applied to Sepharose 4B affinity
columns bearing Ova or HSA respectively. The bound antibodies were eluted in 0.1 M
glycine HC1 pH 2.5 and neutralised immediately. Both affinity purified antibodies were
of the IgG, isotype as determined by ELISA using isotype-specific monoclonal antibod¬
ies. To prepare F(ab')2 antibody fragments, affinity-purified IgG anti-Ova antibodies
were digested with pepsin (Sigma) (3% w/w) in 0.1 M sodium acetate pH 4.5 overnight
at 37°C. The F(ab')2 antibody fragments were separated from residual whole IgG by
DEAE-cellulose ion exchange chromatography. The antibody preparations were dialysed
into PBS. The purity of the F(ab')2 fragments was determined by sodium dodecyl
sulphate polyacrylamide gel electrophoresis. The antibody activity was determined by
ELISA.

2.4. Uptake of antigen / antibody complexes by DC

Ova (30 pig ml ~1) was prcincubatcd with afferent lymph from two sheep containing
IgG anti-Ova antibodies for 30 min at 37°C before adding to 1 X 106 autologous DC per

Table 1

Monoclonal antibodies used in the study
Antibody
specificity

Designation Isotype a Reference

Ovine CD4 SBU.T4 mIgG2a Maddox et al. (1985)
Ovine MHC Class II SW73.2 rIgG2a Hopkins et al. (1986)
Ovine IgG VPM6 mlgGl Jones(1988)
Ovine IgGl RSh-yl rIgG2a Hobbs b
Ovine IgG2 RShy2 r!gG2b Hobbs b
"

m, murine; r, rat.
b

Kindly supplied by Dr. S. Hobbs, Royal Marsden Hospital, Sutton, Surrey, UK.
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tube. After a further 30 min at 37°C, the DC were washed three times in PBS containing
2% bovine serum albumin. Bound IgG was detected using a murine monoclonal
antibody specific for sheep IgG (VPM6), and rat monoclonal antibodies specific for
sheep IgG, (RShyl) or sheep IgG2 (RShy2) (Table 1). After washing, the bound
monoclonal antibodies were detected with fluorescein isothiocyanate-labelled sheep
anti-mouse or anti-rat IgG conjugates as appropriate. The DC were analysed by flow
cytometry.

2.3. Lymphocyte proliferation assays

Purified DC and CD4+ T cells from six sheep were resuspended in RPMI 1640
medium containing 10% fetal calf serum (FCS), 2 mM glutamine, 5 X 10~5 M
2-mercaptoethanol, 100 units benzylpenicillin ml-1 and 100 units streptomycin ml-1.
DC were irradiated with 2500 rad. Antigen and antibody dilutions in 50 p,\ volumes of
sterile PBS were added to 96 well flat bottomed culture plates (Nunclon, Denmark)
followed by incubation for 30 min at 37°C to allow the formation of immune complexes.
Each well contained 5 X 104 DC and 1 X 105 responding CD4+ T cells in RPMI 1640
medium containing 10% FCS final concentration in a total volume of 200 p\. After 5
days, the cells were pulsed with 1 pCi of 3[H]thymidine per well, harvested 5 h later,
and counted by beta-spectroscopy. All assays were performed in triplicate, and con-
canavalin A (Con A; 5 pg ml-1) was included as a positive control for proliferation.

Inhibition of antigen-specific proliferation was assessed in two sheep by the inclusion
of F(ab')2 fragments of SW73.2, a rat monoclonal antibody (20 pg ml-1) specific for
ovine MF1C Class II (Hopkins et al., 1989). A polyclonal rat F(ab')2 anti-mouse IgG
control antibody (Pierce &Warriner, Chester, UK) was used at the same concentration.

2.6. Statistics

The results were analysed using the Student's two sample r-test.

3. Results

3.1. In vitro uptake of Ova / anti-Ova antibody complexes by DC

Metrizamide-purified DC were incubated with Ova in the presence of unfractionated
autologous afferent lymph from two sheep containing anti-Ova antibodies, and the
uptake of IgG subclasses was detected by flow cytometry. The results from one animal
are shown in Fig. 1. About 5% of DC had IgG on their surface in the absence of specific
anti-Ova antibodies, whereas with antibody present 34% of DC registered positive. The
bound IgG was of the IgG, subclass. Similar results were obtained in the second animal.
The results thus show that DC take up excess immunoglobulin, presumably specific
antibody, when incubated with antigen/antibody complexes.

3.2. Enhancement of T cell proliferation by specific antibody

To test whether FcyR-mediated uptake of antigen/antibody complexes results in
increased antigen presentation, purified DC were cultured with autologous CD4+ T cells
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Concentration of OVA (ugmf1)
Fig. 1. Uptake of sheep immunoglobulin by DC after in vitro incubation with Ova and autologous afferent
lymph containing IgG anti-Ova antibodies. Bound immunoglobulin was detected by flow cytometry using
monoclonal antibodies specific for sheep IgG, or IgG2.

from six Ova-primed animals with antigen in the presence or absence of specific
affinity-purified IgG antibody. Typical results are shown in Fig. 2. Proliferation of
CD4+ T cells was observed with Ova alone only at 10 /xg ml-1, whereas in the
presence of specific antibody proliferation was observed at 1 and 0.1 gg ml"1. DC in

□ OVA only
OVA and anti-

■
* OVA antibody

OVA and
A

F(ab)2 anti-
OVA antibody

T \ A OVA and anti-

i HSA antibody

\V
10 1 0.1 0.01 0

Concentration of OVA (pgmH)
Fig. 2. Enhancement of CD4+ T cell proliferation induced by DC in the presence of specific antibody. Ova
(0-10 /ug ml"1) and affinity-purified IgG anti-Ova antibodies (30 ,u.g mP1) in sterile PBS were incubated at
37°C for 30 min before addition of an equal volume of medium containing 5 X 104 DC and 1 X 105 T cells to
each well. The final concentration of FCS in RPM1 medium was 10%. After 5 days, T cell proliferation was
measured as the mean counts of triplicate cultures + standard deviation. * P < 0.001.
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Table 2

Maximal enhancement of CD4+ T cell proliferation induced by DC in the presence of specific antibody

Sheep [3H]-Thymidine incorporation (cpm)
number

Ova a Ova + anti-Ova Anti-Ova b Medium Con A

only antibody antibody only only
150 1538 + 507 27669 + 2323 * (X18) 1479 + 420 1037 + 360 116054 + 1508
151 1459+ 94 36139 + 3900 * (x25) 188+ 29 521+ 79 128621± 10527

156 363± 30 61505 + 6131 * ( X 169) 104+ 23 102+ 83 142488 ± 8551

21 1621+344 12261+ 541 * (X8) 215+ 51 1654 + 272 89723 + 5247

19 1216 + 327 11500 + 1652 * (X10) 669 + 572 1354 + 602 81424 + 3997

23 3353 + 438 16875+1616 * (X5) 2634 + 602 1204 + 827 102977 + 5479

a
Ova concentrations used were 1 yug ml ' in Sheep 150, 151 and 19, and 0.1 pg ml 1 in Sheep 156, 21 and

23.
b

IgG anti-Ova concentration used was 30 jug ml-1.
P < 0.001 compared to counts obtained with Ova alone.

Figures in parentheses represent enhancement in T cell proliferation over Ova alone counts.

the presence of substimulating amounts of Ova alone or in the presence of specific
antibody alone did not induce T cell proliferation above background levels. Similarly, no
significant T cell proliferation was obtained with Ova, antibody, Ova/anti-Ova com¬
plexes or Con A in any of the wells if DC were omitted (data not shown). Table 2 shows
the maximal enhancement of T cell proliferation obtained from the six sheep after
incubation of complexed Ova compared to Ova alone. The degree of enhancement
ranged from five-fold up to 169-fold in individual sheep. In most cases, the greatest
enhancement of T cell proliferation was observed with antibody/antigen ratios between
3 and 30, though significant enhancement was also found in some sheep at a ratio of 300
(data not shown). When F(ab)2 anti-Ova antibodies or IgG anti-HSA antibodies were
used in place of IgG anti-Ova antibodies, no significant enhancement of T cell
proliferation was observed (Fig. 2). Since the F(ab)2 anti-Ova antibodies had a similar
antibody titre when tested against Ova by ELISA, the results indicate that the mecha¬
nism of enhancement requires the Fc portion of the IgG antibodies.

3.3. Effect of anti-MHC Class II antibodies on enhancement of T cell proliferation

Antigen presentation by ovine DC in the absence of specific antibody is almost
completely inhibited by anti-MHC Class II antibodies (Hopkins et al., 1989). To test
whether antigen taken up via an Fc-yR is also processed and presented via the MHC
Class II pathway, rat monoclonal antibodies with pan specificity for ovine MHC Class II
were included in the DC/T cell cultures from two sheep. The results from one sheep are
shown in Fig. 3. The anti-MHC Class II antibodies almost completely inhibited the T
cell proliferation obtained when the antigen was given with specific antibodies. In
contrast, the control rat monoclonal antibodies did not significantly inhibit the enhanced
T cell proliferation obtained with complexed Ova. Similar results were obtained in the
second animal. The results indicate that antigen taken up via the DC FcyR is processed
and presented by MHC Class II molecules to the CD4+ T cells.
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Fig. 3. Effect of anti-MHC Class II antibody on enhanced CD4+ T cell proliferation induced by DC in the
presence of specific antibodies. Ova (0-10 pg ml-1) and affinity-purified IgG anti-Ova antibodies (30 gtg
mr') were incubated at 37°C for 30 min before addition of rat IgG anti MHC Class II monoclonal antibody
(20 fig ml ~1) or control rat IgG anti-mouse IgG (20 pg mh1), 5 X 104 DC and 1 X 105 T cells to each well.
After 5 days, T cell proliferation was measured as the mean counts of triplicate cultures + standard deviation.
*

P < 0.001; f P < 0.05.

3.4. Effect of decreasing the DC/ T cell ratio on enhanced T cell proliferation

To ascertain if the efficiency of antigen presentation by DC was increased following
uptake of antigen in the form of antigen antibody complexes via the Fc-yR, the cultures

DC Number x 10"3

Fig. 4. Enhancement of CD4+ T cell proliferation in the presence of specific antibody at limiting numbers of
DC. Ova (0.2 fj.g ml-1) and affinity-purified IgG anti-Ova antibodies (30 gtg ml-1) were incubated at 37°C
for 30 min before addition of 1 X 105 T cells and DC numbers ranging from 2X 106 to 1.66 X 103 per well.
After 5 days, T cell proliferation was measured as the mean counts of triplicate cultures ± standard deviation.
*

P < 0.001; f P < 0.05.
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were set up with constant numbers of CD4+ T cells and constant amounts of Ova and
anti-Ova antibodies but with decreasing numbers of DC. Similar results were obtained in
two sheep. The results from one animal are shown in Fig. 4. No proliferation above
background was seen when the DC numbers were reduced to 3 X 103 per well. When
specific antibody was included in the cultures, T cell proliferation also decreased with
decreasing numbers of DC but the degree of proliferation was considerably higher than
with antigen alone from 50 X 103 DC per well down. With 3 X 103 and 1.6 X 103 DC,
T cells showed no proliferation in the presence of Ova but were stimulated significantly
with Ova/anti-Ova complexes. The results thus indicate that, on a per cell basis, DC are
more efficient at stimulating T cell if the antigen is complexed with antibody than if it is
given alone.

4. Discussion

Previous studies have shown that ex vivo sheep afferent lymph DC are very potent
activators of T cells in secondary responses (Hopkins et al., 1989). The mechanisms
underlying this potency are not well understood. We recently demonstrated that these
afferent lymph DC bear an FcR for IgG which functions to concentrate antigen on to the
cell surface both in vitro and in vivo (Harkiss et al., 1990). Here we show that increased
antigen uptake via the DC Fey R in sheep results in functional enhancement of CD4+ T
cell proliferation. The results showed that the enhancement was antigen-specific and was
dependent on the IgG antibodies bearing an intact Fc portion. The augmentation of T
cell proliferation was maximal if the immune complexes were in moderate antibody
excess, but still occurred to a lesser degree in 300-fold antibody excess in some sheep.
Thus, addition of immune complexes in antibody excess to DC resulted in the conver¬
sion of a substimulating dose of antigen into a potent stimulating dose for CD4+ T cell
proliferation. Similarly, addition of specific antibody to cultures containing substimulat¬
ing numbers of DC resulted in substantial T cell proliferation, indicating that on a per
cell basis the DC possessed more potent antigen presenting function.

In conditions of antibody excess, no free antigen would be available for uptake by the
DC. This indicates that all the antigen would be taken up via the DC FcyR. The
augmented T cell proliferation was substantially inhibited by the inclusion of anti-MHC
Class II antibodies in the cultures, indicating that some of the antigen was being routed
into an MHC Class II processing pathway.

The mechanisms underlying the enhanced T cell proliferation mediated via FcyR
occupancy in DC are not known. The basis for such augmentation may simply be the
concentration of antigen into the cell thereby resulting in increased amounts of antigenic
peptides being presented to T cells. This, in combination with the expression of
increased levels of MHC Class II (Hopkins et al., 1989), could result in an increased
density of MHC Class II molecules bearing specific antigenic peptides. It is known that
cross-linking of MHC Class II molecules by the T cell receptor (TCR) or the release of
interferon-y by T cells results in upregulation of the costimulatory molecule B7 in B
cells (Freedman et al., 1991; Nabavi et al., 1992). Such signals from T cells clearly
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could induce DC to express B7 or other costimulatory molecules thereby enhancing their
T cell stimulating function.

It is also possible that engagement of the FcyR results in one or more signals being
transduced which could result in the activation or upregulation of surface molecules
such as MHC Class II and B7. The upregulation of MHC Class II on DC following
secondary antigenic challenge in vivo (Hopkins et al., 1989) is consistent with this
hypothesis. The ability of FcyR to transduce signals in humans has previously been
thought to reside in the FcyRI and FcyRIII class of receptors, and to be mediated by
homo- or heterodimers of the y and £ chains usually found in the TCR/CD3 complex
and high affinity FceR respectively (Kurosaki et al., 1991, 1992; Wirthmueller et al.,
1992; Ernst et al., 1993; Van der Winkel and Capel, 1993). However, recent evidence
suggests that all three types of human FcyR (CD64, CD32, CD16) have an associated y
chain homodimcr, suggesting that signals may be transduced by one or more isoforms of
FcyRII as well (Masuda and Roos, 1993).

Although the FcyR expressed by ovine afferent lymph DC have not been fully
characterised, we have preliminary evidence from Western blotting studies that these
cells express both FcyRI and FcyRII (Coughlan, Harkiss and Hopkins, unpublished
observations, 1995). This is consistent with the expression of both these receptors on
human blood DC (Thomas et al., 1993), and the expression of FcyRII by Langerhans
cells (Schmitt et al., 1990), a cell type thought to be a precursor for afferent lymph DC
(Macatonia et al., 1987).

Augmentation of T cell proliferation by specific antibodies has been demonstrated
previously for macrophages (Manca et al., 1991) and DC isolated from rat lymph nodes
(Schalke et al., 1985) or from human blood and maintained by cytokine activation
(Sallustro and Lanzavecchia, 1994), although the mechanism of augmentation by DC
was not addressed in these studies. In contrast to the studies in rats, sheep and humans,
no functional enhancement of T cell proliferation was observed using bovine afferent
lymph DC (McKeever et al., 1992). The reasons for this discrepancy are not known, but
may have been due to the use of stimulating rather than substimulating amounts of
antigen in the latter study. Consequently, no augmentation would have been observed.
Increased antigen uptake and presentation to T cells via DC FcyR may thus be an
important mechanism operating in chronic diseases with an immune complex aetiology.
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FC7 Receptor Expression on Sheep Afferent Lymph Dendritic
Cells and Rapid Modulation of Cell Surface Phenotype
Following Fey Receptor Engagement In Vitro and In Vivo
S. N. COUGHLAN*, G. D. HARKISS, L. DICKSON & J. HOPKINS
Department of Veterinary Pathology, University of Edinburgh, Edinburgh; *Current address: Liverpool School of Tropical Medicine,
Pembroke Place, Liverpool L3 5QA, UK

Coughlan SN, Harkiss GD, Dickson L, Hopkins J. FC7 Receptor Expression on Sheep Afferent Lymph
Dendritic Cells and Rapid Modulation of Cell Surface Phenotype Following FC7 Receptor Engagement
In Vitro and In Vivo. Scand J Immunol 1996;43:31-38

Afferent lymph dendritic cells were analysed for the presence of FC7 receptors by Western blotting and
for modulation of surface markers following FC7 receptor engagement in vitro and in vivo. The results
showed that unstimulated dendritic cells expressed FC7RII constitutively. When dendritic cells were
incubated in vitro with antigen/antibody complexes in antibody excess, a marked reduction in surface
staining was observed for MHC class II, CD 1, CD44, and VLA-4 after 8 h in culture. These changes did
not occur with antigen or antibody alone. DC expression of LFA-1 and LFA-3 were slightly reduced
after 8 h in culture with Ova alone, but this was enhanced slightly when the cells were cultured with
immune complexes. Even more marked reductions in surface staining for MHC class II, CD 1, CD44 and
VLA-4 were observed on dendritic cells 4-8 h following secondary antigen challenge in vivo. LFA-1 and
LFA-3 expression was reduced only slightly. The level of expression of MHC class II, CD1, LFA-1 and
LFA-3 was substantially increased over resting values 24 h after FcyR occupancy. The intensity of
staining at this time was also significantly elevated for CD44, LFA-1, LFA-3 and VLA-4. These results
show that engagement of FC7 receptors cause a substantial modulation of the dendritic cell surface
phenotype after immune complex uptake. The phenomenon may function to maximize subsequent
presentation of the challenge antigen to T cells.

Dr G. D. Ilarkiss, Department of Veterinary Pathology, University ofEdinburgh, Summcrhall, Edinburgh
EH9 1QH, UK

INTRODUCTION

Dendritic cells (DC) are potent antigen-presenting cells in
both primary and secondary T-cell responses [1]. The under¬
lying basis for this accessory function is poorly understood,
although efficiency of antigen uptake and processing, the
constitutive expression of major histocompatability (MHC)
class II molecules, and the up-regulation of co-stimulatory
molecules are likely to play important roles. DC can be found
in blood, tissues and afferent lymph, as well as in organized
lymphoid tissue. It is thought that DC carry antigen from
tissue sites via the afferent lymphatics to lymph nodes [2, 3],
thereby allowing efficient presentation to T cells in the
T-dependent areas of the nodes. However, the mechanisms
involved in antigen uptake by these cells are not known for
certain. We have shown previously that secondary antigen
challenge in vivo results in increased expression of MHC class

II 2-5 days post-challenge [4]. In addition, afferent lymph
DC have been shown to possess Fc receptors for IgG (FC7R)
which bind antigen/antibody complexes resulting in
enhanced uptake of antigen [5]. This increased antigen
uptake leads to augmentation of T-cell proliferation in
vitro [6]. These data indicate that antigen uptake via the
FC7R results in DC activation and leads to up-regulation of
MHC class II expression and co-stimulatory molecules. In
the present study, we have partially characterized the DC
FC7R by Western blotting and examined DC for alteration
in phenotype during the first few hours after secondary
antigenic challenge in order to study the kinetics of the
activation process.

MATERIALS AND METHODS

Animals and surgery. Sheep and details of the pseudoafferent

© 1996 Blackwell Science Ltd 31
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cannulation procedures were as described in a previous paper [-1].
Bronchiolar lavage was performed on sheep at post mortem. Anti
genie priming was performed by subcutaneous injection of 1 mg
ovalbumin (Ova) (Sigma Chemical Company, Poole, Dorset, UK) in
Freunds Complete Adjuvant (FCA) followed by two more injections
of 0.2 mg Ova in incomplete Freunds Adjuvant (IFA). The antisera
were tested for anti-Ova antibodies by enzyme linked immuno¬
sorbent assay (ELISA) using Ova-coated microtitre plates.

To obtain a preparation containing sheep FcyRII, a lysate of 10s
sheep alveolar macrophages was passed sequentially through a

Sepharose precolumn bearing bovine serum albumin (BSA) then a

sheep IgG-Sepharose affinity column. After washing with 150
volumes of 1% NP-40 in phosphate-buffered saline (PBS), the
columns were elutod separately with 0.5 m acetic acid containing
1% NP-40. No proteins were eluted from either column as assessed
by sodium dodecyl polyacrylamidc gel electrophoresis (SDS-PACE)
analysis. Howovor, a protoin band was visualized around !0 kd, after
SDS-PAGE of the gel, which was not seen with the BSA-Sepharose
column or an IgG-Sepharose column which had only BSA passed
through it (data not shown). A rabbit antiserum to the 10 kd material
was raised by immunizing with the whole IgG Sepharose column
material in FCA and boosting in IFA as above (antiserum denoted
P,221). The antiserum was tostod for specificity in a rosette inhibition
assay.

Antibody purification. Afforont lymph from sheep primed to Ova
was fractionated by ion exchange chromatography to obtain total
IgG. The IgG pool was applied to a Sepharose IB affinity column
bearing Ova linked via cyanogen bromide activation (Sigma). The
bound IgG anti-Ova antibodies were eluted in 0.1m glycine HC1
buffer pH 2.5 and neutralized immediately in 2 m Tris base. Biotinyl-
ation of monoclonal antibodies to ovine CD! was carried out using
standard procedures.

Cell purification. DC were obtained from afferent lymph by
centrifugation over 14.5% metrizamide (Nycomed, Oslo, Norway)
[7], The cells collected from the interface were 60-80% DC by
morphology when examined by light microscopy. A DC population
of increased purity (92-95%) was obtained for Western blot analyses
by adding a second metrizamide separation. Peripheral blood mono¬
nuclear cells (PBM) were obtained using Lymphoprep (Nycomed).
The PBM were harvested and washed twice in PBS. CD4 ' T cells
were obtained from PBM using a magnetic activated cell sorter
(MACS). PBM were incubated at 4 x 107 cells/ml with biotinylated
anti-CD4 monoclonal antibody on ice for 30min. After one wash in
PBS, the cells were resuspended in 90 pi PBS/107 cells and streptavidin-
labelled magnetic MACS microbeads (Miltenyi Biotech, Bergisch
Gladbach, Germany) were added at 10pl/107 cells. Streptavidin-
phycoerythrin (Sigma) was also added at this stage to allow assess
ment of the purity of the selected population by flow cytometry.

Cell lysates. DC were twice purified on 14.5% metrizamide
gradients. Macrophages were obtained by lavaging the lungs of
sheep at post-mortem with 1 1 of Hanks Balanced Salt Solution
containing 5 mM ethylene-diamine tetraacetic acid (EDTA), followed
by an additional litre of PBS/EDTA. The lavaged fluid was passed
through a coarse wire mesh to remove mucus before centrifugation.
The cells were resuspended in PBS, then purified on a 14.5%
metrizamide gradient. The afferent lymph DC and alveolar macro¬

phages were washed twice in PBS, then resuspended at 5 x 107/ml in
lysis buffer containing 1 % NP-40 in PBS, 0.5 mM benzamidine, 5 pg/
ml leupeptin, 2 pg/ml pepstatin and 1 mM polymethylsulfonyl fluor¬
ide (Sigma).

EA rosctting. Alveolar macrophages were incubated with the R221
pre immunization scrum or immune scrum at various dilutions in
PBS containing 2% BSA (PBS/BSA) for 30min at room tempera
ture. Sheep red blood cells (SRBC) coated with rabbit antibodies to
SRBC (EA) were added to the alveolar macrophages and incubated
for 30min at room temperature to allow rosette formation. The
number of rosettes/100 alveolar macrophages was scored in dupli¬
cate for each serum dilution.

Gel electrophoresis and Western blotting. Cell lysates were analysed
by SDS-PAGE using 5-20% gradient gels followed by silver stain¬
ing. Western blotting was performed using a semi-dry blotter
(Ancos, Skousgaardsvej, Denmark). The nitrocellulose blots were
blocked in PBS containing 3% BSA, 0.5% Tween 80 for 1 h.
Antiaera were diluted in blocking buffer and incubated with the
blots for 16h. After washing in PBS/0.5% BSA, a 1/1000 dilution of
sheep anti-rabbit IgC alkaline phosphatase conjugate (Sigma) in
blocking buffer was added for 1 h. After washing, the blot3 were

developed with nitroblue tetrazolium and bromo-chloro-indolyl
phosphate in 0.1 m Tris HC1 buffer pH 9.5.

In vivo antigen challenge and phenotypic analysis. Five sheep
primed to Ova were challenged with 0.2 mg of Ova in sterile PBS
injected intradcrmally as four 50 ^1 injections in the drainage area of
the eannulnted prefemoral pseudoafferent lymphatic vessel. Human
serum albumin (HSA)(Sigma) was similarly injected into sheep
primed to Ova to control for antigen specificity. Afferent lymph
was collected at various time points up to 24 h after antigen
challenge. The afferent lymph DC were stained for surface marker
expression using murine monoclonal antibodies specific for ovine
MHC class II (VPM36, VPM41), CD1 (VPM5), CD44 [25-32],
LFA-1 (F10/150/39), LFA-3 (L180/1), VLA-4 (HP2/1) [8], VPM
53, a monoclonal antibody with specificity for an Ilcobacter antigen
[9], was used as a negative control. The bound monoclonal anti¬
bodies were detected with FITC-labelled sheep anti-mouse IgG
conjugate (Sigma). The afferent lymph DC were analysed for fluor¬
escence by flow cytometry. The results were expressed as the
percentage of DC expressing individual surface markers, and as
the mean fluorescence intensity (MF1) of the DC population.

In vitro antigen challenge. Afferent lymph DC from Ova primed
sheep were cultured in vitro in RPM1-1640 medium containing 10%
fetal calf serum for 0, 2, and 8 h. The experimental protocol consisted
of culturing the DC in medium alone. Ova (1 p,g/m\), or affinity-
purified sheep IgG anti-Ova antibodies (30 /rg/ml), or Ova (1 /rg/ml)
and affinity-purified sheep IgG anti-Ova antibodies together (30 pg/
ml). The latter generated immune complexes in x 30 antibody excess
based on equivalence points determined by Ouchterlony gel diffu¬
sion. The cells were harvested, washed in PBS/BSA, then stained
with monoclonal antibodies and analysed by flow cytometry. The
viability of the DC at the end of each culture time point was > 95%
as assessed by trypan blue exclusion. The results were expressed as
the percentage of DC-cxprc33ing individual surface markers, and as
the MFI of the DC population.

Statistics. The flow cytometry results were analysed statistically
using Students two-sample (-test.

RESULTS

Western blot analysis of DC with anti-Fc^RII antibodies
(R221)

The R221 antiserum was first tested for its ability to react

© 1996 Blackwell Science Ltd, Scandinavian Journal of Immunology, 43, 31-38
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Fig. 1. Inhibition of rosette formation between alveolar
macrophages and antibody-coated erythrocytes by the R221
antiserum. Macrophages were pre-incubated with various dilutions
ot the antisera then incubated with FA. (U), pre-immune sera; (■),
immune sera. The results are expressed as number of rosettes/100
macrophages.

with Fc7R.II in a rosette-inhibition assay. Pre-incubation of
alveolar macrophages with the R221 immune serum resulted
in 88% inhibition at the lowest dilution of rosette formation
between the macrophages and EA (Fig. 1). Pre-immune
serum did not inhibit rosette formation at any dilution. The
results thus indicated that the R221 antiserum contained
antibodies reactive with FC7RII and/or FC7RIII.

When the IgG-Sepharose gel material used for affinity-
purifying FC7R from an alveolar macrophage lysate was
blotted and probed with the R221 antiserum, a band at
40 kd in addition to the Ig heavy and light chains was
observed (Fig. 2, lane A), whereas the pre-immunization
serum gave no reaction (Fig. 2, lane B). This is the correct
size for FC7RII. When the R221 antiserum was reacted with
DC lysates, a prominant 40 kd band was observed (Fig. 2,
lane C) as well as Ig and L chain, whereas no bands were
visible with the pre-immunization serum (Fig. 2, lane D).
When lysates of 104 efferent lymphocytes were blotted, no
bands at 40 kd were observed (not shown). These results
further indicated that afferent lymph DC express an FC7RII.

94 ►
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43 ► ,

30 ►

20 ►

Fig. 2. Western blot of DC and alveolar macrophage lysates using
antibodies to immunopurified sheep FC7 receptors (R.221). IgG-
Sepharose-Fcy receptor antigen, lanes A and B; DC lysate, lanes C
and D Antiserum, lanes A and C; pre-immunization serum, lanes
B and D.

Effect of FcyR engagement on DC phenotype in vitro

Previous work has shown that 1 -2 days following secondary
antigen challenge in vivo, DC up-regulate the surface expres¬
sion of MHC class II and CD1 [4], To study the kinetics of the
activation process, we examined the surface phonotype of DC
immediately following stimulation with immune complexes
in vitro. Purified ex vivo DC were cultured with medium

alone, Ova, anti-Ova antibodies or Ova/IgG anti-Ova com¬
plexes for 0, 2 and 8 h, then analysed for phenotypic changes
by flow cytometry. Little or no modulation of MHC class II,
CD1, CD44 or VLA-4 was noted when the DC were cultured
for 2 or 8 h in medium or Ova or anti Ova antibodies alone.
However, reductions in both the percentage of cells expres¬

sing individual markers and the MFI of the DC population
were observed for MHC class II [98% versus 48%; MFI 352
versus 176], CD 1 [91% versus 48%; MFI 329 versus 130], and
CD44 [92% versus 39%; MFI 51 versus 35] after 8 h culture
with Ova/anti-Ova complexes (Fig. 3 panels A-C). The stain¬
ing intensity tended to be similar in the cultures treated with
Ova or Ova/anti-Ova complexes at 2 h. These two variables
were only slightly reduced for VLA-4 (not shown). A similar
analysis performed for LFA-1 (Fig. 3, panel D) and LFA-3

© 1996 Blackwell Science Ltd, Scandinavian Journal of Immunology, 43, 31-38
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Fig. 3. Modulation of DC surface markers following FC7RII engagement in vitro. DC were cultured for 2 and 8h in medium alone, Ova
alone, or Ova/anti Ova complexes then analysed by flow cytomotry for oxprossion of MHC class II (panol A), CD1 (panel B), CD'1'1 (panel
C) and I .FA-1 (panel D) The percentage DC positive and the mean fluorescence intensity (MFI) for each marker, time point, and
treatment are given with each fluorescence profile.

(not shown) showed that the percentage of DC expressing
Lhese markers tended to dtop in culture with medium alone 01
with Ova alone, although this was accentuated slightly when
the DC were cultured with Ova/anti-Ova complexes for 2 h.

These results suggest that DC down-regulate expression of
MHC class II, CD1, and CD44, and to a lesser extent VLA-4,
LFA 1 and LFA 3 over a period of 8 h following engagement
of the FC7R in vitro.

© 1996 Blackwell Science Ltd, Scandinavian Journal of Immunology, 43, 31-38



Fc7 Receptors on Afferent Lymph Dendritic Cells 35

Table 1. Modulation of the number of DC expressing surface markers after secondary challenge in vivo

Percentage DC positive (mean ± SE)'

Time after MHC II CD1 CD44 LFA-1 LFA-3 VLA-4

Ova challenge (h) (n = 5) (n = 5) (n = 3) (n = 3) (n = 3) (n = 3)

0-2 82.5 ±2.3 56.5 ±4.9 91.5 ± 6.5 59.0 ± 16.7 30.5 ±4.5 51.5 ± 3.5

2-4 65.5 ±6.4 41.2 ± 7.9 90.0 ± 8.0 62.0 ± 14.1 48.0 ± 13.7 49.8 ±3.0

P = 0.003 P = 0.05 NS2 NS NS NS

4-6 55.0 ±8.9 34.8 ±8.4 79.0 ± 18.3 47.5 ± 13.9 17.0 ±3.0 16.5 ±4.5

P = 0.003 P = 0.014 NS NS P = 0.024 P = 0.013

6-8 60.3 ±9.6 24.0 ±6.8 80.3 ±9.8 51.7 ± 13.2 42.0 ± 11.0 38.7 ±7.2

P = 0.0001 P = 0.0006 NS NS NS NS

24 96.1 ±2.8 87.6 ±4.9 99.0 ±0.5 94.0 ± 1.8 61.5 ± 12.4 78.0 ± 17.0

P = 0.002 P = 0.003 NS /> = 0.01 P = 0.01 NS

1 Ova (200 /xg) was injected intradermally into the drainage area ofcannulated pseudoafferent lymphatic vessels of 3-5 sheep primed to Ova.
The % DC positive at various time points after Ova challenge was measured by flow cytometry.

2 NS = not significant by two sample /-test compared to 0-2 h time point.

DC phenotype following in vivo secondary antigen challenge

Sheep primed to Ova were challenged by intradermal injec¬
tion of Ova or HSA into the drainage area of cannulated
pseudoafferent lymphatic vessels and the DC surface pheno¬
type monitored over a period of 24 h. Rapid marked reduc¬
tion in the numbers of DC expressing MHC class II, CD1,
and VLA-4 was observed usually between 2 and 8 h post-
challenge. The numbers of DC positive for CD44, LFA-1, or
LFA-3 expression was altered only slightly over this period.
Representative flow cytometry results from one animal are
shown in Fig. 4, and data from the whole group are summar¬
ized in Tables 1 and 2.

Reductions in both the percentage of DC expressing MHC
class II, CD1 and VLA-4 and the MFI for these markers
started about 2h post-challenge and were maximal around
4h post-challenge. Only slight reductions were observed in
these variables for CD44, LFA-1, and LFA-3. The alterations
in the position of the negative control were due to changes in
DC autofluorescence following Ova challenge in this animal.
At 24 h post-challenge, both variables were increased over

starting values for all the markers examined.
The kinetics and magnitude of surface marker modulation,

however, varied between individual sheep. To simplify ana¬

lysis of the results, the values obtained within individual 2 h

Table 2. Modulation of DC surface marker fluorescence intensity after secondary challenge in vivo

Logio mean fluorescence intensity (meaniSE)'

Time after MHC II CD1 CD44 LFA-1 LFA-3 VLA-4
Ova challenge (h) (n = 5) (n = 5) (n = 3) (n = 3) (n = 3) (n = 3)

0-2 3.42 ±0.11 2.58 ±0.09 2.39 ±0.16 1.44 ±0.14 1.51 ±0.11 1.61 ±0.04

2-4 3.20 ±0.19 2.53 ±0.12 2.54 ±0.10 1.48 ± 0.12 1.88 ±0.25 1.63 ±0.02

NS2 NS NS NS NS NS

4-6 2.90 ±0.28 2.20 ±0.19 2.01 ±0.06 1.37 ±0.07 1.41 ±0.13 1.03 ±0.08

P = 0.036 P = 0.02 P = 0.05 NS NS P = 0.012

6-8 2.60 ±0.25 2.13 ±0.20 2.52 ±0.06 1.88 ± 0.13 2.06 ±0.22 2.05 ±0.04

P = 0.0002 P = 0.01 NS P = 0.05 NS P = 0.001

24 3.56 ± 0.18 2.73 ±0.05 2.86 ±0.05 2.14 ±0.05 1.95 ±0.09 2.07 ±0.02

NS NS P = 0.05 P = 0.02 P = 0.04 P = 0.001

1 Ova (200 /tg) was injected intradermally into the drainage area ofcannulated pseudoafferent lymphatic vessels of 3-5 sheep primed to Ova.
The mean fluorescence intensity at various time points after Ova challenge was measured by flow cytometry.

2NS = not significant by two sample /-test compared to 0-2 h time point.

© 1996 Blackwell Science Ltd, Scandinavian Journal of Immunology, 43, 31-38
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time periods were pooled and analysed statistically in relation
to the first 2 h period (Tables 1 and 2) where little alteration in
surface markers was observed. In Table 1, it can be seen that
the numbers of DC staining for MHC class II and CD I
started to drop 2-4 h post-challenge and were maximal at the
4-6 h time period. In the case of CD44 and LFA-1, a slight
drop in DC positivity was observed which did not reach
statistical significance. LFA-3 and VLA-4 were significantly
reduced 4-6 h post-challenge. In most cases, the values began
rising 6-8 h post-challenge. Significantly increased numbers
of DC staining for MHC class II, CDI. LFA-1 and LFA-3
were observed 24 h post-challenge. The mean value obtained
for VLA-4 was elevated compared with the starting value, but
did not reach statistical significance. In the case of CD44,
values were in excess of 90% before challenge and no

significant increase in the percentage of CD44+ DC was

expected or observed. When HSA was injected into a control
sheep primed to Ova but not to HSA, no significant changes
were found in the percentage of DC expressing any of the
markers (data not shown).

In addition to examining the numbers of DC expressing
individual markers, the fluorescence intensity of these markers
on a per cell basis was also examined before and after
secondary challenge (Table 2). Significant reductions in the
mean fluorescence intensity was observed 4-6 h and 6-8 h
post-challenge for MHC class II, CDI, CD44 and VLA-4. No
significant reductions in staining intensity were observed for
LFA-1 or LFA-3. At 24 h post-challenge, significant increases
in mean fluorescence were observed for CD44, LFA-1, LFA-3
and VLA-4. Increases in MHC class II and CDI were also
noted at 24 h, although these did not reach statistical signifi¬
cance. No significant changes were found in the MFI after
injection of HSA into the control sheep primed to Ova but not
to HSA (data not shown).

Overall the results show that reductions in the number of
DC expressing particular surface markers and/or the intensity
of marker expression per cell occur 4-8 h post-secondary
antigen challenge, and that this is followed by an increase
over starting values 24 h post-challenge.

DISCUSSION

In the present report, we provide evidence from Western
blotting and rosette inhibition experiments that afferent
lymph DC bear FC7RII. Antibodies to affinity-purified
ovine macrophage FC7RII react with a 40kd band in blots
of DC lysates. The expression of FC7RII by afferent lymph
DC is consistent with the expression of these receptors by
human blood-derived DC [10. 11], and of FC7RII by Lan-
gerhans cells [12],

It is clear from previous work that FC7R engagement has
profound up-regulating effects on the subsequent antigen
presenting and costimulating functions of DC [6]. Here, we
examine the early events in DC activation following stimulation
with immune complexes. The results of secondary antigen

challenge in vivo show that prior to the well documented up-

regulation of surface molecules involved in antigen presenta¬
tion and adhesion observed 2-5 days following challenge [4],
there is a substantial reduction in the expression of MHC class
II, CDI, CD44, and VLA-4 2-8h post-challenge (Fig.4). By
24 h, the expression levels were usually elevated compared with
pre challenge values.

The mechanisms underlying this early loss of surface
markers are unknown. It is possible that the DC phenotypic
changes represent an actual decrease in marker expression
due to genetic down-regulation or to enzymic cleavage from
the surface. Down-regulation or surface cleavage of MHC
and adhesion molecules, including CD44, VLA-4 and LFA-1,
have been described in inflammatory diseases and following
physiological immune cell activation [13-17], and may be a
normal immune regulatory response. Alternatively, a differ¬
ent population of cells could be entering the lymph after
antigenic stimulation. If a decrease in the level of markers on
the same cell population is responsible, this does not affect all
surface molecules uniformly, as shown by the minimal altera¬
tion in the numbers of DC expressing LFA-1 or LFA-3.

A similar pronounced decrease in the expression of surface
markers on DC occurred during in vitro culture with antigen/
antibody complexes, but not antigen or antibody alone. This
was particularly the case with M HC class II, CD 1, and CD44,
although occurred to a lesser extent with LFA-1, LFA-3, and
VLA-4. The results of these in vitro experiments show that the
same population of DC is capable of altering its phenotype
after taking up antigen via FC7R. The results thus support the
view that DC alter their phenotype following secondary
antigen challenge in vivo, rather than the changes being due
to influx of a different population of cells.

The loss in expression of these markers may be a mechan¬
ism to turnover the MHC molecules present on the DC
surface at the time of antigen administration. This would
allow newly synthesized MHC molecules to interact with and
present peptides of the administered antigen. A similar
mechanism could account for the alterations in CDI expres¬

sion, since the latter may act as a restriction element recog¬
nized by 75 T cells [18].

The explanation for the decrease in expression of the
adhesion molecules examined is less clear. Down-regulation
or cleavage of certain surface molecules is likely to be
required to effect movement of antigen-bearing DC from
the dermal tissues to the draining lymphatics. However,
modulation of adhesion molecules following secondary sti¬
mulation may result in alterations in the trafficking pattern or
rate of DC through lymphoid tissue, or may reduce their
ability to cluster with T cells [1, 19], Since the reduction in the
expression of MHC class II and adhesion molecules tended to
be co-ordinate, it is possible that clustering with T cells is
prevented until peptides from the administered antigen are
displayed at the surface on newly synthesized MHC molecules.

The temporary loss of surface markers from DC following
secondary antigenic stimulation has not been reported for

© 1996 Blackwell Science Ltd, Scandinavian Journal of Immunology, 43. 31-38
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human or rodent DC, although cultured LC lose the ability to
synthesize MHC class II molecules while retaining synthetic
capacity for other proteins [20], Together, these observations
suggest a scheme whereby DC, following FC7R engagement
in secondary responses, rapidly down-regulate surface MHC
class II and adhesion molecules. The cells synthesize new
MHC class II molecules which become maximally loaded
with new antigenic peptides. Turnover of MHC class II
molecules may then be reduced to low levels. These changes
would thus enable the DC to present high concentrations of
antigen repeatedly to T cells in the draining lymph nodes
without the need for repeated antigen administration.
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Two B cell subpopulations have distinct
recirculation characteristics

Vipan K. Gupta, Ian McConnell, Robert G. Dalziel and John Hopkins

Department of Veterinary Pathology, University of Edinburgh, Summerhall, Edinburgh, GB

This report describes two subpopulations of B cells in sheep. These subpopulations have
distinct recirculation characteristics and tissue distributions. Phenotypically the populations
are distinguished by their differential expression of the complement receptors, CD21 (CR2)
and CD11b/CD18 (CR3). CD11b* B cells are surface (s)lgMhi, co-express CD11c but are L-
selectin negative. They populate the splenic marginal zone but are absent from splenic and
ileal Peyer's patch (IPP) follicles and both afferent and efferent lymph compartments. Fluo¬
rescent tracing experiments showed that the CD11 b* B cells are non-recirculating as they
did not appear in lymph after intravenous inoculation but are restricted to the blood and
spleen. The CD11b-negative population expresses a conformational determinant of CD21
that is recognized by the monoclonal antibody Du 2-74. These cells are slgM'0 and co-
express L-selectin. They populate the splenic and IPP follicles, are absent from the splenic
marginal zone and are the only B cells in afferent lymph, efferent lymph and all lymph nodes.
Fluorescence tracing experiments showed that the CD21* B cells are recirculating cells with
their entry into efferent lymph being detectable by 16 h and peaking at 24-30 h. These data
suggest that there are at least two lineages of B cells in the sheep with different phenotypic,
functional and recirculation characteristics.

Key words: Sheep B cell / B cell ontogeny / Lymphocyte recirculation
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1 Introduction

The recirculation of lymphocytes from blood through tis¬
sues and lymph nodes and then back to blood is vital for
the normal functioning of the immune system [1], Lym¬
phocyte recirculation has three major functions: it allows
effective uptake and presentation of antigen to a small
set of antigen-specific lymphocytes: it disseminates
memory cells to facilitate rapid secondary responses
throughout the body and permits effector molecules and
cells to localize rapidly to the site of infection [1, 2],

The physiology of lymphocyte recirculation has been
extensively studied in sheep using the lymphatic can-
nulation model to isolate cell populations from distinct
lymphoid compartments [3, 4]. In recent years this work
has included investigations into the details of the recir¬
culation pathways of T cell subpopulations [5, 6]. "Naive"
T cells, which express CD45RA and low levels of cell
adhesion molecules, interact with post-capillary endo-

[I 17910]

Abbreviation: 1PP: Ileal Peyer's patch
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thelium and traffic through lymph nodes and Peyer's
patches but not through endothelium associated with
non-lymphoid tissue. CD45RA" "memory" T cells ex¬
press high levels of adhesion molecules and interact
efficiently with non-lymphoid endothelium but ineffici¬
ently with post-capillary endothelium. Consequently the
T cells in afferent lymph are almost all of "memory" phe-
notype and those in efferent lymph are largely of "naive"
phenotype [5]. The data described in this report extend
this study to include the definition of two subpopulations
of B cells which also have distinct recirculation charac¬
teristics.

These B cells are distinguished by the differential
expression of the complement receptor CD11b/CD18
(CR3) and a conformational determinant on the comple¬
ment receptor CD21 (CR2). The CD11 b* B cells are L-
selectin" and slgMhi but are restricted in their distribution
to the splenic marginal zone and blood. They are essenti¬
ally absent from lymph and lymph nodes. The CD21*
B cells are L-selectin+, slgM'° and are the only B cells in
splenic and Peyer's patch follicles, lymph and lymph
nodes. The phenotypic and anatomical attributes of the
two sheep B cell types are comparable to murine B-1
and B-2 (conventional) B cells [7, 8] although they have
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entirely distinct developmental characteristics. This
study defines two sheep B cell subpopulations with dis¬
tinct phenotypes and functions, compares their proper¬
ties to those in the mouse and discusses their possible
biological functions.

2 Results

2.1 Distribution of B cell subpopulations

Approximately 40 ± 6 % of PBMC were B cells and
expressed slgM and the antigen recognized by VPM30.
In yearling sheep about half the B cells expressed
CD11b (and CD11c) and about half expressed CD21
(Fig. 1a, b). These two subpopulations were almost
mutually exclusive as < 2 % of peripheral blood B cells
were positive for both CD11 b and CD21 (Fig. 1c). A small
number (5-8%) of non-B cells expressed CD11b, but
these co-expressed CD14 and we consider these to be
monocytes. Of the B cells in efferent lymph, >94 ±2%
were CD21* and <5 ±3% expressed CD11b
(Fig. 1d, e). About half of the CD11b* cells in lymph co-
expressed CD21. Afferent lymph B cells had a similar
phenotype.

Flow cytometry and immunohistology of lymphoid tis¬
sues showed that lymph node B cells were universally
0021" and CD11b~. CD11b* B cells were absent from

lymph nodes. In the spleen about 65 % of B cells were
CD11b* and 35% expressed CD21. Two-color immuno¬
histology (Fig. 2) showed that the CD11b+ B cells were
present in the marginal zone and the CD2T* cells consti¬
tuted the follicles. There seemed to be no co-expression
or co-localization of the two B cell subpopulations within
the spleen. The ileal Peyer's patch (IPP) has been
described as the major organ of primary B cell lympho¬
poiesis [9], Analysis of the phenotype of the IPP B cells
showed that the majority of follicular cells expressed
CD21 and were CD11b negative.
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Figure 1. Two-color flow cytometry of PBL (a, b, c) and
efferent lymphocytes (d, e). (a) and (d) show staining with the
B cell marker VPM30 (red fluorescence) and anti-CD21
(green fluorescence); (b) and (e) show staining with VPM30
(red fluorescence) and anti-CD11b (green fluorescence). In
(c) cells were stained with anti-CD21 (red fluorescence) and
anti-CD11 b (green fluorescence).

The distribution of the two B cell subpopulations was not
stable throughout all age groups. In neonatal animals
only 10-20% of B cells were CD11b7CD21" whereas
80-90% of B cells were CD11b7CD2r. By 12 months
of age and for the next 5-7 years the proportions were
almost equal. At 10 years the proportions were approxi¬
mately the reverse of those in neonates.

2.2 Phenotype of B cell subpopulations

Two-color flow cytometry analysis was performed on the
two B cell subpopulations to examine their expression of
immunoglobulin and L-selectin. In the blood, efferent

lymph and spleen 93-97 % of all B cells expressed slgM
and 3-8% expressed IgG [10]. Almost all the IgG*
B cells co-expressed CD21. CDUb* B cells that
expressed IgG could not be detected. Of blood B cells,
13 ± 5 % expressed CD5. In contrast to the expression
of IgG, CD5 expression on sheep B cells was restricted
to the CD11b* population. Co-expression of CD5 and
CD21 on B cells could not be detected and conse¬

quently CD5* B cells were not present in lymph or lymph
nodes. Quantitative analysis of immunoglobulin expres¬
sion showed that the two subpopulations expressed dif¬
ferent levels of slgM, with the CD11 b" B cells expressing
significantly higher levels than the CD21* B cells in both
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Figure 2. Two-color immunohistology of spleen stained with
anti-CD11 b (brown) and anti-CD21 (red) mAb (x 40).

blood (p < 0.01) and spleen (p < 0.05). The mean fluo¬
rescence intensity (MFI) of slgM expression of CD11b*
B cells in blood was 186 ± 26 and 129 ± 32 in spleen.
The MFI for slgM expression by CD21+ B cells was
114 ± 5 for blood and 71 ± 31 for spleen. Analysis of the
peripheral blood B cell expression of L-selectin showed
that approximately 50 % were L-selectin+ B cells and all
were CD11b"/CD2r (Fig. 3). The CD11bVCD21" B cells
were L-selectin".

2.3 Differential recirculation of B cells

To study the recirculation pathways of the two B cell
populations, we followed the recirculation of FITC-
labeled cells into the cannulated efferent lymphatic of a

peripheral lymph node. Eight independent experiments
(four experiments for each B cell population) were per¬
formed in which 1x10s labeled cells were injected i.v.
After injection, efferent lymph was collected every 2 h
and analyzed directly for the presence of FITC-labeled
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Figure 3. Two-color flow cytometry of PBL. Cells were
stained with (a) anti-L-selectin (red fluorescence) and anti-
CD21 (green fluorescence) and (b) anti-L-selectin (red fluo¬
rescence) and anti-CD11b (green fluorescence).
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Figure 4. Two-color flow cytometry of efferent lymph lym¬
phocytes collected 22-24 h after the infusion of 1 x 10s
autologous (a) CD11b* and (b) CD21+ peripheral blood
B cells pre-labeled with FITC. Cells were stained with bio-
tinylated VPM30 and visualized with PE-conjugated strepta-
vidin.
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cells. The output of cells in the efferent lymph from the
eight sheep varied from 5 x 107 to 2.3 x 10e/h. Only in
the experiments where 0021* B cells were injected did
labeled cells appear in efferent lymph (Fig. 4). Labeled
CD21 * cells began to appear by 16 h and reached a peak
of 3.8 ± 0.9 % of total efferent lymph B cells at 24-35 h.
Labeled CD11b* did not appear in efferent lymph at any
time after their injection.

3 Discussion

This report describes two distinct subpopulations of
B cells in sheep. These subpopulations seem to be char¬
acterized by the differential expression of receptors for
complement components. One subpopulation express¬
es CD11b (CR3) and represents approximately half the
B cells in the peripheral blood and 25 % in the spleen.
Within the spleen these cells are localized in the marginal
zone. CD11b"/CD21" B cells are essentially absent from
other tissues including lymph, lymph nodes and IPP.
These cells express slgM at high levels (slgMhi) but do
not express slgG or the peripheral lymph node homing
receptor, L-selectin.

The second B cell subpopulation is CD11b~ but express¬
es a conformational determinant of ovine CD21 recogn¬
ized by the mAb Du2-74 [11], These cells represent the
other half of the B cells in peripheral blood and are

essentially the only B cells in afferent and efferent lymph,
lymph nodes and IPP. They also represent about 75 % of
the B cells in the spleen located within the splenic follic¬
les but absent from the marginal zone. These B cells
show significantly lower levels of slgM expression
(slgMto). In addition, all the slgG" and L-selectin" B cells
in blood and lymph belong to this subpopulation. These
two subpopulations are essentially mutually exclusive.

The various properties of the CD11b"/CD21~ and
CD11b~/CD21" populations in sheep make it doubtful
that they exactly represent the ovine homologues of the
murine B-1 and B-2 B cells,-respectively [7, 12]. The
ovine CD11b*/CD21" B cells and murine B-1 B cells
have some parameters in common and some that are
different. Both are slgMhl, CD5 expression on B cells is
restricted to this population and in terms of anatomical
localization they are very rare in lymph nodes and Pey-
er's patches. In addition, each localizes within the margi¬
nal zone of the spleen and is absent from follicles. It is
not possible to compare IgD expression as the IgD gene
is absent from ruminants [13]. The major difference is in
their development. In the mouse, B-1 cells are abundant
in the fetal spleen and are common in neonatal animals.
In contrast, the CD11b" cells in sheep are rare in the
neonate and increasingly common with age, although
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their numbers decline with extreme age. Comparable
similarities occur between the mouse B-2 cells and the

sheep CD21" B cells. Neither population expresses
CD11b, both are slgM10 and both are the major B cells in
the splenic follicles and all lymph nodes and Peyer's
patches. Although some reports have described the
mouse B-1 and B-2 B cells as naive and memory
respectively, it is probable that they actually represent
distinct lineages of cells. The data on the sheep B cell
subpopulations also support the proposal that they are
distinct subpopulations and not different maturational
stages within the same lineage.

The IPP is thought to act as the major organ of B lym¬
phopoiesis in ruminants [9, 14, 15] but the follicles of
mature patches are populated solely by the CD21",
slgM10 B cells. The patches contain a few slgMhi B cells
at 104 days of gestation (term 150 days) but by 132 days
of gestation the IPP follicles are populated by slgM10
B cells [16], This phenotype is then retained until IPP
atrophy [16]. From these data it seems that the IPP are
the only source of the CD21" B cells, since this popula¬
tion also declines with time. The origin of the CD11b"
B cells in less clear. Although they are present in very
early IPP follicles, that organ does not appear to act as
the source of these cells. Although IPP is an important
source of mature B cells, it is clearly not the only source.
Ileectomy (including the removal of the IPP) at 2 weeks
before birth results only in a 60-80 % reduction in the
numbers of B cells. It also causes an approximate 50 %
reduction in the concentration of serum IgG but no
reduction of serum IgM [17], The generation of the sheep
antibody repertoire in IPP is by somatic hypermutation
[18, 19] and not gene conversion. It would be interesting
to determine if the repertoire and V segment usage in the
CD11 b" cells is the same in cells that mature in IPP folli¬
cles. In mice the fetal liver and omentum contains pro¬
genitors of the B-1 B cells and in the adult they seem to
be self-replenishing within the pleural and peritoneal
cavities [7], At present the source of the sheep CD11b"
B cells is unknown and unlike the other subpopulation
these cells do not decline with age. This implies that, like
murine B-1 cells, they are self-replenishing or that they
are produced continually from their source throughout
life.

Functional differences between the two subpopulations
have yet to be investigated. The CD11b" B cells in the
blood respond more rapidly than efferent lymph B cells
to stimulation with LPS in vitro [20]. This may reflect
intrinsic differences in cell reactivity but alternatively it
could reflect the absence of potential accessory cells in
efferent lymph. The fact that the CD21" cells are the only
B cells in lymph nodes and lymph and the only popula¬
tion capable of entering lymph strongly implies that the
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CD11b* B cells do not interact with either tissue and

lymph node endothelia and do not recirculate.

The differential distribution of the B cell subpopulations
is comparable, although not identical, to the recirculatory
behaviour of T cells. Mackay et al. [5] have described
distinct recirculatory pathways for what they termed
"naive" and "memory" T cell populations. The "naive"
population expresses the RA isoform of CD45 and adhe¬
sion molecules at low levels and recirculates almost

exclusively through the lymph node endothelium. In con¬

trast, "memory" T cells that are CD45RA negative and
express high levels of adhesion molecules do not enter
lymph nodes via the post-capillary venules but extrava-
sate through tissue endothelia and enter lymph nodes
via the afferent lymphatics.

The data described in this report support the view of the
importance of a multi-layered immune system. Sheep, as
mice, possess two B cell subpopulations. The B-1 cells
(CD11 b* B cells?) are possibly more important as a first
line of defence which produces a restricted set of low-
affinity, broad-specificity germ-line antibodies that react
with ubiquitous microorganisms. In contrast the conven¬
tional B-2 cells (CD21+ B cells?) produce a large, more
diverse array of antibodies with potentially high-affinity
interactions. Again, a study of the repertoire and the
mechanism of repertoire generation would give fascinat¬
ing insights into the biology of these populations. This
study also illustrates the value of work in species other
than man and mice and shows that work in such species
is vital for a comprehensive understanding of the funda¬
mentals of the immune system.

4 Materials and methods

4.1 Cells and tissues

Sheep were obtained from the Moredun Research Institute,
Edinburgh. Except where stated they were 1-2 years old
and were free of known infections including intestinal and
bronchial helminths. Fetal, neonatal and other sheep of dif¬
ferent ages were also obtained from the Moredun Research
Institute. PBL were isolated from heparinized blood by hypo¬
tonic lysis. Efferent and afferent lymphocytes were obtained
by chronic cannulation of the prefemoral efferent and pseu-
doafferent lymphatic ducts [21, 22]. PBL for in vitro tissue
culture were prepared from defibrinated venous blood by
centrifugation over Ficoll-Hypaque (Sigma, Poole, GB).
Lymphoid tissue was obtained post-mortem from year-old
lambs at the local abattoir.
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4.2 Monoclonal antibodies

The mAb used in this study are listed below. IAH-CC125 and
OM1 are murine lgG1 anti-sheep/cattle CD11b and CD11c,
respectively [23, 24], Du2-74 is lgG1 anti-sheep CD21 [11].
The mAb which define sheep B and T cells, Ig heavy chains,
CD14 and L-selectin (CD62L) are well documented [10,
25-27],

4.3 Cell purification and labeling

Venous blood (350 ml) was removed and defibrinated using
glass beads. Lymphocytes were isolated using Ficoll-
Hypaque and the two populations of B cells were separated
by negative selection using MACS beads (Miltenyi Biotec,
Camberley, GB). The CD11b* B cells were isolated by
attaching biotinylated anti-CD2, CD4, CD8, TCR1, CD14
and CD21 antibodies to streptavidin-PE-coated beads. The
CD21* B cells were isolated using a combination of anti-
CD2, CD4, CD8, TCR1, CD14 and CD11 b antibodies. After
two separate rounds of MACS depletion, the CD11b* B cell
population contained <2% CD21 * B cells or T cells and the
CD21* B cell population was contaminated with <2.5%
CD11b* orT cells. Cells were labeled with FITC by incuba¬
tion at 5 x 107/ml (in RPMI 1640 + 4 % FCS) with 50 pg/ml
FITC for 15 min at 37 °C. Labeled cells were separated from
unbound FITC by centrifugation through 5 ml FCS at
800 x g for 5 min. After negative selection the viability of
each cell population was assessed as >90%. In each
experiment 1 x 108 cells were re-infused i.v. Four independ¬
ent experiments were performed for each B cell population.

4.4 Flow cytometry

Small lymphocytes, lymphoblasts and blood monocytes
were analyzed separately by "live-gating" using forward and
side scatter parameters (both linear amplification). Cells
(106) were stained with 25 ^l of mAb and visualized using
FITC-conjugated anti-murine Ig isotype-specific antiserum
(Serotec, Bicester, GB). Non-binding, isotype-matched mAb
were used as negative controls. For two-color analysis the
biotinylated anti-B cell antibody VPM30 [25] was visualized
using PE-conjugated streptavidin.

In the recirculation experiments, efferent lymph samples
were collected every 2 h and analyzed after staining with
biotinylated VPM30 and visualized with PE-conjugated
streptavidin. Cells (104) were analyzed using a FACStar Plus
flow cytometer (Becton Dickinson, Mountain View, CA). Flu¬
orescence parameters had logarithmic amplification. Appro¬
priate compensation was used to optimize two-color analy¬
sis.
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4.5 Immunohistology

Tissues were mounted in OCT (Tissue Tek; Miles, Basing¬
stoke, GB) and snap frozen in liquid nitrogen. Cryostat sec¬
tions were mounted on Vectabond-treated slides (Vector
Labs., Peterborough, GB), air-dried and fixed in cold, dry
acetone. One- and two-color immunohistology was per¬
formed with the described mAb using the Vectastain ABC kit
(Vector Labs.).
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immunoglobulin, i.e. the ability to reversibly attach to mucous membranes or to
mucus glycoprotein molecules. This bound antibody would therefore be functionally
distinct from the other subclass, IgA2, in which this sequence is deleted.
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Migration Pathways of Lymphoid Cells with Reference to the Gut,
Immunoglobulins and Lymphomata

JOE G. HALL, JOHN HOPKINS and EVA ORLANS

Chester Beatty Research Institute, Clifton Avenue, Downs Road, Sutton, Surrey, U.K.

It is known that the large lymphoid blast cells (immunoblasts) that are present in the
intestinal lymph of rats enter the blood circulation and then 'home' back to the
lamina propria of the small gut and transform into plasma cells (Gowans & Knight,
1964; Griscelli et al., 1969; Hall & Smith, 1970; Hall et al„ 1972). The 'homing'
mechanism is unknown; a chemotactic effect related to the immunological affinity of
the immunoblasts for dietary or microbial antigens in the gut seems unlikely because the
phenomenon occurs in antigen-free systems (Halstead & Hall, 1972; Moore & Hall,
1972). Thus the migration of immunoblasts, like that of small lymphocytes (Pearson et
al., 1976), is probably intrinsic and not 'antigen-driven'. However, the situation is
complicated. Even the cells in pure intestinal lymph may have come from either the
mesenteric nodes or the lymphoid tissue in the lamina propria of the gut wall. The small
lymphocytes are recirculating cells that enter the lymph from the blood by extravasating
through post-capillary venules in lymphoid tissue. The immunoblasts are generated
locally by transformation of small lymphocytes induced by the continual antigenic
stimuli from the gut.

More recently we have been able to collect immunoblasts from afferent and efferent
mesenteric lymph of unanaesthetized sheep. The blasts were labelled in vitro with
2-deoxy-5-[125I]iodouridine washed and returned by intravenous injection; 20h later the
sheep were killed and the tissue distribution of the blasts was determined by liquid-
scintillation counting (Hopkins & Hall, 1976; Hall et al., 1977). The results were com¬
pared with those obtained after lymph-borne immunoblasts from peripheral somatic
lymph nodes had been injected. The salient finding was that 30% of immunoblasts
from mesenteric lymph went to the small gut, compared with less than 1 % of the
immunoblasts from peripheral somatic lymph nodes. The latter went mainly to the
spleen, lungs and other peripheral somatic lymph nodes. When the surgical procedures
were arranged so that the mesenteric lymph was collected from restricted lengths of small
gut, the immunoblasts became uniformly distributed along the entire length of the small
gut. Also, when killed bacteria were injected locally into the gut wall, the specific
immunoblasts that were released later into the lymph showed no tendency to localize
at the site of the initial injection of antigen. Similarly, lymph-borne immunoblasts
showed the usual patterns of distribution when injected into allogeneic foetal recipients
in a sterile environment in utero, where the small gut contains no antigens.

These results show that lymph-borne immunoblasts that are generated in the gut-
associated lymphoid tissue differ from those produced in other lymphoid tissue by
the ability to home back to the small gut, and that the homing mechanism does not
require the presence of antigen.

Vol. 5
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The classes of immunoglobulins contained in and made by the immunoblasts were
investigated by making immunodiffusion studies of detergent extracts of washed
lymph cells, by applying immunoperoxidase techniques to films of fixed cells and by
monitoring the incorporation of 14C-labelled amino acids into immunoblasts in vitro.
It was found that about one-half of the immunoblasts from any source contained
immunoglobulin; the remainder were presumably immunoglobulin-negative T-blasts.
About one-half of the immunoglobulin-positive immunoblasts from the gut-associated
lymphoid tissue made IgA (immunoglobulin A); the rest made IgG or IgM. The
corresponding blasts from peripheral somatic lymph nodes made only IgG and IgM.
However, it is unlikely that IgA is part of the receptor system that mediates
the extravasation of immunoblasts in the gut. Although the plasma cells in the lamina
of the gut are derived from lymph-borne immunoblasts (Birbeck & Hall, 1967; Hall
et al., 1972), many of them make IgM and IgG, not IgA (Lee & Lascelles, 1970;
Lascelles & McDowell, 1974). Also T-immunoblasts, which are not believed usually to
exhibit immunoglobulin, can also home to the gut (Ford, 1975; Sprent, 1976). It is prob¬
able that the homing mechanism is independent of the cells, immediate immunological
activities. Evidence is accumulating that even immunologically uncommitted small
lymphocytes show a recirculatory bias; those that have come from the gut-associated

Common

pathways

Blood

Central

lymph

Fig. 1. Two principal systems of lymphocyte recirculation
Small lymphocytes recirculate continually from blood to lymph by extravasation in the
lymphoid tissue associated with the gut (left) or in the peripheral somatic lymph nodes
(right). Immunoblasts, which arise from small lymphocytes that have reacted to antigenic
stimuli, leave their parent tissue, recirculate once and home back to their tissue of origin.
All cells share a common pathway, first in the central lymph of the major lymphatic
trunks and, later, in the blood.
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lymphoid tissue recirculate preferentially through such tissue, whereas those from
peripheral somatic lymph nodes recirculate preferentially through other such nodes
(Scollay et al., 1976). At first, it was suggested that this recirculatory bias might
be related to the surface immunoglobulins of the B-lymphocytes, but work with
lymphocyte populations depleted of B-cells gave similar results (Cahill et al., 1977). It
seems likely now that lymphocytes must not only be categorized as blasts or small cells, or
as T-cells and B-cells, but also as gut cells or somatic cells (see Fig. 1). The nature of the
surface markers involved is quite unknown, but they seem to be expressed even after
malignant change. Hodgkin's disease, however widespread, is primarily a lesion of
peripheral somatic lymph nodes and spleen and usually spares the gut-associated
lymphoid tissue; 'Mediterranean' lymphoma, often associated with a-chain disease,
is confined usually to mesenteric nodes, and this dichotomy is seen also in some lympho-
proliferative diseases of animals.

The Chester Beatty Research Institute receives support from the Cancer Research Campaign
and Medical Research Council.
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Secretory Immunoglobulin A in the Chicken and its Role in Antimicrobial
Immunity in Relation to Escherichia coli and Coccidia
STEPHEN H. PARRY, PAUL J. DAVIS and PHILIP PORTER

Unilever Research, Colworth House, Sharnbrook, Beds., U.K.

The chicken has in recent years achieved considerable popularity with immunologists
because of its unique dichotomy of primary lymphoid tissue. It was therefore of
considerable interest when a third immunoglobulin class resembling mammalian IgA
(immunoglobulin A) was first described by Lebacq-Verhyden et al. (1972a). Since then,
various investigations have provided further characterization of this immunoglobulin
(Orlans & Rose, 1972; Bienenstock et al., 1972; Leslie & Martin, 1973; Parry, 1974;
Porter & Parry, 1976).

Molecular characteristics of chicken IgA
The major characteristics of chicken IgA are summarized in Table 1.
Immunodiffusion studies thus far have failed to demonstrate any cross-reactivity

between mammalian IgA and that of birds. Studies in our own laboratory using the more
sensitive HI test examined the cross-reactions between IgA of mammalian species and
that of the chicken. The results (Table 2), not surprisingly, demonstrated considerable
cross-reactivity between mammalian IgA samples as evidence by high inhibition titres.
However, the chicken haemagglutination system was not inhibited by mammalian
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Table 1. Major characteristics of chicken IgA

1. No demonstrable cross-reaction between chicken and mammalian a-chains (Porter &
Parry; 1976).

2. Secretory component present on secretory IgA (Watanabe & Kobayashi, 1974;
Porter & Parry, 1976).

3. Secretory component present on 15S but not 7S serum IgA (Porter & Parry, 1976).
4. Intimate and specific association with the intestinal tract (Lebacq-Verhyden et al.,

1972b; Parry et al., 1977).
5. Possesses J-chain determinants detected by cross-reaction with antiserum specific

for human J-chain (Kobayashi et al., 1974).
6. Lacks disulphide bonds linking heavy and light chains (Vaerman et al., 1974).
7. Present in all non-intestinal secretions.
8. Fast p electrophoretic mobility.
9. 52o,w of secretory IgA = 15S.

IgA, nor were mammalian haemagglutination systems significantly inhibited by
chicken IgA.

Although no direct structural homology with mammalian IgA could be demon¬
strated, the characteristics of the avian immunoglobulin, particularly its association
with the intestinal tract and possession of a secretory component, suggest a functional
analogy between the secretory immune system of the fowl and that of mammalian
species.

Role of secretory IgA in antimicrobial immunity
To define more closely the role of this putative secretory IgA in local immune defence

of the avian intestine we have studied the response of conventional birds to infection
with the pathogenic protozoan coccidial parasite Eimeria tenella and the response of
'germ-free' (gnotobiotic) birds to oral administration of live and heat-inactivated
Escherichia coli.

(0 Coccidial infection in conventional birds. The obligate intracellular nature and com¬
plex life cycle of E. tenella, consisting of two generations of schizogeny followed by
gametogeny, would appear to complicate studies on the protective immune response.
However, as the infection is confined to the caecal mucosa it is likely that the local
immune system plays an important role. In particular the relatively fragile extracellular
sporozoite and merozoite stages would seem to be ideal targets for secreted antibodies,
a response that is amenable to study in vitro. We therefore looked at the ability of caecal
antibody to inhibit the penetration of sporozoites in vitro.

The assay procedures consisted of excystation of sporozoites in vitro which were
either left untreated as absolute controls or incubated with test and control samples of
caecal extracts for 30min at 37°C. Sporozoites (100000) were then inoculated into 3-day-
old cultures of chick kidney cells and incubated at 41 °C for 4 h to allow full penetration.
Cell monolayers were then fixed and stained and the intracellular sporozoites counted.

Fig. 1 shows the effects of intestinal antibody extracts on sporozoite penetration
in vitro. The untreated control sporozoites (N.T.) gave virtually 100% penetration,
whereas the positive control serum from hyperimmune birds totally inhibited penetration.
Incubation in the control (non-immune) caecal contents and caecal-mucosal extracts
caused no impairment. However, sporozoites incubated in caecal mucosae and caecal
content extracts from birds recovering from infection showed a decrease in ability
to penetrate host cells. Statistical analysis (Wilcoxon Rank Sum) showed that immune
treatments significantly affected sporozoite penetration (P — 0.7).

Analysis of these secretions by double-diffusion and the radial-immunodiffusion
assay showed that caecal extracts from immune birds contained high concentrations
of IgA, whereas IgG and IgM were barely detectable or absent.
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Lymphocyte traffic through lymph nodes
during cell shutdown

IAN McCONNELL, JOHN HOPKINS and PETER LACHMANN

MRC Group on Mechanisms in Tumour Immunity, The Medical School, Hills Road, Cambridge
CB2 2QH

Abstract Antigenic challenge of lymph nodes in sheep has marked effects on
lymphocyte traffic through lymph nodes. The non-specific effects include a
marked reduction in lymphocyte output in efferent lymph without a correspon¬
ding decrease in lymph flow—a phenomenon known as cell shutdown. With
certain antigens there is a total disappearance of B lymphocytes during cell
shutdown. The phenomenon can be reproduced in unprimed lymph nodes
whenever localized complement activation occurs within the node. This also
induces the release of prostaglandins, particularly PGE2. These results suggest
that cell shutdown might be a two-step process involving both complement and
prostaglandins.

Repeated stimulation of nodes with antigen also has considerable effects on the
traffic of antigen-specific lymphocytes. Antigen localized within the node can
promote the selective entry into the node of T lymphocytes specific for the
challenge antigen. Consequently there is a net loss from the whole animal of T
cells reactive to the challenge antigen. These results are discussed in relation to
lymphocyte recirculation through antigen-stimulated lymph nodes.

Many physiological and immunological changes occur in antigen-stimulated
lymph nodes. Physiological changes are reflected in alterations to the nodal
microvasculature which mediates gross changes in the overall flux of
lymphocytes through the node. Immunological responses, however, are
dictated by the strategic localization of antigen within the node. The initial
function of antigen is to select cells of the appropriate specificity from the
recirculating lymphocyte pool and subsequently to induce their differentiation
into memory and effector cells. This paper is concerned with possible
initiating mechanisms for physiological and immunological events within
lymph nodes.

© Excerpta Medica 1980
Blood cells and vessel walls: functional interactions
'•Ciba Foundation symposium 71) p 167-195
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KINETICS OF LYMPHOCYTE TRAFFIC THROUGH ANTIGEN-STIMULATED LYMPH
NODES

The kinetic changes in lymphocyte traffic through lymph nodes are best
observed in sheep with the lymphatic cannulation model of Morris and
collaborators (Lascelles & Morris 1961, Hall & Morris 1962, 1963). The
characteristic sequence of events after challenge of nodes with particulate
antigens (Hall & Morris 1965), viruses (Smith & Morris 1970), soluble antigens
(Hay et al 1973) and homografts (Pedersen & Morris 1970) is well
documented. The changes in lymphocyte output in efferent lymph begin with
a reduced cellular output from the node (cell shutdown) followed by a

characteristically biphasic lymphocyte output over the next 100 h. The first
wave of cells to appear consists entirely of small lymphocytes, whilst blast
cells and early antibody secreting cells appear in the second peak (Hall &
Morris 1965, Cahill et al 1974).

20 30 40 50 60 70 80 90 100

Hours after challenge of node with PPD

o

R

Fig. 1. Kinetics of total and B lymphocyte output from cannulated popliteal node in efferent
lymph after local challenge of the node with 100 gg PPD in primed sheep. Lymphocyte output
per hour. Vertical bars are °7o Ig-positive cells detected by direct immunofluorescence using
rabbit anti-sheep F(ab'h-

Fig. 2. Kinetics of total and B lymphocyte output from cannulated popliteal lymph node to PPD
and T4 phage in primed and unprimed sheep, (a) 100 /ig PPD to drainage area of node; (b) 100 gg
PPD infused via afferent lymphatic to node; (c) 100 gg T4 phage infused via afferent lymphatic in
T4 phage primed sheep; (d) as (c) but in unprimed sheep.
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In our studies we have been investigating the response to tuberculin-purified
protein derivative (PPD) (Central Veterinary Laboratories, Weybridge,
England), and T4 coli phage in primed and unprimed animals. PPD challenge
of cannulated nodes in Bacille Calmette Guerin (BCG)-primed sheep produces
cell shutdown, lymphocyte recruitment and blast cell formation (Figs. 1 and 2)
in efferent lymph. In unprimed animals PPD has little effect, largely because
PPD is a 'T cell hapten' and, unlike other antigens, does not induce an
immune response. Subcutaneous injection of PPD into the drainage area of
the node produces cell shutdown within 6—20 h. Shutdown occurs within 1 h
if antigen is directly infused into the node via an afferent lymphatic.
Lymphocyte output in efferent lymph drops from a resting level of 40-150 X
106 lymphocytes/h to about 4—8 X 106/h without any reduction in lymph
flow. Together with this marked drop there is almost total disappearance of
immunoglobulin-bearing B lymphocytes. During cell shutdown there is
increased synthesis of the soluble mediators of delayed hypersensitivity,
notably antigen-specific and non-specific migration inhibition factor (MIF).
In the response to PPD these factors are easily detected in shutdown lymph
(Hay et al 1973, Scott et al 1978). More recently we have also detected potent
suppressor factor(s) in shutdown lymph during the response to PPD which
suppress the in vitro antigen-induced transformation of lymphocytes to PPD
(J. Hopkins & I. McConnell, unpublished work). Cell shutdown and B
lymphocytes similarly disappear after infusion of 100 g T4 phage via an
afferent lymphatic (afferent infusion) to a cannulated node in sheep primed to
T4. With unprimed sheep there is no shutdown. Thus T4 phage is quite un¬
like influenza virus which will produce shutdown and acellular lymph in un¬

primed animals (Smith & Morris 1970, Cahill et al 1974).
The disappearance of immunoglobulin-bearing cells from efferent lymph is

presumably due to retention of these cells within the node and not to the
release in shutdown lymph of proteases which might degrade surface im¬
munoglobulin on B lymphocytes. Incubation of normal efferent lymphocytes
from a resting node in shutdown lymph has no effect on the percentage of
surface immunoglobulin-bearing cells (Table 1).

Contrary to expectations there is a net inflow of cells into lymph nodes
during cell shutdown (Hall 1974). Cahill et al (1976) have shown very clearly
that if radiolabeled autologous lymphocytes were returned intravenously the
labelled cells increased by three- to fourfold in cannulated lymph nodes
undergoing cell shutdown compared to the number seen in non-stimulated
nodes of the same sheep. These studies also convincingly demonstrated that
the first wave of cells appearing after shutdown were derived from cells which
had entered the node during shutdown. The increased input during shutdown

%
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TABLE 1

Effects of shutdown lymph on surface immunoglobulin on B lymphocytes

Lymphocytes0 incubated in % Immunoglobulin-
positive cells

Medium alone (RPM1) 15
Normal sheep serum 20
Normal efferent lymph 15
PPD shutdown lymph (6-24 h) 16
CVFfc treated normal sheep serum 17.5
CVF-treated normal lymph 15

"2.106 efferent lymphocytes from unstimulated node incubated in 50 gl of serum or lymph at 37°C
for 1 h. Cells then washed 3 times in medium and treated with fluoresceinated rabbit anti-sheep
F(ab')2.
^Lymphocytes incubated in 50 /d of serum or lymph previously treated at 37 °C for 15 min with
10 ng CVF (see text).

is mainly due to the considerable increase in blood flow known to occur in
antigen-stimulated lymph nodes (Herman et al 1972). By injecting 85Sr-
labelled microspheres into the arterial circulation and measuring their
localization in capillary networks Hay & Hobbs (1977) have shown that there
is a fourfold increase in blood flow to the node during cell shutdown, and they
calculate that 60% of the recirculating lymphocyte pool will pass through the
node in the blood in a five-day period. Immunologically, cell shutdown may

represent an important mechanism whereby a large number of cells become
available for selection by antigen. It also affords an opportunity for the
interaction between rare antigen-specific cells that must occur in T—B cell
collaboration.

EFFECTS OF LOCALIZED COMPLEMENT ACTIVATION WITHIN LYMPH NODES ON
LYMPHOCYTE TRAFFIC THROUGH THE NODE

Since cell shutdown was more frequently observed in primed rather than
unprimed animals we next investigated the possibility that localized com¬

plement activation within nodes might be one of the initiating events in cell
shutdown.

Cell shutdown after afferent infusion of antigen-antibody complexes

In these experiments immune complexes made with sheep IgG anti-T4
phage and antigen as well as antibody or phage alone were infused via an
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afferent lymphatic to a cannulated popliteal lymph node. Fig. 3 shows that
infusion of either IgG anti-phage or T4 phage alone does not produce
shutdown. Phage neutralizing activity as well as phage particles were
recovered in the efferent lymph, showing that both had passed through the
node. Immune complexes made with T4 phage and whole IgG anti-phage or
the F(ab')2 fragment produced marked shutdown. Complexes made with
Fab' anti-T4 gave no shutdown. Similarly, soluble immune complexes of
sheep IgG anti-human C3 and human C3 prepared in antibody excess were
also found to induce cell shutdown and B cell disappearance (Fig. 4d).

These results suggest that the presence of immune complexes and
presumably complement activation within nodes can initiate cell shutdown
and B cell disappearance. It is not surprising that immune complexes made
with F(ab')2 antibody fragments also produce shutdown, as sheep F(ab')2 is
known to activate the alternative pathway of complement (Hobart 1970).

Effect of afferent infusion of complement activators on lymphocyte traffic
through lymph nodes

Cobra venom contains a potent activator of the alternative complement
pathway known as cobra venom factor (CVF), which is now known to be
cobra C3b (Alper & Balavitch 1976). Its unique ability to activate the
alternative pathway is due to the fact that it forms an alternative pathway
convertase with serum Factor B (CVF-Bb) which is resistant to the
mammalian C3b inactivators <31H and KAF, thus producing massive
breakdown of C3 (see review by Lachmann 1979). Inulin is also a potent
activator of the alternative pathway and acts by a different mechanism,
involving protection of bound C3b (Fearon & Austen 1977). Both substances
can be used to produce alternative pathway activation in vivo and in vitro.

When either CVF or inulin was infused via an afferent lymphatic to a

cannulated popliteal node, cell shutdown occurred within 15 min and lasted
for several hours (Fig. 4). Heat-inactivated CVF was without effect. This is
of interest since purified CVF often contains phospholipase, which is heat-
resistant. Thus it is unlikely that the shutdown action of CVF is related to its
phospholipase content. CVF convertase activity (CVF-Bb) as assayed by a
haemolytic technique (Lachmann & Hobart 1978) can be detected in the
efferent lymph 10 min after afferent infusion of CVF (Fig. 5). Shutdown

Fig. 3. Kinetics of total and B lymphocyte output from cannulated popliteal lymph nodes
challenged with immune complexes infused via an afferent lymphatic to cannulated node.
Complexes preformed at 4 °C by preincubation of 100 /ig of T4 phage with 100 /tg antibody (as
IgG, F(ab')2 or monovalent Fab') for 12 h. 50% phage neutralization titre of IgG anti-phage 1 in
106.
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Fig. 5. Effect of repeated afferent injections of 100 CVF on lymphocyte output from the
node. CVF-Bb convertase by haemolytic assay.

produced by CVF does not show marked tachyphylaxis since repeated
injections of the CVF elicit second and third shutdowns (Fig. 5). After each
injection increased CVF convertase activity was detected in efferent lymph,
showing that within the node sufficient Factor B is derived from the plasma
passing through the node and peripheral lymph to form more convertase with
CVF.

Many of the breakdown products of complement activation are
anaphylatoxic and induce the release of histamine and other vasoactive
mediators from mast cells. It seems unlikely, however, that shutdown is
related to this since afferent infusion of histamine or bradykinin does not

produce shutdown (Fig. 6a).

Complement activity in efferent lymph

The efferent lymph contains all the circulating plasma proteins at a lower
concentration than is seen in plasma (Smith et al 1970). Most of the plasma
complement components are present in efferent lymph and can be detected
functionally and antigenically. Table 2 summarizes some of the findings on
C3 and total alternative pathway activity in efferent lymph during shutdown
to various complement activators. In efferent lymph draining a non-
stimulated (resting) node there is a pre-existing level of 12-23% conversion of

Fig. 4. Kinetics of total and B lymphocyte output from cannulated popliteal lymph nodes
challenged with cobra venom factor (CVF), inulin or immune complexes infused via afferent
lymphatic. Inactive CVF heated at 72 °C for 1 h.
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Fig. 6. Kinetics of total and B lymphocyte output in efferent lymph from cannulated popliteal
node after afferent infusion of 50 ftg histamine and 50 /tg prostaglandin Ei (PGE2).

C3 as measured by two-dimensional crossed immunoelectrophoresis. After
infusion of CVF via an afferent lymphatic the level of converted C3 rises to
80% and then slowly declines. After 24 h about 40°/b of the C3 remains con¬

verted. With inulin, immune complexes and PPD there is no increase above
the pre-existing level.

The presence of converted C3 in efferent lymph may be a consequence of
the cannulation due either to C3-cleaving tissue proteases at the site of the
indwelling cannula or to C3 conversion within the cannula during lymph
collection. Alternatively the presence of C3b in efferent lymph may indicate
that a certain amount of C3 is always converted naturally in lymph nodes and
that this may be relevant to lymph node function in vivo.

PROSTAGLANDINS AND PHYSIOLOGICAL CHANGES IN ANTIGEN-STIMULATED

LYMPH NODES

Prostaglandins are intimately involved in a wide variety of tissue changes,
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TABLE 2

C3 conversion and alternative pathway (AP) activity in 'shutdown lymph'

177

Time % C3 conversion Total AP activity (% of normal lymph)
after
challenge CVF Inulin Immune PPD CVF Inulin Immune T4

(min) complex complex

Pre 15 12 18 23 100 100 100 100
0- 20 87 28 20 17 0 66 62 60
O 1 O 87 23 22 18 0 112 88 97

40- 60 98 24 22 19 0 122 112 109

120-140
.

?7 24 28 17 0 101 100 116

particularly those associated with inflammatory responses. In collaboration
with Drs J. Pearson and J. Gordon at the ARC Institute of Animal

Physiology, Babraham, we have begun to investigate the role of
prostaglandins in the physiological changes associated with antigen
stimulation of lymph nodes. Using a sensitive radioimmunoassay, Dr J.
Pearson has assayed shutdown lymph for PGE2, 6-oxo-PGFi„ (the stable
derivative of prostacyclin) and thromboxane B2. So far PGE2 is the only
prostaglandin to show a marked increase in level in efferent lymph which

TABLE 3

Prostaglandin (PGE2) levels in efferent lymph during shutdown (data provided by Dr J. Pearson)

Agent
inducing
shutdown

Shutdown Peakb PGE2 levels during shutdown
(pg/100 fil lymph)

PPD, 100 ng + 1800

T4 phage, 100 jtg
(primed sheep) + 1160

T4 phage, 100
(unprimed sheep) _ < 20

Histamine 50 /tg - 400

CVF", 100 ng + 2900

Inactive CVF,
100 /ig - 125

"All infused via afferent lymphatic to cannulated popliteal lymph node.
^Measured at time of maximum shutdown.
"Cobra venom factor. Inactive CVF heated to 72 °C for 1 h.
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Fig. 7. PGE2 levels in efferent lymph during shutdown. PGE2 levels assayed by radioimmuno¬
assay (data provided by Dr J. Pearson).

correlates with the events of cell shutdown induced either by antigen, CVF,
inulin or immune complexes (Table 3, Fig. 7). No shutdown can be induced
with T4 phage plus Fab'-anti-T4; similarly there is little increase in PGE2
levels in efferent lymph. 6-Oxo-PGFi„ is low throughout shutdown whereas
thromboxane B2 (derived from thromboxane A2) shows an initial rise in every

lymph tested, including those where no shutdown occurs. The involvement of
PGE2 in shutdown is shown by the observation that shutdown occurs and B
cells disappear when 50 /*g PGE2 is infused via an afferent lymphatic to a
cannulated popliteal lymph node (Fig. 6b). Recently Johnston et al (1978)
have also established a role for prostaglandins in cell shutdown.

At present we have little idea of the precise effect of the complement and
the prostaglandin systems in physiological events within lymph nodes. These
experiments raise the possibility that one or both systems are involved in the
physiological changes in antigen-stimulated lymph nodes, although we have
no precise idea yet of how they are involved. PGE2 is believed to be released
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by polymorphonuclear leucocytes, monocytes and possibly the endothelial
cells of blood vessel walls. Lymphocytes are not thought to be capable of
PGE2 release. Polymorphonuclear leucocytes and monocytes are not seen in
resting lymph but can appear transiently during the early stages of the first
wave of cells released by the node after shutdown. Thus, initiation of cell
shutdown might be a two-step phenomenon including both complement
activation, which induces permeability changes in the microvasculature within
the node, and subsequent entry of polymorponuclear leucocytes and
monocytes, which release PGE2 and thereby induce shutdown. Alternatively
there are cell types within the node which under certain circumstances release
quite substantial quantities of prostaglandins, thereby inducing shutdown.

Although these experiments suggest possible initiating events in cell
shutdown the actual mechanism which promotes the temporary stasis in
lymphocyte flow through an antigen-stimulated lymph is unknown. This
stasis might be due to an induced change in the surface properties of the
lymphocytes within the node which inhibits their traffic through the node;
alternatively, some of the fixed cells may form a physical barrier to
lymphocyte outflow from the node.

EFFECTS OF ANTIGEN ON THE TRAFFIC OF SPECIFIC ANTIGEN-REACTIVE CELLS
THROUGH LYMPH NODES

The frequency of lymphocytes specific for a given antigen is of the order of
1 in 105 cells. The probability of this low frequency of antigen-specific cells
ever interacting with antigen would be very low if it were not for lymphocyte
recirculation (Gowans & Knight 1964, see also review by Ford 1975). Antigen
is known to be concentrated at selective sites within organized lymphoid
tissue, particularly in cortical regions of lymph nodes and marginal zones in
the spleen (Ford 1975).

Several studies have shown that antigen localized within lymphoid tissue
selects out antigen-specific cells from the passing stream of recirculating
lymphocytes (Rowley et al 1972, Sprent & Miller 1974). In rats, cells specific
for certain antigens, including alloantigens, become specifically trapped at
sites of antigen localization in the spleen. The recirculating pool becomes
transiently depleted of the reactive cells, as shown by the fact that the thoracic
duct is devoid of cells specific for the spleen-localized antigen. Similarly in
sheep, shortly after challenge of a cannulated node with PPD, cells reactive to
this antigen disappear from the efferent lymph of the stimulated node (Cahill
et al 1974) for about three days after challenge. The absence of reactivity
from either thoracic duct or efferent lymph is unlikely to be due to tolerance
or suppression since if alloreactive or antigen-reactive cells are radiolabeled
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and injected they subsequently become localized by antigen in vivo (Atkins &
Ford 1975, Thursh & Emeson 1972). In these experiments the specific
antigen-reactive cells may enter the lymphoid tissue at random and the
findings may be due to 'immunoadsorbent' capacity of antigen for the
appropriate specific cells in the recirculating lymphocyte pool.

There are however two sets of experiments which indicate that the entry of
antigen-specific cells into lymph nodes may not be simply a question of
random movement from the blood into the node. There is an antigen-specific
selective mechanism in stimulated lymph nodes which enhances the entry into
the node of cells specific for the challenge antigen (McConnell et al 1974). As
shown in these experiments, chronic drainage of efferent lymph from a

repeatedly stimulated node in sheep resulted in the whole animal becoming
unresponsive to the challenge antigen. The specificity of the unresponsiveness
was shown by a normal reaction to other antigens such as chicken globulin
and the hapten NIP (4-hydroxyl-5-iodo-3-nitrophenacetyl). Repeatedly
injected control sheep did not become unresponsive. Using a similar
experimental system Cahill et al (1974) have also shown in sheep that
challenge of a cannulated node with allogeneic lymphocytes leads to the
disappearance of alloantigen-reactive cells from the efferent lymph draining a
contralateral node. These experiments imply that the presence of antigen in
cannulated lymph nodes can select out the appropriate antigen-reactive cells
from those present in the intravascular compartment of the node.

In both these experiments the stimulated nodes are cannulated and antigen
or specifically reactive cells present in the node are therefore removed from
the animal. There is no apparent systemic spread either of antigen or of cells.
In our own experiments with PPD it was necessary to drain the efferent
lymphocytes for at least three weeks. Chronic lymphatic drainage for three
weeks from a node repeatedly challenged with antigen is not easy to maintain
so the number of experiments is small. In those animals where cannulation
and repeated stimulation with PPD for longer than three weeks has been
achieved the abrogation of the response to PPD is a consistent experimental
finding.

We have recently repeated these experiments using the protocol outlined in
Table 4. The complete results for one test sheep and a repeatedly injected but
non-cannulated control are shown in Figs. 8, 9 and 10 and Table 5. With
sheep 019 repeated stimulation and drainage of cells from the node led to the
animal becoming unresponsive to PPD by skin testing (Fig. 8). The skin test
response of the injected control was normal at 24 h and slightly reduced at
48 h compared to the initial test. When sheep 019 was re-tested eight weeks
later the reactivity to PPD had returned. This has been described before
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TABLE 4

Experimental protocol for producing selective removal of PPD reactive cells in vivo

1. 1-2 year old Finnish Landrace sheep, primed to BCG and NIP-chicken globulin.
2. After three weeks baseline reactivity to PPD established by skin testing (delayed hyper¬

sensitivity reaction) and in vitro transformation of peripheral blood lymphocytes to PPD
and allogeneic cells (MLC).

3. Cannulation of afferent lymphatic to and efferent lymphatic from popliteal node.
Repeated challenge of node with 100 PPD (x 5) every four days for 20 days. Second
challenge of PPD given as N1P-PPD and both efferent lymph and serum tested for anti-
NIP antibody. Repeated testing of peripheral blood lymphocytes for in vitro reactivity to
PPD and MLC.

4. Cannulation stopped and systemic response to PPD measured both by skin reactions, and
by testing for helper cell activity to PPD by systemic challenge with NIP-PPD. Twelve
days later systemic challenge with NIP-chicken globulin. Serum anti-NIP measured.
Repeated lymphocyte transformation assays on peripheral blood lymphocytes to PPD and
MLC.

(McConnell et al 1974) and is possibly due to the fact that BCG is a 'living'
antigen which persists in vivo. Thus immunologically virgin cells which are

generated in vivo become primed. The reappearance of PPD reactivity is not
due to cells emerging from the repeatedly stimulated node, since in this experi¬
ment the node was removed when the cannulation ceased. The specific failure
of the test sheep to respond to PPD was also shown by its failure to make an
anti-NIP response on challenge with NIP—PPD. Challenge with NIP-chicken

^globulin 12 days later, however, produced an anti-NIP response (Fig. 8).
The results for lymphocyte transformation on peripheral blood

lymphocytes during the experiment are shown in Fig. 9 and Table 5. In the
test animal the ability of peripheral blood lymphocytes to specifically
transform in response to 10 /ig and 5 /xg of PPD disappears shortly after the
last injection of PPD into the cannulated node. The transformation response
to 1 /tg of PPD is reduced but is never completely negative. This unrespon¬
siveness is specific since the response to allogeneic lymphocytes (MLC) does
not change. In a repeatedly injected (but not cannulated) control sheep
reactivity to PPD diminishes only slightly. In a current experiment, repeated
challenge (x 5) of a sheep with PPD at a site distant from a cannulated node
which has been repeatedly stimulated with an irrelevant antigen has so far
failed to reduce the response to PPD either in vivo or in vitro. This makes it
unlikely that the failure to respond is due to tolerance induction in a depleted
lymph node (Ford 1975).

One possible explanation for these results is that there is a gradual loss of
PPD-reactive cells from the circulation during repeated challenge and
drainage of cells from the node. With fewer PPD-reactive cells it might be



182 IAN McCONNELL ET AL.

TABLE 5

Lymphocyte transformation of peripheral blood lymphocytes during cannulation and repeated
stimulation of the popliteal lymph node in sheep.

Days after In vitro transformationb of peripheral blood lymphocytes to:
PPD challenge
of cannulated 10 tig PPD 5 gg PPD I gg PPD MLCC
node a

_ 4.16 nt nt nt

4.10 3.71 3.76 4.10

4 (PPD x 1) 4.29 4.33 4.49 nt

10 (PPD x 2) 2.16 3.48 4.12 4.59
20 (PPD x 4) 4.01 2.40 2.45 3.58
26 (PPD x 4) 3.96 3.88 3.41 4.34
31 (PPD x 5) 0.00d 3.62 3.74 3.80
40 (PPD x 5) 0.00 0.00 2.87 3.49
51 (PPD x 5) 0.00 0.00 3.12 3.52

79 2.91 3.26 3.26 nt

90 nt 3.91 3.81 3.35

Control sheep'' 4.9 4.79 4.78 nt

4.92 4.88 4.88 3.67
4.81 4.79 4.59 4.16
4.49 4.59 4.66 3.13

Control sheep (after
PPD x 5) 4.26 4.27 4.14 3.12

"Cannulated popliteal node challenged with 100 gg PPD at intervals over 26 days. Cannulation
ceased after fifth injection of PPD.
''Response of 1.25 x 105 peripheral blood lymphocytes to 10.5 and 1 gg PPD in 200 pi cultures.
Cultures labelled 12 h before harvesting with lgCi ['HJthymidine. Result expressed as the log of
mean c.p.m. in control cultures without antigen.
'MLC. 1.25 x 10s peripheral blood lymphocytes (Finnish Landrace) cultured with 0.62 x 105
mitomycin C treated stimulator lymphocytes from Clun sheep. Cultures as for PPD
transformation.
^Transformation in cultures with these values: < transformation seen in antigen-free control.
''Control sheep not cannulated but repeatedly injected (x 5) with 100 gg PPD into drainage area
of lymph node.

expected that the optimal concentration of PPD required to produce
stimulation would shift in favour of lower antigen concentrations—higher
concentrations being tolerogenic for the low number of cells. This is observed
in the response of normal sheep lymphocytes to concentrations of PPD used
in the 50-100 pg range. The alternative approach to quantitating the
disappearance of PPD-reactive cells would be to use limiting dilutions of cells
for the transformation assays.
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Fig. 8. Delayed hypersensitivity skin reactions to PPD in control and cannulated sheep. Sheep
tested with 6, 12, 25 and 50 /ig PPD injected intradermally and response measured at 24 and 48 h.
In cannulated sheep repeatedly injected with PPD reactivity to PPD was tested 60 days after the
end of cannulation and the last injection of PPD. Bottom part of the figure shows the serum
hapten binding capacity (ABC, or antigen binding capacity) measured by the Farr assays using
10-8 m 125I-labelled NIP caproic acid as hapten. The ABC was calculated from the linear portion
of the binding curve between 3% binding (1 unit of antibody/ml) and 30% binding (10 units of
antibody/ml). The figure shows the serum anti-NIP response of sheep 019 which was
unresponsive to PPD after the fifth injection of PPD to the cannulated node. NIP-PPD was
given systemically to sheep 019 and 12 days later the animal was rechallenged with NIP-CG.
Repeatedly injected but non-cannulated control sheep had serum ABC of 60 x 103 units/ml six
days after challenge with NIP-PPD and 140 x 103 units/ml 12 days after NIP-PPD challenge.

These preliminary studies support our previous results (McConnell et al
1974) and those of Cahill et al (1974) on the systemic depletion of antigen-
reactive cells by repeated antigenic challenge of cannulated nodes. These
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Fig. 9. Lymphocyte transformation to PPD and mixed lymphocyte cultures (MLC) in cannulated
and repeatedly injected test sheep (019). For experimental details see Table 5. Lymphocyte
transformation plotted as log c.p.m at various intervals throughout experiment. Control =

lymphocyte transformation from a BCG-primed sheep not injected with PPD but tested
simultaneously with sheep 019.

studies suggest that an antigen-selective mechanism may be operating at the
level of stimulated lymph nodes.

Other explanations that the unresponsiveness to PPD is due to tolerance
induction or the presence of blocking factors seem unlikely. The observations
on lymphocyte transformation rule out a role for serum blocking factors, and
for tolerance induction to occur antigen would have to reach the systemic
circulation via the efferent lymphatic. Challenge of the cannulated node
always produces an anti-NIP response in the lymph, with little response in the
serum, indicating that no substantial concentrations of antigen reach the
systemic circulation from the stimulated node (Fig. 11).
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Fig. 10. Lymphocyte transformation to PPD and MLC in sheep 021 repeatedly injected with
PPD into the drainage area of an uncannulated node.

We have suggested at least two possible mechanisms to explain abrogation
of the response to PPD in this system (Fig. 12). If lymphocytes entered nodes
at random the ratio of PPD to chicken globulin (or other antigen) would
remain constant and depletion, when it did occur, would be non-specific.
Specific depletion could be explained on the basis of antigen being attached to
the luminal surface of the high-endothelial (HE) cells of the postcapillary
venule (PCV), which might preferentially select PPD-reactive cells into the
node. At each passage through the node only a fraction of the specific cells
would be selected at any one time.

Hay & Hobbs (1977) have shown that 60% of the recirculating lymphocyte
pool passes through the vascular compartment of a node in the five days after
antigen stimulation and about 25% of these cells actually enter the node at
each passage. From this it follows that 15% of the total recirculating pool is
removed by the node every five days.
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Fig. 11. Serum and lymph anti-hapten responses in cannulated sheep injected with NIP-PPD
into the drainage area of cannulated popliteal lymph node. Anti-NIP response measured as in
Fig. 7 in both lymph and serum at intervals after challenge of the cannulated node with antigen.

In our experiments five cycles of antigen stimulation were given over about
20 days. If we ignore the formation of new cells over this period this would
leave about 40—50°7o of the total recirculating pool. If antigen on the HE cells
can increase the entry of PPD-specific cells by a factor of 2 (i.e. 50% of
specific cells traffic from blood to lymph), then after five days only 24% of
specific cells will be left in the recirculating pool. If the extraction rate were
three times as efficient then 9% of cells would be left in the recirculating pool
after about 20 days, the time at which PPD unresponsiveness is first observed.

Antigen-presenting cells such as macrophages clearly present antigen to T
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Fig. 12. Hypothetical models to explain specific depletion of antigen-reactive lymphocytes from
the whole animal, (a): Antigen specific entry to lymph nodes. Antigen present on the luminal
surface of the high endothelial cells of the post-capillary venule preferentially selects PPD-
reactive cells. Random entry of all cells still occurs, (b): Random entry with specific trapping.
Most traffic of cells is from blood to lymph but a smaller number of cells re-enter the
intravascular compartment from the node. If PPD-reactive cells are stimulated by PPD within
the node their traffic is altered and they fail to re-enter the intravascular compartment.

cells in close association with their own major histocompatibility antigens
(Paul et al 1976, Benacerraf 1978). It is conceivable that HE cells might also
be antigen-presenting cells and in this respect it would be of interest to know
whether they express la-like antigens on their surface, whether they have
antigen bound to their luminal surfaces, or whether they have any in vitro
antigen-handling capacity.
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Although the bulk movement of lymphocytes is clearly from blood to
lymph (Gowans & Knight 1964, Marchesi & Gowans 1964) there is little
experimental evidence to refute the possibility that lymphocytes re-enter the
blood directly from the node. Using isolated, perfused nodes Sedgley & Ford
(1976) have clearly shown that lymphocytes do not return to the blood from
the node. However in vivo there are two situations which indicate that

retrograde traffic of lymphocytes from node to blood may occur: in the pig
there is a clear contrast to our accepted views of lymphocyte recirculation in
lymph nodes, in that few lymphocytes seem to leave the node via the efferent
lymphatic and the thoracic duct contains a low level of lymphocytes. In
sheep, Morris and his colleagues (Trevella & Morris, this symposium) have
shown that if efferent lymphocytes from a popliteal node are labelled and
infused via an efferent to the next node in the chain (lumbar), not all the
injected labelled cells can be recovered from either the lumbar node or its
efferent output. On balance there is little evidence to suggest that retrograde
traffic of lymphocytes cannot occur and, given the very marked physiological
changes which take place in lymph nodes responding to antigen (e.g. cell
shutdown), the possibility of retrograde traffic has to be considered.
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Discussion

van Ewijk: Is there any direct evidence that antigens are present on
HEV?

McConnell: As far as I am aware no one has looked. It would also be
interesting to know whether high endothelial cells express la antigens in
common with other antigen-presenting cells.

Gowans: Is the endothelium of the HEV phagocytic?
Ford: I am not aware of any report of marked phagocytosis by HEV in

the electron microscopic studies (see Andrews et al, this volume, for
references).

Weissman: You had four models but the one that seems most likely to me
wasn't included, Dr McConnell. All kinds of cells are going through that
lymph node and only a subpopulation is being stimulated, yet eventually all
the stimulated cells are collected in the recirculating pool. Shouldn't there be
a specific deficit of antigen-stimulated cells when that particular duct is
cannulated?

McConnell: Yes, that is one explanation we offer.
Howard: Mere random entry of recirculating lymphocytes into the

stimulated node with total collection from the efferent lymph can't account
for specific depletion. It can only cause a general depletion. As long as there
is no return to the blood, avoiding the efferent lymph, there is no basis for the
specificity of depletion in recirculation as generally understood.

McConnell: It is not general depletion. It is specific depletion from the
recirculating pool of T cells involved in delayed hypersensitivity responses or
in the T helper response where PPD is the carrier.

Humphrey: Bob Kelly and his colleagues (Kelly et al 1972) infused
lymphocyte activation products (lymphokines) produced in vitro into the
afferent lymphatics of guinea-pig auricular lymph nodes. Within 24 h
lymphocytes piled up in the paracortex and plugged the paracortical sinuses at
the paracortico-medullary border, resembling what pathologists used to call
'sinus catarrh'. By 48 h this was still present but much diminished. Similar
changes, developing more slowly, were observed in the popliteal nodes of
rabbits after diphtheria toxoid was injected into the footpad; these changes
were correlated with the appearance of lymphokine activity in the afferent
lymph. Kelly (1970) attributes the accumulation of lymphocytes at the
paracortico-medullary border to functional constriction of the diameter of the
exits of the paracortical sinuses. When this ceases there is an outpouring into
the medullary sinuses and thence to efferent lymphatics. I wonder whether
something like this is occurring in your sheep nodes, and whether you have
ever infused lymphokines and seen the same thing.
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McConnell: If shutdown lymph is infused via an afferent, shutdown occurs
all over again. Since shutdown lymph has high levels of PGE2 perhaps this is
not surprising.

Humprey: Kelly didn't look at prostaglandins but from the way the
lymphokines were prepared prostaglandins would not be expected to be
present unless they were very stable.

Vane: Prostaglandin E2 is chemically stable but if an enzyme such as

prostaglandin 15-hydroxydehydrogenase is present, it will be rapidly
metabolized. I don't know whether there is any in lymph. The levels of
prostaglandin that you obtained, Dr McConnell, worked out at something
like 30 ng/ml. This is the kind of level found in inflammatory exudates and
the kind that contributes to the signs and symptoms of inflammation. But the
50 ng that you give to cause shutdown is an enormous overdose. If you want
to know whether prostaglandins modulate or mediate the shutdown response

you could give indomethacin, which would prevent their formation.
McConnell: In one experiment we infused aspirin before giving cobra

venom factor locally via the afferent and this substantially reduced shutdown.
Vane: Was the aspirin given in a high concentration?
McConnell: No, it was used at concentrations which would be required to

inhibit PGE2 levels of about 18 ng/ml—the concentrations we detect.
Humphrey: How does anything that enters through the marginal sinus seep

into the deeper layers of the lymph node in sheep?
Morris: There are multiple afferent lymphatics to the popliteal node of the

sheep and other animals. If you cannulate one afferent lymphatic and infuse
an antigen there, the immune response in the node is compartmentalized.
Nobody has really looked at the question of the restriction of the immune
response in a lymph node. The lymph node will probably prove to respond in
terms of functional units. The problem, of course, in looking at the events
that follow the infusion of an antigen, is that you may be influencing only a

segment of the node. I am sure that when different antigens are infused into
different parts of the node there will be all sorts of competition effects and so
on. Of the material that arrives in the node some will probably come out via
the efferent duct without ever permeating the node at all, but most of it will go

through the cortical and medullary sinuses and out through the hilum.
Gowans: What is the source of the prostaglandins in lymph nodes?

Polymorphs have been suggested, although they are not normally a

component of the lymph or of the nodes.
Vane: Brune et al (1978) have shown that macrophages produce

thromboxane A2 when activated.
McConnell: Bede Morris said yesterday, and some of our own data show,
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that polymorphs often appear in the first wave of cells that come out after
shutdown. Polymorphs entering the node during shutdown could be the
source of prostaglandins found in the lymph.

Zigmond: If complement was present one would expect polymorphs to be
there.

Vane: Several reports (Higgs et al 1976, Goldstein et al 1977, Davison et al
1978) suggest that phagocytosing polymorphs produce rather more
thromboxane A2 than prostaglandin E2 so again we would expect to detect
thromboxane B2.

Morris: Dr McConnell, have you seen high capillary venules in the lymph
nodes of sheep? Their existence seems to be an implicit part of your

hypothesis.
McConnell: I don't think high endothelial cells are an implicit part of it at

all. It is antigens attached to high or not so high endothelial cells (as in sheep)
that are important. As discussed earlier, sheep do not appear to have high
endothelial cells, at least not in resting nodes. They can however be induced in
granuloma formation, as you yourself have shown. Perhaps high endothelial
cells appear in repeatedly stimulated nodes. They are certainly something we
should look for.

Zigmond: Can C3b itself cause lymphocyte aggregation?
McConnell: Nascent C3b can bind to cells in two ways. It can bind to any

surface via its short-lived binding site (covalent binding) or alternatively if this
binding site decays it can bind as C3b to cells with C3b receptors. A possible
explanation for the disappearance of B cells during shutdown is that they
adhere to C3b bound to other cells in the node or that their traffic is altered
when C3b is bound to their receptors. Perhaps C3b can cause B cells to
become localized in and around germinal centres.

Gowans: In what pathologists used to call sinus catarrh, the lymphatic
sinuses are plugged up with cells. Where you infuse by the afferent lymphatic
and get shutdown do you see something similar in sections of the nodes?

McConnell: We have never done that but I agree that we should look at the
histology.

Morris: The histological basis of cell shutdown was examined by Dr Roger
Moe in 1962 (personal communication). He looked at both the light and
electron microscopic features of the phenomenon. He saw sinus catarrh in
these nodes, as you said, or at least I think that was his interpretation of it.
The magnitude, intensity and duration of the shutdown bears no close relation
to the subsequent intensity of the immune responses, or the antigenicity of the
substance. So this phenomenon isn't a good measure of how effective a
substance is as an antigen.
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Gowans: Are the cells sticking together or sticking to the margins of the
sinuses?

Morris: I am afraid I can't give you a good account of it.
McConnell: There are two possibilities. Either there is physical obstruction

to the cells or 'factors' are released within the node which have a transient
effect on their mobility.

Morris: There is no change in the lymph flow, which refutes the possibility
of obstruction.

McConnell: It might be obstruction for cells but not for lymph—it all
depends on what sort of obstruction existed.

Gowans: But is this process reversible? Is it possible that prostacyclin is
responsible for reversing the process of shutdown by 'unsticking' the
lymphocytes? Does prostacyclin disaggregate cells other than platelets?

Vane: Prostacyclin certainly prevents leucocytes from rolling along the
vessel wall. I don't know whether it does anything to lymphocytes.

van Ewijk: Macrophages stick to reticular cells in the sinuses. Are they
activated in some way by your prostaglandins?

McConnell: I don't know. In the presence of active complement com¬

ponents macrophages show altered behaviour.
Born: If the microvilli are a sign of activity, prostacyclin might round them

off and you might be able to see this as inhibitory activity.
Gryglewski: Recently Bragt & Bonta (1979) reported that [l4C-l]arachi-

donic acid when continuously infused into a granuloma cavity in rats is mainly
transformed to prostaglandin E2 but not to prostacyclin or to thromboxane
B2. The generation of prostaglandins at the site of inflammation is a fairly
unspecific phenomenon and it also occurs in immunologically triggered
inflammatory responses.

Davies: I don't quite know what the galaxy of acute phase proteins is in the
sheep. Aside from C3, do any others play some role in shutdown?

McConnell: That is an interesting question—we haven't yet looked to see
whether other active components play a role in shutdown.

Vane: It is important to realize the progress that has been made in our

knowledge of prostaglandin products in the last five or six years. We now
know that the arachidonic acid cascade includes many more substances than
just PGE2 and PGF2—more even than prostacyclin and thromboxane A2.
Hydroperoxides of fatty acids are also formed and the 12-hydroxy fatty acid
called HETE has been shown to be chemotactic for leucocytes. So it is no

longer possible to look simply at PGE2 levels. Many other compounds with
pharmacological activity might be there.

McConnell: Quite clearly these experiments are going to take us into much
deeper waters or deeper lymph!



194 DISCUSSION

Humphrey: Is there any change in the blood flow through the draining
lymph nodes with time after antigen administration?

McConnell: Yes. Dr Cahill, as well as Hay & Hobbs (1977), has shown that
there is a marked increase in blood flow to nodes during shutdown.

Cahill: We measured the changes in blood flow three hours after giving
influenza virus to single lymph nodes in sheep. This produces a shutdown
effect similar to yours. We consistently found about a fivefold increase in the
volume of blood flow compared with the contralateral unstimulated node. At
the same time we measured the entry of 51Cr-labelled lymphocytes into the
lymph node. The entry of lymphocytes didn't correlate with the increase in
blood flow at that time. The increase in blood flow may be partly due to acute
inflammation caused by administration of a very large amount of virus.

McConnell: Hay & Hobbs (1977) injected labelled microspheres intra-
arterially and looked at their location in nodes undergoing cell shutdown.
They found a fourfold increase in blood flow during shutdown to a node. By
microangiography Herman et al (1972) have observed quite dramatic changes
in the capillary network after antigenic stimulation. The lymph node
microvasculature begins to look like a kidney.

Humphrey: But Herman thinks that shunting occurs through vessels whose
smallest effective diameter is greater than 9 /un instead of the usual 5 /im or so

(Herman et al 1979). Herman regards these as arteriovenous shunts which
might or might not be associated with increased flow of cells through the
vessels.

Cahill: Peter Herman's work is very important because it suggests that
antigen-induced increases in blood flow through a lymph node are not
distributed uniformly through the vascular bed. If there are regional changes
in blood flow then simple correlations between lymphocyte entry and blood
flow measurements using microspheres are difficult to make.
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EFFERENT LYMPH OUTPUT OF LYMPHOCYTES FOLLOWING INFUSIONS OF
PROSTAGLANDIN E2 AND OTHER VASOACTIVE MEDIATORS INTO

CANNULATED AFFERENT POPLITEAL LYMPHATICS IN SHEEP

Thomas C. Moore, John Hopkins, Ian McConnell and Peter J. Lachmann
MRC Group on Mechanisms in Tumour Immunity and the Department of Tumour Immunology, University

of Cambridge, Cambridge, Great Britain

Factors which influence the traffic of specifically responsive lymphocytes to and through regional lymph nodes during
an immune response may play important roles in the outcome of that response. The cannulated sheep lymph node
model of Hall and Morris (1) has proved to be particularly useful for the in vivo study of lymph node function. Cells
and substances may be injected into the drainage area of the node or into one of its cannulated afferent lymphatics
and the lymph coming from the cannulated efferent lymphatic of the node may be collected for study. Among the
important observations with this model has been the finding of a reduced lymphocyte output from the node in the
early period following antigenic challenge ('cell shutdown' (1). The Bede Morris group in Canberra, Australia have
observed lymphocyte accumulation ('sinus catarrh') in peripheral lymph nodes during antigen induced 'shutdown'
(unpublished data). Levels of vasoactive mediators of inflammation have been found to be altered in lymphoid tissues
during allograft rejection (2, 3) and during progressive tumour growth (4). These mediators function as local hormones
and are rapidly metabolised in vivo. The cannulated afferent lymphatic provides an effective conduit for their prompt
delivery into regional lymph nodes for the study of their individual effects on lymphocyte traffic.

£ 2.0 ■

is i i 5 ■
i- i
2 E 1.0-
UJ —

£ 0.5

clot

clot

Figure 1 (left): Efferent lymph flows and outputs of cells (total cells and Ig cells) after infusion of 50 ug of
PGE2 into the cannulated afferrent lymphatic of the popliteal node in sheep 7F012. Figure 2 (right): Efferent
lymph flows and outputs of cells following infusion of 50 ug of PGE2 into the cannulated afferent lymphatic
of the popliteal node in sheep 7F003. The pre-infusion point on the graph for flow represents two separate
collections of 1.9 and 1.8 ml per hour and for total cell outputs it represents pre-infusion collections of 27.9

and 27.2 X IO6 cells per hour.
This report is of a pilot study carried out in June 1978 of the effects on the output of lymphocytes into efferent

lymph which may be produced by infusions of prostaglandin E2 (PGE2) and other vasoactive mediators into cannulated
popliteal lymphatics in sheep. The other mediators were histamine, serotonin and bradykinin. Two Finnish Landrace
sheep were used and all mediator infusions were of 50 pg in 200 //I of phosphate buffered saline (PBS). The mediator
preparations used were as follows: PGE2 (Prostin E2, Upjohn), histamine acid phosphate (Macarthys), serotonin-creat-
inine complex (Sigma) and bradykinin triacetate (Sigma). Lymph from the cannulated efferent lymphatic was assayed
for total lymphocyte count (largely T-cells) and for immunoglobulin positive (Ig+) cells. The reagent for Ig+ cell deter¬
minations was rabbit anti-sheep F (ab')2 conjugated with the fluorescent compound F1TC. Counts were carried out
under UV light with both total lymphocyte and Ig+ cells being counted.

PGE2 was infused in 2 animals. In both, there was a sharp reduction in total cell output in the first 2 and 3 hours
after infusion which was biphasic (figures 1 and 2). In both, there was a profound and sustained reduction in Ig+ cell
ouput during this period. In the first sheep studied in these experiments (7F012), the pre-infusion blast cell output in
the efferent lymph was elevated at 5.1 X 106 blast cells per hour (12 percent of the total cell output). This blast cell
output remained stable at 6.0 X 106 cells per hour in the first 15 minute collection after PGE2 infusion as the Ig+ cell
IRCS Med. ScL, 8, 272-273 (1980)
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output was falling sharply. Blast cells then disappeared from the next 5 collections, to reappear at 5.7 X 106 blast cells
per hour in the 2 to 3 hour post-infusion collection. Output responses to the other mediators, with one infusion each,
all differed fromthose produced by PGE2. The sharp reduction in total cell output after histamine occurred more
promptly than after PGE2 and was not associated with the prolonged and profound reduction in Ig+ cell output pro¬
duced by PGE2. Serotonin and bradykinin increased both cell output and lymph flow.

Our finding of a sharp but comparatively brief reduction in total cell output following direct delivery of PGE2 into
the node via the afferent lymphatic differs intrestingly from Hall's observation of a prompt, profound and prolonged
(8—12 hours) reduction in total cell output into efferent lymph following injection of arachidonic acid, a prostaglandin
precursor, into the drainage area of a sheep popliteal lymph node (personal communication in September 1978 from
J.G. Hall, Chester Beatty Research Institute, Sutton, Surrey). Hall's finding, in comparison with ours, suggests a depot
effect of the subcutaneous injection. Tumour cells and tumour associated suppressor T-cells recently have been found
tp produce and release significant amounts of PGE2 (5, 6). Tumour growth also has been found to be associated both
with a shutdown in the discharge of immunoblasts into the efferent lymph and with an accumulation of lymphoid cells
in the regional lymph node draining the tumor area — events which were brought to an end promptly by amputation
of the tumour (7).

It is tempting to speculate that a chronic and inappropriate diminution in lymphocyte and immunoblast output from
regional lymph nodes may occur in association with progressive tumour growth and that this diminution or shutdown
may be related to a chronic release of PGE2 from the tumour area. A chronic diminution or shutdown of lymphocyte
traffic through regional lymph nodes might provide another PGE2 related mechanism by which cancer cells escape
detection. It might also help to explain why some metastatic tumour cells accumulate in regional lymph nodes. The
authors recently have resumed these studies and have found injections of arachidonic acid into the drainage areas of
peripheral lymph nodes of sheep (as in Hall's approach) in 7 studies to produce sharp reductions in cell output into
efferent lymph with blast cells being the most sensitive (unpublished data). With M. Johnson, one of us (T.C.M.) has
observed that the continuous delivery of small amounts of arachidonic acid or PGE2 (2—4 pg/h in 0.5—2.0 ml of PBS)
to popliteal lymph nodes in sheep via cannulated afferent lymphatics with a digital syringe pump has produced sharp
and sustained depression in cell output into efferent lymph (unpublished data).
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1. INTRODUCTION

The immune and the nervous systems are functionally similar
since both respond to external stimuli occurring at any site in
the body. However at an anatomical level the mechanisms used for
such signal recognition are quite different - the nervous system
has a fixed anatomy whereas the immune system does not. The

latter does not require a complex wiring diagram since the

'recognition units' of the immune system are constantly moving.
Initial contact between antigen-sensitive lymphocytes and

processed antigen is favoured by the traffic of lymphocytes past
the site of antigen localisation. Propagation of the clonal

products of this interaction via lymphocyte recirculation then

effectively primes the whole system for a secondary response. If

lymphocyte recirculation failed or was in any way inadequate immune

responses would be abnormal.

Lymphocyte recirculation has been an active field of study
for at least twenty years. It is not the purpose of this review
to reiterate what is already a well reviewed area. Rather we

shall concentrate on more recent studies which reveal a hitherto

unrecognised heterogeneity in the traffic patterns of lymphocytes
and their subsets in vivo and which offer molecular explanations

0165-2427/84/$03.00 © 1984 Elsevier Science Publishers B.V.



for the old phenomenon of lymphocyte recirculation.

NON RANDOM PATTERNS OF LYMPHOCYTE RECIRCULATION

Lymphocytes do not simply diffuse through the tissues

according to Gas Law principles. Rather their patterns of move¬

ment are more directed. There is considerable information to

show that contrary to expectations there are certain patterns
of lymphocyte traffic which are non-random.

The reassortment of lymphocytes in vivo is thought to be

dependent on the interaction between circulating lymphocytes

and the vascular endothelium of the tissue capillary beds.

Lymphocytes migrate between the endothelial cells (Schoefl 1972)
and enter tissue in most capillary beds (Smith et al 1970b), with
the flux being greatest in the post-capillary venules of lymph
nodes (Gowans and Knight 196U; Marchesi and Gowans 196it). Within

lymph nodes it has been shown that up to 2%% of the lymphocytes
in the arterial supply actually leave the blood and migrate
into the node across the endothelium of vessels within the node

(Hay and Hobbs 1977). In many species (e.g. man, rats, mice)
the endothelium of the post-capillary venule is cuboidal (often
termed high endothelium). However there is no impairment of

lymphocyte recirculation in those species (e.g. sheep, athymic
nude rats and nude mice) with flat endothelium at that site (Hall
and Morris 1962). In sheep however, high endothelium can be
induced during granulomata formation (Smith et al 1970c) where the
rate of lymphocyte extravasation is greatly increased.

The initial indication of non-random patterns of lymphocyte

recirculation came from studies on the migration of lymphoid
blast cells. Gowans and Knight (I96I+) showed that lymphoid blast
cells from the thoracic duct lymph (TDL) of the rat localised
almost exclusively to the lamina propria of the small bowel and

the mesenteric lymph nodes. Subsequent studies demonstrated that
blast cells from peripheral lymph nodes avoided the gut and local¬
ised within the peripheral nodes and spleen (Griscelli et al

1969).
This selective migration is not antigen dependent because

thoracic duct cells localised equally well to antigen-free, ectopic
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transplants of adult, foetal (Parrott and Ferguson 1974) or neonatal
(Moore and Hall 1972) rat gut, or to the small intestine of
oaesarian sectioned, unsuckled rat foetuses (Halstead and Hall

1972). Subsequently this has been amply confirmed using lymph-
borne blast cells in sheep (Hopkins and Hall 1976; Hall et al

1977).

2.1 Non-random recirculation of blast cells

Many of the blast cells in rat TDL or sheep intestinal

lymph are the precursors of plasma cells (Gowans and Knight 1964;
Birbeck and Hall 1967; Murphy et al 1972; Hall et al 1972;

Guy-Grand et al 1974)- They have been shown to secrete specific
antibody in the gut lamina propria (Cunningham et al 1966; Hall
et al 1972; Pierce and Gowans 1975) and much of this specific

antibody is of the IgA isotype (Mandel and Asofsky 1969;
Guy-Grand et al 1974; Williams and Gowans 1975; Hall et al 1977).
Studies on the distribution of cells that either bear surface a

chains (Beh and Lascelles 1974; Williams and Gowans 1975) or

secrete IgA have shown that they are almost exclusively confined
to the gut and bronchial-associated lymphoid tissues (Crabbe
et al 1965; Lamm 1976; Rudzik et al 1975)- This has led to the

suggestion that lymphoid blast cells localise by virtue of being
actual or potential IgA secretors (Griseelli et al 1969; Hall
et al 1972; McWilliams et al 1975; Scollay et al 1976).

That this is not so has been established in several studies.

IgA and its associated polypeptide chains, such as J-chain

(Halpern and Koshland 1970) and secretory component (SC) (Vaerman
1973; see Heremans 1974) are not responsible for non-random

lymphocyte migration. Firstly, allogenically-stimulated T-blast
cells from the thoracic duct of mice (Sprent and Miller 1972,

Sprent 1976) as well as IgG-^ and IgM secreting lymphocytes from
the sheep intestinal lymph all localise in the gut (Hall et al

1977). Secondly, IgA producing blast cells from sheep mediastinal

lymphatics do not have a solely gut-homing predisposition as do

those from the intestinal lymph (Spencer et al 1983) and thirdly,
treatment of mice with large doses of antibody to either IgA or

SC (McWilliams et al 1975) does not affect blast cells migration.
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2.2 Uon-random recirculation of small lymphocytes

Non-random recirculation of cells is not confined to lymphoid
blast cells. If the recirculation of small lymphocytes from sheep
intestinal lymph is compared with that of lymphocytes isolated
from the efferent lymph of a peripheral somatic lymph node it
can be shown that each 'population' tends to migrate preferentially

through those tissues from which they were first collected

(Scollay et al 1976). Unlike blast cells this distinction is not
absolute but in these studies the bias was unequivocal. This
difference was first thought to be due to B-lymphocytes bearing
cell-surface Immunoglobulin of different isotypes, with IgA

positive cells migrating through the gut-associated lymphoid
tissue and IgG positive cells through the peripheral lymph nodes
and the spleen. T cells were thought in those studies to be

recirculating randomly. Further work by Cahill et al (1977)
showed that Ig-negative lymphocytes (presumptive T-cells) from
intestinal lymph migrated in an equally non-random way.

It is impossible to collect efferent lymphocytes from

anatomically distinct lymph nodes in rodents. Using cells teased
from different lymph nodes it has been shown that these cells

cannot discriminate between different lymphoid tissues

(Griscelli et al 1969; see Ford 1975; Freitas et al 1977). This
work has also been done with cells collected from the thoracic

duct. Whereas the blast cells in thoracic duct have originated
almost exclusively in the gut-associated lymphoid tissues, the
small lymphocytes have migrated through all the tissues in the
rear part of this animal, and not through one particular lymphoid
tissue.

The failure to demonstrate non-random recirculation of rat

lymph node or splenic lymphocytes could be explained by the cell
surface recognition molecules being removed by enzymatic digestion

during preparation of the cell suspensions by disaggregation.

Alternatively once lymphocytes are present within lymphoid tissue

they shed their 'receptors' and hence lose their ability to

distinguish different endothelial cells. Even in sheep, where
lymph borne lymphocytes do migrate non-randomly, cells teased from
solid lymphoid tissue do not, and these cells fail to preferentially
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migrate through different lymph nodes (Reynolds et al 1983).
At least one other lymphocyte 'population' has now been

shown to have distinct migratory properties (issekutz et al 1981,
1982). When lymphocytes collected from afferent lymph draining
chronic inflammatory lesions and granulomata were compared with

lymphocytes collected from peripheral node efferent lymph it was

found that both populations would reappear in the lymph from which

they were first collected. It is possible that there may be more

than three 'populations'. Fichtelius et al (1961, 1968) has

already suggested the existence of a population with a predeliction
for hepatic tissue.

In all of the above experiments the lymphocytes are isolated,
radiolabelled and returned intravenously so that they are

randomly mixed within the blood. Selection of lymphocytes at diff¬
erent sites must, therefore, be a consequence of lymphocyte-
endothelial interaction within the capillary beds of the lymphoid

organs involved. Lymphocytes from intestinal/mesenteric node
efferent lymph specifically 'recognise' the venules of the gut,

Peyer's patch and mesenteric lymph nodes. Peripheral node efferent

lymphocytes interact with the endothelia within the peripheral
somatic lymph nodes, and lymphocytes from afferent lymph have an

attraction for the vascular endothelium of skin capillaries. Lympho¬

cyte 'specificity' for endothelia within the central nervous system

may also exist.

2.3 Lymphocyte endothelial cell interactions

Analysis of lymphocyte recirculation patterns indirectly
measures an interaction between lymphocytes and the endothelial
vessels within lymphoid tissue. The direct measurement of this

important interaction has more recently been described by Woodruff
and her colleagues (Stamper and Woodruff, 1976, 1977; Woodruff et al

1977; Kuttner and Woodruff 1979; Woodruff and Kuttner 1980) who
have developed a technique for measuring the adhesion of lymphocytes
to high endothelium within sections of lymphoid tissue in vitro.

Lymphocyte adhesion in vitro is energy and Ca"^ dependent and
involves membrane determinants that are sensitive to trypsin but
not neuraminidase. There is no evidence that microtubule associated

functions play a role in binding but adherence is abolished by
cytochalasin B, indicating that the cytoplasmic contractile



microfilament system exerts an important effect. Further it now

seems that the discrimination for different lymphoid organs by

lymphocyte populations in vivo correlates with their in vitro
behaviour using this technique. (Butcher et al 1979; 1980;
Butcher and Weissman 1980; Stevens et al 1982; Dailey et al 1982;
Reichert et al 1983).

There now exists some preliminary evidence for a molecular

basis for these lymphocyte-endothelial interactions. These studies
show that there are receptors on both lymphocytes and endothelium
■£hat influence lymphocyte adhesion and possibly promote
extravastion. Wenk (197U) first proposed that the Golgi apparatus
of mouse high endothelium secreted material which is cytophilic
for endothelial cell surfaces and could modify lymphocyte attach¬
ment. This has been supported by the work of Andrews et al (198O,
1982, 1983; Ford et al 1978) who have described a sulphated

glycolipid-protein complex that is produced by rat lymph node

high endothelium. This enhances lymphocyte-endothelium binding
in vitro. acts on lymphocyte microvilli development which occurs

during diapedesis (Tan Ewijk I98O) and thereby induces lymphocytes
to accumulate at intradermal sites of injection of the sulphated

proteoglycan.
The nature of both the lymphocyte 'receptor' and the

endothelial 'acceptor' molecules is still unclear. Two candidates
for the former have been described and partly characterized. Chin
et al (1980a, 1980b, 1982) have isolated glycoprotein from rat
thoracic duct lymph plasma that inhibits lymphocyte adhesion to
the cut surface of high-endothelial venules of treated lymph node

sections. Pretreatment of lymphocytes prior to testing in the assay

was without effect. Rabbit anti-serum to this inhibitor was found

to label 70-80% of rat thoracic duct cells, to abolish their

HEV-binding in vitro and to inhibit their ability to migrate into

peripheral lymph nodes in vivo. The antiserum had a reduced inhib¬

itory effect on lymphocyte localization into mesenteric lymph nodes

and had no effect at all on homing to Peyer's patches. These data

support the in vivo cell traffic work suggesting that lymphocyte

populations with distinct migratory properties probably possess

different cell surface receptors that control their migratory
behaviour (Scollay et al 1976; Cahill et al 1977)* The soluble
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inhibitor in thoracic duct lymph is therefore thought to be the shed

receptor released into the efferent lymph when lymphocytes detach
from the inner endothelium membrane and enter the node.

Butcher and Weissman (1980) have described a series of mouse

lymphoma cell lines that bind specifically to the HEV of either
peripheral lymph nodes or Peyer's patches. Monoclonal antibodies
have been made to these lymphomas and those reacting with either

type of HEV binding cell were selected (Gallatin et al 1983). One
of these monoclonals (MEL 11;) blocks the in vitro binding of
lymphomas and normal lymphocytes in an organ specific manner,

suggesting that it recognises the lymphocyte receptor molecule.
Although MEL lit also reacts with lymphoma cells and normal

lymphocytes which bind to Peyer's patch HEV no inhibition of

binding in vitro or homing in vivo is produced. Their explanation
for this is that lymphocytes express a family of receptors for
different endothelial acceptors. This is an important finding
and one which will further our understanding of the molecular

basis of lymphocyte recirculation.

Carey et al (1981) have isolated a trypsin sensitive protein
from rat lymph, which increases the number of lymphocytes binding
to lymph node-HEV in vitro (termed adherence enhancing factor,

AEP). They regard this material as a specific ligand with binding
sites for both the lymphocytes receptor and endothelial acceptor

molecules, which stabilizes their interaction. Unfortunately
there is no information yet on the structures of the possible

HEV-acceptor molecules.
The functional significance of non-random lymphocyte

recirculation must remain a matter for discussion. The most widely
held belief is that intrinsic gut homing enhances the localization
due to antigen in the gut and other mucosal lymphoid tissues.

(Pierce and Gowans 1975, Husband and Gowans 1978). It also probably
enhances the non-specific retention of lymphocytes caused by
inflammation (Rose et al 1976a, 1976b, 1978; Ottoway and Parrott

1979). It seems that like many other systems the ontogeny of non-

random lymphocyte recirculation in large vertebrates mirrors the

evolutionary development of that system in the lower animals

(Ellis and deSousa 197U> Manning and Turner 1976). In the lower
vertebrates there is almost complete segregation of cells generated



in the somatic lymphoid tissue from those associated with the gut.
In mammals immature B-cells are reported to "be sessile (Strober and

Dilley 1973a, 1973b) while immature foetal T-cells (Cahill et al

1980) do not discriminate between the different lymphoid tissues.
Furthermore adult thymocytes do not recirculate, are incapable of

adhering to HEV in tissue sections and do not possess the lymphocyte

receptor for HEV binding on their cell surface (Chin et al 1980b,
1982).

THE EFFECT OF ANTIGEN ON LYMPHOCYTE RECIRCULATION

The role of the cells of the recirculating lymphocyte pool

(RLP) in maintaining immunological memory was demonstrated by the

ability of rat thoracic duct lymphocytes to transfer a secondary

haemolysin response to irradiated syngeneic recipients (Gowans
and Uhr 1966; Stober 1970a, 1970b). Ford (1968, 1972) however
showed that this anti-sheep erythrocyte (SRBC) response could not
be transferred by thoracic duct cells 12—14.8 hrs. after the intravenous

injection of SRBC. This unresponsiveness was specific for the

injected antigen since the reaction to unrelated species erythro¬

cytes was without effect. The interpretation of this result is

that all the antigen-reactive cells in the RLP are sequestered by

antigen within the spleen. This 'recruitment' of antigen-reactive

lymphocytes has been further demonstrated using a variety of antigens,

including xenogeneic erythrocytes (Rowley et al 1972; Sprent et al

1972; Sprent and Miller 1973, 197^+) and alloantigens (Ford and
Atkins 1971; Sprent and Miller 1976; Emeson 1978).

Active T-cell suppression has been proposed as the mechanism
for this loss of peripheral responsiveness (McCullagh 1975, 1980).
However depletion of reactivity in the RLP coincides with an antigen-

specific accumulation of cells within the affected tissues (Thursh
and Emeson 1972, 1973; Atkins and Ford 1975; Sprent et al 1971;

Sprent and Lefkovits 1976; see Sprent 1977, 1980) making it unlikely
that the entire phenomenon is due to T cell suppression.

The initial phase of 'recruitment' of cells into antigen-
stimulated lymphoid tissue is not antigen-specific. There is a

large non-specific accummulation of lymphocytes within lymph nodes

for the first 214 hrs. of an immune response. During this period
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many of the kinetic changes in lymphocyte traffic through antigen-
stimulated lymph nodes are directly related to changes in'the blood

supply to the node (Hay and Hobbs 1977) with a concomitant increase
in both vascular permeability (Anderson et al 1975) and lymphocyte

input (Hay et al 197l+a; Cahill et al 1976)- This increase in

vascularity is not caused by general vasodilation of the nodal

capillary beds but is a product of the enlargement of the post

capillary venules (Herman et al 1972; Herman 1980) and the opening
of direct arteriovenous shunts (Anderson et al 1975; Herman et al
1979)* The large accummulation of cells at this time is caused
not only by this increase in lymphocyte input but also by the
almost total shutdown in the outflow of cells into the efferent

lymph (Hall and Morris 1965). This cell shutdown response occurs

with bacterial (Hall and Morris 1963; Hay et al 1972), viral (Smith
and Morris 1970; McConnell and Hopkins 1981) and soluble protein

antigens (Hay et al 1973; Cahill et al 1976) as well as skin and
renal allografts (Hall 1967; Pederson and Morris 1970). It is
caused by prostaglandin (PG) synthesis within the node (Hopkins
et al 1981b) stimulated by either classical pathway or alternative

pathway activation of complement (McConnell et al 1980; McConnell
and Hopkins 1981). Although there is loss of immunological

reactivity of the efferent lymphocytes for the first three days
of the immune response (Cahill et al 1979b), due to sequestration of

specific cells by antigen within the node there is also a depression
of responsiveness during the cell shutdown period which has a non-

antigen specific component. This is caused by the presence of

inhibitory quantities of PGEg in the node and efferent lymph
(Goodwin et al 1977; Kingston and Ivanyi 1979; Bray et al 1978;
Hopkins et al 1981b).

The actual mechanism and physiological significance of cell
shutdown is not known, although the vasoconstrictor activity of

PGE2 (Kaley 1978) may cause narrowing of the lymphatic sinuses
within the node. (Kelly 1970). Alternatively, there could be some

inhibition of the interaction between lymphocytes and lymphoreticular
cells (Haston, 1979) that may play a role in the segregation of

lymphocyte sub-populations within lymphoid tissue (Parrott and
deSousa 1971; Parrott et al 1973; Curtis and deSousa 1975; Carr

et al 197i+)> However, inhibition of cell shutdown (and PGE2
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synthesis) has no noticeable effect on the subsequent immune response

(Hopkins et al 198lc) and in addition does not effect the initial
vasodilation and increase in cell input. This suggests that cell
shutdown and the changes in nodal microvasculature are mediated

by two separate mechanisms.
With certain antigens cell shutdown occurs only on secondary

challenge suggesting that primed T-cells and/or antibody are

acting with the effector mechanism. T-cell involvement in cell
shutdown is implicated by the fact that lymphocyte retention can

be induced by intralymphatic infusion of the products of primed
T-cells (Kelly et al 1972) and does not occur in neonatally

thymectomized animals (deSousa and Parrott 1969). Furthermore
this period is also characterised by the release of interleukins

(Hay et al 1973; Hay 197U; Lowe and Laehmann 197^; English et al

1977; English 1978). Scott et al 1978 have also described an

antigen-specific macrophage migration inhibition factor (MIF)
in efferent lymph during cell shutdown, and it is conceivable
that this may play a role in preparing the macrophage/dendritic
cell populations in the lymph node for the induction of cell
shutdown on secondary challenge with antigen.

Although specific localization to antigenically-stimulated

lymphoid tissues can be readily demonstrated (Emerson and Thursh

1971; Ponzio et al 1976, 1977)» bhe evidence for a similar
accummulation into non-lymphoid tissue situes containing antigen

has proved ambiguous. There have been a number of reports of

very small scale specific localization into skin allografts

(Lance and Cooper 1971; Tilney and Ford 197U; Sprent and Miller

1976b) the inflammed peritoneal cavity (Koster and McGregor

1971; Koster et al 1971) and within specific regions of the small
bowel (Pierce and Gowans 1975)• There have been a similar number
of reports showing that the entry of lymphocytes into allografts

(Najarian and Feldman 1962, 1963; Prendergast I96J+; Hall 1967),
skin foci of bacterial antigen (Moore and Hall 1973) and skin
reactions caused by contact sensitising reagents (Asherson et al

1973; Allwood 1975), is totally random. There is no doubt that

specifically reactive cytotoxic cells are actually present within
a graft and are effective in its rejection (Gowans et al 1962;
Pederson and Morris 1970)> so specific localization must occur.
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Since the proportion of lymphocytes specific for any particular
antigen is only 0.1% (Ada and Burt, 1969) or about 10%. for the

antigens of the Major Histocompatability Complex (MHC) (Wisbet
et al 1969) it is likely that any specific accumulation to these
tissues sites is totally masked by the overwhelming magnitude of
the non-specific accumulation caused by inflammation (Rose et al

1976b; Ottoway and Parrott 1979)*
It is generally assumed that the mechanisms of specific

trapping of cells by antigen is the same in the spleen and in

lymph nodes. That is antigen, localised to the surface of

antigen-presenting cells within lymphoid tissue gradually removes

all the antigen-specific cells as a result of repeated and random

passage of the RIP through each organ (Ford 1975; Ponzio et al

1977). This is plausible for the trapping of antigen-specific
cells in the spleen where there is total throughput of the cells
of the RLP in a few hours (Ford 1975) and where lymphocytes do
not have to cross specialised endothelium to enter the white pulp.
However for lymph nodes the situation may not be entirely identical
because only a fraction of the RIP present in the blood, randomly
enter a single node at one time (Hay and Hobbs 1977)*

There are two sets of observations which show that antigen-

specific localization of cells within lymph nodes can occur even

when the efferent lymphatic is cannulated (McConnell et al 197i+>
Cahill et al 197^+)- In this situation, repeated passage of

specific cells cannot occur because all cells that enter the node
are lost from the RLP via the indwelling cannula. In our own

studies (McConnell et al 1971+) 1980; Hopkins et al 1981a) it was

shown that if the efferent lymphatic from a single lymph node in

sheep was cannulated and the node repeatedly challenged with

antigen, then the entire animal became specifically unresponsive
to the challenge antigen. This loss of reactivity is antigen

specific, develops gradually, and only occurs when antigen and all
the cells leaving the node are lost via the indwelling cannula.
Total systemic unresponsiveness takes a finite time to develop
as specifically reactive cells are trapped in the responding
cannulated node and attempts to increase the rate of depletion
have uniformly failed (Hall et al 1980; Hopkins et al 1981a).
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Random entry of lymphocytes into a stimulated node with total
collection of cells and lymph from the cannulated efferent duct
cannot account for antigen specific depletion. Two possible
mechanisms have been proposed to explain this result (McConnell
et al 197U; Cahill et al 197U; Hopkins et al 1981a). Antigen
attached to the luminal surface of the vascular endothelium of"

the PCV might preferentially select antigen-reactive lymphocytes
into the node. In this situation PCV endothelial cells may act

as antigen-presenting cells. Recent studies showing that

Jf -interferon released by activated T-cells induces endothelium
to express class II molecules which are required for antigen-

presentation (Pober et al 1983) further implicates endothelial
cells in non-random lymphocyte recirculation.

The alternative explanation challenges the accepted view
that lymphocytes move only from blood to lymph nodes and never

in the reverse direction. Entry across the PCV endothelium could

be random (Gowans and Knight 1961+) with all the cells which are

activated by antigen being retained within the node. A

proportion of the non-activated cells could then return directly
to the blood. In the pig, with its characteristically unusual

lymphoid anatomy (Binns and Hall 1966; Anderson 1972; Binns 1973)
there is retrograde traffic (Binns 1980) but reactive cells do
not re-enter the blood from the node either in the rat (Sedgeley
and Ford 1976) on the sheep (Hall et al 1967; see Yoffey and
Courtice 1980; Hopkins et al 1981a). However, all these studies
are on 'resting' unstimulated nodes. In nodes undergoing an

immune response where marked changes occur in blood flow

(Anderson et al 1975; Hay and Hobbs 1977; Herman I98O) and

lymphocyte traffic through the node (Hall and Morris 1965} Cahill
et al 1976; Hay et al 1980), intranodal traffic routes may be

quite different. Sainte-Marie et al (1967) have claimed direct

re-entry of lymphocytes within rat lymph nodes while more

recently, the work of Fahy et al (1980) strongly suggests that

lymphocytes may migrate from lymph nodes to blood in sheep lymph
nodes which have a high 'afferent' input of cells from the
afferent lymphatic of the previous node in the chain. Retrograde
traffic may be a feature of nodes with such a high 'afferent'

input.
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In the second series of experiments, Cahill et al (197^+)
and Hay et al (197U8) reported that the infusion of allogeneic

lymphocytes into a lymph node and quantitative collection of the
efferent lymph resulted in the very rapid (3 days) disappearance
of MHC reactive cells from both the peripheral blood and the
efferent lymph of an unstimulated, contralateral node. This

unreactivity was obvious by three days and remained apparent for
at least two months. This data is challenging but inexplicable.

Firstly it cannot be caused by the specific selection of reactive
cells into the responding node as only about 3&/0 of the HIP
would pass through the node in that time (Hay and Hobbs 1977)
and, secondly, it was not caused by the production of T suppressors

or blocking antibody as the efferent cells draining the

responding node remained reactive.

Although the recirculation of lymphocytes may be crucial
to the development of a normal immune response (see Ford 1975;
Sprent 1977) its establishment is not dependent on exogenous

antigen. Lymphocytes recirculate from blood, tissues and lymph,

even in the sheep foetus in utero, in the total absence of either

antigen or immunoglobulins (Pearson et al 1976; Cahill et al

1979a; Cahill and Trnka 1980). Interestingly this recirculation
of foetal lymphocytes is random and not organ specific, whereas
cells taken from the newborn lamb behave as adult (Cahill et al

1980). This seems to be a development of an intrinsic character¬
istic by the lymphocytes and not the endothelial cells, as adult,

syngeneic rat lymphocytes (Halstead and Hall 1972) or allogeneic,
maternal sheep lymphocytes (Hopkins 1977) retain normal migratory
behaviour when injected into the foetus. The development of gut

homing by intestinal lymphocytes seems to coincide with

lymphopoeisis within the Peyer's patches soon after birth

(Reynolds 1976, 1980), which have been shown to be the site of

origin of the cell surface IgA positive small lymphocyte and IgA

secreting blast cells (Craig and Cebra 1971; Cebra et al 1977) as

well as the cells that have a predisposition to localise in both
the gut and bronchial associated lymphoid tissues (Rudzik et al

1975; Husband and Gowans 1978; see Bienenstock et al 1980).



MIGRATION AND LOCALISATION OF ACCESSORY CELLS

All of the macrophage/monocyte lineage represent an important
third cell population in lymphocyte interactions in the immune

response. The accessory or antigen-presenting cells also possess

distinct patterns of 'traffic' and localisation and therefore fall
within the scope of this review.

The current concensus of opinion (Thorbecke et al 1980;
Hoefsmit, 1980a, 1980b; Friedman 1981; Dnanue 1981) is that there
there are two lineages of macrophage/dendritic cells which are

responsible for antigen-presentation to lymphocytes. These cells
are distinguished by their cell surface markers, their anatomical
localization and by their ability to interact with either B-cells
or T-cells. The role played by these cells in determining the

pattern of lymphocyte movement is also the subject of some

recent speculation (Streilein 1978; Humphrey 1980; see TJnanue 1981).
The follicular dendritic cells (FDC) of lymph nodes and

spleen germinal centres (White 1963; Nossal et al 1968; Hanna
and Szakal 1968; Sordat et al 1970; Kotani et al 1977) seem to
be of the same lineage as the tingible body macrophage (Morris
et al 1968; see Yoffey and Courtice 1980) and the medullary

zone/sinus macrophage (see Humphrey 1980, 1982). Like tissue

macrophages these FDC possess Fc and C3 receptors but lack
cell surface Class II MHC molecules (Humphrey and Grennan 1982).
In the periphery they are highly phagocytic and migrate via

afferent lymphatics (Morris 1968; Morris et al 1968; Smith et al

1970b) into lymph node germinal centres carrying their phago-

cytosed antigenic load (Kotani et al 1977» 1979, 1982). They
are also efficient in localising circulating immune complexes
within germinal centres or the marginal zone or sinus.

Antigenic localization is dependent on the presence of the
third component of complement (C3) associated with the immune

complexes (Klaus and Humphrey 1977)- The depletion of C3 in vivo
with cobra venom factor (Papamichael et al 1975; White et al

1975) totally inhibits the localisation of radiolabelled complexes
to FDC, Klaus and Humphrey (1977) and Mandel et al (198O) have
shown that, in mice, B-memory cells are generated in a primary

response to a T-dependent antigen only when C3 is present. Antigen

injected intravenously in the form of complexes with antibody which
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activates C3 are not only 100-1000 times more effective than

antigen alone at generating B-memory cells, but do so several

days sooner (Klaus 1978a, see Klaus et al 1980). This suggests
that a very effective though not necessarily only means of

generating B-cell memory is by an early antibody response

sufficient to complex with traces of free antigen which become
bound to IDC. These in turn stimulate unprimed B-cells, possessing

receptors for both specific antigen and 03. It is interesting
to note that complexes stimulate not only the formation of B-cell

memory to specific antigen but also to the specific idiotype
of the antibody, (Klaus 1978b, 1979)- This may be relevant in
the control of any particular antibody response (see Jerne 197^1;
see Munro and Brenner 1982).

Antigen-laden dendritic cells with similar cell surface
characteristics as IDC (Bell 1982; Anderson and Warren (1982)
have been shown to be present in small numbers in rat thoracic

lymph. These cells stimulate B-cell memory on passive transfer
to unprimed syngeneic recipients (Bell 1979)- These intra-
lymphatic cells localize in the marginal zone of the spleen,
which is an area rich in immature slgM+B cells (Gray et al

1982) where B-cell priming is thought to take place (see
Thorbecke et al 197U)- Marginal zone macrophages (IDC?) may

be responsible for control of B-cell movement within the spleen

(see Humphrey 1980).
The second lineage of accessory or antigen presenting

cells are the interdigitating reticulum cells (IDC) (Veldman
1970, Veerman 197U) or dendritic cells (Steinman and Cohn 1973;
see Steinman 1981; Sunshine et al 1980; Mason et al 1981). They

originate from bone marrow derived (Katz et al 1979) epidermal

Langerhans cells (Langerhans 1868; Birbeck et al 1961; see

Shelley and Juhlin 1978; see Hoefsmit et al 1980a; see Unanue

1972, 198l). Like IDC these cells enter the lymph node via
afferent lymphatics (Kamperdijk et al 1978) where they have been
termed veiled or frilly cells (Kelly et al 1978; Drexhage et al
1979; Spry et al I98O; Balfour et al 1982; Knight et al 1983).
Within lymphoid tissue they are localized to the lymph node

paracortex and the periarteriolar sheath of the spleen, but are

absent from the B-cell areas (Kamperdijk et al 1978; Hoefsmit
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et al 1980a).
These cell populations differ from IDC in that they all

seem to possess cell surface Class II (ia/Dr like) antigens

(Rowden et al 1977; Klareskog et al 1977; Stingl et al 1978;
Nussenzweig et al 1981, 1982; see TJnanue 1981), which is thought
to be essential for the successful presentation of antigen to
T-cells (Shevach and Rosenthal 1973; Rosenthal and Shevach 1973;
Yano et al 1977; Benacerraf 1978; see Rosenthal 1978; Kappler
and Marrack 1976).

In contrast to IDC, the expression of Pc and C3 receptors
is not universal, being dependent on both anatomical position
and species. Epidermal Langerhans cells of the rabbit and

guinea pig, and lymph-borne veiled cells of these species

including those in the rat all possess these receptors (Stingl
et al 1977; Drexhage et al 1980; Humphrey I98O; Pugh et al 1983).
FC and C3 receptors are absent from the interdigitating
reticulum or dendritic cells of the mouse (Steinman et al 1979;

Nussenzweig et al 1981) or man (van Yoorhis et al 1982).
Skin Langerhans cells and 'veiled' cells in afferent

lymph have been implicated in both antigen-carriage (Silberberg-
Sinakin et al 1976; Thorbecke et al 1980), antigen-presentation

(e.g. Ptak et al 1980; Sunshine et al 1980; Phillips et al 1980;
KLinkert et al 1980; Werdelin 1982; Knight et al 1982; Pugh

and Macpherson 1982; Katz et al 1982; see TJnanue 198l) and in
stimulation of the mixed lymphocyte reaction (e.g. Steinman and
Vitmer 1978; Steinman and Nussenzweig 1980, Drexhage et al 1979;
Richman et al 1979; Thorbecke et al I98O; see Hoefsmit 1980b;
see Unanue 1981). However the data which most supports the

immunological role of these cells comes from experiments by both
Streilein and Stingl (Streilein et al I98O; Bergstresser et al

I98O; Toews et al 1980; Stingl et al 1980, 1981, 1983) who used
ultraviolet-B radiation to deplete Langerhans cells from the skin
of mice and guinea pigs prior to skin painting with dinitrofluoro-
henzene (ENID). When applied to normal skin DNFB causes contact

sensitivity, but when applied to Uv-B irradiated skin, (or to the
tail skin of mice which has very few Langerhans cells), contact

sensitivity was not produced and the mice became specifically

unresponsive. This indicates that when sensitizing chemicals are



not presented by Langerhans cells, specific suppression will occur

(Saunder et al 1980; Stingl et al 1983; Jensen 1983).
tike follicular dendritic cells, IDC have been implicated

in controlling lymphocyte traffic. Streilein (1978) has

proposed that the skin/afferent lymph-associated lymphocyte
traffic pattern is controlled by epidermal Langerhans cells and
that these cells condition migrating T-cells to home to the

epidermis. This is supported by the observation that in certain

lymphoid malignancies (e.g. mycosis fungoides) T-cells have a

predilection for the epidermis, and infiltrating T-cells have been

seen in close proximity to Langerhans cells (Rowden and Lewis

19?6). Some sort of antigen-exposure may be responsible for their
infiltration and subsequent malignant change.

In addition, Lipscomb et al (1981a) have demonstrated,
using a double-labelling technique, that there is antigen-induced
selective recruitment of specific T-cells to the lungs of guinea

pigs. This specific selection is due to the presence in the lung
of antigen carried on alveolar macrophages (Lyons and Lipscomb

1983) which have been shown to possess cell surface Class II MHC

molecules and to be able to present antigen to histocompatible

T-lymphocytes (Lipscomb et al 1981b).

CONCLUSION

It seems that there are at least two levels for the control of

lymphocyte recirculation. Firstly there is the organ-specific
traffic of lymphocytes through the anatomical sites from which

they originated. This is an intrinsic characteristic of the

lymphocyte populations and is controlled by the direct interaction
of lymphocytes with endothelial cells. Secondly there are the
local modifications of these intrinsic recirculation pathways
that are imposed by the presence of specific antigen, but this

antigen can only influence lymphocyte movement when correctly

processed and presented by one of the antigen-presenting cell

populations.

Studies on lymphocyte migration in the past have generated
a mass of descriptive data with rather little understanding as yet,
of basic mechanisms or functions. More recent studies have begun
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to ask questions about the cellular and molecular interactions
that govern that migration. It is to be hoped that over the next
few years the exact nature of the controlling mechanisms will
be understood biochemically, and that it will be possible to
understand the various cellular interactions which occur within

lymphoid microenvironments in vivo and their relationship to
the complex but intriguing architecture of lymphoid tissue.
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Introduction

The sheep lymphatic cannulation model provides a unique way

to study the immunophysiology of lymphoid tissue (Hall and Morris

1962). In the study reported here we have used this model in

combination with in vitro studies of lymphocyte function to

integrate physiological changes occurring in antigen stimulated

lymphoid tissue with immune cell function. In the sheep this

approach has the potential to provide information on lymphocyte

and accessory cell function which could not be so readily gained

in other species. The approaches which we have used involve the

development of monoclonal antibodies to molecules involved in

immune cell interactions (e.g. class II MHC molecules), the quan¬

titation of these molecules on cell surfaces during immune

responses in vivo and functional studies on antigen presentation

by cells in peripheral lymph, draining sites of antigen

challenge.

Characterisation of cell populations in sheep peripheral lymph

A major problem associated with functional studies on
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peripheral lymph is that single afferent lymphatics are small and

have a low output of cells and lymph (Morris, Moreno and Bessis

1968). Unlike efferent lymphatics they are more difficult to

cannulate chronically. To overcome this problem we have adopted

a technique first described by Florey (1962) which has permitted

chronic collection of peripheral lymph for periods of up to 4

weeks. If prefermoral nodes of sheep are surgically removed then

within 6-8 weeks the afferent lymphatics which formerly ran to

this node reanastamose with the remaining single 'efferent'

lymphatic which is left intact at the time of lymphadenectomy.

As shown in Table 1 lymph collected from this "pseudo-afferent"

lymphatic has all the characteristics of peripheral lymph

including a high proportion of cells of the monocyte/macrophage-

like series ranging from typical monocytes to those described as

veiled or frilly cells.

We have further purified this heterogeneous macrophage popu¬

lation by centrifugation on 'stepped' metrizamide gradients. 1 x

107 peripheral lymph cells were layered on top of stepped metri¬

zamide gradients ranging from 16-22%. After centrifugation dif¬

ferent fractions were recovered from the gradient interfaces.

The fraction (Fraction 1) at the medium/16% metrizamide interface

contains more than 90% of the cells of the macrophage/monocyte

series including 'frilly' cells.

Peripheral lymph also contains cells with a high rate of

spontaneous cell division as measured by uptake of tritiated thy¬

midine (Scollay, Hall and Orlans 1976). We have found that most

of these rapidly dividing cells are associated with fraction 1
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TABLE 1

Cellular composition of 'pseudo-afferent' and efferent lymph

% of each cell type (or marker) in
Cell types

pseudo-afferent efferent (popliteal)
lymph lymph

Lymphocytes 70 - 80 100

"Macrophages"
(incl. frilly/veiled cells)

20 - 30 0

T cells (surface lg~) 70 - 80 70 - 80

B cells (surface Ig+) 3 - 9 20 - 30

MHC Class II+ cells2 20 - 30 20 - 30

3
Spontaneous DNA 28,000 3,000
synthesis

1 After pre-femoral lymphadenectomy
2 Using monoclonal antibody YE2.36 (anti-class XX)5
3 Thymidine uptake by cells after 24 hours (cpm/10 cells)

after separation of the peripheral lymph cells on metrizamide

gradients (Table 2). We do not know whether the dividing cells

belong to the cells of the monocyte/macrophage series or whether

they are lymphocytes which always co-fractionate with Fraction 1

cells and are often seen 'rosetted' around a macrophage-like

cell.
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TABLE 2

3
Spontaneous H-thymidine incorporation by fractionated peripheral
lymph cells

1 2
Metrizamxde fraction Thymidine incorporation (cpm)

Unfractionated peripheral 12,500

Fraction 1 21,000

2 6, 600

3 3, 500

4 1,000

Unfractionated efferent 5,000

1
Fractionated afferent:- Fraction 1 = Medium - 16% interface

2 = 16% - 18% II

3 = 18% - 20% II

4 = 20% - 22% II

2 5
Total counts incorporated in 1x10 cells cultured for 24 hours

Cell output in peripheral lymph after intradermal challenge with

antigens

The kinetic changes which take place in peripheral lymph cell

output during the development of an intradermal delayed-type

hypersensitivity reaction in the drainage area are shown in Fig.
>i'l ■ >

1. There is a twenty-fold increase in cell output which reaches
a peak 7-8 days after intradermal injection of antigen in BCG

primed sheep. During this time there is considerable change in
the expression of class II molecules on the fractionated
peripheral lymph cells. These changes have been detected using

, I
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monoclonal antibodies to either sheep class II molecules (SW73.2)
or HLA DR (YE2.36) which crossreacts with sheep class II

(Brickell, McConnell, Wright and Milstein 1981). Table 3 shows

that there is a relative decline in the number of cells in Frac¬

tion 1 which express class II molecules from 72-96 hours after

PPD. This is followed by a marked increase in the percentage of

cells expressing class II particularly those in fractions 1 and

3. Fraction 3 contains only small lymphocytes.

1 1 1 -i-
10 20 30 40

| DAYS
50jig PPD i.d.

Figure 1

Changes in the cell output in peripheral lymph (pseudo-
afferent) after intradermal inoculation of antigen (50p.g PPD)
into a BCG primed sheep. • • = cell output, A A = lymph
flow rate.
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The changes in class II expression on cells in peripheral

lymph draining a delayed type hypersensitivity lesion may be due

to the release of mediators (e.g. Y-i-nterferon) from antigen sti¬

mulated cells in situ. Interferon has been shown to enhance

class II expression (King and Jones 1983). At present we are

attempting to isolate material from peripheral lymph which may be

involved in this enhancement to see if it correlates with sheep

y-interferon or perhaps other, as yet, undescribed factors which

may modulate class II expression by cells in vivo.

TABLE 3

Percentage of MHC Class II+ cells in peripheral lymph fractions
before and after intradermal challenge with PPD in BCG primed

sheep

Hours before/after % of Class II+ cells in metrizamide
challenge1 fractions2

1 2 3 4

- 48 42 10 <2 0

- 24 51 8 0 0

+ 72 18 12 5 0

+ 96 10 11 4 0

+ 144 62 30 60 10

50|ig PPD injected intradermally in the drainage area of
'pseudo-afferent' cannulation.

Class II molecules as defined by monoclonal antibody YE2.36.
Metrizamide fractions of while peripheral lymph as in Table
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Figure 2

Changes in expression of class II molecules on efferent lymph
T cells after challenge of a cannulated node with PPD. 9 0 =
class II molecules/T cell; = % of class II+ cells in T cell
fraction by immunofluorescence.

Changes in class II expression on efferent lymphocytes

The effect of antigenic challenge on the expression of class

II molecules by efferent lymphocytes coming from the challenged

node has also been studied. (Fig. 2). In these experiments

antigen (PPD) was injected into the drainage area of a cannulated
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popliteal lymph node and the efferent lymphocytes were then moni¬

tored for their expression of class II molecules both by immuno¬

fluorescence and Scatchard plot analysis using the anti-sheep

class II monoclonal SW73.2. We have found that antigen stimula¬

tion causes profound variation in the expression of class II

molecules by cells in the efferent lymph (Fig. 2) and that these

variations are due to the expression of class II molecules by up

to 30% of the T cell population (defined here as slg~ and pan T+
(AA81.8) nylon wool fractionated efferent lymphocytes). The pro¬

portion of T cells expressing class II increases from <1% in

resting lymph to a peak of about 25% 120 hours after antigenic sti¬

mulation. By Scatchard plot analysis we estimate that the T

cells in efferent lymph have approximately 5 x 105 class II mole¬

cules per cell 120 hours after antigen challenge.

The monoclonal antibody (SW73.2) reacts with cell surface

class II molecules involved in lymphocyte activation (Fig. 3).

SW73.2 inhibits the proliferative response of peripheral blood

lymphocytes both to antigen (PPD) in BCG primed sheep and to

allogeneic stimulation in a unidirectional MLR. In these studies

we have also found that many monoclonal antibodies to human class

II molecules also react with sheep lymphocytes (data not shown).
This is of interest and points to a close similarity between human

0
and sheep class II molecules. j ss.pn«(0

_

Detection of antigen presenting cells in peripheral lymph
•

,... . ft
A number of studies have shown that peripheral lymph contain®

cells that are capable of presenting antigen to T cells iji vitro
(Drexhage et al. 1980; Knight et al. 1982). These cells have

the
dendritic or 'veiled' morphology and are known to migrate to

•
. -i n

Mm
l W'fksflSi®
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Control
■y>- ANTIGKH

w Control
MLR

10 100 1000

RECIPROCAL DILUTION OP MONOCLONAL SUPERNATANT

Figure 3

Effect of monoclonal anti-class II on blocking antigen
induced T cell proliferation in vitro. SR66.1 is a monoclonal
antibody which reacts with peripheral lymph macrophages. Antigen
= PPD.

thymus dependent areas of lymph nodes where they appear as inter-

digitating reticular cells (Humphrey 1982). There are few

reports to show that these cells can take up antigen in vivo such

that they then function as antigen presenting cells within lymph

and before they reach the lymph node. We have therefore set up
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experiments to determine whether peripheral lymph draining sites

of antigen deposition contains cells which can present antigen in

vitro to T cell without further addition of the antigen.

The protocol for these experiments was as follows. Antigen

(either PPD or ovalbumin) was injected intradermally into the

drainage area of a cannulated pseudo-afferent and lymph collected

over the following 10 days. The peripheral lymph cells were

fractionated on metrizamide gradients and irradiated fraction 1

cells were tested for their ability to stimulate resting autolo¬

gous efferent cells derived from a cannulated contralateral popli¬

teal lymph node. The T cell proliferative response (Table 4)

shows that irradiated fraction 1 cells can induce T cell proli¬

feration in the absence of antigen and also produce enhanced pro¬

liferation in the presence of additional antigen. With PPD the

response is most marked 9 hours after intradermal challenge.

This experiment shows that cells present in peripheral lymph

draining a site of antigen deposition are good stimulators of a

proliferative T cell response without further addition of anti¬

gen. A similar result is observed with the response to ovalbumin

although in this case the most marked proliferation was seen with

cells removed 36 hours after antigen injection. To avoid any

contribution to the proliferative response with a mixed lympho¬

cyte reaction all these experiments have been done using autolo¬

gous lymphocytes from antigen-primed animals. Preliminary



TABLE4

Invivo'pulsing'ofantigen-presentingcells.Proliferativeresponseofautologousefferentlymphocytesco-culturedwithantigen-presehtingcellsisolatedfromafferentlymph a.PPDresponse Cellculture Efferentlymphocytesonly Efferentlymphocytes+ Irrad.Fraction1 afferentcells

Antigen

Hoursafterinvivopulsingofafferentcellswithantigen1 Restingafferent9hrs54hrs 186 360

+

133 2300

126 28670

+

1600 39000

200 6540

+

160 16900

b.Ovalbuminresponse Efferentlymphocytesonly Efferentlymphocytes+ Irrad.Fraction1 afferentcells

Antigen+

Restingafferent
+

14003800 340010164

18hrs
1600 8910

3500 9060

1500 36360

36hrs
+

2100 41580

1 Resultsexpressedascpmthymidineincorporationper1x105 responderlymphocytes
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experiments using antigen naive lymphocytes from unprimed but

identical twin sheep show that the antigen-pulsed, irradiated,

afferent cells can also enhance proliferation in unprimed

efferent lymphocytes. One explanation for this is that the cells

derived after in vivo priming have begun to synthesize interleukin

1 or have a membrane associated interleukin 1 which enhances the

background response to antigens in foetal calf serum.

Titration experiments to dermine the minimal numbers of anti¬

gen presenting cells required to stimulate a proliferative

response in 1 x 105 efferent lymphocytes are shown in Table 5.

In this experiment it can be seen that significant responses can

3
be achieved with cell concentrations down to 1.5 x 10 antigen

presenting cells per 1 x 105 efferent lymphocytes. With in vivo

pulsing lower ratios of antigen presenting cells to efferent

lymphocytes have been reported but in this case antigen is added

and at present we have no way of quantitating the amount of anti¬

gen present on the irradiated, fractionated, afferent cells.

Discussion

In the studies reported here we have used monoclonal antibo¬

dies which react with sheep class II MHC products to evaluate the

-

afi?"

mk
mm

quantitative changes in the expression of class II molecules by

lymph-borne cells isolated from both peripheral and central lymph

compartments. The sheep lymphatic cannulation model provides a

unique opportunity to look at the different parts of the lymphoid
system.



TABLE5

Invivopulsingofantigenpresentingcellswithovalbumin.Proliferativeresponseofautologousefferentlymphocytesco-culturedwithvaryingnumbersofantigenpresentingcells Cellculture Efferentlymphocytes
IrradiatedFractionI Afferentcells

Resting afferent

Hoursafterpulsing 18hrs

35hrs

1x10

+

0

1430

944

1783

+

5X101*

3404

9567

37288

+

5xl03

-

1559

20468

+

1.5xl03

-

934

4967

+

5xl02

-

1174

2235

+

1.5xl02

-

953

3325

5

Resultsexpressedascpmthymidineincorporationper1x10responderlymphocytes
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The cells in peripheral lymph show considerable heterogeneity

in their expression of class II molecules following antigen

challenge by intradermal inoculation of PPD antigen into the

drainage area of an afferent lymphatic. There is a dramatic rise

in the number of cells expressing class II molecules as well as a

quantitative increase in class II antigen density. The presen¬

tation of antigens to specific T helper cells is dependent on the

interaction of antigen with cell membrane class II molecules and

any increase in the quantity of membrane class II may be a

mechanism whereby increasing amounts of antigen can be presented.

In vitro studies in other species have shown that during the

induction phase of the immune response, reactive T cells secrete

soluble mediators (e.g. -y-interferon) that enhance class II

expression and therefore antigen presentation. The dramatic

increases in quantitative expression of class II molecules

observed on cells in both peripheral and efferent lymph suggest

that the mediators responsible for these changes may well be pre¬

sent in peripheral lymph and if so can be isolated for biochemi¬

cal characterisation (Scott, Agomo, McConnell and Lachmann 1978).

Preliminary studies reported here also show that the antigen

presenting cells in peripheral lymph can be pulsed in vivo with

antigen. Intradermal inoculation of antigen into primed sheep

results in the appearance in peripheral lymph of cells which can

initiate a proliferative response in autologous T cells. Further
work is now in progress to characterise the biochemical nature of
this cell associated activity and to study its relationship to
antigen and its association with MHC class II molecules.
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virus. However, the inflammatory process is prolonged for
a further 4-5 days, with the predominant lymphocytes
expressing mRNA for the Vy4 and Vy2 TcR. Major
questions concerning the nature of influenza pneumonia
include the biological significance of these y/5 T cells and
the relative roles of different lymphokines and cytokines
in the disease process.

T CELL SPECIFICITY AND MEMORY

Infection with any influenza A virus primes for a secondary
T cell response to any other influenza A virus. This reflects
that many of the CD8+ T cells are specific for peptides of
conserved, internal virus proteins presented on the cell
surface in the binding site of self Class I MHC molecules.
The NP is particularly prominent in this regard, though
the M protein, nonstructural protein (NS1), and even the
viral polymerases (PA, PB1-2) may contribute to anti¬
genicity. The significance of a particular viral peptide
depends on whether or not it binds to the Class I MHC
glycoproteins expressed in the individual at risk. Presence
of these cross-reactive memory T cells has been correlated
with less severe disease and their absence is probably the
reason why influenza tends to be more lethal in very young
children and in the elderly.

Influenza-immune CD4+ helper T cells are specific for
viral peptides presented in the context of self Class II MHC
glycoproteins. The normal sequence of events is that
antigenic determinants on the viral coat glycoproteins are
bound by Ig receptors on appropriate B lymphocytes. This

leads to the interiorization of the virus-Ig complex,
degradation in lysosomes, and expression of constituent
peptides + Class II MHC molecules on the surface of the
B cell. Lymphokines, such as IL-2 and IL-4, that are needed
to promote the growth and differentiation of B lymphocytes
specific for the influenza hemagglutinin (HA) molecule, can
thus be provided by T helper cells reactive to epitopes
derived from any of the viral proteins. This may be one
reason why whole, inactivated influenza virus vaccines are
more effective than, for instance, those consisting solely of
HA subunits.

See also: Antigen Binding Site; Antigen Processing; Anti¬
genic Variation; B Lymphocytes; CD4; CD8; Effector Lympho¬
cytes; MHC, Functions of; T Lymphocytes; Vaccines;
Vaccines, Adverse Reactions to; Viruses, Immunity to.
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OVINE IMMUNE SYSTEM
Ian McConnell, Raymond Bujdoso, John Hopkins

Th
i ovme immune system occupies a special place in
i mui}°l°gy because the sheep is the best species for

Physiology °f the immune system. The
facO'i t0 je<^uctionism in modern immunology which is
Wlte a ^ t^le ease whh which the cells of the immune
•tudi'^ Can k0 disaggregated from lymphoid tissue and
l}je d. ln uitro, has meant that much of our knowlege of

■i fonctio"111""^ SyStem is hased on the analysis of the cellularBp- physio)09- v^ro immune systems divorced from any
'M t C0Jnplex^1C n hmits. Although the in vitro analysis of thefif'*on»ider ki *nteract;ions of the immune system has

Jst-j feteirrntf^i ^ a^vance(I knowledge, this needs to be
1:~*t ft whole^ ° context °f lymphoid tissue physiology

The
yaiology of the immune system, especially in the

I

context of the immunological compartments associated with
different organ systems (e.g. lymph nodes, thymus, gut,
mammary gland, respiratory system, urogenital system,
central nervous system), can be studied separately in the
sheep. These studies have gained much from the technique
first developed by Morris, Hall, and Lascelles of lymphatic
cannulation of single lymph nodes in sheep, which provides
a powerful system for analyzing immune cell populations
within different immunological microenvironments. The
lymph node is the heart of the immune system and
cannulation of nodal afferent and efferent lymphatics
provides a unique approach to the in vivo analysis of the
immune system not possible in other species. The
cannulated lymph node retains all its vascular and
neurological connections. All the cells which enter the node,
either from the blood or from the afferent lymphatics to the
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Table 1. Reagents which define the sheep immune system
(May 1991)

Monoclonal antibodies DNA clones

CDlb IL-1/3
CDlc IL-2
CD2 IFN-7
CD4 GMCSF
CD5 TNF-a
CD6 IL-2 receptor
CD8
CD9

TCR7/5 CD37
CDlla CD3<5
CD44 CD3e
CD45 CD3f
CD45R
CD58 TCR-a

TCR-0
MHC Class I heavy chain TCR-7
MHC Class I light chain TCR-5
MHC Class II DR-a MHC Class I
MHC Class II DR-/3 MHC Class II DR
MHC Class II DQ-a MHC Class II DQ
MHC Class II DQ-/3 MHC invariant chain

Igii heavy chain
IFN-7 Igyl heavy chain

IGy2 heavy chain
IgM Iga heavy chain
IgGl Igx light chain
IgG2 Ig\ light chain
IgA
Ig k light chain
Ig X light chain

node leave the node in the efferent lymph. Cannulation of
the efferent lymphatic therefore allows the monitoring of
immunological events in a single lymph node. The system
is currently being used to study the pathophysiology
of the immune response to lymphotropic viruses such
as the ruminant lentivirus, maedi-visna, the prototype
lentivirus, which infects the accessory cells of organized
lymphoid tissue. Intestinal immunity, especially to
nematode parasites, can also be studied uniquely by
cannulation of the lymphatic vessels draining the gut and
mesenteric nodes.

In recent years, cellular and molecular markers for the
ovine immune system have been produced by several
laboratories. This has permitted the identification of
lymphocyte populations, their subsets and receptors, MHC
Class I and Class II genes and proteins, immunoglobulins,
and cytokines. Table 1 lists the reagents currently available
for the ovine immune system.

In terms of its overall organization, the ovine immune
system is similar to man but with some notable differences.

B CELLS

The ileal Peyer's patch in the gut functions as a primary
lymphoid organ necessary for B cell lymphopoiesis. Judged
by its cell content, architecture, and surface phenotype of
its constituent cells (98% slgM" B cells), this organ is
analogous to the Bursa of Fabricius in chickens. The
immunoglobulin levels of IgG in serum are higher than in
man (IgM, 2 mg ml-1; IgGl, 17-20 mg ml-1; IgG2 6 mg

ml-1; IgA, 0.2 mg ml-1) and no IgD has yet been described.
IgGl, in addition to IgA, is a major immunoglobulin at
mucosal surfaces necessary for antimicrobial immunity in
the gut and mammary gland. High levels of IgGl are
present in the colostrum (IgG, 60 mg ml"1; IgA, 2 mg ml"1;
IgM, 4 mg ml"1) and all transfer of passive antibody to the
fetus occurs via the colostrum and milk.

T CELLS

There are three major T cell subsets in sheep. The majority
of cells are either CD4T or CD8+ and express the a/0 T cell
receptor structure along with the T3 molecule and other
adhesion molecules. The third T cell subset is CD4"CD8"
(double negative), which predominantly contains the y/8 T
cell subset. Most of this subset expresses a marker unique
to ruminants which is a 210-215 kDa molecule known as

T19. The function of this molecule is unknown but serves

as a useful marker for sheep y/8 T cells.

MHC

Sheep tissues express the classical Class I and Class II
molecules. The ovine Class II is at least as complex as the
human, and sheep genes related to all the expressed human
Class II genes, with the exception of the DPa gene, have
been found. The protein products of these genes have been
characterized by immunoprecipitation, monoclonals, and
protein microsequencing, to reveal that the sheep a and 0
chains of the Class II genes are similar to the DR and DQ-a
and F ^-0 chains in man. Sheep T cell Class II is mainly
DR. Few resting T cells express DQ.

The core cells of the immune system involved in antigen
processing and recognition are accessory cells (e.g. dendritic
cells) and lymphocyte subsets. Their distribution and
kinetics of flow through the tissues has been established
through the analysis of these cells in afferent lymph, lymph
node, and efferent lymph.

Afferent lymph
The considerable phenotypic and functional differences
between the cells in blood and afferent lymph suggests that
there is selectivity in the extravasation of cells from the
blood across the endothelium into the peripheral tissues
(Table 2). Although the blood contains naive and memory
T cells, afferent lymph T cells are mainly of memory cell
phenotype. This implies that the endothelial cells in the
periphery (e.g. skin) express adhesion molecules which only
engage the receptors restricted to memory T cells. Although
not blast cells, lymphocytes have an activated phenotype
as judged by IL-2 responsiveness, Class II expression, and
mitotic activity. B cells are much reduced in afferent lymph
(4-10%).

Sheep afferent lymph is a physiological source of antigen-
presenting dendritic cells. In terms of their expression of
CD1 and Fc receptor, there are at least four distinct
phenotypic profiles for dendritic cells in afferent lymph,
ranging from cells which either co-express CD1 and FcR, or
express neither of these two molecules, or express only one.
These phenotypic differences either identify functionally
distinct dendritic cell subsets or represent different stages
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Table 2. Ovine leukocyte markers: General characteristics and distribution in different lymphoid compartments3

Marker' Mol. wt. Percentage of marker positive cells in:
(kDa)

Blood Lymph node Afferent lymph Efferent lymph Distribution on other cells

CDlb 44:12 <2 <2 6 <1 Also on cortical thymocytes and dendritic
cells (DC)

CDlc 44:12 30 30 16 22 B cells and DC are CDlc*
CD2 (Til) 55 50-60 50-60 70-75 50-60 Only expressed on all3 TCR* cells; absent

from 7/5 T cells; low expression on
naive T cells; adhesion and activation
molecule; increased expression on
memory T cells

CD3 19-25 NAC NAC NAC NAC Not yet defined by mAb; complex
molecule involved in T cell activation

CD4 56 25-40 33 49-57 30-40 CD4 : CD8 ratios in sheep can range from
2 ; 1 to 5 : 1

CD5 67 55-60 55-60 84 60-75 On all T cells; low expression on B cells
CD8 36:32 12-16 13-16 13-16 14-18 CD8 appears to be expressed on a/(3 and

7/5 TCR* cells
CDlla (LFA-1) 180:95 100 100 100 100 All leukocytes; low expression on naive T

cells; increased expression on memory T
cells

CD44 95 100 100 100 100 Many tissues; low expression on naive T
cells; homing receptor

CD45 220:200:190 100 100 100 100 Leukocyte common molecule; wide
distribution

CD45R 220 35-50 35-50 8-15 15-30 B cells, NK cells and naive T cells;
absent from memory T cells

CD58 (LFA-3) 42 100 100 100 100 All leukocytes; is ligand for CD2 low
expression on naive T cells; increased
expression on memory T cells

715 TCR 44:36 10-20 10 10-15 5 High numbers in blood of young sheep
(30-60%); also identified by T19 mAb

slgM 70:25 35-50 30-45 4-10 15-25 Expressed on B cells
MHC I 44:12 100 100 100 100 Widespread
MHC II 34:28 60 50-60 90-94 55 Also expressed on activated T cells and

dendritic cells; T cell Class II mainly DR
"Drawn from authors' own data plus published data from other groups. In published data, there is considerable variation due to age, breed
differences, and exposure to pathogens. 'Parentheses refer to previous designation. "NA, data not available.

of differentiation of the one dendritic cell lineage. Dendritic
cells in afferent lymph are functionally significant antigen-
presenting cells involved in carriage of antigen in an
immunogenic form from the skin to the draining node.
Dendritic cells have a high level of IgM and IgGl 'cytophilic'
immunoglobulin. This passively acquired immunoglobulin
may be physiologically important in antigen processing, since
it allows dendritic cells to specifically concentrate foreign
antigen and localize it in the form of immunogenic complexes
oc internalization and presentation to T cells. Despite a high

a ferent input of dendritic cells into the node few, if any,
appear in the efferent lymph, suggesting that in sheep there

a high turnover of dendritic cells within the node. This
consistent with studies in other species that show thaten ritic cells in afferent lymph are the precursors of the

H i-J*11 '6en"Presenting cells of the paracortical region of the
v ph node which have a rapid turnover.

H the ivTn ^ ce^s from the skin to afferent lymph acrossperipheral vascular endothelium is profoundly influenced
H jjgj. e cytokines IFN-y and TNF. Intradermal injection of

*Croaa ii? Can ^nt^uce significant lymphocyte migration
1 Ukelv tb vascu*ar endothelium into afferent lymph. It isH •tnier i. at t^lese cytokines play an important role in the

toftmun 10n recfrculating lymphocytes at the site of
^.•Valuat °r inflammatory responses in the skin. The>°n of the in vivo activities of cytokines is another

L

good example of how the lymphatic cannulation model can
be used to investigate cytokine physiology.

Lymph node
A total of 90% of lymphocytes within a lymph node are
derived from the blood; the remainder come from lympho-
proliferation within the node and afferent lymph. The route
of entry is across a specialized part of the vascular
endothelium known in other species as the high endothelial
venule (HEV). There is no morphological equivalent struc¬
ture in sheep, but functionally the post-capillary venules are
the same as in rodents and man. Lymphocyte-HEV
interaction is now known to involve a complex family of
adhesion molecules including homing receptors (or selectins)
on lymphocytes and complimentary ligands on endothelia
(addressins) and cell matrix proteins. The nonrandom
patterns of lymphocyte recirculation through different
immunological compartments have been well defined in the
sheep. Blast cells from intestinal lymph home to the lamina
propria ofgut, whereas blast cells from peripheral nodes home
to spleen and lymph nodes. Within the small lymphocyte
recirculating pool, there Eire subsets of lymphocytes that
preferentially recirculate through the skin, peripheral nodes,
or mucosal-associated lymphoid tissue such as the Peyer's
patch and mesenteric node. These studies give physiological
credence to more recent in vitro studies on lymphocyte-HEV
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which have clearly established the differential selectivity
for lymphocyte subset adhesion to specialized vascular
endothelial cells in peripheral or mucosal-associated tissues.
CD4" T cells are selectively enriched over CD8+ T cells in
lymph nodes and B cells show a preferential traffic through
gut-associated lymphoid tissue. Vascular endothelial cells
in antigen-stimulated nodes in the sheep express MHC
Class II and can act as antigen-presenting cells to recruit
selectively antigen specific T cells into the node. In antigen-
stimulated nodes, the rate of entry of lymphocytes is
2-4xl04 cells s_1. The immediate response to antigen
challenge is a phenomenon known as cell shutdown,
wherein the output during the first 24 h in response to
secondary challenge with antigen is reduced by 90%. During
this time, there is an increased input of cells into the node.
This is followed 24-28 h later by a 5- to 6-fold increase in
lymphocyte output in efferent lymph. These changes in cell
kinetics reflect vascular changes within the node and
inhibition of intranodal traffic by prostaglandins.

Efferent lymph
Immunological memory is disseminated from the node via
the efferent lymph. Studies by Hall and Morris established
that if all the cells leaving an antigen-stimulated lymph
node were removed from the sheep via the cannulated
lymphatic, then no priming for a secondary response
occurred. If the efferent lymph cells were returned intra¬
venously, then immunological memory was established. Exit
of T cell subsets from the node following antigen stimulation
is nonrandom. Studies of secondary challenge with antigens
show that there is a biphasic exit of CD4~ T cells followed
by CD8T T cells, presumably reflecting the sequential
activation of CD4 and CD8 within the node. Efferent T cells
contain a higher proportion of al/3 TCR+ T cells than y/8
and contain cells of both memory and naive phenotype.

This brief review of the ovine systems has outlined some
of the more intriguing aspects of lymphocyte biology. The
availability of cellular and molecular markers for the ovine
immune system has confirmed the immense value of the
sheep to fundamental immunology and provides for the
future a central focus for the essential integration of the
in vitro immune system(s) into a physiological framework.

See also: Adhesion Molecules; Antigen, Localization of;
High Endothelial Venules; Immune System, Anatomy of;
Lymphatic System; Lymph Nodes; Lymphocyte Trafficking;
Lymphocytes; Lymphoid Tissue; Maturation of Immune
Responses; Ungulate Immune Systems.
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Afferent Lymph Dendritic Cells: A Model for
Antigen Capture and Presentation in Vivo
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We review the phenotypic and functional properties of sheep afferent lymph dendritic cells. These dendritic cells
bear surface immunoglobulin and can acquire antigen/antibody complexes, both in vitro and in vivo. Our data
suggest a role for Fc receptors in the capture of antigen by these cells. Dendritic cells collected after in vivo antigen
pulsing are capable of stimulating T cell proliferation in an antigen-specific manner. Afferent dendritic cells
express all the known groups of presentational molecules involved in activation of T cells, namely MHC class I and
class II, and CD1. These results suggest a role for afferent dendritic cells in the activation of afS and yS T cells.

KEYWORDS: afferent, dendritic cells, Fc receptor, immunoglobulin, CDI, y8 TCR

INTRODUCTION

Dendritic cells, including mature Langerhans' cells, afferent lymph veiled cells and lymph
node interdigitating cells, are thought to represent different stages along a migratory
pathway which is related to their function. Langerhans' cells are believed to migrate from the
epidermis via afferent lymphatic vessels in the form of veiled cells and enter lymph nodes as

interdigitating cells [1-3], The functional significance of this migration is the carriage of
antigen from the skin to the paracortical areas of the lymph node for presentation to T cells.
The minimum requirements which an antigen presenting cell should have for presenting
protein antigen efficiently to T cells are the following: (a) possession of a mechanism that
allows antigen capture for subsequent processing (b) presentation of processed antigen as a

ligand recognizable by T cells (c) promotion of clustering to effect antigen-specific T cell
activation.

Dendritic cells, including afferent lymph dendritic cells, are potent antigen presenting
cells for T cell responses. A feature of these cells is their ability to cluster with and stimulate
the proliferation of resting T cells in a primary response to antigen. In this regard dendritic
cells appear to be unique when compared to other antigen presenting cells such as B cells
and macrophages. A number of reviews on dendritic cells and their role in T cell activation
have been published [4, 5], In this article we focus on our recent phenotypic and functional
studies of sheep afferent lymph dendritic cells. Our data suggest that these dendritic cells
can capture antigen in the form of antigen/antibody complexes utilizing Fc receptors. We
also show that afferent dendritic cells can present antigen acquired in vivo to autologous
antigen specific T cells. The phenotypic staining patterns we observe suggest that dendritic
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cells can be categorized into several subsets. The functional significance of this diversity is
at present unknown. We also propose that the expression of CD1 molecules by afferent
dendritic cells allows these cells the potential to interact with T cells expressing y8 TCR.

ANTIGEN CAPTURE BY DENDRITIC CELLS

Dendritic Cells Carry Surface Immunoglobulin

It has been an assumption that phagocytosis and/or pinocytosis are sufficient mechanisms
for an antigen presenting cell to acquire antigen for presentation. These mechanisms may
well operate successfully at the high antigen concentrations that are routinely used for in
vitro T cell proliferation assays but are unlikely to play a significant role in vivo, particularly
during primary immune responses, when local antigen concentrations may be limited. They
are also unlikely mechanisms of antigen capture for dendritic cells which are regarded as
being poorly phagocytic or pinocytotic.

Experiments by Lanzavecchia [6, 7] have shown that efficient uptake and presentation of
antigen occurs only when antigen interacts in a specific manner with the presenting cell.
This is demonstrated by antigen-specific EBV-transformed B cells which can present
specific antigen at much lower concentrations than do non-specific cells [6]. Secondly, MHC
Class II-positive T cell clones only present antigen that binds with high affinity to their cell
membrane, such as recombinant HIV gpl20 protein interacting with CD4 [7]. A possible,
but little substantiated, mechanism for antigen capture by antigen presenting cells in vivo is
the capture of antigen in the form of antigen/antibody complexes.

For such a mechanism to occur it is reasonable to assume that dendritic cells should be
found with immunoglobulin on their cell surface. Using a monoclonal antibody. VPM8, that
recognizes sheep immunoglobulin light chain, we have found that the majority of dendritic
cells in sheep afferent lymph bear surface immunoglobulin (Ig) [8]. This observation
reinforces the findings by Miller and Adams [9] that sheep afferent lymph dendritic cells
display membrane associated Ig. These workers, using polyclonal antisera to purified sheep
immunoglobulins, found that the Ig carried by afferent dendritic cells was of the IgM
isotype. More recently, Barfoot et al. [10] using similar isotype reagents reported that sheep
afferent lymph dendritic cells carry IgM and IgGl. Collectively, these observations strongly
suggest that sheep afferent lymph dendritic cells carry cytophilic Ig. This may reflect
'natural antibody' synthesized by a B cell subset analogous to CD5-positive B cells which
are known to produce poly-reactive antibodies of the IgM class [11], Such natural antibodies
could well function as a passively acquired receptor for antigen on afferent dendritic cells.
By utilizing antigen-antibody complexes, dendritic cells in vivo may efficiently concentrate
and process small amounts of antigen. This may be particularly important during a primary
response to soluble antigen for which dendritic cells appear to be the principal antigen
presenting cell.

Expression of Fc Receptors by Afferent Dendritic Cells

The expression of receptors for Fc or C3b which could mediate antigen capture involving Ig
has not been a uniform finding on cells with dendritic morphology. Dendritic cells isolated
from murine lymph nodes or spleen [12], or human peripheral blood [13] appear not to
express Fc receptors. In contrast, other studies have shown Fc receptors on dendritic cells
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from rat lymph nodes [14], murine pulmonary tissue [15], murine Langerhans' cells [16],
and human afferent lymph [ 17]. The reason for such diverse observations are not known, but
could be due to the existence of several types or maturational states of dendritic cells, species
differences, or modulation during isolation procedures [18].

Investigation of the cells in sheep afferent lymph for Fc receptors has recently been
undertaken in our laboratory [19]. The experiments were carried out by incubating unfrac-
tionated afferent lymph cells or dendritic cells purified on Metrizamide [8] with FITC-
labelled ovalbumin (OVA-FITC) in the presence or absence of afferent lymph containing
anti-ovalbumin antibodies. The cells were examined for fluorescence by flow cytometry
using a live gate around the dendritic cell population. In the absence of antibodies, only a
small amount of OVA-FITC is taken up by dendritic cells, with about 5% registering
positive. In contrast, when anti-ovalbumin antibodies are added between 60-70% of
dendritic cells fluoresce, with some cells showing very high fluorescence intensity. The
degree of fluorescence staining is clearly heterogeneous, with no discrete peaks being
discernible. Purified IgG antibodies mediate this effect and the Fc portion of the IgG
antibodies is crucial since the enhanced uptake is completely abolished if F(ab)2 antibodies
are used.

To characterize the cell type responsible for this enhanced uptake, double staining
analysis was performed using monoclonal anti-CD 1 antibodies detected by a phycoerythrin-
labelled conjugate, and FITC-OVA/anti-ovalbumin immune complexes. These results show
that there are at least four populations of afferent dendritic cells: 23% of the total dendritic
cells stained for both CD1 and immune complexes; 31% were CDl-negative but took up
immune complexes; 22% of dendritic cells were CDl-positive but failed to take up immune
complexes and 24% were negative for both markers. These results showed that about 50% of
the CD 1 positive cells bear Fc receptors, and conversely that 43% of the Fc receptor-bearing
cells were CD1 positive. Thus, the dendritic cells in afferent lymph appear to consist of at
least two different cell types or perhaps cells of different activational states.

EXPRESSION OF PRESENTATIONAL MOLECULES
BY AFFERENT DENDRITIC CELLS

MHC molecules are well established in the role of binding and presenting processed antigen
for recognition by antigen specific T cells [20, 21], More recently, CD1 molecules have been
shown to comprise part, or all, of a ligand for some y8 T cell receptor (TCR) bearing T cells
[22]. Since afferent lymph dendritic cells express both MHC and CD1 molecules [8] these
cells have the potential to interact with both a(3 and y8 cell subsets.

MHC Class II

A feature of dendritic cells from various tissue sites including afferent lymph dendritic cells
is their high expression of MHC class II molecules [5]. Saturation binding studies using 125I-
labelled F(ab)2 anti-class II monoclonal antibodies have shown that sheep afferent lymph
dendritic cells constitutively express approximately 3 x 105 MHC class II molecules per cell
(assuming one antibody binding site per class II molecule) (variation between 2.3-3.6 X 105
[23], This constitutive expression of MHC molecules is of the order of five- to tenfold
greater than afferent lymphocytes. The level of MHC class II does not remain constant on
afferent dendritic cells as those entering lymph from a site of secondary intradermal antigen
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challenge show levels sixfold higher than on resting dendritic cells and have increased
capacity to stimulate T cell proliferation [23]. The increased antigen presenting function of
dendritic cells compared to other MHC class II-positive cells may be due to higher levels or
different forms of MHC class II expressed by dendritic cells.

CD1 Molecules

The majority of afferent dendritic cells react with monoclonal antibodies VPM5 [8] and
SBU-T6 [24] which recognize sheep CD1. CD1 molecules are structurally similar to MHC
class I proteins. They form a heterodimer with (32 microglobulin as the second chain. The
heavy chain of these molecules are all of similar molecular weight and their extracellular
region can all be divided into three separate domains, each with a predicted folding structure
similar to equivalent domains in class I proteins. The function of CD1 is now known to
include that of a presentational molecule to y8 TCR bearing T cells [22]. The ligand these
molecules present is thought to be of limited variability as CD1 molecules have little if any
polymorphism [25].

SIGNAL TRANSDUCTION AND ADHESION MOLECULES

We, and others, have found that afferent lymph dendritic cells express cell surface molecules
which have defined functions on lymphocytes (see Table I) [8, 26]. These molecules include
CD2, CD4 and LFA-3 whose functions are associated with signal transduction and inter-
molecular binding [27]. When analyzed by a FACScan flow cytometer, afferent dendritic
cells show a low level of cell surface CD4 expression. CD4 on T cells has been shown to bind
MHC class II molecules [28], and transduce signals across the cell membrane [29] possibly
via a srorelated tyrosine kinase [30]. The function of CD4 on afferent dendritic cells may be
to bind MHC class II molecules expressed by activated T cells during their recognition of
antigen and transduce a regulatory signal across the dendritic cell membrane.

The monoclonal antibodies I35/A and L180/1, which identify sheep CD2 [31] and LFA-3
[32] respectively, both react with afferent dendritic cells. LFA-3 was found on afferent

TABLE I

Phenotype of Afferent Lymph Dendritic Cells

Name Antigen Reactivity with Dendritic Cells

SBU-T4 CD4 ±

SBU-T6 CD1 +

SBU-T8 CD8 -

VPM5 CD1 + +

L/180/1 LFA-3 + + +

I35/A CD2 +

VPM8 slg +

SBU-1 Class I + + +

SW73.2 Class II + + +

Afferent dendritic cells were isolated and fractionated as described
elsewhere [8] then stained withmouse monoclonal antibodies followed
by (Fab)2 rabbit anti-mouse Ig-FITC. Cells were fixed with 1% parafor¬
maldehyde and analyzed by flow cytometry. These results were seen in
three out of three experiments.
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dendritic cells at levels approximately equal to those on afferent lymphocytes. Two forms of
LFA-3 have been described in the human system, each encoded by a distinct mRNA species
[33]. One form of LFA-3 protein is linked to the membrane by a hydrophobic trans¬
membrane region followed by an intracytoplasmic tail. The other lacks the intracytoplasmic
tail and is linked to the membrane by a phosphatidylinositol glycan moiety attached to the
C-terminus of the LFA-3 moiety. This second type of linkage has been identified on
membrane proteins involved in transmembrane signalling, interleukin release and inter¬
cellular adhesion [34]. If both forms of LFA-3 are present on afferent dendritic cells then a

dichotomy of function might exist for this molecule. One form may act as an anchor for
clustering with T cells whilst the other may be involved in signal transduction and cytokine
release. It is reported that perturbation of LFA-3 on human macrophages by anti-LFA-3
induces IL-1 release [35]. We are currently investigating the linkage and function of LFA-3
on afferent dendritic cells. Afferent dendritic cells were found to express CD2, a ligand for
LFA-3 [36], on their cell surface. We do not know at the present whether this is due to
expression of a CD2 gene or adsorption of the molecule [37] as a consequence of the high
level of LFA-3 shown on dendritic cells.

PRESENTATION OF ANTIGEN IN VIVO

We have investigated whether antigen can be found associated with afferent lymph dendritic
cells following in vivo antigen pulsing. Using antigen primed animals, afferent lymph
dendritic cells were collected draining a site of secondary intradermal antigen challenge.
Purified dendritic cells [8] were investigated both phenotypically [19] and functionally [8]
for the presence of injected antigen.

Uptake of Antigen by Afferent Dendritic Cells in Primed Sheep

It has been found that the amount of antigen taken up by dendritic cells in vitro is greatly
enhanced by IgG antibodies as described above. To determine if similar binding took place
in vivo, sheep primed to ovalbumin were injected intradermally with OVA-FITC and afferent
lymph dendritic cells analyzed for fluorescence by flow cytometry [19]. Sixty to seventy
percent of dendritic cells collected within 20-40 min post-injection of 2 mg of OVA-FITC
showed positive fluorescence. The response peaked at 40 min, and declined over the next 6
hours. A similar profile was obtained when 200p,g of OVA-FITC were injected, though
fewer dendritic cells registered positive and the response declined more rapidly. Injection of
FITC-labelled human serum albumin (F1SA) into sheep primed to ovalbumin but not to HSA
resulted in a small degree of antigen uptake by dendritic cells and only at the higher dose of 2
mg of injected antigen. These results confirm the in vitro data that about 70% of sheep
afferent lymph dendritic cells bear Fc receptors and bind complexed antigen efficiently in
vivo.

In Vivo Pulsed Dendritic Cells Induce T Cell Proliferation

We have employed an antigen-specific T cell proliferation assay to demonstrate that
dendritic cells draining a site of secondary antigen challenge can present antigen they have
captured in vivo. Afferent lymph dendritic cells were collected 24 hours after an intradermal
injection of soluble protein antigen into the drainage area of a pseudo afferent cannulation
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and cultured in the absence of exogenous antigen with antigen-specific cells prepared from
the same animal [8].

Table II shows the proliferative response of peripheral blood mononuclear cells (PBMs),
from primed animals, stimulated by autologous in vivo antigen pulsed dendritic cells.
Dendritic cells collected after in vivo antigen challenge stimulate a significant response
above that seen with pre-challenge dendritic cells. This response is seen when either
ovalbumin or PPD is used to antigen pulse dendritic cells in vivo. These data show that
dendritic cells may acquire antigen in vivo and either present antigen directly to T cells or
pass the material to other accessory cells within the PBM population. To distinguish between
these, the experiment was repeated using antigen-specific T cell lines which do not respond
to antigen in the absence of added accessory cells [38]. Table III shows dendritic cells
collected after in vivo antigen challenge with ovalbumin stimulate a significant proliferative
response by ovalbumin-specific T cells compared to that induced by pre-challenge dendritic
cells. This effect is antigen-specific as no response is seen by PPD-specific T cells. In
experiment 2, dendritic cells collected after in vivo antigen challenge with PPD stimulate a
significant proliferative response by the PPD-specific cell line. No response is seen by the
ovalbumin-specific T cells to the PPD-pulsed dendritic cells. The proliferation of antigen-
specific T cells is dependent upon the number of in vivo pulsed dendritic cells added to the
cultures. Figure 1 shows the response stimulated by antigen-specific T cells to various
numbers of ovalbumin-pulsed dendritic cells collected after in vivo antigen challenge. A
significant response is seen by the ovalbumin-specific cell line down to 1.9 X 103 dendritic
cells/well. In contrast the PPD-specific cell line shows a background level of proliferation to
all concentrations of added dendritic cells. The experiments described in Table III and
Figure 1 were set up at the same time. As in vivo antigen pulsed afferent dendritic cells were
the only accessory cells added to these cultures these data show that these cells can directly
stimulate T cells in an antigen-specific manner and do so with antigen acquired in vivo.

Modulation of Dendritic Cell Presentational Molecules
as a Consequence of In Vivo Antigen Challenge

Our kinetic studies of dendritic cells leaving a site of intradermal antigen challenge show no
increase in the percentage of these cells draining into the lymph compartment. However,

TABLE II

The Response of PBMs to Autologous in Vivo Pulsed Dendritic Cells

Collection of Dendritic Cells

Dendritic 24 hrs Post-Antigen
Antigen Pulse Cells Pre-Pulse Challenge

Ovalbumin (50 p.g) - 6330 4333
+ 5078 10777

PPD (20 fjLg) - 2143 2132
+ 3189 8734

1 x 105 PBMs/well were cultured with 5 x 10Vwell irradiated fractionated afferent
dendritic cells collected either before or at 24 hours following an intradermal injection
of antigen into the drainage area of the pseudoafferent cannulation drainage area.
Cultures were incubated for 5 days and proliferation measured by the uptake of 3H-
thymidine over the last 5 hours of culture. The data are expressed as the geometric
mean of counts per minute from triplicate cultures.
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TABLE III

The Response of Cell Lines to Autologous in Vivo Pulsed Dendritic Cells

183

Collection of Dendritic Cells

24 hrs Post-Antigen
Antigen Pulse Cell Line Pre-Pulse Challenge

Ovalbumin (50 pg) Ovalbumin 5,704 169,588
PPD 2,709 3,978

PPD (20 pg) Ovalbumin 1,032 3,654
PPD 1,212 20,040

5 x 104 ovalbumin-specific or PPD-specific T cells /well were cultured with 5 x 104/
well irradiated fractionated afferent dendritic cells collected either before or at 24
hours following an intradermal injection of antigen into the drainage area of the pseudo-
afferent cannulation drainage area. Cultures were incubated for 5 days and prolifera¬
tion measured by the uptake of 4H-thymidine over the last 5 hours of culture. The data
are expressed as the geometric mean of counts per minute from triplicate cultures.

those dendritic cells that do enter the draining lymphatic vessel have altered levels of MHC
class II and CD1 molecules [23],

Saturation binding studies using l25I-labelled monoclonal antibodies show the expression
of MHC class II on resting dendritic cells to increase from approximately 3 X 105 molecules
per cell to approximately 6 X Kb on day 3 post -antigen challonge, and by almost sixfold to
1.7 X 106 on days 4 and 5 following antigen challenge. These responses are transient as

Number of dendritic cells/well x 10"2
FIGURE 1 5 x 104 ovalbumin-specific or PPD-specific T cells/well were cultured with various numbers of
irradiated fractionated afferent dendritic cells collected 24 hours after in vivo antigen pulsing with 50 pg
ovalbumin. Cultures were incubated for 5 days and proliferation measured by the uptake of 3H-thymidine over the
last 5 hours of culture. The data is expressed as the geometric mean of counts per minute from triplicate cultures.
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resting levels of MHC class II return within 8-10 days post antigen challenge. Dendritic
cells in resting lymph are characterized by a uniform expression of CD1 but those entering
the lymphatic vessel following in vivo antigen challenge have an increased expression of
these molecules. This increased expression of CD1 is seen from days 2-6 after secondary in
vivo antigen challenge. Antigenic stimulation of an antigen-naive animal results in the
appearance of three populations of dendritic cells with distinct CD1 expression during the
first 24 hours post antigen challenge. The alteration in CD 1 expression is only transient as the
flow cytometry profile by 45 hours is identical to that of resting lymph.

By coupling monoclonal antibody staining with cell cycle analysis it is possible to
correlate cell surface phenotype with stages of cell activation. Staining with propidium
iodide and the monoclonals, SW73.2 (anti-Class II) and VPM 5 (anti-CDl) showed that the
increase in dendritic cell class II expression and change in CD1 phenotype were not
associated with these cells entering cell cycle.

SPECULATION ON A ROLE FOR DENDRITIC CELLS
IN THE ACTIVATION OF and 78 T CELL SUBSETS

Mature T cells can be divided into two major subsets based on their TCR expression. Those
T cells expressing a TCR comprising a(3 polypeptide chains, which are predominately CD8-
positive or CD4-positive, recognize antigen in association with MHC molecules, class I or
class II, respectively [39-41]. Dendritic cells are known to express high levels of these
presentational molecules and it has been shown that these cells can directly activate both
CD4-positive and CD8-positive T cells [5, 42], An alternative TCR consisting of 78 chains
has yet to have a ligand clearly defined. The CD1 family of molecules has been proposed for
this role because of two lines of evidence. Firstly, the nucleotide sequence and predicted
structural homologies between both TCR heterodimers suggest 78 receptors could recog¬
nize MHC or MHC-like structures [43, 44], Secondly, the limited diversity of TCR
rearrangements in 78 TCR bearing cells in mouse epidermal epithelia implies the ligand for
these structures may have limited polymorphism [45]. Transfection studies with human CD1
have confirmed this molecule as a ligand for some 78 T cells [22]. The relevance of these
observations to afferent lymph dendritic cells is that these dendritic cells, together with skin
Langerhans' cells, are the major sites of expression of CD1 in the periphery. MHC class II-
positive, CDl-positive dendritic cells may activate not only a(3 TCR bearing cells but also
those expressing a 78 TCR.

Several pieces of indirect evidence support this notion. Firstly, in the mouse 78 T cells are
found in high numbers in epithelial sites including the skin [46] which is also the location of
CDl-positive Langerhans' cells. Secondly, afferent lymph in the sheep is characterized not
only by the presence of CDl-positive dendritic cells but also high numbers of 78 T cells [ 26].
Thirdly, as described above, changes in CD1 expression are found on dendritic cells draining
a site of intradermal antigen challenge, particularly on dendritic cells leaving the dermis
following a primary challenge to soluble protein antigen [23]. The role of dendritic cells in
primary responses and these changes in CD1 expression suggest more than a casual
relationship between the two phenomena. Whilst part, or all, of the ligand for some of the 78
T cells appears to be CD1, other investigators have described 78 T cell clones which
recognize mycobacterial heat shock proteins [47, 48]. This recognition of prokaryotic heat
shock proteins is regarded as a fortuitous cross reactivity with eukaryotic heat shock
proteins which are speculated to be part of the true ligand for 78 T cells [49], In this regard,
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the role of CD1 molecules on dendritic cells may be to present autologous heat shock
proteins, expressed by the dendritic cell as a consequence of an antigen specific interaction
with a(3 T cells, and allow activation of the appropriate 78 T cells. This interaction between
dendritic cells and 78 T cells may function to regulate the antigen presenting function of the
dendritic cell or direct 78 T cells into a specific functional pathway.

SUMMARY

The observations summarized here indicate that afferent lymph contains dendritic cells that,
collectively, possess a specific mechanism for antigen capture and express presentational
molecules that allow them the potential to interact with both a(3 and 78 T cell subsets. That
dendritic cells do carry antigen from the dermis to draining lymph nodes is strongly
indicated by our experiments which show in vivo antigen pulsing allows the collection of
afferent dendritic cells which stimulate antigen-specific T cell proliferation.

The dendritic cells in afferent lymph are heterogeneous morphologically and pheno-
typically, and potentially in function. Not all of these cells carry cytophilic Ig and not all
express CD1 molecules. It is not clear whether these divisions represent distinct cell types or
cells in a transitional state. For example, the CD1 positive dendritic cells may represent
Langerhans' cells that are in transit to the local lymph node. The CD1 negative dendritic
cells could either be a completely separate dendritic cell type or else a Langerhans' cell in the
process of losing its surface CD1 prior to entering the node. In either case, it would appear
that two types of dendritic cell enter the node: aCDl positive and aCDl negative population.
Similarly, Fc receptor positive and Fc receptor negative dendritic coll subpopulations, some
of which bear CD1, will enter the node. Therefore, at least four subpopulations of dendritic
cells will lodge in the node.

Afferent dendritic cells are very efficient at stimulating antigen-specific T cell prolifera¬
tion. All afferent dendritic cells express high levels of MHC class II molecules. However, it
is not clear if antigen presentation to T cells is carried out by all afferent dendritic cells or is
restricted to one or more subsets. If all the dendritic cells can carry out this function then it
has to be asked how these cells acquire antigen? It can be envisaged that dendritic cells with
Fc receptors would pick up antigen/antibody complexes with processed antigen being
subsequently presented via MHC class II molecules. It is not clear how Fc receptor negative
dendritic cells would concentrate small amounts of antigen during a primary immune
response. If the ligand for 78 T cells is found to be that of heat shock proteins in association
with CD1 molecules then antigen presenting cells for these T cells may not require a selective
antigen capture mechanism. Afferent dendritic cells that are CD1 positive but Fc receptor-
negative may be the principal antigen presenting cell for 78 T cells.
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The lymphoid cell populations involved in antigen
processing and recognition are accessory cells, res¬
ting and activated T cells and B cells. These cells
migrate from primary to secondary lymphoid tis¬
sue via the blood and between and through the
secondary lymphoid tissues via blood and lymph.
Functionally distinct populations of lymphoid cells
are to be found in different locations while acti¬
vation of lymphoid cells alters their microana-
tomical distribution within lymphoid tissue.

There are two main physiological functions of
lymphoid cell traffic. The first is to enhance the
uptake and presentation of antigen to the appro¬
priate sets of antigen-specific lymphocytes. The
second is to disseminate the immune response

throughout the body. Lymphocyte recirculation
ensures effective recognition and regulation in
the immune system. The deployment of sets of
antigen-specific lymphocytes at distinct anatom¬
ical sites (such as mucosal surfaces) requires effec¬
tive distribution of lymphocyte subsets. This is
achieved by a directed and non-random flow of
lymphocytes mediated by distinct receptor—ligand
interactions between migrating lymphoid cells,
endothelium and the extracellular matrix (Yednock
and Rosen 1989). This chapter will discuss the
basic cellular and molecular features of migration
and homing of lymphoid cells.

The secondary lymphoid organs
The main secondary lymphoid organs of mammals
comprise the spleen, peripheral and central lymph
nodes, gut-associated lymphoid tissue (including
the tonsils and Peyer's patches) and other lymph¬
oid accumulations in the gut and the respiratory
and urinogenital tracts. In addition to this, there
are the peritoneal and pleural cavities, which con¬
tain cells of the recirculating lymphocyte pool.
Within the liver and lung there are substantial
intravascular pools of lymphocytes which may be
recruited in immune responses in these tissues
during infection (Pabst and Binns 1989). This has
been demonstrated mainly in large animals,
where, irrespective of whether labelled cells are
introduced into the venous or arterial blood, a

substantial fraction of the labelled cells (10%) local¬
ize in the lung within 30 minutes. Studies in the
young pig using chromium-labelled blood lym¬
phocytes have shown that 14-21% of injected

31
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blood lymphocytes localize in the liver within the
first 4 days after transfer of labelled autologous
cells. In vitro perfusion studies (Pabst and Binns
1989) of either the lung or the liver confirm that
both organs contain a sizeable intravascular pool
of lymphocytes.

Organized lymphoid tissue also contains access¬
ory cells which are essential for antigen processing
and presentation. These include: the interdigi-
tating reticular cells (IRC) of the T-dependent area
of lymphoid tissue; the follicular dendritic cells
(FDC), which are predominantly involved in im¬
mune complex localization and antigen presen¬
tation within germinal centres; and sinus-lining
macrophages in both spleen and lymph nodes.
The precursors of these cells are within the bone
marrow. Lymphoid tissue accessory cells represent
further differentiation of blood monocytes within
lymphoid microenvironments.

The overall organization of the architecture of
lymphoid tissue is similar in different tissues in
that it comprises relatively discrete T- and B-cell-
dependent areas with their relevant accessory cells.
The input of cells into lymphoid tissue is derived
from the blood and peripheral or central lymph.
The architecture of lymphoid tissue is well de¬
scribed in several reviews (Nossal and Ada 1971;
Weiss 1972,1977) and therefore only a summary of
the features relevant to lymphoid cell migration
and homing will be discussed here.

Spleen
The spleen has both lymphoid and haemopoietic
functions in addition to its major function in blood
filtration. The splenic white pulp, which contains
the bulk of the recirculating lymphocyte pool, rep¬
resents about 15% of the splenic parenchyma and
makes a major contribution to lymphocyte recircu¬
lation. This was clearly established by Ford (1968),
who showed that in vivo irradiation of splenic
lymphocytes in the rat spleen by 32P-impregnated
polythene strips produced a greater depletion of
the recirculating lymphocyte pool than chronic
drainage of the thoracic duct. Perfusion studies
and studies with labelled lymphocytes in both the
pig and man have provided evidence that 27—48
times the blood lymphocyte pool passes through
the spleen per day.

The white pulp of the spleen surrounds the peni-
cillary arterioles, which terminate in the splenic

cords of the red pulp (Fig. 3.1). This periarteriolar
lymphoid sheath (PALS) is externally surrounded
by the marginal zone, which separates it from the
red pulp. The PALS is predominantly composed of
T cells. CD4+ve T cells predominate (70—90%)
over CD8 +ve cells (10—30%) (Hsu et al. 1983).
B cell areas within the PALS form classical B cell
follicular structures surrounded with a corona of
B lymphocytes. Localization studies with labelled
B and T lymphocytes have shown that entry occurs
from the inner layer of the marginal zone, with
T lymphocytes rapidly entering the T-dependent
areas of the PALS and B lymphocytes eventually
migrating to the more peripheral parts of the PALS,
which contain the B cell area (Fig. 3.1). Cells exit
from the white pulp by crossing the specialized
structures known as marginal zone bridging chan¬
nels, thereby entering the red pulp and regaining
the circulation directly. Thus lymphocyte recircu¬
lation through the spleen is predominantly from
blood to blood (Ford 1975). This is in contrast to
lymph nodes, where lymphocyte entry to the node
occurs across a specialized vascular endothelium.
Plasma cells and sporadic T cells (CD8 > CD4) are
present in the red pulp of the spleen. The pro¬
portion and distribution of lymphocyte subsets
within the spleen are detailed in Table 3.1.

Traffic of cells into lymph nodes

Migrating lymphoid cells have two routes of entry
into lymph nodes. More than 90% of lymphocytes
which exit lymph node enter from the blood across
the specialized endothelium of the post-capillary
venule (PCV). The endothelial cells lining the PCV
are of a cuboidal/columnar shape (7—11 pm) rather
than the normal flattened endothelium typical of
blood-vessels. This region of the PCV is known as
the high endothelial venule (HEV) and was first
shown to be the traffic route for the migration of
lymphocytes into lymph nodes by Gowans and
Knight (1964). In lymph nodes HEV can be found
within the cortex, including secondary follicles,
the cortical—paracortical junction and areas of the
paracortex and medulla. Lymphocytes and access¬
ory cells also reach the lymph node via the afferent
lymph. Peripheral lymph (i.e. lymph which has
been derived directly from the tissues without
passing through another lymph node in the chain)
contains a mixture of dendritic cells (DC) and
different proportions of T cell subsets and B lym-
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5)

ig. 3.1. Localization of B lymphocytes in the spleen, (a) Spleen removed 15 minutes after IV injection of radiolabelled B cells,
.abelled cells are plentiful in the marginal zone; none yet in the PALS, (b) Spleen removed 6 hours after injection. Labelled cells are
■resent around the central arteriole and at the junction of the PALS and the mantle zone, (c) Spleen removed after 24 hours. The great
majority of labelled cells are localized in the mantle zone with a few in the germinal centre, (d) Schematic cross-section of the spleen
howing the proposed routes of T and B lymphocyte traffic. From Ford (1975), by permission of S. Karger AG, Basel.

pulpRed pulp

ihocytes (Mackay et al. 1988) (Table 3.2). Other
?ucocytes are not normally present but afferent
/mph draining inflamed tissues will contain all
ells exiting from the blood (e.g. neutrophils,
osinophils) are well as cells generated at tissue
ites as a result of extramedullary haemopoiesis.
All cells which have entered the node from

ither the blood or the lymph, as well as those
iroduced as a result of clonal expansion within
lie node, leave the node in the efferent lymph
Bedgley and Ford 1976) via the medullary sinuses,
fferent lymphocytes are responsible for the estab-
shment of immunological memory and dissemi¬

nation of the immune response to other lymphoid
organs. If cells leaving an antigen-stimulated
lymph node are removed by lymphatic cannul-
ization then no dissemination of the immune

response occurs and there is no priming for a
secondary immune response (Hall et al. 1967). De¬
spite an input of DC into a node via the afferent
lymphatics, few accessory cells leave the node in
efferent lymph.

Nodes which are second or subsequent in a
chain (i.e. central nodes) receive all the efferent
lymph from the previous node in the chain
in addition to the cell input from blood and
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Table 3.1. Distribution and frequency of lymphocyte subsets in the different compartments of the human spleen

Follicles

Cell population Red pulp PALS Germinal centre Mantle Marginal zone

CD4 +ve, CD8 — ve 8-10% 70-90% 10-30% 3-5% 40-60%
T cells Scattered Mainly at the

mantle/GC junction
CD4 -ve, CD8 +ve 3-5% 10-30% <2% <1% 10-20%
T cells

CD4 -ve, CD8 -ve <0.2% <0.5% <0.1% <0.1% <0.5%
y6 T cells

B cells 3-5% <2% 70-90% >90% 3-5%

g +ve, 8 +ve, y — ve and Mainly surface p +ve, Surface p +ve, 8 +ve Surface p +ve, 8 +ve
[a +ve, 8 +ve, y —ve 6 — ve and

cytoplasmic p -f-ve

peripheral lymph. High afferent input of lymph¬
ocytes into a central node from a peripheral lymph
node (PLN) influences the differentiation of lympho¬
cytes within the central node. If efferent lympho¬
cytes from an antigen-stimulated PLN are labelled
and introduced via an afferent lymphatic to the
next node in the chain, then some secondary fol¬
licles in this 'downstream' node can contain up
to 80% of labelled cells, whereas other follicles
contain <4% of labelled cells. Thus the distribution
of labelled cells is not uniform. This suggests
that secondary follicles in lymph nodes may be
derived from the clonal expansion of a few pre¬
cursor B cells (Travella and Morris 1980). Thus
germinal centre and secondary follicle formation is
not static but represents B cell clonal expansions
and contractions.

Mucosal lymphoid tissue
Mucosal lymphoid tissue (MLN) comprises local¬
ized accumulations of lymphoid cells. These are

Table 3.2. Lymphocyte populations in lymphoid compartments
of the sheep

Afferent Efferent Peripheral
Cell population lymph lymph blood

CDlb (DC) 5-10% <1% 1-2%
CD4 +ve T cells 49-57% 30-40% 25-40%
CD8 +ve T cells 13-15% 14-18% 12-16%
T19+ve T cells 10-15% £001CO 10-20%
B cells 0s001co 15-25% 40-50%

well developed in gastrointestinal and respiratory
tract, which includes organized structures such as
the tonsils and Peyer's patches, as well as isolated
follicles of lymphoid tissue in the large intestine.
The overall organization of lymphoid cells within
the MLN is similar to that for lymphoid tissue
generally. In the gut the epithelium covering either
the tonsil or the Peyer's patch contains specialized
cells known as M cells, which express major histo¬
compatibility complex (MHC) molecules involved
in antigen processing (Owen 1977; Wolf et al.
1981). M cells are believed to be essential to the
uptake and presentation of antigen to T lympho¬
cytes, which lie closely apposed to the M cells
(Fig. 3.2). Both T and B cell areas are readily ident¬
ified within the Peyer's patch, with the T cell area
underlying the epithelial cells. In general B lym¬
phocytes are the predominant population (70%) in
the Peyer's patch. High endothelial venule struc¬
tures are present within the T-dependent area.
Peyer's patches within the gut do not have afferent
lymphatics draining into them and they receive
most of their lymphocyte input from the blood
via the HEV. Development of secondary follicles,
germinal centres and antibody-containing plasma
cells after antigen stimulation is not a major feature
of the Peyer's patch. Studies by Pierce and Cray
(1981, 1982) have shown that the Peyer's patch
cells contain the B cell precursors for antibody-
secreting plasma cells, which, after activation in
the Peyer's patch or draining mesenteric node,
migrate to the lamina propria of the gut via the
thoracic duct lymph and blood. Activated B cells
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1 Adherence

2 Pinocytosis
by M cell

3 Vesicular
transport

4 Release into
extracellular
space

5 Uptake by
lymphocytes

(b) 6 Lymphocyte migration

Fig. 3.2. Antigen uptake by the intestinal epithelium of Peyer's patches, (a) Transmission electron micrograph of the mouse Peyer's
patch showing antigen (horse-radish peroxidase) uptake by M cells (M) and their interaction with follicular lymphocytes (L).
(b) Schematic representation of the role of M cells in antigen-specific activation of Peyer's patch lymphocytes. From Owen (1977).

home rapidly to the lamina propria of the small
intestine, where the presence of antigen drives
further clonal expansion and generation of anti¬
body-containing cells. Studies on the homing of
lymphoid blast cells from the efferent lymph of
gut-associated lymphoid tissue (Hopkins and Hall
1976) have established that these cells localize in
the lamina propria. Blast cells derived from PLN
avoid the gut and home to the PLN and the spleen
(Hall et al. 1977). This specific recirculation path¬
way through the gut and other mucosal tissues
seems to play a crucial role in the maintenance of
the common mucosal immune system (Scicchitano
et al. 1988).

In addition to the Peyer's patches and the lam¬
ina propria, the gut also contains a large number
of T cells associated with the mucosal epithelium.
These cells are located between the epithelial cells
of the intestinal tract and are chiefly of the yS T cell
subset. There are striking differences between
these and peripheral y6 T cells in that intraepi¬
thelial T cells express a very restricted V gene

segment usage, with a preferential association of
y& chains and a lack of diversity at gene segment
junctions. This generates populations of cells with
almost invariant T cell receptors (TCR). Similarly
invariant y6 T cells are also present at other mu¬
cosal sites, such as the female urinogenital tract and
the bronchial tree. The significance of these popu¬
lations is, as yet, unclear. They may be involved
in responses to evolutionarily conserved bacterial
heat-shock proteins and stress-induced autoanti-
gens (Allison and Havran 1991), but their localiz¬
ation at epithelial sites seems to be independent of
antigen.

Skin

Although the skin does not constitute a lymphoid
organ, it is none the less an important issue in¬
volved in the migration and homing of lymphoid
cells. Langerhans' cells are located in the epidermis
and dermis. These bone marrow-derived cell ex¬

press CD1 molecules and high levels of Class II
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MHC and are involved in the uptake and pro¬
cessing of antigen from the skin (Bujdoso et al.
1989a). Lymphocyte subsets which leave the intra¬
vascular compartment within the skin migrate
together with afferent lymph DC to the peripheral
node. Dendritic cells are believed to be derived
from the Langerhans' cells. Phenotypic charac¬
terization of afferent lymph DC for Fc receptor
(FcR), CD1 and Class II MHC reveals that the
DC show marked variation in their expression
of DC markers. In sheep afferent lymph four
phenotypically distinct DC 'subsets' can be rec¬
ognized by two-colour flow cytometry (Harkiss
et al. 1990). There are DC which are FcR+ve,
CD1 +ve; FcR +ve, CD1 —ve; FcR —ve, CD1 +ve;
and FcR—ve, CD1 —ve. These either represent
functionally distinct DC subsets or are DC subsets
in different stages of activation and differentiation.
In common with other epithelial surfaces, the T cell
populations within the skin consist predominantly
of those which express the yb TCR. These cells also
have a highly restricted TCR V gene usage but use
different V gene segments from those in the gut
and bronchus. The anatomical association between

Langerhans' cells and yb T cells may be significant
given that the CD1 molecule is one of the restriction
elements for the yb TCR (Calabi et al. 1991).

Lymphocytes and high endothelial venules
It is now clear that the different patterns of lympho¬
cyte traffic in vivo are critically dependent on cell¬
ed! and cell—matrix receptor—ligand interactions
occurring between recirculating lymphocytes and
endothelial cells or recirculating lymphocytes and
the extracellular matrix (for reviews, see Stoolman
1989; Osborn 1990; Dustin and Springer 1991).

Characteristics of the endothelial cells
of the high endothelial venules
The endothelial cells which comprise the HEV have
a number of distinct characteristics. High endo¬
thelial cells (HEC) are metabolically active, have a
prominent Golgi apparatus, have mitochondria
and stain positively for a number of intracellular
enzymes, such as non-specific esterases, acid-
phosphatases and ^-glucuronidase (Anderson et al.
1976). An important metabolic activity of HEC
(which is a specific marker for HEC) is that they
synthesize sulphated proteoglycan molecules

(Andrews et al. 1982). High endothelial cells can
incorporate 35S sulphate in in vitro cultures of
lymph node slices. High endothelial venule struc¬
tures are predominant in lymphoid tissues of most
species, although their characteristic morpho¬
logical appearance is not a reliable marker in all
species. In the sheep, where the lymphocyte recir¬
culation patterns are identical to those in rodents
and man, there are no HEV-like structures in
lymphoid tissue. However, in sheep, endothelia
within lymph nodes which express Class II MHC
are more cuboidal in shape than endothelia which
are Class II MHC — ve. Class II MHC expression
by endothelial cells may be a novel way to ident¬
ify HEV-like structures involved in lymphocyte
recirculation in this species.

The development of the HEV is influenced by
T cells. High endothelial venules do not occur in
athymic nude rats and deafferentized lymph nodes
lose their HEV (Fossum et al. 1980; Hendriks et al.
1987). High endothelial venules can be induced
in extranodal endothelium by mediators released
from antigen- or mitogen-activated lymphocytes.
Interleukin 1 (IL-1) interferon-y and tumour necro¬
sis factor a (TNF-a) promote lymphocyte migration
from the blood into the peripheral tissues by up-
regulating the expression of various cellular ad¬
hesion molecules by the HEC (Cavender et al.
1987) and by stimulating usually flat endothelia to
become HEV-like. The role of cytokines such as
TNF-a in inducing HEV may explain why inflamed
synovial tissue in rheumatoid arthritis contains
HEV, which influences the migration and homing
of lymphocytes and their subsets into the rheuma¬
toid lesion (Pitzalis et al. 1988).

Lymphocyte—high endothelial venule
interactions

Scanning electron micrograph (EM) studies of
lymph node sections established that lymphocyte
migration from blood into lymphoid tissue oc¬
curred by extravasation of lymphocytes between
the endothelial cells of the HEV (Schoefl 1972)
(Fig. 3.3). The initial event involves a receptor—
ligand interaction between the recirculating
lymphocyte with its homing receptor and the cor¬
responding endothelial cell ligand. The first indi¬
cation that such a receptor—ligand interaction was
involved in lymphocyte adhesion to HEV came
from the elegant in vitro studies of Stamper and
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la) (b)

Fig. 3.3. Role of HEC in lymphocyte recirculation, (a) Localization of radiolabelled lymphocytes in the post-capillary venules of a
lymph node removed 15 minutes after IV injection. From Ford (1975), by permission of S. Karger AG, Basel, (b) Transmission electron
micrograph showing lymphocytes (L) migrating between the HEC (E) of the post-capillary venules. From Schoefl (1972), by copyright
permission of the Rockefeller University Press.

Woodruff (1976, 1977). They showed that if viable
lymphocytes were overlaid on to frozen sections of
rat lymph nodes the lymphocytes adhered to the
rut surface of the HEV. Non-recirculating cells
[e.g. thymocytes, bone marrow cells) do not adhere
ffld adherence is blocked by soluble factors iso¬
lated from thoracic duct lymph. Adhesion is de¬
pendent on viable lymphocytes, is Mg2+ but not
Za2+ dependent and can be inhibited by sodium
izide, cytochalasin B or trypsin treatment of the
ymphocytes (see review Woodruff et al. 1987). It
vas concluded that intracellular microfilaments

play an important role in the adhesion and that
finding was mediated by cell surface molecules
vhich were integral membrane proteins. This
lovel approach to the analysis of lymphocyte—
:ndothelial cell interaction has now permitted the
nolecular basis of lymphocyte—HEV interaction to
>e analysed in detail (Gallatin et al. 1983; Jalkanen
•t al. 1987; Hemler et al. 1990).

In the mouse there is significant heterogeneity
n the binding of lymphoma cells to HEV from
Efferent tissues. Certain lymphoma cells bind only
o peripheral lymph node HEV (HEV-PLN) or HEV
)f PeyePs patches (HEV-PP). Other lymphoma cell
ines either fail to bind or do not discriminate
>etween the two HEV structures. With non-

nalignant cells, lymphoblasts from mesenteric

nodes have a higher propensity to bind to HEV-
PP than to HEV-PLN. B cells show a preferential
binding to HEV-PP than to HEV-PLN reflecting
the fact that the Peyer's patch contains a high
proportion of B lymphocytes. These differences in
lymphocyte—HEV interaction substantiated in¬
triguing findings from lymphocyte recirculation
studies in sheep, which first showed that lympho¬
cyte migration patterns were non-random. Efferent
lymphocytes from PLN or mesenteric lymph nodes
(i.e. MLN) or draining a granuloma in the skin
preferentially recirculate through the tissues from
which they were first removed (Scollay et al. 1976;
Cahill et al. 1977). Thus lymphocytes from PLN
have a tendency to recirculate through the PLN
compared with either the mesenteric nodes or
skin. Mesenteric efferent T cells and skin T cells

similarly show a preference for homing to mesen¬
teric nodes or skin respectively (Issekutz et al.
1982).

Lymphocyte homing receptors

Monoclonal antibodies to the homing receptors on
both mouse and human lymphocytes have been
defined by their ability to block lymphocyte—HEV
binding in the Stamper—Woodruff assay. Three
unrelated molecular families have been identified
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on lymphocytes which influence their association
with endothelia: the selectins, the CD44 family
and the integrins (Table 3.3).

The selectins or LEC-CAM (lectin/epidermal
growth factor/complement—lymphocyte adhesion
molecules) are represented in man by the molecule
recognized by the monoclonal antibody Leu-8 and
in the mouse by Mel-14 and Lyt-22 (see reviews
Berg et al. 1989; Stoolman 1989). Although these
molecules are expressed on most lymphocytes and
on granulocytes, anti-selectin monoclonal anti¬
bodies specifically inhibit lymphocyte binding to
HEV-PLN and not to MLN. Furthermore, the at¬
tachment of monoclonal antibodies to lympho¬
cytes inhibits their localization in vivo. These
molecules are highly glycosylated transmembrane
polypeptides, with apparent molecular weight
of 85000—95000. The extracellular part of the
molecule exists as three distinct domains. The
N-terminal domain shows a high degree of hom¬
ology with the Ca2+-dependent C-type lectins,
which have sugar-binding specificities, including
oligosaccharides with terminal galactose and
mannose (Lasky et al. 1989; Springer and Lasky
1991). The next domain, which immediately fol¬
lows the completion of the lectin motif, shows a
high degree of homology to the epidermal growth
factor (EGF) family, which is found in a large

number of cell-signalling molecules, including
growth factors. Finally, the membrane-proximal
domain in the extracellular region is structurally
related to many of the complement-binding mol¬
ecules, including CR1 (the receptor for C3d and
Epstein—Barr virus) and the IL-2 receptor. The
monoclonal antibodies Mel-14 and Lyt-22 both
inhibit lymphocyte—endothelial interaction but
they bind to different domains. The Mel-14 epi¬
tope is present in the lectin domain and its binding
is inhibited by both mannose-6-phosphate and
mannose-rich mannans, whereas the Lyt-22 epi¬
tope is in the EGF domain. This illustrates that
both these domains are involved in the cellular
interaction.

CD44 (hermes) molecules have been found in a
number of species, including the mouse, man and
sheep, and have been implicated in the association
of lymphocytes with the FIEV of MLN. Like the
Mel-14 moiecule, CD44 is a transmembrane gly¬
coprotein with a molecular weight of 85 000—90 000
(Jalkanen et al. 1987). Because of this and the fact
that the two molecules show some immunological
cross-reactivity, it was originally thought that
Mel-14 and the CD44 (hermes) molecules were
homologues. More recently the genes for these
two molecules have been cloned, and sequence
comparison has shown that they are unrelated.

Table 3.3. Lymphocyte molecules which mediate endothelial adhesion

Size Species Antibody inhibition Ligand

Selectins
Mel-14

Lyt-22
Leu-8

80-95 kD Mouse

M^use
Hurr.. in

PLN

PLN

PLN

MECA79

MECA79

?

CD44
GP90 hermes

PgP 1
20.%

Integrins
Px Integrins

VLA-4

LPAM-1

P2 Integrins
LFA-1
CR3 (iC3bR)
GP150—95 (CR4)

85-90 kD

130-160 kD

95-150/180 kD

Human

Mouse

Sheep

Human

Mouse

Many

MLN

MLN
?

MLN

MLN

Not organ- or
cell-specific

MECA367

MECA367
?

VCAM-1 and

cellular matrix

proteins

ICAM-1/2

C3bi

MLN = mesenteric lymph nodes; PLN = peripheral lymph nodes.
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CD44 does not possess the same structural domains
as the selectins but does contain a domain at its
N terminus with strong sequence similarity to
cartilage link proteins and proteoglycans. These
motifs seem to have high affinity for anionic carbo¬
hydrates (Goldstein et al. 1989; Stamenkovic et al.
1989) specifically hyaluronate (Aruffo et al. 1990).
In the mouse, CD44 has been shown to be ex¬

pressed on lymphocytes only after their exposure
to antigen (Cerottini and MacDonald 1989). This
may account in part for the fact that non-random
recirculation is a function of memory cells and
later maturational forms. Very recently, different
isoforms of human CD44 have been identified and
characterized (Dougherty et al. 1991). These mol¬
ecules show differential expression in haemo-
poietic cells but their possible differential function
has yet to be determined.

The third molecular family which has been im¬
plicated in organ-specific lymphocyte assortment
are the molecules of the Pj integrin family, es¬
pecially VLA-4 (very late activation) in man and
its murine homologue, LPAM-1. Monoclonal anti¬
bodies to these structures inhibit MLN and not

PLN binding but, like the other two molecular
families, they are expressed on most normal lym¬
phocytes (Hemler et al. 1990). The integrins are a
large family of receptor molecules, which exist as
transmembrane heterodimers (Hynes 1987; Hogg
1989). One of a large number of different a chains
(mol. wt 150000—180000) associates with one of
three p chains (mol. wt 90000—130000). Lympho¬
cyte function-associated antigen 1 (LFA-1) is also
involved in cellular adhesion in a non-organ-
specific manner. The association of LFA-1 and its
ligand, intercellular adhesion molecule 1 (ICAM-1),
is not the initial docking event but seems to act
as essential accessory adhesion to strengthen the
primary receptor-ligand interaction and as a
transmembrane signalling event which promotes
extravasation.

Endothelial ligand molecules
\s with the lymphocyte homing receptors, there
also seems to be three families of molecules associ¬
ated with endothelia which are involved in lym¬
phocyte extravasation: the addressins, molecules
af the immunoglobulin (Ig) supergene family and
cell matrix proteins.

The addressins were initially identified by

monoclonal antibodies which bound specifically
to either PLN or MLN HEV (Streeter et al. 1988a, b).
The monoclonal antibody MECA79 recognizes
structures on the HEV of PLN and blocks the

binding of lymphocytes to PLN in the Stamper-
Woodruff assay while the monoclonal antibodies
MECA89 and MECA368 are specific for, and in¬
hibit binding to, PLN. The peripheral addressin
(MECA79) is a single-chain glycoprotein with a
molecular weight of 92000 and appears to be the
ligand for the selectin lymphocyte receptor. The
interaction between these two molecules is in¬
hibited by mannose-6-phosphate, suggesting that
the association of the N-terminal lectin domain
on the selectin and the carbohydrate side-chains
of the addressin is an important component
of binding (Yednock et al. 1987). The mucosal
addressin (MECA367) is a single-chain, apparently
non-glycosylated polypeptide, with a molecular
weight of 58000—66000, which seems to be the
endothelial ligand for lymphocytic CD44 (Berg
et al. 1989). Artificial planar membranes which
contain affinity-purified mucosal addressin specifi¬
cally bind mucosal HEV-binding lymphomas. The
binding is inhibited by the monoclonal antibodies
MECA367 and anti-CD44. Furthermore, this inter¬
action is tissue-selective in that neither PLN-

specific nor non-binding lymphomas adhere to
the isolated mucosal addressin. These two mol¬
ecules have been shown to bind to each other in
standard receptor—ligand interactions which can
be blocked by the specific monoclonal antibodies.

Endothelial-associated vascular adhesion mol¬
ecule 1 (VCAM-1) and ICAM-1/2 are receptors for
the integrins, VLA-4 and LFA-1 respectively (see
review Larson and Springer 1990). These ligand
molecules are highly glycosylated single-chain
polypeptides which are expressed on vascular
endothelium after activation by the cytokines,
IL-1 and TNF-a (Osborn 1990). The association of
VLA-4 and VCAM-1 plays a role in the interaction
between lymphocytes and the HEV from MLN but
not PLN. Antibodies to either of these molecules
block this interaction (Hemler et al. 1990).

The third family of ligand molecules are the
cell matrix proteins, chiefly fibronectin, vitronectin
and laminin. These are also specific adhesion struc¬
tures for the integrin VLA-4 but do not seem to be
organ-specific (Elices et al. 1990). The adhesion
site on these molecules is present in the heparin
II binding region (FN40) and seems to be
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associated with a typical RGDS adhesiotope se¬
quence (Humphries et al. 1987). Peptides from this
region can completely inhibit VLA-4/matrix pro¬
tein interaction. The VLA-4/VCAM-1 binding and
the VLA-4/cell matrix binding are readily dis¬
tinguishable; only the former is inhibited by anti-
VLA-4 monoclonal antibodies and only the latter
is inhibited by the FN40 peptide.

Migration and localization of
accessory cells
The traffic of accessory cells represents an import¬
ant mechanism of antigen transport to organized
lymphoid tissue. Within organized lymphoid tis¬
sue the partition between accessory cells within
the paracortical region (IRC) which present antigen
to T cells (T antigen presenting cells or T-APC)
and the FDC within the primary and secondary
follicles in the B cell area (B antigen-presenting
cells or B-APC) represents the in vivo partition of
two separate lineages of accessory cells within
lymphoid tissue.

Antigen-presenting cells

Langerhans' cells are believed to migrate from the
epidermis via afferent lymphatic vessels in the
form of veiled cells and enter lymph nodes to
become the T-APC within the paracortical regions.
The functional significance of this migration is the
carriage of antigen from the skin to the paracortical
areas of the lymph node for presentation to T cells.
To function as antigen 'processors', DC must pos¬
sess a mechanism that permits capture of antigen.
They also constitutively express the necessary mol¬
ecules to promote clustering between antigen-
specific T cells (Bujdoso et al. 1990; Steinman 1991).
Dendritic cells are uniquely able both to capture
antigen and to cluster with antigen-specific T cells.

Studies on afferent lymph DC in the sheep have
clearly shown that these cells are capable of trans¬
porting antigen in an immunogenic form from a
site of intradermal injection of antigen (Bujdoso
et al. 1989a; King and Katz 1990). Dendritic cells
have high-avidity FcR for IgM and IgG, which
serve to localize antigen following intradermal
challenge (Harkiss et al. 1990). Dendritic cells in
afferent lymph in sheep carry both IgM and IgG-1
as identified by monoclonal antibodies. This may
reflect natural antibody synthesized by a B cell

subset analogous to the CD5 +ve B cells, which are
known to produce polyreactive antibodies of the
IgM class. Such natural antibodies could well func¬
tion as passively acquired receptor for antigen on
afferent DC. By utilizing antigen—antibody com¬
plexes, DC in vivo may efficiently concentrate and
process small amounts of antigen. This may be of
particular importance during a primary response
to soluble antigen, for which DC appear to be the
principal APC.

A further feature of DC is alteration in levels of

expression of presentational molecules (e.g. CD1,
Class II MHC) as a consequence of induction of
the immune responses (Hopkins et al. 1989). Affer¬
ent lymph DC express CD1 molecules, and their
concentration is up-regulated as a consequence of
primary antigen stimulation in the drainage area
of an afferent lymphatic. In addition, afferent
lymph DC have a high level of expression of Class
II MHC molecules (approximately 3 X 105 Class II
MHC molecules per cell). This is three- to five-fold
higher than Class II MHC expression on afferent
lymphocytes. Following secondary challenge in
the drainage area, DC show a marked increase in
the level of expression of Class II MHC. This
coincides with their enhanced capacity to drive
the proliferative T cell response of antigen-specific
T cell lines. Afferent lymph DC have also been
shown to express cell surface molecules involved
in signal transduction and adhesion of T cells,
including CD2, CD4 and LFA-3. Afferent lymph
DC have a low level of CD4 expression and its
function on DC may be to bind Qass II MHC
molecules expressed by activated T cells during
antigen recognition.

Dendritic cells have a high turnover time in
lymph nodes. Although there are a large number
of afferent lymph DC migrating into a lymph node
per day, efferent lymph draining cannulized lymph
nodes contain no DC defined by the relevant
markers. Thus, although there is a relatively high
input of DC into the lymph nodes, they do not re-
emerge along with lymphocytes in the efferent
lymph. Deafferentized lymph nodes rapidly lose
their T-APC. The mechanisms whereby T-APC
turn over within lymph nodes is not known. It has
been suggested that a form of T-cell-mediated
cytotoxic action on antigen-carrying cells within
the paracortical region is one mechanism for eradi¬
cating antigen-carrying DC, thereby 'switching
off' immune responses by eradicating antigen-
laden cells (Adorini et al. 1990).
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Follicular dendritic cells are a quite distinct
population and, by contrast, are long-lived cells.
Studies in the mouse using radiation chimeras
have shown FDC to be an extremely long-lived
population which is derived from precursor cells
within the bone marrow (Humphrey and Grennan
1982). These cells are important in the development
of B cell memory and act as accessory cells for the
localization of immune complexes in the develop¬
ment of B cell memory (Klaus et al. 1980).

Lymphocyte cell traffic to and from
lymph nodes

Unstimulated lymph nodes
T lymphocytes which leave the intravascular com¬
partment in the skin also migrate via the afferent
lymphatics to the draining lymph node. Studies in
sheep have shown that this T cell pool is predomi¬
nantly a memory T cell pool, as defined by their
level of expression of memory T cell markers such
as LFA-3 and CD2 (Mackay et al. 1990). Afferent
lymph T cells do not contain either CD4+ve or
CD8 +ve lymphocytes which express the naive
(i.e. virgin) phenotype. In sheep there is a third
population of T cells which are CD4 — ve, CD8 — ve,
and these are defined by a monoclonal antibody
known as T19 (Mackay et al. 1988). T19 +ve cells
represent the majority of the y6 T cell population
in sheep, which constitutes 10-15% of the T cells
in afferent lymph (Table 3.2).

Efferent lymph T cells are derived from T cells
which have entered the node from either the blood
ar the afferent lymph or have been generated by
r cell clonal expansion within the node. Appli-
:ation of cell marker studies to T cell subsets have
shown that efferent lymph is predominantly en¬
riched for T4 rather than T8, implying that there
s preferential recirculation of the CD4 cells into
ymph node tissue (Mackay et al. 1988; Bujdoso
;f al. 1989b). Although T19 cells also reach the
ymph node in the afferent lymph, the levels of
IT19+ve cells in efferent lymph are low (<8%).
rhe tissue distribution of the T19 cells within
lodes is different from that of CD4 and CD8,
suggesting that the intranodal traffic routes and
ate of T19 cells may be different from that of T4
ind T8 cells. Efferent lymph is characterized by a
ligher percentage of CD4+ve cells and conse-
juently a higher ratio of CD4: CD8 than is seen in
peripheral blood.

Antigen-stimulated lymph nodes
Studies on the flow of lymphocytes through
antigen-stimulated lymphoid tissue have revealed
very dramatic changes in the kinetics of output
from an antigen-stimulated lymph node. Primary
challenge of a lymph node (in antigen-naive ani¬
mals) results in only small changes in lymph flow
and cell outputs. Antigenic challenge in primed
animals (secondary responses) results in a massive
recruitment of cells into antigen-simulated lymph¬
oid tissue which is not antigen-specific. Many of
the kinetic changes in lymphocyte traffic through
antigen-stimulated lymph nodes result from
changes in the blood supply to the node due to
increase in both vascular permeability and lym¬
phocyte input (Cahill et al. 1976; Hay and Hobbs
1977). This increase in vascularity is not caused by
general vasodilation of the nodal capillary beds
but is a product of the enlargement of the PCV
and the opening of direct arteriovenous shunts
(Anderson et al. 1975; Herman 1980). The large
accumulation of cells over the first 24 hours is
caused not only by this increase in lymphocyte
input but also by the almost total shut-down in
the outflow of cells into the efferent lymph. This
cell shut-down response occurs with bacterial,
viral and soluble protein antigens as well as skin
and renal allografts. It is caused by prostaglandin
E2 synthesis within the node, stimulated by either
classical pathway or alternative pathway activation
of complement (Hopkins et al. 1981a; McConnell
and Hopkins 1981). Although there is a loss of
immunological reactivity of the efferent lympho¬
cytes to the challenge antigen for the first 3 days of
the immune response, due to sequestration of
specific cells by antigen within the node, there is
also a depression of responsiveness during the cell
shut-down period which has a non-antigen-
specific component. This is caused by the presence
of immunosuppressive quantities of prostaglandin
E2 in the node and efferent lymph (Hopkins et al.
1981b).

The actual mechanism and physiological signifi¬
cance of cell shut-down are not known, although
the vasoconstrictor activity of prostaglandin E2
may cause narrowing of the lymphatic sinuses
within the node. Alternatively, there could be
some inhibition of the interaction between lym¬
phocytes and lymphoreticular cells, which plays a
role in the segregation of lymphocyte subpopu-
lations within lymphoid tissue.
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The cell shut-down is followed by a biphasic in¬
crease in cell output. The first peak occurs at about
48 hours and seems to be a result of the output of
cells accumulating within the node during cell
shut-dowm. The second peak occurs at 4—6 days af¬
ter challenge and is caused both by an increased in¬
put of cells from the blood and by antigen-driven
lymphopoiesis within the node. These alterations
in cell kinetics are also accompanied by changes
in cell phenotype. Following antigen stimulation
of a cannulized peripheral lymph node in antigen-
primed sheep, the percentage of CD4 and CD8
cells in efferent lymph increases above the resting
level. There is a sequential exit of T cell subsets
from an antigen-stimulated lymph node with a
wave of CD4 +ve cells preceding a similar wave of
CD8 +ve cells. This is most marked within the first
7 days after secondary challenge. Quantitation of
the levels of cytokines in efferent lymph also indi¬
cates that the appearance of IL-2-like activity and
the appearance of IL-2-responsive cells in efferent
lymph are temporally distinct events which cor¬
relate with the alterations in phenotype (Bujdoso
et al. 1989b).

Although the traffic of lymphocytes across the
HEV is not antigen-specific, antigen can enhance
the entry of antigen-specific cells into the node.
Repeated antigen challenge of a cannulized lymph
node with subsequent drainage of the effer¬
ent lymph cells results in a systemic depletion of
antigen-specific reactivity (McConnell et al. 1974;
Hopkins et al. 1981c). The hypothesis that this
could be mediated by antigen presented by the
endothelial cells of the PCV is supported by data
showing that such cells can be induced to express
Class II MHC by interferon-y (Collins et al. 1983;
Bevilarqna et al. 1989) and can then present antigen
in vivo. The presence of antigen presented at the
lumenal surface of the endothelium could be a

mechanism for enhancing the non-specific mi¬
gration mediated by the adhesion molecules by
promoting antigen-specific trapping of lympho¬
cytes within responding lymph nodes and at sites
of antigen deposition within tissues.

The ability of lymphocytes to show non-random
recirculation seems to be a function of their matu¬
ration. The more mature the cell, the greater the
degree of organ specificity. Antigen-naive, fetal
lymphocytes do not discriminate between the dif¬
ferent lymphoid organs (Cahill et al. 1979), whereas
memory B and T cells recirculate preferentially
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through their tissue of origin (Scollay et al. 1976;
Cahill et al. 1977; Pierce and Cray 1981). Finally,
terminally differentiated blast cells, although non-
recirculating, are almost exclusively tissue-specific
in their pattern of localization (Hopkins and Hall
1976; Pierce and Cray 1982). An additional factor
which influences lymphocyte recirculation patterns
is lymphocyte phenotype. Although all three major
lymphocyte populations show organ specificity,
CD4+ve T cells seem to have a greater predis¬
position to extravasate into tissues and lymph
nodes. The proportion of CD4+ve cells in both
peripheral and central lymph is 50—100% greater
than in blood (Table 3.2) (Mackay et al. 1988;
Bujdoso et al. 1989b). This is in contrast to B cells,
of which lymph contains approximately half the
quantity in blood, and CD8 +ve cells, which show
an equivalent proportion in both compartments.
These experiments were done in sheep; equivalent
experiments have not yet been attempted in other
species.

There are a number of clinical problems in both
man and animals where recirculation of lympho¬
cytes in directly relevant to disease. This applies
especially in cases of leukaemias and lymphomata,
where the malignant cells may retain the migratory
characteristics of their non-malignant precursors.
The pathological changes can therefore be inter¬
preted in terms of the normal traffic patterns of
lymphocytes at particular stages of differentiation.
B cell neoplasia is one example where the patho¬
logy reflects the stage of differentiation of the ma¬
lignant B cell. Chronic lymphocytic leukaemia is a
monoclonal proliferation of cells with a recircu¬
lating phenotype. These cells are found in greatest
numbers in peripheral blood, spleen and bone
marrow. The involvement of lymph nodes and
lymph fluid in the disease depends on the matu-
rational stage of the malignant cells. Cells orig¬
inating from immature precursors would have a
non-recirculating phenotype and would not enter
lymph nodes. In contrast, follicular lymphoma is a
malignancy of mature B cells, which have the
capacity to localize in the B cell areas of lymph
nodes. This disease is characterized by nodules of
malignant monoclonal B cells within otherwise
normal polyclonal populations of B cells (Warnke
and Levy 1978).

The case is similar with T cell tumours. T-ALL,
which originate from immature cortical thymo¬
cytes (McMichael et al. 1979), have a recirculating
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phenotype and are present in the blood, spleen
and lymph nodes. In the early stages of the disease
only T-cell-dependent parts of the lymphoid tis¬
sues are involved (Vanhagan 1979). In Sezary syn¬
drome the neoplastic T cells have the capacity to
recirculate through the skin. These cells seem to
represent a more mature or distinct T cell subset
than those cells involved in T-ALL. A similar
involvement of T cells with the capacity to migrate
into skin is also seen in mycosis fungoides. Prob¬
ably the best example of non-neoplastic disease
which is mediated by abnormalities in the inter¬
action between leucocytes and endothelia is con¬
genital leucocyte adhesion deficiency (LAD). This
is caused by a deficiency in the (32 integrin subunit
(Anderson and Springer 1987). This disease is
manifested by leucocytes being unable to interact
with and extravasate across endothelium, resulting
in recurrent infections.

The recirculation of lymphocytes is an essential
part of the functioning immune system. It opti¬
mizes the interaction between the different cell

populations of the immune system, permitting the
efficient production and regulation of the immune
response, and disseminating the products of the
immune response to the sites of infection and
to distant lymphoid tissues, producing systemic
memory. It also reinforces the local immune sys¬
tems, most notably at mucosal sites, where re¬
sponses are qualitatively very different from
responses in somatic tissues. In consequence, these
qualitative differences between immune responses
have important clinical implications, particularly
those concerning routes of vaccination and lymph¬
oid malignancies. Interactions between lympho¬
cytes and the lumenal surface of HEC play a central
role in the control of lymphocyte recirculation.
These interactions are mediated by lymphocyte
receptor molecules associating with acceptor mol¬
ecules on the HEC. In addition to these systemic,
non-specific mechanisms are the effects of anti¬
genic challenge and of inflammation, which
promote highly localized effects, enhancing lym¬
phocyte migration through affected tissues.
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INTRODUCTION

Acquired immune responses are dynamic processes dependent
upon the co-ordinated interaction of antigen-trapping access¬
ory cells and lymphocytes of the immune system in specialized
secondary lymphoid tissues that include lymph nodes, Peyer's
patches and spleen. The function of the immune system is to
clear infections or neoplastic changes locally wherever they
appear while avoiding autoimmune responses and non-specific
damage of unaffected tissues. Mature lymphocytes with a
broad range of potential antigen specificities that are not
autoimmune are generated in the primary lymphoid tissues.
Many, if not all, of these circulate between the blood and the
tissues by way of the lymph nodes. The majority of small
lymphocytes recirculate between the blood and secondary
lymphoid tissue either directly through post-capillary venules
or indirectly via tissues such as the skin and the gut mucosa.1-5
Blood CD4+ and CD8+ T cells recirculate efficiently, whereas
a subset of B cells and y§ T cells do not.6-8 T and B cells
(particularly CD4+ T cells) from peripheral lymph nodes and
from gut-associated lymphoid tissue tend to recirculate to the
tissue of origin,3"5,9 although this tissue-specific recirculation
is by no means absolute. Recirculating lymphocytes can,
therefore, monitor tissues for the presence of foreign antigens
and enhance the recruitment of antigen-specific cells to the
local lymph node. This tissue-specific immune surveillance by
lymphocytes is facilitated by a network of lymph nodes
distributed strategically around the body and connected by a
system of lymphatic vessels.

The purpose of this article is to review recent advances in
our understanding of the dynamics of local immune cell and
cytokine responses in the two strikingly different compartments
of afferent and efferent lymph that, respectively, enter and exit
peripheral lymph nodes. The emphasis will be on studies in
afferent and efferent lymph entering and exiting skin-draining
lymph nodes in ruminants where lymphatic cannulation is
relatively easy to perform.

AFFERENT AND EFFERENT LYMPH
COMPARTMENTS

Afferent lymphatics are blind-ended vessels that arise in and
permeate the tissues and selectively convey lymphocytes and
antigen-presenting accessory cells into the subcapsular and
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medullary sinuses of lymph nodes. Efferent lymphatics (usually
only one or two for each node) carry lymphocytes and lymph
plasma out of lymph nodes ultimately into- the major efferent
ducts and then back to the blood. Efferent lymph from regional
lymph nodes may pass through one or more lymph nodes
downstream before reaching a major efferent duct. Under
physiological conditions, there are profound differences
between afferent and efferent lymph flow rates, cell content
and activation status of the cells (Fig. 1, Table 1)

Afferent lymph

Analysis of afferent lymph gives an accurate picture of immune
and inflammatory responses in the tissues as they occur.
Afferent lymph contains antigen-presenting dendritic cells
(ALDC), T cells (principally CD4+ T cells) and a small
proportion of B cells, all migrating with a low cell output
from the tissues into the local lymph node3'5'10"12 (Fig. 1,
Table 1). This is consistent with continuous immune surveil¬
lance, involving dendritic cells and CD4+ T cells in particular,
but with a lesser involvement of B cells. y8 receptor"1" T cells
(y8 T cells) are prevalent in the blood of ruminants11,12 and
are the most abundant lymphocytes in normal ruminant skin
(Table 1). However, they comprise a small population in
afferent lymph compared to ap T cells (Table 1) which suggests
that they reside in the tissues longer than ot(3 T and B cells,
and raises the possibility that a proportion of them may die
there unless stimulated. This would be consistent with their
envisaged role as surveillance cells for epithelial surfaces, with
a lesser tendency to recirculate than a|J T cells.12

Afferent lymph T cells exhibit an activated phenotype
compared to efferent lymph cells, with a higher proportion of
T cells expressing interleukin (IL)-2Ra (CD25) and major
histocompatibility complex (MHC) class II DQ antigens
(Table 1). CD4+ T cells in 'resting' afferent lymph also express
mRNA for the cytokines IL-2, IL-4, IL-6, IL-10 and
interferon-y (IFN-y) (Fig. 3 and unpublished). This activated
phenotype may be important for the migration of the T cells
through the tissues and into afferent lymph. Afferent lymph
plasma under physiological conditions contains the cytokines
IL-ip, tumour necrosis factor-a (TNF-a), granulocyte-macro¬
phage colony-stimulating factor (GM-CSF) and IL-8,13,14 and
other biological activities generated in the tissue of origin.3,13"15
These cytokines can potentially influence cellular responses
within the lymph node. Afferent lymph is important in
maintaining lymph node integrity and architecture,16 and
the cytokines/mediators and/or the afferent cells that they
support are candidates for this function. These include the
cytokines TNF-a and lymphotoxin (TNF-(3) which are
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Afferent lymph

Resting:
Input 2-5x106 cells/hr.
85% T cells; 5% B cells;
10% dendritic cells.
Low levels of cytokines.

Stimulated:

Input 5-10x106 cells/hr.
Blast-transformed T cells
» B cells.

High levels of cytokines.
Antibody detected.

Skin

Efferent lymph

Resting:
Output 2-5x107 cells/hr.
75% T cells; 25% B cells;
Cytokines undetectable.

Stimulated:

Output 1-5x108 cells/hr.
Blast-transformed T and B cells.
Detectable cytokines.
High levels of antibody.

Vein

Lymph node
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T and B cells, antibody
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Figure 1. Flow rates and cellular composition oflymph around single skin-draining lymph nodes of adult sheep. Afferent lymph
contains antigen-presenting dendritic cells, T cells and a small proportion of B cells. Lymph flow and cell output rates are low.
Efferent lymph contains >98% lymphocytes with a higher proportion of B cells and much higher flow and cell output rates than
in afferent lymph.2-5 Greater than 90% of efferent lymphocytes are derived from the blood via high endothelial venules (HEV).
L-selectin on lymphocytes is associated with adhesion to peripheral lymph node HEV. For the details of the cytokines studied to
date, see Fig. 2 and the text.

associated with the development and maintenance of lymph
nodes and lymphoid architecture.17-19

Efferent lymph

Efferent lymph contains >99% lymphocytes with a high
proportion of CD4+ T cells and B cells compared to CD8 +
and y§ T cells. Lymph flow and cell output is high (Fig. 1,
Table 1). Greater than 90% of lymphocytes in efferent lymph
are derived from the blood via high endothelial venules (HEV)
and less than 4% are generated within the node under normal
physiological conditions.2 Greater than 90% of lymphocytes
enter the lymph node by HEV as compared with < 10%
from afferent lymph,3-5 demonstrating that the predominant
recirculation route in the periphery for small lymphocytes is
from the blood to the lymph nodes. The majority of efferent
lymphocytes differ from afferent lymphocytes in not having
an activated phenotype (Table 1 and Fig. 2). Efferent lymph
plasma drains from within the lymph node, but cytokine levels,
with the exception of GM-CSF, are undetectable or very
low.

Recent studies have shown that peripheral blood B cells in
sheep consist of two subpopulations that differ in their capacity
to recirculate through lymph.6-8 The recirculating subpopul-
ation has the phenotype CD21+, CDllb", L-selectin + and is
detected in afferent and efferent lymph and lymph nodes. The
second subpopulation comprises «30-50% of blood-borne
B cells, has the phenotype CD21-, CDllb + , L-selectin- and
shows enhanced migration to the spleen. The significance of

these phenotypes and their distribution is not known, but the
presence of the two subpopulations may represent different
stages of B cell activation or a division into 'naive' and
'memory' cells as described for T cells.

Kimpton and colleagues have shown that the recirculation
of the different lymphocyte subsets (non-random T and B
distribution) is the same in fetal lambs (which are immuno¬
logically virgin) as in adult animals. This demonstrates that
the pathways of lymphocyte recirculation are imprinted during
fetal life in the absence of antigen and remain stable through
adult life.20

IMMUNE RESPONSES IN AFFERENT AND EFFERENT
LYMPH COMPARTMENTS

During immune responses, profound changes take place in the
cellular composition and activation status of the cells in
afferent and efferent lymph. The gross changes are shown in
Fig. 1, and examples of changes in cytokine production
following antigen challenge are shown in Fig. 2.

Afferent Ivmph

Following antigen challenge or infection of the tissues, there
is an early (and usually transient) inflammatory response
during which neutrophils can be detected in the afferent
lymph.3 In sheep cutaneously challenged with the larvae of
Lucilia cuprina (the cause of blowfly strike), or the parapox-
virus orf virus, rapid increases in afferent lymph plasma levels
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Table 1. The distribution oflymphocyte subsets in the lymph, blood, lymph nodes and skin of sheep

Afferent Efferent

lymph Lymph node lymph Blood Skin

Cell type (%) (range) (%) (range) (%) (range) (%) (range) (cells/mm2)

B cells 15(5-15) 37(20-59) 26 (10-31) 39 (25-50) <10

T cells (CD5+) 80 (75-85) 63 (40 80) 75(70-90) 60 (50-75)
CD4+ 55 (45 60) 43 (22-49) 48 (35 60) 35 (20-40) 22 (4-30)
CD8 + 13 (10-18) 14(12-20) 16 (5-28) 14(12 20) 8 (0-20)
y8 11 (8 15) 4(2-8) 8 (4 12) 6 (3 10) 54 (28-80)

CD45RA + 26 (20-27) 50 (47-59) 48 (40-55) 55 (52 62)
CD4 + 3(1 5) 49 (45 53) 30 (26-39) 35 (32-37)
CD8 + 5 (3-8) 57 (55 59) 60 (55-75) 48 (43 53)
y8 <1 <1 3 (2-4) <1

L-selectin ' 70 (65-75) 55 (51 62) 41 (35-45)
CD4 + 67 (64-72) 35 (26-41) 59(49-66)
CD8 + 75 (69 78) 64 (59-71) 53(45-56)

CD25 + 34 (30-39) 4(3-7) 9(7-10)
CD4 + 36 (34-41) 5 (3-8) 17 (15-19)
CD8 + 19(14-20) <1 <1

y5 21 (18-24) <1 <1

I)R+ T cells

CD4 + 89(82-93) 52 (45 60) 30 (27-33) 57 (48 65)
CD8 + 80 (72 87) 57 (48 62) 38 (34-42) 51 (44 60)
y8 79 (72-84) 62 (54-71) 19 (17-23) 35(26-45)

DQ+ T cells
CD4 + 80 (75 88) 34 (28-40) 7(4-9) 3(1-5)
CD8 + 74 (68 80) 30 (26 35) 13(11 15) 6(1-10)
yS 61 (55-68) 48 (42 54) 6(3-8) <1

The physiological distribution of lymphocyte subsets in the skin, blood, afferent lymph, efferent
lymph and lymph node of young adult sheep (aged 6 months to 3 years). Data from the literature and
the authors' own laboratories (/?> 10). Blank spaces = not determined. CD4+ T cells predominate
proportionately over other lymphocyte subsets in both afferent and efferent lymph, whereas B cells are
enriched in efferent lymph and lymph nodes compared to the skin and afferent lymph. y8 receptor+
T cells (y5 T cells) show a dilferent distribution from the ot(3 T cells. As a proportion of other
lymphocytes they are concentrated in the blood and the tissues compared to within lymph nodes or in
efferent lymph. T cells expressing the activation markers IL-2Ra (CD25) and MHC class-II DR and
DQ are enriched proportionately in afferent lymph compared to efferent lymph and blood.

of the pro-inflammatory cytokines IL-ip, TNF-a, and the
chemokine IL-8 were detected concomitant with the appear¬
ance of neutrophils in the lymph.13'14 Following this phase
there is an increase in the frequency of lymphoblasts, particu¬
larly CD4+ T-cell blasts, and in sheep reinfected with orf virus
these cells are the principal source of the lymphokines IL-2,

"

IFN-y, and GM-CSF (ref. 14 and unpublished; Fig. 2). As
CD4+ T cells are the principal source of regulatory cytokines
in the antigen-specific phase of immune responses, this might

« have the effect of providing the appropriate tissue environment
in which other lymphocytes and inflammatory cells could
operate to clear antigen or infectious agents. In primary
immune responses in afferent lymph, the appearance of
lymphoblasts is delayed compared to anamnestic responses.
Furthermore, antibodies are detected during anamnestic
responses. In spite of all these changes, in most studies afferent
lymph flow rate and cell output did not increase significantly
during either primary or anamnestic immune responses. The
exception to this is in sheep reinfected with orf virus14 or
challenged with orf virus antigen (Fig. 2) where cell output
can triple. Changes in dendritic cells are discussed below.

Efferent lymph

In efferent lymph, three phases in the lymph response to
antigen or infection have been described.2-5 Firstly, there is
often a 'shut down' of lymphocyte output, which lasts for up
to 24 hr. Secondly, there is a subsequent rise in efferent
lymphocyte output ('recruitment phase') associated with
increased blood flow to the node and thought to represent an
increased influx of lymphocytes across FIEV for rapid screening
of antigen on APC within the node. Efferent lymphoblasts
appear after this phase. These are effector T and B cells and
do not recirculate. The lymph node is the principal site of
B-cell blast, plasma cell and antibody production, all of which
are concentrated in efferent as opposed to afferent lymph.
Thirdly there is the resolution phase, the onset of which is
dependent upon the continuing presence of antigen/pathogen
in the tissues and during which lymph flow rate and cellular
composition return to pre-stimulation levels. Shutdown and
recruitment are particularly marked during anamnestic
immune responses and resolution is more rapid than in primary
responses.

Following a first or second encounter with antigen or a

© 1999 Blackwell Science Ltd, Immunology, 96. 155 163



158 D. M. Haig et al.

pathogen, a sequential appearance of CD4T T cells followed
by CD8+ T cells and/or B cells has been described in efferent
lymph.5,9,21,22 This may represent different transit times
through the node where CD4+ T cells are selected most
rapidly.5,22 This could be to expedite their antigen-specific
activation in order to provide cognate help and IL-222 (or
other lymphokines) for CD8+ T- and B-cell activation and
subsequent migration. Lymphoblasts exit the node in the same

phenotypic sequence, and in sheep reinfected with orf virus,
CD4+ and CD8+ T-cell blasts are the source of the lympho¬
kines IL-2, GM-CSF and IFN-y.21 The production of
lymphokines by efferent lymph cells (using a cell to cell
comparison) is low compared to that of afferent lymph cells14,21
(Figs 2 and 3). This is probably because only a small number
of efferent lymph T cells are activated by antigen and cytokines
within the node. These are effector cells subsequently recruited
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Cytokine profile of CD4^ T cells

Efferent Afferent

35 40 35 40*

ATPase

IL-4
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* Cycles of RT-PCR

Figure 3. Constitutive cytokine gene transcription by 'resting' afferent
versus efferent CD4+ T cells. Lymph flow was allowed to settle for
10 days prior to harvesting the cells. 2x 107 CD4+ T cells isolated
from afferent or efferent lymph by magnetic activated cell sorting
(MACS) (>94% purity) were incubated with O-OlmM of a-amatin to
block mRNA translation. RNA from 1 x 107 CD4+ T cells was

purified and subjected to reverse transcription polymerase chain reac¬
tion (RT PCR) using primers for APTasc, ovine IL-4, IL-6, IL-10
and IFN-y. Ten millilitre samples of amplified DNA were slot-blotted
onto Hybond-N® using a Biodot® manifold and visualised by
Southern hybridization with 12P-labellcd cytokine-spccific oligonucleo¬
tides (internal sequence). The results show that activated CD4+ T cells
exhibiting type 1 (IFN-y) and type 2 (IL-4, IL-6 and IL-10) cytokine
expression are concentrated in afferent lymph.

to the tissues. A similar sequential output of lymphocytes and
lymphoblasts has been described in afferent lymph during orf
virus reinfection in sheep.14

Whether CD4 + , CD8 + , y8 T- or B-cell output predomi¬
nates in cither lymph compartment depends on the antigen or
infectious agent, and demonstrates the usefulness of lymphatic
cannulation for studying the type of immune response
generated by different pathogens.5'9,23 For example, in sheep
reinfected with orf virus, CD44 T cells predominate at all
stages of infection,14,21 whereas in sheep infected with

Toxoplasma gondii CD8+ T cells predominate in the later
stages of infection,24 and in sheep infected with Salmonella
abortus ovis B cells predominate.25

NAIVE, MEMORY AND EFFECTOR CELLS

A seminal study in sheep showed that T cells that were naive
with respect to antigen encounter (measured by CD45RA
expression and low levels of a range of adhesion molecules)
predominated in efferent lymph.26 This indicated that they
had recirculated from the blood into lymph nodes via HEV
where antigen-reactive cells clonally expand in number.
Memory T cells (lacking CD45RA expression and exhibiting
high levels of a range of adhesion molecules) predominated in
afferent lymph indicating that they had recirculated by way of
the tissues where they can react rapidly to recall antigens
precisely where they penetrate the body's innate defences.26
Westerman and Pabst have argued that this scheme may be
premature, based upon a critical evaluation of more recent
data.27 In fact, adult sheep popliteal and prefemoral efferent
lymph contain an a 1 :1 ratio of CD45R+ and CD45R"
T cells21 and not the >90% CD45R+ dominance described

previously26 (Table 1). This indicates that the putative
'memory/effector' phenotype cells can cross HEV into
peripheral lymph nodes. A recent study in rats led to the same
conclusion.28

It is clear from studies in rodents that the division of naive

and memory cells based on the expression only of CD45R
isoforms is inaccurate and does not reflect a dynamic change
in expression of these molecules following activation.28"30
Furthermore, in antigen-naive fetal lambs (where the placen-
tation does not allow external antigens access to the fetus),
both CD45RA+ and CD45RA" T cells were found in fetal
blood and lymph, with enhanced migration of both T-cell
subpopulations through the tissues and in afferent lymph
compared to adult animals.20 This demonstrates that genuinely
naive T cells are either CD45RA+ or CD45RA" in the ovine
fetus. L-selectin expression appears to be necessary for
lymphocyte recirculation through peripheral lymphoid
tissue,31 whereas other integrins are expressed by lymphocytes
recirculating through other tissues, for example integrin |37
for intestinal tissues.32

The lack of CD45RA (sheep) or expression of CD45RO

Figure 2. Differential cytokine production in afferent and efferent lymph during an anamnestic immune response to 1 mg orf virus
antigen given inlra-dermally to previously infected sheep (refs 14, 21 and unpublished). Mean total and lymphoblast output for
each group of five sheep is shown for comparison (top graphs). Lymph plasma contains activity generated in the skin (afferent
lymph) or prefemoral lymph node (efferent lymph) as well as by cells in the lymph. Cytokine production by 4x 106 lymph cells in
1 ml medium after culture for 18 hr in the absence of exogenous antigen was assayed in cell-free supernates (CFS) as a measure
of the activation status of the cells following in vivo antigen challenge. Three examples of cytokines are shown. Note the difference
in y-axis scales between afferent and efferent lymph. The chcmokine 1L-8 is produced within 12 hr of antigen challenge in both
lymph compartments, most notably by afferent lymph cells. Low titrcs were detected in lymph plasma (there is no evidence for
inhibitors in lymph plasma). GM-CSF is a haemopoietin active on macrophages, neutrophils and dendritic cells. Large quantities
are produced within the lymph node and by afferent but not efferent lymph cells. This might indicate a consequence of accessory
cell-lymphocyte interactions in afferent lymph and the lymph node. IFN-y, like GM-CSF, is produced rapidly and at high titre
by afferent lymph cells compared to efferent lymph cells where production is low and delayed by comparison. Production by cells
correlated with the appearance of lymphoblasts. Differential and temporal appearance of the cytokines in the lymph compartments
was similar in sheep reinfected with orf virus where CD4+/CD45RA" T lymphoblasts were the principal source of GM-CSF,
IFN-y (and IL-2).14'21 The results show a marked concentration of activated cytokinc-producing cells in afferent lymph compared
to efferent lymph during the anamnestic immune response, consistent with an activated effector/memory cell population in afferent
lymph. A function for IL-8 (which precedes IL-ip detection14) in the initial phase of the anamnestic immune/inflammatory
response is also implied.
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(cattle) in lymph may be more useful as markers of activated
or effector T cells. Following orf virus antigen challenge or
reinfection in sheep, CD4+ and CD8 + , CD45RA- T cells
were the principal source of IL-2, IFN-y and GM-CSF in
both afferent lymph (which does not contain CD45RA +
T cells) and efferent lymph14,21 (Fig. 2). In cattle,
CD4+/CD45RO+ but not CD4+/CD45RO- T cells proliferate
and produce multiple lymphokines rapidly after stimulation
in culture.33

Orf virus-specific CD8+ cytotoxic T lymphocytes (CTL)
that are directly cytotoxic for orf virus-infected autologous
target cells (effector as opposed to precursor CTL) are also
enriched in afferent lymph (and lack CD45RA) compared to
efferent lymph.34 However, the proportion of cells expressing
the CTL activation enzyme N-a-benzyloxy-carbonyl-L-lysine
thiobenyl ester (BLT)-esterase is greatly reduced in afferent
lymph compared to the infection skin site. This indicates that
the activated cells are predominantly retained at the site of
infection where they are required and do not migrate in large
numbers to cause non-specific damage in adjacent tissues
(ref. 34 and unpublished). Further work is required to define
and map naive, memory and effector cells as well as the
function of the CD45R isoforms before the issue of naive/
memory T-cell phenotype and distribution can be resolved

DENDRITIC CELLS

Dendritic cells are potent antigen-presenting cells that initiate
primary and anamnestic immune responses. Studies in mouse
and man have shown that there is a maturational pathway for
dendritic cells in the skin, from immature antigen-capturing
epidermal Langerhans' cells to cells which migrate and mature
into potent antigen-presenting dendritic cells in the dermis and
paracortical areas of lymph nodes.35-37

Skin-draining afferent lymph dendritic or veiled cells
(ALDC) represent a migrating population of dermal dendritic
cells (DDC) phenotypically similar, but not identical to epider¬
mal Langerhans' cells (LC) and lymph node DC.38-40 These
migrating cells are not easily studied in mouse and man.
ALDC transport antigen from the tissues to the paracortical
areas of lymph nodes and are potent antigen-presenting cells
for T cells in primary and anamnestic immune responses.38,39

Consistent with their antigen-presenting function, ruminant
ALDC express high levels of MHC class 1 and II antigens,
the co-stimulatory molecules CD80 and CD86 (B7.1 and
B7.2), CD1, and a range of adhesion molecules including
CD58 (leucocyte function-associated antigen-3; LFA-3), and
CD44.38,39,41,42 The expression of CD58 and CDlla (LFA-1)
on ruminant and canine ALDC is associated with DC-T-cell
cluster formation that is an essential step in antigen presen¬
tation.43 A proportion of ovine ALDC are phagocytic in v/vo,44
about 40% express functional FcyR-II45 and many bind
immunoglobulin M (IgM).10 Interestingly, a proportion of
ALDC also express CD21 (the CR2 receptor)42 which confers
on these cells the ability to bind antigen-C3d complexes which
have recently been shown to be effective in generating antibody
responses via interaction with B cells.46 These phenotypes
provide ALDC with several effective means of acquiring and
presenting protein and glycolipid47 antigens to initiate
both primary and anamnestic immune responses. A small
proportion of the migrating ALDC are thought to survive as

interdigitating cells (IDC) in the paracortical areas of lymph
nodes where they can interact with T cells and initiate (and
maintain) immune responses.38,39 The relationship between
ALDC and follicular DC (FDC) in the follicles of lymph
nodes is not known. ALDC transport antigen in a form
suitable for stimulating T cells whereas FDC may trap lymph
plasma-borne antigen for B-cell recognition.

In ruminants, as in mouse and man, the ALDC exhibit
phenotypic and functional heterogeneity. In cattle, two
populations of ALDC have been identified with differential
expression of CDlla related to differences in antigen
presentation or allo-stimulation of T cells.48,49

In different mammals, the cytokines TNF-a, GM-CSF,
IL-ip, IL-4, IFN-y and IL-10 in particular, amongst others, >

appear either to regulate Langerhans' cell maturation or
to control aspects of dendritic cell antigen uptake and
presentation to T cells. For example, TNF-a supports the
survival of dendritic cells.50 IL-ip and GM-CSF differentially
stimulate the expression of certain dendritic cell adhesion and
co-stimulatory molecules (e.g. CD80), whereas IL-10 and
IFN-y suppress CD80.51-53 However, the role of the different
cytokines is difficult to determine in rodents and man, as the
studies are complicated by the use of different dendritic cells
at different stages of maturation derived from either haemopo-
ietic precursors or isolated from the tissues. Cannulated affer¬
ent lymph on the other hand provides a source of genuine
antigen-presenting dendritic cells for study, which are obtained
without using enzymes or complicated cell separation and/or
culture techniques.

In studies with canine ALDC, the pro-inflammatory
cytokines IL-ip and TNF-a stimulated while the anti¬
inflammatory cytokines IL-10 and IL-1 receptor antagonist
(IL-1RA) inhibited ALDC cluster formation.43 In sheep,
TNF-a and Il-ip (and possibly GM-CSF) are constitutively
expressed in the skin and afferent lymph13-15 and are therefore
available to regulate dendritic cell migration, maturation and
function following antigen capture. Ovine ALDC survive in
culture with TNF-a and increase in number if GM-CSF is
also present.54 IFN-y inhibits this survival/growth. TNF-a and
GM-CSF injection into ovine skin stimulates the recruitment
of Langerhans' cells and DDC.55 Taken together, these results
demonstrate that the above cytokines are capable of regulating
the migration, differentiation and accessory function of
dendritic cells in the skin and afferent lymph. The availability
of afferent lymph provides an opportunity to dissect the
cytokine control of dendritic cell phenotypic and functional
heterogeneity that is currently a difficult area of investigation
in rodents and man.

DC may 'select' the T and B cells transported into the
node via the afferent lymph. Several ligand-receptor inter¬
actions between DC and T cells for T-cell activation have been
described: those mediating contact/adhesion/cluster formation,
antigen- MHC- T-cell receptor (TCR)-mediated signalling and
co-stimulation (e.g. CD28-CD80/86 interaction).56 In primary
immune responses, DC that have captured antigen by phago¬
cytosis (natural IgM and/or complement-mediated), macropin-
ocytosis or via mannose receptors become activated, but
productive stimulation of T cells in the tissues is unlikely
because of the lack of antigen-specific T cells. However, ALDC
will transport antigen (along with plasma-borne antigen) to
the lymph node where large numbers of HEV-derived
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lymphocytes can be screened for low affinity antigen-binding
cells, after which MHC-peptide-TCR recognition and
co-stimulation can proceed followed by clonal expansion of
antigen-specific T cells. In anamnestic responses, enhanced
antigen-uptake (e.g. via FcyRII) by DC will facilitate inter¬
action with memory CD4 ' T cells leading to rapid production
of T and B effector cells. Migration of ALDC with antigen,
T cells and inflammatory cytokines to the node augments
amplification of the appropriate anamnestic response that
takes place by accelerated recruitment of antigen-specific lym¬
phocytes from the blood. The quality and quantity of MHC
molecules on ALDC and T cells39'57 may dictate whether
co-stimulation proceeds. Optimum levels will stimulate a full

« effector T-cell response whereas low levels will lead to no
co-stimulation and T-cell anergy and death in the lymph node.
Recent studies in rodents suggest that differences in the

i duration of antigen stimulation may be required to stimulate
nai've versus memory/effector T-cell proliferation, and may
dictate whether the cells proliferate or die.58 Co-stimulation
by the CD28 pathway shortens the time for T-cell activation,
reduces the number of TCR molecules needed to be triggered
by antigen, and prevents cell death or T-cell unresponsive¬
ness.58,59 The lack of CD28 mRNA in bovine y5 T cells42
indicates different activation and signalling requirements for
these cells compared to T cells60'61 upon interaction with
DC. Indeed, their TCR has certain similarities with immuno¬
globulin receptors12 suggesting that yb T cells might respond
to non-processed molecules and co-stimulation by IL-2.

Dendritic cells do not appear in efferent lymph and there¬
fore must accumulate and die in the lymph node. FAS/FAS-
ligand mediated DC apoptosis is a likely mechanism which
has been shown in rodent and human DC which have not

clustered with T cells62'63 and, therefore, have not functioned
as antigen-presenting cells. DC that have presented antigen in
the lymph node are also rapidly cleared.63 Furthermore, if DC
express peptides of endogenous pathogens, they may be
eliminated by cytotoxic T cell-induced apoptosis.64

CONCLUSION

Studies on immune responses in afferent and efferent lymph
of lymph nodes draining the tissues have contributed to the
concept that primary immune responses are generated in the
lymph nodes with a delay before antigen-specific effector cells
arrive at the affected tissue. Providing memory cells are still

( available, there is the possibility of an immediate but limited
local anamnestic response in the tissues. This would involve
memory cells recruited from the blood, supplemented shortly
thereafter by a more dramatic tissue influx of antigen-specific
lymphocytes from the lymph node which is the site of effector
T- and B-cell amplification during anamnestic immune
responses.

These studies also underline the importance of dendritic
cells in immune surveillance of the tissues, initiation of primary
immune responses, and interaction with putative effector
T cells (CD4+ T cells in particular) upstream of the lymph
node during anamnestic responses. The interaction of T cells
with dendritic cells in the tissues as well as within lymph nodes
may be important not only in generating immune responses
but also in peripheral tolerance.35

There is no convincing division of type 1 and type 2

immune responses in ruminants, although Meeusen and
colleagues have hypothesized that a type 2-inducing environ¬
ment in the mucosal tissues and a type 1-inducing environment
in the skin may direct tissue-specific migration of lymphocytes
(gut versus skin).65 Recent studies in rodents and man locating
cytokine production to cells in vivo and ex vivo indicate that
T helper 1 (Thl) cells (that produce IL-2, IFN-y, TNF-a,
IL-12) are more frequently detected than Th2 cells (IL-4, IL-6,
IL-10, IL-5) in the tissues, even in allergic individuals.66 In
sheep, IFN-y mRNA is detected more reproducibly than IL-4
mRNA in gastric efferent lymph T cells during nematode
parasite challenge (C. Mclnnes, unpublished) and IgA (a
mucosal type 2 antibody class) is detected in prefemoral
efferent lymph as well as in skin washes.67,68 In addition,
T cells migrating from the skin contain transcripts for IL-4,
IL-6 and IL-10 as well as IFN-y genes (Fig. 3).

Afferent lymph and the cells it contains may play a role
along with endothelium-specific adhesion molecules in
maintaining non-antigen-dependent tissue-biased lymphocyte
recirculation as well as delivering antigen for primary and
secondary immune responses and maintaining the integrity of
lymph nodes. The presence of activated cells and cytokines in
afferent lymph under physiological conditions would support
this. The dendritic cell might 'select' lymphocytes for migration
in afferent lymph through clustering as well as directing the
type of immune response generated in the tissues. The
expression of adhesion receptors on tissue endothelium allows
the recruitment of lymphocytes expressing appropriate tissue-
specific ligand molecules in response to chemotactic
cytokines.1,69'70 Dendritic cells that are phenotypically and
biochemically adapted to the tissues in which they reside may

present different types of antigens to the recruited T cells. For
example FcsR+ DC could be specialised for allergen detection.
These can interact with, and influence, the effector phenotype
of T cells through the expression of distinct co-stimulatory
molecules and cytokines (IL-10 versus IL-12 for example).
This does not exclude the involvement of other antigen-
presenting cells during anamnestic responses.

There are many immunological hypotheses that can be
tested experimentally in the outbred species amenable to
lymphatic cannulation, several of which provide excellent
models for human organ-specific disease.
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OVINE IMMUNE SYSTEM
Ian McConnell and John Hopkins, Department of Clinical and Veterinary Medicine, University of
Cambridge, Cambridge, UK

i

i

The ovine immune system occupies a special place in lations within different immunological microen-
immunology because the sheep is the best species for vironments. The lymph node is the heart of the
investigating the physiology of the immune system, immune system and cannulation of nodal afferent
The trend to reductionism in modern immunology, and efferent lymphatics provides a unique approach j

which is facilitated by the ease with which the cells to the in vivo analysis of the immune system not j
of the immune system can be disaggregated from possible in other species. The cannulated lymph node ,

lymphoid tissue and studied in vitro, has meant that retains all its vascular and neurological connections. ,

much of our knowledge of the immune system is All the cells which enter the node, either from the t

based on the analysis of the cellular functions of in blood or from the afferent lymphatics to the node ]
vitro immune systems divorced from any physiologi- leave the node in the efferent lymph. Cannulation of t
cal limits. Although the in vitro analysis of the com- the efferent lymphatic therefore allows the monitor-
plex cell interactions of the immune system has con- ing of immunological events in a single lymph node,
siderably advanced knowledge, this needs to be The system is currently being used to study the
integrated within the context of lymphoid tissue pathophysiology of the immune response to lympho- 1
physiology at a whole-animal level. tropic viruses such as the ruminant lentivirus, maedi- n

The physiology of the immune system, especially visna, the prototype lentivirus, which infects the e
in the context of the immunological compartments accessory cells of organized lymphoid tissue, lntesti- t:
associated with different organ systems (e.g. lymph nal immunity, especially to nematode parasites, can t:
nodes, thymus, gut, mammary gland, respiratory sys- also be studied uniquely by cannulation of the lym- v
tern, urogenital system, central nervous system), can phatic vessels draining the gut and mesenteric nodes. 1
be studied separately in the sheep. These studies have In recent years, cellular and molecular markers for v
gained much from the technique, first developed by the ovine immune system have been produced by sev- p
Morris, Hall and Lascelles, of lymphatic cannulation eral laboratories. This has permitted the identifi- s
of single lymph nodes in sheep, which provides a cation of lymphocyte populations, their subsets and c
powerful system for analyzing immune cell popu- receptors, major histocompatibility complex (MHC) s
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class I and class II genes and proteins, immunoglob¬
ulins and cytokines. Two international workshops
have defined a large number of ovine CD molecules,
T cell subset markers, MHC class I and II polymor¬
phisms and cytokines including most of the cytokines
associated with macrophages and lymphocyte sub¬
sets (e.g. IFNs, IL-1, IL-2, IL-4, IL-6, IL-7, IL-10 and
IL-12, GM-CSF, TNF). These cytokine genes are
cloned, sequenced and exist as recombinant proteins
and several cytokine receptors are now defined (IL-
2R etc). By using combinations of monoclonal anti¬
bodies and cytokine probes TH1 and TH2 subsets
have been identified. Ovine equivalents of the inte-
grins (CD11/CD18), L-selectins and lymphocyte
homing receptors are also well characterised.

In terms of its overall organization, the ovine
immune system is similar to that of humans but with
some notable differences.

B cells

The ileal Peyer's patch in the gut functions as a pri¬
mary lymphoid organ necessary for B cell lympho¬
poiesis. Judged by its cell content, architecture and
surface phenotype of its constituent cells (98% slgM"
B cells), this organ is analogous to the bursa of Fab-
ricius in chickens. The entire B cell repertoire in the
sheep is derived by hypermutation from a very lim¬
ited set of V region germ-line sequences. Develop¬
ment of the B cell repertoire occurs in the ileal Peyer's
patch. The immunoglobulin levels of IgG in serum
are higher than in man (IgM, 2 mg mF1; IgGl, 17—
20 mg mD1; IgG2, 8 mg ml-1; IgA, 0.2 mg ml"1) and
no IgD has yet been described. IgGl, in addition to
IgA, is a major immunoglobulin at mucosal surfaces
necessary for antimicrobial immunity in the gut and
mammary gland. High levels of IgGl are present in
the colostrum (IgG, 60 mg ml-1; IgA, 2 mg ml-1;
IgM, 4 mg ml *) and all transfer of passive antibody
to the fetus occurs via the colostrum and milk.

T cells

There are three major T cell subsets in sheep. The
majority of cells are either CD4+ or CD8+ and
express the <*3 T cell receptor structure along with
the T3 molecule and other adhesion molecules. The
third T cell subset is CD4-CD8- (double negative),
which predominantly contains the y/5 T cell subset.

he yg T cell subset is a major subset in ruminants
with very high levels (25-50% of PBMCs) being
Present in the blood and lymphoid tissues of young

^eeP (<6 months old). In vivo the y8 subset isaracteristically closely associated with epithelial
Ur aces and are migratory and recirculating cells.

Most of this subset expresses a marker unique to
ruminants which is a 210-215 kDa molecule known
as T19. The function of this molecule is unknown
but serves as a useful marker for sheep y/8 T cells.

MHC

Sheep tissues express the classical class I and class II
molecules. The ovine class II is at least as complex
as the human, and sheep genes related to all the
expressed human class II genes, with the exception
of the DPct gene, have been found. The protein pro¬
ducts of these genes have been characterized by
immunoprecipitation, monoclonals and protein
microsequencing, to reveal that the sheep a and (3
chains of the class II genes are similar to the DR and
DQ-a and DQ-p chains in man. Sheep T cells, both
resting and activated, constitutively express both DR
and DQ, although the expression of the latter is less
per cell than DQ, the more common isotype.

The non-classical class I molecules (CD1 family)
are expressed both within the thymus and in the per¬

ipheral tissues of sheep. Five CD1 genes have been
identified in the sheep and affenent lymph dendritic
cells in peripheral lymph of sheep express high levels
of cell surface CD1.

The core cells of the immune system involved in
antigen processing and recognition are accessory
cells (e.g. dendritic cells) and lymphocyte subsets.
Their distribution and kinetics of flow through the
tissues has been established through the analysis of
these cells in afferent lymph, lymph node and effer¬
ent lymph.

Afferent lymph

The considerable phenotypic and functional differ¬
ences between the cells in blood and afferent lymph
suggests that there is selectivity in the extravasation
of cells from the blood across the endothelium into
the peripheral tissues (Table 1). Although the blood
contains naive and memory T cells, afferent lymph
T cells are mainly of memory cell phenotype. This
implies that the endothelial cells in the periphery (e.g.
skin) express adhesion molecules which only engage
the receptors restricted to memory T cells. Although
not blast cells, lymphocytes have an activated pheno¬
type as judged by IL-2 responsiveness, class II
expression, and mitotic activity. B cells are much
reduced in afferent lymph (4-10%).

Sheep afferent lymph is a physiological source of
antigen-presenting dendritic cells. In terms of their
expression of CD1 and Fc receptor, there are at least
four distinct phenotypic profiles for dendritic cells in
afferent lymph, ranging from cells which either coex-
press CD1 and FcR, or express neither of these two
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Table 1 Ovine leukocyte markers: general characteristics and distribution in different lymphoid compartments8

Markerb Mol. wt Percentage of marker positive cells in: Distribution on other cells

(kDa) Blood Lymph node Afferent

lymph
Efferent

lymph

CD1b 44:12 <2 <2 6 <1 Also on cortical thymocytes and dendritic cells
(DC)

CD1c 44:12 30 30 16 22 B cells and DC are CD1C"

CD2 (T11) 55 50-60 50-60 70-75 50-60 Only expressed on a(3 TCR" cells; absent from
•yS T cells; low expression on naive T cells;
adhesion and activation molecule; increased
expression on memory T cells

CD3 19-25 NA" NAC NAC NAC Not yet defined by mAb; complex molecule
involved in T cell activation

CD4 56 25-40 33 49-57 30-40 CD4:CD8 ratios in sheep can range from 2:1
to 5:1

CD5 67 55-60 55-60 84 60-75 On all T ceils; low expression on B cells
CD8 36:32 12-16 13-16 13-16 14-18 CD8 appears to be expressed on a(3 and y5

TCR" cells

CD11a (LFA-1) 180:95 100 100 100 100 All leukocytes; low expression on naive T cells;
increased expression on memory T cells

CD44 95 100 100 100 100 Many tissues; low expression on naive T cells;
homing receptor

CD45 220:200:190 100 100 100 100 Leukocyte common antigen; wide distribution
CD45R 220 35-50 35-50 8-15 15-30 B cells, NK cells and naive T cells; absent

from memory T cells
CD58 (LFA-3) 42 100 100 100 100 All leukocytes; is ligand for CD2; low

expression on naive T cells; increased
expression on memory T cells

78 TCR 44:36 10-20 10 10-15 5 High numbers in blood of young sheep (30-
60%); also identified by T19 mAb

slgM 70:25 35-50 30-45 4-10 15-25 Expressed on B cells
MHC I 44:12 100 100 100 100 Widespread
MHC II 34:28 60 50-60 90-94 55 Also expressed on activated T cells and

dendritic cells; T cell class II mainly DR

"Drawn from authors' own data plus published data from other groups. In published data, there is considerable variation due to age, breed
differences and exposure to pathogens. "Parentheses refer to previous designation. NA", data not available.

molecules, or express only one. These phenorypic dif¬
ferences either identify functionally distinct dendritic
cell subsets or represent different stages of differen¬
tiation of the one dendritic cell lineage. Dendritic
cells in afferent lymph are functionally significant
antigen-presenting cells involved in carriage of anti¬
gen in an immunogenic form from the skin to the
draining node. Dendritic cells have a high level of
IgM and IgGl 'cytophilic' immunoglobulin. This
passively acquired immunoglobulin may be physio¬
logically important in antigen processing, as it allows
dendritic cells to specifically concentrate foreign anti¬
gen and localize it in the form of immunogenic com¬
plexes for internalization and presentation to T cells.
Despite a high afferent input of dendritic cells into
the node few, if any, appear in the efferent lymph,
suggesting that in sheep there is a high turnover of
dendritic cells within the node. This is consistent

with studies in other species that show that dendritic
cells in afferent lymph are the precursors of the T
antigen-presenting cells of the paracortical region of
the lymph node which have a rapid turnover.

Emigration of T cells from the skin to afferent
lymph across the peripheral vascular endothelium is
profoundly influenced by the cytokines IFN-7 and
TNF. Intradermal injection of each cytokine can
induce significant lymphocyte migration across the
vascular endothelium into afferent lymph. It is likely
that these cytokines play an important role in the
emigration of recirculating lymphocytes at the site of
immune or inflammatory responses in the skin. The
evaluation of the in vivo activities of cytokines is
another good example of how the lymphatic can-
nulation model can be used to investigate cytokine
physiology.
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Lymph node

A total of 90% of lymphocytes within a lymph node
are derived from the blood; the remainder come from
lymphoproliferation within the node and afferent
lymph. The route of entry is across a specialized part
of the vascular endothelium known in other species
as the high endothelial venule (HEV). There is no
morphological equivalent structure in sheep, but
functionally the postcapillary venules are the same as
in rodents and humans. Lymphocyte-HEV interac¬
tion is now known to involve a complex family of
adhesion molecules including homing receptors (or
selectins) on lymphocytes and complementary
ligands on endothelial (addressins) and cell matrix
proteins. The nonrandom patterns of lymphocyte
recirculation through different immunological com¬
partments have been well defined in the sheep. Blast
cells from intestinal lymph home to the lamina pro¬
pria of gut, whereas blast cells from peripheral nodes
home to spleen and lymph nodes. Within the small
lymphocyte recirculating pool, there are subsets of
lymphocytes that preferentially recirculate through
the skin, peripheral nodes, or mucosal-associated
lymphoid tissue such as the Peyer's patch and mesen¬
teric node. These studies give physiological credence
to more recent in vitro studies on lymphocyte-HEV
which have clearly established the differential selec¬
tivity for lymphocyte subset adhesion to specialized
vascular endothelial cells in peripheral or mucosal-
associated tissues. CD4+ T cells are selectively
enriched over CD8+ T cells in lymph nodes and B
cells show a preferential traffic through gut-associa¬
ted lymphoid tissue. Vascular endothelial cells in
antigen-stimulated nodes in the sheep express MHC
class II and can act as antigen-presenting cells to
recruit selectively antigen-specific T cells into the
node. In antigen-stimulated nodes, the rate of entry
of lymphocytes is 2-4 x 104 cells s-1. The immediate
response to antigen challenge is a phenomenon
known as cell shutdown, wherein the output during
the first 24 h in response to secondary challenge with
antigen is reduced by 90%. During this time, there
is an increased input of cells into the node. This is
followed 24-28 h later by a 5- to 6-fold increase in
lymphocyte output in efferent lymph. These changes
in cell kinetics reflect vascular changes within the
node and inhibition of intranodal traffic by prosta¬
glandins.

Efferent lymph

Immunological memory is disseminated from the
node via the efferent lymph. Studies by Hall and
Morris established that if all the cells leaving an anti¬
gen-stimulated lymph node were removed from the

sheep via the cannulated lymphatic, then no priming
for a secondary response occurred. If the efferent
lymph cells were returned intravenously, then
immunological memory was established. Exit of T
cell subsets from the node following antigen stimu¬
lation is nonrandom. Studies of secondary challenge
with antigens show that there is a biphasic exit of
CD4+ T cells followed by CD8+ T cells, presumably
reflecting the sequential activation of CD4 and CDS
within the node. Efferent T cells contain a higher
proportion of a(3 TCR+ T cells than 78 and contain
cells of both memory and naive phenotype. Efferent
lymph T cells draining viral infected lymph nodes
contain precursor cytotoxic T lymphocytes (CTLs)
and the time course and kinetics of the CTL response
to viral infection has shown that pCTLs can be
detected as early as 5-7 days after infection.

This brief review of the ovine systems has outlined
some of the more intriguing aspects of lymphocyte
biology. The availability of cellular and molecular
markers for the ovine immune system has confirmed
the immense value of the sheep to fundamental
immunology and provides for the future a central
focus for the essential integration of the in vitro
immune system(s) into a physiological framework.

See also: Adhesion molecules; High endothelial ven¬
ules; Immune system, anatomy of; Lymphatic sys¬
tem; Lymph nodes; Lymphocyte trafficking; Lympho¬
cytes; Maturation of immune responses; Ungulate
immune systems.
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SUMMARY

A rat monoclonal antibody is described that recognizes sheep MHC Class II antigen and appears to
recognize a determinant that is non-polymorphic. This antibody precipitates polypeptides of
apparent molecular weight 33,000 and 28,000/29,000 (under non-reducing conditions). The binding
of this antibody was inhibited by an anti-human DP, DQ, DR /(-chain monoclonal (DA6.231) and its
reactivity on murine cells suggests specificity for the I-E gene product. Using this antibody we have
studied the distribution of Class II molecules in sheep and also the variations in Class II expression by
cells in both peripheral and efferent lymph, produced as a result of in vivo antigen inoculation.

INTRODUCTION

The I-locus in mice (I-A, I-E) and the HLA-D locus in man (DP,
DQ, DR) code for cell membrane glycoproteins that are
involved in a number of cellular interactions that control the

initiation, magnitude and quality of the immune response. The
products of these loci are typically two chain molecules with
sizes of 35,000 and 28,000 mol. wt and are recognized by
polyclonal alloantisera, xenogeneic monoclonal antibodies as
well as by T cells in the mixed lymphocyte reaction. These
antigens are constitutively produced by B lymphocytes (Sachs &
Cone, 1973), monocytes (Winchester et al., 1976), certain
haematopoietic precursor cells (Winchester et al., 1977), Lan-
gerhans and dendritic cells (Rowden, Lewis & Sullivan, 1977;
Steinman & Nussenzweig, 1980), and can be induced to be
expressed on a variety of tissues including T lymphocytes
(Frelinger et al., 1974), macrophages (Steinman et al., 1980;
Steeg et al., 1982), endothelial cells (Pober et al., 1983) and
epithelia (Barclay & Mason, 1982).

In this paper we characterize a rat monoclonal antibody.
SW73.2, that reacts with MHC Class II antigens in sheep. This
antibody precipitates polypeptides of 33,000 and 28,000/29,000
mol. wt; it is inhibited in its binding by an anti-human Class II

Abbreviations: BSA, bovine serum albumin; DAB. diaminobenzi-
dine tetrahydrochloride; HBSS, Hanks' balanced salt solution; HRP.
horseradish peioxidase, PBL, peripheral bluud leucocytes. PIIA, phylo-
haemagglutinin; SDS-PAGE, 3odium dodceyl 3ulphatc polyacryla
mide electrophoresis.

Correspondence: Dr John Hopkins, Dept. of Veterinary Pathology,
University of Edinburgh, Summerhall, Edinburgh EH9 1QH, U.K.

/(-chain monoclonal and itself inhibits both protein and alloan-
tigen induced sheep lymphocyte proliferation in vitro. The tissue
distribution of the SW73.2 antigen is typical of Class II, and its
expression on cells in both peripheral and efferent lymph is
altered by immunological stimuli.

MATERIALS AND METHODS

Animals
AO and (AOxLOU)Fi hybrid rats were from the Central
Animal Services (MRC Centre, Cambridge) and sheep were
from the AFRC Institute of Animal Physiology (Babraham,
Cambridge). All mice were from the Medical School Animal
Facility, University of Edinburgh.

Production of monoclonal antibody
AO rats were immunized with 2 x 106 sheep peripheral (afferent)
lymph cells at 2 week intervals for 8 weeks, and 4 days before the
fusion were given 2-5 x 106 cells intravenously.

Cell fusion was performed as described by Galfre et al.
(1977) using the Y3-Agl23 myeloma cell line. After HAT
selection, the supernatants from the hybrid colonies were
screened by a radioactive binding assay on glutaraldehyde-fixed
cells (Williams, Galfre & Milstein, 1977). Positive supernatants
were additionally tested on viable cell suspensions by immuno
fluorescence and on cryostat tissue sections by immunohisto-
chemistry. Cloning of hybrid cultures was performed in soft
agar (Cotten, Secher & Milstein, 1973). Production of ascitic
fluid was as described by Brickell et al. (1981).

433
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Cells

Suspensions ofcells from sheep lymphoid organs were prepared
by gentle teasing with forceps in HBSS. Peripheral blood
leucocytes (PBL) from defibrinated blood were purified using
Ficoll-Hypaque (Boyum, 1968). Efferent lymph cells were
collected by the cannulation of the efferent duct of the popliteal
lymph node (Hall & Morris, 1962). Peripheral (afferent) lymph
cells were collected by the ablation of the prefemoral lymph
node and cannulation of the efferent duct 6 weeks later

(Hopkins et al., 1985). Antigen stimulation of the popliteal node
or the prefemoral 'pseudoafferent' was by intradermal injection
of 50 pg of either PPD tuberculin (Batch 297.CVL. Weybridge,
Surrey) or ovalbumin (Sigma, Poole, Dorset) in 0-5 ml sterile
PBS. Lymph samples were taken quantitatively into sterile,
siliconized bottles containing heparin.

Phytohaemagglutinin (PHA) (Sigma) stimulated blasts were
prepared by 48 hr incubation of PBL at 2 0 x 106/ml with 25 pg
ml PHA in RPMI-1640+10% FCS (Gibco-Biocult, Paisley,
Renfrewshire). BL20 cell line (from Mr Duncan Brown, Depart¬
ment of Tropical Animal Health, R(D)SVS, University of
Edinburgh) originated from a case of sporadic bovine leukosis
(Morzaria et al., 1983) and was cloned in soft agar and grown in
RPMI + 3% FCS. It had been previously shown to be of non-
retroviral origin. Human and murine lymphocytes were
obtained from peripheral blood and spleens, respectively.

Cell fractionation
Efferent lymph T cells were prepared by nylon-wool (Type 200,
Fenwal Labs., Deerfield, IL) fractionated as described by Julius,
Simpson-Morgan & Herzenberg (1973). Peripheral lymph was
separated into its macrophage and lymphocyte components by
centrifugation over metrizamide gradients. Washed cells
(5 x 107) in 2 ml RPMI-1640+ 10% FCS were layered on to a
discontinuous gradient of 20 and 14% metrizamide in RPMI-
1640+10% FCS then centrifuged for 45 min at 2800 r.p.m.
(MSE Coolspin). All manipulations were done at 4C. Macro¬
phages were collected at the medium-14% metrizamide interface
(Fr.l) and lymphocytes at the 14-20% interface (Fr.2). Cells
were washed twice further before being used in saturation
binding and immunofluorescence studies. The efficiency of the
cell fractionations was always checked by indirect immuno¬
fluorescence using rabbit anti-sheep Ig (efferent cells), and by
Giemsa-stained cytospin smears (peripheral cells).

Immunofluorescence and immunohistology
Viable cells from efferent or peripheral lymph were stained with
monoclonal antibody by initial incubation with monoclonal
supernatant and then the appropriate FITC F(ab')2 antiglobu¬
lin. Enumeration of B cells was by incubation with F(ab')2
rabbit anti-sheep Ig then FITC anti-rabbit Ig. Double immuno¬
fluorescence was done using FITC SW73.2 ( x 10 concentration
supernatant) and TRITC rabbit anti-sheep Ig. The tissue
distribution of the SW73.2 antigen was done by standard
immunoperoxidase methods (Polak & van Noorden, 1983).

Immunoglobulin isotype analysis
Iootype analysis of cloned monoclonal supcrnatants was by
double immunodiffusion using class specific antisera (Serotec,
Bicester, Oxon). SW73.2 was shown to be IgG2a isotype.

Immunoprecipitation
BL20 cells and lymphoid blast cells produced by both PHA and
Con A stimulation were biosynthetically labelled with 35S-
methionine and the cellular proteins extracted as described by
Jones (1980). Briefly, 2x 107 cells were incubated for 8 hr in
methionine-free medium (Gibco-Biocult, Uxbridge, Middlesex)
+ 5% FCS containing 100 pC\ 35S methionine (Amersham
International, Bucks), then for 1 hr in complete medium+ 5%
FCS. After three washes the cells were lysed in 1 ml lysis buffer
[20 mM sodium deoxycholate in 20 mM Tris, pH 8 0, with 0 05
mM phenylmethylsulphonylfluoride (PMSF), Sigma, Poole,
Dorset]. Initially, immunoprecipitations were done using lysis
buffer containing 0-5% NP40 but with poor results, because this
detergent almost completely inhibits the binding of SW73.2 to
its antigen. After 1 hr incubation at 4° the lysate was microfuged
at 13,000 g for 10 min. The supernatant was precleared by
overnight incubation with 200 pi rabbit Ig-sepharose (Pharma¬
cia, Uppsala, Sweden). Aliquots of 200 p\ of precleared cell
lysate (2 x 106/c.p.m.) were mixed with 5 pi of ascitic fluid for 3
hr at 4° then with 6 pg affinity purified rabbit anti-rat Ig for 1 hr
at 4°. Immune complexes were isolated by 1 hr incubation with
50 pi of 50% suspension of protein-A-sepharose (Pharmacia).
The beads were washed five times in the lysis buffer with 0-5 m
NaCl and the complexes eluted by boiling in 50 p\. SDS-elution
buffer containing 5% 2-mercaptoethanol. Samples were then
run on SDS-PAGE (Laemmli, 1970) using 10% gels. After
electrophoresis the gels were fixed in methanol: acetic
acid:water (5:2:5), impregnated with Amplify (Amersham)
and dried before autoradiography at — 70°C. PAGE analysis of
iodinated material was done as described by Cohen c?a/.(1983).
Briefly, cellular glycoproteins were isolated using lentil lectin-
sepharose (Pharmacia) and iodinatcd by the Iodogen method
(Salacinski et al., 1981). The precipitations were then carried out
as described above.

PAGE blotting
BL20 and normal lymphoid cell lysates were made as above.
After microfuging at 13,000 g for 10 min the lysates were boiled
for 5 min with an equal volume of SDS-elution buffer including
5% 2-mercaptoethanol. Proteins were separated by SDS-PAGE
using 5-15% linear gradient gels and then transferred to
nitrocellulose paper (0-45 pm Shleicher & Schull) at 125 mA for
4 hr using the buffer system of Towbin, Stachelin & Gordon
(1979). Following transfer the paper was blocked for 30 min
with 5% blotto (Marvel dried milk, Cadbury's) in PBS then
incubated overnight with a 1: 5 dilution of monoclonal superna¬
tant in 5% blotto. After five washes in 1% blotto the blot was

then incubated for 4 hr in 1:1000 affinity purified F(ab')2 sheep
anti-rat Ig-HRP. The blots were again washed five times and
visualized with DAB H202, including 1:20 v/v of 1% CoCl3.

Affinity purification of Class II
Purification of the SW73.2 antigen was done by the methods of
Turkewitz, Sullivan & Mescher (1983) using SW73.2-affigel
(BioRad, Richmond, CA). The eluted materials were separated
on 5-15% or 12-5% PAGE gels and then visualized by silver
staining (Morrisey, 1981).

SluIlIiuid plot analysis
Affinity determination was carried out as described by Trucco &
de Petris (1981) and calculated as Scatchard (1949). Briefly,
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doubling dilutions of 125I-labelled SW73.2 IgG in 1% BSA/
HBSS/0-01 m azide were incubated with fixed numbers of cells at
37° for 2 hr, by which time equilibrium had been reached.
Incubation times of 2, 6 and 18 hr gave essentially parallel
results. After incubation, aliquots of the reaction mixture were

layered onto 200 /d phthalate (4:1 dibutyLdionyl phthalate) in
400 /d microfuge tubes and spun at 13,000 g for 5 min then snap
frozen in liquid N2. The frozen tubes were then cut in order to
separate the radioactivity associated with the cells from the
unbound antibody.

Isoelectric focusing
IEF was done in 5% gels containing ampholytes (Pharmalyte,
Pharmacia) pH gradient 3-10. Gels were prefocused for 500
volt/hr then focused with samples for 3000 volt/hr before
fixation and staining.

In vitro lymphocyte proliferation assays

Antigen induced in vitro proliferation assays and mixed lympho¬
cyte cultures were performed as Hopkins, McConnell & Lach-
mann (1981). F(ab')2 monoclonal antibody was diluted in
RPMI-1640+ 10% FCS before addition to cultures.

Competitive inhibition assay
Viable sheep lymphocytes (1 x 106) were incubated for 1 hr with
100 p\ monoclonal supernatant, IgG monoclonal antibody or
culture medium (RPMI-1640+10% FCS) before the addition
of 50 ng 125I Fab' SW73.2. After a further incubation for 1 hr the
cells and supernatant were separated as described above, and
the radioactivity associated with each measured by y-spectro-
scopy. All incubations were done at 4° in the presence of 0 01 m
sodium azide.

RESULTS

Tissue distribution of the SW73.2 antigen

The binding of SW73.2 to sheep tissues was always compared to
that of two anti-human Class II monoclonals, YE2.36 (Brickell
etal., 1981)and DA6.231 (Guy etal., 1982) that cross-react with
antigens on sheep cells. These three monoclonals had identical
distribution of all tissues examined. By immunofluorescence,
SW73.2 reacted with about 25% ofcells in a preparation of PBL,
20% of cells in efferent lymph and also 20% of cells in peripheral
lymph. The reacting cells in PBL, efferent lymph as well as 50%
of those in peripheral lymph were small lymphocytes that also
possessed cell surface Ig. The residual, SW73.2 positive, slg
negative, cells in peripheral lymph have a macrophage-like
morphology (Morris, 1968).

The distribution of SW73.2 antigen within lymphoid tissue

Table I. Tissue distribution of monoclonal antibody SW73.2

Tissue Distribution

Lymph node Follicles Medullary cords
Paracortical macrophages

Thymus Medulla Cortical epithelium
Spleen Follicles Marginal zone Macrophages

Red pulp
Ileal Peyer's patch Follicles
Skin Dermal/Epidermal Macrophages

was investigated by immunohistology. The staining pattern in
all the tissues tested was seen to be that of a typical anti-Class II
MHC antibody (Table 1) in a number of species (Daar et al.,
1984; Barclay, 1981) including the sheep (Puri, Mackay &
Brandon, 1985).

So far, in a screen of several hundred sheep of a wide variety
of breeds, none have proved to be SW73.2 negative, which
strongly suggests that this antibody does not recognize a
polymorphic determinant on sheep Class II molecules. This is
unlike the anti-human Class II monoclonal YE2.36 HLK that
cross-reacts with a polymorphic epitope in both sheep and mice.
In the latter, the reactivity maps in the I-A subregion (Brickell et
al., 1983). SW73.2 also recognizes determinants on the cell
surface of both human and murine lymphocytes. It reacts to
lymphocytes of all mouse strains tested (BALB/c and DBA/2,
H-2d; CBA and C3H, H-2k; SJL, H-2q) except C57BL/6, H-2b
which has a deletion of the I-E a gene and does not express the I-
E gene product.

Effect of in vivo antigenic stimulation on lymph cell Class II
expression

The changes in lymph cell Class II expression were examined by
enumerating the numbers of SW73.2 positive cells in both
peripheral and efferent lymph. Intradermal injection of antigen
(either PPD or ovalbumin) causes profound variation in the
populations of Class II expressing cells in both lymph cell
populations. In normal, unstimulated peripheral lymph all the
macrophage-like cells in Fr. 1 (about 90% are macrophages) and
about 20% of the lymphocytes in Fr.2 were seen to be Class II
positive. Antigen inoculation into the drainage area of the
'pseudoafferent' lymphatic results in a transient fall in the
percentage of positive macrophages on Days 2-5 but a steady
rise in the proportion of positive lymphocytes (Fig. 1 a) to a peak
of about 40% on Day 6. The most marked result of antigenic
stimulation on efferent cells (Fig. lb) is the dramatic increase in
Class II expressing T-cells (nylon-wool non-adherent) that rise
from undetectable numbers in resting lymph to 25% by Day 5.
The percentage of slg.+ , Class II-F B-cells in either peripheral
or efferent lymph does not seem to change significantly during
these responses, remaining approximately 10% and 20%,
respectively.

Immunoprecipitation and PAGE blotting of antigens
Under reducing conditions, the major antigen precipitated by
SW73.2 from 35S-methionine labelled, mitogen-stimulated lym¬
phocytes and the BL20 cell line migrated as diffuse bands with
molecular weights between 31,000 mol. wt and 33,000 mol. wt.
Similar results were obtained with 1251-labelled cell lysates and
with silver stained gels of immunoaffinity purified Class II (Fig.
2a, track A). In contrast, gels run in non-reducing conditions
resolved the SW73.2 antigen into three chains (Fig. 2a. track C)
one at 33,000 mol. wt and two at 28,000/29,000 mol. wt. PAGE-
blotting of reduced gels showed that SW73.2 reacted with
polypeptides of apparent molecular weight 31,000/32,000 (Fig.
2b, tracks E and F). In the case of the BL20 cell line there were
also an additional four minor bands with molecular weights
between 27,000 and 30,000 (Fig. 2b, track D). DA6.231, an anti-
human Class II ji chain monoclonal, gave identical results to
SW73.2.
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(a)

-1 \ 1 2
Antigen Days

Figure 1. Changes in expression of Class II positive cells in lymph after
antigenic stimulation, (a) Changes in the percentage of Class II
expressing macrophages (Fr. 1) and lymphocytes (Fr.2) in sheep peri¬
pheral lymph, (b) Changes in the percentage of efferent lymph T cells
expressing Class II.

Isoelectric focusing of purified SW73.2 immunoglobulin
showed three closely associated bands with isoelectric points of
approximately 8-3, while PAGE blotting of SW73.2 showed the
existence of both lamda and kappa light chains. This indicates
that the three bands on IEF probably consist of divalent
antibody (HL), monovalent antibody (HLK) and divalent Ig

(a) MW

"67,000-

.-43,000"

-36,000-

i—30,000".

(b) MW

-67,000

-43,000

-36,000

-30,000

A B C D E F

Figure 2. (a) Silver-stained SDS-PAGE of immunoaffinity purified sheep
Class II. Lane A shows material eluted from SW73.2-affigel and run
under reducing conditions. Lane B shows material eluted from a
control, normal rat Ig affigel, column. Lane C is SW73.2 antigen run
under non-reducing conditions, (b) PAGE-blot from a reducing gel
showing the reactivity of SW73.2 with BL20 (lane D), peripheral lymph
macrophage (lane E) and efferent lymphocyte (lane F) lysates.

(HK), the kappa light chains being those of the Y3-Agl23
myeloma.

Saturation binding and affinity determination

Affinity determination was by Scatchard plot analysis. The
affinity of SW73.2 was calculated to be 61 + 1-4 x 108 L/M and
this was the same on either sheep lymphocytes, peripheral lymph
macrophages or the BL20 cell line. Quantification of antibody
binding sites was done by determining the amount of l25I Fab'
SW73.2 binding at saturation to a fixed number of cells. It was
found that the BL20 cell line contained 2 x 105 binding sites per

cell, efferent and peripheral lymph B cells possessed about
I x 105, while peripheral lymph macrophages had 3 x 105 bind¬
ing sites per cell. It should be noted that both the affinity
measurements and site density numbers determined with
SW73.2 will be influenced by the heterogeneity of the Ig
molecules produced by this hybridoma.

Effect of F(ab') SW73.2 on lymphocyte proliferation in vitro

Most monoclonal antibodies to Class II have been shown to

inhibit antigen-induced lymphocyte proliferation in vitro.
Figure 3 shows the effect of adding F(ab'): SW73.2 to both
antigen (PPD or ovalbumin in primed sheep) and mixed
lymphocyte induced lymphocyte proliferation cultures. Allo¬
geneic stimulation was totally obliterated with SW73.2 at 1 fig/
ml while antigen stimulation was less sensitive, being totally
inhibited with antibody at 5 /ug/ml. In vitro lymphocyte
proliferation was also abrogated by the anti-human Class II
antibodies, YE2.36 HLK and DA6.231 but were not inhibited
by T81 (STla, Beya et al., 1986) an anti-sheep Leu 1 or Lyt 1, or
by a rat monoclonal to non-MHC antigens on sheep peripheral
lymph macrophages (SR66.1).

Inhibition of binding of SW73.2 by monoclonal anti-human Class
II antibodies

These experiments were done to determine if any of the anti-
human Class II monoclonals that fortuitously reacted with
sheep cells (like YE2.36 HLK) also inhibited binding of the anti-

SR 66-1

0-01 0-1 12 5 10
Cone. F(ab')2 monoclonal antibody (pg/ml)

Figure 3. Inhibition of antigen-induced proliferation. Effect of F(ab')2
SW73.2 on antigen and alloantigen induced proliferation in vitro of
sheep PBL. SD within replicates was < + 10% of root square mean.
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Figure 4. Competitive inhibition of 125I Fab' SW73.2 binding to sheep
lymphocytes by IgG of monoclonal anti-Class II antibodies. SD within
replicates was < + 1% root square mean.

sheep Class II monoclonal in a preliminary attempt to assign
subregion specificity to the SW73.2 antigen. Initial experiments
investigated the inhibition of binding of 50 ng 125I Fab' SW73.2
to 1 x 106 sheep lymphocytes by preincubation with 100 p\
supernatant or monoclonal anti-human Class II antibodies. The
only monoclonals to inhibit were SW73.2 itself, and the anti-
DP, DQ, DR fi-chain monoclonal DA6.231 that inhibited
binding by 30%. When investigated in more detail (Fig. 4) it was
found to inhibit binding by 85% at 50 jig/ml. Inhibition by
homologous antibody shows 95% inhibition at 0-1 Ttg/ml and
total inhibition at higher concentrations. DA6.147 is an anti-
DP, DR-chain (Guy et at., 1982) and YAML 555.6 is an anti-
human Class II of unassigned chain specificity.

DISCUSSION

Recently, there have been reports from two other laboratories
on the use of monoclonal antibodies to identify and characterize
lymphocyte populations and immunologically active molecules
of the sheep (Mackay et at., 1985; Maddox, Mackay & Brandon,
1985; Beya et at., 1986). In this paper we describe a rat
monoclonal antibody SW73.2 that recognizes products of the
ovine MHC Class II loci (Hopkins et at.. 1985). PAGE-blotting
and competitive inhibition studies suggest that this antibody
recognizes the Class II /(-chain. In contrast to immunoprecipi-
tations of human Class II (Brickell et al., 1981) we find, as do
Puri et al. (1985), that sheep Class II a and p chains are resolved
only under non-reducing conditions. Under such conditions the
antigen precipitated by SW73.2 runs as three bands, one at
33,000 mol. wt (the a chain) and two bands at 28,000/29,000
mol. wt. These two bands represent either two discrete P chains
or one ft and the invariant chain of Class II (Jones et al., 1978).

When BL20 lysate was used as the antigen, at least four
minor bands are recognized (molecular weights between 27,000
and 30,000) as well as the major 31,000/32,000 mol. wt /? chains.
The detection of smaller bands by SW73.2 is similar to the
YE2.36 HLK monoclonal that precipitates 35,000 and 28.000
mol. wt chains from normal lymphocytes and reacts with an
additional 25,000 mol. wt band from the malignant Raji cell line
(Brickell et al., 1981). These authors also showed by peptide
mapping experiments that the 28,000 and the 25,000 mol. wt
chains isolated from the Raji cells are very similar and that the
25,000 mol. wt chain is either a precursor or breakdown product
of the fi chain. The recognition by this antibody of possibly the

mouse I-E gene product and the inhibition of binding by the
anti-human DP, DQ, DR p chain monoclonal DA6.231 illus¬
trates the conservation of antigenic epitopes on mammalian
Class II antigens. This does not necessarily mean that sheep
have DP, DQ, DR (or I-E) loci or their products, as cross-

species comparisons must be interpreted with caution. The
epitopes present on a subtype of Class II molecules in one
species may not be on the same subtype in a different species,
although so far cross-reactivity has not been described for
totally dissimilar molecules. For instance, the monomorphic
anti-human Class II monoclonal YE2.36 HLK reacts to a

polymorphic determinant on murine I-A antigen. With this
reservation we suggest that YE2.36 HLK and SW73.2 could be
used to identify putative I-A and I-E gene products in the sheep.
Subtype analysis of sheep Class II is being done by sequential
immunoprecipitation and PAGE-blotting from 2-D gels.

The pattern of staining of this monoclonal on sheep tissues is
typical of anti-Class II antibodies (Rouse et al., 1979; Daar et
al., 1984; Puri etal., 1985), particularly the reactivity on thymus
and skin where the thymic cortical epithelium and epidermal
Langerhans cells stain up especially strongly. SW73.2 also reacts
with the heterogeneous, peripheral lymph macrophages that
possibly originate from the Langerhans cells (Silberberg-
Sinakin et al., 1976). These cells are potent antigen presenting
cells (Hopkins et al., 1985) and are totally inhibited in that
function by this anti-Class II antibody. This inhibition could be
by one of possibly four means: by inhibiting the interaction of
antigen and Class II on the antigen presenting cell membrane;
by the allosteric interference ofT-cell recognition of the antigen-
Class II complex; by inhibition of IL-1 or IL-2 release or,

prevention of receptor expression.
The development of monoclonal antibodies to sheep lym¬

phocytes and their application to the cannulated lymphatic
model in sheep permits a type of analysis of the physiological
and kinetic changes in expression of lymphocyte membrane
molecules that are caused by either antigenic stimulation in vivo
or by infectious agents. The proportion of Class II expressing
cells in both peripheral and efferent lymph are altered greatly by
in vivo antigenic stimulation. Furthermore, we have recently
quantified the levels of Class II expression by these cell
populations and have found that immunological stimuli cause a
three-fold increase in expression by slg+ B cells (from 1 x 105to
3xl05 molecules per cell), a six-fold increase by peripheral
lymph macrophages (3 x 10s to 2 x 106) and complete de novo

synthesis by efferent T cells, from undetectable levels to 5 x 105
molecules per cell (J. Hopkins, in prep.). We are currently
investigating the factors that mediate and control these changes
and are also studying their functional significance.
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A stable aminopterin-sensitive sheep X mouse heterohybridoma cell line (lC6.3a6T.lD7) for use in the
generation of sheep monoclonal antibodies is described. The line was first constructed by fusing the mouse
myeloma line, NSO, to normal sheep lymphocytes obtained from the efferent lymphatic vessel of a
cannulated popliteal lymph node. The line was rendered sensitive to aminopterin through a combination of
irradiation and treatment with the anti-metabolite drug 6-thioguanine.

Characterisation of the cloned cell line showed that it did not secrete sheep immunoglobulin (Ig)
molecules, express Ig on the surface membrane, or express normal sheep B or T cell surface markers. The
lC6.3a6T.lD7 line has remained stable in tissue culture for over 2 years, showing no signs of reversion to
aminopterin resistance. The lC6.3a6T.lD7 cells have been used as fusion partners with lymphocytes from
antigen primed sheep to generate sheop monoclonal antibodies to human chorionic gonadotropin (hCG) or
a synthetic peptide analogue of the VP1 capsid protein of foot and mouth disease virus (FMDV).

To optimise the efficiency of heterohybridoma generation, comparisons were made of peripheral blood,
efferent lymph or excised lymph nodes as sources of antigen-stimulated lymphocytes for fusion. The
results showed that lymphocytes prepared from either efferent lymph or lymph node on the fourth day
following antigenic stimulation gave similar high fusion efficiencies, and both were vastly superior to
peripheral blood lymphocytes. Results were also obtained which showed that the blast cells present in
lymphoid tissues due to antigenic stimulation were the major cell types involved in the generation of viable
antibody-secreting sheep X sheep X mouse heterohybridomas.

Key words: Heterohybridoma; Monoclonal antibody; (Sheep)

Introduction

Since the development of the technique de¬
scribed by Kohler and Milstein (1975) of fusing
mouse myeloma cells to the splenocytes of an
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immunised mouse, rapid progress has been made
in the field of monoclonal antibody technology
and the use of monoclonal antibodies has spread
into almost every area of biology. However, much
of the progress has been limited to rodents due to
the lack of suitable myeloma cell lines in economi¬
cally important veterinary species such as sheep or
cattle.

There have been attempts to generate mono-
clonals in other species by fusing lymphocytes
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from the species of interest to a mouse myeloma
line (Yarmush et al., 1980; Tucker et al., 1981;
Srikumaran et al., 1984; Murphy et al., 1986).
However the efficiency of generating hybrids is
low and of those that do grow only a few secrete
specific antibody and they appear to do so for
only a short period of time. These problems can
be reduced by back-fusing lymphocytes from the
species of interest to an already generated,
aminopterin-sensitive, heterohybridoma (Ostberg
and Pursch, 1983; Tucker et al., 1984; Anderson
et al., 1987; Groves et al., 1987a, 1988). The
secondary hybridomas thus generated appear to
be more stable in tissue culture; they live longer
and secrete antibody for longer periods of time
and at higher concentrations.

This paper describes the development of a sui¬
table aminopterin-sensitive sheep/mouse hetero¬
hybridoma fusion partner for the routine produc¬
tion of sheep monoclonal antibodies. The source
of lymphocytes used as fusion partners was also
evaluated by taking cells from efferent lymph,
lymph nodes or peripheral blood. In addition at¬
tempts were made to identify particular cell types
within these populations which were responsible
for the generation of viable antibody-secreting
heterohybridomas.

Materials and methods

Immunisation
Human chorionic gonadotropin (hCG) was ob¬

tained from Sigma. A synthetic peptide consisting
of residues 141-160 of VP1 of the A24 strain of
FMDV was a kind gift from Dr. T. Doel, AFRC
Institute for Animal Health, Pirbright, Surrey.
Adult sheep were primed with 500 jag of either
hCG or A 24 FMDV synthetic peptide-ovalbumin
conjugate by intramuscular injection in Freund's
complete adjuvant (FCA) (Sigma) on two occa¬
sions 2 weeks apart. The peptide was coupled to
ovalbumin (Sigma) to act as a carrier and provide
T cell help for the generation of an antibody
response. A one step glutaraldehyde method was
used for coupling in which the ovalbumin was
reacted with 10 jal of 0.25% redistilled grade
glutaraldehyde (BDH, England) overnight at room
temperature. Excess glutaraldehyde was removed

by gel filtration on a Sephadex G-25 column and
then an equal amount of peptide was added to the
glutaraldehyde-treated ovalbumin and allowed to
react for 24 h at room temperature. The reaction
was stopped by the addition of 1 M ethanolamine
to give a final concentration of 0.025 M.

Cannulation and lymph node excision
The efferent lymphatic vessels draining popli¬

teal, prefemoral or prescapular lymph nodes were
cannulated under general anaesthesia by a modifi¬
cation of the technique originally described by
Lascelles and Morris (1961) and Hall and Morris
(1962). The sheep used were either Scottish
Blackface or Finnish Landrace crosses. Lymph
was collected via polythene tubing into sterile
plastic bottles containing heparin.

Antigenic stimulation of lymph nodes was per¬
formed by the injection of 100 jug of either hCG
or A 24 synthetic peptide in sterile normal saline
intradermally into the drainage area of the node.
Lymphocytes were prepared and fused from either
lymph node or efferent lymph on day 4 following
antigenic stimulation.

Preparation of lymphocytes
Efferent lymph cells collected over a period of

90 min (approximately 1.8 X 107 cells/ml) were
washed twice with sterile, serum-free RPMI
medium by centrifugation at 1500 rpm for 5 min
and resuspended at 1 X 107 cells/ml in the same
medium. Single cell suspensions of lymph node
cells were prepared from each node by first dis¬
secting the node free from surrounding fat tissue,
then cutting the node into small pieces approxi¬
mately 4 mm in diameter. The lymph node tissue
was then homogenised by gently forcing the tissue
through a sterile nylon filter. The cells were washed
out of the filter using serum-free RPMI and then
washed twice by centrifugation at 1500 rpm for 5
min.

Peripheral blood mononuclear cells were ob¬
tained from defibrinated sheep blood underlaid
with Lymphoprep (Nycomed, Oslo, Norway) be¬
fore centrifugation at 3000 rpm for 25 min at
room temperature. The interface cells were washed
twice in serum-free RPMI and resuspended at
1 X 106 cells/ml in RPMI containing 10% foetal



239

calf serum (FCS), 2 mM L-glutamine (GLN), 5 X
10~5 M 2-mercaptoethanol and 2.5 jug/ml poke-
weed mitogen (PWM). The cells were grown in a
T175 plastic tissue culture flask (Sterilin) at 37 °C
in a humidified atmosphere of 5% C02 and 95%
air. The cells were harvested after 4 days.

Fusion

The lymphocytes (from efferent lymph, lymph
node or peripheral blood) were fused to either the
mouse myeloma cell line, NSO, or to the subse¬
quently generated sheep X mouse heterohy-
bridoma cloned cell line (lC6.3a6T.lD7) at a ratio
of 2 :1. Firstly, the cell mixture was centrifuged at
1200 rpm for 5 min to pellet the cells. The cells
were then fused by layering on 1 ml of 50%
polyethylene glycol (PEG) (Sigma) in RPMI (MW
.= 3350) containing 10 jal/ml 2 M Tris-HCl pH
8.5 and mixing with the PEG for 8 min by gently
swirling the tube containing the cells. The cells
were then centrifuged at 700 rpm for 5 min to
form a loose pellet, before slowly adding fresh
serum-free RPMI to dilute out the excess PEG.

Following centrifugation at 1000 rpm for 5 min,
the supernatant was removed and replaced with
RPMI containing 20% FCS, 2 mM GLN, HAT
(1 X 10~4 M hypoxanthine, 4xl0~7 M ami-
nopterin, 1.6 X 10~5 M thymidine), and 5 X 10~5
M 2-mercaptoethanol (2-ME) to give a final con¬
centration of 2 X 106 cells/ml. 100 ju.1 of this cell
suspension was added to the wells of 96-well flat
bottomed plate (Nunclon) which already con¬
tained 100 /xl/well of rat mixed thymocyte medium
(MTM) and placed in a humidified incubator at
37 °C in an atmosphere of 5% COz and 95% air.

Rat mixed thymocyte medium was prepared by
removing the thymus from one Sprague rat and
one Wistar rat, both 5-6 weeks old, and gener¬

ating a single cell suspension by homogenisation.
The cells were washed in sterile phosphate-buffer¬
ed saline (PBS) pH 7.2 three times and then
resuspended at 5 X 106 cells/ml in RPMI contain¬
ing 15% FCS, 2 mM GLN and 100 U/ml penicil¬
lin/streptomycin (P/S).

The cells were grown at 37° C in a C02 incuba¬
tor for 48 h before the supernatant was harvested
by centrifugation, filter sterilised using a 0.22 jam
filter, and then stored at — 20 °C.

Growth and immunoglobulin production by hy-
bridomas

11 days and 20 days post fusion wells were
examined microscopically for hybridoma growth.
The supernatants from those wells showing posi¬
tive growth at day 20 were tested both for sheep Ig
and for antibody to target antigen using an en¬
zyme-linked immunosorbent assay (ELISA).

The wells of the ELISA plate (Cooke) were
coated with either 10 jug/ml hCG or 10 /xg/ml
FMDV strain A24 synthetic peptide to detect anti-
hCG or anti-FMDV peptide antibodies respec¬
tively, or with 2.5 jug/ml polyclonal rabbit anti-
sheep Ig (affinity purified) to detect sheep Ig in 15
mM carbonate/bicarbonate buffer pH 9.6. The
presence of sheep Ig was detected by a mono¬
clonal antibody directed against sheep light chains
(VPM8, raised in this Department) followed by a

1/1000 dilution of an anti-mouse Ig peroxidase
conjugate (Scottish Antibody Production Unit).
This was found to be superior to an anti-sheep Ig
peroxidase conjugate used directly since VPM8 is
sheep specific and does not cross-react with any
bovine Ig which may be present in the FCS in the
supernatant. This two-step protocol also served as
an amplification step allowing sheep Ig to be
detected at levels which might otherwise be missed
by one-step methods. The ELISA was developed
by citric acid/disodium hydrogen o-phosphate
buffer containing 0.08% o-phenylenediamine
(OPD) (Sigma) and 0.04% hydrogen peroxide. The
reaction was stopped with 2 M sulphuric acid and
the absorbance read at 492 nm in a Titertek
Multiscan (Flow Laboratories).

Cell cloning
Soft agar. The hybridoma cells were diluted

in RPMI medium containing 20% FCS, 2 mM
GLN, HT (1 X 10~4 M hypoxanthine, 1.6 X 10~5
M thymidine) and 1% agar (Difco-Bacto) and
poured into 90 mm petri dishes. The agar was
allowed to set and the plates were then incubated
at 37 °C for 10-14 days or until the appearance of
cell colonies.

Limiting dilution. 50 ju.1 aliquots of the cells
were plated out into 96 wells already containing
50 jal rat MTM to give cell concentrations of 2.5,
1.25, and 0.6 cells/well. The plates were then
incubated at 37 °C for 10-14 days or until the
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appearance of cell colonies. When the colonies
were visible they were picked off and resuspended
in RPMI/20% FCS and cultured in 24-well plates.

Aminopterin sensitisation
The hybridoma cells were exposed to either

1000, 2000 or 3000 rads of gamma irradiation
from a Caesium-137 source and then grown in
RPMI containing 10% FCS in 24-well plates in the
presence of either 8-azaguanine or 6-thioguanine
(both from Sigma) at drug concentration ranging
from 30 jug/ml down to 1 /xg/ml.

Metaphase cell preparation
The cells for chromosome analysis were grown

for 4 h in RPMI containing 10% FCS and 0.2
jug/ml demecolcine (Colcemid, Sigma) at a cell
concentration of 1 X 106 before being fixed in
ice-cold acetic acid/alcohol (three parts methanol
to one part glacial acetic acid). After fixing the
cell suspension was dropped from a fixed height
dropwise onto clean, ice-cold microscope slides.
Slides were allowed to dry and then stained with
Giemsa. Spreads were examined with a Leitz mi¬
croscope at a magnification of 630 X .

Cell staining for flow cytometry analysis
Monoclonal antibodies directed against sheep

major histocompatibility complex (MHC) class I
(VPM10) or class II (SW73.2) molecules, im¬
munoglobulin light chains (VPM8), or leukocyte
common antigen (VPM18), and against a fish
bacterial pathogen (5E6) were raised in our

laboratory. The monoclonal antibodies directed
against sheep T cell markers (SBU-T1, SBU-T4
and SBU-T8) were obtained from Dr. M. Bran¬
don, University of Melbourne, Australia. Cells for
staining were washed three times in RPMI/1%
bovine serum albumin (BSA)/0.03% sodium azide
by centrifugation at 1500 rpm for 5 min. The cells
were then resuspended in either monoclonal anti¬
body supernatant or polyclonal antiserum against
sheep B and T cell surface markers and left for 30
min at room temperature. The washing step was
repeated but this time the cells were resuspended
in fluorescein isothiocyanate (FITC)-conjugated
antibody directed against mouse, rat or rabbit Ig
as appropriate (obtained from Sigma with the
exception of the anti-mouse Ig-FITC conjugate

which was developed in the Department). The
cells were left for another 30 min and then washed

again. The cells were then resuspended in 500 ju.1
of PBS/1% formalin/0.03% sodium azide/10%
glycerol. Samples were stored at 4°C in the dark
until examination on an Epics fluorescence
activated cell sorter (Coulter Electronics). In some

experiments, cytospins were prepared using a cy-
tocentrifuge and the cells stained by indirect
immunofluorescence for Ig expression.

Results

Generation of an aminopterin-sensitive heterohy-
bridoma line

To generate hybridomas that did not secrete Ig,
fusions were carried out on two occasions with
normal sheep lymphocytes obtained from a can-
nulated efferent lymphatic vessel. Although primed
to hCG, the sheep had not been stimulated with
soluble hCG prior to harvesting the efferent
lymphocytes. A total of 456 wells were seeded
with the mixture of efferent lymph cells and NSO
fused at a ratio of 2:1. 11 days post fusion 61
(13.4%) were positive for hybridoma colonies. Out
of these 61 colonies, 32 continued to grow well
enough to be tested in an ELISA for the produc¬
tion of both sheep immunoglobulin and anti-hCG
antibody. One was positive for anti-hCG antibody
production while three secreted sheep immuno¬
globulin of undefined specificity.

One hybridoma (IC6) which grew well but did
not secrete Ig was selected for cloning and
aminopterin sensitisation. The medium was

changed from RPMI/20% FCS/HAT to RPMI/
10% FCS over a period of 2-3 months. The 1C6
line was cloned by limiting dilution and the clone,
lC6.3a, was rendered aminopterin sensitive by
culturing in the presence of the thymidine ana¬
logue 6-thioguanine after exposure to 2000 rads of
gamma-irradiation from a caesium-137 source. At¬
tempts to induce aminopterin sensitivity without
prior gamma-irradiation were not successful. Nor
was the use of 8-azaguanine, another thymidine
analogue, in place of 6-thioguanine. The con¬
centration of 6-thioguanine was increased step¬
wise from 2 jug/ml to 20 jig/ml over a period of
2-3 weeks. The cells were maintained at this con-
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Fig. 1. Comparison of the 1D7 heterohybridoma cloned line (A) with peripheral blood mononuclear cells (B) for size (log forward
light scatter) and granularity (log 90 ° light scatter) using flow cytometry analysis. The cell populations 1 and 2 are described in the

text.

centration for 2 weeks before an aliquot of the
cells was transferred to RPMI/10% FCS/HAT.
These cells died within 48 h, confirming their
aminopterin sensitivity. This cell line was then
re-cloned by limiting dilution. A cell line, 1C6.
3a6T.lD7, obtained from this cloning was selected
for further study.

Cell characterisation and phenotypic analysis
Flow cytometry analysis of the lC6.3a6T.lD7

cell line showed that the line contained two cell

populations labelled 1 and 2 in Fig. 1 A. Popula¬
tion 2 contained larger cells than population 1 but
both had similar granularity as assessed by 90°
light scatter. Both populations 1 and 2 were larger
and more granular than normal sheep peripheral
blood mononuclear cells included as a control

(Fig. IB). The appearance of two cell populations
has been consistent each time the line was

examined over a period of 1 year despite
aminopterin sensitisation and recloning. The pro¬
portions of populations 1 and 2 remained the
same when examined at 6 h intervals over a 48 h

period during which time the cells went through at
least one replicative cycle (data not shown).

Table I shows that the line was negative for all
of the ovine cell surface molecules examined. Pe¬

ripheral blood lymphocytes, included as a control,
expressed surface Ig, class I and class II MHC

molecules, and leukocyte common antigen (LCA).
As the cell line did not express any B cell markers
and did not secrete Ig it was examined for expres¬
sion of T cell markers to ascertain if it was the

TABLE I

PHENOTYPIC ANALYSIS OF lC6.3a6T.lD7 AS AS¬
SESSED BY FLOW CYTOMETRY

Mono¬ Cell surface molecule % Cells positive a
clonal recognised 1C6.- 7D11.F8 b Sheepc
antibody 3a6T.- PBMs

1D7

VPM 8 Sheep light chain 2.35 98.5 31.9

VPM 10 Sheep class I MHC 1.38 3.0 89.0

SW73.2 Sheep class II MHC 1.23 3.29 48.4

VPM 18 Sheep LCAd 1.81 2.11 94.0

SBU-T1 Sheep Tj 4.96 N.D. f 55.3

SBU-T4 Sheep T4 3.25 N.D. 32.0

SBU-T8 Sheep T8 6.10 N.D. 17.6
5E6 Fish bacterial

pathogen c 1.46 2.87 1.7

" Values given are corrected for non-specific adherence of the
FITC-labelled conjugates to the target cells.
b

Sheep x mouse heterohybridoma secreting sheep immuno¬
globulin.
c Sheep peripheral blood mononuclear cells.
d Leucocyte common antigen.
c Negative control antibody.
' Not done.



242

product of a fused NSO and a T lymphocyte. The
cell line did not express T1 (a pan-T cell marker),
T4 (a T helper cell marker), nor T8 (a T suppres¬
sor/cytotoxic cell marker). An Ig secreting line
7D11.F8, similarly examined, expressed surface Ig
but none of the other cell surface molecules ex¬

amined. A similar result was obtained with another

Ig-secreting line, 4D9.G11, when cytospins were

prepared of the cells and examined for the pres¬
ence of cytoplasmic or membrane Ig (data not
shown).

Chromosome analysis
Metaphase preparations of the lC6.3a6T.lD7

cloned cell line were prepared and the chro¬
mosomes counted. The mean chromosome num¬

ber was found to be 90. This was higher than the
normal mean diploid number of 54 for the sheep
and 40 for the mouse (Biology Data Book), and
also of 54 for NSO myeloma cells used in these
experiments (Anderson et al. (1987) found the
mean chromosome number of NSO to be 65), thus
confirming the presence of extra chromosomes in
the 1D7 cells.

Feasibility of JC6.3a6T.lD7 clone as a fusion
partner with ovine lymphocytes from different
lymphoid tissues with or without antigenic stimula¬
tion

To assess if this clone would improve the fusion
efficiency with the production of more stable anti-
body-producing hybrids, the line was compared to
NSO in fusions with sheep lymphocytes from can-
nulated efferent lymphatic vessels, lymph nodes
and peripheral blood. Lymphocytes from efferent
lymph and lymph nodes were fused prior to, and
on day 4 following antigenic stimulation, whereas
peripheral blood lymphocytes from antigen primed
sheep were stimulated with PWM for 4 days prior
to fusion or were used fresh. The results of these
fusion experiments are presented in Table II.
lC6.3a6T.lD7 consistently generated more viable
heterohybridomas than NSO cells when fused to
lymphocytes from either lymphatic vessels or pe¬

ripheral lymph nodes irrespective of the time at
which the lymphocytes were collected with regard
to secondary antigenic stimulation. In addition to
increasing the total number of heterohybridomas
generated, antigenic stimulation was associated

TABLE II

COMPARISON OF THE FUSION EFFICIENCY, IMMUNOGLOBULIN AND ANTIBODY SECRETION OF FUSION
BETWEEN NSO OR lC6.3a6T.lD7 CELL LINES AND SHEEP LYMPHOCYTES OBTAINED FROM EFFERENT LYMPH,
LYMPH NODE OR PERIPHERAL BLOOD FOLLOWING ANTIGENIC OR MITOGENIC STIMULATION

Day Fusion Number of heterohybridomas (%)
relative to partner Generated/total b wells seeded Sheep Ig 0 secretors/total antibody d secretors/total
antigen or

mitogen a ELe LN f PB s EL LN PB EL LN PB

0 NSO 83/567 87/206 48/230 7/48 5/59 0/48 5/48 1/59 0/48
(15) (42) (20) (15) (10) (0) (10) (2) (0)

ID7 449/687 96/185 230/238 71/445 9/64 0/230 49/449 5/64 0/230
(65) (52) (96) (16) (14) (0) (11) (8) (0)

4 NSO 397/708 37/240 0/230 56/390 5/37 0/238 36/390 4/37 0/238
(56) (15) (0) (14) (14) (0) (9) (11) (0)

ID7 503/712 195/210 90/238 99/474 30/136 3/238 64/474 19/136 2/238
(71) (93) (38) (21) (22) (1) (14) (14) (1)

a Day relative to injection of 100 fig of either hCG or A24 FMDV synthetic peptide into the drainage area of the lymph node, except
in the case of peripheral blood lymphocytes where the cells were stimulated with pokeweed mitogen in vitro
b Results shown for efferent lymph cells are totals obtained from 3 separate fusions, the other results were obtained from single
fusions
c

Heterohybridoma cells secreting sheep immunoglobulin of an unidentified specificity
d Anti-hCG or Anti-A24 FMDV synthetic peptide antibodies
e Efferent lymph.
' Lymph node.
s Peripheral blood.
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with an increase in the number of these heterohy-
bridomas which secreted either sheep Ig of an
undefined specificity or antibody to target anti¬
gen. This was noted with both the NSO and the
lC6.3a6T.lD7 fusion partners although it was
more marked with the latter. Lymphocytes pre¬
pared from peripheral blood were inferior to
lymphocytes from either lymph node or efferent
lymph in the generation of viable antibody-secret¬
ing heterohybridomas. Stimulation with PWM had
the effect of decreasing the total number of viable
heterohybridomas generated with both NSO and
lC6.3a6T.lD7 as fusion partners, although it was
only after this in vitro stimulation that sheep Ig
and specific antibody secreting heterohybridomas
were identified.

Effect of antigenic stimulation on lymphoid tissues
Lymphocytes prepared and fused on day 4

following antigenic stimulation were a superior
source of cells suitable for the generation of anti-
body-secreting heterohybridomas when compared
with cells prepared prior to antigenic stimulation
(Table II). In an attempt to identify the cells
associated with the production of these heterohy¬
bridomas the alterations occurring in the pheno-
type of efferent lymph cells were studied during
antigenic stimulation of the cannulated node. 2-3
days following antigenic stimulation a second
population of cells appeared in efferent lymph
which was larger and more granular than the first
and had a greater cytoplasm: nucleus ratio. These
transitional cells or lymphoblasts were first de¬
scribed by Hall and Morris (1963). Table III shows
that this blast cell population reached a peak on

day 4 following antigenic stimulation and con¬
sisted of both T and B cell blasts. To confirm if
this blast cell population was associated with the
improved fusion efficiency observed using cells
collected on day 4 following antigenic stimulation,
the heterogeneous population of cells present in
efferent lymph was sorted into two individual
populations on the basis of cell size by flow cy¬

tometry. These two cell populations were then
fused individually to the lC6.3a6T.lD7 line. The
sorted blast cell population contained 90% blast
cells and fusion generated 18(60%) viable hetero¬
hybridomas out of 30 wells seeded with the fusion
mixture of cells. In the sorted small lymphocyte

TABLE III

RELATIVE PROPORTIONS OF BLAST CELLS IN
EFFERENT LYMPH FOLLOWING ANTIGENIC STIMU¬
LATION OF THE CANNULATED NODE

Day relative Number of cells X 106
to antigenic Total B T1
stimulation a

blasts b blasts c blasts c

0 < 0.1 < 0.1 <0.1

4 4.0 1.8 0.9

7 0.8 0.3 0.3

a Antigenic stimulation was performed by the injection of 100
u g antigen in sterile normal saline intradermally into the
drainage area of the node
b Estimated by light microscopy.
" Estimated by flow cytometry. The blast cell population was

gated using the cell sorter and the relative proportions of cells
staining for T and B cell surface markers within this popula¬
tion were determined

population there were no blast cells present which
were detectable by light microscopy and on day 7
following fusion of this cell population one (5%)
viable heterohybridoma was generated out of 20
seeded for growth.

Stability of heterohybridomas
The stability of the heterohybridomas was as¬

sessed by the maintenance of specific antibody
secretion. Table IV demonstrates that the more

stable heterohybridomas were associated with

TABLE IV

KINETICS OF SPECIFIC ANTIBODY SECRETION BY

HETEROHYBRIDOMAS

Day of b
antigenic
stimulation

Fusion Number of heterohybridomas
partner secreting anti-hCG antibodies

following fusion a

Day Day Day Day
17 c 27 52 70 a

0 NSO 1 1 1 0

1D7 5 0 0 0

4 NSO 4 3 3 2

1D7 19 8 9 5

a Heterohybridomas generated from fusion between sheep
lymph node cells with either NSO or 1D7 cells.
b hCG was injected into the poplital lymph node drainage
area.

c Day post antigenic stimulation.
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lymphocytes collected on day 4 following anti¬
genic stimulation. Within this group, although
there were more antibody-secreting heterohy-
bridomas surviving 70 days post fusion when the
lC6.3a6T.lD7 line was used as the fusion partner,
this appeared to be due to the greater number of
antibody-secreting hybrids generated initially and
not to any increased stability conferred by the
lC6.3a6T.lD7 line. These heterohybridomas con¬
tinued to secrete antibody in tissue culture for
over 6 months at which time the experiment was
terminated.

Discussion

Investigation of diseases in important veterinary
species has been hampered in the past through
lack of suitable molecular reagents. One promi¬
nent example of this is the lack of naturally occur¬

ring myelomas in these species for use in the
generation of monoclonal antibodies. These re¬

agents are necessary because immune responses to
pathogens are qualitatively and quantitatively dif¬
ferent in individual species, as a result of dif¬
ferences in antigen presentation, MHC restriction
and immune response gene effects.

In this paper, attempts were made to generate a
suitable myeloma line through interspecies fusion
for the generation of sheep monoclonal antibod¬
ies. This was achieved by fusing murine NSO
myeloma cells to sheep lymphocytes obtained from
the efferent lymph of sheep which, although
primed to hCG, were not stimulated with antigen
prior to fusion. From this fusion only a few viable
heterohybridomas were generated. These results
are similar to those encountered in the field of
human heterohybridomas, where in vivo antigenic
stimulation prior to fusion is difficult to achieve
for ethical reasons. Human X mouse heterohy¬
bridomas tend to be of limited use because they
are genetically unstable and preferentially exclude
the human chromosomes resulting in either cell
death or cessation of antibody secretion (Murphy
et al., 1986). Similar results have been shown for
mouse X bovine heterohybridomas (Tucker et ah,
1984) and for mouse X ovine heterohybridomas,
despite antigenic stimulation 3 days prior to fu¬
sion (Tucker et ah, 1981). With mouse X bovine

heterohybridomas this problem can be reduced by
back-fusing the heterohybrid cells to bovine
lymphocytes (Tucker et ah, 1984; Anderson et ah,
1987; Groves et ah, 1987a, 1988). There has been
one report of a mouse X sheep heterohybridoma
which secreted antibody of predefined specificity
for 4 months (Groves et ah, 1987b), although only
3% of the hybrids secreted antibody and repeated
cloning was required to rescue the antibody-secret¬
ing cells.

This paper presents the first description of a
stable mouse X sheep heterohybridoma selected for
aminopterin sensitivity by gamma-irradiation fol¬
lowed by growth in medium containing the anti¬
metabolite 6-thioguanine. The cloned cell line thus
generated did not express membrane-bound im¬
munoglobulin nor did it release immunoglobulin
into the culture supernatant. According to FACS
analysis the clone was also devoid of other ovine
cell surface markers normally expressed by B
lymphocytes, e.g., class I and II MHC antigens
and leukocyte common antigen (LCA) or surface
markers normally associated with the T cell lin¬
eage. These results are similar to those obtained
with human heterohybridomas (Raison et al.,
1982). Either the genes encoding these molecules
were not transferred to the nucleus of the hybrid
cell at fusion or they were lost subsequently. This
suggests that on refusion to sheep B cells any

antibody produced by the sheep X (sheep X
mouse) heterohybridomas generated would be the
product of the genetic material of that B cell,
although it is possible that the lack of immuno¬
globulin could be due to a blockage at transcrip¬
tion or translation (Kozbor and Croce, 1985).

The heterohybrid line has a greater number of
chromosomes than either of its parents, presuma¬
bly due to an increased content of sheep chro¬
mosomes. This is in agreement with the work by
Tucker and colleagues (1984), who have shown
with bovine heterohybrids that the percentage of
bovine chromosomes increases with the number of
times the heterohybrid is back-fused to bovine
lymphocytes. Thus a bovine X (bovine X mouse)
heterohybrid has a higher content of bovine chro¬
mosomes than a bovine X mouse heterohy¬
bridoma.

Flow cytometry analysis demonstrated the ex¬
istence of two cell populations within the cell



clone. This was a reproducible phenomenon and
was noted each time the line was examined over a

period of 1 year. The ratio of the cells in the two
populations did not alter during a 48 h growth
cycle of the line. It is unlikely to have been due to
a contaminant cell since the line had been cloned
twice. One possible explanation is that the two
populations represented the same cell at different
stages of maturation. Indeed, a similar phenome¬
non was observed with mouse X mouse hy-
bridomas (data not shown).

Initial attempts to assess the usefulness of this
sheep X mouse aminopterin sensitive heterohy-
bridoma were very encouraging. The line was

compared to the mouse myeloma, NSO, when
fused to lymphocytes obtained from cannulated
efferent lymphatic vessels, lymph node or periph¬
eral blood. The lC6.3a6T.lD7 line consistently
generated more viable fusion hybrids than NSO
irrespective of the source of the lymphocytes.
When supernatants from these hybridomas were

subsequently screened by ELISA for both sheep
immunoglobulin secretion and antibody-to-target
antigen, the lC6.3a6T.lD7 line yielded both more

sheep immunoglobulin secreting hybrids and more

hybrids secreting antibody-to-target antigen. Pe¬
ripheral blood proved to be a very poor source of
lymphocytes suitable for fusion and generation of
antibody-secreting heterohybridomas. Stimulation
of peripheral blood lymphocytes with PWM prior
to fusion led to the generation of fewer heterohy¬
bridomas. However, the PWM-stimulated periph¬
eral blood lymphocytes were responsible for the
generation of specific antibody-secreting heterohy¬
bridomas despite generating less viable heterohy¬
bridomas in total. This may be explained by the
activation of specific antibody-secreting B cells to
the optimal stage of antibody production and
secretion for immortalisation by fusion.

The effect of secondary antigenic stimulation of
the lymphoid tissue on the generation of heterohy¬
bridomas was also studied. Lymphocytes collected
and fused on day 4 following antigenic stimula¬
tion gave rise to more viable heterohybridomas
and correspondingly greater numbers of these cells
secreted sheep immunoglobulin, some of which
recognised target antigen. By studying the effect
of antigenic stimulation on the output of cells in
the efferent lymph of a cannulated node it was

possible to correlate this increased fusion ef¬
ficiency with the presence of blast cells in the
efferent lymph at this time. To confirm this ob¬
servation the heterogeneous mixture of cells pres¬
ent in efferent lymph on day 4 following antigenic
stimulation was sorted into two separate popula¬
tions on the basis of cell size and granularity,
these two cell populations were then fused individ¬
ually to lC6.3a6T.lD7. The larger, blast cell popu¬
lation was associated with the generation of sub¬
stantially more viable heterohybridomas. This blast
cell population contained both T and B cell blasts
and it is unclear whether the increased fusion

efficiency associated with the presence of these
blast cells was due to the presence of antigen
specific B cell blasts or due to the presence of B
cell growth factors released from the T cell blasts.

This clone thus greatly improves the efficiency
of generation of viable fusion hybrids and also
gives rise to more antibody secreting heterohy-
brids than when NSO is used as the fusion partner.
The lC6.3a6T.lD7 clone has remained stable in
tissue culture since initial cloning for over 2 years
and has shown no reversion to aminopterin resis¬
tance. This cloned line has the potential to be a
useful tool in the routine production of sheep
monoclonal antibodies. These should prove useful
for research, for diagnosis, and possibly as future
therapeutic reagents.
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SUMMARY

In order to identify and characterize the sheep major histocompatibility complex (MHC) class II
molecules, a panel of 19 monoclonal antibodies (mAb) has been raised following immunization of
mice with a variety of class II antigen preparations. Antibodies were selected by ELISA using
immunopurified sheep class II as antigen and further screened for the ability to react on
immunoblots. Nine mAb reacted with the /I-chain and four reacted with the a-chain. The chain
specificity of the remainder could not be determined as they did not blot. The anti-a and anti-/? mAb
all reacted with deglycosylated class II. With the exception of one anti-a and one anti-/? antibody, the
antibodies reacted with both efferent lymph cells and peripheral blood mononuclear cells (PBMC).
Three of the anti-sheep class II mAb reacted with human PBMC.

INTRODUCTION

The major histocompatibility complex (MHC) class II mol¬
ecules are transmembrane glycoproteins found in all vertebrates
examined. They bind peptide fragments of self- and foreign
antigens and present them to T cells. Hence they have a major
role in determining the immune response (Kappes & Strom-
inger, 1988). The molecules consist of an a-chain, with a
molecular weight (MW) of approximately 33,000, non-cova-

lently associated with a /?-chain, of approximately 28,000 MW.
The human class II molecules consist of three distinct subtypes,
DP, DQ and DR, which are encoded by three different
subregions of the HLA-D locus. Molecular analysis and
sequencing data have identified a further two subregions. DN
(Trowsdale & Kelly, 1985; Bodmer et al., 1988) and DO
(Tonnelle, De Mars & Long, 1985). The DN and DO subregions
encode a- and /?-chains, respectively, but equivalent polypep¬
tides have not yet been detected.

The diversity of M HC class 11 products in the sheep is at least
as complex as that in the human and requires further analysis.

Abbreviations: BSA, bovine serum albumin; EDTA, ethylene
diamine tetraacetic acid; EndoF, endoglycosidase F; FITC, fluorescein
isothiocyanate; FSC, forward scatter; HAT, hypoxanthine aminopterin
thymidine; HBSS, Hanks' balanced salt solution; mAb. monoclonal
antibody; MHC, major histocompatibility complex; NMS, normal
mouse serum; NRS, normal rat serum; PBMC, peripheral blood
mononuclear cells; PBS, phosphate-buffered saline; SDS, sodium
dodecyl sulphate; SSC, side scatter; TCA, trichloroacetic acid; TEA/
DOC, 15 mM triethanolamine, pH 8 0,0-5% sodium deoxycholate TNT,
20 mM Tris-HCL, pH 8-0, 150 mM NaCl, 0-5% Triton X-100.

Correspondence: Dr B. M. Dutia, Dept. of Veterinary Pathology,
University of Edinburgh, Summerhall. Edinburgh EH9 1QH. U.K.

Sheep genes related to all the human class II genes, with the
exception of the DP a gene, have been found (Scott, Choi &
Brandon, 1987) and monoclonal antibody (mAb) studies have
defined four subgroups of class II at the polypeptide level (Puri
& Brandon, 1987). In view of the important contribution which
studies on the ovine immune system can make to understanding
the physiology of the immune system, there is a need to define
the ovine MHC. This paper reports on the development and
characterization of a panel of mAb against sheep class II
molecules and identifies the chain specificity of these mAb.

MATERIALS AND METHODS

Production of mAb
A total of six fusions were carried out (Table 1). Mice bred in our
house were immunized either with sheep concanavalin A (Con
A) blasts, sheep thymocytes, sheep afferent lymph cells or
immunopurified sheep class II precipitated with five volumes of
ice-cold acetone overnight at —20°. Sheep cells and tissues were
prepared from animals obtained from the Moredun Research
Institute, Edinburgh or the local abattoir. For fusions four and
six, the immunopurified class II was acid treated prior to
immunization of the mice to increase the likelihood ofobtaining
anti-a-chain-specific mAb (Cohen et al., 1984). Cell fusion was
performed as described by Galfre et al. (1977) using the NSO cell
line. After HAT selection, supernatants were screened by
ELISA using the immunopurified class II as antigen. In fusions
four and six, ELISA positive supernatants were rescreened by
immunoblotting against immunopurified sheep class II. Positive
cell lines were then cloned by limiting dilution and subsequently
recloned in soft agar (Cotton, Secher & Milstein, 1973).
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Table 1. mAb to sheep MHC class II molecules

Fusion

Antibody no. Immunogen Isotype

VPM 1 1 Afferent lymph cells IgM
VPM 3 IgM

VPM 4 2 Con A blasts IgG2a

VPM 14 3 Purified class II IgG2a
VPM 15 IgG3
VPM 16 IgGl
VPM 17 IgG3

VPM 36 4 Acid-treated class II IgGl
VPM 37 IgGl
VPM 38 IgGl
VPM 39 IgGl
VPM 40 IgGl
VPM 41 IgGl
VPM 43 IgGl
VPM 44 IgGl

VPM 45 5 Sheep thymocytes IgG2a
VPM 46 IgG2a

VPM 47 6 Acid-treated class II IgGl
VPM 48 IgG2a

Immunopurification of sheep class II
Sheep class II was purified from sheep spleen (obtained from the
local abattoir) as previously described using our rat mAb to
sheep class II, SW73.2 (Hopkins, Dutia & McConnell, 1986).
Briefly, spleen tissue was teased out of the capsule, homogenized
in HBSS; the cells were pelleted by centrifugation at 800g for 15
min and lysed in 20 mM Tris-HCl, pH 8-0, 150 mM NaCl, 0-5%
Triton X-100 (TNT), containing 0-2 mM phenyl methyl sulpho¬
nyl fluoride. Nuclei were removed by centrifugation for 15 min
at 1200 g and the lysate was further clarified by centrifugation
for 90 min at 30,000 g. The lysate was filtered through glass fibre
filters and pumped onto a normal rat Ig Affigel 10 (Bio-Rad,
Hemel Hempstead) column, followed by an SW3.2 Ig Affigel 10
column. The SW73.2 column was washed with TNT followed by
15 mM triethanolamine-HCl, pH 8 0, 0-5% sodium deoxycho-
late (TEA-DOC) and eluted with 15 mM triethanolamine-HCl,
pH 11-5, 0-5 m NaCl, 0-5% sodium deoxycholate. Eluted
fractions were neutralized with respect to pH, dialysed against
TEA-DOC and reapplied to the columns. After two passages

through the columns the material contained only class II, as

judged by silver stain on SDS-PAGE (Morrisey, 1981).

ELISA for mAb to class II
1:10 (or appropriate) dilutions of SW73.2 antigen in PBS azide
were incubated on ELISA plates (Dynatech, Billinghurst,
Sussex) overnight at 4°. The plates were then washed three times
for 1 min in 01 % Tween 20 in PBS, blocked for 30 min with 2%
BSA in PBS, washed as before and incubated for 1 hr at room

temperature in mAb supernatant. After further washing, the
plates were incubated 30 min with 1:1000 goat anti-rat Ig
horseradish peroxidase (Sigma, Poole, Dorset) or sheep anti-
mouse Ig horseradish peroxidase (Scottish Antibody Produc¬

tion Unit, Law Hospital, Carluke), washed and developed with
OPD (Sigma).

Polyacrylamide gel electrophoresis and immunoblotting
Purified class II and spleen lysate were either boiled in 0-125 m
Tris-HCl, pH 6-8, 20% (v/v) glycerol, 2% (w/v) SDS, 0-04%
bromophenol blue (non-reduced class II) or the same buffer
containing 5% /J-mercaptoethanol (reduced class II) and frac¬
tionated on 12% linear or 7-5-20% gradient SDS polyacryla¬
mide gels (Laemmli, 1970). Alternatively, in order to detect
intact class II a/? heterodimers, purified class II was dissolved in
buffer containing 0-1% (w/v) SDS and loaded directly onto the
gel without boiling. The proteins were transferred electrophore-
tically to nitrocellulose membrane (HyBond C, Amersham,
Aylesbury, Bucks) using the Ancos semi-dry blotter. Following
transfer, marker tracks were stained with 0-5% Amido black
(BDH, Poole, Dorset) and the remainder of the membrane cut
into strips, incubated in the appropriate mAb supernatant and
developed either using horseradish peroxidase as described
previously (Hopkins et al., 1986) or using anti-mouse or anti-rat
alkaline phosphatase conjugates (Sigma) and Bio-Rad alkaline
phosphatase substrate.

Endoglycosidase F treatment of sheep class II
In order to investigate the reactivity of the mAb with deglyco-
sylated antigen, immunopurified sheep class II was denatured
by boiling for 20-30 seconds in 0-75% SDS then incubated at 37°
for 18 hr in 0-2 m sodium phosphate, pH 6-7, 20 mM EDTA, 1%
Triton X-100 and an appropriate amount of Endoglycosidase F
(EndoF; Boehringer-Mannheim, Lewes, East Sussex). The
material was trichloroacetic acid (TCA) precipitated by addi¬
tion of an equal volume of 30% TCA for 30 min on ice. The
precipitates were pelleted and washed three times in ice-cold
acetone, air dried and analysed on 7-5-20% SDS-polyacryla-
mide gels.

Preparation of cells
Efferent lymph cells were obtained by the cannulation of the
prefemoral efferent lymphatic (Hall, 1967). Sheep (Moredun
Research Institute, Edinburgh) were allowed at least 10 days
post-operative recovery before efferent lymph cells were taken
for examination. Peripheral blood lymphocytes were isolated
from heparinized venous blood by NH4C1 lysis as described by
Mishell & Shiigi (1980).

Flow cytometry
Cells were washed three times in 0-1% BSA/PBS/azide and
resuspended to 2 x 107/ml. Twenty-five microlitres of cells were
incubated with 25 p\ of mAb supernatant (1/500 dilution of
normal mouse or normal rat serum was used as the negative
control) for 30 min. Cells were washed and then incubated for
30 min with the appropriate dilution of FITC-labelled affinity-
purified anti-mouse or anti-rat Ig antibody. After washing, the
cells were resuspended in 0-2 ml BSA/PBS/azide and fixed by
addition of 0-2 ml 1 % paraformaldehyde. The labelled cells were

analysed using a FACScan flow cytometer (Becton-Dickinson,
Cowley, Oxon). 104 resting lymphocytes were analysed by 'live
gating', which eliminated dead cells and red blood cells as well as

granulocytes and blast cells. The percentage of positive cells in
each sample was determined by reference to the normal serum
control.
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Figure 1. Immunoblot of non-reduced purified sheep class II showing reactivity with anti-sheep class II and cross-reacting anti-human
class II mAb. (a) Anti-oc-chain-specific antibodies, (b) Anti-/l-chain-specific antibodies.
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Figure 2. Immunoblot of purified sheep class II developed with the anti-
/i-chain-specific mAb VPM41 (a and b) and the anti-a-chain-specific
mAb VPM38 (c and d). The material in (a) and (d) was diluted into 0-1%
SDS and loaded immediately onto the gel. These tracks show the a/?
heterodimer. The material in (b) and (c) was boiled in 2% SDS prior to
loading onto the gel.

RESULTS

Screening of mAb

mAb supernatants were screened initially by ELISA for anti-
class II reactivity against immunopurified SW73.2 antigen.
Positive supernatants were further screened for their ability to
react with class II on SDS polyacrylamide gel blots. In some
fusions, the cells producing ELISA-positive supcrnatants that
did not blot were subsequently discarded. Table 1 lists the
antibodies produced as a result of six fusions. The use of a

purified antigen for immunization proved to be the most
effective method for producing anti-class II antibodies.

Immunoblot analysis of the mAb

Monoclonal antibody supernatants were blotted against both
boiled non-reduced and boiled reduced purified class II and
whole spleen lysate. Figure 1 shows non-reduced class II blotted

with either mouse mAb raised to sheep class II or mouse mAb to
human class II that cross-react with sheep class II. The a-chain-
reactive mouse mAb, including the two anti-human class II
antibodies 1D12 and 5D12 (Cohen, Crichton & Steel, 1987), are
shown in Fig. la. The /I-chain-reactive antibodies, including the
previously described rat anti-sheep class II mAb SW73.2
(Hopkins et al., 1986) and the rat anti-human class II antibody
YAML555.6 (Hale, Clark & Waldmann, 1985), are shown in
Fig. 1 b. SO 16.4, a rat mAb to sheep erythrocytes, and VPM 42, a
mouse mAb to rat Ig, were used as negative controls for the rat
and mouse antibodies, respectively. Some of the mAb recog¬
nized bands with different molecular weights (e.g. VPM 36 and
38, 45 and 46), indicating that they recognize different poly¬
peptides within the sheep class II complex.

The mAb also reacted with two to three other polypeptide
bands on the blots. The anti-a and anti-/) antibodies both
reacted with a 69,000 MW band, and the anti-a-specific
antibodies reacted with an additional 73,000 MW band. One
explanation for the 69,000 MW weight band might be that it
represents the a/) heterodimer. The dimer can be detected by
loading samples in sample buffer containing 0-1 % SDS without
boiling. Figure 2a, shows the dimer detected with anti-/? and
anti-a antibodies, respectively. The dimer runs with an apparent
MW of 66,000, which is slightly smaller than the band detected
in samples boiled in 2% SDS (Fig. 2b,c). The 69,000 MW band
may, however, represent the dimer which is running slightly
slower in the presence of 2% SDS. The identity of the 73,000
MW band is unknown.

SW73.2 reacted with at least two bands of lower MW than
the 28,000 /1-chain. These bands are seen with some, e.g.
VPM37, but not all, e.g. VPM16, of the mouse anti-/I mAb. A
similar series of lower MW bands is seen with the anti-a mAb
VPM 38, 47 and 48. These lower MW bands may represent
unglycosylated precursors, and the inability to detect them with
some mAb may indicate that the antibodies react with sugar
residues. In order to investigate this, immunopurified class II
was deglycosylated with EndoF and blotted against the panel of
mAb. Figure 3 shows that VPM 37, 39, 40, 41. 44, 46, SW73.2
and YAML555.6 all reacted with the deglycosylated /J-chains.
Furthermore, the unglycosylated ^-chains are similar in size to
the lower MW bands present in undigested class II.
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Figure 3. Immunoblot showing reactivity of EndoF-treated sheep class
II with a panel of anti-^-chain-specific mAb. The track labelled
undigested was developed with the anti-/?-chain-specific antibody
SW73.2 and the anti-a-chain-specific antibody VPM38. Arrows indicate
a and /? and the position of lower MW bands.

YAML555.6 consistently reacted with an extra low MW band.
The identity of this band has not been investigated. All six anti-a
antibodies similarly reacted with the deglycosylated a-chains
(data not shown). These experiments show that the antibodies
reacted with the polypeptide backbone of the class II molecules
and indicate that the lower MW bands seen with the untreated
material are likely to be precursors at different stages of
glycosylation. The inability to detect these bands with some
antibodies most probably reflects a lack of sensitivity of weakly
reacting mAb.

Figure 4a, shows immunoblots of the anti-a-chain-specific
and anti-/?-chain-specific mAb, respectively, blotted against
reduced immunopurified class II. These blots clearly show that
the /i-chains increase in apparent MW on reduction such that
they are not separated from the a-chains as has been shown
previously by immunoprecipitation studies (Puri, Mackay &
Brandon, 1985; Puri, Gorrell & Brandon, 1987). It is also clear

that most of the antibodies reacted more weakly with the
reduced antigen and some failed to react.

Cellular expression of class II
The anti-sheep class II mAb and the anti-human ^-chain-
specific mAb YAML555.6 were tested for their ability to react
with live cells by immunofluorescence on sheep efferent lymph
cells and PBMC. With the exception of VPM 39 and 48, all the
antibodies reacted with epitopes present on live cells (Table 2).
VPM 40, 44 and 45 failed to react with cells from one sheep
tested and are likely to recognize polymorphic determinants. All
the other antibodies reacted with all sheep tested (>15) and
hence are unlikely to be directed against polymorphic determi¬
nants. Table 2 shows that for any given mAb, class II molecules
are expressed by significantly more sheep PBMC than by sheep
efferent lymphocytes. Peripheral blood contains a greater
proportion of B cells than efferent lymph and it is likely that the
result, in part, reflects this increased number of B cells. The
overall percentage of class Il-positive cells in both compart¬
ments is greater than the percentage of B cells, which implies
that certain sheep T-cell populations also express class II.

Three of the four anti-a-chain antibodies, VPM 36, 38 and
47, reacted with live cells. This contrasts with the reported
failure of the anti-human a-chain-specific antibodies to react
with live cells (Cohen et al., 1987). The cross-reactive anti-
human a-chain-specific antibodies 1D12 and 5D12, which are
immunofluorescence negative in the human, are also negative in
the sheep.

Four of the anti-sheep class II monoclonal antibodies, VPM
16, 38, 46 and SW73.2, cross-reacted with human PBMC. These
antibodies stained a considerably lower percentage of human
cells than sheep cells, but their staining was similar to that
observed for the anti-human class II mAb YAML555.6 (Table
2) and for other anti-human class II mAb (Brickell et al.. 1981).

DISCUSSION

This study has described the characterization of 19 mAb raised
against sheep MHC class II molecules using various immuno-
gens. Acid-treated purified class II was the most effective
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showing reactivity with anti-sheep class II and cross-reacting anti-human class
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Table 2. Chain specificity and cell-surface reactivity of anti-sheep class II
mAb

Human Efferent

Chain PBMC («= 17) PBMC lymph cells
mAb specificity mean + SD (« = 2) (« = 6) mean±SD

VPM 1 ND 42-97 + 5 .— 23-2 + 3-4

VPM 3 ND 40-57 + 8-5 — 17-9 + 2-5

VPM 4 p 53-86 + 3-6 — 31-7 + 4-2

VPM 14 ND 21-19 + 5-3 — 4-5 + 2-2

VPM 15 ND 48-66 + 7-0 — 28-2 + 5-3

VPM 16 p 59-96 + 3-7 14 44-1+5-2

VPM 17 ND 15-02 + 8-6 — 7-8 + 3-5

VPM36 a 48-92+1-6 — 30-0 + 6-2
VPM37 p 50-69 + 3-1 — 42-3 + 5-0
VPM38 a 58-46 + 3-0 9 45-1+6-6

VPM39 p 0-72 + 0-47 — 0-88 + 0-4

VPM40 p 44-39+1-9

1-84+1-5*

— 24-67 ±6-3

VPM41 p 46-24 + 6-8 — 31-63 + 7-6

VPM43 p 55-2 + 3-5 — 431 ±4-1
VPM44 p 40-8 ±3-0

0-8±0-34*

— 22-7 + 9-6

VPM45 p 37-34 + 2-3

0-95 + 0-16*

— 16-54 + 4-8

VPM46 p 58-9 + 9-9 14 50-0 + 4-4
VPM47 a 56-7 + 5-7 — 40-5 + 7-7
VPM48 a 2-35 ± 1-6 — 1-65+1-7

SW73.2 p 61-9 + 4-8 9-5 55-36 + 7-4

YAML555.6 p 56-9 + 6-9 13-4 39-38 + 7-6

1/500NMS < 1 < 1 1-0

1/500NRS < 1 < 1 <1

* Mean percentage cells stained in sheep negative for expression of
this epitope.

immunogen. Treatment with acid partially denatures the mol¬
ecule rendering it more immunogenic, and the use of a purified
preparation means it is possible to immunize with a higher
concentration of the molecules of interest. Furthermore, the
ability to recognize blotted proteins means that some of the
problems arising from co-precipitation of unrelated proteins are
eliminated.

The mAb recognized a number of other bands in addition to
the mature a- and /I-chains. Deglycosylation of purified sheep
class II, followed by blotting, has shown that the anti-j? mAb
recognize a polypeptide band that is close in MW to the three
bands which react with SW73.2, YAML555.6 and VPM37, and
it is likely that these polypeptides represent different stages of
glycosylation.

The higher MW bands probably represent a/i, aa and /?/?
dimers, which occur as a result of disulphide interchange during
the class II purification and are not dissociated in non-reduced
gels. Aggregates such as these have been described previously
for sheep (Puri et al., 1985) as well as for human (Springer et al.,
1977) and rabbit (Knight, Leary & Tissot, 1980) class II
molecules.

With the exception of two mAb, VPM39 and VPM48, all the
mAb reacted with live cells. VPM39 reacted very weakly in
ELISA (data not shown) and it is likely that this antibody is
directed against an epitope not available on the native molecule.

It has been suggested that anti-a mAb react poorly or not at all
with live cells (Cohen et al., 1987) and this has been interpreted
to show that the a-chains are relatively inaccessible on the cell
surface. While all the anti-a mAb used here were raised against
acid-treated antigen, three out of four cross-reacted well with
live cells, and there is no evidence that they were reacting with
non-intact cells. One of the anti-a mAb reacted with human
cells. It is possible, therefore, that the mAb all react with a

epitopes that are fortuitously available or that the sheep class II
molecules are relatively more accessible than the human.

Although all these mAb recognized sheep class II, they did
not all stain the same proportions of cells. This suggests that
some of the mAb react with subgroups of sheep class II that are
differentially expressed. VPM 40, 44 and 45 appear to recognize
a polymorphic determinant and are by definition subgroup
specific. Preliminary experiments have shown that some of the
other mAb recognize mutually exclusive subgroups of sheep
class II. Studies to investigate the subgroup specificity of the
antibodies and the differential expression of sheep class II are

underway and will be reported in a subsequent publication.
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ABSTRACT

Hopkina, J. and Dutia, B.M., 1990. Monoclonal antibodico to the sheep analogues of human CD45
(leucocyte common antigen), MHC class I and CD5. Differential expression after lymphocyte
activation in vivo. Vet. Immunol. Immunopathol., 24: 331-346.

This paper describes three anti-sheep monoclonal antibodies. The tissue distribution and ap¬

parent molecular weight of the antigens detected by these antibodies is consistent with them
reacting with sheep leucocyte common antigen (CD45 (VPM18)), MHC class I (VPM19) and
CD5 (VPM29). An ELISA method is described that permits the cross reactivity of different
antibodies to be assessed, this confirms the identity of the antigens detected by VPM18, VPM19
and VPM29. This method is also of value as either a positive or a negative screen in the construe
tion of further monoclonals.

A study of the expression of these three antigens on efferent lymph small lymphocytes and
antigen-activated lymphoblasts shows that the density of CD45 on lymphoblasts (activated either
in vivo or in vitro) is approximately half that of small lymphocytes whereas the density of MHC
class I is the same in both populations. Furthermore, about 75% of small lymphocytes express
CD5 but less than 10% of lymphoblasts are positive. Cell membrane CD5 expression is lost on

lymphocyte activation. It doea not oeem to be linked to cell membranea via phoophatidylinocitol
and the loss is not due to the breaking of that link.

ABBREVIATIONS

FITC, fluorescein isothiocyanatc; FSC, forward scatter; LCA, leucocyte common antigen; MCN,
modal channel number; OVA, ovalbumin; PBL, peripheral blood leucocytes; PBM, peripheral
blood mononuclear cells; PIPLC, phosphatidylinositol phospholipase C; PL-C, phospholipase C;
PMSF, phenyl methyl sulphonyl fluoride; PPD, purified protein derivative of tuberculin; SDS-
PAGE, sodium dodecyl sulphate-polyacrylamide gel electrophoresis; SSC, side scatter; TNT, tris-
NaCl-Triton X100 lysis buffer.

0165-2427/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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INTRODUCTION

Different functional cell populations can be defined by the different cell
membrane glycoproteins they express. In both man and mouse these molecules
have been biochemically defined using monoclonal antibodies and these re¬
agents have provided much information on the relationship between various
cell types and their maturation pathways. Increasingly they are becoming in¬
valuable tools for the study of modern veterinary immunology and pathology.
In this paper we describe monoclonal antibodies to sheep analogues of CD45
(leucocyte common antigen), MHC class I and CD5. They are characterised
by the distribution of their antigens in the sheep lymphoid system as well as
the molecular weight of the molecules which they precipitate. We also describe
a method for immunopurification of these antigens which has facilitated their
characterisation and will be useful in the construction and screening of other
monoclonals. These antibodies have been shown to define similar antigenic
moieties to those described by the Melbourne group (Gogolin-Ewens et ah,
1985; Mackay et al., 1985; Maddox et al., 1985b), and are therefore important
in confirming their specificity and extending the range of reagents available in
the sheep.

This paper also illustrates our approach to the study of lymphoid cell biology
in the sheep which integrates the use of characterised monoclonal antibodies
with lymphatic cannulation. The main advantage of this system is that it al¬
lows access to in vivo fractionated cell populations from distinct lymphoid
compartments as well as constant monitoring of the changes that occur in
antigen-stimulated lymphoid tissue. Using this approach we show that cellular
activation of efferent lymph cells draining in vivo challenged lymph nodes re¬
sults in changes in cell phenotype. There are quantitative changes in the den¬
sity of CD45 and MHC class I expression by blast cells. Cellular activation also
results in an almost total loss of CD5 expression.

MATERIALS AND METHODS

Animals and surgery
1-2-year-old Finnish-Landrace sheep were obtained from the Moredun Re¬

search Institute. Sheep were antigenically primed by intradermal (i.d.) injec¬
tion of 5 human doses of BCG (Glaxo, Greenford, Middx., U.K.) and by sub¬
cutaneous injection of 1 mg (ovalbumin (OVA) in complete Freunds adjuvant.
Cannulation of efferent lymphatics draining sheep prefemoral lymph nodes
was as described by Hall (1967). Lymph was collected quantitatively into ster¬
ile, plastic bottles containing 100 iu heparin. Sheep were allowed at least 7 days
post-operative recovery prior to the start of the experiment. Antigenic stimu¬
lation of the cannulated prefemoral was by i.d. injection of 50 fig of either PPD
(Batch 297; Central Veterinary Laboratories, New Haw, Weybridge, Surrey)



MONOCLONAL ANTIBODIES TO SHEEP ANALOGUES OF HUMAN CD45, MHC CLASS I AND CD5 333

or OVA in sterile PBS. Female BALB/c mice were obtained from the Dept. of
Veterinary Pathology breeding colony.

Cell and tissues
Sheep thymus, spleen, lymph nodes and ileal Peyer's patches from 10-month-

old lambs were taken post-mortem. Thymocytes were prepared by teasing thy¬
mus tissue into a single-cell suspension and purified using Lymphoprep
(Nygaard, Oslo). Peripheral blood leucocytes were isolated by ammonium
chloride lysis of heparinised venous blood (Mishell and Shiigi, 1980). In vivo
activation was carried out by culturing Lymphoprep purified peripheral blood
mononuclear cells (at 1X 106/ml) for 24 and 48 h with the mitogen concana-
valin A (Sigma, Poole, Dorset) at 5 ^g/ml.

Production of monoclonal antibodies
8-week-old BALB/c mice were immunised by subcutaneous injection of

2 X106 sheep thymocytes emulsified in complete Freunds adjuvant and boosted
with 1X106 cells intraperitoneally 3 times at 2-week intervals. Four days be¬
fore the fusion they were injected with 1X106 cells intravenously. Fusion of
spleen cells with the myeloma NSO was as described by Galfre et al. (1977).
After HAT selection supernatants were screened for antibody by indirect im¬
munofluorescence. Selected lines were cloned, first by soft agar and then by
limiting dilution methods.

Immunoglobulin isotype analysis
Isotype analysis of the twice cloned monoclonal antibody supernatants was

by double immunodiffusion precipitation using class- and subclass-specific anti-
mouse Ig antisera (Serotec, Bicester, U.K.). All three monoclonal antibodies
were shown to be IgGj isotype.

Immunohistology
8 /mi cryostat sections were cut from fresh tissues and snap-frozen in liquid

nitrogen. Immunohistology of efferent lymph cells was done using cytospin
smears. Air-dried sections or smears were fixed in dry acetone and stained with
the antibodies using the standard indirect immunoperoxidase method. SBU-
T4 and SBU-T8 (Maddox et al., 1985a) were used to detect CD4 and CD8
positive cells, VPM8 (a mouse monoclonal to sheep light chains) was used to
detect B cells.

Flow cytometry
2 X106 washed efferent lymphocytes or peripheral blood leucocytes were in¬

cubated for 60 min at 20 °C with 50 p\ of 1/1000 dilution of monoclonal ascitic
fluid (in 0.1% BSA, 0.01 M sodium azide in PBS). Cells were washed and
incubated for a further 60 min in the appropriate dilution of FITC-conjugated
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sheep anti-mouse Ig (in PBS/BSA/azide). Double staining experiments were
performed by using biotinylated SBU-T4 and SBU-T8 (IgG2a isotype) with
phycoerythrin-conjugated streptavidin (Serotek) and VPM29 (IgGj isotype)
with FITC-conjugated anti-mouse IgGj. The experiments to examine the
quantitative expression used directly FITC-conjugated IgG of each mono¬
clonal antibody at 10 /ig/ml. Quantitation of antigen expression was as de¬
scribed by Hopkins et al. (1989) using a FACScan cell analyser (Becton-Dick-
enson). Small lymphocytes and lymphoblasts were analysed separately by 'live
gating', being distinguished by their FSC/SSC profiles (Fig. 1). The gain set¬
ting for FL1 was adjusted when analysing the two different cell populations so
that the autofluorescence peaks obtained with the 1/500 normal mouse serum
controls were exactly coincident.

Cross-blocking studies
These experiments were done to establish if VPM18, VPM19 and VM29

reacted with the same epitopes as the existing anti-sheep monoclonals. 1X106
sheep efferent lymphocytes were incubated at room temperature with 25 pi of
a titration (diluted in HBSS, 1% BSA, 0.01% sodium azide) of competing
monoclonal antibody ascitic fluids. After 30 min, 25 pi of FITC-conjugated test
monoclonal IgG at 10 jug/ml was added. The samples were incubated for a
further 30 min, washed three times and then fixed with 0.25% paraformalde¬
hyde. Cells were analysed by flow cytometry as described above. The compet¬
ing monoclonal antibodies tested were: SBU-LCA (anti-CD45), SBU-I (anti-
MHC Class I) and SBU-T1 and STla (anti-CD5) (Beya et al., 1986).

Phospholipase treatment of efferent lymphocytes
This was done in order to assess if VPM29 antigen was linked to the cell

membrane via a phosphatidyl inositol linkage. Efferent lymphocytes were
washed twice in RPMI1640/1% BSA/0.01% sodium azide and incubated for
60 min at 37°C with either phosphatidyl inositol phospholipase C (Sapporo
Breweries Ltd, Shizuoka, Japan) or phospholipase C (Type XIV Sigma).
Phenylmethylsulpholyl fluoride (PMSF) was present at 0.2 mill during the
digestions to help prevent non-specific serine-protease activity. The cells were
at 2 X 107/ml and were incubated with 5 units/ml of enzyme. After incubation
the cells were washed, stained with the antibodies as described above and then
analysed by flow cytometry. The control antibodies used were VPM19 and
VPM56. VPM56 is an IgGx monoclonal antibody specific for resting sheep T
cells that is linked via phosphatidyl inositol.

Immunoprecipitation of VPM18 and VPM19 antigens
Thymocytes and splenocytes were prepared from fresh sheep thymus and

spleen by centrifugation over Lymphoprep. A mixture of 2 X107 thymocytes
and2x 107 splenocytes were resuspended in 0.1 ml 0.1 Mborate buffer, pH 9.0,
0.1 M NaCl and iodinated by the iodogen method using 500 pCi 125I. After
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completion of the reaction, the cells were lysed on ice in 0.5 ml 20 mM Tris-
HC1, pH 8.0, 150 mM NaCl, 0.5% Triton X100 (TNT) incorporating PMSF
at 0.2 mM, the nuclei were pelleted and the lysate was fractionated on Sepha-
dex G25 to remove free iodine. The lysate was precleared by incubation over¬
night with Sepharose 4B beads and immunoprecipitations containing 2 X106
cpm lysate and 5 /d VPM18, 19 or normal mouse ascitic fluid were incubated
overnight at 4 ° C. Immune complexes were precipitated with sheep anti-mouse
Ig conjugated to AffigellO (Biorad). The precipitates were washed X5 with
TNT, and eluted with SDS gel sample buffer, (125 mM Tris-HCl, pH 6.8, 20%
glycerol, 2% SDS, 5% 2/?-mercaptoethanol, 0.04% bromophenol blue) and
fractionated on 5-15% or 5-20% polyacrylamide gels (Laemmli, 1970). Gels
were stained using Coomassie blue, dried and visualised by autoradiography at
— 70 °C. Electroblotting of SDS-PAGE separated cell proteins was done as de¬
scribed by Hopkins et al., 1986.

Affinity purification and ELISA of CD5, LCA and class I
Purification of the antigens recognised by VPM18, 19 and 29 was carried

out as described by Turkewitz et al. (1983) and Hopkins et al. (1986). Eluted
antigen was mixed with an equal volume of SDS elution buffer, boiled for 5
min then fractionated on SDS-polyacrylamide gel electrophoresis as above.
Gels were visualised by silver staining (Morrisey, 1981). For the ELISA anti¬
gen was coated onto ELISA plates (Dynatech) by 18 h incubation at 4°C of
the eluates diluted at least 1/10 in 0.1 M NaHC03 pH 9.5. After washing in
PBS/0.1% Tween 20 the plates were blocked for 30 min in 1% BSA in PBS/
Tween. Monoclonal antibody (dilutions of tissue culture supernatant) was
added and incubated for 60 min at 20 °C. After washing the plates were incu¬
bated in the appropriate dilution of peroxidase coupled sheep anti-mouse Ig
for 60 min. The reaction was finally visualized using orthophenylenediamine/
H202.

RESULTS

Tissue distribution of VPM18, 19 and 29 antigens
The tissue distribution of VPM18, 19 and 29 was investigated by flow cyto¬

metry and immunohistology. VPM 18 and 19 always react with > 98% of lym¬
phocytes isolated from either peripheral blood or efferent lymph while VPM29
stains 59% (49-66%) in PBM and 76% (68-89%) in efferent lymph. Double
staining flow cytometry showed that both the SBU-T4 (anti-CD4) and SBU-
T8 (anti-CD8) were coexpressed with VPM29 (data not shown). VPM18 and
19, in contrast to VPM29, also react with the high FSC/SSC granulocyte pop¬
ulation in peripheral blood. RBCs are negative for all three antibodies.

Table 1 illustrates the distribution within lymphoid tissue of the antigens
recognised by these monoclonals. VPM18 reacts with leucocytes in all tissues
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TABLE 1

Tissue distribution of antigens recognised by VPM18, 19 and 29, anti-sheep lymphocyte differ¬
entiation antigens

Tissue Percentage of cells labelled with:

VPM18 VPM19 VPM29

Thymus >98 (98-100) 15 (12-20) 85 (82-90)
Spleen >98 (98-100) >98 (98-100) 47 (41-54)
Lymph node >98 (98-100) >98 (98-100) 66 (61-70)
Ileal Peyers patch >98 (98-100) >98 (98-100) <5 (2-6)
Efferent lymph >98 (98-100) >98 (98-100) 76 (68-89)
PBL >98 (98-100) >98 (98-100) 39 (32-45)
PBM >98 (98-100) >98 (98-100) 76 (68-89)

Single cell suspensions of thymus, spleen, prefemoral lymph node and ileal Peyer's patch were
made by teasing cells into RPMI 1640 and purified using Lymphoprep. Peripheral blood leuco¬
cytes (PBL) were prepared by ammonium chloride lysis of heparinised blood and included high
FSC/SSC scattering cells. Peripheral blood mononuclear cells (PBM) were prepared from defi-
brinated blood purified using Lymphoprep and contained only low FSC/SSC scattering cells. The
percentages of positive cells were assessed by flow cytometry, gating the 1/500 dilution of normal
mouse serum negative control as less than 1% positive.

tested, non-leucocytes are negative. There is little anatomical localisation
within the thymus, spleen and lymph nodes, although within ileal Peyers
patches staining is limited to the follicles and in the lungs to the interstitial
and alveolar macrophages. In contrast VPM19 is not leucocyte specific, react¬
ing with all tissues indiscriminately with the exception of the thymic cortex
and the brain. VPM29 reacts only with lymphocytes, recognising mainly cor¬
tical thymocytes, paracortical lymph node cells and the periarteolar lymphoid
sheath of the spleen. VPM18, 19 and 29 show identical tissue distributions to
SBU-LCA (anti-CD45), SBU-I (anti-MHC class I) andSBU-Tl (anti-CD5),
respectively. The reactivity of these antibodies was always compared with the
panel of anti-sheep lymphoid monoclonals obtained from the University of
Melbourne, Australia (Gogolin-Ewens et al., 1985; Mackay et al., 1985; Mad-
dox et al., 1985b). We have no evidence for these monoclonals reacting with
polymorphic determinants as they bind to cells obtained from all sheep so far
tested.

Expression of VPM18, 19 and 29 antigens on antigen-activated cells
The changes in lymph cell expression of the antigens recognised by VPM18,

19 and 29 were examined by enumerating the numbers of positive cells in ef¬
ferent lymph following in vivo antigenic challenge. Different physical param¬
eters (FSC/SSC coordinates) were used to discriminate small lymphocytes
and activated lymphoblast cells. Small lymphocytes are characterised by a low
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FSC/SSC profile and activated blasts have a high FSC/SSC scatter profile
(Fig. 1). Small lymphocytes have a diameter of approximately 6.5 /im (6-7
/mi) and blasts approximately 9 /mi (6.5-11 /mi). The surface area of the small
lymphocytes and blasts is approximately 130 /mi2 and 260 /mf.

Fig. 2 compares the relative expression of the antigens recognised by VPM18,
19 and 29 on 'live gated' small lymphocytes and lymphoblasts present in effer¬
ent lymph 4 days after in vivo antigenic challenge. It is clear that the density
of VPM18 antigen expressed on the blast cell population is considerably less
than on small lymphocytes, the modal channel number (MCN) for the blasts
being 54 (48-56 in four experiments) while the MCN for small lymphocytes is
132 (125-140). A difference in 76 channels represents a doubling in fluores¬
cence intensity. The density of VPM 19 antigen expression on the two cell
populations is approximately equal while the VPM 29 antigen is virtually ab¬
sent from the blast cells. Less than 10% of blast cells express low levels of this
molecule while greater than 70% of small lymphocytes are positive. Expression
of CD4 and CD8 by the two populations remains relatively unaltered (data not
shown). These experiments were also done using cells stimulated for 24 and
48 in vitro with Con A. In common with the in vivo activated cells, blasts
produced in vitro lose cell surface CD5 although they retain CD4 and CD8
(data not shown). As with the tissue distribution these experiments were also
done with SBU-LCA, SBU-I and SBU-T1 which gave almost identical results
to VPM18,19 and 29 respectively.
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Fig. 1. Flow cytometry scatter profile of sheep efferent lymph cells 4 days after in vivo antigen
activation. Small lymphocytes are distinguished by their characteristic low forward scatter (FSC)
and side scatter (SSC), lower box. Lymphoblasts are distinguished by their characteristic high
FSC/SSC, upper box.
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Fig. 2. Flow cytometry histograms of efferent lymph cells taken 4 days after secondary in vivo
antigen challenge. Cells are stained with VPM18, VPM19 or VPM29. Solid line ( ) shows
small lymphocytes, dotted line (• • •) shows lymphoblasts and dashed line (—) is the 1 /500 normal
mouse serum control on blasts. The negative control peak for small lymphocytes is exactly coin¬
cident with the negative blast peak.

Cross-reactivity with other monoclonal antibodies
Immunopurified antigen eluted at high pH in the presence of 0.5% sodium

deoxy-cholate (DOC) was used as antigen for a standard indirect ELISA as¬
say. Adherence of the antigen to the polystyrene ELISA plate was effective
only after dilution of the eluate to at least 1/10 (i.e. DOC concentrations of
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Fig. 3. Antibody binding curvca showing the binding of monoclonal antibodioo to immunopurificd
VPM18 antigen immobilised onto ELISA plates. The binding of mouse monoclonal antibody was
detected using peroxidase-conjugated anti-mouse Ig developed with OPD/H202. OD495 was read
using Titertek Microelisa.

A B

Fig. 4. Autoradiograph of SDS-polyacrylamide gel electrophoresis gel showing immunoprecipita-
tion from 125I-labelled spleen and thymus cells with the monoclonals VPM19 (gel A, 5-20% ac-
rylamide gradient gel) and VPM18 (gel B, 5-15% acrylamide gradient gel). Molecular weight
markers (X1000) are as indicated.

less than 0.05%). After 18 h incubation of the antigen dilutions it was shown
that homologous antibody reacted with the purified antigens, antibodies with
obviously different specificities did not react. A comparison of VPM18,19 and
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29 with the Melbourne panel of antibodies showed clearly that SBU-LCA re¬
cognised the same antigen as that purified by VPM18, SBU-I was the same as
VPM19 and SBU-T1 was equivalent to VPM29 (and STla). The T cell spe¬
cific monoclonals SBU-T4, T8 and T19 as well as the anti-MHC class II mon¬
oclonal antibodies SBU-II, SW73.2 (Hopkins et al., 1986) and VPM4, 16, 36,
37, 41 and 47 (Dutia et ah, 1989) did not react to the VPM18, 19 and 29 anti¬
gens. Representative data showing the reactivity of VPM18 and SBU-LCA
with purified VPM18 antigen is shown in Fig. 3.

Although VPM18, VPM19 and VPM29 react with the same molecules as

SBU-LCA, SBU-I and SBU-Tl (and STla) respectively the cross-blocking
experiments showed that they bind to totally different epitopes (data not
shown).
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Fig. 5. Silver stained PAGE gel (5-20% acrylamide gradient) of antigens immunopurified from
detergent lysate of sheep splenocytes with the monoclonal antibodies, VPM19 and VPM29. Mo¬
lecular weight markers (X1000) are as indicated.
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Immunochemical characterisation of antigens
The antigen immunoprecipitated from 125I-labelled mixed spleen and thy¬

mus cell lysate with VPM18 had at least four distinct bands with apparent
molecular weights between 180 000 and 220 000 (Fig. 4B). VPM18 did not
recognise antigen immobilised on nitrocellulose after electroblotting from SDS-
PAGE, although polyclonal antiserum from mice immunised with immuno-
purified VPM18 antigen blotted to bands of the same molecular weight as those
seen by immunoprecipitation (data not shown). In contrast the molecules im¬
munoprecipitated by VPM19 had apparent molecular weights of 44 000 and
12 000 (Fig. 4A). By electroblotting VPM19 was found to be specific for the
44 000 molecular weight MHC class I heavy chain.

Consistent immunoprecipitation results using 125I-labelled cells were not ob¬
tained with VPM29. The immunochemical characterisation ofVPM29 antigen
was investigated by using silver stained gels of immunopurifled antigen. Fig. 5
shows that the VPM29 antigen has an apparent molecular weight of 67 000,
using the same methods VPM19 antigen has the same molecular weights as

VPM29 VPM56

LOG. FLUORESCENCE INTENSITY

Fig. 6. Flow cytometry profiles of sheep efferent lymph lymphocytes stained with the monoclonal
antibodies VPM29 and VPM56. The anti-class I antibody VPM19 is used as the control. Cells
had been incubated either PIPLC or PL-C prior to reaction with antibody.
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that seen using radiolabelled lysate (Fig. 4). VPM 29 does not recognise blot¬
ted antigen.

Phospholipase treatment of lymphocytes
Many of the cell surface glycoproteins that cease to be expressed on cellular

activation (e.g. Thy-1, TAP and LFA-3) are linked to the cell membrane via
phosphatidyl inositol and are lost because of the action of the specific phos¬
pholipase, phosphatidyl inositol phospholipase C (PIPLC). Indeed the action
of this enzyme and the loss of the molecules can be the initial trigger for acti¬
vation (Low and Kincade, 1985). The loss of sheep CD5 by activated T cells
is similar to that of Thy-1 and TAP and specific enzyme digestions were done
to investigate if CD5 is linked via phospatidyl inositol. Cells were incubated
with PIPLC, phospholipase C (PL-C) or in the absence of enzyme and then
examined for the expression of CD5. Fig. 6 shows that neither enzyme had any
significant effects on CD5 expression. In contrast the VPM56 antigen was lost
by the action PIPLC but not PL-C showing that the PIPLC had active enzy¬
matic activity. CD5 does not seem to be linked to cell membranes via phos¬
phatidyl inositol.

DISCUSSION

This paper describes three mouse monoclonal antibodies that define distinct
cell surface molecules of sheep lymphoid cells. The tissue distribution of
VPM18, VPM19 and VPM29, together with the biochemical characteristics of
the antigens with which they react, suggests that they are specific for the sheep
analogues of human CD45 (leucocyte common antigen), MHC class I and CD5
(Tl) respectively.

The antigen recognised by VPM18 is present on all cells of the lymphocyte,
granulocyte, dendritic cell and macrophage lineages but is absent on non-mar¬
row derived cells. The VPM18 epitope seems to be common to all the CD45
molecules as at least four bands are immunoprecipitatedby this antibody, which
have apparent molecular weight of between 180 000 and 220 000. VPM18 does
not discriminate between the higher and lower molecular weight members of
the family. This is very similar to the 'conventional' anti-CD45 described in
other species (Fabre and Williams, 1977; Scheid and Triglia, 1979; Dalchau et
al., 1980; Maddox et ah, 1985b).

The evidence that the antigen recognised by VPM19 is MHC class I is three¬
fold: firstly this monoclonal reacts with most cells in the body with the excep¬
tion of the thymic cortex and the brain; secondly it immunoprecipitates mol¬
ecules of apparent molecular weight 44 000 and 12 000 which are equivalent in
size to the heavy chain of class I and to /^-microglobulin respectively, and lastly
immunopurified VPM19 antigen is recognised specifically by the other anti-
sheep MHC class I monoclonal, SBU-I (Gogolin-Ewens et ah, 1985). VPM19
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seems to react with a monomorphic determinant of class I as it has reacted
with the cells of every sheep so far tested.

By the same criteria VPM29 reacts with sheep CD5. It is specific for sheep
thymocytes and the majority of peripheral lymphocytes and its antigen has an
apparent molecular weight of 67 000. Although immunoprecipitation of 125I-
labelled antigen proved unreliable with VPM29 its antigen was successfully
purified by affinity chromatography and examined by standard protein stain¬
ing of PAGE gels. This technique is very valuable as it yields purified antigen.
Immunopurified antigen from VPM18,19 and 29 affinity columns was used to
assess the relative identify of these monoclonals with the Melbourne panel of
antibodies. By this method it was found that the following pairs of antibodies
recognised identical antigens; VPM18 and SBU-LCA, VPM19 and SBU-I,
VPM29 and SBU-Tl.

The possession of immunopurified antigen also facilitates the production of
additional monoclonal antibodies. This can be by either negative or positive
selection. ELISA based on abundant antigens (e.g. CD45, MHC class I and
CD5) can be used in secondary screening assays of fusions in order to eliminate
monoclonal antibodies with these specificities, concentrating time and effort
on those monoclonals with different and unknown specificities. Alternatively,
monoclonal antibodies are required that have certain subspecifities. For ex¬
ample, immunopurified CD45 (using a 'conventional' anti-CD45 antibody like
VPM18) can be used as immunising and primary screening antigen for the
production of antibodies to both the higher (CD45R) and lower (UCHL1
equivalent) molecular weight molecules that define particular functional lym¬
phocyte subsets (Morimoto et al., 1985; Mossman et al., 1986; Dalchau et al.,
1987; Smith et al., 1986). In addition antibodies with definite characteristics
(e.g. for use in immunoblots or reaction with paraffin-embedded tissue) can
be selected for particular diagnostic purposes.

We have also demonstrated by flow cytometry that there is differential
expression of these antigens on resting and activated cells. It seems that there
is no de novo expression of CD45 after activation and as a consequence of
activation (and hence increase in cell size) the density of cell surface CD45
expression is reduced. This is reflected in the MCN of the CD45 positive small
lymphocytes cells being approximately 70 channels greater than that of the
activated blasts (double the fluorescence intensity). The small lymphocytes
and blasts have mean diameters of about 6.5 fim and 9 jum respectively. The
surface area of the blasts is therefore about twice that of small lymphocytes.
In direct contrast is the expression of MHC class I, where the density of expres¬
sion is approximately the same for the two cell populations. The significance
of this is that there has been a two-fold increase in class I expression on cellular
activation. This is very similar to that found for MHC class II (Hopkins et al.,
1989). The situation with CD5 is very different. Activated peripheral T cells
lose CD5 expression, so that there are large proportions of CD4 + CD5 — and
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CD8 + CD5 — blast cells in efferent lymph after in vivo activation of the lymph
node. Furthermore, there is also loss of the CD5 antigen after in vitro stimu¬
lation of PBM with Con A. These data show that the CD5 molecule in sheep
is lost on cellular activation. It may explain why the total numbers of CD4 + ,

CD8+ and T19+ (Mackay et al., 1985) in the peripheral blood of Border
disease infected sheep (Burrells et al., 1989) or in lesions produced by the
parasites Haemonchus (Gorrell et al., 1988a) and Trichostrongylus (Gorrell et
al., 1988b) far exceed the numbers of CD5 + cells whereas in resting lymphoid
populations CD4 + , CD8+ and T19+ cells all express CD5 (Mackay et al.,
1988). This loss of CD5 expression by mature activated T cells contrasts with
the expression of CD5 by proliferating immature, cortical thymocytes. CD5 on
thymocytes has apparent molecular weight of 62 000 as well as the more usual
67 000 (Mackay et al., 1985) which suggests that CD5 exists in two forms.
Although the loss of CD5 expression after activation is similar to TAP (Reiser
etal., 1986),Thy-l (Low and Kinkade, 1985) andLFA-3 (Dustin et al., 1987)
it differs by not being linked to cell membrane via phosphatidylinositol.

These three new monoclonal antibodies to sheep lymphocyte differentiation
antigens confirm the data obtained with existing reagents. In this study they
have been used to study the physiological changes which occur in normal tis¬
sue, similar studies are now being done to analyse immune responses in disease
states.
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3.3. Summary of workshop findings for leukocyte
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The differentiation antigens defined on sheep leukocytes, their cellular dis¬
tribution and the primary references reporting their characterization are tab¬
ulated below (Table 1). During the Workshop, comparative studies were done
only for those cell surface antigens that are defined by three or more mono¬
clonal antibodies (CD1, CD4, CD5, CD8 and T19) and these are described
in Sections 5.1-5.4 and in Section 7 of these Proceedings. Section 5.5 pro¬
vides a summary of the remaining cell surface antigens.
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TABLE1 Summaryoffindingswithmonoclonalantibodiestoovineleukocytes Targetmolecule

Mw(kDa)

MAbs

Comments

References

CDantigens CDlb CDlc CD2 CD4 CD5 CD8 CDlla(LFA-l) CD44(Pgp-l) CD45 CD45RA CD58(LFA-3,T1ITS) CD59

12/44-46 12/44-46 50-55 56 67 33-36 180/95 94 190/200/220 220
42 11-19

Otherdifferentiationantigens T80? T19(WC1)220/>220 y<5TcR

75non-reduced 36/41-44reduced
CC13,CC14,CC20 TH97A,VPM5 20-27 36F,I35/A ST4,44-38,44-97 GC1A1.GC50A1

ST1,25-91 ST8,24-96,38-65 F10-150 25-32 151,1-32 20-96 L180/1 B5-5 T-80 19-19,197,CC15 IL-A29,CC39,B7A-1, BAQ4A,BAQ90A, BAC128A,CACTB31A 86D

corticalthymocytes dendriticcellsinlymph node,spleen,skin, afferentlymph asaboveplusBcells alla)?cells somemacrophages Thelpercells allTsomeBcells Tcytotoxiccells adhesionmolecule adhesionmolecule leukocytecommon antigen highMWformofCD45 ligandforCD2 matureTandBcells
Tcellactivation Tcellsubset y<5Tcells ydTcells

Section5.1 Mackayetal.(1985) Mackayetal.(1988a), Giegerichetal.(1989) Section5.2 Mackayetal.(1988), Maddoxetal.(1985) Section5.3 Mackayetal.(1985), Beyaetal.(1986), BeyaandMiyasaka(1986) Section5.4 Maddoxetal.(1985a), Ezakietal.(1987) Mackayetal.(1990) Mackayetal.(1988b) Maddoxetal.(1985b) Mackayetal.(1987) Hiinigetal.(1986) Heinetal.(1988), HeinandBeya(1989) Miyasakaetal.(1983) Section7 Mackayetal.(1986), McClureetal.(1989) Mackayetal.(1989)
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5.1 Workshop studies on the ovine CD 1
homologue

John Hopkins and Bernadette M. Dutia
Department of Veterinary Pathology, University ofEdinburgh, Edinburgh, UK

INTRODUCTION

CD1 in humans consists of at least three separate polypeptides (Favaloro
et al., 1987) which have been distinguished by sequential immunoprecipita-
tion using monoclonal antibodies and by their slightly different tissue distri¬
butions (Cattoretti et al., 1987). All forms of human CD1 are expressed on
cortical thymocytes. In addition, CD la is expressed on epidermal/dermal
Langerhans' cells (LC) and has a heavy chain with an apparent molecular
weight (AMw) of 49 kDa. CD lb is expressed on dermal but not epidermal
LC and has a 45 kDa AMw heavy chain. CDlc is expressed on epidermal and
dermal LC and on peripheral blood B lymphocytes. It has a heavy chain with
AMw 43 kDa. The differences in the molecular weight of the heavy chain
between the various forms of the CD1 molecule are due to differences in the
extent of glycosylation (Calabi and Milstein, 1986). Monoclonal antibodies
submitted to the workshop which had a known or putative reactivity to sheep
CD1 were compared.

MONOCLONAL ANTIBODIES

The monoclonal antibodies (and source laboratory) compared in these
studies included CC13, CC14 and CC20 (Compton); VPM5 (University of
Edinburgh); TH97A (Pullman); 20-27 (University of Melbourne).

TISSUE DISTRIBUTION

The distribution of antigens recognised by mAbs CC13, CC14, CC20,
TH97A and VPM5 appeared identical as assessed by immunohistology of
sheep lymph nodes, spleen, thymus and skin and can be summarised as follows:
- Lymph node, positive cells with a dendritic morphology were localised to

the paracortex.
- Spleen, positive dentritic cells occurred in the periarteriolar region and in

the marginal zone.

0165-2427/91 /$03.50 © 1991 —Elsevier Science Publishers B.V.
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- Thymus, cortical thymocytes and dendritic cells in the medulla were
positive.
- Skin, positive dendritic cells occurred in the dermis and at the dermal/
epidermal junction.

The mAb 20-27 reacted with the same cell populations as did the other five
antibodies but in addition it stained lymph nodes follicles and reacted with
lymphocytes in the splenic marginal zone.

FACS ANALYSIS

FACS analysis of peripheral blood small lymphocytes (gated on the basis
of forward scatter [FSC] and side scatter [SSC] plots) and lymphocytes from
afferent and efferent lymph resulted in almost identical data for CC13, CC14,
CC20, TH7A and VPM5 as follows:
- PBL, 1-2% positive cells (up to 6% of high FSC cells).
- Afferent lymph cells, 14-15% positive. These were cells with high FSC and

high SSC.
- Efferent lymph lymphocytes, < 1% positive.

The mAb 20-27 reacted with the high FSC/SSC cells in afferent lymph but
also with 30-50% of small PBL, 4-5% of lymphocytes in afferent lymph and
20-25% of lymphocytes in efferent lymph.

IMMUNOPRECIPITATION

All the monoclonal antibodies immunoprecipitated two polypeptides which
migrated with AMw of 44-46 kDa and 12 kDa where assessed by SDS-PAGE
under reducing conditions. No difference was observed when non-reducing
conditions were used (see Section 7 report by Dutia and Hopkins). Immu-
nopurified antigen prepared using mAbs CC14 and VPM5 was used in an
ELISA system to assess the cross-reactivity of the antibodies. All mAbs re¬
acted with both batches of purified antigen.

CONCLUSIONS

Monoclonal antibodies CC13, CC14, CC20, TH97A and VPM5 form a
cluster of mAbs that, by analogy with the human data, recognise the sheep
CD lb molecule. The mAb 20-27 did not cluster tightly with the other re¬
agents, due to its additional reactivity with sheep B cells (Mackay et al., 1985).
The cellular reactivity of mAb 20-27 suggests that it identifies the sheep hom-
ologue of CDlc. However, this mAb clearly cross-reacts biochemically with
the other reagents and therefore may be regarded as being pan-CD 1.
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Analysis of the CD1 cluster in sheep

Bernadette M. Dutia and John Hopkins
Department of Veterinary Pathology, University ofEdinburgh, Edinburgh, EH9 1QH, UK

ABSTRACT

Dutia, B.M. and Hopkins, J., 1991. Analysis of the CD1 cluster in sheep. Vet. Immunol. Immuno-
pathoi, 27:189-194.

The anti-CD 1 monoclonal antibodies submitted to the 1st International Workshop on Leucocyte
Differentiation Antigens of Cattle, Sheep and Goats were tested for their reactivity on sheep skin,
thymus and lymph node and for their reactivity with sheep efferent and afferent lymph and peripheral
blood. With the exception of 20-27 they all stained that same cell populations. The antibodies precip¬
itated molecules with a heavy chain of 46 000 apparent molecular weight and a light chain of 14 000
apparent molecular weight. VPM5 and CC14 antigens were purified by affinity chromatography. All
the antibodies cross-reacted with these molecules. The results show that 20-27 recognises the same
molecules as the other antibodies and suggest that 20-27 is a pan CD1 monoclonal antibody and the
other monoclonal antibodies are homologues of the human CD lb molecules.

ABBREVIATIONS

PBS, phosphate buffered saline; SDS, sodium dodecyl sulphate; TNT, 0.02 mM Tris-HCl, pH 8.0,
150 mM NaCl, 0.5% Triton X-100; HBSS, Hank's balanced salt solution; FSC, forward scatter; SSC,
side scatter.

INTRODUCTION

The human CD1 family consists of three different protein antigens, CD la,
CD lb and CDlc. The members of the family are differentiated on the basis
of the molecular weight of their heavy chains with CD la having a heavy chain
of 49 kDa, CD lb of 45 kDa and CDlc of 43 kDa, and on the basis of their
tissue distribution (Boumsell and Knowles, 1988). All the CD1 molecules
are found on cortical thymocytes and CD 1 a is found also Langerhans' cells in
the epidermis and on dermal dendritic cells, CD lb on dermal dendritic cells
and CDlc on 10% of Langerhans' cells as well as dermal dendritic cells, a
subpopulation of B cells and in B lymphoid areas (Cattoretti et al., 1988).

There are at least six different human CD1 genes (Martin et al., 1986) and
mRNAs derived from four of the genes have been detected (Balk et al., 1989).
In the mouse, only two CD1 genes exist (Bradbury et al., 1988). In this report

0165-2427/91 /$03.50 © 1991 — Elsevier Science Publishers B.V.
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we have used the monoclonal antibodies submitted to the ovine CD Work¬
shop to investigate the CD 1 products in the sheep.

MATERIALS AND METHODS

Monoclonal antibodies
The monoclonal antibodies used were those submitted to the First Inter¬

national Workshop on Leucocyte Differential Antigens of Cattle, Sheep and
Goats for which there was published or preliminary evidence that they were
directed against the homologue of the human CD1 antigen. The monoclonal
antibody CC40, a putative anti-CDl (C.J. Howard, personal commun.) not
included in the Workshop, was included in some experiments.

Cells
Efferent lymph cells and afferent lymph cells and dendritic cells were ob¬

tained by cannulation of efferent and pseudoafferent lymphatics as previ¬
ously described (Hopkins et al., 1986). Lymphocytes from peripheral blood
were obtained by NH4C1 lysis (Mishel and Shiigi, 1980).

FACS analysis
Cells were incubated with monoclonal antibody, washed, and incubated with

FITC-labelled sheep anti-mouse Ig. The cells were fixed in paraformaldehyde
and analysed on a FACScan flow cytometer (Becton-Dickenson). The differ¬
ent cell populations were distinguished by their distinctive forward (FSC)
and side scatter (SSC) profiles. Small lymphocytes have low FSC/SSC, gran¬
ulocytes have low FSC/high SSC while dendritic cells have high FSC/high
SSC.

Immunoprecipitations
Thymocytes prepared by centrifugation over Lymphoprep and afferent

lymph dendritic cells prepared by metrizamide gradients were surface-la-
belled with l25I by the Iodogen method, washed three times in PBS/azide and
lysed in 20 mMTris-HCl, pH 8.0, 150mMNaCl, 0.5% Triton XI00 (TNT).
Immunoprecipitations were carried out by the ELISA plate method. Rabbit
anti-mouse Ig (10 /rg/ml) was coated onto ELISA plates (Dynatech) over¬
night at 4°C.The plates were washed three times in PBS/Tween 20, incu¬
bated 1 h at room temperature with neat monoclonal antibody supernatant
or 1/1000 ascitic fluid, washed and incubated 1-3 h with 125I-labelled cell
lysates. Bound antigen was eluted by boiling in SDS polyacrylamide gel sam¬
ple buffer and antigens were fractionated on 5-20% gels (Laemmli, 1970),
and visualised by autoradiography.
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Affinity purifications
Thymus lysate was prepared by homogenising thymus in HBSS, pelleting

the cells by centrifugation and lysing in TNT for 30 min on ice. Nuclei were
removed by centrifugation at 2500 rpm and the lysate clarified by centrifu¬
gation at 30 000 g for 90 min. VPM5 antigen was prepared from the lysate by
affinity chromatography on VPM5 Hz Affigel (BioRad). CC14 antigen was
similarly prepared by affinity chromatography on CC14 Affigel 10 (BioRad).

ELISA
The purified antigens were diluted in PBS to give a final concentration of

<0.05% sodium deoxycholate and coated onto ELISA plates. ELISAs were
developed with anti-mouse horseradish peroxidase conjugate and 0PD/H202
substrate.

RESULTS

FA CS analysis
Table 1 shows the percentage of cells from efferent lymph, afferent lymph

and peripheral blood stained by the monoclonal antibodies. YPM5, CC13,
CC 14, CC20 and TH97A do not stain efferent lymphocytes or peripheral blood
small lymphocytes while 20-27 stains both cell populations. All the mono¬
clonal antibodies stain afferent lymphocytes with 20-27 staining a slightly
higher proportion of total cells. The antibodies all stain 78-90% of afferent
lymph dendritic cells.

Immunoh istoehem istry
Table 2 shows the tissue distribution of the monoclonal antibodies. The

antibodies all stain the same cell populations in the thymus, skin and lymph
node with the exception of 20-27 which additionally stains lymph node
follicles.

TABLE 1

FACS analysis of workshop anti-CD 1 monoclonal antibodies

Cells Monoclonal antibody

20-27 VPM5 CC13 CC14 CC20 TH97A

Afferent lymph 17-18.5' 12.8-14.4 12.8-14.4 12.8-14.4 12.8-14.4 12.8-14.4
Afferent lymph dendritic cells 78-90 78-90 78-90 78-90 78-90 78-90
Efferent lymph 21 < 1 <1 < 1 <1 < 1

Peripheral blood small lymphocytes 43 1-1.3 1-1.3 1-1.3 1-1.3 1-1.3

'Percentage of cells stained.
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TABLE 2

Tissue distribution of workshop anti-CD 1 monoclonal antibodies

Monoclonal antibody

20-27 VPM5 CC13 CC14 CC20 TH97A

Thymic cortex +
Thymic medullary dendritic cells +
Lymph node follicles +
Lymph node paracortical dendritic cells +
Langerhans' cells in dermis and at +
dermal/epidermal junction

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Fig. 1. Autoradiograph of polypeptides precipitated from 125I-labelled sheep thymocytes and
afferent lymph dendritic cells by the monoclonal antibodies. The samples were fractionated on
a 5-20% SDS polyacrylamide gel.

Immunoprecipitations
Antigens were immunoprecipitated from 125I-labelled thymocytes and af¬

ferent lymph dendritic cells by the ELISA plate method. Fig. 1 shows poly¬
peptides precipitated by 20-27, CC13, CC14, CC20, CC40 and TH97A and
fractionated on a reduced SDS polyacrylamide gel. All monoclonal antibodies
precipitate a heavy chain of apparent molecular weight 46 000 and a light
chain of apparent molecular weight 14 000. Identical results were obtained
on a non-reduced gel. VPM5 did not precipitate any polypeptides under these
conditions. VPM5 is an IgM monoclonal antibody which is only effective in
immunoprecipitations under specific conditions (Bujdoso et al., 1989) where
it precipitates polypeptides of similar size.
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TABLE 3

Checkerboard ELISA: VPM5 and CC14 immunopurified antigens vs anti-CD 1 monoclonal antibodies

Antigen

VPM5 CC14

Monoclonal VPM5 0.716" 0.723

antibody 20-27 0.771 1.380
CC13 0.107 0.261
CC14 0.173 0.712
CC20 0.613 1.414

TH97A 0.166 0.246
CC40 0.707 N.D.

'A492. background readings subtracted.

Cross reactivity ofVPM5 and CC14 antigens with the monoclonal antibody
panel

Because of the difficulty in comparing the VPM5 antigen with the others
by immunoprecipitation, VPM5 antigen and CC14 antigen were purified by
affinity chromatography and the purified antigens rested for reactivity with
the monoclonal antibodies by ELISA. Table 3 shows that the monoclonal an¬
tibodies react with both antigens and therefore that they all recognise an epi¬
tope which is present on both VPM5 and CC14 antigen. This does not ex¬
clude the possibility than some of the antibodies also react with epitopes
present on other antigens.

DISCUSSION

The cell specificities described here for the monoclonal antibodies 20-27,
CC13, CC14, TH97A and VPM5 confirm the published data (Mackay et al.,
1985; MacHugh et al., 1988; Bujdoso et al., 1989) and show that CD20 has a
similar cell specificity to VPM5, CC13, CC14 and TH97A. The data clearly
show that 20-27 reacts with a wider cell population than the other antibodies.
The monoclonal antibodies VPM5, CC13, CC14, CC20 and TH97A have
similar cell specificities to the human anti-CD lb antibodies and 20-27 has a
similar distribution to the anti-human CDlc antibodies.

The immunoprecipitation studies show that the monoclonal antibodies
precipitate heavy chains identical in molecular weight. The human CD 1 mol¬
ecules can be differentiated on the basis of the molecular weight of their heavy
chains. The data presented here show that the sheep CD 1 molecules, as deter¬
mined by these six antibodies, cannot be distinguished in the same way.

All the monoclonal antibodies react with immunopurified VPM5 and CC14
antigen indicating that they all react with epitopes on the same molecule.
Given that 20-27 clearly reacts with a population of cells which do not express
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the molecules detected by the other anti-CD 1 monoclonal antibodies it is likely
that 20-27 is reacting with a framework determinant on the sheep CD1 mol¬
ecules. The tissue distribution of CC13, CC14, CC20, TH97A and VPM5 is
consistent with their antigens being the sheep equivalent of the human CD 1 b
molecules while the tissue distribution of 20-27 together with its reactivity
with VPM5 and CC14 antigen suggest that it is a CDlb/CDlc antibody or a
pan CD1 antibody.
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5.2 Workshop studies on the ovine CD4
homologue

John Hopkins
Department of Veterinary Pathology, University ofEdinburgh, Edinburgh, UK

INTRODUCTION

In humans and mice, the CD4 molecule is a single chain transmembrane
glycoprotein of apparent molecular weight (AMw) 55 kDa (Maddon et al.,
1985); the biological function of which seems to be an interaction with MHC
class II (Doyle and Strominger, 1987; Gay et ah, 1987). T cells expressing
CD4 show restricted recognition of antigen in association with MHC class II
(Marrack et ah, 1983) and have mainly helper/inducer functions (Swain,
1983). A standardised comparison was made of the monoclonal antibodies
submitted to the workshop which were considered to identify the sheep hom¬
ologue of CD4.

MONOCLONAL ANTIBODIES

The monoclonal antibodies used (and source laboratory) included ST4a
(Basel Institute for Immunology; Mackayet ah, 1988);GC1A1 andGC50Al
(Pullman); 44-38 and 44-97 (University of Melbourne; Maddox et ah, 1985).

TISSUE DISTRIBUTION

The distribution of the antigens recognised by these five monoclonal anti¬
bodies was identical when assessed by immunohistology of sheep lymph nodes,
spleen and thymus. The mAb GC1A1, submitted as an anti-bovine reagent,
did not react on bovine tissues although it did stain sheep tissues. The distri¬
bution of positive lymphocytes can be summarised as follows:

- Lymph node, positive cells mainly in the interfollicular paracortex, few cells
within the follicles and small numbers in the medullary cords.

- Spleen, positive cells localised in periarteriolar lymphoid sheath of the white
pulp.

- Thymus, nearly all cortical thymocytes and about 50% of the medullary
thymocytes appeared positive.

0165-2427/91 /S03.50 © 1991—Elsevier Science Publishers B.V.



102 J. HOPKJNS

FACS ANALYSIS

FACS analysis of sheep PBL, lymphocytes from afferent and efferent lymph
and thymocytes gave virtually identical results for all antibodies. Again,
GC1A1 did not react with bovine cells but gave a pattern of staining similar
to the other mAbs when tested on sheep cells. The proportion of positive lym¬
phocytes detected in the various samples was as follows:

- Peripheral blood lymphocytes, 25-40%
- Afferent lymph, 49-57%
- Efferent lymph, 54-56%
- Thymus (newborn), 68-80%
- Thymus (day 7), 44-54%

IMMUNOPRECIPITATION OF TARGET MOLECULES

Immunoprecipitation of target molecules from lymphocyte lysates was at¬
tempted with mAbs 44-38 and 44-97. Both mAbs immunoprecipitated a pro¬
tein which migrated as a single band with AMw 56 kDa when analysed by
SDS-PAGE under reducing conditions.

CONCLUSIONS

The monoclonal antibodies ST4a, GC1A1, GC50A1, 44-38 and 44-97 clus¬
tered and, by analogy with human data, can be regarded as recognising the
sheep homologue of CD4.
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6.5 Reactivity of the CD11 /CD 18 workshop
monoclonal antibodies in the sheep

V.K. Gupta*, I. McConnell, J. Hopkins
Department of Veterinary Pathology, University ofEdinburgh, Edinburgh, EH9 IQH, UK

Abstract

The anti-CD 11/CD 18 monoclonal antibodies (mAbs) submitted in the Second International
Workshop on Ruminant Leukocyte Differentiation Antigens, were analysed for their reactivity with
the ovine homologue of CD 11 /CD 18. Their reactivity was tested on healthy sheep tissues, and alveo¬
lar macrophages, afferent dendritic cells, peripheral blood granulocytes and monocytes. The CD1 la/
CD 18 mAbs found positive in the sheep were reactive with all the cell populations tested. The CD 11 b
mAbs reacted with all the cells except afferent dendritic cells, whereas CD1 lc were non-reactive to
blood granulocytes. This is in contrast to humans and cattle where blood granulocytes express CD 11c.
The mAbs 72-87, F10-150, MD2B7 and MUC76A were found to be homologous to CD1 la whereas
BAQ30A seemed to be homologous to CD 18, instead of proposed initial specificity to CD 11 a. CC125
and IL-A15 mAbs were found to be homologous to CD1 lb. OM1, which clustered with a recognized
CD 1 mAb in the first cluster analysis, precipitated a heterodimer of molecular weight 95 000/150 000.
We propose that OM1 reacts with sheep CD1 lc. The mAb MF14B4 was found to react with sheep
CD 18.

Introduction

The human CD11/CD18 leukocyte surface adhesion molecules are com¬
monly known as leukocyte integrins or the /?2-integrin family. The leukocyte
integrin family comprises three a/fi heterodimeric transmembrane glycopro¬
teins which share a common /? chain, designated CD 18 of molecular weight
(MW) 95 000. The a subunit of CD 11a (aL) has a MW of 180 000 and the
dimer is commonly known as lymphocyte function associated antigen-1 (LFA-
1). CD 11 b a chain (ctM) of 170 000 MW combines with CD 18 the /? chain
to produce the molecule macrophage antigen-1 (Mac-1) or complement re¬
ceptor 3 (CR3). Likewise CD1 lea; chain (ax) of MW 150 000 with its
chain produce the molecule pi 50,95. These molecules are intimately associ¬
ated with cell-cell or cell-matrix adhesion. CD1 la is primarily involved in
lymphocyte-lymphocyte or lymphocyte-macrophage interaction and associ¬
ates with its ligands, intercellular adhesion molecule-1 (ICAM-1) and ICAM-

*Corresponding author.
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Table 1

Workshop monoclonal antibodies used in the present studies in the sheep

Workshop Clone Isotype Laboratory Putative Temporary
number number specificity cluster

44 72-87 G2a UMELB CDlla 8
85 IL-A99 G2a ILRAD CDlla 8
94 F10-150 G1 BII CDlla 30

100 MD2B7 G1 FUNDP CDlla 8
176 MUC76A G2a WSU CDlla 4
178 BAQ30A G1 WSU CDlla 8

11 CC126 G2b IAH CDllb 20
23 CC125 G1 IAH CDllb 20
62 IL-A15 G1 ILRAD CDllb 20

180 BAQ153A M WSU CDllc 16
105 OM1 G1 INRA Monocyte, macrophage 19
102 MF13F5 G1 FUNDP CD 18 26
103 MF14B4 G1 FUNDP CD 18 8

The other CD11/CD18 mAbs including those from temporary clusters TC8, TC20 and TC16 were
tested and found to be unreactive.

2. CD1 lb and CD1 lc both have a role in leukocyte-endothelial interaction
where their ligand is one of the cell-matrix molecule such as vitronectin, fi¬
brinogen and collagen. They can also function as receptor for the complement
component iC3b, where they contribute to opsonization (Hogg, 1989; Kash-
imoto et al., 1989; Larson and Springer, 1990).

The purpose of this study was to identify the ovine equivalent of CD11/
CD 18 monoclonal antibodies (mAbs). On initial screening (by fluorescence
activated cell sorting (FACS) analysis) of Second International Ruminant
Workshop mAbs (CD11/CD18, monocyte, macrophage specificities, and
temporary clusters 8, 16 and 20) with sheep alveolar macrophages (AM),
peripheral blood leukocytes and afferent lymph cells, a panel of CD11 /CD18
mAbs was identified (Table 1). Some of these were further characterized, for
distribution and size of the molecule recognized, by, fluorescence activated
cell sorter (FACS) analysis, immunohistochemistry and immunopre-
cipitation.

Materials and methods

Cells and tissues

Alveolar macrophages were obtained by bronchoalveolar lavage of healthy
sheep with ice-cold Hank's balanced salt solution immediately after slaugh-
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tering, as described earlier (Mayer and Lam, 1984). Peripheral blood leuko¬
cytes (PBL) were isolated from heparinized venous blood by ammonium
chloride lysis (Mishell and Shiigi, 1980). Peripheral blood monocytes (PBM)
were enriched by adherence to autologous plasma coated gelatine plates as
described earlier (Goddeeris et al., 1986). Afferent dendritic cells (ADC)
were obtained by cannulation of pseudoafferent lymphatics as previously de¬
scribed (Hopkins et al., 1986). The tissues were collected from normal adult
sheep soon after slaughtering, and snap frozen in liquid nitrogen before stor¬
ing at — 70°C.

Monoclonal antibodies (mAbs)

The mAbs used were those submitted to the Second International Work¬
shop on Leukocyte Differentiation Antigens of Ruminants, for which there
was published or preliminary evidence that they are directed against the hom-
ologue of the human CD11/CD18 antigens. In addition, mAbs reacting to
sheep macrophage populations were also tested for /?2-integrin specificity.

Flow cytometric analysis

The mAbs were analysed for their reactivity with AM, ADC, PBM, and
peripheral blood granulocytes (PBG) by flow cytometry (FACS). In brief,
5x 105 cells of each population were incubated with 50 fA of the appropriate
dilution of mAbs diluted in phosphate buffer saline (PBS), 0.1% bovine serum
albumin, 0.01 M sodium azide (PBA). After 60 min incubation at 4°C the
cells were washed twice in PBA and incubated for 60 min with antimouse
fluorescein isothiocyanate (The Binding Site, UK) before final washing and
analysis; 104 cells were analysed by flow cytometry using a Becton Dickenson
FACScan Analyser (Mountain View, CA). Live gating using forward scatter
(FSC) and side scatter (SSC) parameters was used to distinguish different
cell populations. AM and ADC have high FSC/high SSC, PBG have low FSC/
high SSC, and PBM have high FSC/medium to low SSC.

Immunohistochemistry

The reactivity of mAbs was characterized by indirect immunoperoxidase
staining of serial sections of healthy sheep tissues such as skin, lung, liver,
kidney, lymph node, thymus, spleen, brain and Peyer's patches in small intes¬
tine. Frozen sections of 5-7 /im thick were cut by cryotome (SLEE, London),
placed on Vectabond (Vector Labs, UK) treated slides, air-dried overnight at
room temperature and fixed in ice cold acetone for 5 min. Slides were wrapped
in aluminium foil and stored at — 70 ° C before use. After thawing the sections
were rehydrated for 15 min in cold PBS. The endogenous peroxidase activity
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was blocked in two changes of 15 min each in PBS pH 7.2, 0.01% sodium
azide and 1% hydrogen peroxide (BDH, Poole, England) at 4°C. The intes¬
tine sections were blocked overnight. The sections were stained by standard
immunohistology as described (Taylor, 1978).

Immunoprecipitation

The AM obtained by bronchoalveolar lavage were surface labelled with l25I
(Amersham International) using the glucose oxidase, lactoperoxidase method
after treatment with Wood's reagent as described (Wall and Fitch, 1985).
The cells were washed three times in ice-cold PBS/azide and lysed in 20 mM
Tris-HCl pH 8.0, 0.15 M NaCl, 0.5% Triton X-100, containing 2 mM phen-
ylmethyl sulphonyl fluoride. After 30 min on ice the nuclei and debris were
removed by spinning in a microcentrifuge (Micro Centaur MSE) at high speed
for 30 min at 4°C. The lysate was precleared using Sephadex G25 (Column
PD-10; Pharmacia, Uppsala, Sweden). The immunoprecipitation of mAbs
was done by enzyme-linked immunosorbent assay (ELISA) plate method.
The ELISA plates (Dynatech) were coated with goat antimouse Ig (Sigma)
at 10 pg ml -1 in borate buffered saline (100 pi per well) incubated overnight
at 4°C. The plates were washed five times in PBS/0.1% Tween 20 before
incubation with appropriate dilution of mAbs (100 p\ per well) for 1 h at
room temperature, washed and incubated for 3 h with 125I-labelled AM lysate
(100/d per well). Bound antigen was eluted by boiling in SDS polyacrylam-
ide gel sample buffer and antigens were fractionated on 5-20% gradient gels
(Laemmli, 1970), and visualized by autoradiography.

Results

FACS analysis

Table 2 shows the proportions of the different cell populations reacting with
the anti-CD 11/CD18 workshop mAbs. All mAbs reacted with the majority
of AM. The CD1 la mAbs interact with most of the other cell populations
tested. The CD 11 b mAbs react with AM, PBM, PBG but not ADC. The CD 11 c
mAbs, in contrast, stain all cells tested but the PBG. CD18 mAbs have a sim¬
ilar distribution to the CD1 la mAbs. Representative FACS profiles of differ¬
ent cell populations are given in Fig. 1.

Immunohistochemistry

Table 3 shows the tissue distribution of CD11/CD18 antigens on macro¬
phages in different tissues. For immunohistochemistry two CD1 la (MD2B7
and MUC76A), three CDllb (CC126, CC125 and IL-A15), two CDllc
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Table 2

Reactivity of CD 11 /CD 18 workshop monoclonal antibodies with different cell types in sheep and proposed
specificities

Workshop Clone Percentage of positive cells Molecule Proposed
number number immuno- specificity

Alveolar Afferent Peripheral Peripheral precipitated in sheep
macrophages3 dendritic blood blood

cells'5 granulocytes' granulocytes'1

44 72-87 82-87 82-99 86-90 92 180, 95 CDlla
85 IL-A99 70-73 57-69 80-85 55 NDg

94 F10-150 69-71 71-83 83-85 91 180, 95 CDlla
100 MD2B7 81-86 46-75 91-97 92 180, 95 CDlla
176 MUC76A 75-85 37-71 20-97 92 180, 95 CDlla
178 BAQ30A 81-89 82-96 85-97 92 180, 150, 95 CD 18

11 CC126 79-82 5-17 89-97 87 _r

23 CC125 78-82 4-9 87-96 85 170, 95 CDllb
62 IL-A15 79-83 6-14 87-96 85 170, 95 CDllb

105 OM1 78-82 68-85 6-7 28 150, 95 CDllc
180 BAQ153A 80-85 51-64 0"-7 13
102 MF13F5 68-70 22-74 77-79 58 ND8
103 MF14B4 83-84 60-94 91-97 90 180, 150,95 CD18

"Range of two animals.
bRange of three animals.
'Range of five animals.
dSingle animal value.
"Background (control) response.

•Precipitations could not be achieved.
gNot determined.

(OM1 andBAQ153A) and two CD18 (MF14B4and BAQ30A) mAbs were
used. The CD 11 a and CD 18 distribution was identical, except for cross-reac¬
tivity of MF14B4 (a CD 18 mAb) with some non -macrophage cell popula¬
tions (hepatocytes, pulmonary mucosa, vascular endothelium, inner epider¬
mis, hair follicle and mucosa of dermal glands) besides staining of
lymphocytes by both CD 11 and CD 18 mAbs. The discrimination between
CD1 la, CD1 lb and CD1 lc was most obvious in the spleen, intestine, lung,
liver and kidney. In spleen the red pulp and marginal zone areas were stained
uniformly by CD1 la/CD18, but CD1 lb gave intense staining of marginal
zone cells and only few cells were stained in the red pulp area, whereas CD 11 c
stained only few cells in the marginal zone and red pulp areas (Fig. 2). In the
intestine CD 11 a/CD 18 gave intense staining of villi macrophages and few
interdigitating cells in the Peyer's patch follicle, whereas CD1 lb and c mAbs
stained fewer villi macrophages with low intensity besides staining a small
number of interdigitating cells in the follicle. All the AM are stained by CD 11 /
CD 18 but more tissue macrophages are stained by CD 11 a/CD 18 than by
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MACROPHAGES MONOCYTES DENDRITIC CELLS GRANULOCYTES

LOG FLUORESCENCE INTENSITY

Fig. l.FACscan profiles of CD 11a (MUC76A), CDllb (CC-125), CDllc (OM1) andCD18
(BAQ30A) mAbs. The dashed line indicates the relevant negative control.

CD1 lb and c mAbs. Liver showed strong staining of most Kupffer cells by
CD1 la/CD 18, but few cells were stained strongly by CD1 lb and moderately
by CD1 lc mAbs (Fig. 2). In thymus most interlobular septal macrophages
were stained by CD lib, fewer cells by CD 11 a/CD 18 and very few cells were
stained by CD1 lc. Lymph node showed intense staining of large numbers of
macrophages in the paracortex and medulla by CD 11 a/CD 18, whereas small
numbers of cells were stained by CD1 lb and c mAbs. In kidney moderate
numbers of cells were stained in glomerulus and interstitium by CD 11 a/CD 18,
but few cells were stained in glomerulus by CD1 lb and isolated cells in the
interstitium by CD1 lb and c mAbs. In the skin more dermal macrophages
were stained by CD 11 a/CD 18 than by CD lib, and few cells were stained by
CD 1 lc mAbs. In brain a moderate number of microglial cells were stained by
CD 11 a,b/CD 18, and few cells by CD 11 c mAbs.
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Table 3
Tissue distribution of CD11/CD18 antigens on macrophages recognized by workshop monoclonal
antibodies in the normal sheep

Tissue CD 11 aa CDllb CDllc CD18"

Lymph node
Medulla + + + (s) + + (s) + + (m) + + + (s)
Paracortex + + + (s) + + (s) +(m) + + + (s)
Follicle +(w) +(w) ±(w) +(w)

Spleen
Redpulp + + + (s) +(s) + (m) + + + (m)
Marginal zone + + + (s) + + + (s) +(m) + + + (m)

Thymus
Cortex + + (s) +(s) +(m) + + (m)
Medulla + + + (s) + + + (s) + + + (m) + + + (m)
Interlobular septa + + (s) + + + (s) +(m) + + (s)

Intestine

Peyer's patch follicle + + (s) + + (w) ±(w) + + (m)
Lamina propria + + + (s) + + (s) +(m) + + + (s)

Lung
Alveolar macrophages + + + (s) + + + (m) + + + (m) + + + (s)
Tissue macrophages + + + (s) +(w) +(w) + + + (s)

Liver

Kupffer cells + + + (s) +(s) +(m) + + + (s)

Kidney
Glomerulus + + (s) +(m) — + + (m)
Interstitium + + (s) ± (w) ± (w) + + (m)

Skin
Dermis + + + (s) + + (m) +(w) + + + (s)

Brain

Microglial cells + + (s) + + (m) +(w) + + (s)

Number of macrophages staining positive: —, none, +, few; + + + , many.
Staining intensity: w, weak; m, medium; s, strong.
"Stained lymphocytes in lymphoid organs besides macrophages.

Immunoprecipitations

Antigens were immunoprecipitated from 125I-labelled AM by the ELISA
plate method. Fig. 3 shows antigens precipitated by four CD 11a mAbs
(MD2B7, MUC76A, F10-150 and 72-87) detecting molecules of 95 000 and
180 000 MW, by two CD1 lb mAbs (CC125and IL-A15) of MW 95 000 and
170 000, by mAb OM1 of MW 95 000 and 150 000, and by two mAbs
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Fig. 2. Immunohistochemistry of (A, C and E) spleen and (B, D and F) liver sections stained
with (A and B) BAQ30A (CD18), (C and D) IL-A15 (CDllb) and (E and F) BAQ153A
(CD1 lc) mAbs. mz, marginal zone; rp, red pulp; Kupffer cell (arrow).

Fig. 3. Autoradiograph of antigens precipitated from l25I surface labelled sheep alveolar mac¬

rophages lysate by mAbs. The samples were fractionated on 5-20% gradient SDS-PAGE.
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(BAQ30A and MF14B4) of MW 95 000/150 000/180 000, when precipi¬
tates were run on SDS-PAGE under reducing conditions. Antigens could not
be precipitated with CC126 and BAQ153A mAbs. Identical results were ob¬
tained on non-reducing gels.

Discussion and conclusion

All the CD 11 a mAbs showed high FACS reactivity with all the cell types
tested, except for MUC76A which showed low reactivity with PBG and ADC
from one animal each, suggesting some antigenic polymorphism. There was
no difference in tissue distribution among CDlla mAbs (MD2B7 and
MUC76A). The four mAbs used precipitated identical molecular weight an¬
tigens, suggesting the antigen identified by 72-87, F10-150, MD2B7 and
MUC76A as the ovine homologue to CDlla. The antigen identified by
BAQ30A showed its homology to CD 18 instead of the initially proposed
CD 11 a specificity. The mAb IL-A99 may be specific for OvCD 11 a, but it was
not used for tissue staining and immunoprecipitation.

The three CD1 lb mAbs (CC126, CC125 and IL-A15 ) showed high FACS
reactivity with AM, PBM and PBG but no reactivity with ADC (Steinman,
1991). The tissue distribution of these three mAbs was identical. CC125 and
IL-A15 mAbs precipitated identical molecular weight antigens, thus suggest¬
ing their ovine homology of CD1 lb. Precipitations with CC126 could not be
achieved but it may be specific for CD1 lb. The mAbs BAQ153A and OM1
showed high FACS reactivity with AM and AD low with PBM, but the reac¬
tivity with PBG varied from 0% to 7%, which is in contrast to high reactivity
in humans (De La Hera et al., 1988) and cattle (Splitter and Morrison, 1991).
The OM1 mAb has been reported to react only with eosinophils amongst
granulocytes (Pepin et al., 1992). OM1 precipitated an antigen of MW
95 000/150 000, suggesting it reacted with the ovine homologue of CD1 lc.
BAQ153A may also be specific for CD 11 c considering its resemblance to OM1,
but its failure to precipitate the antigen, may be due to its IgM isotype.

BAQ30A, MF13F5 and MF14B4 showed similar FACS reactivity and tis¬
sue staining to that of CD 11 a mAbs. However, when the mAbs BAQ30A and
MF14B4 were used for precipitation, three polypeptide chains were identi¬
fied suggesting that they react with the ovine homologue of CD 18. Unambig¬
uous assignment of specificities of these monoclonal antibodies awaits CD 11 /
CD 18 transfections.
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6.9 Comparison of workshop CD45R monoclonal
antibodies with OvCD45R monoclonal

antibodies in sheep

Bernadette M. Dutia*, Alan J. Ross, John Hopkins
Department ofVeterinary Pathology, University ofEdinburgh, Edinburgh, EH9 IQH, UK

Abstract

The reactivity of the antibovine monoclonal antibodies (mAbs) comprising temporary cluster TC1
was compared with that of two OvCD45R mAbs on sheep cells. Three of the mAbs—CC31, CC99
and CC103—did not cross-react with sheep cells. All the workshop mAbs precipitated two molecules
of apparent molecular weight (MW) 200 kDa and 220 kDa while the antisheep CD45R mAb 20-96
precipitated a single band of 220 kDa. Cell surface expression was examined by single colour FACS
(fluorescence activated cell sorting) analysis of efferent and afferent lymph cells and peripheral blood
lymphocytes and the distribution of the antigens on CD4 + , CD8+ and T19+ (WC1) and B cells was
determined by two colour fluorescence staining. By cellular distribution and immunohistology the
TCI mAbs could be divided into four distinct groups which differed from a fifth group comprising
the two OvCD45R antibodies.

Introduction

The leukocyte common antigen, CD45, family is a group of high molecular
weight glycoproteins uniquely expressed on the surface of all leukocytes.
Members of the family are generated by alternative splicing of three 5' exons
which are used differentially to generate potentially eight different mRNAs
encoding molecules with distinctive N'-terminal sections. Six of these tran¬
scripts have been identified in humans, mice and rats. The various products
have molecular weights (MW) ranging from 180 to 220 kDa and are ex¬
pressed in a tissue specific pattern (Thomas, 1989). The majority of anti-
CD45 monoclonal antibodies (mAbs) react with all isoforms but a number
of mAbs react with only certain isoforms. These mAbs are the restricted spec¬
ificity or CD45R mAbs and are termed CD45RA, CD45RB or CD45RC de¬
pending on usage of the A, B or C exon (Schwinzer, 1989). The cytoplasmic
portion of the CD45 molecule, which does not vary between isoforms, con¬
tains tyrosine phosphatase activity, and CD45 is required for effective T cell

'Corresponding author.
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receptor (TCR) function. Different isoforms of CD45 interact differently with
TCR, CD4 and CD8 on the T cell and may be involved in signal transduction.
It is clear that expression of different isoforms is associated with naive and
memory T cell function (Janeway, 1992).

In this report we have examined the reactivities of the mAbs submitted to
the Second International Workshop on Leukocyte Antigens of Cattle, Sheep
and Goats and initially assigned to temporary cluster TC1. This cluster is now
accepted as recognizing CD45R. Our data show that, on the basis of fluores¬
cence activated cell sorting (FACS) analysis and immunohistology, at least
four subgroups of mAbs can be recognized within this cluster and that these
subgroups differ from the CD45R molecule recognized by the OvCD45R
mAbs 20-96 (Mackay etal., 1987) and73B (Mackay et al., 1990).

Materials and methods

Monoclonal antibodies (mAbs)

The mAbs used were those submitted to the Second International Work¬
shop on Leukocyte Differential Antigens of Cattle, Sheep and Goats and ini¬
tially assigned to TCI. These are CC31, CC99, CC103, CC76, CC77, Bo42,
BAG36A, GS5A, GX18A and GC6A. The mAbs include one BoCD45R mAb
(CC76). A mAb directed against OvCD45, TD14 (Hopkins and Dutia, un¬
published data, 1993; Bembridgeet al., 1993a) and two OvCD45R mAbs 20-
96 (Mackay et al., 1987) and 73B (Mackay et al., 1990) were included in
some experiments. VPM12, an antibovine diarrhoea virus mAb, and TD12,
an antisheep leukocyte mAb, were used as controls. For dual fluorescence
analysis the antisheep CD4 and CD8 mAbs SBU-T4 and SBU-T8 (Maddox
et al., 1985), the BoWCl (T19) mAb CC15 (Clevers et al., 1990) and the
antisheep B cell mAb VPM30 (Naessens and Howard, 1991) were used.

Cells

Peripheral blood lymphocytes (PBL) and granulocytes were obtained from
heparinized venous blood by NH4C1 lysis (Mishell and Shiigi, 1980). Affer¬
ent lymph cells and efferent lymph cells were obtained by cannulation of pre-
femoral efferent and pseudoafferent lymphatics as previously described
(Hopkins et al., 1986). Concanavalin A (Con A) activated cells were ob¬
tained by incubating PBL, isolated by Lymphoprep (Nygaard, Oslo), at a
concentration of 5 x 106 cells ml-1 with Con A at 5 //g ml~1 for 3 days.
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Flow cytometry

Single colour flow cytometry was as described (Hopkins and Dutia, 1990)
using a Becton-Dickinson FACScan Cell Analyzer (Mountain View, CA,
USA). Live gating using forward scatter (FSC) and side scatter (SSC) pa¬
rameters was used to discriminate small lymphocytes and granulocytes in pe¬
ripheral blood and the small lymphocytes and dendritic cells in afferent lymph.
For dual colour staining the anticell phenotype mAbs were coupled to biotin
and detected using R-phycoerythrin (Amersham International PLC, Amer-
sham, UK) and the TCI mAbs were detected using the relevant Ig subclass
specific fluorescein isothiocyanate-conjugated antimouse Ig antiserum (The
Binding Site, Birmingham, UK).

Immunoprecipitations

Efferent and afferent lymphocytes and peripheral blood mononuclear cells
were labelled with ,25I using Iodogen and immunoprecipitations were carried
out as previously described (Dutia and Hopkins, 1991).

Immunohistology

Cryostat sections (8 pra) were cut from fresh tissues snap-frozen in liquid
nitrogen. Air-dried sections were acetone fixed and stained using the standard
indirect immunoperoxidase method.

Results

Cell distribution

The mAbs were investigated for reactivity with different sheep leukocyte
populations. Table 1 shows the percentages reacting with each mAb. mAbs
CC31, CC99 and CC103 do not cross-react with sheep. CC76 andCC77 show
variable cross-reactivity with sheep cells. This may reflect low cross-species
reactivity or may indicate that these mAbs recognize a polymorphic deter¬
minant in sheep. Within the workshop cluster four distinct groups can be de¬
termined on the basis of cell distribution. Fig. 1 shows representative FACS
profiles of the four groups together with profiles of the fifth group based on
the non-workshop OvCD45R mAbs 20-96 (Mackay et al., 1987) and 73B
(Mackay et al., 1990). Each subgroup shows quite distinct FACS profiles.
Two colour flow cytometry shows that the mAbs in the four groups react with
B cells but Bo42 reacts only weakly (Table 2). The reactivity of the mAbs on
the distinct T cell subpopulations emphasizes the difference between the
groups. One of the most obvious differences is their staining of the T19+ T
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Table 1
Distribution (%) of CD45R monoclonal antibodies on sheep leukocyte populations

Workshop
number

Clone
number

Sheep leukocyte populations

Efferent

lymphocytes
Con A
blasts

Afferent

lymphocytes
PBL

3 CC76 30-45 NEG NEG 46-52
28 CC77 29-46 NEG NEG 45-53

109 Bo42 38-47 26 29 39-54
156 BAG36A 42-53 17 10 49-62
154 GS5A 61-77 41 46 53-76
155 GS18A 59-78 37 42 56-78
158 GC6A 60-77 43 42 51-77

73B 44-49 20 26 33-42
20-96 46-51 23 26 37-44

J3
£
a
Z

Log Fluorescence Intensity

Fig. 1. FACS analysis of TCI mAbs on sheep PBM. Cells were live-gated on lymphocytes using
FSC and SSC parameters, (a) CC77, (b) Bo42, (c) 73B, (d) GS5A, (e) BAG36A, (f) 20-96.

cells (Table 2) where BAG36A and GS5A, GX18A and GC6A stain 54% and
43-45% respectively of the T19 + T cells and 73B and 20-96 react with < 10%.

Immunoprecipitation

Fig. 2 shows the molecules precipitated from 125I-labelled efferent lymph
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Table 2
Distribution (%) of CD45R monoclonal antibodies on individual lymphocyte populations

Workshop
number

Clone
number

Sheep lymphocyte populations

CD4+ cells CD8 +
cells

T19+ cells B

cells

3 CC76 38 72 25 92
28 CC77 40 65 22 93

109 Bo42 43 67 <10 <10
156 BAG36A 44 87 54 >95
154 GS5A 56 95 45 >95
155 GS18A 58 93 43 >95
158 GC6A 57 91 43 >95

73B 36 54 8 >95
20-96 35 53 8 >95

Fig. 2. Polypeptides precipitated from 125I-labelled efferent lymphocyte lysate by TCI mAbs
and the anti-CD45 mAb TD14. VPM12 is a negative control.

cell lysate by the mAbs in TC1. The figure shows clearly that BAG36A, Bo42,
CC77 and CC76 precipitate two bands of apparent MW 220 kDa and 210
kDa. These mAbs do not precipitate well and required a long exposure time.
GS5A, GX18A and GC6A strongly precipitate two bands which are not well
resolved in the autoradiograph shown here. mAb 20-96 precipitates a single
band which appears to be slightly larger than the bands precipitated by the
TCI mAbs. Fig. 2 also shows the molecules precipitated by TD14, an anti-
CD45 mAb (Hopkins and Dutia, unpublished data, 1993; Bembridge et al.,
1993a). TD14 precipitates a band in the same size range as the TCI mAbs
and an additional lower MW band of 200 kDa. The OvCD45R mAb 73B
precipitates a single band identical in size to that precipitated by 20-96 (data
not shown).

Immunohistology

Immunohistology reflects the results seen with flow cytometry. In all tissues
tested all five groups of mAbs react with discrete B cell areas including lymph
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Fig. 3. Ileal Peyer's patch cryostat sections stained with (top) 73B, (middle) Bo42, (bottom)
GS5A.
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node follicles, splenic marginal zone and follicles, and follicles, of the ileal
Peyer's Patch. Fig. 3 shows ileal Peyer's patch stained with 73B, Bo42 and
GS5A. GS5A (Fig. 3(bottom)) staining is similar to 73B (Fig. 3(top)).
BAG36A, GS18A and GC6A give similar results to GS5A. These mAbs stain
follicles and a varying number of scattered lymphoid cells in the lamina pro¬
pria. Bo42 (Fig. 3 (middle)) and also CC76 and CC77 stain only the follicles
and cells within the crypts.

Discussion

The CD45 family consists of a number of molecules in the MW range 180-
220 kDa, which are generated by alternative splicing of three extracellular
exons. In humans, mice and rats mAbs are available which recognize the dif¬
ferent spliced forms of CD45, but because individual exons are used in more
than one isoform most CD45R mAbs react with a variety of isoforms. mAbs
may also detect differences in glycosylation. Furthermore, the leukocyte com¬
mon antigen is heavily glycosylated and different MW forms may be gener¬
ated by differential glycosylation. No conclusion as to the role of CD45 in T
cell function has been reached but there is clear evidence that the low MW
180 kDa isoform is expressed on memory T cells while naive cells express
higher MW forms (reviewed in Janeway, 1992).

The data presented here compare a group of antibovine mAbs which cluster
closely together, and which contain a BoCD45R mAb (Howard et al., 1991),
with two OvCD45R mAbs. In the sheep the BoCD45R mAbs precipitate two
polypeptides while the OvCD45R mAbs precipitate a single molecule. Cell
surface staining shows that the mAbs in TCI can be subdivided into four
groups and that their cellular distribution differs from that of the OvCD45R
mAbs which form a fifth grouping. The mAbs in TCI have been classified as
CD45R specific. Data obtained from studies in cattle (Bembridge et al., 1993)
as well as that presented here strongly suggest that the cluster contains mAbs
which recognize different isoforms of BoCD45 and OvCD45. Further work
will be necessary to identify the precise specificities of these mAbs.
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6.18 Analysis of the monoclonal antibodies
comprising WC6
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Abstract

The WC6 antibovine monoclonal antibodies (mAbs) CC98, IL-A114 and IL-A53 were investi¬
gated for reactivity in sheep by (fluorescence activated cell sorting) FACS analysis, immunoprecipi-
tation and immunohistology. The mAbs behave identically by all criteria although IL-A114 reacts
more weakly than the other mAbs. This probably reflects limited cross-species reactivity. The mAbs
stain <30% of lymphocytes from blood, efferent and afferent lymph and the majority of afferent
lymph dendritic cells. They also weakly stain granulocytes. They precipitate molecules of apparent
molecular weight 220 kD and 180-190 kD. Sequential immunoprecipitation shows that CC98 antigen
is not related to CD45. Immunohistology indicates staining of B cell areas and macrophages in Peyer's
patch and lamina propria. The data show that these monoclonal antibodies react with a molecule
distinct from OvCD45R.

Introduction

The monoclonal antibody (mAb) IL-A53, which was submitted to the First
International Workshop on Leukocyte Antigens in Cattle, Sheep and Goats,
labelled B cells in peripheral blood, some T and B cell lines and thymocytes
and immunoprecipitated a 220 kD molecule. On the basis of this information
it was classified as a probable CD45R mAb but more data were required to
confirm this (Naessens and Howard, 1991). In the Second Workshop IL-A53
clustered closely with CC98 and IL-A114 and this cluster was closely associ¬
ated with a second cluster comprising TH1A and TH18A which react with
cattle but not sheep. A second clustering and analysis of the molecules im¬
munoprecipitated by these mAbs showed that the two groups formed separate
clusters in cattle (Parsons et al., 1993). mAbs CC98, IL-A53 and IL-A114
have been assigned to WC6, and mAbs TH1A and TH18A to WC7. In this
paper the reactivities of IL-A53, IL-A114 and CC98 have been characterized
by FACS (fluorescence activated cell sorting) analysis, immunoprecipitation
and immunohistology on sheep cells.

'Corresponding author
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Materials and methods

Monoclonal antibodies (mAbs)

The mAbs tested were those initially assigned to temporary cluster TC2.
These were CC98, IL-A53, IL-A114, TH1A and TH18A. Other mAbs used in
this study included the OvCD45R mAbs 20-96 (Mackay et al., 1987) and
73B (Mackay et al., 1990) and the OvCD45 (leukocyte common antigen)
mAb TD14 (Hopkins and Dutia, unpublished data; Bembridge et al., 1993).
VPM12, an antibovine diarrhoea virus mAb, and TD12, an antisheep leuko¬
cyte mAb, were used as controls.

Cells

Peripheral blood lymphocytes and granulocytes were obtained from hepa-
rinized venous blood by NH4C1 lysis (Mishell and Shiigi, 1980). Afferent
lymph cells and efferent lymph cells were obtained by cannulation of prefe-
moral efferent and pseudoafferent lymphatics as previously described (Hop¬
kins et al., 1986). Concanavalin A (Con A) activated cells were obtained by
incubating peripheral blood lymphocytes, isolated by Lymphoprep (Ny-
gaard, Oslo), at a concentration of 5 x 106 cells ml -1 with Con A at 5 pg ml -1
for 5 days.

Flow cytometry

Single colour flow cytometry was as described (Hopkins and Dutia, 1990)
using a Becton-Dickinson FACScan Cell Analyzer. Live gating using forward
scatter (FSC) and side scatter (SSC) parameters was used to discriminate
small lymphocytes and granulocytes in peripheral blood.

Immunoprecipitations

Efferent and afferent lymphocytes and peripheral blood mononuclear cells
(PBMC) were labelled with 125I using iodogen and immunoprecipitations
were carried out as previously described (Dutia and Hopkins, 1991).

Immunohistology

Cryostat sections (8 pm) were cut from fresh tissues snap-frozen in liquid
nitrogen. Air-dried sections were acetone-fixed and stained using the stan¬
dard indirect immunoperoxidase method.
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Results

FACS analysis

The TC2 mAbs were investigated for reactivity with sheep peripheral blood
leukocytes, efferent and afferent lymphocytes, afferent lymph dendritic cells
and Con A blast cells. Table 1 shows the percentage of cells stained with each
mAb and the OvCD45R mAB 73B. TH1A and TH18A do not react with sheep

Table 1

Distribution of WC6 monoclonal antibodies on sheep leukocytes

Workshop
number

Monoclonal

antibody
Sheep leukocyte population (% stained)

Efferent

lymphocytes
Afferent
lymphocytes

Afferent
DC

PBL Con A
blasts

42 CC98 22 30 100 (weak) 31 20
57 IL-A114 Weak Weak Weak Weak 16
66 IL-A53 18 25 78 31 19

73B 44-49 26 Not done 33-42 20

DC, dendritic cells; PBL, peripheral blood lymphocytes

■a

S
3
z

Log Fluorescence Intensity
Fig. 1. FACS profiles of sheep PBMC stained with CC98 (a, d), IL-A53 (b, e) and 73 B (c, f).
Cells were live gated using FSC and SSC parameters, a-c gated on small lymphocytes; d-fgated
on granulocytes. (...), negative control; (—), mAb.
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cells. IL-A114 stains cells more weakly and variably than the other mAbs which
consistently give strong positive results. This may reflect a lower concentra¬
tion of mAb in the sample or indicate that the epitope recognized by this mAb
in sheep is slightly different from that in cattle. Figure 1 compares the FACS
profiles of CC98 and IL-A53 with the profiles of the OvCD45R mAb 73B on
lymphocytes (Fig. 1 (a)-1 (c)) and granulocytes (Fig. 1 (d)-1 (f)). The data
show that CC98 and IL-A53 react differently from 73B and that, unlike 73B,
the WC6 mAbs stain granulocytes, albeit weakly.

Immunoprecipitation

Figures 2-4 show molecules precipitated by the mAbs from I125 labelled
afferent lymph cells, efferent lymph and PBMC. Figure 2 shows that all three

200

97.4

69

46

On H ^ ^
U < rj P Cu

A F S
d >

Fig. 2. Polypeptides precipitated from 125I-labelled afferent lymph cells by WC6 mAbs, the
OvCD45 mAb TD14 and a negative control VPM12.

200 »

97.4 ►

69 ►

46 ►

30 ►

Fig. 3. Polypeptides precipitated from 125I-labelled efferent lymph cells by WC6 mAbs CC98,
IL-A114 and IL-A53, OvCD45R 20-96, OvCD45 TDM and a negative control mAb VPM12.
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Fig. 4. Polypeptides precipitated from 125I-labelled PBMC by WC6 mAbs IL-A53 and CC98,
OvCD45R 20-96, OvCD45 TD14 and a negative control mAb TD12.

200 *■

91A*-

69 »

Fig. 5. Sequential immunoprecipitation from 125I-labelled PBMC. Lanes 1-4, TDM; lane 5,
CC98.

mAbs precipitate 220 kD molecules from afferent lymph cells. These mole¬
cules are quite distinct in size from the major form of CD45 precipitated by
TD14 from the same lysate. There is little expression of higher molecular
weight forms of CD45 in afferent lymph. Figures 3 and 4 show that the mol¬
ecule precipitated by the WC6 mAbs is slightly smaller than the CD45R mol¬
ecule precipitated by 20-96. Identical results were obtained with 73B (data
not shown). It is clear from both these figures that all three mAbs precipitate
at least one, possibly two, extra bands of apparent molecular weight 180-190
kD from both efferent lymph and PBMC. Figure 5 shows the results of a se¬
quential precipitation where I1-"-labelled PBMC were reacted with TD14 mAb
until no further material was precipitated and the lysate was then reacted with
CC98. Removal of TDM antigen (CD45) does not remove CC98 antigen
showing that CC98 is not related to CD45.

Immunohistology

In the spleen the mAbs stain the marginal zone strongly but the T cell areas
are negative. There are a very few positive cells in the red pulp. The ileal

1 2 3 4 5
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Fig. 6. Ileal Peyer's patch cryostat section stained with CC98.

Peyer's patch follicle contains two different types of positive cell, the strongly
staining follicular macrophage and B cells which are stained at a much lower
intensity (Fig. 6). Within the gut lamina propria there are a few scattered
positively stained macrophages. The other mAbs behaved similarly.

Discussion

The three mAbs in WC6 which cross-react with sheep CC98, IL-A53 and
IL-A114, show similar reactivities. IL-A114 reacts more weakly than the oth¬
ers which probably reflects lower cross-species affinity.

The mAb IL-A53 was included in the workshop as a probable CD45R mAb.
However, it does not cluster with a published BoCD45R CC76 (Howard et
al., 1991) and the data presented here show that it differs from two Ov-
CD45R mAbs 20-96 and 73B. CC98, IL-A53 and IL-A114 stain different per¬
centages of sheep lymphocytes from the workshop mAbs which have been
classified as CD45R specific (Dutia et al., 1993). The antigen precipitated
by CC98, IL-A53 and IL-A114 consists of a polypeptide of 220 kD and two
polypeptides 180-190 kD. The higher molecular weight band is slightly smaller
than the molecular weight of the 20-96 antigen and differs from the antigens
precipitated by the BoCD45R mAbs which contain two higher molecular
bands (Dutia et al., 1993).

The mouse CD45 gene contains 34 exons and the leukocyte common anti¬
gen family is generated by alternative splicing of three exons (reviewed in
Thomas, 1989). The data here, in comparison with the workshop CD45R
mAbs and the published OvCD45R mAbs show that the TC2 mAbs are not
recognizing the same molecules as the BoCD45R mAbs. Sequential immu-
noprecipitation data show that these mAbs react with a molecule distinct from
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CD45. The mAbs have been assigned to WC6, a new cluster with no apparent
homologues in other species (Parsons et al., 1993).

Acknowledgements

This work was supported by the Agricultural and Food Council (LRG31)
and the Wellcome Trust.

References

Bembridge, G.P., Howard, C.J., Parsons, K.R. and Sopp, P., 1993. Identification of monoclonal
antibodies specific for bovine leukocyte common antigen (CD45) together with a novel
broadly expressed leukocyte differentiation antigen BoWCll. Vet. Immunol. Immuno¬
pathol., 39: 115-120.

Dutia, B.M. and Hopkins, J., 1991. Analysis of the CD1 cluster in sheep. Vet. Immunol. Im¬
munopathol., 27: 189-194.

Dutia, B.M., Ross, A.J. and Hopkins, J., 1993. Comparison of workshop CD45R monoclonal
antibodies with OvCD45R monoclonal antibodies in sheep. Vet. Immunol. Immunopathol.,
39: 121-128.

Hopkins, J., and Dutia, B.M., 1990. Monoclonal antibodies to the sheep analogues of human
CD45 (leukocyte common antigen), MHC class I and CD5. Differential expression after
lymphocyte activation in vivo. Vet. Immunol. Immunopathol., 24: 331-346.

Hopkins, J., Dutia, B.M. and McConnell, I., 1986. Monoclonal antibodies to sheep lympho¬
cytes. 1. Identification of MHC class II molecules on lymphoid tissue. Immunology, 55: 433-
438.

Howard, C.J., Sopp, P., Parsons, K.R., McKeever, D.J., Taracha, E.L.N., Jones, B.V., Mac-
Hugh, N.D. and Morrison, W.I., 1991. Distinction of naive and memory BoCD4 lympho¬
cytes in calves with a monoclonal antibody, CC76, to a restricted determinant of the bovine
leukocyte-common antigen, CD45. Eur. J. Immunol., 21: 2219-2226.

Mackay, C.R., Maddox, J.F. and Brandon, M.R., 1987. A monoclonal antibody to the p220
component of sheep LCA identifies B cells and a unique lymphocyte subset. Cell. Immunol.,
110:46-55.

Mackay, C.R., Marston, W.L. and Dudler, L., 1990. Naive and memory T cells show distinct
pathways of lymphocyte recirculation. J. Exp. Med., 171: 801-817.

Mishell, B.B. and Shiigi, S.M., 1980. Selected Methods in Cellular Immunology. W.H. Freeman,
San Franscisco, p. 23.

Naessens J. and Howard, C.J., 1991. Monoclonal antibodies reacting with bovine B cells
(BoWC3, BoWC4 and BoWC5). Vet. Immunol. Immunopathol., 27: 77-85.

Parsons, K.R., Bembridge, G., Sopp, P. and Howard, C.J., 1993. Studies of monoclonal anti¬
bodies identifying two novel bovine lymphocyte antigen differentiation clusters: workshop
clusters (WC) 6 and 7. Vet. Immunol. Immunopathol., 39: 187-192.

Thomas, M.L., 1989. The leukocyte common antigen family. Annu. Rev. Immunol., 7: 339-
369.



a

Veterinary Immunology and Immunopathology, 39 (1993) 49-59 49
0165-2427/93/S06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved

Section 5

Summary of workshop findings for sheep

5.1 Summary of workshop findings of leukocyte
antigens in sheep

John Hopkins*, Alan Ross, Bernadette M. Dutia
Department of Veterinary Pathology, University ofEdinburgh, Edinburgh, UK

Introduction

The complete range of monoclonal antibodies (mAbs) submitted to the
Second Workshop on Differentiation Antigens on Bovine and Ovine Leuko¬
cytes was screened for reactivity to sheep leukocytes. The mAbs were tested
by flow cytometry, using sheep peripheral blood lymphocytes and granulo¬
cytes, alveolar macrophages, afferent lymph lymphocytes and dendritic cells
and efferent lymph small lymphocytes, and by immunohistology using thy¬
mus, lymph nodes, spleen and Peyer's patch. Of the 189 mAbs submitted to
the workshop 89 reacted with sheep leukocytes. In addition, selected mAbs
submitted to the First Workshop on Leukocyte Differentiation Antigens in
Cattle, Sheep and Goats (1989) were included as comparisons.

Conventional cluster analysis was not possible on sheep tissues alone as
only two laboratories (INRA and UEDIN) presented data on sheep and only
one (UEDIN) submitted full flow cytometry data. The cluster analysis in
sheep therefore utilized the cattle cluster analysis, using those mAbs which
cross-reacted between the two species. In addition, specific well-characterized
antisheep mAbs were used which had been included, and clustered, in the
First Workshop.

Fourteen well-defined clusters of differentiation (OvCD) were identified
as were six workshop clusters (OvWC). In addition, there were more than 40
mAbs which could not be clustered.

'Corresponding author.
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Materials and methods

Monoclonal antibodies (mAbs)

The mouse mAbs were submitted to the workshop in a number of forms:
crude ascitic fluid, purified antibody or tissue culture supernatant. The dilu¬
tions used for each antibody were as directed by the submitting laboratory.

Cells and tissues

Peripheral blood was obtained by percutaneous jugular venipuncture using
heparin sulphate at 5 iu ml-1 as anticoagulant. Leukocytes were isolated by
ammonium chloride lysis (Mishel and Shiigi, 1980). Efferent and afferent
lymph was collected by chronic cannulation of the prefemoral efferent (Hall,
1967) and pseudoafferent lymphatics respectively (Hopkins et al., 1985).
Alveolar macrophages and lymphoid tissues were obtained from sheep
postmortem.

Flow cytometry

Washed cells (106) were incubated for 60 min at 4°C with the appropriate
dilution of mAbs (in 0.1% bovine serum albumin, 0.01 M sodium azide in
phosphate-buffered saline). Cells were washed and incubated for a further 60
min in the appropriate dilution of fluorescein isothiocyanate-conjugated sheep
antimouse Ig (Scottish Antibody Production Unit, Carluke, Lanark, Scot¬
land). Then 104 cells were analysed using a FACScan cell analyser (Becton
Dickenson, Mountain View, CA, USA). Different cell populations were ana¬
lysed separately by 'live gating', being distinguished by their scatter (forward
scatter/side scatter) profiles (Hopkins and Dutia, 1990).

Immunohistology

Cryostat sections (8 //m) were cut from fresh tissue and snap frozen in
liquid nitrogen. Immunohistology of cell suspensions was done using cytos-
pin smears. Smears or sections were air-dried for 30 min, fixed in dry acetone
at — 20°C for 30 min and stained using standard alkaline phosphatase-con-
jugated antimouse Ig antiglobulin.

Results

Table 1 summarizes the reactivities of the Second Workshop mAbs with
sheep leukocytes.
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Table 1

Summary of reactivities of Second Workshop monoclonal antibodies with sheep leukocytes

Cluster Monoclonal antibody Specificity (similarity to First Workshop mAbs)

Workshop Clone number
number

OvCDl 7 CC90 CD 1 homologous to human CD 1 b (similar to CC13,
12 CC43 CC14, VPM5 and TH97A)
13 CC20
39 CC40
37 CC132
40 CC118
43 CC122
38 20-27 CD1 homologous to human CDlc

OvCD2 92 306F CD2 (similarto 135/A)

OvCD4 133 GC50A1 CD4 (same as ST-4a, 44-38 and 44-97)

OvCD5 25 CC17 CD5 (similar to 25-91, ST-la, VPM29 and 79-5)
97 JP1D4

OvCD6 132 BAQ91A CD6 (similar to CC38)

OvCD8 8 CC63 CD8 (similar to CC58, 38.65, ST8 IL-A51 and BAT82A)
134 BAT82A

OvCDlla 44 72.87 CD1 la (LFA-1) aL heavy chain associated with fi2-
85 IL-A99 integrin (CD18) receptor for ICAM1 and ICAM2
94 F10-150
99 MD1H11

100 MD2B7
178 BAQ30A

OvCDllb 11 CC126 CD1 lb (Mac-1 or CR3) am heavy chain associated with
23 CC125 /?2-integrin (CD18) receptor for iC3b
62 IL-A15

OvCDllc 105 OM1 CDllc (P150,95) ax heavy chain associated with ft2-
180 BAQ153A integrin (CD18) (similar to IL-A46)

OvCD 18 102 MF13F5 CD 18 (/?2-integrin) (light chain of CD 1 la, lib and 11c)
103 MF14B4

OvCD25 54 IL-A111 CD25 (a chain of the IL-2 receptor)
171 CACTI 09A
172 CACTI 16A

OvCD44 61 IL-A118 CD44 (pgpl/Hermes)
93 25-32

OvCD45 113 TDM CD45/LCA all isoforms (similar to VPM18, 151, 1.28)
114 TD15
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Table 1 (Continued)

Cluster Monoclonal antibody Specificity (similarity to First Workshop mAbs)

Workshop Clone number
number

OvCD45R 3 CC76 CD45R restricted to the higher M, isoforms of CD45
28 CC77 (similar to 73-37, 73B and 20-96)

109 Bo42
154 GS5A
155 GX18A
156 BAG36A
158 GC6A

OvWCl 9 CC101 T19 molecules present on the CD4~ CD8~, TCR1+ T-
30 CC117 cells (similar to 19-19 and ST 197)
31 CC115
45 CC15

146 CACTB1A
147 CACTB15B
149 BAQ89A
150 CACTB7A
151 BAG25A

OvWC2 (y/S TCR1) 136 CACTB6A TCR1 (y/S TCR) (similar to 86D)
141 CACT71A
145 CACTB44A

OvWC3 34 CC70 Peripheral B cells
152 BAQ15A

OvWC4 17 CC57 7CD19 peripheral B-cells

OvWC6 42 CC98
57 IL-A114
66 IL-A53

OvWC9 82 1L-A96 ?CD9

Unclustered 86 J3 Non-lineage
95 17A3

174 CACTB52A

135 TH14B MHC Class II control
165 CACT101A

10 CC85 Non-lineage
59 IL-A56

182 DH16A

126
153
175

VPM30 Peripheral B cells, cortical thymocytes and activated
GC65A CD4+ T cells
CACT65A
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Cluster Monoclonal antibody Specificity (similarity to First Workshop mAbs)

Workshop Clone number
number

64 IL-A24 Non-lineage
181 DH59B

101 MD7C7 Macrophages, monocytes and lymphocytes
183 BAG18A

188 CAPP2A Platelets

90 P13 T cells, negative B cells

83 IL-A97 Macrophages and monocytes
84 IL-A98

106 OM2 Macrophages and monocytes
116 TD19

2 CC69 T cell subset
29 CC28
68 IL-A56

52 IL-A109 Non-lineage
56 IL-A113
89 P10

157 BAS21A

57 IL-A114 Peripheral B cells and follicular DC
66 IL-A53
96 26A9

148 BAQ72A Markers on TCR1+ y/S T cells
166 CACT26A
167 CACT77A

69 IL-A58 Anti-Ig 7CD21
14 CC70

119 TD22
124 TD9

Sheep-specific 107 OM3 Macrophages
120 TD25
121 TD26
123 TD28
127 VPM32 Macrophages and monocytes
128 VPM33 Macrophages, monocytes and lymphocytes
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OvCDl

Eight mAbs clustered together as CD1 (T6), but these can be split into two
subclusters. The CD lb subcluster consists of seven mAbs including one
(CC20) which formed part of the ovine CD lb in the First Workshop and is
equivalent to CD lb in man. All these mAbs had a similar cellular distribution
to the other First Workshop mAbs, CC13, CC14, VPM5 andTH97A. At pres¬
ent no discrimination can be made between the reactivities of these mAbs in
sheep. The second subcluster consists of only one mAb, 20-27 (SBU-T6).
Although this mAb cross-reacts with ovine CD lb (Dutia and Hopkins, 1991),
its cellular distribution is similar to human CD lc. Alternatively it reacts with
a framework determinant of sheep CD1 and binds to all the sheep CD1
isoforms.

OvCD2

Only one mAb is specific for ovine CD2 (T11 or LFA-2), 36F, which is the
workshop control (Mackay et al., 1988a; Hein et al., 1991). This antibody
has an identical cellular distribution to a First Workshop mAb, 135A (Hein
et al., 1991). These mAbs react with a 50 000 MW glycoprotein which acts as
the cellular receptor for CD58 (LFA-3) and is involved in T cell adhesion to
accessory cells and in T cell activation.

OvCD4

Only one Second Workshop mAb, GC50A, reacted with ovine CD4 (L3T4
or T4). This had an identical distribution to three fully characterized antish-
eep CD4 mAbs, ST4A, 44-38 and 44-97 (Hopkins, 1991). Sheep CD4 is a
56 000 MW glycoprotein which acts as a cellular receptor for MHC Class II
and also as a coreceptor for TCR2 (a/(3T cell receptor) in T cell activation.

OvCD5

Two mAbs clustered as ovine CD5, one of which (CC17) is the workshop
control. These mAbs are identical in their reactivity to 25-91, ST la and 79-5
(Keech and Brandon, 1991a). Unlike cattle there is no evidence for allelic
variations in ovine CD5. Sheep CD5 (Lyl or T1) is approximately 67 000
MW in size and is expressed at a high level on all T cells and at a lower level
by many B cells, expression is lost on cellular activation (Hopkins and Dutia,
1991).
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OvCD6

Only one mAb (BAQ91A) clustered as CD6 and reacted with sheep. The
other antibovine CD6 mAbs did not cross-react with sheep. The reactivity of
BAQ91A is comparable with the First Workshop anti-CD6 mAb, CC38. CD6
(T12) is a single chain glycoprotein of about 100 000 MW present on thy¬
mocytes and the majority of T cells.

OvCD8

Two mAbs reacted with ovine CD8 (Ly2 or T8), one being mAbs the work¬
shop control, CC63. These reacted in the same way as the First Workshop
mAbs CC58, 38-65, ST8,11-A51 and BAT82A (Keechand Brandon, 1991b).
CD8 is a transmembrane dimeric glycoprotein consisting of two polypeptide
chains of 35 000 and 33 000 MW (a and/? chains, respectively). It exists as
a combination of an cn//?heterodimer or an a/a homodimer. It is present on
20-25% of T cells and functions both as the cellular receptor for MHC Class
I and a coreceptor molecule in T cell activation. In both cattle and sheep
(Maddox et al., 1985; MacHugh and Sopp, 1991) there is evidence for the
existence of the two CD8 isoforms although there is no evidence for the dif¬
ferential reactivity of the CD8 cluster mAbs in sheep.

OvCDlla

Six mAbs clustered as antiovine CD1 la (leukocyte functional antigen-1)
including the workshop control 72-87 and F10-150 which had previously been
described as CD 11a specific (Mackay, 1990). These mAbs reacted with a
180 000 MW a chain associated with the CD 18/? chain (/?2-integrin).

OvCDllb

Three mAbs clustered as recognizing ovine CD lib (Macl orCR3) includ¬
ing the workshop control IL-A15. These antibodies recognize the 170 000 MW
a chain associated with the CD 18 /? chain (/?2-integrin) which acts as the cel¬
lular receptor for the complement component iC3b and is intimately in¬
volved in leukocyte-endothelial interaction.

OvCDllc

CDllc is represented by two mAbs, BAQ153A and OM1. The CD 11c
workshop control, NAM4, does not cross-react with sheep. OM1 (Pepin et
al., 1992) did not cluster with CD 11 c as it does not react with bovine antigen,



56 J. Hopkins et al. / Vet. Immunol. Immunopathol. 39 (1993) 49-59

but its reactivity is consonant with it being CDllc specific (Gupta et al.,
1993). These mAbs recognize the 150 000 MW a chain associated with the
CD18/? chain (/?2-integrin). CD1 lc (also known aspl50,95) acts, like CD 1 lb,
as a cellular receptor for the complement component iC3b and is involved in
the margination of granulocytes.

OvCD18

Two mAbs react with sheep CD18 (Gupta et al., 1993). CD18 is the /?2-
integrin molecule which acts as the /? chain for the CD 11 a chains. This mol¬
ecule has a MW of approximately 95 000 and coprecipitated with the three
different-sized CD 11 molecules.

OvCD25

Three mAbs cluster to form the ovine CD25 cluster. CD25 is the a chain
of the cellular receptor for the T cell cytokine interleukin 2 (IL-2). This mol¬
ecule (of 55 000 MW) is expressed after T cell activation and associates with
the constitutively expressed 75 000 MW /? chain to form a high affinity recep¬
tor forIL-2.

OvCD44

Two mAbs define the ovine CD44 cluster including one, 25-32, with a pub¬
lished specificity for ovine CD44 (Mackay, 1988b). This molecule is a highly
glycosylated cell membrane polypeptide which in man is present in two dis¬
tinct isoforms (of 90 000 and 130 000 MW). There is no evidence for these
different isoforms in the sheep. CD44, also known as pgpl and Hermes, is
expressed by a wide variety of cell types and is involved in cell adhesion and

\ T cell activation.

OvCD45

Two mAbs cluster to form the sheep CD45 cluster, TD14 and TD15. These
two mAbs recognize all the different isoforms of CD45 (leukocyte common
antigen) with MWs ranging from 180 000 to 220 000. These mAbs have iden¬
tical reactivities to the First Workshop antibodies 151 and 1-28, and with
VPM18 which has a published specificity for CD45 (Hopkins, and Dutia,
1990).

OvCD45R

There are seven mAbs which form the CD45R cluster (Dutia et al., 1993a).
These seven can be subdivided into four subgroups based on their cellular
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distributions: subgroup 1 containing antibodies CC76 and CC77; subgroup 2
containing Bo42; subgroup 3 with BAG36A; subgroup 4 with GS5A, GX18A
and GC6A. In addition there are two First Workshop mAbs, 73B and 20-96,
which form a fifth subgroup (Hein and Mackay, 1991).

OvWCl

Nine mAbs are in the sheep WC1 cluster. In the sheep there is evidence for
only two distinct isoforms (equivalent to N3 and N4 subgroups) whereas in
cattle there seem to be four subgroups. mAb CC15 recognizes all WC1 (T19)
molecules in the sheep (Davis et al., 1990). This cluster also contains the
antisheep WC1 mAbs 19-19 and ST 197 submitted to the First Workshop
(Mackay et al., 1991).

OvWC2 fy/S TCR1)

Six mAbs cluster as the sheep WC2. This cluster defines the y/d T cell re¬
ceptor (TCR1) originally characterized by the 86D (Mackay et al., 1989).
mAbs CACT26A and CACT77A are not specific for the TCR but react with
an activation marker on TCR1+ cells.

OvWC3

Two mAbs in the Second Workshop reacted with sheep WC3. These mAbs
also reacted with bovine WC3 which contains six mAbs, including three from
the First Workshop., This molecule is of 145 000 MW and reacts with periph¬
eral B-cells and follicular dendritic cells. The cellular distribution and molec¬
ular size are consistent with WC3 being the ruminant homologue of CD21
(CR2).

OvWC4

Only one mAb forms the sheep WC4 cluster. This mAb reacts with a 90 000
MW polypeptide present on the majority of mature, peripheral B cells as well
as follicular dendritic cells. It is possibly homologous to CD 19 (Mukwedeya
etal., 1993).

OvWC6

This cluster is defined by three mAbs originally thought to react with the
B220 molecule. Although precipitating polypeptides of apparent MW 220 000
and 180 000-190 000 it does not cluster with CD45R and is antigenically
unrelated to CD45 (Dutiaetal., 1993b).
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OvWC9

This cluster contains just one mAb, IL-A96, which possibly reacts with the
sheep homologue of CD9.

Other mAbs

There remain other mAbs which could not be assigned into either well-
defined CD clusters or into WC clusters. These are also listed in Table 1. In
addition, there are six mAbs which remain unclustered mainly because they
show no cross-reactivity to cattle antigens.
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SUMMARY

The ovine interleukin-10 (olL-lO)-encoding cDNA has been cloned and sequenced using gene amplification by the
polymerase chain reaction (PCR). We present the complete coding sequence of the ovine IL-10 gene, as well as the
predicted amino acid (aa) sequence. The oILlO DNA coding sequence is 531 nucleotides long and the mature protein
product is predicted to be 18 367 Da, consisting of 158 aa, excluding a 19-aa N-terminal hydrophobic signal peptide.
The oIL-10 protein is >77% identical to pig and human IL-10, >71% identical to rodent IL-10 and >68% identical
to viral IL-10.

Interleukin 10 (IL-10, also known as cytokine synthesis
inhibitory factor) is a pleiotropic cytokine which is an

important regulator of lymphoid and myeloid cell growth
and function (Moore et al., 1993). IL-10-like genes are
also encoded within the genomes of the herpesviruses,
Epstein Barr virus (Moore et al., 1990; Vieira et al., 1991)
and equine herpesvirus type-2 (Rode et al., 1993).

The nt sequence of the sheep IL-10-encoding cDNA
was derived by amplification of mRNA using PCR. Ovine
alveolar macrophages, stimulated in vitro with bacterial
lipopolysaccharide were used as a source of RNA tem¬
plate for cDNA synthesis. The 5'-sense primer was
5'-T(CC CGG GAT CC)A TAG AAG GTA GAA GCT
CAG CAC TGC TMT GTT GCC TG (nt 38-60 of the

Correspondence to: Dr. B.M. Dutia, Department of Veterinary
Pathology, University of Edinburgh, Summerhall, Edinburgh EH9
1QH, UK Tel. (44-31) 650-6169; Fax (44-31) 650-6511; e-mail:
BMDutia@ed.ac.uk
*On request, the authors will supply detailed experimental evidence for
the conclusions reached in this Brief Note.

Abbreviations: aa, amino acid(s); bp, base pair(s); cDNA, DNA comple¬
mentary to mRNA; ds, double strand(ed); IL-10, interleukin-10; IL-10,
gene encoding IL-10; kb, kilobase(s) or 1000 bp: nt, nucleotide(s);
olL-10, ovine IL-10; oligo, oligonucleotide; ORF, open reading frame;
PCR, polymerase chain reaction; RACE, rapid amplification of cDNA
ends; ss, single strand(ed); UTR, untranslated region(s).

human and nt 73-95 of mouse sequences. M = A or C at
a ratio of 1:1; Smal and BamHl recognition sequences
are in parentheses and the Factor Xa protease cleavage
site is underlined). The 3'-antisense primer was 5'-GTT
CAG AGA GAA GCT CAG T (nt 751-732 of the human
and nt 721-740 of the murine sequence). After 35 cycles
of amplification a single band of about 720 bp was iden¬
tified by gel electrophoresis, cloned into the pCRII vector
and sequenced by ds sequencing. The derived sheep
sequence appeared to be 10-nt short of the full coding
sequence. To obtain the remainder of the coding sequence
and the 5' UTR we used the 5'-Amplifinder RACE kit
(Clontech, Palo Alto, CA, USA). The 3'-antisense primer
was 5 -ACC TGC TCC ACC GCC TTG (nt 496-479 of
the derived sheep sequence). A 550-nt PCR fragment was

generated which included the additional 10 nt of the
coding region, 68 nt of the 5 'UTR and approx. 50 nt of
the anchor extension. A consensus sequence of four 3'
and four 5' fragments each sequenced in both directions
is shown in Fig. 1. In every case of ambiguity a variant
was present in only one clone. The consensus sequence
contained an ORF of 531 nt (nt 68-599) with 68 nt of
the 5' UTR and 206 nt of 3' UTR.

The 531-nt ORF of the oIL-10 gene encodes a 177-aa
polypeptide, which, by analogy with other IL-10

SSDI 0378-1119(94)00457-9
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1 ACAACAGGGGCTTGCTCTTGCAAAACCAAACCACAAGTCCGACTCAACGAAGAAGACAGA
61 GCTCCGCCATGCCCAGCAGCTCAGCCGTGCTCTGTTGCCTGGTCTTCCTGGCTGGGGTGG

1 MPSSSAVLCCLVFLAGVA

121 CAGCCAGCCGAGATGCCAGCACCCTGTCTGACAGCAGCTGTACCCACTTCCCAGCCAGCC

19 ASRDASTLSDSSCTHFPASL

181 TGCCCCACATGCTGCGGGACGTCCGAGCTGCCTTCGGCAAAGTGAAGACTTTCTTTCAAA
39 PHMLRDVRAAFGKVKTFFQM

241 TGAAGGACCAACTGAACAGCATGCTGTTGACCCAGTCTCTGCTGGATGACTTTAAGGGTT
59 KDQLNSMLLTQSLLDDFKGY

301 ACCTGGGTTGCCAAGCCTTGTCGGAAATGATCCAGTTTTACCTGGAGGAGGTGATGCCAC
79 LGCQALSEMIQFYLEEVMPQ

361 AGGCTGAGAACCATGGGCCTGACATCAAGGAGCACGTGAACTCGCTGGGGGAGAAGCTGA
99 AENHGPDIKEHVNSLGEKLK

421 AGACCCTCCGGCTGCGGCTGCGGCGCTGTCATCGCTTTCTGCCCTGCGAAAACAAGAGCA

119 TLRLRLRRCHRFLPCE N K S K

481 AGGCGGTGGAGCAGGTGAAGAGAGTCTTCAATATGCTCCAAGAGAGGGGTGTCTACAAAG
139 AVEQVKRVFNMLQERGVYKA

541 CCATGAGTGAGTTTGACATCTTCATCAACTACATAGAATCCTACATGACAACGAAGATGT

159 MSEFDIFINYIESYMTTKM*
177

601 AAAACTGAAGCATTCTAGGGAAGGAGACCTCCAGCATGGTGACTCGACTAGACTCCCCGA

661 CATAAACCTCTGAAATCCGACCCAGGGTTCTGGGAGAGCAGAGCCAGCTCCCTGGAGACC
721 TCCACTGTGCCTCTCCCCTAGAGTATTTATTACCTCTGATACCTCAGCTCCCACATCTAT
781 TTATTTACTGAGCTTCTCTGTGAAC

Fig. 1. The nt sequence of ovine IL-10 cDNA and predicted aa

sequence. The positions of the start codon, potential glyoosylation sites
and the conserved A + T-rich RNase-S recognition sites are underlined.
An asterisk after aa177 represents the position of the stop codon.
Sequences were assembled and analysed using version 7 of the Genetics
Computer Group (Madison, WI, USA) package. The nt numbers are

by reference to the start of the 5' UTR when the sheep sequence is
aligned with other known mammalian IL-10 gene sequences.

sequences, includes a 19-aa N-terminal leader sequence.
The mature oIL-10 protein contains four Cys residues
which are conserved in all IL-10 sequences. The coding
region of oIL-10 is >78% identical and the derived aa

sequence (Fig. 1) is >70% identical to other mammalian
IL-10 sequences (Moore et al., 1990; Vieira et al., 1991;
Goodman et al., 1992; Blancho et al., 1993). The sequence

data reported in this paper have been submitted to the
EMBL/GenBank Data Libraries under accession No.
Z29362.
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Summary
This paper is concerned with the relationship of the three distinct members
of the ovine P2-integrin family of leucocyte adhesion molecules that play an
important role in cell—cell and cell-matrix interactions. A panel ofmonoclonal
antibodies (mAbs) specific for sheep and cattle macrophages was characterized
by flow cytometry, immunohistology, and immunoprecipitation for reactivity
to the P2 integrins.

Immunoprecipitation analysis of sheep antigens showed that these mono¬
clonal antibodies could be divided into four distinct groups. All precipitated
an Mr 95 000 P chain but they differed in the size or number (or both) of
the a chains recognized. Group 1 precipitated a chains of Mr 180 000; group
2 had Mr 170 000 a chains; the group 3 a chain was of Mr 150 000 and
group 4 mAbs precipitated a chains of all three sizes. The relationship between
these antibodies was demonstrated by sequential immunoprecipitation, which
showed that the reactivities of antibodies in groups 1, 2 and 3 were mutually
exclusive but that group 4 antibodies shared a common specificity with the
other three groups. By analogy with the human and murine P2 integrin
families, group 1 antibodies seemed to be specific for CD1 la (LFA-1); group
2 were CD1 lb (CR3 or Macl); group 3 were GDI lc (CR4 or pi50/95) and
group 4 were CD 18.

In addition to different molecular weights, these antibodies had different
cellular and tissue distributions. CD 11 a and CD 18 were distributed identically.
The antigens recognized by both were present on all the leucocyte populations.
The mAbs recognizing CD1 lb reacted with a sub-population of peripheral
blood B lymphocytes and all myeloid cells (alveolar macrophages, peripheral
blood monocytes and granulocytes) except afferent lymph dendritic cells
(ADC). Anti-CDllc (p 150/95 or CR4) antibodies reacted strongly with
macrophages and ADC but were weakly reactive on monocytes and negative
on neutrophils. CD 11c was also present on a sub-population of peripheral
blood B cells.

Correspondence to: J. Hopkins.
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Introduction

The integrin family consists of at least 14 distinct ocP heterodimers divided
into three subfamilies according to distinct P subunits. These molecules engage
in heterophilic interactions with both cell surface ligands and extracellular
matrix components. The pi and P3 subfamilies are chiefly concerned with
growth and repair, embryogenesis and haemostasis (Hynes, 1987), but the P2
subfamily, containing three members which are exclusively expressed on
leucocytes, play a critical role in inflammation and in the immune response
(Larson and Springer, 1990; Springer, 1990). The three members of the P2
subfamily are distinguished by distinct a chains each associated with the
95 000 M, P chain (CD 18). GDI la/CD 18 (LFA-1) possesses the aL chain of
Mr 180 000, CDllb/CD18 (CR3 or Mac-1) contains the Mr 170 000 aM
chain, and the ocX chain (CR4 or pi50/95) associated with CDllc/CD18 is
of Mr 150 000.

In the mouse and man CDlla is expressed by virtually all leucocytes and
plays a major role in leucocyte-leucocyte or leucocyte-endothelium interaction
through its ligands, intercellular adhesion molecule (ICAM) 1, 2 and 3 (Hogg,
1989; de Fougerolles and Springer, 1992). CD lib is expressed on monocytes
and macrophages, granulocytes and natural killer (NK) cells (Kishimoto et al.,
1989) and on cytotoxic and helper T cells (Hoshino etal., 1993). CD 1 lc is found
on monocytes and macrophages, granulocytes and a small sub-population of
peripheral blood B cells (Wormsley et al., 1990) but is absent from normal T
lymphocytes (Schwarting et al., 1985). CDllb and CD1 lc are also expressed
on a number of lymphocytic and myeloid malignancies (Todd et al., 1981; De
La Hera et al., 1988). As well as interacting with ICAM-1 (CD54) and
extracellular matrix components, CDllb and CD 11c bind the complement
component iC3b. It is through this that they function as receptors for opson¬
ization (Kishimoto et al., 1989). Although leucocytes express a number of
adhesion molecules (e.g. CD2, L-selectin) it is the P2 integrins that mediate
high affinity adhesion. The importance of this is evident from the discovery of
patients (human, bovine and canine) that suffer from recurrent life-threatening
bacterial infections and who have leucocytes lacking all three P2 integrins
(Kishimoto et al., 1987; Shuster et al., 1992; Trowald-wigh et al., 1992). The
clinical syndrome termed leucocyte adhesion deficiency (LAD) is caused by a
genetic defect in the common P subunit CD 18.

The interaction of P2 integrins with their ligands is controlled by the
phosphorylation of the P chain, rendering the molecules adhesive for their
ligands (Valmu et al., 1991). Integrins with unphosphorylated P chains are
non-functional. Activation of the integrins is triggered through the T-cell
receptors and their co-receptor molecules (CD4 and CD8) or via the
interaction of particular cytokines (e.g. endothelium-derived IL-8 and
platelet-activating factor) with their receptors (Nathan et al., 1989; Dustin
and Springer, 1991).

The basic biochemical characteristics of the antigens recognized by a panel
of monoclonal antibodies (mAbs) in sheep has been described previously
(Gupta et al., 1993). The principal purpose of this study was to examine the
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relationship between the molecules recognized by these mAbs and to assign
unambiguous specificity. In addition the study revealed previously unknown
differences in the cellular localization and tissue distribution of these molecules.

Materials and Methods

Cells and Tissues

Ovine cells and tissues were obtained from healthy sheep (Scottish Blackface), either
alive or immediately after slaughter. Bovine leucocytes were isolated from the venous
blood of healthy yearling Friesian cattle from the Roslin Institute, Midlothian,
Scotland. Alveolar macrophages (AM) were obtained by bronchoalveolar lavage with
ice-cold Hanks' balanced salt solution, pH 7-2 (Mayer and Lam, 1984). Peripheral
blood leucocytes (PBL) were isolated by hypotonic ammonium chloride lysis of
heparinized blood (Mishell and Shiigi, 1980). Monocyte-enriched mononuclear cells
were prepared from blood (collected into Alsever's solution) by adherence to autologous
plasma and gelatin-coated tissue culture flasks as described by Goddeeris et al. (1986).
Afferent and efferent lymph cells were collected by cannulation of pseudoafferent
and efferent lymphatics. Afferent lymph dendritic cells (ADC) were enriched by
centrifugation over 14-5% metrizamide (Hopkins et al., 1986).

Monoclonal Antibodies

The mAbs used in the present study were those described earlier (Pepin et al., 1992;
Gupta et al., 1993; Hall et al., 1993; Letesson and Delcommenne, 1993). MUC76A
(IgG2a), CC125 (IgGJ, OM1 (IgG^ and BAQ30A (IgG,) were selected for further
characterization to represent a panel recognizing the different ovine f>2 integrins.
VPM30 (IgM) reacts with a non-Ig molecule present on all mature B cells (Naessens
and Howard, 1991). VPM53 (IgG,), an anti-Campylobacter mAb, was used as a negative
control.

Immunoprecipitation and Western Blotting
Sequential immunoprecipitations of l25I-labelled alveolar macrophages (Gupta et al.,
1993) were performed with protein-A-sepharose beads (Fermentech, Edinburgh)
coupled to the mouse mAb via a rabbit anti-mouse Ig bridge. Radioiodinated lysate
(200 Jul) was cleared of CDlla by five cycles of precipitation with MUC76A. This
CD 1 la-cleared lysate was then cleared ofCDl lb by three cycles of precipitation with
CC125. CD1 lc was then cleared from this by two cycles of OM1. Finally, remaining
P chains were precipitated with BAQ30A. In a second experiment 200 pi of labelled
lysate were cleared of CD 18 by seven cycles of BAQ30A followed by precipitation of
the a chains with MUG76A, CC125 and OM1. The precipitated antigens were
fractionated on 5—20% gradient sodium dodecyl sulphate-polyacrylamide gel elec¬
trophoresis (SDS-PAGE) (Laemmli, 1970) and "visualized" by autoradiography.
Western blots of SDS-PAGE fractionated cell lysate were visualized by anti-mouse-
biotin and streptavidin-biotin-alkaline phosphatase (Serotec; Bicester, Oxon, UK)
followed by nitroblue tetrazolium and bromo-chloro-indolyl-phosphate (Sigma) (Pluzek
and Ramlau, 1988).

Flow Cytometry Analysis
One- and two-colour flow cytometry was performed exactly as described by Dutia et
al. (1993). Cells (104) were analysed by flow cytometry with a FACScan Analyser
(Becton Dickinson, Mountain View, CA, USA). Cells were gated with forward scatter
(FSC) and side scatter (SSC) parameters to distinguish different cell populations.
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Immunohistological Staining
Frozen sections were cut (5-7 |tm), air-dried and fixed in ice-cold acetone for 5 min.
The endogenous peroxidase activity was blocked in two changes of 15 min each in
phosphate-buffered saline (PBS) pH7-2, 0-01% sodium azide and 1% hydrogen
peroxide at 4°C. The tissue sections were stained by the avidin-biotin peroxidase
complex method with Vectastain ABC (Vector Laboratories, Peterborough, UK).

Results

Immunochemical Analysis

Gupta et al. (1993) showed by immunoprecipitation analysis that the mAbs
could be divided into four groups. All groups of mAbs precipitated a het-
erodimer including the Mr 95 000 P chain but with different a chains. Group
1 mAbs each precipitated an a chain ofMr 180 000; group 2 mAbs precipitated
a band of Mr 170 000; group 3 mAbs precipitated an oi chain of Mr 150 000;
group 4 precipated the P chain of Mr 95 000 and multiple a chains. Western
blotting revealed that group 4 antibodies were specific for P chain (Fig. 1).

The relationship between these different monoclonal antibodies was in¬
vestigated by sequential immunoprecipitation. Clearing the labelled lysate of
all the P chains with the mAb BAQ30A removed reactivity to all the other
monoclonal antibodies (Fig. 2a). This proved that the Mr 95 000 P chain was
common to all molecules.

Subsequent sequential immunoprecipitation analysis was performed with
group 1, 2 and 3 antibodies (Fig. 2b). When lysate was cleared of reactivity
to MUC76A (lane 2) CC125 immunoprecipitated a heterodimer ofMr 95 000
and 170 000 (lane 3). Similarly, with lysate cleared of reactivity to both
MUC76A and CC125 (lane 4) OM1 precipitated a heterodimer of M, 95 000
and 150 000 (lane 5). After the removal of all the higher molecular weight
bands with these three a. chain-specific antibodies, the antibody BAQ30A still
precipitated the 95 000 Mr p chain, not associated with any apparent a chain
(lane 7). This confirmed that the mAbs MUC76A, CC125 and OM1 were
specific for distinct, mutually exclusive a chains associated with the common
P chain. Group 1 antibodies were specific for the aL chain of CD1 la; group
2 antibodies reacted with the otM chain of GDI lb and group 3 antibodies
were specific for the otX chain of GDI lc.

Cellular Localization of fI2 Integrins
CD 11a- and CD 18-specific antibodies reacted identically with all leucocytes
tested including AM, ADC and peripheral blood monocytes, granulocytes and
lymphocytes. CD lib mAb reacted with AM, peripheral blood monocytes,
granulocytes and a subpopulation of lymphocytes but were non-reactive with
ADC. CD1 lc mAb stained 100% of AM, ADC and a small subpopulation of
granulocytes but gave a weakly positive reaction on peripheral blood mono¬
cytes. In addition, CDllb and CDllc mAbs recognized a subpopulation of
peripheral blood (16—18%), afferent lymph (1—2%) and efferent lymph (1-2%)
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1 2 3

Fig. 1. Western blotting of alveolar macrophage lysate fractionated on 5—20% gradient SDS-PAGE
electrophoretically transferred on to nitrocellulose membrane, with mAb MF14B4 (CD 18, lane
1), BAQ30A (CD 18, lane 2) and VPM53 (negative control, lane 3).

lymphocytes (Gupta et al., 1993). Two-colour flow cytometry of small mono¬
nuclear cells in peripheral blood (Fig. 3) showed that these cells were a sub-
population of B cells. All antibodies except OM1 reacted with cattle as well
as sheep cells.

Tissue Distribution of the f!2 Integrins
The tissue distribution of all the mAbs is summarized in Table 1. The
distribution of the CD 11a- and CD18-specific mAbs was identical. Both
stained most tissue leucocyte populations, with weak labelling of follicular
cells. The difference between the three anti-a chain mAbs, CDlla, CDllb
and CD 11c, was most obvious in the thymus. CDlla was present on all
the thymocytes, macrophages and dendritic cells; anti-CD lib mAb strongly
labelled a few cortical macrophages and weakly stained large macrophages
and dendritic-like cells in the medulla (Fig. 4a). CD 11c staining was similar



6 7

200

97

(b)

kD

3
CO

<y

CO
LO

s
MUC76A CC125 OM1

<A
PQ £

I

1 2

1 1

3 4

I I

5 6 7 8

200

92 H

Fig. 2. Autoradiograph of sequential immunoprecipitation showing precipitation with MUC76A (CD1 la),
CC125 (CD1 lb), OM1 (CD1 lc) and BAQ30A (CD18), and VPM53 from radioiodinated alveolar
macrophage lysate. (a) Shows depletion of CD 18 (lanes 2 to 4), followed by precipitation of CD 11 a
(lane 5), CD lib (lane 6) and CD 11c (lane 7). (b) Shows depletion of CD 11a (lanes 1 and 2),
followed by CD 11 b (lanes 3 and 4) and then CD 11c (lanes 5 and 6) before precipitation of CD 18
(lane 7). Lane 8 is the negative control (VPM53).

to that of CD lib in the cortex but was much stronger on medullary macro¬
phages and dendritic cells (Fig. 4b).

Discussion

The primary aim of this study was to examine the relationship between the
different members of the ovine (32 integrin family of molecules. Previous
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immunoprecipitation analysis (Gupta et al., 1993) of the panel of mAbs
distinguished four groups. All the mAbs tested precipitated a non-covalently
associated heterodimer consisting of a single (3 chain (Mr 95 000) associated
with oc chains of either Mr 150 000, 170 000 or 180 000. One group of mAbs
(group 4) precipitated the P chain associated with multiple a chains which
were shown, by Western blotting, to be specific for the P chain. Removal of
these P chains from radiolabelled cell lysate by precipitation with group 4
antibodies removed all a chain, proving that the P chain was common and
was associated with one of the distinct a chains. In addition it showed that a

chain expression did not occur in the absence of the P chain. Sequential
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Table 1

Tissue distribution of the p2 integrins in sheep

Tissue Groups 1 and 4
(CDlla and CD18)

Group 2
(CDllb)

Group 3
(CDllc)

Lymph node Mcp in subcapsule; M(p and
DC in cortex and medulla.
All lymphocytes

Mcp in subcapsule, pa¬
racortex and medullary
sinuses. DC in follicles
and mantle

Same as group 2 and also
Mcp in follicle mantle

Spleen All leucocytes including Mcp
and DC

Mz cells. Few Mcp in red
pulp

Same as group 2

Thymus All lymphocytes, Mcp and
DC

Few cortical Mcp and
large Mcp/DC in medulla

Same as group 2

Peyer's patch Mcp/DC in dome and in-
terfollicular spaces. DC but
weak on lymphocytes in foll¬
icles

Mcp/DC in dome and in-
terfollicular spaces. DC
in follicles

Same as group 2

Skin Dermal Mcp and epidermal
Langerhan's cells

Few dermal Mcp. Langer¬
han's cells negative

Same as group 2 except
Langerhan's cells were
positive

Lung Alveolar and interstitial Mcp Alveolar and some in¬
terstitial Mcp

Same as group 2

Liver Most Kupffer cells and portal
Mcp

Isolated cells in sinusoids Few Kupffer cells and
portal Mcp

Kidney Some glomerular and in¬
terstitial cells

Isolated cells in glom¬
erulus and interstitium

Few cells in interstitium

Brain Most microglia in paren¬
chyma

Few microglia in paren¬
chyma

Isolated microglia in
parenchyma

DC, dendritic cells; Mz, splenic marginal zone; M(p, macrophages.

immunoprecipitation analysis with the a chain-specific antibodies proved that
the reactivity of these mAbs was mutually exclusive.

These data represent the first unambiguous demonstration of the relationship
between the distinct members of the sheep (32 integrin family of adhesion
molecules. Group 1 antibodies were specific for ocL chain of CD1 la (LFA-1),
group 2 mAbs were anti-ocM of CDllb (Mac-1, CR3), group 3 were specific
for ocX of CD 11 c (p 150/95, CRT) and group 4 antibodies were CD 18-specific.
Removal of all the a chains from radiolabeled cell lysate did not remove all
P chains, implying that (3 chains can be expressed in the absence of oc chains.
Alternatively, there exists an as yet unidentified fourth (12 integrin molecule
in sheep. The absence of any oi chains after the procedure argued against the
latter explanation.

In common with their homologues in many other species (Larson and
Springer, 1990) CD 11a- and CD 18-specific antibodies reacted with all leu¬
cocyte populations. In contrast, the distribution of sheep CDllb and CD 11c
showed some differences from their homologues in other species. Sheep
neutrophils, unlike neutrophils in cattle (Splitter and Morrison, 1991) and
man (Kishimoto et al., 1989) do not express CD11c. In addition the CD1 lb-
and CD1 lc-specific mAbs reacted with about 50% of peripheral blood B
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Fig. 4. Immunoperoxidase staining of thymus with (a) CC125 (CD lib) and (b) OM1 (CD 11c) showing
staining of macrophages in cortex (C) and medulla (M). x 100.

lymphocytes in sheep. Similar expression has been reported in cattle (Naessens
and Williams, 1992), but CD lib- expressing B cells are rare in human (De
La Hera et ai, 1988) and mouse (Kroemer et al., 1993) blood. In mice, CD1 lb
is expressed by naive (high IgM) B-l B cells in the peritoneal and pleural
cavities. If the sheep CD1 lb+ B cells are analogous to this population they
have a very different tissue distribution. The sheep cells are present in the
marginal zone of the spleen and the blood but are almost totally absent from
lymph and lymph nodes. Thus they represent a non-recirculating B-cell
population, seemingly incapable of crossing the vascular endothelium. The
functional difference between the CD1 lb+ and CD1 lb— B cells in the sheep
has yet to be determined.
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Analysis of the expression and secretion of isotypes of
sheep B cell immunoglobulins with a panel of isotype-specific

monoclonal antibodies

P. BIRD*, P. JONES, D. ALLEN, Department of Veterinary Pathology, University ofEdinburgh, Summerhall,
Edinburgh EH9 1QH, W. DONACHIE, J. HUNTLEY, Moredun Research Institute, 408 Gilmerton Road,

Edinburgh EH17 7JH, I. McCONNELL, J. HOPKINS, Department of Veterinary Pathology,
University ofEdinburgh, Summerhall, Edinburgh EH9 1QH

SUMMARY

Monoclonal antibodies to sheep light chain, IgM and IgG were produced and used to assess total immunoglobulin (Ig) synthesis by
sheep B cells in culture and antibodies to specific antigens. By using these antibodies in a dual fluorescence-activated cell sorting
analysis of sheep efferent lymph B lymphocytes the percentage change in surface Ig isotype of B lymphoblasts from IgM to IgG
after the antigenic stimulation of the local lymph node was measured. An extension of this analysis to paired blood and afferent or
efferent lymph B cells made it possible to investigate the recirculation characteristics of B cells expressing different Ig isotypes.

THE lymphatic cannulation of sheep (Hall 1967a) makes it
possible to study the recirculation and activation of lym¬
phocytes outside the blood and splenic compartments usu¬
ally studied in human beings and mice, and much has been
discovered about the recirculation of T lymphocytes
(Mackay 1991). In addition the earliest events in immune
activation have been analysed, both in the afferent lymphat¬
ics draining the site of antigen challenge and in the efferent
lymphatics through which the antigen-specific lymphocytes
first leave their site of activation and proliferation within
the stimulated node (Morris and Courtice 1977, Trnka and
Cahill 1980).

This paper describes the specificity of three monoclonal
antibodies (mAbs) for sheep IgG, IgM and light chain
which have made it possible to measure the synthesis of
specific antibody and total Ig by sheep B cells in vitro. In
addition the surface Ig isotype expression on B cells in
paired blood and afferent or efferent lymph samples has
been measured by using these mAbs in a dual staining fluo¬
rescence activated cell sorting (FACS) analysis. T cells with
a 'memory' phenotype are known to recirculate preferen¬
tially through afferent lymphatics. It was therefore ques¬
tioned whether an increased percentage of surface IgG-pos-
itive B cells might also be present in this compartment and
might represent in part memory B cells.

MATERIALS AND METHODS

Fractionation ofsheep immunoglobulins (Ig)

Sheep immunoglobulins were isolated from either the
colostrum or serum of sheep (Feinstein and Hobart 1969).
The colostrum was clarified by ultracentrifugation at
75,000 g before use. Globulins were precipitated with 18
per cent sodium sulphate and then fractionated by DEAE-
cellulose ion-exchange chromatography, using 10 mM

* Present address: Therapeutic Antibody Centre, Sir William Dunn School of
Pathology, University of Oxford, South Parks Road, Oxford OX1 3RE

phosphate buffer, pH 8-0. IgG2 was excluded from the col¬
umn and IgGi was then eluted using a 10 mM to 100 mM
sodium chloride gradient. IgM was eluted late on the gradi¬
ent, after the main IgG! peak, and was further purified by
S300 Sephacryl (Pharmacia-LKB) gel filtration chromato¬
graphy. A capture enzyme-linked immunosorbent assay
(ELISA), using the anti-sheep IgGj and IgG2 subclass-spe-
cific mAbs McMl and McM3 (Beh 1987), showed that
these IgGj and IgG2 preparations each contained approxi¬
mately 10 per cent of the other isotype and that the IgM
contained a small percentage IgGj.

Production ofmAbs
VPM6 and VPM8 were produced from mice immunised

with purified sheep IgGi. VPM13 was isolated from the
fusion of spleen cells of a mouse immunised with 2 x 107
formalin-fixed Pasteurella haemolytica type A2 isolated
from a pneumonic sheep. Spleen cells were fused to the
NS-0 plasmacytoma (Goding 1980). After selection in
hypoxanthine-aminopterin-thymidine (HAT), the super-
natants were initially screened by ELISA, using purified
Ig preparations to coat the plates at 10 pg ml 1 and detect¬
ing bound mouse immunoglobulin in the hybridoma super-
natants with horseradish peroxidase (HRP)-conjugated rab¬
bit anti-mouse Ig (Sigma). Other details of the ELISA proce¬
dure are described in the capture ELISA protocol below.
Positive cell lines were cloned by limiting dilution and sub¬
sequently in soft agar. The Ig isotype of the mAbs
wasassessed by using a mouse monoclonal isotyping kit
(Serotec). VPM6 and 8 are both IgGi an(l VPM13 is IgG2b.

Cell preparations
The sheep were obtained from the Moredun Research

Institute, Edinburgh. Prefemoral afferent lymph was col¬
lected by the ablation of the prefemoral lymph node and the
cannulation of its efferent duct (Hall 1967b), which then
contains afferent lymph and is known as the pseudoafferent

189
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duct. Efferent lymph cells were obtained by the cannulation
of the prefemoral efferent lymphatic duct (Hall 1967a). The
sheep were allowed to rest for at least three days after the
operation before lymph cells were taken for analysis.
Peripheral blood lymphocytes were prepared from hep-
arinised blood by lysis with ammomium chloride except
when they were prepared for in vitro culture when they
were isolated by density gradient centrifugation over
Lymphoprep (Nycomed).

In vitro cell culture

The sheep were immunised with 1 mg ml-1 ovalbumin in
complete Freund's adjuvant and boosted with 0-2 mg ml-1
of ovalbumin intradermally after six weeks. Two weeks
later they were bled. Lymphoprep-purified peripheral blood
lymphocytes from these sheep were cultured in round-bot¬
tomed tubes (Falcon) at 1 x 106 ml-1 in 1 ml of rpmi, 10
per cent fetal calf serum containing 0-2 or 2-0 pg ml-1 oval¬
bumin or a 1/10,000 dilution of pokeweed mitogen (pwm)
(Gibco), as appropriate. After seven days incubation at
37°C, the supernatants were harvested and either analysed
directly in the capture elisa system or frozen at -20°C for
analysis later. The optimal dilution of pwm for stimulating
in vitro Ig production had been determined previously by
serial dilution in identical assay conditions.

Immunopurification and electroblotting
The antigens recognised by VPM6, 8 and 13 were puri¬

fied as described by Turkwitz et al (1983). The mouse IgG
mAbs were purified by diethylaminoethyl (deae)-cellu-
lose-affigel blue (Biorad) ion-exchange chromatography
and then coupled to cyanogen bromide-activated Sepharose
4B (Pharmacia). Sheep serum, diluted 1/5 in phosphate
buffered saline (pbs) azide, pH 7-2 and made to 0-1 per cent
Tween 20 was then applied to the mAb-Sepharose
columns. After washing with 01 per cent Tween 20 in
pbs/azide, the bound antigen was eluted with 01 M
glycine-HCl, pH 2-8, and immediately neutralised with
solid Tris base. The eluted antigens were then analysed on
12 per cent sodium dodecylsulphate-polyacrylamide (sds-
page) gels and stained by the silver nitrate technique.

For electroblotting, sheep serum was mixed with an equal
volume of sds elution buffer (with 5 per cent 2-mercap-
toethanol) and boiled for five minutes. The proteins were
separated by sds-polyacrylamide gel electrophoresis (page),
using 12 per cent acrylamide and transferred to nitrocellulose
by means of the Ancos semi-dry blotting system. After trans¬
fer, the nitrocellulose was cut into strips, blocked in 5 per
cent dried milk powder, incubated in the appropriate mAb
supernatant and developed with peroxidase-conjugated anti-
mouse Ig as described by Khyse-Andersen (1984).

Immunoelectrophoresis
The immunopurified antigens were separated by im-

munoelectrophoresis as described by Stanworth and Turner
(1986), using 01 M sodium barbitone buffer pH 8-7, and
precipitated with a rabbit polyclonal anti-sheep Ig anti¬
serum. The gels were washed in pbs before drying and
staining with Coomassie blue.

Capture ELISA

Affinity-purified rabbit anti-mouse Ig (absorbed against

sheep Ig) was coated overnight on to flexible polyvinyl
chloride (pvc) plates (Falcon) at 10 pg ml-1 in borate
buffered saline (bbs) pH 8-2. After washing in bbs/0-05 per
cent Tween 20, the plates were incubated for one hour at
37°C with a 1/103 dilution of VPM8 or VPM6, 1/102 of
VPM13 ascitic fluid or 2 pg ml-1 ZG4 (an irrelevant anti-
human IgG3 mAb [Lowe et al 1982]) in bbs, 1 mg mk1
bovine serum albumin (bsa) (Sigma) for one hour at 37°C.
In later experiments, purified VPM6, 8 and 13 were
absorbed directly on to the plates at 10 pg ml-1 in bbs,
avoiding the anti-mouse Ig capture step. For the polyclonal
rabbit IgG elisa, purified rabbit anti-sheep IgG (y chain-
specific) was coated to Falcon pvc plates at 10 pg ml-1 in
bbs overnight. Doubling dilutions of samples containing
sheep Ig were made down the plate in bbs/bsa. A standard
of the relevant purified sheep Ig isotype was included twice
on every plate at an initial concentration of 500 ng ml-1.
Tissue culture medium alone was also included when

analysing sheep lymphocyte culture supernatants because
some fetal calf sera with high bovine Ig levels may cross-
react in this assay. The plates were incubated for one hour
at 37°C, washed and then developed with a 1/4 x 103 dilu¬
tion of hrp-conjugated rabbit anti-sheep Ig (Dako) (preab-
sorbed against mouse Ig) in bbs/bsa for one hour at 37°C.
The plates were developed with orthophenylenediamine as
substrate in citrate phosphate buffer pH 5-2 and the optical
density was measured at 492 nm. At all stages the plates
were washed in water and bbs/0-05 per cent Tween 20.

To measure ovalbumin-specific antibody, the plates were
coated with 10 pg ml-1 ovalbumin (A5503, grade V,
Sigma) in bbs overnight, incubated with the unknown
sheep culture supernatant dilutions as above followed by
VPM8 and hrp-conjugated rabbit anti-mouse Ig. A high
titre anti-ovalbumin serum was used as a standard and arbi¬

trarily assigned a titre of 103 units anti-ovalbumin ml-1.

Flow cytometry analysis

VPM8, VPM6 and ZG4 were purified from ascites by
Sepharose-Protein G affinity chromatography (Pharmacia-
lkb) and biotinylated with biotin-amino caproate N-
hydroxysuccinamide ester (Sigma B2643). Ovalbumin
(Sigma) was also biotinylated. A 1/500 dilution of normal
mouse serum was used as a negative control with sec¬
ondary anti-mouse Ig2b fluorescein isothiocyanate (fitc)
conjugate. Freshly prepared cells were incubated with
appropriate dilutions of two primary mAbs, one of which
was biotinylated. The biotinylated reagents were detected
by means of phycoerythrin-streptavidin (Serotec) and the
non-biotinylated mAbs were detected by using fitc anti-
mouse IgG2b (Binding Site). In each sample 104 small lym¬
phocytes and 4-0 x 103 lymphoblasts (defined by a gate
based on their larger size [fsc] and side scatter [ssc] prop¬
erties [Bird et al 1993]) were analysed by using the Consort
30 programme on a facs scanner (Becton and Dickinson).

RESULTS

Isotype-specificity ofanti-Ig mAbs
Three methods were used: immunopurification from

either serum or cell lysates followed by silver stained sds-
page, electroblotting from sds-page, and immunopurifica¬
tion followed by immunoelectrophorectic analysis of the
eluted protein.
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FIG 1: Analysis of the affinity purified sheep antigens reacting with mAbs VPM6, VPM8 and VPM13. (a) The eluted
antigens from serum bound to VPM8 (A), VPM13 (B) and VPM6 (D) affinity columns and from Peyer's patch cell
lysate bound to VPM13 (C) affinity column were separated on a 10 per cent SDS-PAGE gel under dissociating condi¬
tions and stained in CoomaSsie blue or blotted on to nitrocellulose and probed with VPM6 (E) or VPM8 (F). (b) The
serum antigen isolated by binding to a VPM6 affinity column (A) was analysed by immunoelectrophoresis against
rabbit anti-sheep serum (C). Normal sheep serum (B) was used as a control

VPM6 immunopurified bands from serum at 25 to 27 kD
and 50 to 55 kD, corresponding to the molecular weights of
IgG light and heavy chain, respectively (Fig la, D).
VPM13 purified polypeptides corresponding in molecular
weight to light chain and IgM heavy chain (Fig la, B). The
isolation of VPM13 antigen from a cell lysate from ileal
Peyer's patch cells showed the presence of an additional
polypeptide of 78 to 80 kD (Fig la, C) which was thought
likely to be cell membrane-associated IgM heavy chain and
to include the extra transmembrane and cytoplasmic
domains. VPM8 purified three major polypeptide chains
from serum (Fig la, A). These had molecular weights of 25
to 27 kD, 50 to 55 kD and 68 to 73 kD, corresponding to
the molecular weights of Ig light chain and the heavy
chains of IgG and IgM, respectively. These results suggest
that VPM6 is specific for sheep IgG, VPM13 for sheep
IgM and VPM8 for sheep Ig light chain. This suggestion
was confirmed for VPM6 and 8 by sds-page electroblot
analysis which showed that VPM6 bound specifically to the
50 to 55 kD band (Fig la, E), and that VPM8 bound to the
25 to 27 kD band (Fig la, F). VPM13 did not bind a specif¬
ic antigen under electroblotting conditions.

To assess whether VPM6 reacted with IgGj and/or IgG2,

VPM6 affinity immunopurified antigen was analysed by
immunoelectrophoresis with polyclonal rabbit anti-sheep Ig
antiserum. Fig lb shows that this VPM6 antigen contained
both 'fast' and 'slow' IgG isotypes suggesting that VPM6
recognises both IgGj and IgG2 isotypes.

mAb capture ELlSAs to assay in vitro synthesis ofsheep Ig
These assays were developed to measure small quantities

of total sheep Ig, IgM and IgG, by using VPM8, 13 and
6, respectively, as capture antibodies, and also to verify
the reactivity of the mAbs. Fig 2 shows the specificity
and sensitivity of the assays, using purified Ig preparations,
in comparison with a capture elisa based on polyclonal
rabbit anti-sheep IgG (y heavy chain-specific). VPM13
reacted only with the IgM preparation, VPM6 with both
IgGj and IgG2 but not with IgM, and VPM8 reacted with
all three preparations. The sensitivity of these assays
(assuming a threshold at three times the optical density
of the control with no sheep Ig) was 33 ng ml-1 for
IgM with VPM13, 24 ng ml-1 for IgGj with VPM8, and
15 ng ml-1 for IgG] with VPM6. With identical concen¬
trations (125 ng ml-1) of purified IgG], IgG2 and IgM,
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FIG 2: MAb capture ELISA. Purified preparations of sheep IgM (A), lgG-| (B)
and lgG2 (C) were titrated down ELISA plates coated with either rabbit anti-
sheep IgG (y-chain specific), VPM6, VPM8, VPM13 or an irrelevant mAb

the VPM8 ELISA consistently gave higher optical density
readings for IgG2 (1 -34) than for IgGj (0-92) and IgM
(0-80). Similarly VPM6 consistently gave higher optical
density readings for IgG2 (1-20) than for IgGj (1-12). These
variations may be associated with differential affinities of
either the mAbs and/or the polyclonal conjugate for differ¬
ent isotypes of sheep Ig.

Detection ofIg synthesised in vitro by B lymphocytes
Using the VPM8 ELISA, total Ig was measured in the cul¬

ture supernatants of blood lymphocytes from two sheep
taken two weeks after a secondary immunisation with oval¬
bumin. In both sheep pokeweed mitogen (PWM) markedly
increased total Ig synthesis from less than 200 ng ml-1 to
more than 2 pg ml-1 (Fig 3). Total Ig synthesis was com¬
pared with the synthesis of specific anti-ovalbumin anti¬
body. In vitro culture with ovalbumin increased the synthe¬
sis of total Ig and specific ovalbumin antibody; PWM also
increased the synthesis of ovalbumin antibody, but induced
a much greater relative increase in total Ig, as expected for
a polyclonal B cell activator.

12 3 4

FIG 3: Total Ig and anti-ovalbumin synthesised by 10® blood lymphocytes
from two sheep in culture for seven days in 10 ml with medium alone (1), 0-2
(2) or 2-0 (3) pg ml-1 ovalbumin; or a 1/104 dilution of PWM (4). Total Ig was
measured by using purified IgG^ as standard. A high titre anti-ovalbumin
serum arbitrarily assigned to have 103 units ml-1 anti-ovalbumin at a dilution
of 1/104 acted as standard in the ovalbumin-specific ELISA

Analysis ofB cell surface Ig isotype expression in efferent
lymph during a local lymph node immune response

Two colour facs analysis, using combinations of these
Ig isotype-specific mAbs with each other and with labelled
specific antigen makes it possible to investigate surface Ig
isotype switching and the appearance of antigen-specific B
cells in efferent lymph after a local antigen challenge. The
sum of the percentage of VPM8 positive cells and the per¬
centage of T lymphocytes is approximately 100 per cent
(data not shown). The expression of Ig isotype on the sur¬
face of efferent lymph B cells was analysed at different
times after an acute local infection with maedi-visna virus
(mw) (Bird et al 1993) by double staining with anti-IgM
(VPM13) (green fluorescence) and either anti-IgG (VPM6)
or anti-IgL (VPM8) (red fluorescence). Within the larger
sized B lymphoblast population there was a decrease in the
percentage of B cells (IgL+) that were surface IgM positive
between five and 20 days after infection (Fig 4A and B). A
comparison of the number of slgM-negative B lympho-
blasts at day 20 (822 in Fig 4B) with the number of slgG-
positive, slgM-negative B lymphoblasts (736 in Fig 4C)
showed that the decrease in the percentage of slgM-positive
cells on day 20 was due to increased numbers of slgG-posi-
tive B cells blasts. This assay is therefore monitoring the
change in surface Ig phenotype from IgM to IgG of the B
lymphoblasts leaving a prefemoral lymph node during an
immune response. Within the small lymphocyte population,
the percentage slgM-positive expression did not vary
markedly post mw infection and approximately 80 per
cent were slgM-positive (data not shown).

This assay has also been used to identify antigen-specific
B cells in efferent lymph by dual staining the cells with
biotinylated antigen and VPM8 mAb. Efferent lympho¬
blasts collected four days after a local secondary intra-
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FIG 4: The changes in surface Ig isotype of B lymphoblasts in efferent lymph
with time after an antigenic stimulation. Efferent lymphoblasts five and 20
days after a local subcutaneous mvv infection were double stained with
VPM13 (anti-IgM) (green fluorescence) and with VPM8 (anti-lgL) (A and B) or
with VPM6 (anti-IgG) (C) (red fluorescence). In A and B slgM-positive
lymphoblasts (box 2) are expressed as a percentage of total slgL-positive
lymphoblasts (box 1 and 2)
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FIG 5: The appearance of antigen-specific B lymphoblasts in efferent lymph
after an antigenic stimulation. Efferent lymph cells collected four days after a
secondary local intradermal challenge with ovalbumin from a sheep pre-
immunised with ovalbumin in complete Freund's adjuvant were double-
stained with ovalbumin (B) or maedi-visna virus gag protein p25 (A) (red fluo¬
rescence) and anti-lgL (VPM8) (green fluorescence). FACScan profiles are
shown of gated lymphoblasts

dermal challenge with ovalbumin were over 90 per cent
B lymphoblasts and 15 per cent of these were ovalbumin-
specific (Fig 5B) in contrast with an irrelevant antigen,
maedi-visna gag protein p25, when no antigen-binding
B lymphoblasts were detected (Fig 5A). Ovalbumin-
binding B cells were confined to the lymphoblast popula¬
tion of efferent lymph (data not shown).

Analysis ofsurface Ig isotype expression on B cells in
different lymphoid compartments

Lymphocytes from paired samples of blood and afferent
or efferent lymph were double-stained with VPM13 and
VPM8 (Table 1). The mean percentage of B cells was high¬
er in blood (43 per cent) than in efferent lymph (20 per
cent) but very variable between sheep. Small B lympho¬
cytes in efferent lymph generally had a lower percentage of
IgG-positive cells than the matching blood samples. In the
afferent lymph the percentage of B cells that were IgG-pos¬
itive was very variable but not higher than the percentage in
matched blood samples.

DISCUSSION

The three mAbs to sheep Ig have been used to develop
assays to assess surface Ig isotype expression on B lympho-

TABLE 1: Ig isotype expression on B lymphocytes from matched blood
and either efferent or afferent lymph analysed on FACScan after double-
staining with anti-lgL and anti-IgM

Sheep
Blood

B cells (%) p-L+/L+ (%)
Efferent lymph

B cells (%) p-L+/L+ (%)

671R 43 26 35 24
663R 62 22 23 5
672R 38 7 12 22
657R 46 16 24 1
647R 50 18 19 11
1091P 20 21 8 19

Median 44 20 21 17

Blood Afferent lymph
741N 39 29 16 10
1070P 28 27 28 19
754N 26 22 24 5

Median 28 27 24 10
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cytes and the production of immunoglobulin. The specifici¬
ties of the mAbs have been identified by sds-page analysis
of the immunopurified products, and by a capture elisa
with purified individual preparations of sheep Ig isotypes.
VPM6 has been shown by an immunoelectrophoretic anal¬
ysis of its immunopurified products and the capture elisa
to bind both sheep IgGj and IgG2. There was a slight pref¬
erential binding to IgG2 in the capture elisa but this was
quite different to that observed when using mAb McMl
anti-IgGj and McM3 anti-IgG2 (Beh 1987) in a capture
elisa in which distinct binding of either purified IgGj or
IgG2 only was recorded (data not shown). The mAbs spe¬
cific for sheep IgGj (McMl) and IgG2 (McM3) have also
been used in the capture elisa to measure the individual
sheep IgG isotypes with similar sensitivity and expected
specificity (data not shown). VPM8 has been shown to bind
to sheep Ig light chain and to the majority of sheep IgM-
positive B cells. Hood et al (1985) have previously shown a
massive )Jk predominance in sheep Ig and it would there¬
fore be expected that VPM8 would have anti-A. specificity.
Using a VPM8-based capture elisa with purified prepara¬
tions of sheep IgGj, IgG2 and IgM at identical total protein
concentrations, the optical density readings were slightly
higher with IgG2 than with IgG( or IgM. This bias of
IgG2>IgGj was also observed with rabbit anti-sheep Ig y
chain and VPM6, and may originate in the rabbit anti-sheep
Ig conjugate, which was not absorbed to remove all the Ig
heavy chain reactivity. A preferential binding of VPM8 to
light chain associated with certain IgG isotypes cannot,
however, be excluded. This bias may introduce slight errors
in calculations of total Ig where the ratios of the Ig isotypes
vary widely from those in the standard preparation of Ig.

The sensitivity of these capture elisas is such that they
can be used to measure Ig synthesis from B cell cultures in
vitro and is similar to that reported previously in measure¬
ments of human IgG subclasses with mAbs to human Ig
isotypes (Bird et al 1987). The VPM8 capture elisa for
total sheep Ig has been used in combination with an elisa
for sheep ovalbumin antibody to measure in vitro produc¬
tion of specific and polyclonal Ig by sheep blood lympho¬
cytes in response to specific antigen and the mitogen pwm.
The production of antigen-specific and polyclonal Ig was
readily measured and was not dissimilar to the amounts
produced by similar numbers of human blood lymphocytes
in culture with pwm (Bird et al 1988), although sheep blood
has a much higher percentage of B cells than human blood.
The specificity of VPM13 for \x heavy chain coupled with
its mouse isotype of IgG2b, in contrast to that of VPM6 and
8 which are IgGj, have made these useful reagents for the
dual facs analysis of the surface Ig isotype of B lympho¬
cytes in the different lymphoid compartments of the sheep.
Twenty per cent of sheep blood B cells were IgG-positive
IgM-negative, approximately twice the percentage in
human blood, and the percentage of B cells in sheep blood
is approximately twice that found in man. There may well
be more antigenic stimulation of B cells in ruminants than
in man.

T cells with a 'memory' phenotype recirculate preferen¬
tially through tissue endothelia and into afferent lymph
rather than through lymph node-high endothelia and thence
into efferent lymph (Mackay 1991). If IgG-positive IgM-
negative 'isotype-switched' small B lymphocytes represent
'memory' B cells, the results presented show that there is
no preferential circulation of this population through partic¬
ular tissues. It will be interesting to see whether the per¬

centage of IgG and antigen-positive B cells increases in
afferent lymphatics after local antigenic stimulation.

Within the large lymphocyte population in efferent
lymph there was an increased percentage of B blasts and of
IgG-positive cells. This proportion was variable and could
be shown to vary markedly during the course of a local
immune response. The small numbers of B blasts in resting
lymph were most probably associated with the recent
immunological experience of the draining lymph node.

The development of these mAbs and the related assays
has made it possible to examine some new features of B
cell recirculation, and it should allow more detailed analy¬
ses of the function of sheep B cells in health and disease.
The assays are being used to analyse the host-virus rela¬
tionship in the acute and chronic lentiviral infection due to
mvv in sheep (Bird et al 1993). They should prove useful
in other studies of disease pathogenesis in sheep and for
evaluating vaccination regimens.
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Abstract

Reactivities of the monoclonal antibodies (mAbs) from the workshop panel with cells from cattle,
sheep, goats, Cape buffalo (Syncerus cajfer) and waterbuck (Kobus defassa) were tested. One hundred
and sixty-nine mAbs reacted with bovine cells and 111 with sheep cells; 86 were shown to react with
goat cells, 71 with buffalo cells and 70 with waterbuck cells. Some mAbs cross-reacted with all five
ruminants tested, and are likely to react with epitopes that are conserved in other ruminant species.
Such mAbs will obviate the need to produce mAbs panels to leukocyte antigens of other ruminants.

Introduction

The development of a panel of monoclonal antibodies (mAbs) that dis¬
criminates between the different functional cell types requires a considerable
investment of time and resources. In general, mAbs to leukocyte antigens show
very little cross-reactivity between species. However, mAbs developed to bo¬
vine or ovine antigens do show a degree of cross-reactivity within the rumi¬
nant family (Davis etal., 1990; Naessens, 1991; Howard and Morrison, 1991).
Therefore, we have examined the cross-reactivities of the workshop mAbs
with cells from cattle, sheep, goats, African buffalo (Syncerus caffer) and wa¬
terbuck (Kobus defassa). From this information mAbs can be selected that
recognize more conserved epitopes and are likely to cross-react with cells from
several ruminant species.

'Corresponding author.
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Materials and methods

Cells from peripheral blood

Blood was drawn from the jugular vein and peripheral blood mononuclear
cells (PBMC) were prepared on Ficoll-Paque as described previously (Naes¬
sens et al., 1985). Concanavalin A (Con A) stimulated blast cells were pre¬
pared as described previously (Naessens et al., 1985). Granulocytes were iso¬
lated from the pellet by lysing the red blood cells in distilled water for 45 s
and washing twice in saline (Naessens and Nthale, 1993). A minimum of two
animals from each species were tested.

Flow cytometry

The binding ofmAbs from the workshop panel on PBMC, granulocytes and
PBMC cultured for 3 days with 5 pg Con A (Naessens et al., 1985) was tested
by flow cytometry. The whole panel was tested on PBMC and granulocytes,
but only a selected set (those mAbs that reacted with activated bovine cells)
was tested on Con A-stimulated PBMC. The FACStar PLUS (Becton Dick¬
inson, Sunnyvale, CA) was used to measure indirect fluorescence, using fluo¬
rescein isothiocyanate-labelled polyvalent antimouse Ig (Sigma, Poole, Dor¬
set, UK) (Naessens, 1991).

Results and discussion

The data are summarized in Table 1.
mAbs were screened on PBMC, 3 day Con A-activated PBMC and granu¬

locytes from buffalo, waterbuck or domestic ruminants. When the number of
positive cells for a mAb was comparable with that in cattle or sheep (depend¬
ing on whether the mAb was raised against bovine or ovine cells), we consid¬
ered that the mAb was cross-reactive and indicated the positive cross-reac¬
tion with a plus (+) sign in Table 1. When the antibody reacted weakly and
could not be used for typing cells in that species, we entered the letters 'wk' in
Table 1. A weak cross-reactivity is probably the result of an alteration of the
antigenic determinant, resulting in a weaker affinity of the monoclonal. In
some instances mAbs reacted with a higher number of cells than expected.
Since this could be due to technical error, contamination or cross-reaction
with another epitope, we indicated this fact by a question mark (?) in
Table 1.

When no cross-reaction was observed, this was indicated by a minus (— )
sign in Table 1. A lack of cross-reactivity is the result of the absence of the
bovine or ovine epitope on the ruminant antigen. However, peripheral blood
from different species may contain very low numbers of cells of a particular
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Table 1

Cross-reactivity of Second Workshop antibodies with different ruminant leukocytes

Antigen Workshop mAb Isotype Bov Ovi Cap Buf Wbk
number

CD1 39 CC40 G1 + + +

43 CC122 G1 + + +

CDlwl 38 20-27 G1 + + + -

CDlw2 7 CC90 G1 + + +

13 CC20 G2a + + +

33 CC20 G2a + + +

CDlw3 12 CC43 G2b + + + + _

40 CC118 G1 + + + + - -

CD2 65 IL-A43 G2a + + + + wk +

92 36F G2a — + + + d —

137 MUC2A G2a + + + + +

CD3 138 MM1A G1 + + + -

CD4 133 GC50A1 M + d + d + wk +

CD5 25 CC17 G1 + + + + wk

35 CC17 G1 + + + + — +

72 IL-A67 G1 + + — — -

97 JP1D4 G2a + + + - —

CD6 132 BAQ91A G1 + + + wk wk

CD8 8 CC63 G2a + + + + +

134 BAT82A G1 + + - +

CDlla 44 72-87 G2a + d + + + + +

85 IL-A99 G2a + + + + + -

94 F10-150 G1 — + + + -

99 MD1H11 G1 + + + + + +

100 MD2B7 G1 + + + + + +

176 MUC76A G2a + wk wk wk

178 BAQ30A G1 + + + + +

CDllb 11 CC126 G2b + + + + + +

22 CC94 G1 + + + -

23 CC125 G1 + + + + wk

26 CC104 G2b + + — -

62 IL-A15 G1 + + + + + +

CDllc 104 NAM4 G1 + + + d wk wk

105 OM1 G1 + + + d -

180 BAQ153A M + + + + -
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Antigen Workshop
number

mAb Isotype Bov Ovi Cap Buf w

CD 18 103 MF14B4 G1 + + + + + +

CD25 54 IL-A111 G1 + + + + +

170 CACTI 08A G2a + — -

171 CACTI 09A G1 + + + -

172 CACTI 16A G1 + + + -

CD44 50 IL-A107 M + + + +

51
"

IL-A108 G2a + + + +

55 IL-A112 G1 + + + +

61 IL-A118 G1 + + + + +

93 25-32 G1 + d + + + + +

CD45 20 2E8 G2b + + _ —

113 TD14 G1 + + + - -

114 TD15 G1 + + + - —

CD45R 3 CC76 G1 + + + wk +

5 CC31 G1 + + — -

16 CC99 G1 + + - -

27 CC103 G1 + + - -

28 CC77 G1 + + + + +

109 Bo42 G3 + + wk + -

154 GS5A G1 + + + - +

155 GX18A G1 + + + — +

156 BAG36A G1 + + + - +

158 GC6A M + + + - +

CD45RO 59 IL-A116 G3 + + + +

WC1 9 CC101 G2a + + +

18 CC101 G2a + + +

30 CC117 G2a + + + +

31 CC115 G2a + + + +

45 CC15 G2a + + + + + +

146 CACTB1A G1 + + +

147 CACTB15B G1 + + +

149 BAQ89A G1 + + + + +'

150 CACTB7A G1 + + + + +'

151 BAG25A G, M + + + + +

WC3 14 CC70 G1 + + + wk —

34 CC70 G1 + + + — -

71 IL-A65 G2a + + + wk wk

152 BAQ15A M + + + -

WC4 17 CC57 G1 + + + +

WC5 67 IL-A55 G2a + + + +

X



J. Naessens et al. / Vet. Immunol. Immunopathol. 39(1993) 283-290 287

Antigen Workshop
number

mAb Isotype Bov Ovi Cap Buf w

WC6 42 CC98 G2a + + +

57 IL-A114 G1 + + + — —

66 IL-A53 G2a + + + - -

WC7 159 TH18A G3 +

160 TH1A M + - -

WC8 76 IL-A78 G1 + +

77 IL-A79 G1 + +

90 P13 M + + +

WC9 82 IL-A96 G1 + + + _

161 TH2A G2a + — -

162 B18A G3 + wk —

163 RH1A G3 + wk +

185 BAQ86A G1 + wk -

WC10 2 CC69 G1 + + + +

4 CC62 G2b + + — +

29 CC28 G1 + + + — +

68 1L-A56 A + + + + - +

168 CACTI 14A G2b + wk +

WC11 15 1C10 G1 + + _

60 IL-A117 G1 + + + -

110 CA 26/1 G1 + + -

111 CA17/1/6 + + -

184 BAGB27A G1 + + —

TCR1 136 CACTB6A M + + + +'

139 CACTI 8A M +

140 CACT61A M + -

141 CACT71A M + +

142 CACTI 6A M +

143 CACTI 7A G1 +

144 CACTB12A G1 +

145 CACTB44A G1 +

148 BAQ72A M +

Ig 69 IL-A58 G2a + + + + +

MHC-I 63 IL-A19 G2a + + + + + -

MHC-II 135 TH14B G2a + + + + -

1 CC1 G1 + +

6 CC7 G1 + + + -

10 CC85 G1 + + + + + -

19 CC84 G1 + +

21 CC49 G1 + + — -
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Table 1 (continued)

Antigen Workshop mAb Isotype Bov Ovi Cap Buf Wbk
number

24 CC56 G2a + +

32 CC92 G2a + +

36 6E12 M " + + + d +d
37 CC132 G2a + +

41 CC128 G3 + + +

46 BT3/8.12 G3 + + + +

47 IL-A100 M + + wk wk

48 IL-A101 A + + + ? +

49 IL-A106 M + + - -

52 IL-A109 M + + +

53 IL-A110 G1 + +

56 IL-A113 G1 + + + + + +

58 IL-A115 G3 + + + -

64 IL-A24 G1 + + + + - +

70 IL-A6 M + + + + +

73 IL-A75 G2a + +

74 IL-A76 M + +

75 IL-A77 M + + + -

78 IL-A80 G1 + + + -

79 IL-A81 G2a + + + + -

80 IL-A82 G2a + + +

81 IL-A85 G2b + +

83 1L-A97 M + + + + ?
84 IL-A98 G2a + + +

86 J3 G1 + + + -

87 J5 G2b + + + -

88 J6 G1 + + + -

89 P10 M + + + - +

91 TC6 G1 - - - - -

95 17A3 G2a + + + + + +

96 26A9 M + + + - -

98 MB9B7 G2a + + -

101 MD7C5 G1 + + + + - +

102 MF13F5 G1 + + + d wk +

106 OM2 G1 + + -

107 OM3 G1 + + -

108 Boll6 M + + + ? +

112 TD12 M + + +

115 TD17 M + + +

116 TD19 G1 + +

117 TD20 M + + -

119 TD22 M + + +

120 TD25 G1 + + +

121 TD26 G1 + +

122 TD27 M + + +

123 TD28 M + + +

124 TD9 G1 + + + + - wk
125 VPM29 G1 — + +

126 VPM30 M + + + + - -

V
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Antigen Workshop
number

mAb Isotype Bov Ovi Cap Buf Wbk

127 VPM32 G2a + + +

128 VPM33 M + + + + + +

129 VPM34 G2a + +

130 VPM56 G1 + +

131 VPM31 + + +

153 GC65A M + + + — —

157 BAS21A G1 + + + — +

164 CACT7A M + + + + +

165 CACT101A M + + + + +

166 CACT26A G1 + .+ + wk

167 CACT77A M + + + wk

169 CACTI 00A G1 + - +

173 CACTI 11A M +

174 CACTB52A G1 + + + -

175 CACT65A M + + + + +

177 BAT75A G1 + — + + +

179 BAQ147A M + wk + +

181 DH59A G1 + + + P + +

182 DH16A M + + + + +

183 BAG18A G3 + + + — —

186 TH17A M + + + + +

187 CACTB45A G1 + + +

188 CAPP2A G1 + + + +?
189 CACT63A + + -

Bov, bovine; Ovi, ovine; Cap, caprine; Buf, buffalo; Wbk, waterbuck.
+ + , the antibody was raised against cells from this species; +, cross-reactivity; —, no cross-reactiv¬
ity; wk, weak cross-reactivity; d, information communicated by donor when entering the mAb; p,
polymorphic.

subset, e.g. mice have very few y/5 T cells. This may create the false impres¬
sion that mAbs specific for that subset do not cross-react. Whenever lack of
reactivity might be the result of such a possibility, we did not enter a negative
reaction. mAbs that bound cells other than PBMC, granulocytes or 3 day Con
A blasts, such as mAbs belonging to CD 1 or late activation antigens, were not
tested (spaces left empty in the Table 1).

Many of the mAbs tested did recognize homologous determinants in other
ruminant species. We found 86 mAbs that reacted with goat cells, 71 with
buffalo and 70 with waterbuck.
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SUMMARY

This paper describes the characterisation of six independently produced monoclonal antibodies (mAbs) specific for non-polymor¬
phic determinants of feline major histocompatibility complex (MHC) class II. One mAb is an anti-sheep class II which cross-reacts
with the cat and five have been produced in response to immunisation with purified feline immunodeficiency virus. Despite their
independent source all the mAbs have identical reactivities, immunoprecipitating two complex groups of polypeptides of Mr 33 to
36.000 (MHC class II a chains) and Mr 28 to 31,000 (MHC class II 6 chains). Immunoblot analysis showed them to be 13 chain-
specific. One and two-dimensional electrophoresis revealed the complexity of feline class II mass and charge and implied the
expression of multiple class II loci in the cat. Furthermore, it was demonstrated that distinct cell populations expressed a distinct
range of class II variants. This suggesting either the differential expression or the distinct post-translational modification of lym¬
phocytes from different sites. The mAbs have also been used for the detailed examination of the cellular distribution and tissue
localisation of MHC class II in the cat.

FELINE immunodeficiency virus (Fiv) infections of
domestic cats and their clinical development are similar to
human immunodeficiency virus (Hiv) infection in human
beings and disease progression through the acquired
immune deficiency syndrome (AlDS)-related complex. In

v order to understand the pathogenesis of fiv there is a
requirement for monoclonal antibodies (mAbs) which
recognise surface molecules on lymphocytes and other cells
of the feline immune system.

mAbs specific for the feline homologues of CD4 (Ackley
et al 1990, Tompkins et al 1990), CD8 (Klotz and Cooper
1986, Dean et al 1991) and major histocompatibility class
(mhc) class II (Rideout et al 1990) have been described and
their antigens characterised.

Certain similarities between the Hiv envelope proteins
gpl20 and gp41, and mhc class II (Young 1988) may
underlie some of the features of hiv infection through
autoimmune mechanisms (Habeshaw et al 1992). Evidence
to support this hypothesis includes the similarities between
hiv infection and graft versus host disease or chronic
experimentally induced allogeneic disease, the genetic
restriction of disease susceptibility, and the involvement of
immune activation in the progression of the disease. It is
therefore appropriate that the feline mhc class II should be
better defined.

Early attempts to characterise polymorphism in the feline
mhc showed that cats reject skin allografts slowly, fail to
produce lymphocytotoxic antibodies after pregnancy or
blood transfusion and have low responses in mixed lym¬
phocyte cultures (Pollack et al 1982). These characteristics
were interpreted as evidence that the feline mhc has a rela¬
tively low level of polymorphism and that this is related to
the susceptibility of cats to viral infections such as feline
leukaemia virus. More recently, alloantisera have been pro¬

* Present address: Department of Clinical Veterinary Medicine, University of
Cambridge, Madingley Road, Cambridge CB3 0ES

duced (Winkler et al 1989) and mixed lymphocyte cultures
have shown limited alloresponsiveness (Stiff and Olsen
1984, Wolfe etal 1984).

The characterisation of cDNA clones has shown that there
are at least two feline class I loci (fla-a and fla-b) with
patterns of polymorphism closely resembling that of human
hla-a (Yuhki et al 1989, Yuhki and O'Brien 1990). The
characterisation of mhc class II by Southern blotting with
mouse and human probes suggests the presence of two or
three a loci and possibly two 6 loci with very limited poly¬
morphism as detected by restriction analysis (Yuhki and
O'Brien 1988). The biochemical characterisation of class I
and II proteins by isoelectric focusing has revealed consid¬
erable polymorphism in class I proteins and less extensive
but significant polymorphism in class II (Neefjes et al
1986).

This paper describes the biochemical characterisation of
feline mhc class II by means of a well characterised anti-
sheep mhc class II dr 13 chain-specific mAb and five
cat-specific mAbs. The biochemical complexity of feline
class II was investigated by immunoprecipitation, immuno-
blotting and two-dimensional electrophoresis. A detailed
analysis of the cellular and tissue distribution of mhc class
II in the domestic cat is also described.

MATERIALS AND METHODS

mAbs

Fel7 (anti-CD8, IgGj)(Ackley et al 1990) was kindly
donated by Dr C. Ackley, (University of Alabama). VPG39
(anti-CD4, IgGj) was kindly donated by Dr Brian Willett
(Veterinary Pathology, University of Glasgow). VPM46
(Dutia et al 1990) is a IgG2a anti-sheep mhc class II mAb
(specific for sheep dr 13 chains) which cross-reacts with the
cat. PF6J-6D (mouse IgG2b), PF6I-9B, DIV2-4C, DIV3-
11 A, PF8J-9C and FIV2-4B (all mouse IgGj) are mAbs
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produced in response to sucrose density gradient-purified
FIV, but which are likely to be specific for feline MHC class
II. PF8J-3C and FIG1-1B are IgGj mAbs specific for non-
MHC class II molecules associated with feline leucocytes.

Biotinylation ofmAb VPM46

Antibody (at 2 mg ml-1) from ascitic fluid was partially
purified by differential precipitation with 25 per cent and
50 per cent saturated ammonium sulphate and, after exten¬
sive dialysis, reacted with D-biotin-N-hydroxy-succinimide
ester (Boehringer Mannheim) at 100 pg ml-1 for four hours
at 20°C in 100 mM borate buffer, pH 8-8.

Cat tissues/cell lines

Heparinised blood samples were taken from normal,
uninfected cats for routine haematological analysis as part
of a normal clinical investigation. Tissues were taken from
uninfected cats euthanased for reasons other than those

involving the haemolymphatic system. The feline cell lines
FL74 (Theilen et al 1969) and 3201 (Rickard et al 1969)
were derived from cases of spontaneous lymphocytic
leukaemia.

Flow cytometry

The feline leucocytes were examined by flow cytometry
as described by Dutia et al (1990). For two-colour analysis,
biotinylated VPM46 was used with streptavidin-phycoery-
thrin conjugate (Serotec) and the other mAbs were stained
with fluorescein isothiocyanate (FlTC)-labelled sheep anti-
mouse IgGl (Serotec). Ten thousand cells per sample were
analysed by the FACScan flow cytometer (Becton
Dickinson). Lymphocytes, monocytes and granulocytes
were separated by using forward scatter (FSC) and side scat¬
ter (SSC) parameters (both at linear amplification).
Fluorescence parameters (FL1 and FL2) had log|0 amplifi¬
cation. Appropriate FL1-FL2 and FL2-FL1 compensation
was used to optimise the two-colour analysis.

Tissue staining
The tissue distribution of VPM46 antigen was examined

by standard immunohistology, using 8 pm cryostat sections
and alkaline phosphatase-conjugated anti-mouse Ig (Boeh¬
ringer Mannheim) which was affinity purified with immo¬
bilised immunoglobulin. Colour was developed with
Naphthol as-mx and enhanced with Fast Red (Sigma).

Immunoprecipitation of VPM46 antigen

Thymocytes and lymphocytes from mesenteric lymph
nodes were metabolically labelled with [35S]-methionine
(Hathcock et al 1992). Lysates were made by suspending
the cells in lysis buffer (20 mM Tris-Cl, pH 8-0, 150 mM
sodium chloride, 0-5 per cent Triton X-100, and 0-2 mM
phenylmethylsulphonyl fluoride [PMSF] and incubating for
one hour at 0°C. The lysate was pre-cleared with a pre¬
formed complex of rabbit anti-mouse Ig (Sigma) and pro¬
tein A-Sepharose (Fermentech) and antigen was precipitat¬
ed as described by Hathcock et al (1992).

After electrophoresis the gels were fixed in methanol:
acetic acid:water (5:2:5), impregnated with amplify
(Amersham International) and dried before being auto-
radiographed at -70°C.

Immunoblots

Cell lysates were prepared by isolating the cells and wash¬
ing them in Hanks' balanced salt solution. Lymphocytes and
thymocytes were further purified by density centrifugation.
Five millilitres of cell suspension was loaded on to 10 ml of
Lymphoprep (Nycomed). The cells were resuspended in lysis
buffer at a density of 2 x 108 cells/ml-1. After incubation for
30 minutes at 0°C, the lysates were centrifuged at 13,000 g at
4°C for 10 minutes and the supernatant retained for storage at
-20°C. For analysis by sodium dodecyl sulphate polyacry-
lamide gel electrophoresis (sds-page) an equal volume of
sample buffer was added and boiled for five minutes befoie il
was loaded. Cell proteins were separated by using 12 per cent
sds-page gels under reducing conditions.

The fractionated proteins were transferred on to nitrocel¬
lulose membranes (Hybond C, Amersham) using a semi-
dry blotter (Biorad). The membranes were blocked with 5
per cent dried milk powder in phosphate buffered saline
(pbs) and probed with the appropriate dilution of mAb
supernatant. The membranes were incubated sequentially in
rabbit anti-mouse Ig-biotin and then streptavidin-biotin-
alkaline phosphatase conjugate. The blots were visualised
with bromochloroindole phosphate (bcip) and nitroblue
tetrazolium (nbt) (Boehringer-Mannheim).

Two-dimensional blotting

Samples of lysates prepared from lymph node lympho¬
cytes were precipitated with five volumes of acetone and
incubated at -20°C overnight. The insoluble fraction was
collected by centrifugation, air dried and redissolved in 2 D
sample buffer (53-3 per cent urea, 2 per cent NP40 and 5
per cent ampholyte pH 3 to 10) by boiling for five minutes.
This was recleared by centrifugation before it was loaded
on the first dimension. Proteins were separated in the first
dimension by using 3 per cent ampholyte pH 3 to 10
(Pharmacia) and 0-75 per cent ampholyte pH 5 to 8. The
anode was 10 mM orthophosphoric acid and the cathode
was 20 mM sodium hydroxide. Electrophoresis was carried
out at 500 V for 10 minutes and 1500 V for one hour. For
the second dimension, the gels were removed and placed
into 2-D equilibration buffer (125mM Tris-Cl [pH 6-8], 10
per cent glycerol and 2-3 per cent sds) lying on top of a
stacking gel. This buffer was removed and replaced with
running buffer before sds-page. The gels were blotted and
the blots visualised as described above.

RESULTS

Immunoprecipitation analysis
The molecular weight of the VPM46 antigen was deter¬

mined by immunoprecipitations from lysates of cells
metabolically labelled with 35S-methionine. Under non-
reducing conditions (Fig 1A), VPM46 precipitated two
complexes of bands of Mr 28 to 31,000 and 33 to 37,000.
The lower molecular weight complex corresponds to the B
chains and the higher complex to the a chains. Material
immunoprecipitated from lymph node cells gave five dis¬
cernible B bands with Mr 29 to 30,000 being the most
prominent. Thymocytes gave a prominent band of Mr
29,000 and two other faint bands.

The a chains showed a similar pattern of complexity.
Lymph node cells gave at least four bands, the most promi¬
nent being the middle two bands. For thymocytes one
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FIG 1: Immunoprecipitation of VPM46 antigens from cat tissue. (A) Antigens run under non-reducing conditions.
Lane 1, negative control, lymph node lymphocytes precipitated with VPM37 (an anti-sheep DR mAb which does not
cross-react with the cat). Lane 2, lymph node lymphocytes precipitated with VPM46. Lane 3, negative control, thy¬
mocytes. Lane 4, thymocytes precipitated with VPM46. (B) Same antigens run under reducing conditions

major band at Mr 36,000 was prominent. The Mr 65 and
68,000 bands observed in lysates of both lymphocytes and
thymocytes were most probably al3 heterodimers.

Under reducing conditions, the apparent molecular weight
of the 6 chains (Fig IB) increased: For thymocytes the
molecular weight of the dominant species was Mr 31,000
whereas the a chain remained at Mr 36,000. For lympho¬
cytes, the complexity of both the a and (3 chains and the
apparent increase in molecular weight of the 0 chains result¬
ed in a series of bands from Mr 29,000 to 37,000, which
were difficult to resolve. Higher molecular weight forms rep¬
resenting dimers were not apparent under these conditions.

One- and two-dimensional immunoblotting analysis
All of the potential anti-class II mAbs reacted with at

least four bands ranging in size from Mr 28 to 31,000 indi¬
cating B chain specificity (Fig 2A). Gels run under reducing
conditions gave extremely weak signals (data not shown).
Fig 2B shows the results when the lysates from different
tissues compared. Splenocytes and thymocytes all showed
multiple bands but they were less variable than those
obtained with mesenteric lymph node lymphocytes.

The biochemical analysis of feline MHC class II antigens
was extended further by 2D-gel blotting analysis. The MHC
class II antigens were resolved into a complex array of
molecules varying in both charge and molecular weight
(Fig 3) with at least four charge and four size variants. The
mAbs, VPM46, PF6J-6D, PF6J-9B, PF8J-9C and FIV2-4B
gave identical patterns of blotting with a lysate derived
from lymphocytes isolated from a mesenteric lymph node,
when run under non-reducing conditions. DIV3-11A did

A B
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FIG 2: Immunoblots of SDS-PAGE-fractionated cat lymphocyte lysate using anti-MHC class II mAbs. (A) Lane I VPM46,
Lane 2 FIV24B, Lane 3 DIV2-4C, Lane 4 PF6J-6D, Lane 5 PF6J-6B, Lane 6 PF8J-9C and Lane 7 PF8J-3C.
(B) Different cat tissue lysates; spleen (lane I), thymocytes (lane 2) and lymph node lymphocytes (lane 3) blotted
with VPM46
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FIG 4: Immunological staining of cat spleen (x 100 magnification) stained with
VPM46 and lightly counter-stained with haematoxylin. pals Periarteriolar
lymphoid sheath, mz Marginal zone, RP Red pulp

43-

31-

21.5

FIG 3: Two-dimensional immunoblots of cat tissue lysates using VPM46;
(A) lymph node lymphocytes, (B) thymocytes. The anode is on the right and
the cathode on the left

not detect antigen under these conditions. Thymocytes had
up to four size and two charge variants whereas lymph
node cells at least five size and four charge variants. These
results parallel those obtained by immunoprecipitation and
one-dimensional blotting; the banding patterns were more
complex for lymph node lymphocytes than for thymocytes
or peripheral blood lymphocytes (PBLs).

Tissue distribution

The distribution of VPM46 reactivity within tissues was

TABLE 1: Tissue distribution of mhc class II In the cat

Tissue Localisation

Spleen Marginal zone and follicles ++
Red pulp macrophages +++
Periarteriolar lymphoid sheath +

Lymph node Cortical follicles +++
Paracortical dendritic cells +++

Paracortical lymphocytes +
Medullary sinus-lining macrophages++

Thymus Cortical thymocytes +
Cortical epithelium +++
Medullary thymocytes ++

Peyer's patch Follicles +++
Interfollicular lymphocytes +

Skin Dermal dendritic cells +++

Crosses represent relative degrees of staining: + Weak, ++ Intermediate,
+++ Strong

investigated by immunohistology. The reactivity of the other
putative anti-class II mAbs was identical to VPM46. The
staining pattern in all the cat tissues tested (Table 1) was dis¬
tinct from that in man and ruminants (Daar et al 1984,
Hopkins et al 1986). Within the spleen the follicles, marginal
zone and macrophage populations were strongly positive and
the periartereolar lymphoid sheath was weakly positive, (Fig
4). The distribution in the retropharyngeal lymph nodes was
similar to that described by Rideout et al (1990) where

LOG GREEN FLUORESCENCE
VPM 46

FIG 5: Flow cytometry of different cell types and cell lines with VPM46;
(a) 3201 cell line, (b) FL74 cell line, (c) thymocytes, (d) splenocytes,
(e) mesenteric lymph node lymphocytes, (f) blood lymphocytes, (g) granulo¬
cytes, (h) monocytes
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FIG 6: Two colour flow cytometry of lymph node lymphocytes using biotiny-
lated VPM46 and streptavidin-phycoerythrin. Green fluorescence detects
cells stained with (a) anti-CD4, (b) antiCD8, (c) immunoglobulin light chain.
Negative control (d) is described in the text

strongly positive cells are present within the cortical follicles
with small islands of macrophages/dendritic cells in the para¬
cortex. In addition it was found that T cells of the paracortex
were also weakly class II positive. In Peyer's patches there
were intensely stained cells in the follicles with the interfol-
licular cells staining weakly. The small numbers of class II-
expressing cells in the skin were macrophages/dendritic cells
at the dermal epidermal junction, either scattered through the
dermis or associated with hair follicles.

Flow cytometric analysis
The two cell lines, FL74 and 3201 both expressed class

II to give a unimodal distribution (Fig 5a, b). Thymocytes
(Fig 5c) and splenocytes (Fig 5d) were bimodally-distribut-
ed with overlapping populations of cells (Fig 5c), although
the intensity of staining of the splenocytes was approxi¬
mately one log greater than that of the thymocytes. Lymph
node and blood lymphocytes (Fig 5e, f) had much higher
levels of unimodally-distributed class II expression.
Granulocytes were class II negative (Fig 5g) and blood
monocytes (Fig 5h), delineated by high fsc/ssc parameters,
were generally class II positive.

Two colour analysis of lymph node lymphocytes agreed
with the data of Rideout et al (1990) that both CD4+ and
CD8+ cells express class II as homogeneous populations
(Fig 6) although CD8+ T cells (Fig 6b) expressed class II at
a higher level than CD4+ T cells (Fig 6a). As expected,
feline B cells also expressed class II (Fig 6c). Moreover,
two distinct populations of surface immunoglobulin (slg)-
positive cells were apparent. Cells with a high density of Ig
expressed a significantly higher density of class II than did
cells with lower levels of Ig.

DISCUSSION

This paper describes six mouse mAbs which recognise
the MHC class II complex of molecules of the domestic cat.

It details the cellular and tissue distribution of these
molecules and analyses the complex nature of class II
expression by different cell populations. In common with
the other anti-cat class II mAb described by Rideout et al
(1990) the five anti-feline-specific mAbs were produced in
response to immunisations with Fiv purified on a sucrose
gradient. Possible reasons for the production of anti-mhc
mAbs after immunisation with FIV are that there were con¬

taminating cellular proteins in the virus preparation or that,
as in the human and simian immunodeficiency viruses
(Arthur et al 1992), FIV has cellular mhc class I, class II
and 62 microglobulin incorporated into its viral envelope.

Immunoprecipitation by VPM46 yielded two complex
groups of molecules which were partially associated on
non-reduced gels. The molecular weights of these proteins,
Mr 28 to 31,000 and 33 to 37,000 are typical of class II
gene products in many other species (Crepaldi et al 1986,
Travers and McDevitt 1987, Dutia et al 1990). These
molecular weights are a little higher than those obtained by
Rideout et al (1990) who calculated Mr 27 to 29,000 for the
6 chains and Mr 32 to 35,000 for the a chains. The present
data are closer to those of Neefjes et al (1986) who
immunoprecipitated class II with anti-human DR/DQ-specif-
ic polyclonal antiserum.

Both immunoprecipitation and immune blotting showed
that cat class II is a diverse series of molecules. This

diversity occurs with both chains and consists of at least
five bands for the 6 chains and four for the a chains. Two-
dimensional blotting showed that the class II antigens
are also heterogeneous with respect to charge and mass, the
cell populations from different tissues having different
degrees of heterogeneity. The array of both a and 6 bands
expressed by the lymphocytes isolated from the thymus,
spleen and blood was much less than that expressed by
the lymph node cells. It is not yet understood how the
different bands and spots are related to distinct products of
the cat class II subregion, or to variations in post trans-
lational modifications. In other species different subregion
products are seen as distinct entities by means of these tech¬
niques (Carra and Accolla 1987, Dutia et al 1993) and the
complexity of the band patterns obtained here indicate the
expression of more than one subregion in the cat. This
result agrees with the analysis of feline mhc class II genes
which indicates the expression of multiple subregions
(Yuhki et al 1991). The subregion specificity of the mAbs
described here is not known. By standard immunochemical
criteria VPM46 is specific for sheep DR6 (Dutia et al 1990)
but subregion specificity in one species is no guarantee of
the same specificity in a different species (Brickell et al
1981).

The pattern of expression of class II antigens on the dif¬
ferent tissues and cell populations was assessed by flow
cytometry which showed that all the lymphocytes and thy¬
mocytes expressed class II. Equine T cells also express
class II (Crepaldi et al 1986) but those of man and mouse
do not do so (Yu et al 1980, Lorber et al 1982). Both the T
cell populations (CD4+ and CD8+) expressed class II as a
homogeneous population, although the level of expression
by CD8+ T cells was greater than by CD4+ cells. This
result contrasts with B cells in which there is a bimodal dis¬
tribution; slg+ cells show two distinct populations: slg+hl
cells show the maximum density of class II expression in
lymphocytes, whereas slg+l0 cells show a similar density of
class II expression to that of T cells. Unlike many other
species it is not possible in the cat to distinguish T and B
cells by quantitative expression of class II.
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Identification of CD45 (leucocyte common antigen) in the
domestic cat

P. HUNT*, R. W. ELSE, I. McCONNELL+, J. HOPKINS, Department of Veterinary Pathology, Royal (Dick) School of
Veterinary Studies, University ofEdinburgh, Summerhall, Edinburgh EH9 1QH

SUMMARY

Feline CD45 (leucocyte common antigen, LCA) was characterised by using the mouse monoclonal antibody, WC45a. Its specifici¬
ty was established on the basis of its reactivity with different lymphoid tissues, as judged by flow cytometry and immunohisto-
chemistry, and of the molecular weight of its antigen in different tissues. It reacted with all the leucocyte populations tested
including T and B lymphocytes, granulocytes and monocytes. By immunohistology it reacted only with leucocytes and not with
endothelia, epithelia or connective tissue. It precipitated cell surface polypeptides, of Mr 180,000 to 220,000 from lymph node
cells, and therefore apparently recognised an epitope represented on most of the isoforms of the CD45 family.

THE development of monoclonal antibodies (mAbs) spe¬
cific for feline lymphocyte surface molecules is a prerequi¬
site for characterising the immunopathology of feline infec¬
tious diseases. mAbs specific for the feline homologues of
CD4 (Ackley et al 1990a, Tompkins et al 1990), CD8
(Klotz and Cooper, 1986, Tompkins et al 1990), CD9
(Willett et al 1994) and major histocompatibility (mhc)
class II (Rideout et al 1990) have been described and their
antigens characterised. Cross-reacting anti-human and
murine mAbs are also available for CD 18 (Horton et al
1988, Moore et al 1990), CD35 (Aasted et al 1988) and
mhc class I (Pollock et al 1988). Such markers have been
used to show that both CD4+ and CD8+ cells are infected
with feline immunodeficiency virus (fiv) (Brown et al
1991), and to show that the reduction in the ratio of
CD4+/CD8+ cells in experimentally and naturally fiv-
infected cats is due to the preferential loss of CD4+ cells
(Ackley et al 1990b, Novotney et al 1990).

CD45 (leucocyte-common antigen - lca, T200 and Ly-
5) is a family of highly glycosylated and highly expressed
transmembrane glycoproteins (Mr 180 to 240,000) which
are present on all leucocytes and their precursors. The large
intracellular globular domain has protein tyrosine phos¬
phatase activity (Tonks et al 1988) and is believed to be
involved in the regulation of signals resulting from the anti-
gen-dependent activation of T lymphocytes (Veillette and
Davidson 1992). The extracellular domain is highly glyco¬
sylated with O-linked carbohydrate. Heterogeneity of size
(Mr 180, 190, 205, 220 and 240,000) at the protein and car¬
bohydrate level is generated by alternative splicing of
exons encoding residues near to the amino (NH2)-terminus
(Thomas 1989). There is evidence that the carbohydrate
composition of individual isoforms is linked to the stage of
cell development and changes with anatomical location
(Lai et al 1991).

CD45 is subdivided into various isoforms (CD45RA,
CD45RB, CD45RC and CD45RO) by mAbs which recog¬
nise a restricted range of CD45 molecules. In many species
* Present address: Institute of Cell and Population Biology, University of Edinburgh,
Kings Buildings, West Mains Road, Edinburgh EH9 3JT
t Present address: Department of Clinical Veterinary Medicine, University of
Cambridge, Madingley Road, Cambridge CB3 0ES

these antibodies define T-cell subsets which show function¬
al differences. For instance, in people infected by human
immune deficiency virus (HIV) and human T cell leukaemia
virus (HTLV), the selective impairment or loss of T-cell sub¬
sets defined by antibodies to CD45 isoforms (Van Noesel
et al 1990, Klimas et al 1991) defines the clinical progres¬
sion of the disease. Similarly in cats, feline leukaemia virus
induced immunodeficiency (FeLV-falds) results in a selec¬
tive impairment of antibody responses to soluble antigen
which corresponds to the functional loss of a CD4+ T-cell
subset which provides B cell help (Pardi et al 1991). Anti-
feline CD45 mAbs would therefore represent an essential
extension to the panel of anti-feline reagents.

This paper describes the characterisation of the first mAb
which is specific for the feline homologue of the CD45
family and describes the expression of these major cell
membrane glycoproteins in the domestic cat.

MATERIALS AND METHODS

mAbs

FT2 (anti-CD4, IgG2a)(Ackley et al 1990a) was kindly
donated by Dr C. Ackley (University of Alabama). OKT8
(anti-human CD8, IgG2a, ATTC CRL 8014)(Aasted et al
1988), CM6E and CAG8-7C (anti-IgM and anti-IgG,
respectively, both murine IgG2a were kindly donated by Dr
C. K. Grant (Biotrends), VPM37 is a mouse IgGt anti-
sheep DR mAb which does not cross-react with the cat
(Dutia et al 1990).

Cat tissues/cell lines

Heparinised blood samples were taken from normal,
uninfected cats for routine haematological analysis as part
of normal clinical investigations. Tissues were taken from
uninfected cats euthanased for reasons other than those

involving the haemolymphatic system. The feline cell lines
FL74 (Theilen et al 1969) and 3201 (Rickard et al 1969)
are derived from cases of spontaneous lymphocytic
leukaemia.
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Generation ofmAbs
Six- to eight-week-old female Balb/c mice, bred in-house,

were immunised subcutaneously with 106 cat thymocytes
followed, after two and four weeks, by additional intraperi¬
toneal injection of 106 thymocytes. Four days before fusion
they were injected intravenously with 105 thymocytes. The
spleen cells were fused with NSO myeloma cells as
described by Galfre et al (1977). After hypoxanthine-
aminopterin-thymidine (hat) selection, supernatants from
growing hybridomas were screened by flow cytometry
using fluorescein isothiocyanate (fltc)-conjugated anti-
mouse Ig (Dako). Positive wells were cloned twice by lim¬
iting dilution. The isotypes of the mAb secreted in the
supernatants were established by flow cytometry, using
FlTC-conjugated anti-mouse isotype-specific sera (Serotec).
One hybridoma secreted a mAb, subsequently designated
WC45a, which showed high reactivity with all the lym¬
phoid cell types tested. WC45a was cloned and its isotype
determined as IgGj.

Flow cytometry

The thymocytes, splenocytes and single cell suspensions
from lymph nodes were examined by flow cytometry as
described by Dutia et al (1990). Peripheral blood lympho¬
cytes were prepared according to a standard protocol (Dean
et al 1991). For two colour analysis, biotinylated WC45a
was used with streptavidin-phycoerythrin conjugate (Sero¬
tec) and other mAbs were stained with FlTC-sheep anti-
mouse IgG2a (Serotec). Data on 10,000 cells were collected
by the FACScan flow cytometer (Becton Dickinson). The
lymphocyte populations were gated by using forward scat¬
ter and side scatter parameters (both linear amplification).
The fluorescent parameters (FL1 and FL2) had log10 ampli¬
fication. Appropriate FL1-FL2 and FL2-FL1 compensation
was used to optimise the two-colour analysis. Antibody-
negative cells were gated by reference biotinylated normal
mouse Ig at 10 pg ml-1.

Tissue staining
The tissue distribution of WC45a antigen was examined

by standard immunohistology, using 8 pm cryostat and
alkaline phosphatase-conjugated anti-mouse Ig (Boehringer
Mannheim). Colour was developed by enhancement with
Naphthol AS-MX and Fast Red (Sigma).

Immunoprecipitation of WC45a antigen

Thymocytes and lymphocytes from mesenteric lymph
nodes were labelled metabolically with 35S-methionine as
described by Hathcock et al (1992). Lysates were made by
suspending cells in 20 mM Tris-Cl pH 8, 150 mM sodium
chloride, 0-5 per cent Triton X-100, 0-2 mM phenylmethyl
sulfonyl fluoride (PMSF) and incubating for one hour at
0°C. The lysate was pre-cleared with a pre-formed complex
of rabbit anti-mouse Ig (Sigma) and Protein A-Sepharose
(Fermentech), and the antigen was precipitated as described
by Hathcock et al (1992).

RESULTS

Flow cytometry

Flow cytometry showed that CD45 reacted with all the

LOG. FLUORESCENCE INTENSITY —

FIG 1: Single colour flow cytometry of WC45a visualised with FITC-conjugat-
ed anti-mouse Ig; (a) thymocytes, (b) blood lymphocytes, (c) blood mono¬
cytes, (d) blood granulocytes, (e) splenocytes, (f) lymphocytes from retropha¬
ryngeal lymph node, (g) cell line 3201, (h) cell line FL74. Solid line, WC45a,
dotted line, normal mouse serum (NMS) negative control at a dilution of 1/500

lymphocyte populations in peripheral blood, lymph nodes,
spleen and thymus as well as with peripheral blood granu¬
locytes and monocytes (Fig 1 a-f). The levels of expression
by all the cell populations tested were high and homoge¬
neous. The feline T-cell lines 3201 and FL74 were also
stained by WC45a (Fig lg, h). WC45a reacted with cells
from more than 30 cats from diverse sources which were

examined at different times, suggesting that the determinant
is non-polymorphic. Two-colour flow cytometry confirmed
that all the lymphocyte subpopulations reacted with this
mAb (Fig 2).

Immunohistochemical staining
Immunohistochemical staining of lymph nodes, spleen

and thymus showed that all the lymphoid tissue was heavi¬
ly stained with WC45a. Non-lymphoid cells within these
organs did not react with the mAb. This discrimination
between haematopoietic and somatic tissue was most obvi¬
ous in organs like the kidney (Fig 3) where the glomerular
and tissue macrophages were positive for WC45a but the
glomerular endothelium and renal tubules and connective
tissue were negative.

Immunochemistry
The WC45a antigen was analysed biochemically by
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FIG 2: Two-colour flow cytometry of lymphocytes from mesenteric lymph
node. Biotinylated WC45a was visualised with streptavidin-phycoerythrin
conjugate (y axes - log red fluorescence). Other antibodies were visualised
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FIG 3: Immunohistology of feline kidney stained with WC45a and lightly
counter-stained with haematoxylin (x 200)

immunoprecipitation from 35S-methionine-labelled FL74
cells, thymocytes and lymph node lymphocytes. WC45a
immunoprecipitated two chains of Mr 190,000 and 205,000
(Fig 4a, lane 1) from FL74 cells but precipitated only a sin¬
gle chain of Mr 190,000 from thymocytes (Fig 4a, lane 2).
WC45a did not give clearly defined bands from lymph
node lymphocytes but precipitated a diffuse group of
molecules of Mr 180,000 and 220,000 (Fig 4b, lane 1). The
results were similar when the samples were analysed in
either reduced or non-reduced gels. WC45a did not react
with its antigen after sodium dodecylsulphate polyacry-
lamidc gel electrophoresis (SDS-PAGE) and transfer to nitro¬
cellulose. The data from all the experiments suggest that
the mAb reacted with an epitope present on at least two
(and possibly all) of the isotypes of the CD45.

FIG 4: Immunoprecipitation of WC45a from cat tissue. The antigens ran
under reducing conditions, (a) lane 1, FL74 cells precipitated with WC45a,
lane 2, thymocytes precipitated with WC45a, lane 3, negative control, thymo¬
cytes precipitated with VPM37. (b) lane 1, retropharyngeal lymph node
lymphocytes precipitated with WC45a, lane 2, negative control, lymph node
lymphocytes precipitated with VPM37

DISCUSSION

These findings identify WC45a as a mAb which recog¬
nises an epitope which is present on most isoforms of feline
CD45. Immunoprecipitation from cat thymocyte lysates
showed a predominant reaction with a Mr 190,000 species,
and the mAb reacted with a diffuse series of molecules of

Mr 180,000 to 220,000. When the lymphocytic leukaemic
cell line FL74 was used, a distinct dimer of Mr 190,000 and
205,000 was detected. Cell type-specific patterns of expres¬
sion of CD45 have been conserved during the evolution of
mammals and chickens (Thomas 1989). The analysis of
murine cDNA by the polymerase chain reaction (pcr),
using primers specific to exon 2 and exon 9 of the CD45
gene has shown that the predominant mRNA species in the
thymus lacks exons 4, 5 and 6 (Chang et al 1991). Human
thymocytes react predominantly with anti-CD45RO mAbs,
with only small, though functionally important, populations
of other isoforms (Pilarski et al 1989). Feline thymocytes,
therefore, in common with those in human beings and
mice, express mainly the low molecular weight isoform of
CD45-CD45RO.

Lymphocytes from cat lymph nodes express a greater
number of WC45a isoforms than do thymocytes. B lym¬
phocytes in rats express CD45 with he highest molecular
weight form of Mr 220,000, whereas both CD4+ and CD8+
T lymphocytes express multiple forms (with Mr of 180, 190
and 205,000) and the CD8+ cells express the higher molec¬
ular weight forms more abundantly than the CD4+ cells
(Thomas 1989). pcr analysis of murine cdna from periph¬
eral CD4+ and CD8+ T cells confirms these results. The
data presented here show that peripheral lymphocytes of
cats also express multiple isoforms of CD45.

The flow cytometric results also support the designation
of WC45a as anti-CD45. The mAb reacted with more than
98 per cent of thymocytes, splenocytes and all the subpopu-
lations of lymphocytes. Isoform-specific antibodies in other
species show negative populations in one or other of the
cell types, and a much greater heterogeneity of staining
intensity than was observed in this work. WC45a did not
exhibit such selective reactivity.
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PBM. peripheral blood mononuclear cells; PBS, phosphate-buffered saline; PIPL-C,
phosphatidyl inositol; SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel elec¬
trophoresis.

2. Introduction

The cells of the mononuclear phagocyte system perform numerous immune functions,
including phagocytosis, antigen presentation, spontaneous tumour cell killing, secretion
of bioactive factors, and antibody dependent cell mediated cytotoxicity. Despite their
common bone marrow origin, mononuclear phagocytes show considerable heterogeneity
in terms of anatomic localization, morphology, cell surface composition and function
(Gordon et al., 1988, 1995; Van Furth, 1989). Monoclonal antibodies (mAbs) specific
for cell surface antigens have proved extremely valuable in dissecting the phenotypic
heterogeneity of these populations. Several mAbs that recognize antigens on human,
mouse or rat macrophages have been described (Springer and Unkeless, 1984; Takaya et
al., 1989). Most of these have been shown (Gordon et al., 1995) to influence macrophage
function, for instance cytokine, complement or Fc receptors and adhesion molecules.
Although many of the molecules important in sheep lymphocyte function have been
defined and characterized, only a few macrophage/monocyte specific mAbs have been
described (Pepin et al., 1992; Gupta et al., 1993).

In this paper we describe the characterization of three mouse mAbs VPM65, VPM66
and VPM67 recognizing the same antigen expressed primarily on the surface of sheep
monocytes and macrophages. We conclude from the data described here that these mAbs
recognize the sheep homologue of CD 14, the cellular receptor for bacterial lipopolysac¬
charide (LPS) and LPS-binding protein.

3. Materials and methods

3.1. Preparation of cell populations

Alveolar macrophages (AM) were obtained post-mortem, by bronchoalveolar lavage
and purified by centrifugation over 14% metrizamide (Nycomed, Oslo, Norway).
Peripheral blood monocytes (PBM) were prepared by adherence to plasma coated
gelatin plates (Goddeeris et al., 1986). Peripheral blood lymphocytes (PBL) were
purified from heparinized venous blood by ammonium chloride lysis. Dendritic cells
(DC) were obtained by cannulation of the pscudo afferent lymphatic duct and enriched
using metrizamide (Hopkins et al., 1985).

3.2. Production of monoclonal antibody

Female BALB/c mice, 6-8 weeks old, were immunized subcutaneously with
2 X 106 AM followed, after 2 and 4 weeks, by additional intraperitoneal injections of
106 AM. Four days before fusion they were injected intravenously with 2 X 10s AM.
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After fusion with NSO myeloma cells and hypoxanthine-aminopterin-thymidine selec¬
tion, supernatants from growing hybridomas were screened by flow cytometry using
FITC-conjugated anti-mouse Ig (Dako, High Wycombe, Bucks., UK). Isotypes of
secreted mAbs were established using then mouse immunoglobulin isotyping kit (Sigma,
Poole, Dorset). Three hybridomas, subsequently designated VPM65, VPM66 and
VPM67, which showed high reactivity with AM but not lymphocytes, were cloned and
their isotypes determined as IgGl.

3.3. Flow cytometric analysis

Flow cytometry of the different cell populations was carried out using a FACScan
flow cytometer (Becton Dickinson, Mountain View, CA, USA); 10000 cells were

analysed and individual cell populations delineated by forward and side scatter parame¬
ters. Antibody negative cells were gated by reference to a 1:500 dilution of normal
mouse serum (NMS).

In cross blocking experiments, the cells were first allowed to react with blocking
mAb at saturating concentration and subsequently stained with biotin labelled mAb
before incubation with streptavidin-phycoerythrin (Serotec, Bicester, Oxon., UK).

3.4. Immunohistochemistry

Sections (8 yu,m) were mounted on Vectabond (Vector Labs., UK) treated slides, air
dried overnight at 20°C and fixed in ice-cold acetone for 5 min. The endogenous
peroxidase activity was blocked by 15 min incubation in phosphate-buffered saline
(PBS) pH 7.2, 0.01% sodium azide and 1% hydrogen peroxide (BDH, Poole, UK) at
20°C. The gut sections were blocked overnight at 4°C. The tissue sections were stained
by standard indirect immunoperoxidase procedures, using saturated supernatant of first
mAb followed by horseradish peroxidase-conjugated sheep anti-mouse Ig (SAPU,
Carluke, Scotland, UK) as second antibody. The immune complexes were visualized
using diamino-benzidine tetrahydrochloride (Sigma) as substrate.

3.5. Immunoprecipitation and deglycosylation

Immunoprecipitations were carried out exactly as described by Gupta et al. (1993).
The anti-sheep CD18 mAb, MF14B4 (Gupta et al., 1993), was used as the positive
control and VPM53 (an IgGl anti-Campylobacter mAb) was used as negative control.
Precipitates from both experiments were fractionated on 5-20% gradient SDS-PAGE
run under reducing conditions and visualized by autoradiography.

Deglycosylation of the antigen was by a 16 h digestion of the l25I-labelled antigen
with A-glycosidase F (Boehringer Mannheim GmbH, Germany) at a concentration of 1
unit ml-1. The antigens were fractionated by linear 12.5% SDS-PAGE under reducing
conditions and visualized by autoradiography.

3.6. Antigen-capture ELISA

In order to confirm the specificity of VPM65 as anti-sheep CD 14 an antigen-capture
enzyme-linked immunosorbent assay (ELISA) was developed which utilized the mouse
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IgG2a anti-human CD14 mAb, TUK14 (a kind gift from Dako, High Wycombe, Bucks.,
UK). This mAb cross-reacts with sheep monocyte CD14 (Jacobsen et al., 1993). The
plates were coated successively with avidin (Sigma) at 10 mg ml"1, biotinylated capture
antibody (VPM65 or VPM38) at 10 mg ml-1, bronchoalveolar lavage cell lysate (made
as above), detecting mAb (TUK4 or VPM46) at 1 mg ml-1 and finally sheep
anti-mouse IgG2a-alkaline phosphatase conjugate (The Binding Site, Birmingham) at
1:500 dilution. After all incubations, ELISA plates (Dynatech Immulon 3) were washed
five times with PBS/0.1% bovine serum albumin+ 0.1% Tween 20 (Sigma) The
ELISA was visualized with alkaline phosphatase substrate (Sigma). VPM38 and VPM46
are mouse IgGl and IgG2a anti-sheep DR specific mAbs, respectively (Dutia et al.,
1990); SBU-T4 and ST-4 are anti-sheep CD4 mAbs (Hopkins, 1991).

3.7. Phosphatidyl inositol phospholipase-C (PIPL-C) digestion

To determine glycosyl phosphatidylinositol (GPI) linkage of antigen on cell surfaces,
the cells were washed three times in RPMI 1640, 1% BSA and 0.01% sodium azide,
resuspended at a concentration of 2 X 107 cells per ml and incubated for 60 min at 37°C
with 10 units of enzyme PIPL-C per ml (Boehringer Mannheim GmbH, Germany) after
addition of phenyl methyl sulphonyl fluoride at 2 mM concentration (Davitz et al.,
1986). After enzyme treatment the cells were washed and stained as usual for flow
cytometric analysis.

4. Results

4.1. Cellular distribution

Eight of the 119 hybridomas obtained from one fusion were found to react with AM
by flow cytometric analysis. On subsequent testing three were retained because of their
selective specificity for AM and PBM and their lack of reactivity for PBL (Fig. 1). In
addition these mAbs were strongly reactive with peripheral blood granulocytes (PBG)
and gave a weak signal with DC. The three mAbs, VPM65, VPM66 and VPM67, are all
IgGl isotype. The reactivity of these mAbs in cattle was almost identical to sheep except
that they did not react with bovine PBG (data not shown).

4.2. Tissue distribution

Immunohistological staining of the serial sections of lymphoid and non-lymphoid
tissues revealed that all three mAbs had identical tissue distributions, recognizing
macrophage populations in all tissues tested. The distribution of VPM65, VPM66 and
VPM67 labelled cells in lymph node, spleen, thymus (Fig. 2a), ileal Peyer's patch, lung,
liver, kidney, skin, brain and placental cotyledon (Fig. 2b) is described in Table 1.
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(a) alveolar macrophages

logio relative fluorescence intensity

Fig. 1. FACSan histograms of VPM65 monoclonal antibody staining (bold line): (a) alveolar macrophages; (b)
peripheral blood monocyte enriched mononuclear cells; (c) peripheral blood lymphocytes. The dashed line
overlaying the histogram indicates the negative control (1:500 dilution of NMS).

4.3. Immunoprecipitation

Immunoprecipitations showed that all three mAbs recognized a single band molecule
with Mt 55 000 under both reducing (Fig. 3a) and non-reducing conditions. On
deglycosylation with A-glycosidase F the apparent molecular weight of the antigen was
reduced by Mr 2000-3000 (Fig. 3b).

4.4. Epitope differentiation of the antigen by VPM65, VPM66 and VPM67

VPM65 competitively blocked the binding of biotinylated VPM65, VPM66 and
VPM67 on AM, and the same level of blocking was observed with VPM66 and VPM67.
They could not block the binding of the anti-CD 18 mAb used as control (results not
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Fig. 2. Immunohistology staining of cryootat sections of sheep tissues (a) thymus X 100 magnification. M,
medulla; C, cortex; (b) full-term placental cotyledon X250 magnification. P, perivascular sub-mucosa; L,
lamina propria.

shown). Thus, these mAbs not only recognize the same antigen but also recognize the
same, or very closely related epitopes. In subsequent studies VPM65 will represent these
three mAbs.

Table 1

Tissue distribution of VPM65, 66 and 67 monoclonal antibody positive cells in normal sheep

Organ Tissue distribution

Lymph node Lining macrophages of the subcapsular medullary sinus, paracortical
macrophages, few macrophages in follicles

Spleen Red pulp sinus macrophages, few weakly positive cells in the periateolar
lymphoid sheath and the marginal zone.

Thymus Macrophages in both the cortex and medulla
Ileal Peyer's patch Few weakly staining cells in the follicle; strong staining cells in the

interfollicular area; macrophages in lamina propria
Lung Alveolar and interstitial macrophages
Liver Portal macrophages, a few Kupffer cells were stained weakly
Kidney Glomerular macrophages, interstitial cells at tubule junctions
Skin Dermal macrophages, Langerhans' cells were not stained
Placental cotyledon Lamina propria and perivascular macrophages
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4.5. PIPL-C treatment

Flow cytometric analysis revealed 93-94% reduction in the mode fluorescent inten¬
sity of AM and monocytes digested with PIPL-C when compared with untreated control
as determined by indirect immunofluorescent staining with VPM65 (Fig. 4). Similar
results were obtained with VPM66 and VPM67 mAbs. The mode fluorescence intensity
of the PIPL-C treated or untreated cells stained with CD 18 mAb (MF14B4) remained

VPM65

VPM66

VPM67

CDIS

NEC.
CONT.

UNTREATED

CONTROL VPM
65

N GLYCOSIDASE F
TREATED VPM

65 66 67 kD

66

43

- 31

Fig. 3. (a) Molecular weight determination of cell surface antigens immunoprecipitated from 1-labelled
sheep alveolar macrophage lysate with VPM65, VPM66 and VPM67. The anti-sheep CD18 mAb, MF14B4
(Cupta ct al., 1993), was used as the positive control and VPM53 (an IgGl anti Campylobacter mAb) was used
as negative control, (b) l2SI-labelled, immunoprecipitated VPM65, VPM66 and VPM67 antigens digested with
A-glycosidase F. Precipitates from both experiments were fractionated on 5-20% gradient SDS-PAGE run
under reducing conditions and visualized by autoradiography.
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VPM65 (solid line), anti-CD18, MF14B4, (dashed line) and 1:500 NMS (dotted line).

unchanged. These data show that the antigen recognized by VPM65 is associated with
the cell surface via a GPI linkage.

4.6. Antigen-specific capture ELISA

Table 2 shows that the anti-human CD14-specific mAb, TUK4 reacts specifically
with antigen captured by VPM65 but not by anti-MHC Class II and anti-CD4. SBU-T4
reacted only with the antigen captured by ST-4 and VPM46 reacted only with the
antigen captured by VPM38. This confirms that VPM65 is specific for the sheep
homologue of CD 14.

Table 2

Cross-reactivity of the anti-human CD14 mAb (TUK4) with VPM65 antigen, as assessed by capture ELISA.
Results expressed as OD^ nm

Capture antibody Detecting antibody

TUK4 VPM46 SBU-T4

VPM65 1.15 0.21 0.14
VPM38 0.20 1.94 0.21
ST-4 0.17 0.19 1.83
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5. Discussion

This study describes the production and characterization of mAbs directed primarily
against monocyte and macrophage surface antigens. Three mAbs are described with
identical reactivities which reacted with blood monocytes, granulocytes, afferent lymph
DC and most resident tissue macrophages but not with lymphocytes. These mAbs
immunoprecipitated a single, GPI-linked cell surface molecule of Mr 55 000 which is
associated with approximately MT 2000-3000 N'-linked carbohydrate. These data
suggest that VPM65, VPM66 and VPM67 react with the sheep homologue of human
CD14 (Goyert et al., 1986; Haziot et al., 1988; Simmons et al., 1989). The specificity of
these mAbs was confirmed by the reactivity of the anti-human CD14-specific mAb
TUK4 with VPM65 antigen.

However there are minor differences between these species, most notably in the
amount of associated carbohydrate. In man CD 14 consists of at least 20% N'-linked
carbohydrate whereas the sheep homologue appears to possess only 4-6%. Similar
species differences in the degree of glycosylation of many other glycoproteins, for
example TNFa (Green et al., 1993), have been reported.

Human CD 14 acts as a cellular receptor for the LPS-LPS binding protein complex
and is chiefly responsible for the induction of inflammation induced by the Lipid A
moiety of LPS (Wright et al., 1990; Zeigler-Heitbrock and Ulevitch, 1993). LPS binding
protein has a high affinity for Lipid A and, together with CD 14 acts to opsonize Lipid
A-bearing particles (e.g. Gram — bacteria). This results in the activation of phagocytes
and keratinocytes and the release of TNFa and IL1 (Dentener et al., 1993). This
stimulates the expression of endothelial adhesion molecules (Bevilacqua, 1993) and
induces inflammation (Pober and Cotran, 1990).

CD 14 also acts as an LPS receptor in pathological circumstances (Hunt et al., 1994).
Inhaled bacteria, mould and dust contains high quantities of LPS and is one of the major
causes of endotoxaemia and chronic obstructive pulmonary disease (Castellan et al.,
1987; Sherson et al., 1989). This is an increasing health problem in man and other
species such as horses (McGorum et al., 1993). The sheep is one of the major models for
endotoxaemia and asthma research (Godsoe et al., 1988; Nelson et al., 1991) and the
characterization of mAbs which define ovine CD 14 is a significant step forward in this
work.
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binding of the organisms to the myeloid cell surface and subsequent phagocytosis
(Gordon et al., 1995). In addition, myeloid cells can mediate extracellular microbicidal
activity and acute inflammation by the release of toxic molecules, enzymes and
proinflammatory cytokines (Johnston, 1993). The release of these molecules is also
triggered by the binding of micro-organisms to the cell surface (Hellewell and Henson,
1993). The mononuclear phagocytes (including Langerhans cells and dendritic cells
(DC)) also interact directly, via specific cell-surface molecules, with lymphocytes to
initiate T cell activation. In consequence, the recognition of invading organisms by these
myeloid cells is essential for the induction of the immune response.

The majority of human and murine myeloid surface antigens described so far are
either adhesion molecules or receptors for bacterial antigens' (lipopolysaccharide,
formylated peptides, etc.) immunoglobulin or complement. These molecules are princi¬
pally involved in myeloid cell effector function. The adhesion molecules mediate
myeloid cell migration and interaction with lymphocytes. The receptors for bacterial
antigens, complement and the Fc domain of immunoglobulin are principally involved in
the targeting of the cells to invading organisms, promotion of phagocytosis and the
release of enzymes and cytokines. Expression of these different molecules by myeloid
cells is therefore essential for the optimal functioning of these cells.

Although many of the molecules important in sheep lymphocyte function have been
defined and characterized (McConnell et al., 1992), the only myeloid antigens to be
described in detail are the (32 integrins (Gupta et al., 1993, Gupta et al., 1995), including
the complement receptors CD1 lb and CD1 lc. In this paper we describe the characteriza¬
tion of monoclonal antibodies submitted to the Third Workshop on Ruminant Leukocyte
Antigens that are specific for ovine myeloid cells but were clearly not reactive to the (32
integrins.

2. Materials and methods

2.1. Flow cytometric analysis

Flow cytometry of the various cell populations, prepared as described by Gupta et al.
(1995), was carried out using a FACScan flow cytometer (Becton Dickinson, Mountain
View, CA, USA); 10000 cells were analysed and individual cell populations delineated
by forward and side scatter parameters. Antibody negative cells were gated by reference
to a 1 /500 dilution of normal mouse serum (NMS). In cross blocking experiments, the
cells were first allowed to react with blocking mAb at saturating concentration and
subsequently stained with biotin-labelled mAb before incubation with streptavidin-
phycoerythrin (Serotec, Bicester, UK).

2.2. Immunohistochemistry

Frozen sections of 8 mm thickness were mounted on Vectabond (Vector Labs.,
Peterborough, UK) treated slides, air dried overnight at 20°C and fixed in ice-cold
acetone for 5 min. The endogenous peroxidase activity was blocked by 15 min incuba-
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tion in phosphate-buffered saline (PBS) pH 7.2, 0.01% sodium azide and 1% hydrogen
peroxide (BDH, Poole, UK) at 20°C. The gut sections were blocked overnight at 4°C.
The tissue sections were stained by the biotin-avidin peroxidase complex method with
Vectastain ABC (Vector Labs.)

2.3. Immunoprecipitation and deglycosylation

Immunoprecipitations were carried out exactly as described by Gupta et al. (1993).
The anti-sheep CD 18 mAb, BAQ30A (Gupta et al., 1993) was used as the positive
control and VPM53 (an IgGl anti-Campylobacter mAb) was used as negative control.
Precipitates were fractionated by 5-20% gradient sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) run under reducing or non-reducing conditions
and visualized by autoradiography.

Deglycosylation of the antigen was by a 16 h digestion of the l25I-labelled antigen
with V-glycosidase F (Boehringer Mannheim GmbH, Mannheim, Germany) at a
concentration of 1 unit ml"1. The antigens were fractionated by linear 12.5% SDS-PAGE
under reducing conditions and visualized by autoradiography.

2.4. SDS-PAGE blotting

Affinity purification of the antigens recognized by VPM63 and VPM64, and im-
munoblot analysis of alveolar macrophage (AM) lysate or affinity purified antigen, were
as described by Dutia et al. (1993). The rabbit antiserum specific for the synthetic
peptide, residues 154-168 from the second extracellular domain of bovine FcyRI
(Symons and Clarkson, 1992), was a kind gift from Dr. S. Coughlan (Department of
Veterinary Pathology, University of Edinburgh) (Coughlan, 1994). This antiserum was
used at a dilution of 1/100. Pre-immunization serum was used at the same dilution as
the negative control.

2.5. Antigen-capture ELISA

These experiments utilized the mouse IgG2a anti-human CD 14 mAb, TUK14 (a kind
gift from DAKO, High Wycombe, UK) to confirm the specificity of VPM65 as
anti-CD14. This mAb cross reacts with ruminant CD14 (Jacobsen et al., 1993). The
plates were coated successively with avidin (Sigma Chemical Co., St. Louis, MO, USA),
biotinylated capture antibody (VPM65 or VPM38) all at lOmgmU1, bronchoalveolar
lavage cell lysate (made as above), detecting mAb (TUK4 or VPM46) at 1 mg ml ~1, and
finally sheep anti-mouse IgG2a, alkaline phosphatase conjugate (The Binding Site,
Birmingham) at 1 /500 dilution. After all incubations, ELISA plates (Dynatech Immulon
3, Billinghurst, Sussex, U.K.) were washed with PBS-0.1% bovine serum albumin
(BSA) plus 0.1% Tween 20. The ELISA was visualized with alkaline phosphatase
substrate (Sigma). VPM38 (IgGl) and VPM46 (IgG2a) are specific for sheep MHC
Class II DR (Dutia et al., 1990, Dutia et al., 1993); SBU-T4 (IgG2a) and ST-4 (IgGl)
are anti-sheep CD4 mAbs (Hopkins, 1991).
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1. FACSan histograms of VPM63, VPM64 and VPM65 monoclonal antibodies staining (bold lines) (a)
alveolar macrophages, (b) peripheral blood monocyte enriched mononuclear cells and (c) peripheral blood
lymphocytes. The dotted line overlay histogram indicates the negative control (1/500 dilution of normal
mouse serum).

2.6. Phosphatidyl inositol phospholipase-C (PIPL-C) digestion

To determine glycosyl phosphatidyl inositol (GPI) linkage of antigen on cell surfaces,
the cells were washed three times in RPMI 1640, 1% BSA and 0.01% sodium azide,
resuspended at a concentration of 2 X 107 cells mP1 and incubated for 60min at 37°C
with 10units of enzyme PIPL-C ml-1 (Boehringer Mannheim) (Davitz et al., 1986).
After enzyme treatment the cells were washed and stained with mAbs for flow
cytometric analysis.

3. Results

3.1. Cellular distribution

Preliminary analysis by flow cytometry showed that there were three groups of
mAbs. All were positive on AM (Fig. 1(a) Fig. 1(b) Fig. 1(c)) and negative on blood
lymphocytes (Fig. 1(g) Fig. 1(h) Fig. l(i)). Group 1 mAbs (VPM65, VPM66, VPM67
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Marginalzone,periarteriolarsheath
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Brain

Microglia

Microglia

Microglia



334 J. Hopkins, V.K. Gupta /Veterinary Immunology and Immunopathology 52 (J996) 329—339

and IL-A97) reacted strongly with blood monocytes and granulocytes but very weakly
with afferent lymph dendritic cells; the Group 2 mAb (VPM64) reacted strongly with a
subpopulation of monocytes (Fig. 1(e)) and all granulocytes, and also with a subpopula-
tion of DC; the Group 3 mAb (VPM63) was unreactive on any other leukocyte
population in either blood or lymph including monocytes (Fig. 1(d)). Within the bone
marrow all antibodies reacted with about 20% of monocyte precursors but only VPM65
(as the standard Group 1 mAb) and VPM64 reacted with immature granulocytes. None
of the antibodies reacted with lymphoid or erythroid precursors.

Competitive binding assays using biotinylated VPM65, VPM66 and VPM67 on AM
showed that VPM65 blocked the binding of VPM65, VPM66 and VPM67. In the same
manner, VPM66 and VPM67 also blocked the binding of all three antibodies. In
contrast, IL-A97 had no inhibitory effect. None of the four antibodies blocked the
binding of the anti-CD 18 mAb BAQ30A as control (results not shown). Thus, VPM65,
VPM66 and VPM67 not only recognized the same antigen but also recognized the same,
or very closely related epitope. In subsequent studies VPM65 will represent Group 1
mAbs.

3.2. Tissue distribution

Immunohistological staining of serial sections of lymphoid and non-lymphoid tissues
revealed that all four mAbs in Group 1 had identical tissue distributions. A comparison
of the tissue distributions of all six mAbs is shown in Table 1. Particular differences
between the three groups are in the thymus, kidney and placental cotyledons. In all three
organs Group 1 and 3 antibodies react with most tissue macrophage populations whereas
VPM64 (Group 2) is negative.

3.3. Immunoprecipitation

The Group 1 antibodies, VPM65, VPM66 and VPM67, all precipitated a single band
of Mr 55 000 from AM lysate under both reducing (Fig. 2(a)) and non-reducing
conditions. IL-A97 failed to immunoprecipitate under any conditions. Equivalent analy¬
sis with VPM64 showed that it precipitated an apparently single polypeptide of Mr
65 000-80000 (Fig. 2(b)), and VPM63 precipitated a doublet of Mr 40000-42000 (Fig.
2(c)). Similar results were obtained with all antibodies when the SDS-PAGE was run

under non-reducing conditions. A-Glycosidase F digestion of VPM65 antigen resulted in
a reduction of Mr 2000-3000. A similar reduction was also seen with VPM63 antigen
(data not shown).

3.4. Reactivity with anti-FcyRI antiserum

Immuno-affinity chromatography was used to purify the VPM63 and VPM64 anti¬
gens from AM lysate. These molecules, as well as crude AM lysate, were fractionated
by SDS-PAGE and transferred to nitro-cellulose. The blots were then reacted with a
rabbit antiserum specific for the synthetic peptide, residues 154-168 from the second
extracellular domain of bovine Fc-yRI. Fig. 3 shows that this anti-peptide antiserum
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a be
VPM65 BAQ30A VPM53 VPM64 BAQ30A VPM53 VPM53 VPM63

14-*-

Fig. 2. Molecular weight determination of cell surface antigen immunoprecipitated from l25l-labelled sheep
alveolar macrophage lysate with (a) VPM65, (b) VPM64 and (c) VPM63. VPM53 (an IgGl anti-Campyfo-
bacter mAh) was used as negative control. Precipitates from both experiments were fractionated by 5-20%
gradient SDS-PAGE run under reducing conditions and visualized by autoradiography.

specifically recognizes two bands at Mx 40 000 and 70 000 in the AM lysate but only the
Mr 40 000 band in the VPM63 antigen preparation. VPM64 antigen was not recognized
by this antiserum (data not shown).

AMV63 AMV63

kDa - - + +

Fig. 3. Immunoblot analysis of alveolar macrophages (AM) and VPM63 antigen (V63) reacted with 1/100
dilution of normal rabbit serum ( —) or 1/100 dilution of rabbit anti-FcyR peptide antiserum ( + ). Arrow
shows the specific VPM63 band.
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untreated

PIPL-C treated

E

logio relative fluorescence intensity
Fig. 4. FACScan histograms of (a) untreated and (b) PIPL-C treated alveolar macrophages stained with
VPM65 (continuous line), anti-CD18-MF14B4 (dashed line) and 1 /500 NMS (dotted line).

3.5. PIPL-C treatment

Flow cytometric analysis revealed 93-94% reduction in the mode fluorescent inten¬
sity of AM and monocytes digested with PIPL C when compared with untreated control
as determined by indirect immunofluorescent staining with VPM65 (Fig. 4). Similar
results were obtained with VPM66 and 67 mAb. The mode fluorescence intensity of the
PIPL-C treated or untreated cells stained with CD 18 mAb (BAQ30-A) remained
unchanged. These data show that the antigen recognized by VPM65 is associated with
the cell surface via a GPI linkage. The reactivity of both VPM63 and VPM64 was not
affected by PIPL-C digestion. IL-A97 was not tested in this experiment.

4. Discussion and conclusions

The six Third Workshop mAbs tested were specific for ovine (and bovine)
macrophages but unreactive on lymphocytes. The data presented here showed that they
could be separated into three distinct groups. The Group 1 mAbs (VPM65, VPM66 and
VPM67) reacted with all tissue macrophages, blood monocytes and granulocytes as well
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as afferent DC. The fact that the antigen had Mr 55 000, was anchored to the cell
membrane by a GPI linkage and was reactive with the anti-human CD 14 mAb TUK4
very strongly implies that Group 1 mAbs react with sheep CD 14. CD 14 is a cellular
receptor for the LPS-LPS binding protein (LPB) complex and is responsible for the
induction of inflammation induced by the lipid A moiety of LPS (Wright et al., 1990;
Ziegler-Heitbrock and Ulevitch, 1993). LPS binding protein has a high affinity for lipid
A and, together with CD 14, acts to opsonize lipid A-bearing particles (e.g. Gram-
bacteria). This results in the activation of phagocytes and keratinocytes and the release
of TNFa and IL1 (Dentener et al., 1993). This stimulates the expression of endothelial
adhesion molecules (Bevilacqua, 1993) and induces inflammation (Pober and Cotran,
1990). The data for IL A97 are ambiguous. The tissue distribution and cell localization
data suggest a specificity for CD 14 but this is not confirmed by other experiments.

The identity of the Group 2 (VPM64) mAb is less clear. Its tissue and cellular
distribution and immunochemical characteristics suggest that it is major isoform of
sheep FcyRIII. The anti-FcyRI peptide antiserum did not seem to detect sheep FcyRIII
and therefore could not be used to confirm its specificity. This lack of reactivity is
unsurprising, as the closest sequence identity between the peptide and both human and
murine Fc-yRIII is only 37%. A large number of antigens are expressed by myeloid cells
in humans and mice but only FcyRIII is as widely distributed as VPM64 antigen and
has an Afr of 50000-80000.

The Group 3 mAb (VPM63) recognized an antigen present on most resident tissue
macrophages but absent from blood monocytes and granulocytes. The reactivity of
VPM63 with cell surface glycoproteins of Mr 40000-42000 is consistent with this
mAb being specific for a sheep FcyRII isoform. The specific recognition of VPM63
antigen by an anti-FcyR peptide antiserum supports this contention. This peptide was
from the second extracellular domain of bovine FcyRI. The amino acid sequence
comparisons between this peptide and other known FcyR sequences (Ravetch and
Perussia, 1989; Ravetch and Kinet, 1991) are shown in Fig. 5. There was a 30-36%
sequence identity between the bovine peptide and homologous sequences in human and
murine FcyRII and FcyRIII. A similar level of identity existed between the entire
peptide sequence and residues 244-258 of the recently published bovine FcyRII
sequence (Zhang et al., 1994). However, a much higher level of identity (62.5%) existed
between the peptide (158-165) and residues 249-256 of the bovine molecule. The
anti-peptide antiserum bound specifically to bands of Mr 70000 and 40000-42000
from AM lysate. This is consistent with the recognition of FcyRI and FcyRII. This
antiserum did not seem to react with FcyRIII (Mr 50000-80000). These data support
the phenotypic, histological and immunochemical analysis suggesting that VPM63 reacts
with an isoform of sheep FcyRII. The different isoforms are differentially expressed by
myeloid and lymphoid cells and may have distinct functions (Brooks et al., 1989).
Although VPM63 reacts with bovine cells it does not bind to a cell line expressing the
product of a cloned bovine FcyRII gene (C.J. Howard, personal communication, 1995).
If VPM63 does recognize sheep FcyRII it must be a minor isoform which differs from
other sheep FcyRII isoforms within the extracellular domain. This is analogous to
human FcyRIIB, which, unlike the other human isoforms, expresses the product of the
CI exon (Ravetch and Kinet, 1991; Van de Winkel and Capel, 1993).
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(a)
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I : : I III
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93 DSGEYRCQMEQTRLS 107

Human FcyRII

Bovine FcyRI peptide

Murine FcryRII

(b)

84

154

....DSGEYRCQTNLSTLS.
I I I I I

CSGERRRRYTSAGGS.

I I I I I
92 DSGEYRCQMEQTRLS.

(C)

154

244

97 Human F(ryRIIl

168 Bovine FcyRI peptide

10 6 Murine FcyRIII

. CSGERRRRYTSAGGS 168

II: III
. TWFRLRRKPISAGLT 258

Bovine FcyRI peptide

Bovine FcryRII

Fig. 5. Amino acid sequence comparisons between the bovine FcyRI peptide (151 168) and: (a) human and
murine FcyRII; (b) human and murine FcyRIII; (c) bovine Fc-yRII. Solid lines indicates identity, dotted lines
indicate conservative substitutions.

In conclusion, the mAbs VPM65, VPM66 and VPM67 seem to be specific for the
ovine (and bovine) homologue of human CD14. Although IL-A97 shows similarity with
these antibodies there is no conclusive evidence to support CD 14 specificity for this
mAb. The identity of VPM64 and VPM63 is still ambiguous. From the data presented
here it is most likely that VPM63 recognizes a minor isoform of sheep FcyRII and
VPNRj'l reacts with a major isoform (or the only form) of sheep FcyRIII, but these data
need confirmation.
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molecular weight of the antigen was reduced by Mr 2000-3000. Phosphatidylinositol
phospholipase C (PI-PLC) treatment of ovine alveolar macrophages and monocytes
abolished the binding of these three mAbs to those cells, suggesting that the antigen
recognised by these three mAbs is linked to the cell surface via a glycosyl phosphatidyli¬
nositol (GPI) anchor (Gupta et ah, 1996; Hopkins and Gupta, 1996, this volume).

These data are in agreement with those previously obtained from different animal
species: the CD 14 is a Mr 55 000 glycoprotein, GPI-anchored in the cell membrane
(Goyert et ah, 1986; Wright et ah, 1990). But the ovine CD 14 molecule slightly differs
from the human and bovine CD 14 homologues with a 4-6% instead of 20% N-linked
carbohydrate.

2. Cellular expression

The mAb CC-G33 was first selected according to its specificity for bovine monocytes
from peripheral blood mononuclear cells (Sopp et ah, 1996, this volume).

Data from flow cytometry analysis indicated that the three mAbs, VPM65, VPM66
and VPM67 showed identical characteristics of cellular labelling. They specifically
reacted with sheep alveolar macrophages and peripheral blood mononuclear cells
without staining peripheral blood lymphocytes. They strongly labelled ovine peripheral
blood granulocytes and presented a slight reactivity for dendritic cells (Gupta et ah,
1996). Similar patterns of labelling were observed on bovine leukocytes, except for
granulocytes. Only one mAb, VPM65, was able to induce a signal on some bovine
neutrophils (Sopp et ah, 1996, this volume). Immunohistochemical data from sheep
tissue sections revealed that these three mAbs bound to the macrophage cell subset in all
tissue tested (Gupta et ah, 1996). These mAbs were also able to stain some neutrophils
and follicular dendritic cells (Berthon et ah, 1996, this volume), as previously described
in other species (Ziegler-Heitbrock and Ulevitch, 1993; Detmers et ah, 1995; Lindhout
and De Groot, 1995). The CD 14 antigen appears to be also expressed on human B cells
(Ziegler-Heitbrock et ah, 1994) and human microglial cells (Peterson et ah, 1995).
According to their tissue localisation, macrophages show different intensities of labelling
with anti-CD 14 antibodies. Spleen macrophages, Kiippfer cells, peritoneal and pleural
macrophages appear to express high levels of CD 14 antigen, while a low level is
detected on alveolar macrophages. No CD 14 is observed from early progenitor cells. Its
expression increases with maturation towards monocytes and appears to be down-regu¬
lated by interleukin-4 (IL-4) (Ziegler-Heitbrock and Ulevitch. 1993).

3. Function

The CD 14 molecule mainly acts as a receptor for the lipopolysaccharide (LPS)
(Wright et ah, 1990), which is a major component of the cell wall of Gram negative
bacteria and is responsible for the activation of myeloid cells (Wright et ah, 1990;
Tobias and Ulevitch, 1993; Schumann et ah, 1994; Ulevitch and Tobias, 1994). The
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CD 14 antigen is also involved in the recognition of some cell wall components from
Gram positive bacteria and Mycobacteria (Pugin et al., 1994).

In monocytes, the CD 14 activation pathway results in the release of pro-inflammatory
cytokines such as IL-1, IL-6, IL-8 and tumor necrosis factor a (TNF-a) (Dentener et al.,
1993; Schumann et al., 1994). LPS-stimulated macrophages produce some polypeptides
which induce cell growth, including fibroblast growth factor (FGF), transforming growth
factor-(3 (TGF-(3) and platelet-derived growth factor (PDGF). In monocytic cells, LPS
also induces the secretion of haematopoietic growth factors such as granulocyte-colony
stimulating factor (G-CSF), granulocyte/macrophage-CSF (GM-CSF) and IL-3 which
are involved in the recruitment of leukocytes from the bone marrow. In vivo, this
CD14-dependent activation pathway of myeloid cells results in the development of an
inflammatory response, a host defense mechanism against bacterial invasion that can
also induce some tissue damages (Schumann et al., 1994). In addition, the CD 14 antigen
appears also to play a role in cell-cell interactions (Lauener et al., 1990; Ziegler-
Heitbrock and Ulevitch, 1993; Schumann et al., 1994).

4. Human homologue

Homology with the human CD 14 antigen is based on the Mr of the immunoprecipi-
tated glycoprotein and on the cellular and tissue distribution. In addition, the mAb
CC-G33, initially raised against the bovine CD 14, cross-reacts with the human CD 14
antigen expressed on transfected COS-7 cells and recognises a bovine CD14 epitope
identical or closely related to the one defined by the anti-human CD 14 mAb S39 (Yang
et al., 1995; Sopp et al., 1996, this volume).

Results from antigen-specific capture ELISA showed that the anti-human CD 14 mAb
TUK4 (Gadd, 1989) reacted specifically with the ovine alveolar macrophage antigen
captured by VPM65, indicating that these two mAbs recognise different epitopes of the
ovine CD 14 (Jacobsen et al., 1993; Gupta et al., 1996; Hopkins and Gupta, 1996, this
volume). Data obtained by competitive binding on ovine alveolar macrophages showed
that the three mAbs, VPM65, VPM66 and VPM67, seemed to be specific for the same
or very closely related epitopes of the antigen (Gupta et al., 1996). The analysis of
bivariate plots obtained with a flow cytometry two colour staining method on bovine
peripheral blood mononuclear cells suggests that CC-G33 in one hand and TUK4,
VPM65, VPM66 and VPM67 in the other hand recognise different epitopes of the same
molecule (Sopp et al., 1996, this volume).
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A novel cell surface proliferation-associated marker expressed
on T cells and up-regulated on germinal center B cells
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Abstract: In this study we present data on a novel
cell surface antigen recognized by monoclonal
antibody (mAb) VPM30, originally thought to rec¬

ognize only bovine and ovine slg+ B cells from
peripheral blood. Here we show that the antigen,
molecular mass 28 kDa, is not only found in B cell
follicles in frozen sections, but when used 011

paraffin sections VPM30 specifically stains B cells
in the light zone of germinal centers but not in the
mantle or dark zones. In addition we show that the

antigen is also expressed by 90% of T cells after
activation, with kinetics of antigen expression mir¬
roring those of proliferation. By both size and
distribution, the antigen appears to be novel, corre¬

sponding to 110 known cluster of differentiation,
and will be of great use in the study of ruminant
cellular immune responses. J. Leukoc. Biol. 63:
567-574; 1998.

Key Words: bovine ■ activation

INTRODUCTION

Cell surface markers that delineate developmental or matura-
tional stages of lymphocytes are essential tools in the study of
mechanisms of immunity. Although reagents to define the basic
lymphocyte subsets have been available for some time in
ruminants, identification of molecules defining distinct stages
of development, particularly in B cells, has proved difficult. In
recent workshop reports, many monoclonal antibodies (mAb)
were characterized, including the B cell markers slg, MHC
class II, CD19, and CD21 [1—3]. Although of benefit in routine
phenotyping of leukocyte subsets, the expression of these
markers on B cells in the periphery is constitutive, and is not of
great use in dissecting developmental steps in immune re¬

sponse development.
In this study, we describe a lymphocyte antigen recognized

by mAb VPM30. Although raised against sheep thymocytes, the
mAb was found to recognize slg+ ovine and bovine B cells [1].
In this study using cattle, we demonstrate that the antigen is
much more widely distributed than previously thought and can
be expressed by all T cell subsets after activation, as well as B
cells. Because levels of antigen expression correspond to the
levels of T cell proliferation, the mAb is an extremely useful

tool in studying the kinetics of bovine T cell activation. Another
novel property of the antigen recognized by VPM30 is that it
specifically stains B cells in the light zone of germinal centers.
Because the mAb requires no special treatment for use in vitro
or on tissue sections it has an advantage over other proliferation-
associated mAb, which require processing of samples such as
cell permiabilization.

MATERIALS AND METHODS

Animals

Lymph node material was obtained either from cattle aged 3 months or older or
from 6-week-old calves (see below). All other animals used in this study for
examination of blood lymphocytes were normal Friesian female or castrated
male cattle aged 6 months or older.

Cell preparation

Peripheral blood mononuclear cells (PBM) were separated using Ficoll-
Hypaque (Lymphoprep, Nycomed, Oslo, Norway) as previously described [4].
Complete tissue culture medium was used throughout the experiments [5].

Concanavalin A (Con A) treatment, proliferation
assays, and cell lines
Essentially as previously described [6], PBM (2.5 X 106/mL) were stimulated
with Con A (Sigma, Poole, UK) at concentrations of 1, 4, and 10 pg/mL for 1—5
days in complete tissue culture medium. For FACS analysis (see below) cells
were grown in 6 X 10 mL well plates (Nunc, GIBCO, Paisley, UK). For
proliferation assays, cells were grown in 96-well flat-bottomed plates (Nunc),
pulsed with [3H]dThd (Amersham International, Amersham, UK) in the last 6 h
of culture, and uptake measured by liquid scintillation counting in a Wallac
1450 microbeta.

Abbreviations: PBM, peripheral blood mononuclear cells; FITC, fluorescein
isothiocyanate; PE, phycoerythrin; PBS, phosphate-buffered saline; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; GC, germi¬
nal centers.
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mAb

VPM30 is a mouse IgM mAb. mAb used in addition to VPM30 for FACS
analysis are detailed in Table 1. mAb were used at optimal concentrations (up
to 1/1000 dilution of ascitic fluid or 1/20 dilutions of culture supernatant) for
FACS analysis. The use of mAb for staining sections is detailed below.

FACS analysis
Dual-color FACS analysis was carried out as previously described [6] using goat
anti-mouse (GAM) IgM-fluorescein isothiocyanate (FITC); GAM IgG-
phycoerthrin (PE; Sigma); GAM IgGl-FITC; GAM IgG2a-PE (Seralab, Sussex,
UK) secondary antibodies. Data acquisition and analysis was carried out using
a FACScan and Lysys II software (Becton Dickinson, Oxford, UK).

Neuraminidase treatment

Other mouse IgM mAb recognizing antigens on B cells, e.g., CDw75 [7] have
been found to be neuraminidase sensitive due to the presence of carbohydrate
residues in the target antigen. Staining of cells with VPM30 was also tested in
the presence of neuraminidase. Cells (lO'/mL) were washed once in unbuffered
normal saline and incubated for 30 min at 37°C in saline containing 0.05 U/mL
neuraminidase (Vibrio cholerae, Behring, UK) [7]. Cells were then washed twice
in phosphate-buffered saline (PBS) before antibody staining.

Immunoprecipitation and one-dimensional
isoelectric focusing (1D-IEF)
Immunoprecipitation and 1D-IEF of the antigen recognized by VPM30 was
carried out essentially as previously described [8, 9]. Briefly, 1.5 X 107 freshly
isolated PBM or PBM pre-stimulated with 4 pg Con A for 24 h were labeled for
18 h with 35S-methionine (Amersham). The radiolabeled cells were then lysed
in TX114 buffer. The lysates were then incubated using VPM30, SERT101
rabbit anti-mouse IgM (Serotec, Oxford, UK), and neuraminidase in various
combinations (see Figure 5). The immune complexes formed were then
immunoprecipitated with the use of Pansorbin (Calbiochem) and the products
visualized on a 12% denaturing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel.

Lymph nodes
VPM30 staining patterns were examined in prescapular lymph nodes removed
under general anesthesia from normal healthy cattle aged 3 months or older.
Lymph nodes were either snap frozen in liquid nitrogen for frozen sections or

preserved in 10% formal buffered saline, pH 7.4, and subsequently embedded
in paraffin wax. In addition, archive paraffin-embedded lymph nodes from
animals inoculated with Theileria annulata cell line vaccine [for recent reviews
see ref. 10] were examined. This vaccine induces high antibody titers [11, 12],
and lymph nodes draining the site of infection form large germinal centers (GC)
by day 16 post-infection [J. D. M. Campbell and P. Goel, unpublished
observations]. The calves inoculated with the vaccine were 6 weeks old and
lymph nodes draining the site of vaccine inoculation had been removed 4, 9,12,
and 16 days after vaccination.

Sections (2.5- to 3-pm) were cut from paraffin wax-embedded lymph nodes;
6-pm sections were cut from frozen lymph nodes.

TABLE 1. mAb Used for Flow Cytometric Analysis

mAb Specificity

CC8 Bovine CD4 [22]
SBU-T8 Ovine/bovine CD8 [23]
CC15 WC1+ 78 T cells [24]
MM1A Bovine CD3 [25]
IL-A30 Bovine IgM [26]
IL-A60 Bovine IgGi [27]
IL-A73 Bovine IgG2 [27]
IL-A24 Bovine macrophages [28]
IL-A111 Bovine CD25 [29]
Jll Bovine MHC class II (DR) [18]
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Fig. 1. Expression of VPM30 on CD4+ cells (mean fluorescence of double-
stained CD4/VPM30+ population) rises sharply 24 h after Con A activation,
peaks, and subsequently declines in parallel with tritiated thymidine uptake.

Lymph nodes were also removed from a 3-month-old animal undergoing
acute T. annulata sporozoite infection, which leads to the activation of CD4+ T
cells in the draining lymph node [13]. Lymph nodes were removed at day 4
of infection when approximately 20% of draining lymph node CD4+ cells
are CD25+ [13]. Lymph node cells were dissociated from lymph node
tissue by mincing with crossed scalpels, disaggregating in a tissue homogenizer
(Jencons Scientific), and washing three times in PBS. Efferent lymph lympho¬
cytes were also obtained from normal healthy cattle by use of afferent
cannulation, as previously described [14]. Lymph node cells were used for flow
cytometry.

Immunohistology

Paraffin sections were single and double stained with anti-CD3 (Dako A452;
Dako, Glostrup, Denmark), anti-Ki67 proliferation antigen (MIB 1; [15]) and
VPM30 as previously described [6, 16]. Frozen sections were stained with the
mouse mAb IL-A12 (anti-CD4 [17]), Jll (bovine MHC class II DR [18],
IL-A109 (bovine monocytes [19]), and VPM30 essentially as described by
Barclay [20]. Sections were fixed in ice-cold acetone for 10 min, air dried, and
rehydrated in PBS (pH 7.2) + 5% horse serum (Sigma; PBSH) for 10 min.
Optimal concentrations of mAbs in PBSH (neat = 1:10 dilutions of culture
supernate or 1:50—1:100 dilutions of ascites) were incubated on the sections at
4°C for 1 h, washed twice in PBSH, followed by 1-h incubation in 1:50 dilutions
of GAM IgM-FITC, GAM IgGl-FITC, or GAM IgG2a-PE. After washing and
air-drying, slides were mounted in UVinert (BDH) and examined under UV
light using FITC and TRITC filters. Double staining was performed using mAb
of suitable isotypes. Photographs were taken using Kodak ASA 100 film for
normal light, and Kodak ASA1600 film for UV.
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Fig. 2. Two-c:olor flow cytometry analysis
of bovine PBM stained as detailed. Quadrant
axes set to relevant control samples, num¬
bers in brackets refer to mean fluorescence
of population. (A) IgM+ cells (y-axis) are
VPM30+ (^-axis). (B) IgGl+ cells (y-axis)
are VPM30+ (*-axis). (C) Anti-bovine CD4
(y-axis) and VPM30 (:x;-axis), weakly stained
population (black arrow) and small number
of highly stained cells (open arrow). (D)
Neuraminidase-treated PBM stained with
anti-bovine CD4 (y-axis) and VPM30 (x-
axis).

A
(630)

. . :

I .'yr-'iFp.
i'i;K'*'

FTP

('fit
VPM30-

c (1480)
■ • G-'-fos ■

T<22) :

npi
10

VPM30-

101 102 103
VFM30 ►

RESULTS

Resting and activated lymphocytes recognized
by VPM30
Freshly isolated PBM

PBM stained with VPM30 contained a strongly positive popula¬
tion and also weakly stained cells. The highly stained cells,
witli a mean fluorescence ranging from 400 to >1000 were

sIgM+ and slgGl"1" (Fig. 2, A and B). Up to 5% of the intensely
stained cells were CD4+ (Fig. 2C). The mean fluorescence of
the strongly stained cells varied from animal to animal but was
found to be stable for each animal in repeat experiments. The
cells that were weakly stained were CD4+ or CD8+ T cells, with

a mean fluorescence of <25 [Fig. 2C (CD4)]. VPM30 did not
react with IL-A24+ macrophages (results not shown). Treatment
of PBM with neuraminidase eliminated the majority of VPM30
staining on all cell types (Fig. 2D). Treatment of cells with
neuraminidase did not affect the binding of a control mouse IgM
mAb (IL-A26 anti-bovine CD2 [21], results not shown).

Activated lymphocytes
When PBM were activated with varying doses of Con A (1, 4,
and 10 pg/mL), 90% of all activated T cells stained with
VPM30 with a mean fluorescence of 85-100 (Fig. 3A, CD25+
cells; Fig. 3B, CD4+ cells). Staining intensity was the same
within the CD4+, CD8+, and T cell subsets (CD4 illustrated

Fig. 3. Two-color flow cytometry analysis
of bovine PBM stained as detailed. Quadrant
axes set to relevant control samples, num¬
bers in brackets refer to mean fluorescence
of population. (A and B) VPM30 (^-axis)
recognizes the majority (^90%) of (A)
CD25+ cells and (B) CD4+ cells (y-axis) in
Con A-activated PBM. (C) In y-irradiated,
Con A-activated PBM, CD4+ cells only
display resting levels of VPM30 detection
(mean fluorescence = 14), whereas B cell
levels are unaffected (mean fluorescence =
424 (436 in un-irradiated control). (D) Neur¬
aminidase treatment stops VPM30 binding
in Con A-activated cells (CD25, y-axis;
VPM 30, %-axis).
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Fig. 3B). B cell staining levels were unaffected by Con A
treatment (Fig. 3B). If cell division was blocked by 7-
irradiation of PBM (50 Gy) before Con A activation, staining of
T cells remained at background levels and B cells were
unaffected (Fig. 3C). As with resting PBM, treatment of Con
A-activated PBM with neuraminidase blocked antibody bind¬
ing (Fig. 3D). T cells were stained by VPM30 throughout the
period of Con A-induced proliferation and peak antigen
expression corresponded with the period of highest thymidine
uptake (Fig. 1).

Lymph node lymphocytes

Lymphocytes from normal lymph nodes or efferent lymph
exhibited staining patterns with VPM30 identical to PBM, a
mean fluorescence of <25 on T cells (Fig. 4, A and B) and
>400 on slg+ cells (Fig. 4C). Although efferent lymph
contained far fewer B cells than disaggregated lymph nodes,
presumably reflecting the large numbers of follicular B cells in
the latter preparations, VPM30 high-intensity staining was the
same in both preparations. In T. annulata-iniected lymph nodes
where approximately 20% of CD4+ T cells were activated [13],
mean fluorescence of CD4+ VPM30+ cells was 27, compared
to 12 in an uninfected lymph node from the same animal
(Fig. 4D).

Antigen characterization
II was not possible to immunoprecipitate sufficient VPM30
antigen from resting PBM to obtain a signal on autoradiographic
film. VPM30 immunoprecipitation from Con A activated PBM
under reducing conditions produced a single 28-kDa product
(Fig. 5). Treatment of the precipitate with neuraminidase
(Vibrio Cholerae) reduced the intensity of the product detected,
but not the size.

Staining patterns in lymph node sections
Frozen sections

In a previous study, VPM30 was not found to stain ethanol-
acetic acid-fixed 8-pm frozen lymph node sections [2]. How¬
ever, staining of 6-pm acetone-fixed frozen sections gave
extremely characteristic staining patterns. VPM30 stained the
vast majority of cells in the cortex, and the positive areas had
very distinct boundaries and contained uniformly stained
lymphocyte-like cells (Fig. 6a). The VPM30+ cells stained
weakly for MHC class II throughout the cortex (results not
shown). Double staining (VPM30-FITC and IL-A12-PE) showed
that the CD4+ zones were invariably directly adjacent to the
VPM30+ cell areas (results not shown) corresponding to the
paracortex. VPM30 stained very few cells in the medulla, where
the majority of cells were positive for the monocyte marker
IL-A109 (results not shown).

Paraffin sections
VPM30 showed extremely specific staining in thin paraffin
sections of lymph node. B cell follicles stained in a similar
pattern to frozen sections, although with less homogeneity and
intensity (Fig. 6b). Very strong VPM30 staining was found in
large GC, although the mAb did not stain the mantle zone any
more intensely than follicular tissue. Acquisition of VPM30
stain by GC cells was gradual; as they progressed from dark
zone to light zone, cells beside the mantle zone were invariably
MIB 1+ VPM30", whereas the vast majority of light zone cells
were MIB 1" VPM30+ (Fig. 6, d and e). As in frozen sections,
VPM30 staining was not seen on T cells (results not shown).

Theileria annulata-vaccinated calves

Paraffin sections of lymph nodes from 6-week-old calves did
not contain any GC, although follicles were again weakly
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Fig. 4. Two-color flow cytometry analysis
of bovine lymph node cells stained as de¬
tailed. Quadrant axes set to relevant control
samples, numbers in brackets refer to mean
fluorescence of population. (A and B) Levels
of VPM30 detection in normal lymph node
lymphocytes in (A) CD4+ cells (B) CD8+
cells. B cells are visible as highly stained, T
cell marker negative population. All efferent
lymph sIgM+ cells are VPM 30+ (different
animal from A and B). CD4+ cells in a T.
annulata-infected node express elevated lev¬
els of VPM30 Ag. (A is uninfected control
node from same animal).
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Fig. 5. SDS-PAGE analysis of VPM30 and SERT101 immunoprecipitated
products from PBM treated witli Con A for 48 h. Lane 1. no VPM30; lanes 2 and
3, VPM30 and SERT101; lane 4. VPM30, SERT101, and neuraminidase.

stained with VPM30. However, alter immunization with T.
annulata vaccine to induce GC formation, strongly VPM30+
GC were found in the draining lymph nodes. MIB 1+ VPM30~
GC were visible by day 9 (Fig. 6c) and VPM30+ cells could be
seen outside MIB I + zones for the first time by day 12 (Fig. 6d).
Fully formed VPM30+ MIB I " zones were visible by day 16
(Fig. 6e).

DISCUSSION

This study presents data on mAb VPM30 previously thought
only to recognize bovine and ovine B cells. Due to difficulties
such as a failure to immunoprecipitate the Ag (principally due
to the IgM isotype of the mAb), and the mAb not identifying any
cells in frozen lymph node sections during a workshop study
[2], the mAb had failed to be given any workshop cluster
designation. By using both activated and resting lymphocytes,
more sensitive immunohistology, and modified immunoprecipi-
tation techniques, we have shown that the antigen is present
both on B cells and activated T cells, and stains a specific zone
of GCs in paraffin-embedded lymph node sections.

The antigen recognized by VPM30 is distributed on both T
and B lymphocytes, but was not found on myeloid lineage cells.
Expression of the antigen appears to be under different control
mechanisms in T and B cells, with only transient expression on
activated T cells of all lineages, but a constant high level of
surface expression by B cells. This constant surface expression
by resting peripheral blood B cells does not appear to reflect a

high turnover of molecules or dependence on cell division, as
35S-methionine incorporation levels were insufficient to allow
visualization of immunoprecipitated product from resting cells,
and 7-irradiation did not diminish B cell staining with VPM30.

The difficulty in precipitating Ag from resting PBM makes
verification that T and B cells express the same Ag difficult.
However, the mAb appears to recognize at least the same

epitope, which contains carbohydrate residues, on T and B
cells; neuraminidase treatment prevents the mAb from staining
either cell type. However, carbohydrates do not form a large
part of the antigen, as neuraminidase treatment does not alter
the migration pattern of the precipitated product on SDS-
PAGE, with both treated and untreated products having a
molecular mass of 28 kDa.

There appear to be several different levels ol VPM30
staining on lymphocytes. On T cells, there is a basal very low
level of reactivity, rising up to 10-fold on in vitro stimulation.
During a genuine in vivo response, a smaller but measurable
rise in expression of VPM30 antigen was also detected. These
changes in expression are only satisfactorily measurable by
flow cytometry; VPM30+CD4+ cells were not detected in the
paracortex ol frozen lymph node sections. B cells were clearly
defined by immunohistology; B cell follicles were strongly
stained in frozen sections and with a lower intensity in paraffin
sections. This level of reactivity is most likely to correspond to
the cells of mean fluorescence >400 detected by flow cytome¬
try in blood and lymph node preparations. Given that this
resting level ol antigen expression by B cells is manifested as a
low level of stain in paraffin sections, it seems likely that the
strong detection of VPM30+ B cells in the light zones of GCs is
due to up-regulation of the molecule recognized by the mAb, as
follicular cells not undergoing proliferation and selection
within a GC are stained only weakly.

GCs can be divided into at least three distinct zones: IgD+
mantle zone, Ki-67+ dark zone, and CD23+ light zone [30].
After proliferation in the dark zone, B cells are selected for
their ability to recognize antigen in the intermediate basal light
zone, before passing to the apical light zone [311. In lymph
nodes of animals aged 3 months or older, strong VPM30
staining was found principally in the light zones of GCs. With
the development of de novo GCs in young calves, MIB1 +
(Ki67+) dark zones were the first to be observed, whereas
VPM30+ cells did not appear until light zones were fully
developed. As VPM30+ MIB1+ cells were only found in the
basal light zone, it appears that up-regulation of VPM30
expression starts as cells move from the dark zone to the light.

The association between passage from the dark zone of GC to
the light zone and expression of the VPM30 Ag is further
strengthened by the apparent sensitivity of this process to
cytokines. An imbalance between interferon-7 and interleu-
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Fig- 6. (a) Frozen section of normal bovine lymph node stained with VPM 30
(FITC). Note uniform staining of VPM30+ cells corresponding to follicular
area. Capsule of LN marked (C). Original magnification X650, FITC filter, (b)
Paraffin section of normal bovine lymph node showing VPM30 stain (red) on
follicular cells. Original magnification X400. Vector red, hematoxylin
counterstain. (c—e) Paraffin-embedded lymph nodes from T. annulata-
vaccinated calves, double-stained with M1B 1 (black) and VPM30 (red).
Original magnification X250. Vector red/DAB, hematoxylin counterstain. (c)
Day 9 post-vaccination, GC is purely MIB 1 +, note faint VPM30+ stain of red
color on surrounding follicular cells (as in b). (d) Day 12 post-vaccination, a
few VPM30+ cells appear outside the MIB1+ zone, (e) Day 16 post-
vaccination, a distinct VPM30+ light zone is formed outside the dark zone.

kin-4 can stop B cells expressing slg [32, 33], which can inhibit
their selection to light zones [34]. Cattle acutely infected with
the parasite T. annulata (not the vaccine process described
here) show an imbalance in draining lymph node cytokine
production: interferon-y production is greatly increased, and
interleukin-4 mRNA becomes undetectable [16]. This imbal¬
ance leads to a complete loss of VPM30 staining in the light
zones of GC, although non-interferon-y-sensitive [32, 33]
MJB1+ dark zone cells persist along with T cells and APC [16;
J. D. M. Campbell unpublished observation]. Thus VPM30
expression by GC B cells is down-regulated by a Thl cytokine
response, again suggesting that Ag expression is closely linked
to normal light zone formation.

The distribution of the Ag recognized by VPM30 allied to its
size ol 28 kDa would strongly suggest that this is a novel

antigen. Because it is found principally in the light zone,
VPM30 staining corresponds most closely to CD23 [30], but
because the molecular mass of CD23 is 45-50 kDa, it is unlikely
that the antibody is recognizing this molecule. The antigen is
also not analogous to other follicular or GC markers, i.e. CD10,
CD32, CD38, CD39, CD44, CD54, CD71. CDw75, CD77 by
size, anatomical location, or cellular distribution [30, 35],

The transient expression of the antigen during T cell
activation and proliferation, and high Ag expression by B cells
in the light zones of GCs may suggest an association of the
molecule with a particular functional state. T and B lympho¬
cytes express a range ol markers during activation and selection
such as cytokine receptors, e.g., CD25 and MHC class II, and
the Ag recognized by VPM30 may represent a molecule of this
kind. However, there is also evidence that for B cells, passage
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to the light zone represents a positive selection step where
somatically mutated B cells are rescued from apoptosis via
cognate interactions [34]. This rescue step is accompanied by
up-regulation of VPM30 Ag expression. Also, activation of
mature T cells, again a step that can lead to apoptosis of T cells
under certain circumstances [36], is accompanied by VPM30
Ag expression. The association of antigen expression with
rescue events may point toward a more fundamental role for the
molecule, analogous to other rescue gene products such as the
bcl family [36, 37]. Further functional studies will be required
to test this hypothesis.

This study has characterized a novel Ag, expressed on bovine
lymphocytes at specific stages of proliferation and develop¬
ment. The mAb is of great use for FACS analysis, as the
characteristic staining pattern on all activated T cell types, and
the strong correlation between Ag expression and proliferation
makes the mAb a very useful pan-activated T cell marker. In
addition, the specific staining of GC light zone B cells makes
the mAb a powerful new tool to study the formation of antibody
responses.
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A generally acceptable nomenclature
for ruminant leukocyte antigens that
corresponds to the human CD system
makes comparisons between species
easier. This paper details such a system,
which has been approved by both the
Nomenclature and Veterinary immu¬
nology Committees of the IUIS.

Over the last decades tremendous advanceshave been made in the understanding of reg¬
ulatory molecules on the surface of hemo¬

poietic cells. This has only been possible by the ap¬
plication of monoclonal antibody technology, devel¬
opments in cloning and
sequencing genes, and re¬
lating these and biochem¬
ical data to functional
studies. An international

cooperative effort has
brought about an ordered
system for human leuko¬
cyte differentiation anti¬
gens. An initial pragmatic
approach was taken to de¬
fine antigens by cluster¬
ing monoclonal antibod¬
ies (mAbs) in terms of the
cellular distribution of
their target antigens; how¬
ever. as the human work¬

shops progressed several
features emerged: The
definition of a new cluster-defined antigen (CD) has
led to the definition of its function, and defining CD
has led to the identification of specific genes, not the
other way round [1].

Studies of the ruminant immune system have
both short- and long-term potential benefits; they
may also be specifically limited to a particular
animal species or be of general relevance to under¬
standing basic immunological principles. A detailed
knowledge of the ruminant immune system will
enable the design of logical strategies for disease
control and be of economic benefit. Studies of these
animals enable the function of particular regional
lymphoid organs to be investigated more readily
than can be done in small rodents. There are a

number of diseases that are restricted to ruminants
which allow unique combinations of a particular
pathogen and its interaction with the immune
system to be investigated. Furthermore, certain of
the infections of ruminants provide excellent models
of human disease.

It is therefore evident that we

require to be able to define
specifically the leukocyte anti¬
gens of ruminants, as is necessary
for other animal species and man.
As mAbs to leukocyte differen¬
tiation antigens cross-react very
poorly between distantly related
species, it has been necessary to
generate new panels of antibodies
for ruminants. However, mAbs to
ruminant leukocyte antigens fre¬
quently, but not invariably, ex¬
hibit cross-reactivity between
different ruminant species, and
mAbs to leukocyte antigens of
cattle, sheep, goats, and other

ruminants have been analyzed in two work¬
shops which were held under the auspices of the
Veterinary Immunology Committee of the Inter¬
national Union of Immunological Societies
(VIC-IUIS).

T1
o

Nomenclature for
Clusters of Differentiation

of Ruminant Leukocyte
Antigens

Jan Naessens, Chris J. Howard, John Hopkins

Results from these workshops were presented
and discussed at meetings in Hannover (1989), in
Budapest (1992), and in Davis, CA (1995). Proceed¬
ings of the first workshops were published in the
journal Veterinary Immunology and Immunopathol-
ogy (1991, Vol. 27; 1993, Vol. 39) and the proceed¬
ings of the third workshop will appear in the same
journal. The goals of these workshops were primari¬
ly to compare mAb specificities and to produce a

generally accepted nomenclature for the ruminant
leukocyte antigens. A longer-term objective was to
aid the establishment of the means for future investi¬

gations in ruminants, and to encourage participants
in the workshops to investigate individual clusters
further.

Table 1 summarizes the laboratories that partici¬
pated in the first two workshops, either by donating
mAbs or by running some of the analyses. A total of
144 mAbs were examined in the first workshop, 161
mAbs plus 28 controls in the second, and 269 mAbs
plus 33 controls in the latest. Antibodies were tested
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by one-color immunofluorescence assays on target
cell lines and purified cell populations, and by two-
color immunofluorescence assays on peripheral
blood mononuclear cells. Cluster analyses were
made on data from cattle or sheep cells with pro¬

grams available from the human leukocyte work¬
shops. mAbs in each cluster were further analyzed
by immunohistology, immunoprecipitation, or in
functional assays, to confirm that each mAb in the
cluster detected the same molecule, and to charac¬
terize the antigen.

To facilitate comparisons of immunological ob¬
servations between man and ruminants, it was de¬
cided that the nomenclature for ruminant antigens
should follow the CD nomenclature of human leu¬

kocyte antigens; a cluster of mAbs to a bovine anti¬
gen receives the same name as the homologous
human CD cluster, but with the prefix "Bo" to dis¬
criminate it from its human counterpart. The homol¬
ogous sheep and goat clusters receive the prefixes
"Ov" and "Cp" respectively. Therefore, BoCD4 and
OvCD4 are clusters of mAbs defining bovine and
ovine T-cell antigens that are homologous to human
CD4. The obvious benefit of this is that the termi¬

nology refers to the homologous molecule on differ¬

Table 1. Laboratories participating in the first and/or second
workshop.

Abbreviation Full name

Basel (Bll) Basel Institute for Immunology, Basel,Switzerland
College Station Department of Veterinary Microbiology and

Parasitology,Texas A&M University, College Sta¬
tion, USA

Compton (IAH-C) AFRC, Institute for Animal Ftealth, Compton, UK
Edinburgh (UEDIN) Department of Veterinary Pathology, University

of Edinburgh, UK
Hannoverl (ITHH) Immunology Unit, Veterinary School, Hannover,

Germany
Hannover2 Forschungsinstitut Experimentale Biologie und

Medizin, Hannover, Germany
Hannover3 Abteilung Kinderchirurgie, Medizinische Hochs-

chule, Hannover, Germany
Iwate Department of Veterinary Pathology, University

of Iwate, Japan
Kitasato School of Veterinary Medicine and Animal Sci¬

ence, Kitasato University, Japan
Laramie Department of Veterinary Sciences, University

of Wyoming, Laramie, USA
Madison (UWISC) Department of Veterinary Sciences, University

of Wisconsin, Madison, USA
Melbourne (UMELB) School of Veterinary Sciences, University of Mel¬

bourne, Parkville, Australia
Moredun Moredun Institute, Edinburgh, UK
Nairobi(ILRAD) International Laboratory for Research on Ani¬

mal Diseases, Nairobi, Kenya
Namur (FUNDP) Facultes Universites Notre Dame de la Paix,

Namur, Belgium
Nouilly (INRA) Laboratoire de Pathologie Infectieuse et Immu-

nologie, INRA, Nouilly, France
Pennsylvania Pennsylvania State University, USA
lAH-Pirbright AFRC Institute for Animal Health, Pirbright, UK
Pullman (WSU) Department of Veterinary Microbiology and Pa¬

thology, Washington State University, Pullman,
USA

Storrs (UCONN) Department of Pathology, University of Connec¬
ticut, Storrs, USA

ent species, making interpretation of function across
the different species possible without having to as¬
similate different nomenclature systems. Clusters
for which there was no obvious equivalent human
CD cluster, or for which there was insufficient data
to establish homology with the human cluster, were
designated by a new WC number (WC standing for
"workshop cluster"), preceded by the species prefix.
Because of good cross-reactivities between antibod¬
ies to ruminant antigens, it was possible to define
homologous clusters in cattle, sheep, and goat by
cross-reactivity alone. Thus, the clusters BoWCl,
OvWCl, and CpWCl detect a homologous antigen
on, respectively, bovine, ovine, and caprine y/5 T
cells, but no equivalent antigen has yet been defined
in a workshop on human leukocyte antigens. How¬
ever, as soon as homology is established between a
ruminant WC antigen and a human CD antigen, the
CD nomenclature becomes redundant. It should be

emphasized that WC numbers are only assigned at
one of the ruminant antigen workshops, in the same
way that CD numbers can only be assigned at
human antigen workshops.

Establishing homology between a ruminant anti¬
gen and a human CD antigen can be done outside
the workshop, and it is the responsibility of the in¬
vestigators to ensure that their data are convincing
and adequate for such a conclusion to be drawn.

In the second workshop minimum criteria were
accepted by all participants as a guideline to estab¬
lish homology between ruminant and human clus¬
ters. One or more of the following three criteria was
required for acceptance as homology:

1.The cluster contained mAbs that cross-react¬

ed with the homologous human CD antigen.
2. In case of protein antigen, it (or its gene) dis¬

played sequence homology with the human
CD antigen.

3. Homology of a combination of unique bio¬
chemical and/or functional features.

The third point must be assessed critically for each
cluster in question. A similar cell distribution and M,
between a ruminant and a human antigen is not a
sufficient criterion to establish homology. However,
an example of providing sufficient data is provided
by studies on bovine interleukin 2 receptor (IL-2R).
A mAb blocked ruminant IL-2 activity and precipi¬
tated a membrane molecule of the same size as the
human IL-2R. This was considered a unique combi¬
nation, and showed that the antibody detected rumi¬
nant IL-2R.

In the first workshop 14 clusters were assigned.
Nine clusters received a CD number and five clus¬

ters were assigned a WC number. Three additional
ruminant CD antigens were represented by one
mAb, respectively, for which enough evidence was
available to establish homology: CD1 lb, CD44, and
CD58. In the second workshop it was decided not to
analyze mAbs to clusters that were characterized in
the first workshop. Several new clusters were de-
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Table 2. Ruminant leukocyte antigen clusters assigned in the first and second workshop

Cluster Laboratory1 mAbs

CD1 IAH-C CC132
UEDIN VPM52,TH97A2

CDlwl UMELB SBU-20-27

CDlw2 IAH-C CC14, CC20, CC40, CC90, CC122

CD1 w3 IAH-C CC43,CC118

CD2 Bll 135-A,36F
IAH-C CC42
ILRAD IL-A26, IL-A42, IL-A43, IL-A45
UWISC 16-1E10
WSU BAQ95A, BAT18A, BAT42A, BAT76A, CACT31A, CHI 28A, CH132A

CD3 WSU MM1A

CD4 Bll ST-4A
IAH-C CC8.CC30
ILRAD IL-A11JL-A12
UMELB SBU-44-38, SBU-44-97
WSU CACT83B, CACT87A, CACT138A, GC50A, GC1A1

CD5 Bll ST-1A
FUNDP 8C11.JP1D4
IHA-C CC17.CC29
ILRAD IL-A67
UCONN BLT-1
UMELB 79-5.SBU-25-91

CD6 FUNDP NAM3
IHA-C CC38
ILRAD IL-A27,1L-A28, IL-A57
WSU BAQ82A, BAQ91 A. CACT 141A

CD8 Bll ST-8
IHA-C CC58.CC63
ILRAD IL-A51
UMELB SBU-38-65
WSU BAQ111 A, BAT82A, CACT80C, CACT88C, CACT 130A

CDlla Bll F10-150
FUNDP MD1H11
ILRAD IL-A99
UMELB CBU-72-87
WSU BAQ38A, MUC76A

CD1 lb IAH-C CC94,CC104,CC125,CC126
ILRAD IL-A15

CDllc FUNDP NAM4
ILRAD IL-A16
INPA OM1
UWISC C5-B6
WSU BAQ153A

CD18 FUNDP MF14B4

CD25 ILRAD IL-A111

WSU CACT108A, CACT109A, CACTI 16A

CD44 ILRAD IL-A107. IL-A108, IL-A112, IL-A118
UMELB SBU-25-32

CD45 Bll 151
UCONN 2E8
UEDIN TD14,TD15,VPM18
UMELB SBU-1-28

CD45R IAH-C CC31, CC76. CC77, CC99, CC 103
ITHH Bo42
UMELB SBU-20-96
WSU BAG36A, GC6A, GS5A, GX18A

CD45RO ILRAD IL-A116

CD58 Bll T11TS

TCR1 WSU CACTI 6A, CACTI 7A, CACTI 8A, CACT61 A, CACT71 A,
CACTB6A, CACTB12A, CACTB44A, CACTB81A
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Since WC45a seems to react with an epitope common to
all feline isoforms of CD45 of it should provide an invalu¬
able marker for all nucleated cells of bone marrow origin
and be a valuable reagent in the recognition and differentia¬
tion of lymphomas and in the study of the immunopatho-
genesis of feline infectious diseases.
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Discrimination of two subsets of CD1 molecules in
the sheep

Susan M. Rhind a, Bernadette M. Dutia a, Christopher J. Howard b,
John Hopkins

a

Department of Veterinary Pathology, University ofEdinburgh, Summer/tall, Edinburgh, EI!1) IQH, UK
b

BBSRC Institute ofAnimal Health, Compton Newbury, UK

This paper examines the expression of CD1 in the sheep utilising the monoclonal antibodies
(mAbs) which were assigned to OuCDl in the First and Second Workshops on Ruminant
Leukocyte Differentiation Antigens along with those primarily clustered as Boo/OvCD1 in the
Third Workshop. Detailed immunohistological studios of both lymphoid and non lymphoid tissues
and flow cytometry of isolated cell populations revealed two distinct patterns of CD1 expression
in the sheep. The mAbs assigned to the sub-cluster SouCDlwl (SBU-T6) and BovCDlw3
(IAH-CC43 and IAH CC118) were much more widely distributed than those of the sub clustor
BovCDlw2. In addition to cortical thymocytes and dendritic cells (DC) the CDlwl and w3
molecules are expressed by peripheral blood B lymphocytes, monocytes and many tissue
macrophages.

Keywords: Sheep; CD1; Monoclonal antibodies

I. Introduction

CD1 is a group of relatively non-polymorphic molecules with similar genomic
organisation to MHC class I. CD1 consists of an a chain of Mr 43 000-49000,
non-covalently associated with (32-microglobulin. Five genes have been described in
humans (CD1A-E) and four protein products demonstrated (CDla-d) (Martin et al.,
1986; Boumsell and Knowles, 1988). In rodents, only CD Id like molecules exist
(Mosser et al., 1991; Ichimaya et al., 1994). Analysis of the leader, a 1 and a2 domains

Abbreviations: DC = Dendritic cells; FITC = Fluorescein isothiocyanate; mAb = Monoclonal antibody
Corresponding author. Tel.: +44 131 6506167; fax: +44 131 6506511; e-mail: jh@labO.vet.ed.ac.uk.
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has allowed division of the CD1 genes into two groups with CD1A-C forming one
group and CD1D and rodent CD1 forming the second group (Calabi et al., 1989).
Previous studies in the sheep using monoclonal antibodies (mAbs) have shown that the
majority recognise a 46 kDa antigen with a distribution similar to that of human CD lb
(i.e. cortical thymocytes and DC). The mAb SBU-T6 has been previously reported to
have a wider tissue distribution (Mackay et al., 1985) and has been considered to
recognise a CDlc like molecule or to represent a ' pan-CD 1' mAb (Dutia and Hopkins,
1991). The mAbs recognising CD1 in cattle have been divided into three sub-clusters
(Howard and Naessens, 1993): BoCDlwl (SBU-T6), BoCDlw2 (IAH-CC13, CC20,
CC40 and VPM5) and BoCDlw3 (IAH-CC43 and CC118). The BoCDlw3 mAbs have
been partially characterised in cattle (Howard et al., 1993a; Howard et al., 1993b)
possessing an a chain of Mr 43 000 rather than one of 46 000. In addition, and like
SBU-T6, they have a wider tissue distribution than the BoCDlw2 mAbs.

This report describes a more detailed characterisation of these mAbs in sheep and
demonstrates that the mAbs SBU-T6, CC43 and CC118 form a distinct sub-cluster
which recognises a molecule with a wider tissue distribution than has previously been
described for any of the human CD1 isotypes.

2. Materials and methods

2.1. Monoclonal antibodies

The mAbs used were those submitted as possible CD1 homologues to the First,
Second and Third Workshops on Ruminant Leukocyte Antigens. VPM30 (Naessens and
Howard, 1991) and VPM65 (Gupta et al., 1996) were used as standard markers for B
cells and monocytes respectively.

2.2. Immunohistology

Sections (8 |xm) from snap frozen tissue were mounted onto Vectabond treated slides
(Vector Laboratories, Peterborough, UK), air dried and fixed in ice cold acetone.
Staining was performed using the Vectastain Elite ABC kit (Vector Laboratories).

2.3. Flow cytometry

Peripheral blood mononuclear cells were prepared from heparinised blood by ammo¬
nium chloride lysis followed by Lymphoprep density centrifugation. In single staining
experiments, bound antibody was detected by FITC conjugated anti-mouse antibody
(The Binding Site, Birmingham, UK). In double staining experiments, the second,
biotinylated antibody was detected by streptavidin-phycoerythrin. Flow cytometry of
the different cell populations was carried out using a FACScan flow cytometer (Becton
Dickinson, Mountain View, CA, USA). In all cases, 10000 cells were analysed and
individual cell populations delineated by forward and side scatter parameters. Antibody
negative cells were gated by reference to a 1 /500 dilution of normal mouse serum.
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3. Results

3.1. Immunohistology

SBU-T6, IAH-CC43 and IAH-CC118 all demonstrated similar patterns of reactivity
in the thymus to all the CDlw2 sub-cluster mAbs, staining all cortical thymocytes and
dendritic cells at the cortical medullary junction (Fig. 1(a) and (b)). In the spleen these
three mAbs reacted with scattered red pulp constituents and showed strong staining of
mantle zone B cells of the B cell follicles (Fig. 1(c)). Mantle zone B cells were similarly
stained in peripheral lymph nodes. Recognition of tissue macrophages is exemplified by
strong reactivity with hepatic Kupffer cells (Fig. 1(d)) and lamina propria macrophages
within the small intestine (Fig. 1(e) and (f)).
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Fig. 1. Cryostat sections of ovine tissues stained by an indirect immunoperoxidase technique with CC118 ((a),
(c) and (e)) and SBU-T6 ((b), (d) and (f)). (a), (b) Thymus: intense staining of cortical thymocytes and
scattered medullary dendritic cells, (c) Spleen: mantle zone lymphocytes and scattered dendritic cells in the red
pulp, (d) Liver: Kupffer cells within the parenchyma, (e), (f) Small intestine: macrophages within the lamina
propria.
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Fig. 2. Fluorescence histograms of (a) thymocytes, (b) dendritic cells and (c) PBM cells stained with normal
mouse serum (dotted line, wide spacing), CC118 (solid line) or SBU-T6 (dotted line, close spacing).

3.2. Flow cytometry

IAH-CC43 and IAH-CC118 both stained cortical thymocytes with a much lower
intensity than SBU-T6 (Fig. 2(a)) although there was no obvious difference on im-
munostaining of thymus sections (Fig. 1(a) and (b)). The reactivity of these two mAbs
with dendritic cells was also of much lower intensity (Fig. 2(b)). All three mAbs,
however, exhibited similar levels of reactivity with peripheral blood mononuclear cells
(Fig. 2(c)).

Double staining of peripheral blood mononuclear cells using VPM30 and VPM65 to
delineate B cells and monocytes showed that SBU-T6 and IAH-CC118 recognise
virtually all peripheral blood B cell and monocyte populations (Fig. 3). Similar results
were obtained with IAH-CC43 (data not shown). This is in contrast to all the CDlw2
mAbs which do not recognise any cell population in peripheral blood (Dutia and
Flopkins, 1991).

4. Discussion

These studies demonstrate the presence of at least two distinct sub-groups of CD1
molecules in the sheep. The mAbs SBU-T6, IAH-CC43 and IAH-CC118 recognise the
majority of circulating B cells, monocytes and tissue macrophages in addition to cortical
thymocytes and dendritic cells. In contrast, the OvCDlw2 group of mAbs (IAH-CC13,
-CC14, -CC20, -CC40 and VPM5) only react with the thymocytes and dendritic cells
(Dutia and Hopkins, 1991). In humans, there is no constitutive expression of CD1 on
monocytes although expression is inducible under the influence of GM-CSF + IL-4
(Porcelli et al., 1992; Kasinrerk et al., 1993). The demonstration that virtually all
peripheral blood B cells in the sheep constitutively express CD1 is in contrast with the
situation in humans where only a subset of B cells express CDlc. The expression of
CDlc by B cells in man is inversely proportional to the age of the individual (Small et
al., 1987).

Taken together, these results demonstrate constitutive CD1 expression on cells
classically associated with antigen presentation, i.e. dendritic cells, B cells and mono-
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Fig. 3. Two-colour immunofluorescence analysis of PBM cells. CDlmAbs CC20 ((a) and (b)), SBU-T6 ((c)
and (d)) and CC118 ((e) and (f)) were analysed with either VPM30 ((a), (c) and (e)) or VPM65 ((b), (d) and
(f)X

cytes/macrophages. The precise function of the CD1 family is not known although a
role as a restriction element for certain populations of T cells with invariant T cell
receptors is consistent with a perceived requirement for these cells to recognise a
relatively non-polymorphic ligand. In particular, reports of recognition of CD1 by y8 T
cells (Porcelli et al., 1989; Faure et ah, 1990) are interesting bearing in mind the
relatively large pool of yS T cells which exists in ruminants. More recent studies have
demonstrated a functional role for CD1 in the presentation of mycobacterial lipid and
lipoarabinomannan to double negative T cells (Beckman et ah, 1994; Sieling et ah,
1995). In addition, Castano et ah (1995) have identified a peptide binding motif for
murine CD1.

If we assume that the CD1 family represents a functional group of molecules, the
existence in ruminants of a more widely distributed isotype suggests that ruminants may
have a functional requirement for CD1 which differs from other species.
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Table 1

MAbs entered in workshop

Donor/lab city MaB Iso typ Order in dendrogram
BII-H Du 1-44-0 G2b 164
Basel Du2-8 M 139

Du2-54 M 220

Du2-66 G2a 129
Du2-74 G2b 222

Du2-87 G1 219
Du2-104 M 096

Du2-128 G1 223

Du5-131 M 154

Hl-6 M 117

HI-25 G1 126
HI-50 M 127

H1-198 G1 135
BII-M 218 G1 288
Basel 14F0 G1 168

20-76 G1 289

25-5 149
44G0 G1 166
537B0 M 148

60-2 G2a 191
B18 267
Dul 29 G1 160

FW1-136 028
FW1-86D-11 159
FW3-132 G1 132

FW3-181 035

FW3-47-11 G1 113
FW4-101 G1 027
FW-1-2-4 151
MCB0 128

FUNDP MD7C5 G1 062
Namur MF14B4 G1 013

NAM4 G1 060
FVC Co-1C6E3 G1 010

Cordoba Co-20A1 G1 165

Co-33B3 G1 025

Co-38D3 G1 136

C0-3D1D4 G2a 209
CO-46D5 G1 133
Ju-Dl F9 M 131

HAS Bf4 155

Szeged Bf5 162
Bfl7 167
Bfl 8 176
Bf20 156
Bf21 163
Bf27 196
BOO 146
BB8 171
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Table 1 (continued)

Donor/lab city MaB Iso typ Order in dendrogram
Bufl 007

Buf2 280
Bufl 1 290
Bufl3 208
Bufl6 145

Buf24 005
Buf32 006
Buf34 257
Buf38 029
Buf42 195
Buf44 021
Buf46 297
Buf47 180

IABG IVA17 G1 014
Ivanka IVA17 G1 260

IVA31 G2a 042
IVA3 5 G1 011

IVA37 M 041
IVA38 G1 068
IVA40 G2a 282
IVA50 G2a 043
IVA77 G1 298
IVA84 G1 249
IVA94 G1 024
IVA95 G1 272
IVA103 G1 273
IVA112 G1 271
IVA114 G1 040
IVA120 G1 210
IVA125 G2a 075
IVA197 G1 212
IVA198 G1 211
IVA313 274
IVA352 G2a 275
IVA369 G1 261
IVA373 M 276

IAH-C IAH-CC17 G1 292

Compton IAH-CC20 G2a 218
IAH-CC28 G1 221

IAH-CC32 G1 023
IAH-CC43 G2b 264
IAH-CC45 G1 138
IAH-CC49 G1 050
IAH-CC57 G1 213
IAH-CC58 G1 142

IAH-CC63 G2a 141

IAH-CC76 G1 277
IAH-CC84 G1 061
IAH-CC125 G1 059
IAH-CC187 G2a 252



216 J. Naessens, J. Hopkins/ Veterinary Immunology and Immunopathology 52 (1996) 213-235

Table 1 (continued)

Donor/lab city MaB Iso typ Order in dendrogram

IAH-CC188 G1 250

IAH-CC189 G2a 114

IAH-CC199 G2a 204

IAH-P 1B12 G1 181

Pirbright 1E9 G3 084

1F7 G1 147

324C7 G1 105

4B10 M 161
4B10bO M 169
4C10 G2a 175

4G9 G1 174

4G10 M 153
DM6 G1 295
DM7 G1 215
SC-6 G1 253
SC-12 G1 254

SC-17 G1 157
SC-24 G1 268

SC-29 G1 256
ILRI IL-A25 G1 193
Nairobi IL-A47 A 182

IL-A96 G1 039
IL-A97 M 108

IL-A98 G2a 144

IL-A100 M 086

IL-A109 M 106
IL-A114 G1 286
IL-A115 G3 015
IL-A150 G2a 294
IL-A154 M 296
IL-A155 G1 017

BT3/8.12 G3 016
IL-A24 G1 048

IL-A55 G2a 270

IL-A59 G1 302
IL-A62 G2a 266
IL-A63 G2a 269
IL-A65 G2a 214

IL-A75 G2a 080
IL-A77 M 091
IL-A79 G1 143

IL-A80 G1 192
IL-A81 G2 227

IL-A87 G1 030
IL-A110 G1 076
IL-A111 G2a 078

IL-A119 G2b 049
IL-A122 G1 020

IL-A123 G1 051
IL-A130 G2a 058
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Table 1 (continued)

Donor/lab city MaB Iso typ Order in dendrogram
1L-A132 M 093
IL-A135 M 103
1L-A136 G1 004
1L-A137 G2b 100

IL-A138 M 102
IL-A141 G2a 187
IL-A143 173
IL-A144 104
IL-A145 G1 045
IL-A147 G1 046
IL-A161 Gl? 066
IL-A162 G2b 198
IL-A164 G2a 074
IL-A165 Gl 092
IL-A166 Gl 072
IL-A167 G2a 170
J5 G2b 083
J6 Gl 082
P5 M 034
P10 M 018

ITHH Bol 036
Hannover Bo42 G3 278

Boll6 M 044
CA17 002

IZBI 1E7 Gl 194
Brescia 5D4 G2b 172

6F9 M 118
8D7 M 116

UEDIN TD4 M 099

Edinburgh TD9 Gl 150
TD14 Gl 287
TD19 Gl 130
TD22 M 079
TD26 Gl 178
VPM36 Gl 263
VPM54 Gl 262

VPM61 G2a 189
VPM63 Gl 119
VPM64 Gl 188

VPM65 Gl 110

VPM66 Gl 111

VPM67 Gl 107
VPM72 115

UMELB 17-3 Gl 081
Melbourne 17-15 Gl 033

20-27 Gl 265
25-32 Gl 008
38-38 122
46-57 Gl 197
46-66 Gl 301
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Table 1 (continued)

Donor/lab city MaB Iso typ Order in dendrogram
46-91 G1 134
72-87 G2a 012

FC8-15 124

101-17 G1 121

155-2 G1 125

9-14 G1 120

USDA 2G8 G1 063
Beltsville 36H10 G2b 077

4G10 G1 053
5F8 G2a 009
7E10 G2a 054

7G8 G1 052

8E11 G1 064

WSU ANA8 G1 101

Pullman BAGB20 G1 190
BAGB21 G1 179
BAGB27 G1 003

BAQ44 M 097
BAQ78 G1 152
BAQ89 G1 243
BAQ90 G3 255
BAQ92 G1 022
BAQ136 M 185
BAQ150 G3 094
BAQ151 G1 109
BAQ162 M 186
CACT7 M 206
CACTI 6 M 232

CACTI 7 G1 234

CACTI 8 M 241

CACT 19 M 199
CACT21 G1 183
CACT26 G1 201
CACT46 M 067
CACT60 M 248

CACT61 M 229
CACT63 G1 140

CACT65 M 137

CACT75 M 242

CACT77 M 200

CACT83 M 246
CACTI 00 G1 085
CACT101 M 204
CACTI 11 M 228

CACTI 14 G2b 226
CACTI 16 G1 089
CACTI 47 M 184
CACTI 48 M 230

CACTB6 M 245
CACTB10 M 240
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Table 1 (continued)

Donor/lab city MaB Iso typ Order in dendrogram
CACTB12 G1 233
CACTB14 G1 239
CACTB16 G1 235
CACTB17 G1 237
CACTB22 M 032
CACTB32 G1 247

CACTB41 G1 236
CACTB44 G1 244

CACTB51 G2a 026

CACTB81 G1 251
CAPP2 G1 073
CH127 M 300

CH138 M 065
DH16 M 019
DH59 G1 047
GB16 G1 205
GB17 G1 202
GB20 G1 070

GB21 G2b 231
GB22 G1 238

GB25 G1 217
GB26 M 098
GB84 069
GB110 M 203
GB127 M 087
GC65 M 095
LCT2 G2a 225
LCT27 G1 283
LCT28 G1 177
LCT30 G1 216
LCTB2 G3 090
LCTB6 G1 123
LCTB16 G1 299
LCTB17 G1 224

LCTB19 G1 284
LCTB28 G2a 258
LCTB32 M 088

LCTB39 G2a 285
LCTB50 G2a 259
MM1 G1 291
MM10 G2b 057
MM11 G1 037
MM 12 G1 056
MM 13 G1 055
MM20 G1 158

MM29 M 112
MM41 M 038
MUC2 G2a 293
TH17 M 001

TH18 G3 279
TH57 G2b 031
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Table 2

3W-numbering

order in 3W- donor

dendrogram nr MAb lab-code

125 002 155-2 UMELB
153 003 4G10 IAH-P
010 004 CO-1C6E3 FVC
004 005 IL-A136 ILRAO
081 006 17-3 UMELB
194 008 1E7 IZBI
207 009 IAH-CC199 IAH-C
215 020 DM7 IAH-P
051 022 IL-A123 ILRAD
144 023 IL-A98 ILRAD
140 024 CACT63 WSU
067 025 CACT46 WSU
032 026 CACTB22 WSU
085 028 CACT100 WSU
293 029 MUC2 WSU
001 030 TH17 WSU
056 032 MM12 WSU
149 034 25-5 Bll-M
025 035 CO-33B3 FVC
053 036 4G10 USDA
146 038 Bf30 HAS
148 039 537B0 Bll-M
106 040 IL-A109 ILRAD
096 042 DU2-104 Bll-H
116 043 8D7 IZBI
097 044 BAQ44 WSU
049 046 IL-A119 ILRAD
230 048 CACT148 WSU
287 049 TD14 UEDIN
155 050 Bf4 HAS
050 052 IAH-CC49 IAH-C
237 053 CACTB17 WSU
162 054 Bf5 HAS
143 055 IL-A79 ILRAD
249 056 IVA84 IABG
279 058 TH18 WSU
077 060 36H10 USDA
015 062 IL-A115 ILRAD
232 063 CACT16 WSU
233 064 CACTB12 WSU
217 065 GB25 WSU
126 066 H1-25 Bll-H
257 068 Buf34 HAS
071 069 IVA30 IABG
113 080 FW3-47-11 Bll-M
150 082 TD9 UEDIN
222 083 Du2-74 Bll-H
063 084 2G8 USDA
265 085 20-27 UMELB
246 086 CACT83 WSU
093 088 IL-A132 ILRAD
040 089 IVA114 IABG
258 090 LCTB28 WSU
147 092 1F7 IAH-P
076 093 IL-A110 ILRAD
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Table 2 (continued)

060 094 NAM4 FUNDP
221 095 IAH-CC28 IAH-C
014 096 1VA12 IABG
033 098 17-15 UMELB
012 099 72-87 UMELB
209 202 CO-3D1D4 FVC
163 203 Bf21 HAS
213 204 IAH-CC57 IAH-C
277 205 IAH-CC76 IAH-C
055 206 MM13 WSU
269 208 IL-A63 ILRAD
234 209 CACT17 WSU
137 220 CACT65 WSU
250 222 IAH-CC188 IAH-C
154 223 Du5-131 Bll-H
157 224 SC-17 IAH-P
271 225 IVA112 IABG
072 226 IL-A166 ILRAD
223 228 DU2-128 Bll-H
086 229 IL-A100 ILRAD
156 230 Bf20 HAS
073 232 CAPP2 WSU
158 233 MM20 WSU
152 234 BAQ78 WSU
045 235 IL-A145 ILRAD
186 236 BAQ162 WSU
238 238 GB22 WSU
027 239 FW4-101 Bll-M
262 240 VPM54 UEDIN
214 242 IL-A65 ILRAD
122 243 38-38 UMELB
044 244 Bo116 ITHH
296 245 IL-A154 ILRAD
281 246 IVA20 IABG
100 248 IL-A137 ILRAD
159 249 FW1-86D-11 Bll-M
057 250 MM10 WSU
078 252 IL-A111 ILRAD
117 253 H1-6 Bll-H
052 254 7G8 USDA
047 255 DH59 WSU
133 256 CO-46D5 FVC
007 258 Buf1 HAS
094 259 BAQ150 WSU
138 260 IAH-CC45 IAH-C
264 262 1AH-CC43 IAH-C
295 263 DM6 IAH-P
107 264 VPM67 UEDIN
018 265 P10 ILRAD
266 266 IL-A62 ILRAD
130 268 TD19 UEDIN
141 269 IAH-CC63 IAH-C
091 280 IL-A77 ILRAD
190 282 BAGB20 WSU
187 283 IL-A141 ILRAD
087 284 GB127 WSU
088 285 LCTB32 WSU
240 286 CACTB10 WSU
226 288 CACT114 WSU
251 289 CACTB81 WSU
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Table 2 (continued)

211 290 IVA198 IABG
216 292 LCT30 WSU
229 293 CACT61 WSU
095 295 GC65 WSU
248 296 CACT60 WSU
082 298 J6 ILRAD
188 299 VPM64 UEDIN
016 302 BT3/8.12 ILRAD
198 303 IL-A162 ILRAD
261 304 IVA369 IABG
123 305 LCTB6 WSU
048 306 IL-A24 ILRAD
161 308 4B10 IAH-P
142 309 IAH-CC58 IAH-C
119 320 VPM63 UEDIN
026 322 CACTB51 WSU
210 323 IVA120 IABG
089 324 CACT116 WSU
231 325 GB21 WSU
260 326 IVA17 IABG
065 328 CH138 WSU
041 329 IVA37 IABG
114 330 IAH-CC189 IAH-C
241 332 CACT18 WSU
291 333 MM1 WSU
131 334 JU-D1F9 FVC
195 335 Buf42 HAS
243 336 BAQ89 WSU
090 338 LCTB2 WSU
151 339 FW-1-2-4 Bli-M
011 340 IVA35 IABG
300 342 CH127 WSU
038 343 MM41 WSU
020 344 IL-A122 ILRAD
199 345 CACT19 WSU
028 346 FW1-136 Bll-M
003 348 BAGB27 WSU
068 349 1VA38 IABG
013 350 MF14B4 FUNDP
079 352 TD22 UEDIN
288 353 218 Bll-M
058 354 IL-A130 ILRAD
182 355 IL-A47 ILRAD
109 356 BAQ151 WSU
201 358 CACT26 WSU
172 359 5D4 IZBI
023 360 IAH-CC32 IAH-C
101 362 ANA8 WSU
200 363 CACT77 WSU
111 364 VPM66 UEDIN
235 365 CACTB16 WSU
236 366 CACTB41 WSU
177 368 LCT28 WSU
167 369 Bf17 HAS
017 380 IL-A155 ILRAD
002 382 CA17 ITHH
008 383 25-32 UMELB
120 384 9-14 UMELB
203 385 GB110 WSU
165 386 CO-20A1 FVC
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Table 2 (continued)

121 388 101-17 UMELB
029 389 Buf38 HAS
174 390 4G9 IAH-P
297 392 Buf46 HAS
276 393 IVA373 IABG
290 394 Buf11 HAS
062 395 MD7C5 FUNDP
179 396 BAGB21 WSU
183 398 CACT21 WSU
134 399 46-91 UMELB
059 402 IAH-CC125 IAH-C
115 403 VPM72 UEDIN
135 404 H1-198 Bll-H
103 405 IL-A135 ILRAD
292 406 IAH-CC17 IAH-C
267 408 B18 Bll-M
005 409 Buf24 HAS
284 420 LCTB19 WSU
218 422 IAH-CC20 IAH-C
035 423 FW3-181 Bll-M
110 424 VPM65 UEDIN
069 425 GB84 WSU
083 426 J5 ILRAD
128 428 MCBO Bll-M
224 429 LCTB17 WSU
074 430 IL-A164 ILRAD
204 432 CACT101 WSU
202 433 GB17 WSU
127 434 H1-50 Bll-H
129 435 Du2-66 Bll-H
092 436 IL-A165 ILRAD
244 438 CACTB44 WSU
253 439 SC-6 IAH-P
228 440 CACT111 WSU
030 442 IL-A87 ILRAD
070 443 GB20 WSU
176 444 Bf18 HAS
173 445 IL-A143 ILRAD
263 446 VPM36 UEDIN
102 448 IL-A138 ILRAD
175 449 4C10 IAH-P
104 450 IL-A144 ILRAD
021 452 Buf44 HAS
037 453 MM11 WSU
061 454 IAH-CC84 IAH-C
139 455 Du2-8 Bll-H
105 456 324C7 IAH-P
034 458 P5 ILRAD
225 459 LCT2 WSU
272 460 IVA95 IABG
046 462 IL-A147 ILRAD
054 463 7E10 USDA
132 465 FW3-132 Bll-M
239 466 CACTB14 WSU
042 468 IVA31 IABG
289 469 20-76 Bll-M
118 480 6F9 IZBI
205 482 GB16 WSU
285 483 LCTB39 WSU
006 484 Buf32 HAS
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Table 2 (continued)

270 540 IL-A55 ILRAD
112 542 MM29 WSU
066 543 IL-A161 ILRAD
124 544 FC8-15 UMELB
283 545 LCT27 WSU
084 546 1E9 IAH-P
164 548 Dul-44-10 Bll-H
168 549 14F0 Bll-M
169 550 4B10bO IAH-P
254 552 SC-12 IAH-P
160 553 Du129 Bll-M
009 554 5F8 USDA
191 555 60-2 Bll-M
245 556 CACTB6 WSU
171 558 Bf38 HAS
031 559 TH57 WSU
255 560 BAQ90 WSU
299 562 LCTB16 WSU
024 563 IVA94 IABG
259 564 LCTB50 WSU
252 565 IAH-CC187 IAH-C
220 566 Du2-54 Bll-H
227 568 IL-A81 ILRAD
185 569 BAQ136 WSU
192 580 IL-A80 ILRAD
099 582 TD4 UEDIN
193 583 IL-A25 ILRAD
256 584 SC-29 IAH-P
278 585 Bo42 ITHH
036 586 Bo1 ITHH
286 589 IL-A114 ILRAD
294 590 IL-A150 ILRAD
302 592 IL-A59 ILRAD
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Table 3
MAbs ordered as in dendrogram

den donor ISO Information contributed cross-reactiv
PC dro MAb lab typ by donor Bo Ov Other

1a 001 TH17 WSU M pan leukocyte + RBC + + cap, hum
1a 002 CA17 ITHH *WC11 control MAb ++

1b 003 BAGB27 WSU G1 pan leukocyte + RBC + -

1b 004 IL-A136 ILRAD G1 48 kD, pan-leukocyte ++

1b 005 Buf24 HAS 40-58 kD, 83%PBM + - wbuf
1b 006 Buf32 HAS 21-31% PBM + + wbuf
2 007 Buf1 HAS 38-42 kD; 75% PBM + - wbuf
2 008 25-32 UMELB G1 *CD44 control MAb + ++

009 5F8 USDA G2a 65/75 kD; (5F8G10.1E9) ++

010 CO-1C6E3 FVC G1 CD18 myeloid cells, non-lineage + capr
3 011 IVA35 IABG G1 42%PBM, granulocytes ++

3 012 72-87 UMELB G2a *CD11a control MAb + ++

3 013 MF14B4 FUNDP G1 *CD18 control MAb ++

014 IVA12 IABG G1 37%PBM, 83%T ++

4 015 IL-A115 ILRAD G3 all T, monocytes ++

4 016 BT3/8.12 ILRAD G3 160/170 kD; all myeloid +Tsub ++

4 017 IL-A155 ILRAD G1 all T cells?
018 P10 ILRAD M granulocytes + activated T cells ++

019 DH16 WSU M granulocytes + Lymphocyte sub + + cap, hum
020 IL-A122 ILRAD G1 210 kD; monocytes, granulocytes ++

5 021 Buf44 HAS 50% PBM ■f wbuf
5 022 BAQ92 WSU G1 Granulocyte/Mono/Lympho sub +

5 023 IAH-CC32 IAH-C G1 "CD62L (Immunol. 77:228) +

5 024 IVA94 IABG G1 44,42kD; 39%PBM ++

025 CO-33B3 FVC G1 CD43; myeloid, non-lineage + 4-

026 CACTB51 WSU G2a CD45 + -

027 FW4-101 Bll-M G1 CD29; 150 kD; most lymphocytes ++

028 FW1-136 Bll-M ++

029 Buf38 HAS 44-85% PBM + + wbuf
6a 030 IL-A87 ILRAD G1 165/95 kD; CD11 a or CD18? ++

6a 031 TH57 WSU G2b pan activation +

6b 032 CACTB22 WSU M TCR1; N7 + + cap
6b 033 17-15 UMELB G1 CD49d?; Immunol.,1986,59:631 ++

034 P5 ILRAD M T cells + monocytes ++

6c 035 FW3-181 Bll-M MHC-I? all leukocytes ++

6c 036 Bo1 ITHH ++

037 MM11 WSU G1 CD11b-like +

7a 038 MM41 WSU M Granulocytes, Mono, T cell (ap,y8) +

7a 039 IL-A96 ILRAD G1 *WC9 control MAb; 25kD ++ +

7b 040 IVA114 IABG G1 also RBC ++

7b 041 IVA37 IABG M ++

7b 042 IVA31 IABG G2a ++

7b 043 IVA50 IABG G2a Human F8? ++ human
044 B0116 ITHH M 2nd WS #108 ++

8 045 IL-A145 ILRAD G1 PMN + some other cells ++

8 046 IL-A147 ILRAD G1 same as IL-A145 ++

9 047 DH59 WSU G1 myeloid + + cap, hum
9 048 IL-A24 ILRAD G1 110/75 kD; mono- and granulocytes ++ human

049 IL-A119 ILRAD G2b 95 kD; PMN + activated lympho ++

10 050 IAH-CC49 IAH-C G1 2nd WS #021 +

10 051 1L-A123 ILRAD G1 38 kD; some Lympho, Mono, Granulo ++

10 052 7G8 USDA G1 65 kD (7G8.1E2) ++

10 053 4G10 USDA G1 (4G10.3E5) ++

10 054 7E10 USDA G2a ++

11a 055 MM13 WSU G1 CD11b +
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Table 3 (continued)

11a 056 MM12 WSU G1 CD11b + + cap
11a 057 MM10 WSU G2b CD11b + -

11a 058 IL-A130 ILRAD G2a CD11b; 150/95 kD ++

11a 059 IAH-CC125 IAH-C G1 *CD11b control MAb ++

11b 060 NAM4 FUNDP G1 *CD11c control MAb ++

11b 061 IAH-CC84 IAH-C G1 2nd WS #019; Mono, Mac, PMN +

12 062 MD7C5 FUNDP G1 PMN + Mono ++

12 063 2G8 USDA G1 ++

12 064 8E11 USDA G1 (8E11.5G8) ++

12 065 CH138 WSU M granulocytes + -

12 066 IL-A161 ILRAD G1 granulocyte-specific ++

067 CACT46 WSU M WC1 + + cap
068 IVA38 IABG G1 CD41? 115,130 kD ++

13a 069 GB84 WSU platelets + cap
13a 070 GB20 WSU G1 platelets + cap
13b 071 IVA30 IABG G2b ++ human
13b 072 IL-A166 ILRAD G1 CD41?; Same as IL-A164 ++

13b 073 CAPP2 WSU G1 platelets + + cap
13b 074 IL-A164 ILRAD G2a CD41? 135/95 kD; Platelets ++

13b 075 IVA125 IABG G2a ++

14 076 IL-A110 ILRAD G1 26kD; neutrophils only ++

14 077 36H10 USDA G2b ++

14 078 IL-A111 ILRAD G2a *CD25 (IL-2Ra) control MAb ++ +

079 TD22 UEDIN M ++

080 IL-A75 ILRAD G2a 125 kD; late activation antigen ++

081 17-3 UMELB G1 55 kD; Immunol.,1986,59:631 ++

15 082 J6 ILRAD G1 100kD; early activation antigen ++

15 083 J5 ILRAD G2b 100kD; early activation antigen ++

084 1E9 IAH-P G3 bovine B cells +

16a 085 CACT100 WSU G1 activation antigen (ACT4) + -

16a 086 IL-A100 ILRAD M afferent lymph veiled cells ++

16b 087 GB127 WSU M ACT17 + +

16b 088 LCTB32 WSU M CD25; IL-2R + -

16b 089 CACT116 WSU G1 CD25 control MAb + + cap
16b 090 LCTB2 WSU G3 CD25; IL-2R + + cap
16c 091 IL-A77 ILRAD M CD71; transferrin receptor; 95kD ++

16c 092 IL-A165 ILRAD G1 CD71? erythroid + activated cells ++

093 IL-A132 ILRAD M monocytes, granulocytes + others? ++

094 BAQ150 WSU G3 B12; weak on myeloid cells + - horse
17 095 GC65 WSU M B8 + + cap
17 096 Du2-104 Bll-H M + ++ cap
17 097 BAQ44 WSU M B2 + + cap, rbt
17 098 GB26 WSU M B9 ++ cap
17 099 TD4 UEDIN M CDw75?; Neuraminidase-sensitive + +

18a 100 IL-A137 ILRAD G2b same as IL-A135? ++

18a 101 ANA8 WSU G1 RBC + -

18a 102 IL-A138 ILRAD M same as IL-A135? ++

18b 103 IL-A135 ILRAD M erythroid cells ++

18b 104 IL-A144 ILRAD same as IL-A135? ++

105 4C7 IAH-P G1 B cells ++

106 IL-A109 ILRAD M Monocytes ++

19a 107 VPM67 UEDIN G1 CD14; 55 kD + +

19a 108 IL-A97 ILRAD M Mono + afferent lymph veiled cells ++

19b 109 BAQ151 WSU G1 Monocytes + -

19b 110 VPM65 UEDIN G1 CD14; 55 kD + +

19b 111 VPM66 UEDIN G1 CD14; 55 kD +

19b 112 MM29 WSU M Monocytes + -

113 FW3-47-11 Bll-M G1 150 kD; activation antigen of CD29 ++

20a 114 IAH-CC189 IAH-C G2a WC1? +

20a 115 VPM72 UEDIN
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Table 3 (continued)

20b 116 8D7 IZBI M ++

20b 117 H1-6 Bll-H M T cells ++

20b 118 6F9 IZBI M 87 kD ++ +

20b 119 VPM63 UEDIN G1 40-43 kD; FcyRII? + +

20b 120 9-14 UMELB G1 CD25; Immunol., 79:471 ++

20b 121 101-17 UMELB G1 CD25; Vet Immunol, ++

20b 122 38-38 UMELB most T, Bsub, Gr ++

20b 123 LCTB6 WSU G1 activation antigen (ACT9) + +

20b 124 FC8-15 UMELB TAPA-1; 16-20 kD ++

21a 125 155-2 UMELB G1 CD25; Verhagen et al, in press ++

21a 126 H1-25 Bll-H G1 T cells ++

21b 127 H1-50 Bll-H M T cells ++

21b 128 MCBO Bll-M 32 most leukocytes ++

21b 129 Du2-66 Bll-H G2a mac/monocytes ++ cap
21b 130 TD19 UEDIN G1 ++

21b 131 JU-D1F9 FVC M CD18? monocytes, non-lineage +

21b 132 FW3-132 Bll-M G1 Leukocytes + endothelium ++

21b 133 CO-46D5 FVC G1 B, T cells + cap
21b 134 46-91 UMELB G1 CD437; Immunol.,1986,59:631 ++

21b 135 H1-198 Bll-H G1 T cells ++

21b 136 CO-38D3 FVC G1 B, T cells + cap
22 137 CACT65 WSU M activation antigen (ACT8) + + cap
22 138 IAH-CC45 IAH-C G1 on gut IEL gamma/delta subset +

22 139 Du2-8 Bll-H M B cells + ++ cap
23 140 CACT63 WSU G1 activation antigen (ACT2) + -

23 141 IAH-CC63 IAH-C G2a *CD8a control MAb ++

23 142 IAH-CC58 IAH-C G1 *CD8ap control MAb ++

24 143 IL-A79 ILRAD G1 *WC8 control MAb ++

24 144 IL-A98 ILRAD G2a mono, afferent lymph veiled cells ++

24 145 Buf16 HAS CD11b?40-58 kD; same as Buf24 + + wbuf
24 146 B130 HAS 20% (Bf30/B9) - - wbuf
24 147 1F7 IAH-P G1 bovine B cells; T cell subpop +

24 148 537B0 Bll-M M leukocytes + endothelium ++

24 149 25-5 Bll-M most leukocytes ++

24 150 TD9 UEDIN G1 ++

24 151 FW-1-2-4 Bll-M most leukocytes ++

24 152 BAQ78 WSU G1 WC1 + -

24 153 4G10 IAH-P M bovine B cells (sub?) +

24 154 Du5-131 Bll-H M ++

24 155 Bf4 HAS - - wbuf
24 156 Bf20 HAS 14% + - wbuf
24 157 SC-17 IAH-P G1 g/d T-cell line specific ++

24 158 MM20 WSU G1 granulocytes + -

24 159 FW1-86D-11 Bll-M most leukocytes ++

24 160 Du129 Bll-M G1 L-selectin; 90 kD; most lymphocytes ++

24 161 4B10 IAH-P M bovine B cells +

24 162 Bf5 HAS 40-58 kD + - wbuf
24 163 Bf21 HAS 46% PBM . - wbuf
24 164 Du1-44-10 Bll-H G2b granulocytes ++

24 165 CO-20A1 FVC G1 Gpllb/llla + cap
24 166 44G0 Bll-M G1 180 kD; most leukocytes ++

24 167 Bf17 HAS 48% PBM - - wbuf
24 168 14F0 Bll-M G1 35 kD; most leukocytes ++

24 169 4B10b0 IAH-P M bovine B cells +

24 170 IL-A167 ILRAD G2a some cells in lymph node sections ++

24 171 Bf38 HAS 36 kD - wbuf
24 172 5D4 IZBI G2b 20 kD ++ +

24 173 IL-A143 ILRAD ++

24 174 4G9 IAH-P G1 B cells ++

24 175 4C10 IAH-P G2a B cells ++
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Table 3 (continued)

24 176 Bf18 HAS 50 kD; 78% PBM + + wbuf
24 177 LCT28 WSU G1 B cell antgen B7 (CD217) +

24 178 TD26 UEDIN G1 ++

24 179 BAGB21 WSU G1 CD45 - +

24 180 Buf47 HAS 41%PBM + wbuf
24 181 1B12 IAH-P G1 10-18% IPP B cells, not tissue B cells ++
24 182 IL-A47 ILRAD A a|3 TcR (v region?) ++

24 183 CACT21 WSU G1 WC1 + -

24 184 CACT147 WSU M WC1 + -

24 185 BAQ136 WSU M WC1 +

24 186 BAQ162 WSU M WC1 + -

24 187 IL-A141 ILRAD G2a 95 kD; same as IL-A119 ++

24 188 VPM64 UEDIN G1 50-80 kD; FcyRIII? + +

24 189 VPM61 UEDIN G2a "negative control antibody - - none

24 190 BAGB20 WSU G1 CD45 - + cap
24 191 60-2 Bll-M G2a most leukocytes ++

24 192 IL-A80 ILRAD G1 46 kD; increased after activation ++

24 193 IL-A25 ILRAD G1 pulmonary macrophages ++

25 194 1E7 IZBI G1 83-85/53 kD ++

25 195 Buf42 HAS + wbuf
25 196 Bf27 HAS - - wbuf
25 197 46-57 UMELB G1 22 kD; Immunol.,1986,59:631 ++

26 198 IL-A162 ILRAD G2b 15 kD; pan-leukocyte ++

26 199 CACT19 WSU M TCR1 (N6) + + cap
26 200 CACT77 WSU M activation antigen (ACT2) + cap
26 201 CACT26 WSU G1 activation antigen (ACT2) + cap
26 202 GB17 WSU G1 activation antigen (ACT2) + +

26 203 GB110 WSU M activation antigen (ACT16) + + horse
26 204 CACT101 WSU M activation antigen (ACT1) + + cap
26 205 GB16 WSU G1 activation antigen (ACT15) + + cap.hor.hum
26 206 CACT7 WSU M activation antigen (ACT1) + + cap
27 207 IAH-CC199 IAH-C G2a WC1? +

27 208 Buf13 HAS CD31?? 40-58 kD + + wbuf
27 209 CO-3D1D4 FVC G2a CD31?; monocytes, non-lineage + + cap
27 210 IVA120 IABG G1 increased after storage ++

27 211 IVA198 IABG G1 Increased after storage ++

27 212 IVA197 IABG G1 increased after storage ++

28 213 IAH-CC57 IAH-C G1 "WC4 control MAb ++

28 214 IL-A65 ILRAD G2a *WC3 control mab ++ +

29 215 DM7 IAH-P G1 majority of peripheral tissue B cells ++

29 216 LCT30 WSU G1 B cell antigen (B11) +

29 217 GB25 WSU G1 Bcell antigen (B7)CD21? + + cap
29 218 IAH-CC20 IAH-C G2a *CD1w2 control MAb ++

29 219 Du2-87 Bll-H G1 190,150 kD + ++ cap
29 220 Du2-54 Bll-H M 190,150 kD + ++ cap
30 221 IAH-CC28 IAH-C G1 "WC10 control MAb ++

30 222 Du2-74 Bll-H G2b 190,150 kD + ++ cap
30 223 Du2-128 Bll-H G1 190 kD + ++ cap
30 224 LCTB17 WSU G1 activation antigen (ACT20) +

30 225 LCT2 WSU G2a B cell antigen (B10) ++

30 226 CACT114 WSU G2b activation antigen (ACT3) + -

30 227 IL-A81 ILRAD G2 115 kD; activation antigen ++

228 CACT111 WSU M activation antigen (ACT7) + -

31 229 CACT61 WSU M TCR1 (N12) + -

31 230 CACT148 WSU M TCR1 (N12) + -

31 231 GB21 WSU G2b TCR1-24 + - cap
32 232 CACT16 WSU M TCR1 (N7) + -

32 233 CACTB12 WSU G1 TCR1 (N7) + -

32 234 CACT17 WSU G1 TCR1 (N7) + -

32 235 CACTB16 WSU G1 TCR1 (N6) +



J. Nacsscns, J. Hopkins / Veterinary Immunology and Immunopathology 52 (1996) 213 235 229

Table 3 (continued)

32 236 CACTB41 WSU G1 TCR1 (N6) +

32 237 CACTB17 WSU G1 TCR1 (N6) +

32 238 GB22 WSU G1 TCR1 (N6) + + cap
32 239 CACTB14 WSU G1 TCR1 (N6) + cap
32 240 CACTB10 WSU M TCR1 (N6) + + cap
32 241 CACT18 WSU M TCR1 (N12) + -

32 242 CACT75 WSU M WC1 + -

32 243 BAQ89 WSU G1 WC1-N4 + + cap
32 244 CACTB44 WSU G1 TCR1 (N7) + -

32 245 CACTB6 WSU M TCR1 (N6) + + cap
33 246 CACT83 WSU M *CD4 control MAb + -

33 247 CACTB32 WSU G1 WC1-N3 + + cap
33 248 CACT60 WSU M WC1-N10 + + cap
33 249 IVA84 IABG G1 ++

33 250 IAH-CC188 IAH-C G1 WC1? +

33 251 CACTB81 WSU G1 TCR1 (N7) + -

33 252 1AH-CC187 IAH-C G2a WC1? +

33 253 SC-6 IAH-P G1 WC1? g/d T-cell specific, subpop + +

33 254 SC-12 IAH-P G1 WC1? g/d T-cell specific, subpop + +

33 255 BAQ90 WSU G3 WC1-N11 + + cap
33 256 SC-29 IAH-P G1 WC1? g/d T-cell specific, subpop + +

257 Buf34 HAS + wbuf
258 LCTB28 WSU G2a activation antigen (ACT13) + +

259 LCTB50 WSU G2a activation antigen (ACT14) +

34 260 IVA17 IABG G1 15 kD ++

34 261 IVA369 IABG G1 ++

34 262 VPM54 UEDIN G1 *MHC class II DR control MAb + + cap
34 263 VPM36 UEDIN G1 *MHC class II DQ control MAb + + cap
35 264 IAH-CC43 IAH-C G2b *CD1w3 control MAb ++

35 265 20-27 UMELB G1 *CD1w1 control MAb + ++

35 266 IL-A62 ILRAD G2a weak on B cells ++

267 B18 Bll-M TAPA-1; 20 kD; on most leukocytes ++

268 SC-24 IAH-P G1 y/8 T-cells;low on a/p T-cell lines ++ pig, hor
269 IL-A63 ILRAD G2a 32 kD?; non-lineage ++

270 IL-A55 ILRAD G2a *WC5 control MAb ++

36a 271 IVA112 IABG G1 100 kD ++

36a 272 IVA95 IABG G1 24,25,71 kD ++

36a 273 IVA103 IABG G1 ++

36b 274 IVA313 IABG 170,190,210 kD ++

36b 275 IVA352 IABG G2a CD45?; 200,220 kD ++

36b 276 IVA373 IABG M ++

36b 277 IAH-CC76 IAH-C G1 "CD45R control MAb ++

36b 278 Bo42 ITHH G3 *CD45 control MAb ++

37 279 TH18 WSU G3 *WC7 control MAb + -

37 280 Buf2 HAS 45-60 kD + - wbuf
38 281 IVA20 IABG G1 ++

38 282 IVA40 IABG G2a 21,160 kD ++

283 LCT27 WSU G1 B cell antigen (B10) +

39 284 LCTB19 WSU G1 activation antigen (ACT21) +

39 285 LCTB39 WSU G2a activation antigen (ACT21) +

39 286 IL-A114 ILRAD G1 *WC6 control MAb ++

287 TD14 UEDIN G1 *CD45 control MAb + + cap
288 218 Bll-M G1 CD49d; 150,130 kD; VLA-4 ++

289 20-76 Bll-M G1 all leukocytes ++

40 290 Buf11 HAS + - wbuf
40 291 MM1 WSU G1 *CD3 control MAb + - Buf
40 292 1AH-CC17 IAH-C G1 *CD5 control MAb ++

293 MUC2 WSU G2a *CD2 control MAb + + cap.Buf
294 IL-A150 ILRAD G2a *CD45RO control MAb ++

295 DM6 IAH-P G1 CD22?; 130-140 kD ++
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Table 3 (continued)

41 296 IL-A154 ILRAD M B cells ++

41 297 Buf46 HAS
41 298 IVA77 IABG G1 CD19?; 94 kD ++

41 299 LCTB16 WSU G1 activation antigen (ACT18) +

42 300 CH127 WSU M B cell antigen (B5) ++

42 301 46-66 UMELB G1 TAPA-1; 16-20 kD ++

302 IL-A59 ILRAD G1 *lg light chain control MAb ++

Abbreviations:
Column 3; donor laboratories: as in Table 4.
Column 5; donor information: IPP: ileal Peyer's Patches; MAb: monoclonal antibody; Mac: macrophage;
Mono: monocyte; NL: non lineage restricted; PBM: peripheral blood mononuclear cells: PMN: polymorphonu
clear cell; RBC: red blood cell; sub/subpop: subpopulation.
Column 8, other species cross-reactivities: cap: caprine; hor: horse; hum: human; rbt: rabbit; wbuf: water or
river buffalo.

Control antibodies.

Table 4
List of participants

Country Participants Addresses

Lab-code

Australia

UMELB J. Maddox, A. Nash Centre for Animal Biotechnology, School of Vet. Science,
University of Melbourne, Parkville 3052, Victoria. Fax:
+ +61-3-347 4083; U2605163@ucsvc.ucs.unimelb.edu.au

Canada
J. Ellis Western College of Vet. Medicine, Univ. of Saskatchewan,

Saskatoon, Sask., CANADA, S7N OWO. Fax: 306-966-
8747; ellisj@sask.usask.ca

Egypt
A. Abou-Mossallem, S. El Department of Cell Biology, National Research Center, El
Nahas, H.A. Ramadan Tahrir Street, Dokki, Cairo. EGYPT. Fax: 202 700931

France

INRA F. Bernard, S. Bernard, P. Laboratoire de Pathologie Infectieuse et Immunologic,
Berthon, F. Doucet, F. INRA- Centre de Recherche de Tours, 37380, Nouzilly.
Lantier, M. Olivier Fax: + +33-47-42 77 79; patricia.berthon@tours.inra.fr

Germany
ITHH A. Beer, A. Lange, W. Lei- Immunology Unit, Veterinary School, Bischofsholer Damm

bold, H.J. Schuberth, H.U. 15, D-3000 Hannover 1. Fax: ++49-511-856 7685,
Rabe jschub@immunologie.tiho-hannover.de

Hungary
HAS I. Ando, G. Keresztes, E. Biological Research Center, H.A.S., Institute of Genetics,

Kurucz, I. Ocsovski, P. Vil- POB 521, H-6701 Szeged. Fax: ++36-62-433503;
mos ando@everx.szbk.u-szeged.hu

Italy
IZBI M. Amadori Istituto Zooprofilattico Sperimentale, Via A. Bianchi 7,

25125 Brescia. Fax: ++39-30-225613
UMILA G. Poli, W. Ponti, M. Roc- Inst. Vet. Microbiol, and Immunobiol., University of

chi, L. Turin Milan, Via Celori 10, 20133 Milano. Fax: 02/236.27.75
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Table 4 (continued)

Country Participants Addresses
Lab-code

Japan
UIWAT

Kenya
ILRI

Netherlands
FVMUT

Slovakia

IABG

M. Asahina, M. Goryo, K.
Okada

Spain
FVC

Switzerland
BII

U.K.

IAH-C

UEDIN

IAH-P

U.SA.

USDA

WSU

Zimbabwe

Dept. of Vet. Pathology, Faculty of Agriculture, Iwate
University, 3-18-8, Ueda, Morioka 020. Fax: + + 196-52-
6945; kosuke@cciuunix.iwate-u.ac.jp

N. McHugh, P. Muiya, J. International Lifestock Research Institute, P.O. Box 30709,
Naessens, J.M. Nthale Nairobi. Fax: + + 254-2-631499; j.naessens@cgnet.com

A. Hoek, K.E.
V.P.M.G. Rutten

Muller,

F. Bilka, R. Dusinsky, S.
Hluchy, L. Horovska, M. Si¬
mon

J.M. Garrido, D. Llanes, A.
Mateo, A. Moreno, J. Perez
de la Lastra, C.O. Pintado

W. Hein, P. Griebel

C.J. Howard, L. Kwong, P.
Sopp

B. Dutia, V.K. Gupta, J.
Hopkins, S.M. Rhind

T. Mukwedeya, R.M.E.
Parkhouse, H. Takamatsu,
M.S. Denyer

M.J. Paape

C.R. Mackay

S.K. Salgar

W.C. Brown, W.C. Davis,
M.J. Hamilton, Y.H. Park,
C.R. Wyatt

S. Mahan

Department of Immunology, Faculty of Vet. Medicine,
Postbus 80.165, 3508 TD Utrecht. Fax: + +31-30-533555;
v.rutten@vetmic.dgk.ruu.nl

Slovak Academy of Sciences, Instit. of Animal Biochem.
and Genetics, 900 28 Ivanka pri Dunaji, SLOVAKIA.
dusinsky@ubgz.savba.sk simon@ubgz.savba.sk

Facultad de Veterinaria, Departemento de Genetica, Avda.
de Medina Azahara, 9, 14005 - CORDOBA, Fax: 57-
218666 GE1 LLRUD@LUCANO.UCO.ES

Basel Institute for Immunology, Grenzacherstrasse 487,
Postfach, CH-4005 Basel. Fax: + +41-61-492380

AFRC, Institute for Animal Health, Compton Laboratory,
Compton, Nr. Newbury, Berkshire RG16 ONN. Fax:
+ +44-635-577237; Chris.howard@afrc.ac.uk
Dept. of Vet. Pathology, University of Edinburgh, Sum-
merhall, Edinburgh EH9 1QH. Fax: + +44-31-650 6511;
JH@labO.vet.edinburgh.ac.uk
Institute for Animal Health, Pirbright Laboratory, Ash
Road, Pirbright, Woking, GU24 ONF. Fax: + + 44-483-
232448

Milk Secretion and Mastitis Laboratory, USDA-ARS,
Beltsville, MD 20705, U.S.A.
Leukosite Inc., 800 Huntington Ave, Boston MA 02115,
U.S.A.

Department of Pathology, School of Medicine, Scaife Hall,
University of Pittsburgh, PA 15221. USA, Fax: (412)648-
1916; sal@med.pitt.edu
Dept. of Vet. Microbiology & Pathology, Washington
State Univ, Pullman, Washington 99164-7040. Fax: (509)
335-8328; davisw@hawk.vetmed.wsu.edu

Heartwater Research Project, P.O. Box 8101, Causeway,
Harare, ZIMBABWE. Fax: + + 263-4-794980
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Table 5

Bovine leukocyte antigen clusters
Cluster Lab MAbs

CD1 1AH-C CC13

UEDIN VPM5

WSU TH97A
CDlwl UMELB SBU-20-27

CDlw2 IAH-C CC14, CC20, CC40, CC90, CC122
CDlw3 IAH-C CC43, CC118
CD2 IAH-C CC42

ILRAD IL-A26, IL-A42, IL-A43, IL-A45
UWISC 16-1E10

WSU CHI28A, CH132A, BAQ95A, BAT18A, BAT42A, BAT76A,
CACT31A

BI1 ST-11 (sheep only),
135-A (sheep only)
WSU MUC2A

CD3 WSU MM1A

CD4 BII ST-4A
IAH-C CC8, CC30
ILRAD IL-A11, IL-A12
WSU GC50A, CACT83A, CACT87A, CACTI 38A
UMELB SBU-44-38 (sheep only), SBU-44-97 (sheep only)

wsu GC1A1

CD5 FUNDP 8C11, JP1D4
IAH-C CC17, CC29
ILRAD IL-A67

UCONN BLT-1

UMELB 79-5
BII ST-1A (sheep only)
UMELB SBU-25-91

CD6 FUNDP NAM3

IAH-C CC38
ILRAD IL-A27, IL-A28, IL-A57
WSU BAQ82A, BAQ91 A, CACT141A

CD8 BII ST-8

IAH-C CC58, CC63
ILRAD IL-A51

UMELB SBU-38-65
WSU BAQ111 A, BAT82A, CACT80, CACT88,CACT130

CDlla/CD18 FUNDP MD1H11

IABG IVA35
ILRAD IL-A99
UMELB CBU-72-87
WSU BAQ30A
BII F10-150 (sheep only)
WSU MUC76A

CDllb IAH-C CC94, CC104, CC125, CC126
ILRAD IL-A15, IL-A130
WSU MM10, MM13
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Table 5 (continued)

Cluster Lab MAbs

CDllc FUNDP NAM4

ILRAD IL-A16

UW1SC C5-B6
WSU BAQ153A
INRA OM1 (sheep only)

CD14 IAH-C CC-G33
UEDIN VPM65, VPM66, VPM67

CD18 FUNDP MFI4B4

CD21 IAH-C CC21, CC37, CC5I, CC70
ILRAD IL-A65

WSU BAQ15A
CD25 ILRAD IL-A11I

WSU CACT108A, CACT109A, CACTI 16A
CD41/CD61 FVC Co-20A1 (sheep only)

IABG IVA30, IVA31, IVA38, IVA125
ILRI IL-A164, IL-A166
WSU CAPP2A

CD44 HAS Bufl
ILRAD IL-A107, IL-A108, IL-A112, IL-A118
UMELB SBU-25-32

CD45 BII 151
UCONN 2E8

UEDIN TDM, TD15, VPM18
UMELB SBU-1-28

CD45R IABG IVA95, IVA103, IVA112, IVA313, IVA352, IVA373
IAH-C CC31, CC76, CC77, CC99, CC103
ITHH Bo42

WSU BAG36A, GC6A, GS5A, GX18A
UMELB SBU-20-96 (sheep only)

CD45RO ILRAD IL-A116
CD58 BII TUTS
CD62L HAS Buf44

IABG IVA94
IAH-C CC32

WSU BAQ92
CD71 ILRI IL-A77, IL-A165
WC1 BII 197

FUNDP NAM2

IAH-C CC15, CC39, CC101, CC115, CC117
ILRAD IL-A29

UMELB SBU-19-19
WSU BAG25A, BAQ4A, BAQ89A, BAQ90A, BAQ128A, BAQ159A,

B7A1, CACTB1A, CACTB7A, CACTB15B, CACTB31A,
CACTB32A

VVC4 IAH-C CC55, CC57
WC5 ILRAD IL-A54, IL-A55
WC6 IAH-C CC98

ILRAD IL-A53, IL-A114
WC7 WSU TH1 A, TH18A
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Table 5 (continued)

Cluster Lab MAbs

WC8 ILRAD IL-A78, IL-A79, P13
WC9 IABG IVA31, IVA37, IVA50, IVA114

ILRAD IL-A96, IL-A134, IL-A163
WSU BAQ86A, MM4I, RH1 A, R18A, TH2A

WC10 1AH-C CC28, CC62, CC69
ILRAD IL-A56
WSU CACTI 14A

WC11 ILRAD IL-A117, IL-A136
ITHH CA26/1, CA17/1 /6
UCONN 1C10

WSU BAGB27A

WC13 FVC CO-3D1D4

HAS Bufl3
WC14 ILRI BT3/8.12, IL-A155
WC15 ILRI IL-A135, IL-A137, IL-A138, IL-A160

WSU ANA8

performed on data from bovine cells was significant, because not enough data from
ovine cells were entered. On the basis of these results, antibodies were grouped into
preliminary clusters and further tested (Table 3). The data were presented and discussed
at the meeting of the Third Workshop on Ruminant Leukocyte Antigens, held at Davis,
California on July 16, 1995. A total of laboratories have participated in this effort (Table
4).

Numbers have been assigned to six new ruminant clusters: CD41/CD61, CD62L,
CD71, WC13, WC14 and WC15. Cluster number WC12, which had been reserved at
this workshop for an activation antigen, was not assigned as the data were not
conclusive and will be rediscussed at the next workshop. Data were also presented
which indicated that cluster WC3, assigned at the first workshop (Naessens and Howard,
1991), was homologous to human CD21, and from now on the nomenclature WC3
becomes obsolete. Several new antibodies were assigned to clusters defined in the
previous workshops and a table of ruminant clusters was updated (Table 5).

The organisers and participants of the Third Workshop on Ruminant Leukocyte
Antigens would like to thank Dr. Bernard Charley, the Veterinary Immunology Commit¬
tee and the IUIS for moral and financial support. The organisers further thank Dr.
Bommeli A.G., Libefeld-Bern, Switzerland, for financing travel to Davis for one of the
organisers, Prof. Wolfgang Leibold and co-workers, Veterinary School, Hannover, for
sampling and distributing the antibodies to all participants and Prof. W.C. Davis,
Washington State University, Pullman, for coordinating the distribution of samples in
North America. Lastly, we are indebted to all participants for their efforts and prompt
submission of manuscripts.



Table 2. Continued

Cluster Laboratory' mAbs

WC1 (p215/p300,
on y/5 TcR+
lymphocytes) Bll

FUNDP
IAH-C
ILRAD
UMELB
WSU

197
NAM2
CC15,CC39,CC101,CC115.CC117
IL-A29
SBU-19-19

BAg25A, BAQ4A, BAQ89A, BAQ90A, BAQ128A, BAQ159A, B7A1,
CACTB1 A, CACTB7A, CACTB15B, CACTB31 A, CACTB32A

WC3 (pi45.on
B lymphocytes) IAH-C

ILRAD
WSU

CC21, CC37, CC51, CC70
IL-A65
BAQ15A

WC4 (p 90, on
B lymphocytes) IAH-C CC55.CC57

WC5 (p47.
nonlineage) ILRAD IL-A54.IL-A55

WC6 (p220,
nonlineage) IAH-C

ILRAD
CC98
IL-A53, IL-A114

WC7 (p62/p69,
nonlineage) WSU TH1A.TH18A

WC8 (pi50,
late activation

antigen on
T lymphocytes) ILRAD IL-A78JL-A79.P13

WC9 (p25,
nonlineage. very
broad distribution) ILRAD

WSU
IL-A96
BAQ86A, RH1 A, RH18A, TH2A

WC10 (p39/pl 15,
nonlineage, mainly
lymphocytes) IAH-C

ILRAD
WSU

CC28, CC62, CC69
IL-A56
CACTI 14A

WC11 (p65/p85,
nonlineage, very
broad distribution) ILRAD

1THH
UCONN
WSU

IL-A117

CA26/1.CA17/1/6
1C10
BAGB27A

' Laboratories abbreviated as in Table 1
2 mAbs from the 1st workshop that have not yet been correlated with subclusters.

fined, most of them requiring a WC nomenclature,
and more antibodies were added to clusters CD1 lb
and CD44. Furthermore, there was evidence for sub¬
groups within the CD1 cluster, and mAbs to all
CD11/CD18 subgroups were described. With the
identification of the target antigen of BoWC2 as
being the y /8 T-cell receptor, or TcRl, the name
WC2 given in the first workshop has become redun¬
dant. Again, as in the first workshop, three new CD
homologues were characterized by one mAb, re¬
spectively: CD3, CD 18, and CD45RO. A summary
of the different ruminant clusters, their antigens, and
the mAbs that detect them is given in Table 2.

The results of the third workshop, held in Davis,
CA, USA, will be published in a special issue of
Veterinary Immunology and Immunopathology.

References

1. Milstein C. What next? In Knapp W (Ed.) Leukocyte Typing
IV. White Cell Differentiation Antigens. Oxford: Oxford Uni¬
versity Press, 1989, pp. 1-5
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Nomenclature and characterization of leukocyte
differentiation antigens in ruminants

«

Jan Naessens, Chris J. Howard and John Hopkins

comparison of mam¬
malian proteins has demon¬
strated that divergence is
highest among the ligands

and receptors involved in host defence
mechanisms1. These include cytokines, cy¬
tokine receptors and leukocyte surface anti¬
gens. Therefore, it does not come as a sur¬

prise that only a relatively low proportion,
estimated to be about 7%, of mouse mono¬

clonal antibodies (mAbs) to human differ¬
entiation antigens recognize homologous
ruminant molecules. Collaborative studies

on human leukocyte antigens have enabled
tremendous advances to be made in the un¬

derstanding of the function of these cell-sur-
facc molcculc3, allowing modulation of the
immune system, and analysis and treatment
of disease. Immunologists investigating
species other than humans have been
compelled to establish new sets of mAbs
and to assign a practical nomenclature.
Three international workshops have been
held under the auspices of the Veterinary
Immunology Committee (VIC) of the
International Union of Immunological
Societies (IUIS) with the goals of compar¬

ing mAbs to leukocyte antigens of
cattle, sheep and other ruminants,
characterizing the antigens and assign¬
ing a systematic nomenclature (Hannover,
Germany, 1989; Budapest, Hungary, 1992;
Davis, CA, USA, 1995). The proceedings of
these workshops have been published in
special issues of Veterinary Immunology
and Immunopathology (Vol. 27, 1991; Vol. 39,
1993; Vol. 52,1996).

IPS
Identification and nomenclature of
ruminant antigens
By definition, homologous molecules in
different species have a common ancestral
gene and, depending on the evolutionary
distances, are likely to have the same
function and biochemical characteristics. It

Pll: 50167-5699(97)01099-2

Three international workshops
held over the past eight years have

addressed the identification and
nomenclature of leukocyte
differentiation antigens in

ruminants. This article explains
the progress the workshops

have made.

is thus logical to use the same name for
homologous antigens since this will facili¬
tate comparisons of immunological obser¬
vations between species. Therefore, it has
been agreed that the nomenclature in rumi¬
nants should follow the CD (cluster of
differentiation) nomenclature of the human

workshops, which is a practical system for
identification of differentiation antigens
and has been widely accepted.

A format similar to that used for human
CD clusters was followed to define ru¬

minant clusters. Panels of mAbs were

assembled that included mAbs of known

specificities as internal standards. The
mAbs were initially tested by flow cytom¬
etry for reactivity on a number of cell lines,
peripheral blood mononuclear cells, and
lymphocyte subsets identified by two-
colour staining. Additional functional, histo¬
logical and biochemical data on each
preliminary cluster of mAbs were obtained
in a second phase to confirm the specificity
of the mAbs. The information allowed clus¬
ters for cattle to be defined, and as many
mAbs within clusters reacted with sheep
cells, the same cluster numbers were

allocated to sheep. New cluster numbers
were assigned at meetings held in conjunc¬
tion with the International Veterinary
Immunology Symposia.

When a bovine cluster antigen was found
to be homologous to a human CD antigen, it
was allocated the human CD number.

Minimum criteria for establishing homology
with a human CD antigen were: (1) that the
cluster contained a mAb that crossreacted
with a human CD antigen; (2) that the rumi¬

nant antigen or its gene displayed sequence

homology with a human CD antigen; and (3)
that the ruminant antigen displayed homo¬
logy in a combination of unique biochemical
and/or functional features with a human CD

antigen. The prefix Bo is used to discriminate
the bovine from the human antigen where
necessary; the prefix Ov and Cp are used for
sheep and goat cluster antigens, respectively.

If there was no obvious equivalent
human CD antigen or if insufficient data
were available to establish homology, the
ruminant cluster received a temporary
WC ('workshop cluster') number, again
preceded by the species prefix. Cross-
reactivities between ruminants are more

extensive than between humans and ru¬

minants, and it was possible to define hom¬
ologous WC clusters in cattle, sheep and
other ruminants by crossreactivity alone.
Thus, mAbs from the clusters BoWCl and
OvWCl detect a homologous antigen on
bovine and ovine -yS T cells, but no equiva¬
lent antigen has yet been defined in
humans. When the homologous human
antigen is defined, the WC designation will
become redundant. This has occurred with
BoWC2 and BoWC3, which have been
found to be BoTCRl and BoCD21, respec¬

tively. It should be noted that the WC
nomenclature can be assigned only at one of
the workshops; however, demonstration of
homology with a human CD antigen can be
given by individual researchers, provided
that they have adequate data. These rules
for nomenclature were submitted to VIC
and the IUIS nomenclature committee2.

A

Summary of bovine and ovine
antigens
Table 1 lists the mAbs to bovine and ovine

CD and WC antigens established within the
three workshops. Not all mAbs react with
both species but, for most antigens, there
is at least one mAb that reacts with the

Copyright © 1997 Elsevier Science ltd. All rights reserved. 0I67-5699/97/JI7.00
UGUST 1997
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Table I. Ruminant leukocyte differentiation antigens
mAbs' to

; Cluster Bo Ov mAbs (source)1'
l-cell antigens

I

i CD I
; CDIwi
[ CDIw2

CDI w3
t CD2
j;

I CD3 :
! CD4 '
r •

j CD5 A
; CD6

cds O;

f WCI +
r- ■ VBSSe -

.

[ B-cell antigens
CD2I - +

+

+

+

+

+

+

+

+

+

+

-+

+

+

+

+

+

+

WC4- +

+

+

■ ■ .v . ....-.•—••t. . ■ -
CCI3 (Com), TH97A (Pul), VPM5 (Edin)
SBU-20-27 (Mel)
CC14, CC20, CC40, CC90, CC122 (Com)
CC43, CCI18 (Com)
16-1E10 (Mad), CC42 (Com), CHI28A, CHI32A, BAQ95A, BATI8A, BAT42A, BAT76A, CACT31 A,
MUC2A (Pul), IL-A26, IL-A42, IL-A43, IL-A45 (Nai), ST-11, 135 A (Bas)
MM IA (Pul)
CC8, CC30 (Com), CACT83A, CACT87A, CACTI38A, GCIAI, GC50A (Pul), IL-AI I, IL-AI2 (Nai),
SBU-44-38, SBU-44-97 (Mel), ST-4A (Bas)
8CI I, JPID4 (Nam), 79-S (Mel), BLT-I (Stor), CCD, CC29 (Com), IL-A67 (Nai), SBU-25-91 (Mel),
ST-1A (Bas)
NAM3 (Nam), CC38 (Com), IL-A27, IL-A28, IL-A57 (Nai), BAQ82A, BAQ9IA, CACTI4IA (Pul)
ST-8 (Bas), CC58, CC63 (Com), IL-A5I (Nai), SBU-38-65 (Mel), BAQI11 A, BAT82A, CACT80, CACTS8,

T CACTI30 (Pul)
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NAM2 (Nam), SBU-I9-I9 (Mel)
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CC94, CCI04, CCI25, CCI26 (Com), IL-AI5, IL-AI30 (Nai), MM 10, MM 13 (Pul)
BAQI53A (Pul), C5-B6 (Mad), IL-AI6 (Nai), NAM4 (Nam), OMI (Nou)
MFI4B4 (Nam)
FW4-I0I (Bas) ' - ■ ■::-
CAPP2A (Pul), Co-20AI (Cor), IL-AI 64, IL-AI 66 (Nai), IVA30, IVA3I, IVA38, IVA 125 (Iva)
Bufl (Sze), IL-AI07, IL-AI08, IL-AI 12, IL-AI 18 (Nai), SBU-25-32 (Mel)
218 (Bas) -' r; ... .
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WC9 ........ +
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IL-A54, IL-A55 (Nil) 3
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BAQ86A, MM4I, RHIA, RI8A, Tl I2A (Pul), IL-A96, IL-AI34. IL-AI63 (Nai), IVA3I. IVA37,
1VA114 (Iva) " ' **3$
CACT 114A (Pul), CC28, CC62, CC69 (Com), IL-A56 (Nai)

,Y<—. " ~ " '
f ' -."Si .l ' v.. .... ... •..■■■, .
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IVA50,

NT ANA8 (Pul), IL-A135, IL-A137, IL A138, IL-A160 (Nai) i ■ v i ■. v.,

j "Presence of monoclonal antibodies (mAbs) reactive with bovine (Bo) or ovine (Ov) cells: +, reactive; —, not reactive; nt, not tested.
t bLaboratories that contributed mAbs shown in the table: Bas, Basel Institute tor Immunology, Basel, Switzerland; Com, Institute for Animal Health, Compton, UK;
L Cor, Facultad de Veterinaria, Cordoba, Spain; Edin, University of Edinburgh, UK; Han, Immunology Unit, Veterinary School, Hannover, Germany; Iva, Institute
; Animal Biochemistry and Genetics, Ivanka pri Dunaji, Slovakia; Mad, University of Wisconsin, Madison, WI, USA; Mel, University of Melbourne, Australia; Nai,
f International Livestock Research Institute, Nairobi, Kenya; Nam, Facultes Universitaires Notre Dame dela Paix, Namur, Belgium; Nou, INRA, Nouzilly, France;

j j Pul, Washington State University, Pullman, WA, USA; Sze, Biological Research Center, Szeged, Hungary; Stor, University of Connecticut, Stores, CT, USA.
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Table 2.

Cluster

WCI

WC4

WC5

WC6

WC7

WC8

WC9

WCI0

WCI I

WCI 3

WCI4

WCI 5

ruminant species of interest. One notable
exception is CD3, for which only one

bovine-specific mAb exists. It is clear that
most T-cell subsets in cattle and sheep can
be identified. So far, only minor differences
in function, biochemical characteristics and

cellular distribution of T-cell antigens have
been noted between humans and rumi¬

nants - for example, CD4 is expressed by
human3 but not ruminant monocytes.

The best-characterized molecule found

in ruminants but not in humans nor in

mice is the WCI antigen (Table 2). The
antigen has a high molecular mass (215
kDa) and is expressed by a major popula¬
tion of 78 T cells in peripheral blood.
However, different WCI mAbs recognize
antithetical or nonoverlapping popula¬
tions of 78 T cells. Some precipitate mol¬
ecules of slightly different molecular mass.

Moreover, several genes were found that
may encode a family of related WCI mol¬
ecules (as many as 10 in cattle and 50 in

sheep8). The function of WCI is still un¬

known, but recent investigations suggest
it transmits a downregulatory signal20.
While the predominant 78 T-cell popula¬
tion in blood is WCI+CD2"CD8", the

majority of splenic 78 T cells are
WCTCD2+CD8+ (Ref. 21).

Few clusters defined antigens on B cells
(CD21 and WC4) and myeloid cells (CD14),
but mAbs to a large number of adhesion
molecules are available for studies in rumi¬

nants. Two early activation markers have
been identified: the interleukin 2 receptor a
chain (CD25), which is highly expressed on
activated T cells, and the transferrin recep¬
tor (CD71), which is highly expressed on
activated T and B cells. A number of new

clusters received a WC number because the

criteria for homology with a human CD
antigen could not be met, although in some
cases homology was suspected. The charac¬
teristics of all WC antigens are summarized
in Table 2.

More antibodies exist than are men¬

tioned in Table 1, but they have not been al¬
located a CD or WC number either because

they were unique and new or because their
antigens have not been sufficiently charac¬
terized. mAbs to human CD antigens that
crossreact with ruminant antigens provide
additional useful reagents. They include a
few mAbs to adhesion molecules22 and a se¬

ries of mAbs that were obtained by a sys-

IMMUNOLOGY TODAY

tematic analysis of the panels from the last
two human workshops23. To collate data
on crossreactivities, VIC is supporting ef¬
forts to establish a database, accessible

through the Internet, that will combine all
available data on the crossreactive nature of

mAbs, including those against human CD
antigens. These cooperative efforts will pro¬
vide immunologists working with animals
with the necessary tools for their research.

fan Naessens (j.naessens@cgnet.com) is at the
International Livestock Research Institute, PO

Box 30709, Nairobi, Kenya; Chris Howard is
at the Institute for Animal Health, Compton,
Newbury, Berkshire, UK RG20 7NN; John
Hopkins is at the Dept of Veterinary Pathology,
University of Edinburgh, Edinburgh, UK
EH9 1QH.
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Multiple sclerosis: variations on a theme
Sandra Amor, David Baker, Lorna Layward, Kirsty McCormack

and Johannes M. van Noort

M
ultiple sclerosis (MS) is
a chronic inflammatory
and demyelinating dis¬
ease in which lesions in

the central nervous system (CNS) result in
varying degrees of neurological deficit.
Although the aetiology of MS is unknown,
studies have suggested a role for immune
reactions against infectious agents and
autoantigens, and the disease is generally
considered to be immune mediated. This

has prompted development of immuno-
therapeutic approaches to control the
disease. In the UK, interferon 3 (IFN-3) has
been licensed for the treatment of re-

lapsing-remitting MS, and copolymer 1 [a
mimic of myelin basic protein (MBP)] will
probably soon also be available for thera¬
peutic use; however, there is no definitive
therapy for MS.

Histopathology of MS
Much emphasis has been placed on variation
in the histopathology of the CNS lesions as
reflected in the extent of myelin damage,
mononuclear cell infiltration and axonal

Copynght © 1997 Elsevier Science Ltd. All rights reserved. 0167-5699/97/$ 17.00
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Correlation of the heterogenic
immunopathological profiles of

multiple sclerosis (MS) lesions with
the paraclinical and clinical markers
of disease may be important in the

development of therapeutic
approaches in MS. This and

other issues were discussed at a

recent meeting*.

destruction1-2. H. Lassman (Vienna) high¬
lighted the importance of classifying such
heterogeneity, as well as the need to correlate
the immunopathological profiles of the le¬
sions with paraclinical and clinical markers
of disease to aid the evaluation and design of
therapeutic approaches in MS.

Ever since Babinski described MS in 1885

(Ref. 3), studies have attempted to classify
lesional profiles. All lesions are dominated

*

by T cells and macrophages but the extent
of oligodendrocyte destruction depends on
the stage of the lesion (early active, late ac¬
tive or chronic). Although oligodendrocyte
loss is low in the early stages of the active
lesion, up to 80% oligodendrocyte destruc¬
tion has been observed in the later stages.
The degree of spontaneous remyelination

7

also varies and is dependent on factors such
as the availability of oligodendrocytes and
oligodendrocyte progenitors (G. Wolswijk,
Amsterdam; W.F. Blakemore, Cambridge),
and the presence of intact axons. Primary
defects in oligodendrogliogenesis (J. Orian,
London), as well as apoptosis and infection,
might also contribute to a lack of remyelin¬
ation. Heterogeneity of lesions is further
compounded by the variation in axonal
destruction.

Intact axons are observed in the

demyelinated plaque although up to 90% of
axons can be lost. Axonal damage, assessed
by expression of amyloid precursor protein,
is observed at the active borders of lesions

and corresponds with macrophage density
in the lesion, suggesting that the immune-
mediated damage is not restricted to myelin
(D. Anthony, Oxford). This was confirmed
by the finding that nitric oxide (NO), an

important factor associated with inflam¬
mation, causes reversible conduction block
and that demyelinated axons are particu¬
larly vulnerable to such an attack (K. Smith,
London). At later stages of MS, secondary
tract degeneration, grey matter neuronal

Pll: 50167-5699(97)01100-6
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'The Annual Meeting of the Multiple Sclerosis Society of Great Britain and Northern
Ireland entitled 'Frontiers in Science' was held at Birmingham, UK, on 26-27 March 1997.
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PERSISTENT EXPRESSION OF la ANTIGEN AND VIRAL

GENOME IN VISNA-MAEDI VIRUS-INDUCED

INFLAMMATORY CELLS

Possible Role of Lentivirus-induced Interferon

By PETER G. E. KENNEDY,* OPENDRA NARAYAN,** ZAHRA GHOTB1,*
JOHN HOPKINS,11 HOWARD E. GENDELMAN,* and JANICE E. CLEMENTS*8
From the Departments of *Neurology, ^Comparative Medicine, 8Molecular Genetics, The Johns
Hopkins University School ofMedicine, Baltimore, Maryland 21205; and the 11Department of
Veterinary Pathology, Royal Dick School of Veterinary Studies, Edinburgh, United Kingdom

Visna and maedi of sheep are classical "slow" virus diseases that have a long
incubation period and progressive debilitating clinical courses (1). Histologically,
lesions are characterized by infiltration and proliferation of mononuclear cells in
an active-chronic inflammatory process in specific organ systems such as the
brain, lung, joints, and mammary gland (2). The etiological agents of the disease
complex belong to a newly recognized taxonomic group called lentiviruses, which
are nononcogenic, replication-competent retroviruses (1). The viruses cause
persistent infections in their natural hosts and replicate at a restrictive level
indefinitely (3, 4). In nonneural tissues such as the lung, chronic progressive
lesions develop, whereas the lesions in the central nervous system (CNS)1 appear
to represent an episodic pathogenesis with repeated episodes of acute lesions
leading to repair (5).

Studies on host-virus interactions in vivo (6) have shown that cells of the
macrophage lineage are the main virus host cells but that replication is confined
to macrophages only in those tissues which develop inflammatory lesions. Thus,
the minimally productive virus replication in specific populations of tissue mac¬
rophages forms the basis of persistent infection of the animal, "slow" or restricted
virus replication in tissue, and lymphoproliferative pathologic responses that
occur at the sites of virus replication. The mechanisms of the lesions remain
unknown. The recent discovery (preceding article [7]) that an interferon (IFN)
is induced during interaction between lymphocytes and lentivirus-infected mac¬
rophages provides a potentially important bridge linking the virus-infected
This work was supported by grants NS12127, NS07000, and NS15721 from the National Institutes
of Health, and by grants from the Charles A. Dana Foundation, The Kings Fund, London, and The
Wellcome Trust. Address correspondence to O. Narayan, The Johns Hopkins University School of
Medicine, Department of Neurology, A. Meyer Building, Rm. 6-181, 600 N. Wolfe St., Baltimore,
MD 21205.

1 Abbreviations used in this paper: CMV, cytomegalovirus; CNS, central nervous system; DMF,,
Dulbecco's modified Eagle's medium; (FN, interferon; LV, lentivirus; LY-IFN, lentivirus-induced
interferon; PBM, peripheral blood mononuclear cells; PBS, phosphate-buffered saline; PLPG, per-
iodate-lysine-paraformaldehyde-glutaraldehyde; TtMO, SV40-transformed sheep alveolar macro¬
phages.
1970 J. Exp. Med. © The Rockefeller University Press • 0022-1007/85/12/1970/13 $1.00
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macrophage and the lymphoproliferative host response. Since one of the immu¬
nological effects of I FN (gamma) is the induction of expression of la antigens in
macrophages (8, 9), thus causing enhancement of antigen processing and pres¬
entation by macrophages (10), we hypothesize that, in the chronic-active visna-
maedi virus-induced lesion, IFN induced by the inflammatory cells may cause
increased expression of la antigens in macrophages. We show in this report that
la antigens are expressed continuously and at high levels in macrophages-like
cells in the inflammatory lesions. We show further that, in interactions between
the lentivirus-induced IFN (LV-IFN) and cultured sheep macrophages, the LV-
IFN causes expression of la antigen in the macrophages, and that persistence of
expression requires the continuous presence of LV-IFN in the medium. In
addition, the IFN restricted LV replication in cultured macrophages. We suggest
that such an IFN, produced in vivo, may play an important role in causing the
lymphoproliferative response through its effects on macrophage la expression
and may curtail virus replication in the macrophages, providing the net effect of
"slow replication."

Materials and Methods
Virus. Lentivirus VMA-5 was used in all the experiments in this study. This virus is a

field strain of visna virus isolated in Idaho from a sheep with typical inflammatory lesions
in the lungs, joints, and brain. VMA-5 virus was cultivated in a cell line of sheep alveolar
macrophages transformed by SV40 (11). These cells retain histochemical, functional, and
antigenic characteristics of the normal parental alveolar macrophages (11). The titer of
supernatant fluids from infected cultures was 5 X 105 infectious doses (TCID5o)/ml.

Sheep. Two 3-mo-old Corriedale lambs were anesthetized with halothane, and virus
was inoculated once into both the right and left cerebral hemispheres and also deposited
in the right anterior lobe of the lung using fiberoptic endoscopy. The animals were killed
at 2 wk and 12 wk after inoculation, and perfused through the heart first with phosphate-
buffered saline (PBS) and then with periodate-lysine-paraformaldehyde-glutaraldehyde
(PLPG) (12) as previously described (6). Small portions of various tissues were post-fixed
in PLPG, washed in PBS, embedded in paraffin, which was then serial section cut and
heat-baked onto glass slides pretreated with poly-D-lysine. Slides were then processed as
described below. Brain tissues from both animals were studied, but all other tissues used
in this study were obtained from the sheep killed at 12 wk.

Immunocytochemistry. The antibodies used in this study were a rat monoclonal antibody
to sheep la antigen (13), and a rabbit polyvalent antiserum to sheep alveolar macrophages,
of known specificities (1 1). This antiserum reacts with monocytes and selected macrophage
populations in sections of a variety of fixed normal sheep tissues. Tissue sections or
cytocentrifuged cell preparations (see below) were studied using the avidin-biotin-coupled
peroxidase complex (12). Tissues or cytospun cell preparations were reacted sequentially
with each of the following reagents (a) 2% normal rabbit serum for 20 min; (b) monoclonal
rat antibody to sheep la antigen or rabbit polyvalent antiserum to sheep macrophages,
for 30 min; (c) biotinylated antibody to rat or rabbit immunoglobulins (Vector Labora¬
tories, Inc., Burlingame, CA) diluted 1:100, for 30 min; (d) 0.1% hydrogen peroxide in
methanol for 30 min; and (e) avidin-biotinylated horseradish peroxidase complex (Vector
Laboratories, Inc.) for 30 min. The reaction was visualized with the chromagen 3,3'-
diaminobenzidine tetrahydrochloride, 0.5 mg/ml, in PBS containing 0.01% hydrogen
peroxide, for 5 min. Between each of these steps the slides were washed in PBS for 10-
20 min. After the label was developed the slides were washed in PBS, dehydrated through
70 and 95% ethanol, and stored at room temperature before processing for in situ
hybridization.

In Situ Hybridization. This technique was carried out as previously described (14).
Cloned DNA of visna virus and cytomegalovirus (CMV) were separated from the pBR322
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and used in this study. In brief, cloned DNA of visna virus was cleaved from the pBR322
with the restriction endonuclease Sst I, and the 9.1 kilobase (kb) visna virus fragment was
separated bv electrophoresis in an agarose gel. The DNA of both viruses was radiolabeled
by nick translation (15) using 3oS-dATP and 3;'S-dCTP (Amersham Corp., Arlington
Heights, IL). The labeled probe was sized by alkaline-agarose electrophoresis and frag¬
ments measuring an average of 70 basepairs were used as previously described (16). The
specific activities of the probes were >5 X 108 cpm/Vg.

The radiolabeled DNA probes were applied to the tissue sections or cytocentrifuged
preparations at a concentration of 0.2 ^g/V' on slides pretreated with 0.2 N hydrochloric
acid for 20 min, heat (70°C for 30 min), proteinase K (1-5 ^g/ml) for 15 min, and
acetylation for 10 min. Slides were incubated with the probes for 50 h at room temperature
and, after extensive washing, were autoradiographed for 2-10 d. The presence of viral
RNA was indicated by silver grains over cells. To control for the specificity of the visna
probe the latter was applied to normal uninfected tissue and cultures, and the CMV probe
was used on visna-infected material.

In combined immunocytochemistry and in situ hybridization experiments the specimens
were first stained immunocytochemically with specific antibodies and then processed for
in situ hybridization (14). Since the in situ hybridization signal is reduced after inimuno-
cytochemical staining, control slides processed for in situ hybridization alone were always
included in this combined procedure.

Spleen and Lymph Node Cultures. Normal spleen and lymph node tissues were obtained
from an adult sheep. Cells were teased from both tissues in petri dishes containing Ca++/
Mg++-free Hanks' salt solution, passed through a metal screen, and layered and centrifuged
through a Ficoll Hypaquc gradient (2.4 parts of 9% Ficoll [Sigma Chemical Co., St. Louis,
MO] to 1 part of 33.9% Hypaque [Winthrop Laboratories, Sterling Drugs, Inc., New
York]). The cells were then resuspended in Dulbecco's modified Eagle's medium (DME)
containing 5% lamb serum at a concentration of 5 X 10b/ml, and 10 ml of the suspension
cultures were added to Teflon bottles. These were incubated at 37°C in 5% COa/air.

Preparation of LV-IFN. LV-IFN was prepared as described (7). Briefly, macrophage
cultures were derived in tissue culture dishes by seeding suspensions of peripheral blood
mononuclear cells (PBM) obtained from a normal goat in DME plus 20% heated lamb
serum. The cultures were inoculated with a strain of sheep-goat lentivirus (in this case,
caprine arthritis encephalitis virus) at a multiplicity of infection (moi) of 2 and incubated
for 3 d. The infected cultures were then rinsed and inoculated with fresh PBM, obtained
from the same donor, in serum-free DME. The supernatant fluid was harvested 2 d later,
clarified by centrifugation at 10,000 g for 15 min, heated at 56 °C for 30 min to inactivate
the virus, and stored at — 70 °C. This fluid had an I FN titer of 1:320 when tested in the
sheep macrophage-vesicular stomatitis virus assay system.

Transformed Macrophages (TrMO). A cell line of alveolar macrophages from an unin¬
fected sheep was prepared by immortalizing cultures of the macrophages, obtained by
bronchoalveolar lavage, with SV40 (11). The cells are trypsin dissociable and maintain
macrophage functions. They were cultivated in DME containing 20% lamb serum, either
as suspension cultures in Teflon bottles or as monolayer cultures in tissue culture dishes.

Ia Induction Experiments. In these experiments, spleen and lymph node cell cultures
in Teflon bottles received four different treatments. Two of the spleen and lymph node
cultures were treated with LV-IFN for 24 h, after which VMA-5 virus was added at an
moi of 1 to one of these; LV-IFN was maintained in the media of both. The two other
cultures were either left untreated or received virus alone without LV-IFN. Cells were

harvested at various times after the addition of virus and then centrifuged onto glass
slides for immunocytochemistry. The cytospun cells were reacted with the anti-sheep Ia
monoclonal antibody and then examined for stained Ia antigen. In similar experiments,
monolayers of TrMO cultures (see above) were treated with VMA-5 virus alone, IFN
alone, or VMA-5 virus plus LV-IFN, or were left as untreated controls. LV-IFN was left
in the culture media during a subsequent 24-h exposure to virus, immediately after which
all cultures were processed and examined for Ia expression. We also studied the dynamics
of Ia induction in TrMO cultures. In these experiments, cultures were exposed to LV-
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1FN for 6, 24, and 48 h and then examined for la expression at intervals of 0-72 h after
the end of LV-IFN treatment.

Effect of LV-IFN on Replication of Virus in Macrophage Cultures. TrMO were seeded in
tissue culture dishes in DME plus 20% lamb serum and, at confluence, some of the
cultures were treated with LV-IFN (1:10 dilution of stock LV-IFN). On the next day,
treated and untreated cultures were inoculated with virus at an moi of 2 and incubated
for 2 h at 37°C. Inocula were then removed and replaced with maintenance medium.
LV-IFN was maintained in the treated cultures. Supernatant fluids from both sets of
cultures were harvested daily and assayed for infectivity in cultures of synovial membrane
cells, as previously described (17).

Results

Viral RNA Expression in Macrophages in Different Tissues. To investigate the
pathogenesis of the lymphoproliferative response in visna lesions, we first defined
the tissues and cell populations that supported viral replication. Viral RNA was
detected using in situ hybridization, and, in double-labeling experiments using
combined in situ hybridization and immunocytochemistry, it was possible to
localize viral RNA in macrophages identified with die antimacrophage serum
(6).

Viral RNA was detected in the lung, spleen, and lymph nodes but not in the
liver or brain. Large numbers of macrophages containing many copies (100-500
copies per cell) of viral RNA were detected in spleen and mediastinal and cervical
lymph nodes; much smaller numbers of infected cells were found in the mesen¬
teric lymph node. The distribution of virus-infected macrophages was as previ¬
ously described (6) in that they were found prominently in the marginal zones
surrounding the uninfected germinal centers (see Fig. 3). Large numbers of cells
containing viral RNA were also detected in the lung in the interstitial spaces
between alveoli and within areas of peribronchial inflammation. We confirmed
that viral infection was restricted to macrophages, as reported previously (6),
and that these are found in the lung, mediastinal and cervical lymph nodes, and
spleen, but not in the brain (Table I). In infected tissues only a very small

Table I

Percent of Viral RNA-containing Cells Identified as Macrophages or Ia+
Cells in Different Tissues

Tissue
Viral RNA+/Mac-

rophage+ cells
Viral RNA+/Ia+

cells

%

Lung 28.2* 33
Mediastinal lymph node 88 7.7

Spleen 85 5.6

Brain 0 0

Sections of tissues were stained with either antimacrophage or anti-la antibodies
and then treated with radiolabeled viral nucleic acid probe. 200 cells were
counted on each slide and the percent of cells that both contained viral RNA
and were labeled with the appropriate antibody was determined. The macro¬
phage data was obtained from Gendelman et al. (6); their figures were con¬
firmed in this study.

* The 72% of cells that were not labeled with the antimacrophage serum
morphologically resembled pulmonary macrophages (6).
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percentage (~1%) of the total number of immunocytochemically identified
macrophages contain viral RNA (6). Sections of infected tissues treated with the
CMV probe and uninfected tissues treated with the visna probe did not show
hybridization.

Correlation Between Viral Replication and the Inflammatory Response. The above
data reiterated our previous observations (6) that viral replication is associated
almost exclusively with infection in selected macrophage populations. Having
established this pattern of infection we next asked whether viral replication
occurred only in tissues containing inflammatory lesions. The lymph nodes
showing the greatest lymphoproliferative response were the mediastinal and
cervical lymph nodes, which drain the lung and the brain, respectively. Both of
these nodes showed gross hypertrophy (10-15 times normal size) and also
contained very large amounts of viral RNA in macrophages. By contrast, the
mesenteric lymph node was not hyperplastic, did not show a lymphoproliferative
response, and contained very few infected cells. The spleen showed a considerable
inflammatory response and also contained many infected cells. The liver con¬
tained neither viral RNA nor inflammatory lesions. The two target organs, the
lung and the brain, both had inflammatory lesions consisting of a mononuclear
cell infiltrate. However, the lung contained many infected macrophages whereas
we did not detect viral RNA in the brains of these animals at this point after
virus inoculation. Thus, with the exception of the brain, viral RNA was confined
to macrophages only in tissues that developed inflammatory lesions.

Increased la Antigen Expression in Infected Tissues. The above observations
indicate that the specific infection in populations of macrophages was one
determinant of the lymphoproliferative response. We then asked how this semi-
permissive infection, confined to macrophages, could cause lymphoproliferation.
One way to reconcile these observations was the possibility of interference with
normal immunological functions of the macrophages. Using antibodies to sheep
la antigen, we examined tissue sections to determine whether there was increased
expression of this antigen in macrophages.

Ia antigens were detected in all tissues except liver. Very few Ia+ cells were
seen in the brain, and only an occasional Ia+ cell was detected in the inflammatory
lesions. Such cells were extremely rare despite the presence of a very marked
inflammatory reaction in the brain. In the lung, a large number of Ia+ cells were
seen in the mononuclear inflammatory cells accumulating around bronchi, as
well as in the interstitial spaces in the lung where macrophages had begun to
accumulate (Fig. 1). The greatest amount of la immunoreactivity, as assessed by
the size of the areas of tissue sections stained and by the intensity of staining,
was in the spleen and mediastinal and cervical lymph nodes, while a much smaller
amount of staining was seen in the mesenteric lymph node and the normal lymph
node and spleen controls. Ia antigen staining always showed the same pattern in
lymph node and spleen, irrespective of the amount of staining, and intense
staining of large cells was noted in a circular distribution around the germinal
centers (Fig. 1). Fewer Ia+ cells were distributed throughout the sinusoidal areas
of the spleen and lymph nodes. The distribution of Ia staining in the marginal
areas outside the germinal centers very closely resembled that seen with the
antimacrophage serum. At higher magnification these were large cells with
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Figures 1-4. Visna virus-Ia-macrophage interactions: All tissues (Figs. 1-3) were Fixed in
Pl.PG and embedded in paraffin before immunocytochemical staining and/or in situ hybridi¬
zation. All sections or cultures were counterstained with hematoxylin. (/) The distribution of
la antigens, after labeling with monoclonal antibody to sheep la antigen, in sections of visna-
infected spleen (a) (original magnification, x 300) and lung (b) (x 250). (a) la antigens are
seen within and surrounding a follicle. (b) A lesser degree of la antigen staining is seen within
an area of interstitial mononuclear cell infiltration (arrow). (2) Viral RNA in infected macro¬
phages that have also been labeled with monoclonal anti-sheep la antibody, in sections of
mediastinal lymph node (a) (x 500) and lung (b) (x 312). (a) A number of unstained cells
contain viral RNA and one la+ cell (arrow) also contains viral RNA. (b) Several cells express
both la antigens and viral RNA. (3) A section of spleen with cells containing viral RNA
distributed in a circular pattern around a follicle but not within the germinal center (x 70).
(4) Cultures of TrMO show labeling with anti-sheep la antibody after exposure to LV-IFN
(x 400). Note that three cells in the field show la labeling.

1975



1976 la EXPRESSION IN VISNA LESIONS

extensive cytoplasm, resembling macrophages, not lymphocytes. Most of the Ia+
cells in the perigerminal center areas, therefore, were almost certainly macro¬
phages.

These observations clearly show that there was a persistent and increased
expression of la antigens in the inflammatory lesions in tissues containing viral
RNA, and that there was a correlation between the amounts of viral RNA and
la antigen expressed by infected tissues.

Double-Labeling Experiments to Identify Ia+ Cells Containing Viral RNA. We
next asked whether the Ia+ cells themselves were infected with virus. We used
the combined in situ hybridization and immunocytochemical procedure to de¬
termine the proportion of la+ cells containing viral RNA. The results are
summarized in Table I, which also compares the numbers of viral RNA-positive/
macrophage-positive cells with those of the RNA+/Ia+ cells. Neither viral RNA+/
Ia+ cells nor infected macrophages were detected in the brain. However, RNA+/
la+ cells were detected in the reactive lymphoid tissues, and larger numbers were
present in the lung. One-third of the cells containing viral RNA expressed la
antigen in the lung (Fig. 2) and these were located in both the inflammatory cell
exudates and the pulmonary interstitial areas.

By contrast, a smaller proportion (5.6-7.7%) of virally infected Spleen and
lymph node cells were Ia+ (Fig. 2); these were located in a circular distribution
surrounding, but never within, the germinal centers. Since viral replication is
virtually restricted to macrophages, it is clear that the RNA+/Ia+ cells represented
a small subpopulation of Ia+ macrophages that were infected with virus. This
population is estimated to be ~0.07% of the total number of macrophages
identified in tissue sections stained with the antimacrophage serum.

Induction of la Antigens in Spleen and Lymph Node In Vitro by LV-IFN. Having
demonstrated increased and persistent expression of la antigens in the inflam¬
matory lesions, and virus infection in some of these cells, we addressed the
question of how these la antigens might be induced in vivo. We designed in vitro
experiments to test two possible mechanisms: a direct infection of macrophages
or induction of la by LV-IFN.

Since the spleen and lymph nodes contained the greatest amounts of la
antigens, cultures of normal sheep spleen and lymph nodes were treated with
virus and/or LV-IFN and examined immunocytochemically to detect increases
in their la expression. At day 1 in spleen cultures exposed to LV-IFN alone
(Tables II and III), there was a 70% increase in the percentage of Ia+ cells
compared with untreated control cultures and cultures treated with virus alone.
Treatment of cultures with LV-IFN plus virus also caused a marked increase in
la antigen expression, and the increases were still present at day 5. There was
no noticeable difference in expression of la in cells in infected cultures compared
with uninfected control cultures. The results in lymph node cells showed a very
similar increase in la expression with LV-IFN. The intensity of the surface la
staining was also increased in cultures showing an increase in the overall per¬
centage of Ia+ cells. It was clear that la antigens could be increased by LV-IFN
but not by virus infection alone.

la Induction by LV-IFN in TrMO Cultures. Although we demonstrated a clear
increase in la antigen expression in spleen and lymph node cells by LV-IFN, we
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Table II

la Expression in Splenocytes After Exposure to Virus and/or LV-IFN

Time after vi¬
rus exposure*

Percent of cells expressing la antigen in cu Itures of:

Splenocytes
(control)

Splenocytes +
LV-IFN

Splenocytes +
virus

Splenocytes +
virus + LV-IFN

d

1 27

%

46 28.5 55.5
5 22 58.5 20.5 48

Two of the splenocyte cultures were treated with I FN for 24 h and then visna virus
was added to one while maintaining I FN in the media of both. Other cultures were
only exposed to virus (moi of 1); control cells received neither virus nor IFN. 200
cells per slide were counted in duplicate experiments and the percent of cells labeling
with anti-la antibody was determined.

* The percent of control cells expressing la was 22% immediately after cell dissociation
at day 0.

Table III

la Expression in Lymph Node Cells After Exposure to Virus and/or LV-IFN

Time after vi¬
rus exposure*

Percent of cells expressing la antigen in cu ltures of:

Lymph node
(control)

Lymph node + Lymph node +
LV-IFN virus

Lymph node +
virus + LV-IFN

d

1 26.5

%

59 29 50.5
3 25.5 49.5 25.5 45

6 26 58 18 40

Dissociated lymph nodes were treated as described in text and in legend to Table II.
Results were determined as described in legend to Table II.

* The percent of control cells expressing la was 26% immediately after dissociation at
day 0.

could not identify with certainty the cell type in which the antigen had been
induced because of the pluripotentiality of spleen and lymph node cells to express
la. To determine whether macrophages would express la antigens after infection
or after treatment with LV-IFN, we prepared four cultures of TrMO in Teflon
bottles and made the following inoculations: (a) no treatment; (b) virus at an
moi of 3; (c) LV-IFN (1:10 with stock); (d) virus plus LV-IFN at the same
concentrations used in b and c. There was no constitutive expression of la antigen
in the macrophages, and infection of the macrophages with virus alone did not
result in la expression. However, cultures that had received LV-IFN with or
without infectious virus showed high levels of la expression, with 17.5% of the
total cells expressing la antigens. Since these cultures are heterogeneous (11) it
was not surprising that only a proportion of the macrophages expressed la
antigens after LV-IFN treatment.

Dynamic Studies of la Induction by LV-IFN in TrMO Cultures. The above
experiments showed that expression of la antigen by the TrMO was contingent
upon the presence of LV-IFN. To determine the dynamics of la induction in
these cells, TrMO cultures were exposed to LV-IFN for varying periods at 37 °C
and then examined for la expression 0-72 h after removal of the LV-IFN. After
each treatment period, the cells were removed, washed by centrifugation, resus-
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Table IV

Dynamic Studies of LV-IFN-induced la Antigen Expression in Transformed
Macrophage Cultures

Duration of LV-
IFN exposure

Percent of cells expressing la antigens after LV-IFN treatment

Time after end of treatment

0 h 6 h 24 h 48 h 72 h

6 h 0 0 5 2 <1

24 h 9 7.5 4.5 3 <1

48 h 11 5 4 1 <1

14 d 5 ND* ND ND ND

Cultures of TrMO in Teflon bottles were exposed to LV-IFN for 6, 24, and 48 h and
then examined for la expression at intervals after the end of the treatment. Results
were determined as described in legend to Table II. Untreated control cultures
remained negative for la expression throughout the experiment.

* Not done.

pended in fresh medium, and reincubated at 37°C. The results (Table IV)
showed: (a) la antigens did not appear until 6-24 h after LV-IFN exposure; (b)
irrespective of the duration of LV-IFN treatment, la antigens were rapidly
depleted in culture, with <1% of the total cells being Ia+ after 72 h; (c) increasing
the time of exposure to LV-IFN slightly increased the percentage of cells
expressing la; and (d) maintaining LV-IFN in the cultures for longer periods
increased the total duration of la expression. When LV-IFN was maintained in
the cultures for 2 wk, 5% of the total cells were found to be Ia+, indicating that
la expression required the continuous presence of LV-IFN in the medium. Since
the TrMO population was heterogeneous and dividing, it is possible that this
continuous la expression represented transient asynchronous expression of la by
different cells.

Effects of LV-IFN on Lentivirus Replication in Macrophages. Having shown that
LV-IFN could induce la antigen expression in macrophage cultures, we asked
whether the I FN would also cause reduction in virus replication in the macro¬
phages (Fig. 5). Infected cultures treated with LV-IFN produced ~ 1,000-fold
less infectious virus than untreated controls.

Discussion

We have shown in this report that the lymphoproliferative inflammatory
response caused by visna virus in sheep was associated with a persistently high
level of transcription of the viral genome in macrophages, accompanied by an
intense level of expression of la antigen in infected and uninfected macrophage-
like cells. In a previous study (6) we showed that replication of this virus was
confined to cells of the macrophage lineage, with no involvement of lymphocytes.
The mechanism of lymphoproliferation represented a paradox. Our finding that
these lentiviruses induce an I FN during the interaction of infected macrophages
and lymphocytes and that the I FN in turn caused expression of la antigen in
infected and uninfected macrophages, provides a fresh perspective for evaluating
the pathogenesis of the persistent virus-induced inflammation.

The combined immunocytochemical and in situ hybridization procedure pro-
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Figure 5. Infectivity titers in TrMO cultures inoculated with VMA-5 at an moi of 2 and
maintained with (---) and without (—) LV-IFN.

vided an excellent means to identify viral RNA in cells expressing la antigens.
Since viral RNA was found only in macrophages, the small number of cells
containing viral RNA and la antigen must have been infected macrophages
expressing la antigen. By implication, if the same cell that is presenting viral
antigen to helper T cells is also infected with virus, a potentially aberrant bost
immune response could result, leading possibly to lymphoproliferation and
failure to clear the infection. Infection of Ia+ macrophages has also been reported
(18) in mice infected with lactic dehydrogenase virus, and similar abnormal host
responses have also been implicated in this infection. Large numbers of such
infected Ia+ cells may not be required to maintain this aberrant response. A
greater percentage of RNA+/Ia+ cells was detected in the lung than in the
mediastinal lymph node and spleen. Although the reasons for this discrepancy
are not clear, it almost certainly relates to the different status of the two tissues,
in that the lung is a primary target organ for the disease whereas the other
tissues are reactive. Virus replication, however, remained restricted in all of
these organs.

The amounts of la antigen and viral RNA expression were closely correlated
in the lung, lymph nodes, and spleen, which were tissues with ongoing inflam¬
matory lesions. Our in vitro data showed that la was induced in macrophages by
LV-IFN but not by virus infection alone, and that la expression diminished in
the absence of LV-IFN in the medium. Therefore, persistent expression of la
antigen required the continuous presence of IFN. Extrapolation of these data to
events in the animal suggests that virus infection alone is not sufficient to induce
la expression in macrophages. We speculate that IFN must be induced locally to
cause expression of this antigen. This in turn could generate the ongoing
inflammatory induction of T lymphocyte populations. Although LV-IFN has not
been isolated from infected tissues (7), both infected macrophages and lympho¬
cytes, which are required for its production (7), are present within the inflam¬
matory lesion.

It was clear from our studies that viral RNA expression in macrophages
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correlates with both inflammation and high expression levels of la antigens.
However, virus-cell reactions in the brain were different from those in the lung
and lymph nodes. Encephalitis at 2 and 12 wk after intracranial virus inoculation
was associated with neither viral RNA nor la antigen expression. Other investi¬
gators (19) have examined visna virus expression in brain and detected small
amounts of viral RNA 6 wk after inoculation. Differences in virus strains and
breeds of sheep may account for these discrepancies. In our study it is possible
that the paucity of viral RNA in CNS cells may reflect a greater resistance of
these cells to infection and/or a unique response of CNS tissues to fixation or
other laboratory procedures that may have occluded access of the probe to the
RNA. These possibilities are being examined in current experiments. Previous
studies have shown that the visna brain lesions are immunopathologic, since they
may be prevented by immunosuppression (20) and their induction is associated
with a virus-specific cellular immune response (21). We have also shown (5) that
cell-free virus can be isolated from brain tissue homogenates soon after inocula¬
tion but not at 3 mo and that lesions proceed to scarification, instead of chronic
inflammation as found in the lung (5). We interpret the inflammatory brain
lesions that lacked both la and virus RNA at and beyond 2 wk postinoculation
as being reparative rather than chronic, in keeping with an episodic "hit-and-
run" pathogenesis. Persistence or lack of expression of la and viral RNA may
thus help determine whether lesions become chronic and indolent, as in the
lung, or episodic, as in the brain.

The ability of LV-IFN to inhibit virus replication in TrMO may be an in vitro
correlate of virus replication in vivo and may be implicated in the mechanism of
restricted virus replication in tissue macrophages. IFN-mediated restriction of
replication of retroviruses occurs at a late stage of the virus life cycle, between
assembly and maturation of the infectious virion (22). Whether this also applies
to the replication of the lentiviruses is not known. The precise stage of the virus
life cycle in TrMO blocked by LV-IFN has not been identified, but our results
may provide a model system for further dissection of the semi-abortive replicative
cycle of the virus in tissue macrophages.

Although LV-IFN has not been identified directly in tissue extracts, the
manner of restriction of virus replication, the persistence of la antigen expression,
and the local presence of the cells required for virus production provide strong
circumstantial evidence for a role of LV-IFN in vivo. Our studies suggest that
LV-IFN induced in vivo during replication of lentiviruses may have both bene¬
ficial and deleterious effects on the host. Whereas LV-IFN may restrict virus
replication and thus slow the course of the infection, it may also induce la
antigens in infected macrophage target cells and potentiate immunopathologic
disease. Such a pathogenesis may apply to the lymphadenopathy seen in humans
with acquired immune deficiency syndrome (AIDS), in which the replication of
lentivirus HTLV-III is minimal, lymphoproliferation is high, and IFN levels in
serum are clearly detectable (23-25).

Summary
In this study we investigated the pathogenesis of the lymphoproliferative

response in the chronic-active visna maedi virus-induced inflammatory lesions.
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Viral RNA expression was confined to macrophages, but only in tissues showing
inflammatory lesions. A persistent and high level of la antigen expression was
seen in macrophage-like cells in the inflammatory lesions, and the amounts of
viral RNA and la expression were closely correlated. A small subpopulation of
macrophages contained both viral RNA and la antigen, and these were found in
greatest number in the lung. In vitro experiments showed that a lentivirus-
induced interferon (LV-IFN) could induce la antigens in normal sheep spleen
and lymph node cells as well as in a transformed sheep macrophage cell line. Ia
antigen expression in macrophages was transient in the absence of a continuing
I FN stimulus and persisted for at least 2 wk in the presence of LV-IFN. LV-IFN
also restricted viral replication in macrophages. It is suggested that LV-IFN
induced by the inflammatory cells in visna-maedi lesions may induce Ia antigen
expression in macrophages, thereby indirectly causing the lymphoproliferative
response and restricted virus replication.
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SUMMARY

The surface phenotypes of peripheral blood lymphocytes in groups of lambs and adult sheep
persistently infected with Border disease virus (P-I BD) were compared with those of healthy
controls. The proportion and number of lymphocytes bearing surface immunoglobulin (slg+) and
expressing class II MHC antigen (B cells) were significantly increased. A significant increase in CD1 +
lymphocytes was also evident. Conversely, the proportion of T lymphocytes in P-I BD lambs was
reduced. A marked reduction in the proportion of circulating lymphocytes expressing class I MHC
antigen was also observed. These findings were not affected by differences in the strain of the virus
responsible for the persistent infection.
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INTRODUCTION

Border disease (BD) is a congenital infection of sheep caused by
BD virus (BDV), a pestivirus serologically related to bovine
viral diarrhoea virus (BVDV) and hog cholera virus. The
infection of susceptible pregnant ewes with BDV results in
viraemia and transplacental infection of the foetus. The most
serious consequences follow foetal infection in the first half of
gestation before the development of the foetal immune re¬

sponse. Foetuses which survive infection at this time may be
clinically affected at birth, so-called 'hairy-shaker' lambs, and
all are persistently infected (P-I) usually for life (P-I BD lambs).
Such lambs are important disseminators of virus (Barlow &
Patterson. 1982). The apparent tolerance in P-I BD lambs seems
to be specific for the infecting virus since they are immunocom¬
petent in the face ofother antigenic stimuli (Terpstra, 1981). The
same is true of cattle persistently infected with BVDV (P-I
BVDV) (McClurkin et al.. 1984; Liess et al., 1983; Steck et a!.,
1980).

In order to elucidate the mechanisms of persistence by
pestiviruses, the cells responsible for the regulation and gene¬
ration of the immune response have been studied. In sheep,
proportions of circulating T cells have been examined (Roeder,
1984) as well as functional aspects of the T cell response in vitro
(Roedcr. 1984; Sawyer et al., 1986). In P-I BVD cattle, studies
have been made of proportions of circulating leucocytes (Bolin,
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McClurkin & Coria, 1985; Bielefeldt-Ohmann. Ronsholt &
Bloch, 1987), neutrophil function and lymphocyte blastogenesis
(Roth, Bolin and Frank. 1986), and sub-populations of circulat¬
ing cells containing virus antigens or cell-associated infective
virus (Bielefeldt-Ohmann, Ronsholt & Bloch. 1987).

Monoclonal antibodies (MoAb) specific for sheep lympho¬
cyte antigens have been prepared and characterized (Mackay et
al., 1985; Mackay, Maddox & Brandon, 1986; Maddox,
Mackay & Brandon. 1985; Gogolin-Ewens et al.. 1985; Puri,
Mackay & Brandon. 1985). The object of this study was the
analysis, using these phenotypic markers, of lymphocyte sub-
populations in the blood of normal lambs and lambs persis¬
tently infected with BDV.

MATERIALS AND METHODS

Animals
P-I BD lambs. P-I BD lambs were produced by the experimen¬

tal infection of susceptible oestrus-synchronized Greyface or
Dorset ewes in early pregnancy with biologically cloned non-

cytopathic BDV. The resulting lambs were shown to be viraemic
and free of neutralising antibody both at birth and shortly
before these studies were commenced. Three groups of lambs
were used: groups I and II were 'hairy-shaker' lambs born to
ewes infected with BDV derived from the IIB brain pool
(Barlow, 1972), and group III lambs were asymptomatic at
birth, their dams having been infected with the Oban strain at
BDV (Bonniwell et al.. 1987). Lambs in group I were 18-20
months old and those in groups II and III were 8-10 months old.
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Table I. Specificity of MoAbs for sheep peripheral blood leucocytes
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Cell surface

antigen
Antibody

clone Specificity Reference

CD5 (SBU-T1) 25-91 Peripheral T lymphocytes
CD4 (SBU-T4) 44-38 Helper T lymphocytes
CD8 (SBU-T8) 38-65 Cytotoxic/suppressor T lymphocytes

SBU-T19 19-19 CD4 -, CD8 - T lymphocytes
CDI (SBU-T6) 20-27 Majority of peripheral B lymphocytes
MHC class I 41-19 Most somatic cells
MHC class II 28-1 B lymphocytes and activated T lymphocytes
SBU-LCA 1-32 All peripheral leucocytes
IgG-Light chain VPM 8 Peripheral B lymphocytes

Mackay el at. (1985)
Mackay, Maddox & Brandon (1986)
Mackay, Maddox & Brandon (1986)
Mackay, Maddox & Brandon (1986)
Mackay et at. (1985)
Gogolin-Ewens et at. (1985)
Puri, Mackay & Brandon (1985)
Maddox, Mackay & Brandon (1985)

Table 2. Percentage representation of lymphocyte subpopulations in the peripheral blood of 18-
20 month-old P-I BD sheep (Group I)

Lymphocyte surface antigen*

SBU MHC MHC SBU CD4:CD8

Group CD5 CD4 CD8 T19 CDI I II LCA slg ratio

P-I BD 36-6 22-8 16-8 11-4 500 85-8 55-2 94-2 50-7 1-4

sheep (31-0- (19-6- (15-0 (10-1- (41-6- (84-5- (47-8- (93-6 (41-3 (1-3-
(« = 3) 41-1) 25-2) 18 6) 12-8) 65-2) 86-8) 65-7) 94-8) 63-5) 1-5)

Healthy 48-6t 280 14-7 10-9 22-6t 92-Of 44-7 92-2 48-2 1-9

controls (45-8- (24-6- (12-6- ( 9 0- (15-6- (87-8- (41-5- (85-0- (45-2- (1-4-
(n = 4) 520) 31-3) 171) 12-4) 32-4) 95-5) 48-4) 97-0) 50-5) 2-3)

* Mean of percentage of positively staining lymphocytes; range in parentheses,
t Significantly different at 0 05.

Table 3. Percentage representation of lymphocyte subpopulations in the peripheral blood of 8 10
month-old P-I BD lambs (group II)

Lymphocyte surface antigen*

SBU MHC MHC SBU CD4:CD8

Group CD5 CD4 CD8 T19 CDI 1 II LCA slg ratio

P-I BD 35-8 19 9 16-1 10-0 43-0 85-7 58-6 94-6 61-6 1-3

lambs (33-4- (17-5- (14-6- (8-2- (32-5- (77-5- (56-6- (90-8 (51-5- (1-2-
(n = 4) 41-0) 22-9) 16-8) 12-3) 48-0) 89-2) 60-8) 99 3) 70-6) 1-5)

Healthy 60-2| 32-Ot 18-7 12-3 23 It 93-5 47-2t 97-6 43-Ot 1-9

controls (54-2- (31-3- (13-8- (9-9- (17-3- (88-7- (36-5- (96-9- (33-3 (1-2-
(n = 3) 70-5) 33-3) 26-4) 15 6) 26-4) 96 8) 53-1) 98-0) 50-9) 2-4)

* Mean of percentage of positively staining lymphocytes; range in parentheses,
t Significantly different at P^0 05.

Control lambs. Clinically normal lambs of similar age and
breed to the P-I BD lambs were also studied. These were shown
to be BDV-free and antibody-negative.

Antibodies
The mouse MoAbs against ovine lymphocyte antigens are
described in Table 1. They were present in hybridoma superna¬

tant fluids and used at previously determined optimal dilutions.
Specific reactivity was detected using a sheep IgG anti-mouse
IgG conjugated with fluorescein isothiocyanate (Sham-FITC).
In the first group of animals to be examined, surface immuno-
globulin-positive (slg+) lymphocytes (B cells) were identified
using a polyvalent pig anti-sheep IgG-FlTC. Subsequently, a
MoAb (VPM 8) recognising ovine Ig light chain was used.
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Cell Preparations
Blood samples were obtained by venepuncture into preserva¬
tive-free heparin (10 i.u. ml ~1 of blood, Evans Medical,
Liverpool, UK). White blood cells (WBC) were isolated by lysis
of the red blood cells using Tris-buffered ammonium chloride
(Mishell and Shiigi, 1980). The cells were washed three times
with phosphate-buffered saline (PBS) containing 1% bovine
serum albumin, 0-5% heparin and 0-1 % sodium azide (PBS-A).
Leucocyte suspensions were finally adjusted to a concentration
of 1 x 108 mlusing PBS-A.
Three group I sheep (18-20 months old) and four age-matched

controls were each sampled on three occasions at intervals of
3-4 weeks. Four group II lambs (8-10 months old) and three
age-matched controls were similarly sampled, and seven lambs
comprising group III (8-10 month old 'Oban' lambs) were bled
on two occasions. The arithmetic mean value and range for each
animal was then calculated.

Immunofluorescent staining andflow cytometry
The method of immunofluorescent staining was essentially that
described by Maddox, Mackay & Brandon (1985). Briefly, 50 p\
of cell suspension (5 x 106 leucocytes) were reacted with 50 p\ of
appropriated MoAb at the predetermined optimal dilution for
1 h at 4°C. The cells were washed twice with PBS-A and allowed
to react for a further 1 h at 4°C with Sham-FITC at a dilution of
1:50. For control purposes, a similar volume of cells was left in
PBS-A at 4°C for 1 h prior to washing and addition of Sham-
FITC. After washing twice with PBS-A, the cells were finally
resuspended in 500 p\ of fixative (PBS+ 3% formalin+ 2%
glucose) and stored at 4°C in the dark.

The stained cells were analysed using a fluorescence-
activated cell sorter (FACS IV, Becton Dickinson, Mountain
View, CA). Dead cells were excluded on the basis of their size
indicated by their forward light scatter. Non-lymphoid cells
were excluded on the basis of their granularity indicated by their
90° light scatter. A total of 104 lymphocytes were then analysed
for each sample, using an argon ion laser set at 400 mV, 488 nm

(for excitation of FITC) and the photomultiplier voltage was set
at 650 V.

Statistical analysis
Results are expressed as arithmetic means and ranges. Compari¬
sons of means between lymphocyte sub-populations of control
and P-I BD lambs were made using the Mann-Whitney rank
test.

RESULTS

Group I (18-20 month-old sheep)
Proportions of lymphocyte subpopulations in the blood of these
and control sheep are shown in Table 2.

A significant reduction in the proportion of circulating T
lymphocytes (CD5+) (37%) compared with control values
(49%) was noted in P-I BD sheep. The proportions of lympho¬
cytes staining with the B cell-reactive MoAb (anti-CD 1 and
anti-MHC class II) were elevated, significance being shown with
theCDl + cells. This was not reflected by the values for slg+ cells
detected with the polyvalent anti-serum. A significant reduction
in the proportion of lymphocytes expressing MHC class I
antigen was also recorded in P-I BD sheep. There was a slight,

but not statistically significant decrease in the ratio of
CD4+:CD8+ lymphocytes (helper T cells :cytotoxic-suppressor
T cells) in P-I BD sheep.

Group II (8-10 month-old lambs)
The proportion of T lymphocytes (CD5+) in P-I BD lambs
(36%) in this group was significantly reduced when compared
with control values (60%) (Table 3). The reduction in CD5+
cells was reflected by a statistically significant increase in the
proportion of B cells (62% in P-I BD lambs compared with 43%
in healthy lambs) detected with a MoAb directed against
immunoglobulin light chain (VPM 8). The proportion of CD1 +
cells was also significantly increased (43% in P-I BD and 25% in
control lambs), as was the proportion of MHC class Il-bearing
lymphocytes (59% in P-I BD lambs; 47% in healthy lambs). The
reduced ratio of CD4+:CD8+ (helper:cytotoxic-suppressor)
lymphocytes in P-I BD lambs was not significant although the
proportion of CD4+ cells (20%) was markedly lower than the
control values (32%). There was also a reduced proportion of
cells expressing MHC class I antigen in these younger P-I BD
lambs.

To evaluate the contribution of absolute numbers ofT and B

lymphocytes to the above results, total WBC and differential cell
counts were made. Total cell counts in P-I BD lambs were

significantly raised (P^0-05), while differential counts were
similar in affected and control lambs. Consequently, the number
of lymphocytes/ml"' of blood was significantly elevated in the
P-I BD group (P^0-05).

When expressed as absolute numbers of cells ( x 105 ml 1 of
blood), the content of CD5+ cells was similar in both infected
and control lambs (Table 4), but the numbers of cells expressing
slg (VPM8), MHC class II and CD1 were all significantly
increased in P-I BD lambs.

Group III (8-10 month-old Oban' lambs)
Sub-populations of PBL from this group of seven lambs were
compared with those from the previous controls (8-10 month-
old lambs, Table 3).

The proportions of CD5+ and CD4+ cells were significantly
reduced in the 'Oban' P-I BD lambs compared with those of the
controls (Table 5). In contrast, surface parameters associated
with B cells, including slg (60%) and CD1 (58%), were
significantly increased over control values (43% and 23%
respectively). Lymphocytes expressing MHC class II antigen
(60%) were elevated over control proportions (47%), although
significance was not shown.

When the results from this group were expressed as absolute
numbers, the content of circulating CD5+ lymphocytes was
similar to that of the controls (Table 6), whereas numbers of
cells expressing slg, MHC class II and CD1 were significantly
elevated in the P-I BD animals.

Comparisons between the percentages of lymphocyte sub-
populations from group III P-I BD lambs and those from group
II P-I BD lambs indicated no significant diffferences between the
two affected groups.

DISCUSSION

The cellular compartment of the immunological deficiency in
P-I BD sheep has not previously been characterized. The present
results demonstrate perturbation of the peripheral blood lym-
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Table 4. Absolute numbers of lymphocyte subpopulations in the peripheral blood of 8 10 month-old
P-I BD lambs (group II)

Lymphocyte surface antigen*
1NO. OI

lymphs SBU MHC MHC SBU CD4:CD8

Group (105/ml) CD5 CD4 CD8 T19 CD1 I II LCA slg ratio

P-I BD 65-7 230 12-7 10-1 6-7 27-7 53-7 39-0 62-6 40-3 1-3

lambs (55-0- (22-3- (12-0- (7-9- (5-0- (24-3- (41-1- (32-6- (52-3- (35-6- (12-
(i = 4) 74-0) 251) 13-3) 120) 8-0) 30-7) 63-6) 43-2) 73-5) 45-3) 1-5)

Healthy 46-4 290 15-2| 8-9 5-5 11-3+ 44-0 20-4f 45-4 17-8+ 1-9

Controls (420- (23-0- (14-0- (6-6- (3-6- (9-2- (40-1 (18-6- (40-9- (17-0- (1-2-
(« = 3) 52-0) 35-9) 160) 13-7) 6-4) 13-5) 49-4) 21-6) 50-1) 18-7) 2-4)

* Mean of absolute number ( x 105 ml ') of positively staining lymphocytes; range in parentheses,
t Significantly different at 0 05.

Table 5. Percentage representation of lymphocyte subpopulations in the peripheral blood of 8 10
month-old P-I BD (Oban strain) lambs (group III)

Lymphocyte surface antigen*

SBU MHC MHC SBU CD4:CD8

Group CD5 CD4 CDS T19 CD1 I II LCA slg ratio

P-I BD 38-8 22-2 13-4 13-6 58-4 72-1 60 1 96-4 59-7 1-7
'Oban' lambs (28-1- (17-1- (10-0 (10-5- (39-4- (57-6- (49-9- (93-1 (47-3- (1-4-
(« = 7) 49-3) 29-9) 15-5) 15-4) 71-3) 84 6) 71-7) 98-7) 67-9) 2-9)

Healthy 60-2f 32-Of 18-7 12-3 23-1+ 93-5+ 47-2 97-6 43-0t 1-9
controls (54-2- (31-3- (13-8- (9-9- (17-3- (88-7 (36 5- (96-9- (33-3- (+2-
(i = 3) 70-5) 33-3) 26-4) 15-6) 26-4) 96-8) 531) 98 0) 50-9) 2-4)

* Mean of percentage of positively staining lymphocytes; range in parentheses,
t Significantly different at P<0-05.

Table 6. Absolute numbers of lymphocyte subpopulations in the peripheral blood of 8-10 month-old
P-I BD (Oban strain) lambs (group III)

Lymphocyte surface antigen*
No. of

lymphs SBU MHC MHC SBU CD4:CD8

Group (105/ml) CD5 CD4 CD8 T19 CD1 I II LCA slg ratio

P-I BD 880 35-2 20-9 12-1 12-3 51-9 63-0 53-2 82-5 52-8 1-7

lambs (71-2- (21-1- (12-7- (6-6- (7-7- (34-3- (41-9 (40 3 (66-5- (38-5- (1-4-
(i = 7) 138-8) 53-5) 36-3) 210) 17-7) 95-7) 81-2) 92-2) 125-3) 95-8) 2-1)

Healthy 46-4f 29-0 15-2 8-9 5-5+ 113+ 44-0t 20-4) 45-4f 17-8+ 1-9

controls (42-0- (23-0- (14 0 (6-6- (3-6- (9-2- (40-1 (18-6- (40-9- (17-0- (1-2-
(i = 3) 51-0) 35-9) 16 0) 13-7) 6-4) 13-5) 49-4) 21-6) 50 1) 18-7) 2-4)

* Mean of absolute number ( x 10s ml ') of positively staining lymphocytes; range in parentheses,
t Significantly different at P=g0 05.
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phocyte subpopulations in such animals. Altered proportions of
T and B cells were detected in all P-I BD animals and the

underlying trends were of B cell hyperplasia, increases in the B
cell-associated surface antigens and reduced proportions of cells
expressing MHC class I antigens.

Using peanut agglutinin, a putative T cell marker, Roeder
(1984) noted reduced numbers of circulating peanut agglutinin-
reactive cells in P-I BD lambs. The present results indicate that
reduced proportions of the CD5+ (T cells) and, to a lesser extent
the CD44 (helper) phenotype, in association with B cell
hyperplasia are the principal changes associated with infection.
Similar findings have been reported in cattle persistently
infected with the related BVD pestivirus (Bielefeldt-Ohmann,
Ronsholt & Bloch, 1987) where the proportion of CD5+ (T)
cells was reduced and B cells were elevated in peripheral blood.

Two important properties in the establishment and mainte¬
nance of viral persistence are low or no cytopathogenicity, and
ability to infect lymphocytes and macrophages (Mims. 1974). It
is significant, therefore, that P-I BD lambs can remain clinically
unaffected and that nearly all BDV isolates are non-cytopathic
in vitro (Hadjisavvas et al., 1975; Harkness et al., 1977; Terpstra,
1978). Furthermore, the closely related BVDV replicates in vitro
in both lymphocytes and macrophages, and replication is
enhanced by stimulation with phytohaemagglutinin (Truitt &
Schechmeister, 1973). BVD viral antigen is strongly associated
with cells of the mononuclear phagocyte system in experimen¬
tally inoculated foetuses (Bielefeldt-Ohmann et al., 1982) and
has also been detected immunohistochemically in association
with 5-36% of peripheral blood mononuclear cells from P-I
cattle (Bielefeldt-Ohmann, Ronsholt & Bloch, 1987). Viral
infection and replication were demonstrated in T lymphocytes,
null cells, monocytes and, to a lesser extent, B lymphocytes
(Bielefeldt-Ohmann, Ronsholt & Bloch, 1987; Bolin, Sacks &
Crowder, 1987). It is possible that the pathogenesis of BD is
similar, and future work may determine whether the virus is
associated with any particular lymphocyte subset.

The functional significance of the changes in PBL pheno-
types occurring in P-I BD sheep is not known. Normal Ig values
and immune responsiveness against unrelated antigens, includ¬
ing super-infecting pestiviruses, are both reported to occur in
affected sheep and cattle (Coria and McClurkin, 1978; Terpstra,
1981), indicating that tolerance is directed against specific viral
antigens in both species (Gardiner, Nettleton & Barlow, 1983;
Steck et al., 1980; Liess et al., 1983). Nevertheless, lymphocytes
from P-I BD lambs and from P-I BVD cattle exhibit reduced in

vitro responses to mitogens (Johnson & Muscoplat, 1973;
Roeder, 1984; Roth, Bolin & Frank, 1986; Sawyer et al., 1986).
While the proportion of CD4+ cells was reduced in blood there
was no commensurate increase in CD8+ cells in P-I BD lambs.

Perhaps of more functional significance were the reduced
percentages of lymphocytes expressing MHC class I antigens.
The role of class I antigens in directing cytotoxic effector cells
against virus-infected targets is well established (Zinkernagel &
Doherty, 1974) and there is a suggestion that reduced expression
of this antigen may enable adenoviruses to evade immune
surveillance (Andersson era/., 1985;Hayashie/a/., 1985) or lead
to reduced lysis of Herpes simplex-infected cells (Jennings et al.,
1985).

Although the CD1+ phenotype is contained within the slg+
subpopulation (Mackay et al., 1985), the identity and relevance
of this population in the peripheral blood of sheep is uncertain.

Nevertheless, it is interesting that this sub-population is signifi¬
cantly elevated in P-I BD lambs as are the other B-cell markers.

The effects on the immune system of the changes described in
this report are not known. However, the application of a
biochemically characterized panel of MoAb has revealed a
number of subtle changes present in P-l BD lambs irrespective
of age, clinical status, or strain of virus. These findings,
therefore, provide a basis for analysis of the immune perturba¬
tion associated with BDV persistence.
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Expression of nine metacyclic variable antigen types (M-VATs) of Trypanosoma eongolense in chancres
from infected rabbits was determined using monoclonal antibodies raised against metacyclic forms of
trypanosomes. Trypanosomes present in chancres 7-9 days post infection expressed M-VATs present in
metacyclic populations of the parasites. The majority of M-VATs expressed showed little proportional
change from those observed on metacyclic trypanosomes during this period although expression of one
M-VAT icnreased, and another decreased. Although trypanosomes in chancres continued to express
M-VATs, other VATs, not present in the M-VAT repertoire were also expressed and neutralization tests
showed that new VATs appeared by 7 days after infection. In infected sheep neutralizing antibodies
against M-VATs were detected by day 14 in lymph from efferent lymphatics draining lymph nodes in the
region of chancres. Neutralizing antibodies directed against metacyclics were also present in the serum by
day 14 and were still detectable for up to 35 days post infection. Hence, it is likely that in the vertebrate
host the trypanosomes multiplying in the skin at the site of tsetse bite express all M-VATs characteristic of
that particular serodeme, enabling the host to develop immunity to all antigen types present in the M-VAT
repertoire.

Key words: Trypanosoma congolense\ Chancres; Metacyclic variable antigen types (M-VATs)

Introduction

The earliest phase of development of Trypanosoma congolense in the mammalian host
following bites by inefected tsetse flies occurs extravascularly in the skin (Luckins and
Gray, 1978; Akol and Murray, 1982). Multiplication of the parasite causes the
formation of a local skin reaction or chancre containing large numbers of trypano¬
somes in the dermal collagen several days before parasites can be detected in the
peripheral blood (Gray and Luckins, 1980). This initial response to infection
determines the subsequent development of immunity. Animals treated with trypano¬
cidal drugs after the appearance of the chancre remain immune to homologous
challenge for a considerable time after treatment (Luckins et al., 1983; Akol and
Murray, 1983, 1985). If treatment is administered before the chancre is fully
developed the infection is eliminated although animals remain susceptible to

Correspondence address: A.G. Luckins, Centre for Tropical Veterinary Medicine, Easter Bush, Roslin
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homologous infection (Akol and Murray, 1985). Similarly, if chancre development is
impaired, as can occur when animals are concurrently infected with two different
trypanosome serodemes, the antibody response to metacyclic trypanosomes can be
delayed and animals treated with trypanocidal drugs are susceptible to homologous
challenge (Luckins and Gray, 1983; Luckins, 1986; Dwinger et al., 1986).

The metacyclic variable antigen type (M-VAT) repertoire of T. congolense is
limited and conserved (Crowe et al., 1983) and it is assumed that in a susceptible
mammalian host all M-VATs multiply following infective feeds by tsetse flies. Thus,
when cultured metacyclic forms of T. congolense are inoculated into immunosup-
pressed mice the first bloodstream populations of trypanosomes which develop
continue to express the M-VAT repertoire (Crowe et al., 1983). In addition, cultures
of mammalian forms of T. congolense, similar to trypanosomes found in the chancre
in the mammalian host also continue to express M-VATs even after several weeks in
vitro (Luckins et al., 1986). Little is known however of antigen expression during the
early stages of infection with metacyclic trypanosomes in vivo. The present work
describes the initial growth and antigenic variation of T. congolense in the rabbit and
demonstrates that trypanosomes in chancres in the skin continue to express M-VATs
for up to 9 days after infection.

Materials and Methods

Experimental animals

Adult New Zealand White (NZW) rabbits were used for maintenance of tsetse flies
and for experimental infection in order to produce trypanosomal chancres. Female
CF1 mice were used for infectivity and neutralization tests and as infected hosts for
feeding newly emerged tsetse flies. Two sheep were infected with T. congolense TREU
1457 by feeding two Glossina morsitans on their flanks. Eight days later the efferent
lymphatic duct of the prefemoral lymph node draining the bite site was cannulated
and lymph collected into heparinised plastic bottles from 9-35 days after infection
(Flopkins et al., 1986). Serum samples were collected from two other infected, intact
sheep 14-35 days after infection.

Trypanosomes

T. congolense TREU 1457, a cloned derivative of a stock isolated in Nigeria
(Zaria/67/LUMP/69) was used for all cyclical transmissions. The parasites were
transmitted through Glossina morsitans using techniques of infection and mainte¬
nance described elsewhere (Luckins and Gray, 1983).

Metacyclic trypanosomes were obtained from cultures of T. congolense TREU
1457 maintained in Eagle's Minimum Essential Medium containing 20% fetal calf
serum (Gray et al., 1984). The metacyclic forms were separated from a mixture of
epimastigote and metacyclics on a column of diethylaminoethyl cellulose (Whatman
DE52, Gray et al., 1984). First bloodstream populations of trypanosomes derived
from metacyclics were prepared by inoculating 1 x 107 metacyclics intravenously into
mice immunosuppressed by treatment with 300 mg/kg cyclophosphamide (Sigma).
Six days after infection blood containing trypanosomes was cryopreserved as
stabilate TREU 2001.
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Analysis of trypanosome populations

Preparation ofparasites from chancres
Trypanosomas were collected from chancres in the skin of rabbits 7-12 days after
infected tsetse flies had fed. Each rabbit was bitten by 3 or 4 flies. On day 7 after the
infective feed, the area of the chancre was marked with a felt-tip pen. The rabbits
were euthanized, the skin over the chancre shaved and the area of skin previously
marked out was removed. After removal of skin, the underlying collagen and muscle
from each chancre were tested and chopped into small pieces in 2 ml phosphate-
buffered saline, pH 8.0, containing 1% glucose (PSG, Lanham and Godfrey, 1970).

Quantitation of parasites in chancres
A quantitative assessment of changes in the number of trypanosomes released from
chancres at different times after infection was obtained using infectivity titrations
(Lumsden et al., 1963). Chancre preparations were allowed to stand at 4°C for 15 min
in a test tube to allow the tissue debris to settle then the supernatant was removed.
Serial ten-fold dilutions of the supernatant in PSG were then prepared and 0.1 ml
amounts of each dilution inoculated into groups of six mice. Supernatants from two
or three chancres at each stage were pooled and titrations were performed using
chancres from five different animals for each day of infection. Blood was also
collected from the peripheral ear vein at the same time and the numbers of
trypanosomes present estimated using a similar infectivity titration technique.

M- VA T composition ofparasites in chancres
The M-VAT repertoire of T. congolense TREU 1457 comprises 12 distinct VATs
(Crowe et ah, 1983) but in the present work only nine mouse monoclonal antibodies
were available to determine the composition of M-VAT in chancres. Suspensions of
trypanosomes from chancre supernatants were prepared as described above and
then trypanosomes were separated from host cells using a DE52 column. The eluate
was centrifuged and the trypanosomes washed twice in phosphate-buffered saline,
pH 7.2. The M-VATs were quantified in formalin fixed preparations of the
trypanosomes using monoclonal antibodies (Glasgow University Protozoology
Monoclonal, GUPM, 12.3, 12.4, 12.5, 12.6, 12.7, 12.8, 12.9, 12.11 and 12.12) and
affinity-purified rabbit anti-mouse IgG conjugated with fluorescein isothiocyanate
(Jackson). The proportion of parasites labelled by each antibody was determined by
counting 1000-3000 trypanosomes using phase contrast and fluorescence microscopy
(Leitz Orthoplan). The M-VAT composition of cultured metacyclic trypanosomes
was also determined in a similar manner using formalin fixed parasites.

Antigenic variation in parasites in chancres
In order to determine if expressions of new VATs had occurred in the trypanosome
present in chancres a series of neutralization tests were carried out using antisera
which recognized all M-VATs of T. congolense TREU 1457.

0.1 ml of a trypanosome suspension from a chancre and 0.9 ml of a 1/10 dilution of
serum in PSG collected from rabbits 14 or 21 days after infection were incubated at
4°C for 30 minutes and then further ten-fold dilutions in the same diluted serum

made. Groups of six mice were then inoculated with 0.1 ml of trypanosome
suspension. Mice were examined microscopically for at least 30 days for the presence
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of trypanosomes and the infectivity of the suspensions determined using the
technique described by Lumsden et al. (1963).

Neutralization tests to determine the presence of anti-trypanosomal antibodies in
sheep lymph and serum were also carried out, using T. congolense TREU 2001 as
antigen.

Results

The numbers of trypanosomes present in chancres in the skin of rabbits infected with
T. congolense TREU 1457 at various times after infection are shown in Table 1.
There were no significant differences in the numbers of organisms present on day 7 to
10 but by day 11 the numbers of trypanosomes began to decrease. Trypanosomes
were present in low numbers in the blood from day 7 but there was no significant
difference in the numbers of parasites in blood during the observation period. By day
11 and 12 similar numbers of trypanosomes were present in chancres and blood.

Serum collected from rabbits 14 or 21 days after infection with TREU 1457
neutralized cultured metacyclic trypanosomes (Table 2). In contrast, whilst serum
collected 21 days after infection usually completely neutralized the infectivity of
trypanosomes isolated from chancres 7, 8 or 9 days after tsetse fly bite, 14 day serum
was less effective. Trypanosomes harvested from chancres 10 days after fly bite were
less susceptible to 21 day serum and there was little difference between the
neutralizing activity of 14 and 21 day serum.

A comparison of the neutralizing activity against first bloodstream populations of
T. congolense of serum and lymph collected from the lymphatic duct draining the
prefemoral node of infected sheep is shown in Table 3. Neutralizing activity appeared
by day 14 in both serum and lymph but had decreased by 21-35 days after infection
in lymph, whereas in serum high levels of antibodies were still present.

The M-VAT composition of cultured metacyclic T. congolense TREU 1457 is
shown in Fig. 1. The proportions of M-VATs labelled by the nine MABs varied
between < 1-25%. In analyzing the antigenic profile of trypanosome populations
from chancres sufficient numbers of organisms for processing were separated only
from chancres removed at 7, 8 or 9 days after flies had fed. Too few parasites were
obtained for analysis from chancres removed after this period. Trypanosomes from
chancres expressed all M-VATs shown to be present in the cultured metacyclic
population. There were differences in the proportions of individual M-VATs in the

TABLE l

Presence of Trypanosoma congolense TREU 1457 in skin and blood during early stages of infection in
rabbits

Source of

trypanosomes

Number of infective organisms"

Days: 7 8 9 10 11 12

Chancre

Blood

4.8 + 0.4

1.9 + 0.5

4.6 + 0.4

2.2 + 0.5

4.4 + 0.4

1.6 + 0.5

3.7 + 0.5

2.5 + 0.4

2.9 + 0.5

2.9 + 0.5

2.9 + 0.5

2.7 + 0.4

"Numbers of infective organisms expressed as log10ID63/ml.
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TABLE 2

Neutralization by 14- and 21-day serum of trypanosomes collected from chancres 7-10 days after fly bite
from rabbits infected with Trypanosoma congolense TREU 1457

Days
post-infection

Numbers of infective organisms"

PI 14 days 21 days

7 5.4 + 0.5 3.4±0.5 0
7 4.8±0.3 2.4±0.5 0
7 5.1 ±0.5 2.6±0.3 0
8 4.1 ±0.5 2.1 ±0.5 0
8 5.0±0.3 3.0±0.3 0
9 5.0±0.3 1.6±0.5 0
9 5.0±0.3 3.1 ±0.5 0
9 4.6±0.3 3.1 ±0.5 0

10 3.4±0.5 2.4±0.5 2.4±0.5
10 3.4±0.5 3.1 ±0.5 2.4±0.5
11 4.1 ±0.5 3.1 ±0.6 2.1 ±0.6

"Numbers of infective organisms expressed as log10ID63/ml.

TABLE 3

Neutralization of Trypanosoma congolense TREU 2001 using serum and lymph from sheep infected with
T. congolense TREU 1457

Days Pooled serum Lymph from sheep 14 Lymph from sheet 15

PI 4.6 + 0.3 4.8 + 0.3 4.8 + 0.3
7 5.0 + 0.3 4.9 + 0.4 4.4 + 0.3

14 1.8 + 0.2 0 0
21 0 3.4 + 0.5 0
28 0 3.6 + 0.5 0
35 0 3.6 + 0.5 3.4 + 0.5

metacyclics and in trypanosomes from chancres at different stages of infection. For
instance the proportion of trypanosomes expressing M-VATs recognized by the
monoclonal antibodies GUPM 12.5, 12.6 and 12.11 increased on day 8. The
expression of two M-VATs appeared to show progressive changes in proportions
over the observation period; the proportion of trypanosomes from 7 day chancres
labelled by GUPM 12.8 was greater than in the metacyclic population and increased
further on days 8 and 9. Conversely, the proportion of trypanosomes labelled by
GUPM 12.12 decreased over the same time period. The two minor M-VATs labelled
by GUPM 12.7 and 12.9 were present on only a small proportion of trypanosomes in
metacyclic forms from culture and in mammalian forms from the chancre.

Discussion

Tsetse flies introduce only small numbers of metacyclic forms of T. congolense into
the skin of the mammalian host (Harley and Wilson, 1968; Otieno and Darji, 1979)
and it is quite probable that although the M-VAT repertoire of T. congolense is
restricted (Crowe et al., 1983), insufficent parasites are initially inoculated to include
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Fig. 1. Histograms showing the proportions of trypanosomes labelled by monoclonal antibodies (GUPM
12.3-12.12) directed against M-VATs in cultures of metacyclic forms of Trypanosoma congolense TREU
1457 and trypanosomes from chancres in infected rabbits. A, cultured metacyclic trypanosomes; B, 7 day

chancre; C, 8 day chancre; D, 9 day chancre.

all M-VATs. Hence, the stage of development in the skin, besides increasing the
actual numbers of trypanosomes may also be important in ensuring that the
heterogeneity of the developing trypanosomes is increased. Experiments with
T. brucei in mice have shown that early in infection the host is able to recognize VATs
which represent only a small proportion of a heterogeneous population (Seed and
Sechelski, 1988). Hence, increasing the numbers of trypanosomes as well as the
numbers of M-VATs expressed might favour survival of the parasite during the
initial stages of infection.

Crude estimates of the numbers of organisms present in the trypanosomal extracts
from skin varied from approximately 250 000 on day 7 to 1000 by day 12. The
inefficiency of the extraction method and the intimate association of the trypano¬
somes with the collagen (Luckins and Gray, 1978) means that the actual numbers of
organisms in the skin are probably much greater than the estimates and many more
than the 3-300 estimated to be inoculated by the tsetse fly (Harley and Wilson, 1968).

The trypanosomes in the chancres continued to express the M-VAT repertoire but
by 7 days after infection neutralization tests showed that trypanosomes were already
beginning to express VATs no longer recognized by antiserum which neutralized all
M-VATs. Earlier studies on the antigenic characteristics of T. congolense developing
in chancres showed that M-VATs continued to be present for up to 7 days after
infection but as much as 20% of the population no longer expressed M-VATs
(Luckins and Gray, 1979). There are few accounts of antigen expression in tissue sites
although Barry and Emery (1984) detected M-VATs of T. brucei in cannulated
lymphatic ducts of goats for up to 7 days after infection.

B
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In spite of the heterogeneity of the M-VAT repertoire and, hence, the wide
variation in the numbers of organisms of particular M-VATs, there is no difficulty in
inducing immunity to T. congolense. Lymph and serum collected from sheep 14 days
after infection neutralized first bloodstream populations of T. congolense TREU
1457, suggesting that by that time, individual M-VATs were recognized by the host.
Also, rabbits immunized by infection and treatment seven days after infection are
immune to homologous challenge, suggesting that comprehensive immunity is
induced against all M-VATs (Luckins et ah, 1983). The ability of the host to
recognize all M-VATs is important in establishing immunity but the numbers of
organisms required to effect this and the possible contribution of early bloodstream
VATs in its induction is still the subject of investigation. In cattle infected with
T. congolense, homologous immunity can only be induced by infection and treatment
at a stage when bloodstream forms have been established (Akol and Murray, 1985).
This is in contrast to infections with T. vivax where it is extremely difficult to establish
homologous immunity (Vos et ah, 1988, 1989) possibly due to instability of the
metacyclic repertoire or too low numbers of particular M-VATs. Experiments with
bloodstream forms of T. brucei suggest that for a single VAT at least 107 irradiated
organisms are required to effect a protective immune response (Morrison et ah,
1985). However, both sheep and rabbits can acquire immunity within 7-14 days to all
M-VATs expressed by T. congolense TREU 1457 in spite of the presence of low
numbers of some of them. It is possible therefore that fewer living trypanosomes are
required to induce an effective immune response.

When the individual values of the proportions of M-VATs labelled by the nine
MABs were added the total was > 100%. Similar findings were reported by Crowe et
ah (1983) and it is possible that this could be due to trypanosomes expressing more
than one M-VAT or the presence of cross-reacting epitopes on different M-VATs.

There is a wide range in the proportion of M-VATs of T. congolense TREU 1457,
ranging from 0.1 to >20% (Crowe et ah, 1983). It is therefore likely that following
infection and multiplication there might be differential growth of M-VATs in the skin.
There was evidence for proportional changes in expression of some M-VATs but there
was no increased compensatory multiplication of those M-VATs comprising < 1% of
the population. Similar observations have been made using this stock of trypanosomes in
culture systems (Luckins et ah, 1986) where there was also little change in proportional
expression of the minor M-VATs. Much attention has been focussed on the trypanoso-
mal chancre and its relevance to the development of immunity in susceptible and
trypanotolerant cattle during the early stages of infection. In order to understand the role
that chancre forms of trypanosomes play in induction of immunity, more information is
needed on the differential growth and antigen expression in heterogeneous populations
of metacyclic T. congolense. While in vivo systems such as those described here might
provide that information it is possible that in vitro systems such as those described by
Prain and Ross (1988) would provide a more accessible source of trypanosomes at a
similar stage of development for more controlled experiments.
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Summary Mononuclear cell subpopulations in local skin reactions (chancres) in
sheep infected with metacyclic forms of Trypanosoma congolense were studied by
indirect immunoperoxidase staining using a panel of monoclonal antibodies
(MoAbs) specific for ovine leucocyte subsets. Morphometric analysis revealed
significant increases in numbers of cells expressing CD5, CD4, CD8, CD45R
(mainly B cells), major histocompatibility complex (MHC) class II antigens, Fc
receptors (FcR) on macrophages (VPM32) and FcR on B cells and macrophages
(VPM33) from five days post-infection. B cells which also expressed MHC class
II were found mainly in dense aggregates. The CD4/CD8 ratios were raised over
pre-infection levels at 5-7 days post-infection. In sheep which had been infected,
treated with trypanocidal drugs and then challenged with an heterologous
serodeme of T. congolense, changes in cellular phenotype kinetics were similar to
those seen in the skin in primary infections. Sheep superinfected with either an
homologous or an heterologous, T. congolense serodemc showed only mild
cellular infiltration and slight increases in various cellular phenotypes at the sites
of inoculation.

Keywords: Trypanosoma congolense, metacyclics, sheep, chancres, cellular phe¬
notypes

Introduction

The development of localized skin reactions or chancres in mammalian hosts infected
with T. congolense following inoculation of metacyclic trypanosomes by tsetse fly bite is of
interest with regard to establishment of infection and the induction of immunity (Gray &
Luckins 1980, Akol & Murray 1982, Luckins and Gray 1983, Dwinger, Rudin & Murray
1988). Similar chancres to those induced by infected tsetse fly bite can be elicited by
inoculation into the skin of cultured metacyclic forms of T. congolense (Luckins, Rae &
Gray 1981, Dwinger et al. 1987). Chancres are characterized histologically by an initial
cellular infiltrate involving neutrophils and lymphocytes, followed progressively by
substantial lymphocytic infiltration as well as ingress of macrophages, lymphoblasts and
plasma cells (Gray and Luckins 1980, Emery & Moloo 1981, Akol & Murray 1982).
Correspondence: Dr D.M.Mwangi, Centre for Tropical Veterinary Medicine, Easter Bush, Roslin,
Midlothian, EH25 9RG, Scotland.
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A number of studies of humoral antibody responses in tsetse transmitted T.
congolense infections have shown that protective immunity operates at the level of the
skin. In addition suppression of responses to challenge with heterologous serodemes is
also related to chancre development (Luckins & Gray 1983, Dwinger etal. 1987). In order
to understand fully the immune mechanisms involved in these processes, it will be
necessary to obtain more detailed knowledge of the cellular responses, particularly the
changes in lymphocyte subpopulations which occur in the chancre during the early stages
of infection. Recently monoclonal antibodies to sheep leucocyte antigens have become
available (Mackay et al. 1985, Mackay, Maddox & Brandon 1986, Puri, Mackay &
Brandon, 1985, Mackay, Maddox & Brandon, 1987) and this paper reports on the
characteristics of various cellular phenotypes in trypanosomal chancres following
infection with T. congolense. The effects of trypanocidal drug treatment before
development of macroscopically detectable chancres, challenge of these sheep and
superinfection of sheep with both homologous and heterologous serodemes of T.
congolense, on the cellular phenotype kinetics in the inoculation sites are also reported.

Materials and methods

ANIMALS

One- to two-year-old Scottish Blackface or Suffolk sheep were used in these experiments.
They were housed in concrete fly-proof pens and fed on hay and concentrates with free
access to water.

TRYPANOSOMES

Cultured metacyclic forms of three serodemes of T. congolense, TREU 1457, TREU 1881
and TREU 1885 were used to infect sheep. TREU 1457 is a derivative of stock Zaria/67/
LUMP/69 (Luckins & Gray, 1983) which was originally isolated from Nigeria. Both
TREU 1881 (primary isolation code DA/ZM/81/TRPZ/105) and TREU 1885 (primary
isolation code DA/ZM/81/TRPZ 132) were isolated from Kakumbi, Chipata district of
Zambia in 1981 (Frame, 1989).

SEPARATION OF METACYCLIC FORMS AND INFECTION

Infective metacyclic forms of T. congolense were separated from other insect forms in
culture supernates by passing through an anion exchange column (DEAE 52, Whatman
Chemical Separation Limited, Kent, England) as described by Gray et al. (1985). Sheep
were infected by intradermal inoculation of 105 metacyclic trypanosomes in 01 ml of
phosphate saline glucose, pH 8. Skin thickness at the site of inoculation was measured
daily with a pair of vernier calipers.

EXPERIMENTAL DESIGN

Four sheep were infected with TREU 1885 at six sites on their flanks on days 0, 1, 3, 6, 7
and 8. Five days after the last infection, the sheep were killed to obtain chancres at various
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stages of development between 5 and 13 days. Four other sheep were infected at six sites
and skin biopsies from chancres which developed were removed under local anaesthesia
at various stages between 12 and 30 days post-infection.

The effect of trypanocidal drug treatment on the development of chancres was
followed in two sheep infected with TREU 1885 and treated with a single dose of 7 mg/kg
diminazene aceturate (Berenil, Hoechst, FRG) intramuscularly five days after infection,
just before the time that chancres would be detectable by inspection and palpation. Skin
biopsies were taken from these sheep 12, 17, 26 and 30 days after infection. In order to
examine the effect on cellular dynamics following trypanocidal drug therapy, these sheep
were then challenged with the homologous (TREU 1885) and two heterologous
serodemes (TREU 1457 and 1881). Skin biopsies were removed from inoculation sites on
day 7 after challenge.

To determine the effect of concurrent infection on cellular changes following
homologous and heterologous challenge, two other sheep were infected with TREU 1885
and 30 days later, they were superinfected with TREU 1885, TREU 1457 and TREU 1881
at three different sites. Skin samples were taken from each of these sites on day 7 post¬
infection. The skin samples obtained were divided into two: samples for conventional
histology were placed in neutral buffered formalin or in Bouin's solution; tissues for
immunohistology were snap-frozen in dry ice and isopentane, wrapped in aluminium foil,
sealed in plastic bags and stored at — 70°C until used. For histological examination, skin
samples were embedded in paraffin wax blocks and 5 p thick sections cut and stained with
either Mayer's haematoxylin and eosin or Giemsa (BDH Chemicals Ltd., Poole,
England). Control samples were also obtained from normal uninfected skin and
processed as described.

MONOCLONAL ANTIBODIES (MoABs)

Mouse monoclonal antibodies to sheep lymphocyte cell surface antigens used in this study
were obtained from the Sheep Biology Unit, University of Melbourne, Australia (SBU)
are listed in Table 1.

Table 1. Monoclonal antibodies to sheep lymphocyte antigens

Monoclonal

antibody Antigen specificity Human analogue References

25-91 SBU-T1 CD5 Mackay et al. (1985)
44-38 SBU-T4 CD4 Mackay et al. (1986)
44-97 SBU-T4 CD4 Maddox et al. (1985)
38-65 SBU-T8 CD8 Mackay et al. (1986)
19-19 SBU-T19 T cells Mackay et al. (1986)
20-96 LCA-p220 p220/CD45R Mackay et al. (1987)
28-1 SBU-II MHC Class II Puri et al. (1985)
VPM32 Fc receptor on macrophages FcR III —

VPM33 Fc receptor on macrophages and B cells FcR —
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Two other MoAbs, MoAb VPM32 which binds on Fc receptors (FcR) on sheep
macrophages, and VPM33 which binds FcR on both macrophages and B cells, were
obtained from the Department of Veterinary Pathology, University of Edinburgh.
MoAbs were used as undiluted tissue culture supernates.

IMMUNOHISTOCHEMICAL STAINING

Antigens expressed on lymphocyte and macrophage phenotypes were localized on 5 /im
thin cryostat sections using an indirect immunoperoxidase method (Barclay, 1981). After
incubation with the MoAbs, and peroxidase conjugated goat anti-mouse Ig (Nordic
Immunologicals, Tilburg, The Netherlands) the staining was visualized using diamino-
benzidine tetrahydrochloride (BDH) as the substrate.

MORPHOMETRIC ANALYSIS

The number of CD5 + , CD4 + , CD8 + , SBU-T19"1", and CD45R+ cells were determined by
counting positive cells per unit area using a modification of the method used by
Armstrong et al. (1987) and Gorell, Miller & Brandon (1988a). Cells in the diffuse
infiltrate were counted at x 400 magnification in at least five similar fields (each 0-08 mm2)
from at least 4 sections ofeach skin sample for each of the above cellular phenotypes using
a graticuled eyepiece with 121 intersections (Periplan GF, Leitz Wetzler, Germany). Cells
in very dense clusters were not counted. MFIC class II+ and FCR + cells were difficult to
visualize as distinct cells in the skin and were thus not enumerated. The median values and

ranges of the cell counts in the chancre and the ratios of numbers CD4+ and CD8+ cells
were determined.

Results

CLINICAL DEVELOPMENT OF THE CHANCRE

Intradermal inoculation of metacyclic forms of T. congolertse TREU 1885, induced local
skin reactions at all inoculation sites in normal sheep. In primary infections skin thickness
increased from a pre-infection value of 3 mm to a peak of 6-3 mm at day 6 post-infection
and then regressed gradually to below 4 mm on day 17 post-infection. In sheep treated
with Berenil 5 days after infection, skin thickness reached a peak of 5-2 mm on day 6 and
decreased to below 4 mm by day 8 post-infection. When these sheep were challenged with
an homologous serodeme of T. congolense, chancres similar to those found in primary
infections developed whereas no chancres developed at sites where an homologous
serodeme was inoculated. Sheep infected with T. congolense TREU 1885 and then
superinfected with both homologous and heterologous serodemes failed to develop any
macroscopically detectable chancres.

HISTOPATHOLOGY OF THE CHANCRE

The chancre was initially characterized by infiltration of numerous polymorphonuclear
leucocytes (PMNs) and mononuclear cells in the papillary dermis, around the vascular
trunks, reticular dermis and hypodermis (Figure 1) between 5 and 7 days post-infection
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a

Figure 1. (a) Normal uninfected skin (H + E x 50)-(b) Severe cellular infiltration in the skin of sheep
7 days after intradermal inoculation of 10s metacyclic forms of T. congolense TREU 1885 (Giemsa,
x 50.)

(p.i.). The peak of cellular infiltration which occurred 10-15 days p.i. was comprised
mainly of lymphocytes, lymphoblasts, macrophages, plasma cells and very few neutro¬
phils. From 17 days p.i. the skin reaction was no longer detectable macroscopically and
the density of cellular infiltrate containing lymphoblasts, plasma cells, macrophages and
fibroblast-like cells decreased progressively. The magnitude of cellular response in the
skin was diminished in the sheep treated with Berenil. Cellular changes in the skin of these
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Figure 2. Cellular phenotypes in local skin reactions of sheep 7 days after T. congolense infection.
Immunoperoxidase staining with monoclonal antibodies against surface antigens CD5 (a), CD4 (c),
CD8 (d), CD45R (e), MHC Class II (f and g) and normal non-infected skin of sheep stained with
CD5 (b) and MHC Class II (h). Note the dense CD45R+ aggregates in the skin which also heavily
express MHC Class II. (Magnification a, b, + h x 50 c, d, e, f, g, x 128.)
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two sheep, at sites of challenge with heterologous serodemes, were similar to those seen in
primary infections. In contrast, there was little evidence of cellular infiltration in the skin
of infected sheep 7 days after they were superinfected with homologous and heterologous
T. congolense serodemes. Similarly there was little evidence of cellular changes at
inoculation sites in drug treated sheep 7 days after challenge with an homologous
serodeme.

LYMPHOCYTE PHENOTYPES IN SHEEP FOLLOWING PRIMARY INFECTION

Representative illustrations of the changes in cellular phenotypes in chancres are shown in
Figure 2 and quantitative morphometric analyses in Table 2. In order to simplify analysis
and presentation of results, the observations on individual chancres were pooled into five
separate time periods depending on the time after infection, skin thickness and
histological appearance of the chancre. These periods were designated as 1 (day 0, normal
skin), 2 (day 5-7, peak skin thickness with dense infiltrate of mononuclear cells and
PMNs), 3 (day 10-15, regressing skin thickness but dense mononuclear cell infiltrate), 4
(day 17-23 regressed chancres, with moderate cellular infiltrate) and, 5 (day 26-30
regressed chancre with low cellular infiltrate).

Normal skin contained few lymphocytes, mainly CD5 + , CD4 + , CD8 + , with few
CD45R+ cells and macrophages expressing FcR. Following infection, there were
increases in numbers of both CD5+ and CD45R+ cells during the chancre development
(5-7 days p.i.). CD45R + lymphocytes which also expressed MHC Class II were found in
aggregates. These cells in the diffuse infiltrate reached their peak numbers between days
5-7 p.i.

Within the T cell population, there were parallel increases in CD4 + , CD8+ and SBU-
T19+ cells which reached their peak numbers 10-15 days after infection. The ratio of
CD4/CD8 in normal uninfected skin was found to be approximately one. Five to 7 days
post-infection, there were more CD4+ cells than CD8+ cells and the CD4/CD8 ratio
increased to 2-07. The total of cells expressing CD4 + , CD8+ and SBU-T19+ was greater
than that of those expressing CD5.

able 2. Median values (and ranges) of lymphocyte phenotypes in the skin reactions of sheep infected with
'. congolense

Days after infection (periods)
ymphocyte
henotype 0(1) 5-7 (2) 10-15 (3) 17-23 (4) 26-30 (5)

D5 5* (1-28) 103-5 (43-239) 110-5 (41-361) 70-0 (44-110) 32-0 (5-119)
D4 4 (1-15) 83-0 (20-188) 86-0 (20-365) 41-5 (13-89) 30-5 (4-74)
D8 6 (3-16) 45-0 (9-129) 60-5 (8-114) 59-0 (10-135) 42-0 (8-146)
BU-T19 2 (0-9) 6-0 (2-89) 6-0 (0-13) 4-0 (0-19) 5-0 (1-21)
D45R 0 (0-6) 108-0 (32-177) 33-5 (0-155) 53-0 (34-76) 10-0 (0-69)
D4/CD8 113 (0-5-1-29) 2-07 (1-01-4-77) 1 -44 (0-39-3-5) 0-74 (0-5-1-19) 0-78 (0-56-0-9)

* Number of cells per 0-08 mm2 fields ( x 40 objective, x 10 eyepiece).
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Table 3. Median values (and ranges) of lymphocyte phenotypes in the skin
reaction of sheep infected with T. congolense and then treated with Berenil
5 days after infection

Days after infection
Lymphocyte
phenotype 12 17 26 30

CD5 50-5* (14-59) 54-0 (27-88) 110 (10-11) 41-5 (12-60)
CD4 57-0 (8-102) 38-5 (24-50) 5 0 (3-16) 13-0(10-39)
CD8 510 (10-85) 51-5 (33-68) 15-0 (7-35) 7-0 (4-21)
SBU-T19 5-0 (0-30) 15 0 (1-23) 1 0(0-2) 6-0 (3-8)
CD45R 15-5 (4-27) 7 0 (0-13) 0(0-1) 0(0)

CD4/CD8 11 0-7 0-3 1-8

* Cells per 0 08 mm2 field ( x 40 objective, x 10 eyepiece).

Although MHC class II+ , FcR+ cells in the chancre could not be easily quantified,
there was a marked increase in expression of MHC class II (SBU-II) 5-15 days after
infection. FcR was expressed on macrophages in the dermis and epidermis between 10
and 23 days p.i. Some of the positive cells in the dermis and epidermis had dendritic-like
processes. Fc receptor expression on B cells was observed only in the early stages of
chancre development and diminished by 15 days p.i.

CELLULAR PHENOTYPES IN SKIN REACTIONS OF INFECTED, TREATED SHEEP

The numbers of CD5 + , CD4 + , CD8 + , CD45R+ cells in inoculation sites of sheep infected
with T. congolense and treated on day 5 p.i. were lower when sampled from 12 days p.i.

Table 4. Median values (and ranges) oflymphocyte phenotypes in
the day 7 skin reaction of sheep infected with T. congolense
(TREU 1885) treated with trypanocidal drug and rechallenged
with homologous/heterologous serodemes

T. congolense serodeme challenge
Lymphocyte
phenotype TREU 1885 TREU 1881 TREU 1457

CD5 3-5* (2-15) 96-0 (66-162) 1810 (121-239)
CD4 4-0 (1-15) 67-5 (43-139) 109-0 (67-188)
CD8 10-0 (3-15) 76-5 (48-122) 120-0 (79-129)
SBU-T19 0 (6-1) 8-0 (2-23) 5-0 (2-14)
CD45R 0 (0-6) 64-0 (32-31) 120-5 (93-177)
CD4/CD8 0-4 0-9 0-9

* Cells per 0 08 mm2 field ( x 40 objective, x 10 eyepiece).
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Table 5. Median values (and ranges) of lymphocyte phenotypes in the skin reactions of sheep
infected with T. congolense TREU 1885 and superinfected with homologous/heterologous
serodemes

Sheep 885 Sheep 889
Lymphocyte
phenotype TREU 1885 1881 1457 TREU 1885 1881 1457

CD5 8* (5-9) 50 (36-62) 52 (36-57) 4 (1-5) 2 (2-4) 25 (18-57)
CD4 5 (3-9) 42 (30-50) 34-5 (19-40) 3 (2-7) 2 (2-4) 17 (6-33)
CD8 13 (14-16) 42 (30-58) 43 (32-58) 6 (2-9) 4 (3-5) 12 (8-33)
SBU-T19 1.5(1-2) 0 0 (6-3) 0 (0) 3-5 (2-5) 4 (3-9)
CD45R 1-5(1-2) 1- 5(1-2) 0 (0-3) 0 (0) 10 (0-4) 8 (5-14)

CD4/CD8 0-4 1- 0 0-8 0-5 0-5 1-4

* Cells per 0-08 mm2 field ( x 40 objective, x 10 eyepiece).

than those of untreated infected sheep (Table 3). All the cellular phonotypes in infected
treated sheep decreased in number more rapidly compared with untreated infected sheep.

CELLULAR PHENOTYPES IN INFECTED, TREATED AND CHALLENGED SHEEP

Skin sections of infected, treated sheep, obtained 7 days after challenge with a

homologous serodeme (TREU 1885) showed lower numbers ofCD5 +, CD4+, CD8 + and
CD45R+ cells (Table 4) than in the untreated infected sheep. Sites of inoculation with
heterologous T. congolense serodemes (TREU 1457 or 1881) which developed into
characteristic local skin reactions by day 7 p.i., the numbers of CD5 + , CD4 + , CD8 + ,

SBU-T19+ and CD45R+ cells were similar to those in chancres from a primary infection.

CELLULAR PHENOTYPES IN T. CONGOLENSE INFECTED SHEEP SUPERINFECTED WITH

HOMOLOGOUS AND HETEROLOGOUS SERODEMES

These sheep failed to develop macroscopically detectable local skin reactions at the
inoculation sites following superinfection. Skin at sites of inoculation with the
heterologous serodeme showed a higher density of CD5 + , CD4 + and CD8+ cells than
skin at sites which were inoculated with the homologous serodeme, but much lower than
was found in the skin of sheep following a primary infection with T. congolense (Table 5).

Discussion

The chancre represents a combination of an acute inflammatory response and an

immunological reaction induced by local trypanosomal proliferation at infected tsetse fly
bites (Emery and Moloo 1980). We have shown that T lymphocyte subpopulations
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(CD5 + , CD4+, CD8+) form a major component of the mononuclear cell infiltrate into
the chancre. Since these cells were diffusely distributed in the dermis except around blood
vessels they might have been passively recruited into the lesion. This recruitment however
appeared to be selective in that another T cell subpopulation, SBU-T19 which forms
about 15% of peripheral blood lymphocytes was found only in low numbers throughout
the period of chancre development.

There are two possible explanations why the total percentage of CD4 + , CD8+ and
SBU-T19 + cells exceeded the percentage of CD5+ cells, namely, co-expression of CD4
and CD8 antigens (Hopkins and Dutia, 1989), loss of CD5 antigens (Blue et al. 1986), or
presence of CD8 + CD5 — lymphocyte phenotypes (Gorrelle/a/. 1988a). High numbers of
CD45R+ cells were found in chancres 5-7 days after infection. The majority of these cells
were B cells as observed in the pattern of staining of lymphoid follicles of prefemoral and
prescapular lymph nodes (Mwangi, Hopkins and Luckins, unpublished). Since these cells
were found in aggregates resembling lymphoid follicles, it is likely that period of local B
cell proliferation occurs within the chancre. The observed increase in the number ofMHC
class II+ cells in the chancre was probably due to the presence of a large population of
infiltrating and proliferating B cells which express class II antigens (Emery et al. 1987,
Ellis et al. 1987) and also an indication of activated T cell and macrophage population
(Singer & Hodes 1983). The Fc receptor expression (VPM33) observed early in the
chancre was probably as a result of the presence of a high number of B cells since this
expression diminished rapidly with the decrease in number of these cells.

Chancre size is dependent on the number of inoculated metacyclic trypanosomes
(Dwinger et al. 1987). Treatment of the infected sheep therefore reduced the number of
viable trypanosomes at the inoculation site and hence the size of the chancre and degree of
cellular infiltration. These sheep developed characteristic reactions similar to those
observed in primary infections, 7 days after challenge with an heterologous T. congolense
serodeme but not with an homologous T. congolense serodeme. Thus these two sheep
appeared to be immune to homologous challenge, but since trypanosome infected
animals treated before 15 days after infection are fully susceptible to homologous
challenge (Emery et al. 1980b), it is possible that in our study the development of the
chancre was delayed.

Active infection in sheep prevented the development of chancres following heterolo¬
gous challenge. This finding concurs with studies by other workers (Luckins and Gray
1983, Dwinger et al. 1989) which have shown that there is interference in the
establishment of super infections in infected animals.

The present experiments have demonstrated that marked changes occur in cellular
phenotypes kinetics in chancres in sheep at an early stage of infection with T. congolense.
The qualitative and quantitative differences in lymphocyte subpopulation in the skin may
be involved in determining the outcome of challenge with metacyclic trypanosomes.
Protection against infection appears to occur at the level of the skin and draining lymph
node (Akol and Murray 1983) and the presence of aggregate of B cells as shown here,
suggest that it is possible for protective humoral responses to be effected at the level of the
skin. Further work is needed to examine lymphocytes in activated cell populations from
afferent and efferent lymphatics draining chancres in order to determine their phenotypes
and antigen specificity, the factors which such cells elaborate and the role they play in
immunity and susceptibility to trypanosomiasis.
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A phenotypic analysis on synovial fluid cells from the carpal and tarsal joints of sheep
with visna virus-induced inflammatory synovitis was performed. The results showed
increased representation of cells bearing lymphocyte, macrophage, and dendritic cell
markers compared to equivalent synovial fluid cells from normal uninfected age-matched
controls. In infected sheep, CD8+ T cells tended to predominate over CD4+ T cells,
while the numbers of yh T cells varied from being absent in some samples to constituting
the major T cell subset in others. B cells were found in relatively smaller numbers.
Analysis of the large mononuclear cells showed that they stained with monoclonal
antibodies that recognize macrophages and afferent lymph dendritic cells. Major histo¬
compatibility complex (MHC) class II + macrophage/dendritic cells were found in
normal joints, but significantly elevated proportions of such cells were present in
the carpal joints of infected sheep. The intensity of MHC class II staining was also
significantly elevated in infected animals compared to control animals. A high proportion
of these cells also stained for CD1 in both normal and infected animals, but were sig¬
nificantly elevated in number in the carpal joints of infected sheep. The elevated pro¬
portion of cells expressing molecules associated with accessary cell function and the
increase in the numbers of accessory molecules per cell suggests an enhanced capacity
for presenting antigen to a variety of T cell subsets within the joints of infected sheep,
which could initiate or perpetuate potentially damaging local synovial inflammatory
responses. © 1991 Academic Press, Inc.

INTRODUCTION

Visna virus and caprine arthritis encephalitis virus (CAEV) are lentiviruses
which naturally infect sheep and goats, respectively. These viruses are closely
related to each other as judged by host species restriction, associated clinical
disease, DNA hybridization studies, and sequence homology (l^J). They also
show more distant homology with the human immunodeficiency virus (HIV) (5).
Both visna virus and CAEV cause chronic inflammatory and degenerative disease
of the lungs, joints, mammary glands, and central nervous system. The disease is
characterized by an incubation period of months to years and by slow progres¬
sion. This is thought to be due at least partly to stringent regulation of viral
replication mediated by regulatory elements in the viral genome (1,6) and the
production by T cells of unique interferon-like molecules (7). The joint disease is
characterized by inflammatory synovitis in the early stages and degenerative ar¬
thritis in advanced cases (8-10), mainly affecting the carpal joints and to a lesser
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extent the tarsal joints. The joint changes bear some resemblance to those found
in rheumatoid arthritis and other inflammatory arthritides in man, although the
degree of similarity at the cellular and molecular level has not been documented.
The recent development of suitable immunological reagents for detecting sheep
leukocytes (11) has enabled work to begin on the characterization of the cellular
infiltrate of joints in sheep infected with visna virus (12). In the present paper, we
carried out a phenotypic analysis of the lymphocytes and macrophages/dendritic
cells (McJ)/DC) present in the synovial fluid (SF) of normal sheep and sheep in¬
fected naturally with visna virus.

METHODS

Animals

Sheep, naturally infected with visna virus, were obtained from a single flock.
All the animals were seropositive by an agar gel immunodiffusion assay. In some
cases the sheep were also tested by enzyme-linked immunosorbent assays and
Western blot analyses and were shown to be seropositive. Visna virus was also
isolated from several sheep by cocultivation of peripheral blood mononuclear
cells or synovial explants with permissive sheep choroid plexus or synovial mem¬
brane cells in culture. The latter showed typical syncytial formation, while the
culture supernatant was positive for viral antigens by Western blotting and a
reverse transcriptase assay.

The sheep used in this study were 3-7 years old and were either clinically
arthritic with swollen carpal joints or more usually had subclinical nonsuppurative
inflammatory synovitis identified histologically (Table 1). One sheep had synovial
effusions in both tarsal joints. The arthritis was graded clinically according to the
presence of a slight swelling in one joint ( + ), swelling in one or more joints with
stiffness (+ +), and, in addition, crepitus in one or more joints (+ + +). Histo¬
logically, the joint disease was graded on the degree of proliferative changes, i.e.,
mild proliferative synovitis with small numbers of lymphocytes and M<J> in the
subsynovium ( + ), moderate proliferative synovitis with moderate lymphoprolif-
eration (+ +), or marked lymphoid proliferation with early lymphoid follicular-
like structures and many M<)j in the subsynovial tissue (+ + +).

The pneumonia was graded clinically depending on the respiratory rate and
noise at rest and following exercise, and histologically on the degree of smooth
muscle hyperplasia, interstitial pneumonitis, and lymphoid proliferation. The cen¬
tral nervous system (CNS) disease was graded clinically on the degree of ataxia
and histologically on the extent of CNS involvement and the degree of lymphoid
infiltration and demyelination. Age-matched uninfected normal sheep (n = 11)
were obtained from the Moredun Research Institute, Edinburgh.

lmmunostaining of SF Cells
SF was obtained via the percutaneous route from sheep anesthetized either by

intravenous injection of "Saffan" (9 mg/kg) (Glaxovet Ltd, Uxbridge, Middlesex,
UK) or by halothane inhalation. Both radial-carpal joints and both tarsal joints
were sampled routinely from each sheep. The SF was collected into plastic tubes
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TABLE 1

Disease Status of Visna Virus-Infected Sheep Used in the Study

Sheep
number

Clinical/pathological status"

Arthritis Pneumonia CNS disease Mastitis

YT46 -/+ + / + -/- -/-
3051 + + +/SA + /SA -ISA + + ISA
42P1 -/+ + / + -/- + / +

346K + + +/SA + +/SA -ISA + /SA
G159 -/ + + /+ + + -/- -/+

G182 -/+ + + +/+ + + -/- -/ +

G066 -/+ + +/ + -/- -/+

G146 -/ + + /+ + -/- -/+

X100 ND/+ + -1 + + + +/+ + + -/-
YT42 + / + + + / + -/- + / +

G104 + +/+ + -/+ -/- -/ +

G196 -ISA + /SA -ISA -ISA
33 -ISA + /SA -ISA + + ISA
418K -ISA -ISA -ISA -ISA
NT25 + + /SA ND/SA ND/SA ND/SA
NT276 -/SA ND/SA ND/SA ND/SA

" The degree of severity of clinical and pathological diseases was graded as absent (-), mild ( + ),
moderate ( + +), or severe (+ + +) as described under Methods. The clinical status is to the left and
the pathological status is to the right of the oblique. The results relating to the pathological status refer
to animals at postmortem, or if still alive are marked SA. ND, not done.

containing K2-ethylenediaminetetraacetic acid (EDTA) (10 mM final concentra¬
tion) and hyaluronidase (Sigma Chemical Co., Poole, Dorset) (50 |xg/ml final
concentration) in sterile phosphate-buffered saline (PBS). The SF samples were
spun at 1500 rpm for 5 min and the cells were washed and resuspended in PBS
containing 2% bovine serum albumin. White blood cell counts were made from
cytospins of SF. The counts obtained from normal sheep averaged 9.0 and 4.3 x
105/ml for carpal and tarsal joints, respectively, while visna-infected animals av¬
eraged 4.2 and 4.0 x 106/ml, respectively.

Monoclonal antibodies (Mab) to sheep CD4 (SBU-T4) and CDS (SBU-T8) T
cells, 78 T cells (SBU-T19), and CD1 (SBU-T6; VPM5) present on DC have been
described (13-16). B cells were detected using a monoclonal anti-sheep light chain
antibody (VPM 8) (16). Class II molecules of the sheep major histocompatibility
complex (MHC) were detected by a pan monoclonal reagent (pan class II), and
Mabs to DR(3 (VPM 37) and DQ(3 (VPM 41) chains (17). M<J> and DC were also
detected with monoclonals that recognize both these cell types (175; A4F), M4>
only (D9F), or alveolar Mcjt specifically (A8F) (18, 19).

Washed SF cells were incubated with 50 |xl of Mab solution for 1 hr at 4°C.
Following three washes, the cells were stained with a 1/100 dilution of fluorescein-
labeled sheep anti-mouse IgG or anti-mouse IgM conjugate (Sigma) for 30 min.
The cells were washed three times and fixed in 0.5% paraformaldehyde/10 mM
sodium azide. The fluorescence was measured on a Becton-Dickinson FACScan
flow cytometer. The analysis was performed by setting separate live gates around
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the lymphocytes or large mononuclear cells (M<f>/DC), respectively. The gate
settings were determined by reference to equivalent lymphocyte and dendritic
cells obtained by cannulation of the prefemoral or prescapular pseudoafferent
lymphatics (20). The results were expressed as the percentage of cells positive in
the lymphocyte or M4>/DC gate as appropriate. Mean fluorescence intensity was
also measured by flow cytometry.

Statistics

The results were analyzed using the Mann-Whitney nonparametric rank test.

RESULTS

Lymphocyte Phenotyping
The results of the phenotypic analysis of the SF lymphocytes are shown in

Table 2. CD4+ T cells were increased four- to fivefold in number on average in
fluids from visna-infected sheep compared to normal controls (P < 0.00003). No
difference in the percentage of CD4+ T cells between carpal and tarsal joints was
found. CD8+ T cell percentages were also elevated over normal (P < 0.00003),
but to a much greater degree than CD4+ T cells (eightfold increase on average).

TABLE 2
Lymphocyte Subsets in Synovial Fluid from Sheep Infected with Visna Virus

Monoclonal

antibody
Sheep
group

Percentage cells positive in lymphocyte gate
(mean ± SD)a

LC RC LT RT Average''
CD4 Visna 13.8 ± 13.5 13.1 ± 12.2 16.2 ± 11.5 17.6 ± 15.2 15.2 ± 12.8

(10) (10) (10) (10) (10)
Control 2.3 ± 3.4 1.0 ± 0.8 3.4 ± 4.5 2.6 ± 3.0 3.1 ± 3.9

(8) (5) (8) (7) (8)
CDS Visna 20.8 ± 16.6 22.1 ± 16.6 34.9 ± 15.8 37.9 ± 17.4 28.9 ± 17.7

(10) (10) (10) (10) (10)
Control 3.4 ± 3.8 1.1 + 0.9 5.1 ± 5.3 2.8 ± 2.4 3.6 ± 3.2

(8) (5) (8) (7) (8)
CD4/8 ratio Visna 0.66 ± 0.14 0.59 ± 0.16 0.46 ± 0.18 0.46 ± 0.13 0.53 ± 0.13

(10) (10) (10) (10) (10)
Control 0.73 ± 0.31 0.85 ± 0.23 0.70 ± 0.23 0.92 ± 0.22 0.71 ± 0.26

(8) (5) (8) (7) (8)
VPM8 Visna 5.9 ± 4.8 4.6 ± 3.8 7.1 ± 6.4 8.8 ± 5.4 6.6 ± 4.9

(5) (5) (5) (5) (5)
Control 1.1 ± 0.7 1.4 ± 1.0 1.1 ± 0.9 1.0 ± 1.0 1.2 ± 1.0

(5) (5) (5) (5) (5)
T19 Visna 16.4 ± 23.2 8.3 ± 8.5 9.2 ± 13.6 9.4 ± 15.1 11.1 ± 15.9

(8) (8) (8) (8) (8)
Control 0.7 ± 0.6 0.7 ± 0.5 0.6 ± 0.5 0.8 ± 0.7 0.7 ± 0.6

(5) (5) (5) (5) (5)

Note. LC, left carpus; RC, right carpus; LT, left tarsus; RT, right tarsus.
" Numbers in parentheses represent the number of sheep tested.
h Results represent the average of values obtained from all the joints tested.
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The values found in the visna tarsal joints for CD8+ T cells were higher than
those observed in the carpal joints (P < 0.0003). A slight preponderance of CDS +
over CD4+ T cells in the uninfected control fluids was observed, but was mar¬

ginal compared to that found in the infected animals. These differences are re¬
flected in the CD4/CD8 ratios found in the infected sheep and normal controls.
The staining for 78 T cells (T19 + ) was very low in normal animals (<1%) (Table
2). An increase in the proportion of T19+ cells in SF from visna-infected sheep
compared to normal controls was observed (P < 0.00003), but there was a sub¬
stantial variation between sheep (range 5-60%). In three sheep, 78 T cells were the
predominant T cell subset. Figure 1 shows an example of this where the T19+ T
cells were present in higher numbers than CD8+ or CD4+ T cells in all four
joints. In this particular case, the values for the CD8+ cells were higher in the
carpal compared to the tarsal joints, unlike the general trend noted above in Table
2. B cells were also present in higher proportions in visna-infected compared to
normal sheep (P < 0.00003), although the percentages were usually less than 10%.

Phenotyping of SF MfylDC

The Mc)>/DC population was the predominant cell type in all SF examined.
These cells were stained with a panel of MAbs that recognize sheep M<t> or
afferent lymph DC. In normal joints, the degree of positive staining varied be¬
tween the monoclonals and between the carpal and tarsal joints (Table 3). Mab 175

FL1 FL1 FL1 FL1

Right carpus Left carpus Right tarsus Left tarsus

Fig. I. Flow cytometry profiles of carpal and tarsal synovial fluid lymphocytes obtained from a

single sheep stained with CD4, CD8, or yb T cell-specific monoclonal antibodies.
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TABLE 3

Phenotypic Analysis of Macrophage/Dendritic Cells in Synovial Fluid from Sheep
Infected with Visna Virus

Percentage macrophage/dendritic cells positive (mean ± SD)U

Normal sheep Visna-infected sheep
Monoclonal

antibody Carpus Tarsus Carpus Tarsus

175 37.4 ± 13.3 23.5 ± 14.8 49.4 ± 19.4 26.8 ± 19.0

(11:22) (11:18) (14:26) (14:18)
A8F 4.6 ± 2.3 6.0 ± 3.0 6.8 ± 6.0 5.6 ± 2.8

(11:22) (11:18) (13:22) (9:15)
D9F 13.8 ± 7.2 12.3 ± 6.2 22.4 ± 17.0 12.4 ± 6.6

(11:22) (11:18) (11:20) (11:17)
A4F 27.1 ± 11.4 23.5 ± 12.0 42.3 ± 21.9 21.8 ± 15.0

(9:18) (9:15) (11:20) (11:17)
Pan class II 35.2 ± 11.0 24.6 ± 8.3 50.4 ± 19.4 29.8 ± 21.1

(11:22) (11:18) (14:24) (14:20)
VPM37 (DRpSI 31.7 ± 10.5 21.0 ± 8.3 47.5 ± 20.6 24.4 ± 15.4

(11:22) (11:18) (14:24) (14:18)
VPM41 (DQ(3) 31.5 ± 11.0 22.5 ± 10.3 49.3 ± 20.8 22.9 ± 13.4

(11:22) (11:18) (16:26) (14:20)
SBU-T6 30.9 ± 16.6 27.3 ± 10.3 52.2 ± 16.5 30.7 ± 17.0

(11:22) (11:18) (14:26) (14:20)
VPM5 30.4 ± 13.6 27.6 ±11.2 46.8 ± 16.2 29.3 ± 15.6

(11:22) (11:18) (14:24) (14:22)

" Numbers in parentheses represent numbers of sheep tested:numbers of synovial fluids tested.

stained significantly more carpal Mt})/DC than Mab D9F or A4F, and also reacted
with more of these cells in the carpal joints compared to the tarsal joints (P <
0.0014). In visna-infected animals, the values obtained for Mabs 175, D9F, and
A4F with carpal SF McJi/DC were significantly elevated compared to the values
obtained with normal carpal cells (P < 0.00005; P < 0.0307; P < 0.00023, respec¬

tively). The values found in the carpal joints of visna-infected sheep for Mabs 175
and A4F were also significantly elevated over those observed in the tarsal joints
(P < 0.0007; P < 0.0015, respectively). In contrast, the values obtained for Mabs
175, D9F, and A4F from the tarsal joints of visna-infected sheep were not signif¬
icantly different than those found in normal tarsal joints. Also, the alveolar
M<J)-specific Mab A8F gave values close to background in all cases.

Further analysis of the M4>/DC was performed using Mabs to sheep MHC class
II or CD1 molecules (Table 3). In normal animals, about one-third of McJ>/DC on

average in the carpal joints stained for MHC class II using the pan reagent. The
values obtained were significantly higher than those observed in normal tarsal
joints (P < 0.001). In visna-infected sheep, about 50% of the Mcj>/DC on average
in the carpal joints were class II+ . The values obtained were significantly ele¬
vated over that found in the carpal joints of normal sheep (P < 0.004) and in the
tarsal joints of visna-infected animals (P < 0.0009). No significant differences
were found between the tarsal values of normal and visna-infected sheep. Similar
results were obtained using Mab specific for sheep DR(3 and DQ(3.
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CD1 + M<t>/DC were found in substantial proportions in the carpal and tarsal
joints of both normal and visna-infected animals (Fig. 2). Although the values
observed in normal animals for tarsal joints were lower than those in carpal joints,
the difference was not statistically significant (Table 3). However, the T6 and
VPM5 values found in the carpal joints of visna-infected sheep were significantly
elevated over those found in normal carpal joints (P < 0.00005; P < 0.0007,
respectively) and also over those in the tarsal joints of visna animals (P < 0.00011;
P < 0.0005, respectively). The values obtained for tarsal joints of normal and
visna-infected sheep were not significantly different for either Mab.

Fluorescence intensity
Fig. 2. Typical flow cytometry profiles of macrophage/dendritic cells from the carpal joint synovial

fluids of two visna-infected sheep (a and b) stained for CD1 using the SBU-T6 monoclonal antibody.
The negative control is shown in c.
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Surface Ig and Antigen Uptake by McblDC

To test whether the M4>/DC were capable of binding Ig in vivo (putatively as
immune complexes), the cells were stained for surface Ig using a light chain-
specific MAb (Table 4). The results showed that a proportion of these cells do
bear light chains, although no differences were found between normal and visna-
infected animals. To test whether the Mtfi/DC could bind antigen in vitro (puta¬
tively via Fc, C3b receptors, or phagocytosis), the cells were reacted with FITC-
labeled ovalbumin in the presence or absence of afferent lymph containing anti¬
bodies to ovalbumin. About 38% of these cells on average in the carpal joints of
visna-infected sheep bound the FITC-ovalbumin in the presence of antibodies.
The values obtained were significantly higher than those found in the carpal joints
of normal animals (P < 0.0222). No other significant differences in antigen binding
were noted.

Fluorescence Intensity Differences in SF Mfy/DC Surface Marker Expression

The results of determining the mean fluorescence intensity of MHC class II on
the M<j>/DC are shown in Figs. 3 and 4. The intensity of class II staining in
uninfected animals was not significantly different between the carpal and tarsal
joints for all three anti-class II Mabs (Fig. 4). However, the values obtained for
carpal joints of visna-infected animals were significantly elevated over those
found in normal carpal joints (P < 0.00003 for all three Mabs). The fluorescence
intensity observed in the tarsal joints of visna-infected animals was also signifi¬
cantly elevated over that in the tarsal joints of normal sheep (P < 0.0001; P <
0.0007; P < 0.0003 for pan class II, VPM 37, and VPM 41, respectively). Within
visna-infected sheep, the staining intensity in the carpal joints was significantly
elevated over observed values in the tarsal joints for pan class II (P < 0.012) but
not for VPM 37 and VPM 41. Fluorescence intensity measurements for Mab 175,

TABLE 4

Surface Ig Staining and Uptake of Antigen by Synovial Fluid Macrophage/Dendritic
Cells from Sheep Infected with Visna Virus

Percentage macrophage/dendritic cells positive (mean ± SD)"

Reagentfc
added

Normal sheep Visna-infected sheep

Carpus Tarsus Carpus Tarsus

VMP8 27.5 ± 4.7 21.0 ± 8.3 30.2 ±11.7 23.8 ± 14.7

(11:22) (11:18) (9:18) (9:15)
OVA-FITC 5.3 ± 3.7 6.8 ± 4.0 9.5 ± 2.6 7.9 ± 3.4

(9:18) (9:15) (9:18) (9:15)
OVA-FITC/anti-OVA 27.1 ± 11.4 23.5 ± 12.0 38.3 ± 18.1 30.6 ± 17.7

(9:18) (9:15) (9:18) (9:15)

" Numbers in parentheses represent numbers of sheep tested:numbers of synovial fluids tested.
b M0/DC were stained for surface Ig using a light chain-specific MAb VPM8. The ability of the

M0/DC to bind antigen was tested in vitro by incubating the cells with FITC-OVA alone or with
FITC-OVA and anti-OVA antibodies to generate antigen-antibody complexes.
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Fluorescence intensity
Fig. 3. Typical flow cytometry profiles of macrophage/dendritic cells from the carpal joint synovial

fluids from a normal (a) or visna-infected (b) sheep stained for MF1C class II using a pan class II
monoclonal antibody reagent.

D9F, and A4F did not reveal any statistically significant differences, although the
trends were similar to those above for MHC class II.

DISCUSSION

Sheep infected with visna virus and goats infected with CAEV provide naturally
occurring models for studying chronic inflammatory synovitis where the etiolog¬
ical agent is known. Histological studies show the presence of lymphocytes,
plasma cells, and macrophages in the synovium of infected animals (10), although
the exact composition or function of the synovial inflammatory infiltrate in these
diseases is not known. In the present study, we carried out a phenotypical anal¬
ysis of the cells in SF of sheep infected with visna virus using flow cytometry with
a view to providing baseline data for future functional analyses.

A previous study (12) showed that CD8+ lymphocytes predominated over
CD4+ cells in a clinically arthritic sheep with synovial effusions. Here, we have
shown that the CDS + T cell predominance can occur at a much earlier stage when
the disease is subclinical. Also, two patterns of T cell infiltrate were evident. The
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Carpus Tarsus Carpus Tarsus

Normal Visna

Fig. 4. Fluorescence intensity of MHC class II staining on synovial fluid macrophage/dendritic cells
obtained from the carpal and tarsal joints of normal or visna virus-infected sheep. The results show the
mean ± SD values for pan class II, DR(3, (VPM 37), and DQ(3 (VPM 41).

major pattern observed wasCD8+ >CD4 + >T19 + cells, while a minor pattern
consisted of T19+ >CD8+ >CD4+ T cells. The functional significance of these
observations is at present unknown. However, it has been shown that anti-viral
immune responses play a significant role in the disease caused by visna virus and
CAEV (21, 22). Whether local immune responses occur within the joints of in¬
fected animals has not been established, although it has been demonstrated that
SF T cells from CAEV-infected goats will proliferate in response to viral antigens
(23). We have also isolated visna virus from explants of synovium from infected
sheep. Therefore, the possibility that some of the immune reactivity in the joints
of these animals reflects classical cytotoxic killing of viral-infected cells is possi¬
ble, and as such may explain, at least in part, the presence of the predominately
CD8 + T cell infiltrate. The predominance of yd T cells in the SFs of some infected
sheep suggests that they may play a role in the joint disease in some cases. This
possibility is supported by the demonstration of yd T cells in the joints of patients
with rheumatoid arthritis (24-26). The function of yd T cells remains uncertain,
although they have been shown to recognize mycobacterial heat shock proteins
(26), secrete cytokines (27), and exhibit cytotoxicity (28).

The above observations indicate that the immune recognition of viral or other
antigens is an important feature of the arthritic process in sheep and goats infected
with lentiviruses. For such antigen presentation to occur within joints, the pres¬
ence of suitable accessory cells to process and present antigen to infiltrating T
cells would be required. It is evident that cells with the characteristics of M<|>/DC
which express MHC class II and CD1 are present in the SF of normal animals and
could be involved in presenting antigen to a3 and yd T cells, respectively (29), as
part of normal immune surveillance. Certainly, in both normal and visna-infected
animals the SF Mcj>/DC are capable of binding antigen in the presence of antibody
(Table 4), a mechanism which could facilitate the uptake of viral antigen for
presentation to CD4+ and other T cells during secondary immune responses. The
observation that increased numbers of MHC class 11+ and CD1 + M<J>/DC are
found in the SF of visna animals supports the notion that these cells are involved
in antigen presentation.
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It has been shown in patients with reactive arthritis that the ability to present
antigen is markedly elevated in mononuclear cells isolated from SF compared to
peripheral blood (30). It is not clear if an increased expression of MHC class II or
CD1 plays a role in such enhanced accessory cell function in such patients. How¬
ever, a secondary in vivo antigenic challenge of normal sheep afferent lymph DC
results in both up-regulation of MHC class II and CD1 expression and an in¬
creased ability to present antigen (16). A similar elevated expression of MHC
class II has been observed on SF Mcj>/DC from patients with rheumatoid arthritis
or other human inflammatory arthritides (31-33). It has been reported that sheep
T cells cultured with virus-infected M<j> will secrete interferon-like molecules
which possess anti-viral activity and the ability to induce MHC class II (7). It is
possible that the elevated MHC class II expression observed on SF M<{>/DC is due
to in vivo production of these or other cytokines (34).

It is clear from our studies that the expression of several markers used to
characterize the M4>/DC population was elevated in normal carpal compared to
tarsal joints. This was particularly the case for MHC class 11+ expression. This
suggests that the cells in the carpal joints may be in a higher state of activation
than those in the tarsal joints, and might partially explain the strong predominance
of the carpal joints as targets in the arthritic process. Functional studies are
currently in progress to elucidate the role of the infiltrating leukocytes in the
arthritic process in this naturally occurring model of inflammatory joint disease.
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Summary. The prefemoral efferent lymphatics of four sheep persistently
infected with a non cytopathic (NCP) isolate of border disease virus (BDV)
were cannulated. Recovered lymphocytes were examined for the presence of
virus by an immunocytochemical technique employing a pool of mono¬
clonal antibodies which recognise the 120K non-structural polypeptide of
NCP BDV. The results revealed that 9.5% of the lymphocytes carried virus
antigen. Lymphocytes from two of the sheep were studied by in situ hybrid¬
isation using a viral antisense RNA probe complementary to the region of
the BDV genome coding for the 120K polypeptide. This showed that
70-80% of the cells were infected, confirming the greater sensitivity of the in
situ hybridisation technique.

Key words: Pestivirus, lymphatic cannulation, monoclonal antibodies, in situ
hybridisation.

Introduction

Border disease virus (BDV) is an ovine pestivirus which is serologically
related to bovine virus diarrhoea virus (BVDV) and hog cholera virus (HCV)
[14], Infection of a ewe with the noncytopathic (NCP) biotype of BDV
during early pregnancy can result in the birth of lambs persistently infected
(PI) with virus. These lambs continuously excrete virus and appear to be
immunotolerant to BDV, thereby acting as a source of infection for other
sheep [13].

PI animals may be immunosuppressed, since they are reported to suc¬
cumb to intercurrent infections and their lymphocytes exhibit depressed
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mitogenic responses in vitro [11]. The mechanisms underlying these appar¬
ent abnormalities in immune responsiveness remain to be elucidated. How¬
ever, recirculating efferent lymphocytes recovered from PI sheep have been
shown to be infected with BDV by virus-specific monoclonal antibodies
(Mabs) using an immunocytochemical technique (Entrican et al., submitted
for publication). In this report we compare the techniques of immuno-
cytochemistry and in situ hybridisation for identification of virus-infected
lymphocytes and demonstrate that in situ hybridisation is the more sensitive
of these two techniques.

Materials and methods

Animals

Two-year old PI sheep were the progeny of Dorset dams experimentally infected in early
pregnancy with the Oban strain of BDV isolated from a natural outbreak of BD in the West
of Scotland [3]. These sheep were viraemic and free of neutralising antibody both at birth
and before cannulation. The efferent duct draining the prefemoral lymph node was can-
nulated as previously described [10]. Lymph was collected quantitatively into sterile,
siliconised plastic bottles containing 100 IU heparin. Sheep were housed in metabolism
crates and given hay and water ad libitum.

Immunocytochemistry
Efferent lymph (EL) cells cytocentrifuged onto glass slides (60 x g, 5 minutes) were air dried,
fixed in ice-cold acetone for 10 minutes and stored at — 20 °C. Cells were stained as

described previously (Entrican et al., submitted for publication). Briefly, fixed cells were
incubated for 2 hours with a pool of monoclonal antibodies (Mabs) which react with BDV.
After washing, the cells were reacted with a sheep anti-mouse horse radish peroxidase
conjugate for 1 hour. Following further washes, diaminobenzidine (Sigma) substrate was
added for 10 minutes. Slides were then washed in running tap water and the cells were
counterstained with haematoxylin (Gurr), dehydrated and mounted.

The number of virus-infected cells was determined by examining 500 cells per slide and
counting the number of cells with positive staining.

In situ hybridisation

The pGem-4 vector, containing a 2035 base pair insert of the nucleotide sequence of the
BVDV Nadl isolate [5] was a gift from Dr. M. Collett (Molecular Vaccines Inc., Gaithers-
burg, MD, USA). This was transcribed to make a complementary RNA sequence (ribo-
probe) to the p80 region of BVDV Nadl RNA as previously described [9].

For in situ hybridisation studies the efferent lymph cells were cytocentrifuged onto glass
slides, which were pre-treated as follows: alcohol-cleaned slides were immersed in 3-
aminopropyltriethoxysilane (Sigma, Poole, England) for 5 seconds, in methanol for 5 sec¬
onds and then incubated in 0.1% diethyl pyrocarbonate (BDH, Poole, England) at 37°C
overnight. The slides were finally air dried before use. In situ hybridisation using the
riboprobe was performed on the cells as previously described [9], Briefly, 25pl of hybridisa¬
tion mixture, containing approximately 100 pg of 35S-UTP labelled RNA/pl, was applied to
each slide (104 cpm/slide). Hybridisation was carried out at 25 °C for 48 hrs. The slides were
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washed for 18 hours at room temperature in 2 x standard saline citrate (SSC) pH 7.4, 1 mM
EDTA pH 8.0, 1 mM dithiothreitol and 0.1% Triton X-100. Slides were then washed in
a small volume of 50% formamide, 0.3 M NaCl, 5 mM Tris pH 8.0 and 0.5 mM EDTA for
30 minutes at room temperature followed by four washes in 0.1 x SSC at 40 °C for 30
minutes each. Autoradiography was carried out by coating the slides with K5 nuclear track
emulsion (Ilford). The slides were then exposed for 5 days, developed for 5 minutes with
Kodak 19 developer at 16°C, rinsed in water, fixed for 5 minutes in 30% (w/v) sodium
thiosulphate, stained with haematoxylin, dehydrated and mounted.

Results

Immunoperoxidase staining with BDV-specific Mabs revealed that the
efferent lymphocytes carried virus antigen (Plate 1). The percentage of posi¬
tive-staining cells varied between sheep and between samples recovered from
individual sheep on different days (Table 1). The mean of the 16 observations
in the 4 sheep examined was 9.5%. The staining was specific for virus, as
demonstrated by its absence in lymphocytes from PI sheep reacted with
a control Mab (Plate 2). Efferent lymphocytes from a control uninfected
sheep which were reacted with the BDV Mabs were also negative (not
shown).

Efferent lymphocytes from 2 of the 4 sheep (numbers 3 and 4, day 2, as
detailed in Table 1) were analysed for the presence of BDV RNA by in situ
hybridisation. Both sheep had less than 10% virus-infected cells in efferent
lymph as determined by immunocytochemistry (Table 1), but 70-80% virus-
infected cells as determined by in situ hybridisation. An example is shown in
Plate 3. The specificity of the hybridisation was confirmed by reacting the
probe with efferent lymphocytes from a control sheep. There was no label¬
ling of those control cells (Plate 4).

Discussion

To understand how BDV may affect the immune system of PI sheep, it is
important to determine the extent of infection of lymphocytes with virus in
vivo. We have used the cannulated efferent lymph model as a source of
lymphocytes, since this compartment has been shown to contain almost
pure populations of lymphocytes in sheep [12]. Phenotypic data has pre¬
viously confirmed that the efferent lymph cells from PI sheep which we have
used in this study are lymphocytes (Entrican et al, submitted for publica¬
tion).

BDV-infected lymphocytes were identified by two techniques: im¬
munocytochemistry and in situ hybridisation. The Mabs used for the im¬
munocytochemistry studies have previously been characterised and shown
to react with a 120K polypeptide in NCP BDV-infected cells [8], This
polypeptide appears to be non-structural and highly conserved among
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Plates. The presence of virus in efferent lymphocytes from persistently infected sheep,
specifically demonstrated by immunocytochemistry and in situ hybridisation. Plate 1.
Lymphocytes reacted with anti-BDV Mabs, showing characteristic peroxidase staining of
virus-infected cells. Plate 2. Lymphocytes reacted with a control Mab showing absence of
staining pattern. Plate 3. Lymphocytes reacted with the radiolabelled riboprobe. Virus-
infected cells are identified by the granular reaction. Plate 4. Lymphocytes from a control
sheep reacted with the radiolabelled probe, where no specific hybridisation has occurred.

Magnification x 250

Table 1. Presence of BDV antigen in efferent lymph cells of persistently
infected sheep measured by immunocytochemistry

Sample
(days post Percentage of virus-infected cells
cannulation) Sheep 1 Sheep 2 Sheep 3 Sheep 4

2 12.0 22.2 6.8 4.8
3 6.4 14.6 7.8 5.0
4 10.0 10.2 ND ND
5 6.2 6.6 ND ND
6 9.0 10.0 ND ND
7 7.0 9.8 ND ND

The first sample was taken 48 hr after cannulation. Subsequent samples were
analysed on consecutive days. The mean value of virus-infected cells is 9.5%.
ND = not determined.
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pestiviruses [7]. Therefore, these Mabs do not recognise virus particles but
identify cells which carry viral antigen as a result of virus replication.

The molecular probe used for in situ hybridisation studies hybridises to
a sequence of the pestivirus genome predicted to code for the 80K non¬
structural polypeptide in BVD Nadl [6], The 80K polypeptide was shown to
be a cleavage product of a higher molecular weight 125K non-structural
polypeptide in BVDV. The probe cross-hybridises with NCP BDV, presum¬
ably at the equivalent 120K non-structural polypeptide coding region [9],
There is therefore a potential correlation between the molecular probe and
the Mabs, since the Mabs may recognize the protein product of the region of
the genomic RNA to which the probe hybridises. Although we have so far
analysed cells from only two sheep by in situ hybridisation, our preliminary
results indicate that in situ hybridisation is very much more sensitive than
immunocytochemistry for identifying virus-infected cells (Plates 1 and 3).

We have identified BDV-infected lymphocytes in PI sheep, but cannot as
yet attribute infection to any particular lymphocyte subsets. However,
progress has been made on the identification of cells from PI cattle which
harbour BVDV. In experiments in cattle using a polyclonal antiserum to
BVDV in conjunction with Mabs to bovine cell subsets, BVDV was detected
in peripheral blood mononuclear cells from PI cattle. BVDV was found to
be present in a proportion of all the mononuclear cell subsets examined,
namely monocytes, T cells, B cells and null cells, with T cells being the most
heavily infected population [1, 2], It is not yet known if BDV infects subsets
of peripheral blood mononuclear cells to the same extent, although PI sheep
are known to have abnormal lymphocyte subpopulations in peripheral
blood, resulting in a B cell hyperplasia [4].

The development of the highly sensitive in situ hybridisation technique
for detecting pestivirus-infected cells is particularly relevant to studies on
virus/cell subset associations, where cells previously thought to be uninfec¬
ted may in fact be infected. We intend to use the techniques described in this
report in conjunction with phenotype markers to address the question of
cellular distribution of BDV in PI sheep.
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Summary
Marked enlargement of lymph nodes draining local skin reactions (chancres)
occurred in sheep following intradermal inoculation of cultured metacyclic
forms of Trypanosoma congolense. Histologically, these lymph nodes were
characterized by follicular hypertrophy and hyperplasia, compression
and relative reduction of the paracortical areas and expansion of
the medullary regions. Immunohistochemical staining with monoclonal
antibodies to ovine lymphocyte subsets and Fc receptor (FcR) bearing
macrophages, revealed increased expression of B cells (CD45R + ), major
histocompatibility complex (MHC) Class II, FcR+ macrophages, and CD1 +
cells in the cortical and paracortical areas. The paracortical areas were found
to be sparsely populated by CD5 + , CD4+ and CD8+ cells, while the
medullary areas contained numerous CD8+ cells and FcR^ macrophages.
FcR+ macrophages were also present in cortical trabecular and subcapsular
sinuses. As the chancre regressed, lymph node reactivity also subsided and
fewer B cell follicles were observed and there was decreased expression of
CD45R+ and MHC Class II+ cells.

Introduction

In mammalian hosts, enlargement of the lymph nodes associated with local
skin reactions (chancres) occurs following bites by tsetse flies infected with
Trypanosoma congolense (Luckins and Gray, 1979; Gray and Luckins, 1980; Akol
and Murray, 1982). This enlargement is caused by the pronounced cellular
proliferation occurring in the lymph node (Murray, Morrison, Emery, Akol,
Masake and Moloo, 1980). Since a major route of transfer of trypanosomes
from the chancre to the bloodstream is through the lymphatic system (Luckins
and Gray, 1979; Gray and Luckins, 1980; Akol and Murray, 1982), these
draining nodes are thought to play a role in the induction of the early immune
response to cyclically transmitted infections (Akol and Murray, 1986; Luckins,
Hopkins, Rae and Ross, 1990). However, although there is evidence of
production of specific antibodies in the local draining lymph nodes of cattle
and sheep infected with T. congolense (Akol and Murray, 1986; Luckins et al.,

Address for correspondence: Dr. A. G. Luckins, Centre for Tropical Veterinary Medicine, Easter Bush,
Roslin, Midlothian, EH25 9RG, Scotland.
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1990), there is little information on the characteristics of the cellular changes
occurring in the lymph node at this time. The purpose of the present
experiment therefore was to investigate the immunohistological changes in the
lymph nodes of sheep in terms of distribution of cellular phenotypes following
infection with T. congolense.

Materials and Methods

Experimental Animals
Suffolk and Scottish Blackface sheep of either sex aged 1 to 2 years were used in this
study. They were housed in concrete pens and fed on hay and pellets.

Trypanosomes and Experimental Design
The experimental design is shown in Table 1. Sheep were inoculated intradermally
with cultured metacyclic forms of 77 congolense TREU 1457, 1881 or 1885 (Mwangi,
Hopkins and Luckins, 1990). Procedures used to obtain metacyclic trypanosomes are
reported elsewhere (Gray, Ross, Taylor and Luckins, 1984). Six sheep were inoculated
sequentially on three occasions and 6 days after the last infection, were killed to obtain
lymph nodes draining inoculation sites at various stages of reaction, between 6 and 13
days post-infection. Lymph nodes were also obtained from two sheep 15 and 30 days
after infection, and from two animals 7 days after infection with both TREU 1457 and
1881 on opposite flanks. Prefemoral lymph nodes were also collected from six
uninfected sheep as controls. Lor examination of cellular phenotypes, a piece of lymph
node was snap frozen in dry ice and isopentane, wrapped in aluminium foil and stored
at — 70°C in air-tight plastic containers until used. Monoclonal antibodies (mAbs),
specific for various sheep leucocyte antigens (Table 2), were used in an indirect
immunoperoxidase staining of lymphocyte subsets in frozen sections (Barclay, 1981).
In order to block endogenous peroxidase activity in the tissue sections, they were
incubated for two periods of 15 min with 0-3 per cent hydrogen peroxide in phosphate
buffered saline pH 7-2 (PBS). To prevent non-specific binding , mAbs were diluted in
PBS containing 2 per cent normal sheep serum (Mwangi et al., 1990). For conventional

Table 1

Experimental design

Sheep Breed T. congolense Number of Days after infection when
used for infection inoculation sites lymph nodes were obtained

LPF RPF LPS RPS

101 Suffolk TREU 1457 3 6 10 13
102 Suffolk TREU 1457 3 6 10 13
103 Blackface TREU 1885 3 7 10 13
104 Blackface TREU 1885 3 7 10 13
105 Blackface TREU 1885 3 7 10 13
106 Blackface TREU 1885 3 7 10 13
107 Suffolk TREU 1885 4 15
108 Suffolk TREU 1885 4 30
109 Suffolk TREU 1881/1457 4 7
110 Suffolk TREU 1881/1457 4 7

LPF = Left prefemoral lymph node; RPF = right prefemoral lymph node; LPS = Left prescapular lymph
node; RPS = Right prescapsular lymph node.
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Table 2
Monoclonal Antibodies

Monoclonal antibody Antigen specificity Human analogue

25-91 *SBU-T1 **CD5

44-38 1

44-97 ' SBU-T4 CD4

38-65 SBU-T8 CD8

19-19 SBU-T19 xo-T cells

20-27 SBU-T6 CD1

20-96 ***LCA-p220 p220/CD45R
28-1 SBU-11 + MHC Class II

fVPM 32 Fc Receptor on
Macrophages

FcR

* SBU, Sheep Biology Unit; ** CD, Cluster of Differentiation; *** LCA, Leucocyte
Common Antigen; | VPM, Veterinary Pathology Monoclonal; J MHC, Major Histo¬
compatibility Complex.

histology, a piece of node was fixed in Bouin's or neutral buffered formalin and
embedded in paraffin wax. Sections were cut 7 (im thick and stained with Mayer's
haematoxylin and eosin (HE) or with Giemsa stain (Drury and Wallington, 1980).

Results

Histology

Lymph nodes from uninfected control sheep showed only a few primary
follicles, which lacked germinal centres, while the paracortex was densely
populated with lymphocytes. In contrast, lymph nodes from infected sheep,
obtained 6 to 15 days post-infection, (p.i.) showed marked follicular hyperpla¬
sia with numerous large germinal centres deep in the cortex and in the medulla
(Fig. 1). The paracortical areas were relatively reduced. Numerous "tingible
body" macrophages were evident in the follicles and the paracortex. Medull¬
ary and cortical sinuses were markedly distended with macrophages, lympho¬
cytes and lymphoblasts, while the medullary cords contained numerous
lymphocytes and plasma cells. Trypanosomes were observed in afferent
lymphatics, subcapsular and cortical trabecular sinuses on day 7 and 10 p.i.
Lymph nodes taken on day 30 p.i. showed a decrease in reactivity.

Immunohistology of Draining Lymph Nodes

Representative illustrations of the immunohistological appearances of lymph
nodes stained with various mAbs are shown in Figs 2 and 3. Lymph nodes
from control sheep showed the presence of only a few B cell follicles (as
indicated by reactivity with mAb CD45R) while the paracortex was densely
populated with T cells (CD5 + , CD4+ and CD8+ cells). MHC Class II +
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Fig. 1. (A) Section of prefemoral lymph node draining local skin reaction 7 days after infection. Note the
presence of numerous follicles (F) extending into the deep cortex. The paracortical areas (P) are
relatively reduced. M, Medulla, C, lymph node capsule. (B) Lymph node from uninfected sheep
HE x 50
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expression on control lymph nodes was restricted to B cell areas and a few
scattered interdigitating cells (IDCs) in T cell areas, while anti-CD 1 stained
similar populations. VPM32 (FcR on macrophages and B cells) was expressed
on IDCs, follicular dendritic cells (FDCs) and some macrophages in the
medulla.

Lymph nodes obtained from sheep infected with T. congolense 6 to 15 days
p.i. showed the presence of an expanded CD45R+, MHC Class II+ cell
population (B cells) mainly in the follicular areas, with individual cells
scattered in the paracortical and medullary areas (Fig. 2A). Numerous follicles
containing these cells were seen in the cortex, paracortex, along trabecular
sinuses, at the cortico-medullary junctions and in the medulla. In contrast,
there was a relative reduction in the T cell areas of the lymph nodes (Figs 2B
and C). While the density of the various T cell subsets (CD5, CD4, CD8)
decreased in the paracortex, the population of CD1+ cells (Fig. 2D), FcR +
macrophages and MHC Class II bearing cells increased (Figs 3A and B). Most
of the MHC Class II+ cells in the paracortex were large dendritic cells and B
cells. SBU T-19+ cells were present only along the subcapsular and trabecular
sinuses in very small numbers, similar to lymph nodes from control sheep.

The medullary regions and trabecular sinuses of the lymph nodes contained
numerous FcR+ macrophages (Fig. 3C) which showed low MHC Class II and
CD1 antigen expression. There was a large population of B cells and CD8 +
cells in the medulla (Fig. 3D) with only a few CD5+ and CD4+ cells present.

Lymph nodes obtained on day 30 p.i., when the chancre had regressed,
contained fewer B cell follicles and showed a reduced expression of MHC Class
II and CD45R. The paracortical areas were still sparsely populated with T
cells and high numbers of CD8+ cells were still present in the medulla.

Discussion

Generalized lymph node enlargement is a common feature of the clinical
effects of established T. congolense infections and is caused mainly by a marked
proliferative activity of B cell areas (Valli and Forsberg, 1979; Murray et al.,
1980; Morrison, Murray and Hinson, 1982). Lymph node enlargement also
occurs in nodes draining chancres in the skin at sites of infective feeds by tsetse
flies a few days after infection with T. congolense (Luckins and Gray, 1979; Akol
and Murray, 1986).

In the chancre, trypanosomes increase in numbers (Luckins et al., 1990) and
there is marked infiltration with cells expressing various phenotypes (Mwangi
et al., 1990). The changes seen in the draining lymph nodes could be brought
about in a number of ways. Firstly, by migration of lymphocytes and other
cells from the infection site, and, secondly, by invasion of the lymph node by
large numbers of trypanosomes, which are known to possess mitogenic and
other biologically active factors (Mansfield, Craig and Stelzer, 1976; Assoku
and Tizard, 1978; Tizard, Nielsen, Seed and Hall, 1978).

In contrast to changes seen in the chancre where the T cell subsets were the
predominant cell types (Mwangi et al., 1990), the main proliferative activity in
the lymph node was in the B cell areas. This expansion of B cell population
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Fig. 2. Cryostat lymph node sections; (A) B cell staining (CD45R+) in lymph nodes 7 days after infection
showing presence of many follicles (arrows) and also numerous cells in the paracortex (P); (B)
CD4+ cells in the paracortex (P); F, follicles; (C) CD8+ cells in the paracortex (P); F, follicles; (D)
CD1 staining in day 7 lymph nodes. Note the presence of many non-lymphoid CD1' cells in the
paracortex and poor staining of the lymphoid follicles (arrows). Immunoperoxidase x 50.
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Fig. 3. Cryostat sections of lymph nodes 7 days after infection; (A) Lymph node from uninfected sheep.
Glass II staining of the cortex showing positive staining of the lymphoid follicles (F) and cells
(arrows) in the paracortex (P) x 128; (B) Day 7, Class II staining of lymph node cortex. Note the
presence of many positive cells in the paracortex and intense staining of follicular areas (arrows)
x 128; (C) Fc Receptor bearing macrophages (VPM32) in the medullary sinuses (arrows) x 50;
(D) CD8+ cells in the medullary cords (arrows) x 128; Immunoperoxidase staining.
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could be a result of antigen specific proliferation, since specific antitrypano¬
somal antibodies have been detected in efferent lymph of cattle (Akol and
Murray, 1986) and sheep (Luckins et al., 1990) draining from chancres
induced by T. congolense. The apparent decrease in the population of T cell
subsets observed in the paracortex was probably owing to the presence of many
secondary follicles containing increased numbers of MHC Class II+ B cells,
macrophages and interdigitating cells. CD8+ cells were found increasingly in
the medullary cords of the lymph nodes during the course of infection whereas
only a few CD5+ or CD4+ cells were present. These cells have suppressor/
cytotoxic functions (Mackay, Maddox and Brandon, 1986), but their specifi¬
city and function at this stage of infection is not yet known.

Non-lymphoid, macrophage-like cells which expressed CD1, and MHC
Class II antigens were present in large numbers in the trabecular sinuses and
paracortical areas. These cells are thought to be similar to Langerhan cells in
the skin (Hein, McClure and Miyasaka, 1987) and it is probable that they
originated from the chancre. These cells are thought to transport antigens from
the skin, through the afferent lymph to the local lymph node, where they serve
as potent antigen presenting cells (Hall and Robertson, 1984).

Our studies have confirmed that T. congolense infection induces a marked B
cell lymphoproliferative response in regional lymph nodes with an associated
increase in cells expressing MHC Class II antigens. The relationship of the
changes seen in the skin at the site of parasite multiplication and those
occurring in the lymph node are not yet clear. Preliminary investigations, on
the afferent lymph draining the chancres, suggest that while there is a massive
influx of trypanosomes into the lymph node, the impact of cells migrating from
the chancre is not so great. It is possible therefore that changes in the lymph
node, and hence the outcome of infection, are primarily a result of invasion by
trypanosomes. Further investigations of the humoral and cellular components
of the afferent and efferent lymph are in progress to attempt to determine
quantitatively and qualitatively the immune response to trypanosomes during
these early stages of infection.
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Identification of a putative cellular receptor for the lentivirus visna virus

Robert G. Dalziel,* John Hopkins, Neil J. Watt, Bernadette M. Dutia, Hazel A. K. Clarke and
Ian McConnell

Department of Veterinary Pathology, University of Edinburgh, Summerhall, Edinburgh EH9 1QH, U.K.

One mechanism by which viral tropism may be
controlled is by the expression of a specific virus
receptor on the cell surface. This paper reports the
identification of a putative cellular receptor for visna
virus, the prototype virus of the family Lentiviridae.
Using a virus overlay protein blot assay we identified a
group of polypeptides of apparent Mr 30K to 33K
which interacts with visna virus and is present on
permissive but not non-permissive cells. A rat poly¬
clonal anti-ovine major histocompatibility complex
(MHC) class II antigen (Ag) serum raised to immuno-
purified MHC class II Ag, but not preimmune serum,
blocked the interaction of visna virus with these

polypeptides. In an ELISA, immunopurified MHC
class II Ag bound to visna virus but not to bovine

parainfluenza 3 virus. Preincubation of visna virus with
immunopurified soluble MHC class II Ag resulted in a
marked decrease in virus-induced syncytium forma¬
tion, i.e. preincubation with class II Ag inhibited
infection with visna virus, but we have been unable to
inhibit infection using class II Ag-specific antisera.
These results suggest that ovine MHC class II Ag acts
as a component of a cellular receptor for visna virus.
This is of particular interest owing to the close
similarities between visna virus and human immunode¬

ficiency virus (HIV), and the relationship between
MHC class II and CD4, the cellular receptor for HIV.
It is also of relevance to recent reports that a growing
number of viruses utilize polypeptides of the Ig
supergene family as receptors.

Introduction

The susceptibility of cells to virus infection is determined
in part by early events in the infection process. This is
particularly true for mammalian viruses, in which, in
many cases, cellular tropism determines both host range
and disease pathology. These tropisms are often deter¬
mined by a specific interaction between a cell surface
molecule and a specific viral structural polypeptide. The
identification of virus receptors and the determination of
their interaction with viral ligands is therefore of critical
importance to the understanding of viral tropisms and in
the investigation of the pathogenesis of virus-induced
disease.

Several groups have identified cellular membrane
polypeptides which can serve as viral receptors: these
include the human CD4 molecule, which has been shown
to function as a receptor for the lentivirus human
immunodeficiency virus (HIV) (Dalgleish et al., 1984;
Klatzmann et al., 1984), the cellular adhesion molecule
ICAM 1 which is a cellular receptor for human
rhinovirus (Greve et al., 1989; Staunton et al., 1989) and
major histocompatibility complex (MHC) class I antigen
(Ag), which is a component of a cellular receptor for
simian virus 40 (Atwood & Norkin, 1989). The human
and mouse MHC class I Ags have also been implicated in

Semliki Forest virus infection (Helenius et al., 1978);
however, teratoma cells which lack demonstrable class I
Ag can be infected (Oldstone et al., 1980). Similarity, the
^-adrenergic receptor has been identified as a receptor
for reovirus on some cell types (Co et al., 1985), whereas a
different molecule has been implicated as a receptor on
others (Choi & Lee, 1988; Verdin et al., 1989). There is
also evidence that CD4 is not the sole receptor for HIV
(Harouse et al., 1989). Thus, although many reports of
virus receptors exist, these should not be regarded as the
sole receptor for a virus, but rather as one of several virus
receptors or as components of a larger receptor complex,
a point which may complicate future receptor specificity
studies.

Visna virus is the prototype virus of the family
Lentiviridae, other members of which include HIV, feline
immunodeficiency virus and equine infectious anaemia
virus. Visna virus infection in sheep results in the
development of chronic pneumonitis and/or a progress¬
ive demyelinating disease, either of which may become
manifest years after the initial infection. The virus has
been shown to infect cells of the monocyte/macrophage
lineage with cells in the central nervous system possibly
being involved (Haase, 1975). The basis of the restricted
cellular tropism exhibited by visna virus is not under¬
stood. In this study we have investigated the nature of a

0001-0194 © 1991 SGM
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cellular receptor for visna virus and demonstrate that
visna virus interacts specifically with ovine MHC class
II Ag.

Methods

Virus and cells. Visna virus strain K184 was propagated routinely on
the WSCP cell line (a sheep choroid plexus cell line obtained from Dr
M. Dawson, Central Veterinary Laboratories, Weybridge, U.K.) in
Dulbecco's modification of Eagle's medium (DMEM) supplemented
with 8% foetal calf serum (FCS). YT40 cells were derived by culture of
an ovine skin explant and have fibroblastic morphology.

Virus overlay protein blot assay (VOPBA). This assay was carried out
using a modification of the method of Boyle et al. (1987). Uninfected
cells were lysed in SDS-PAGE sample buffer (150 mM-Tris-HCl
pEl 6-9, 2% SDS, 700 mM-2-mercaptoethanol, 10% glycerol) and
polypeptides were boiled for 3 min prior to being separated on an 8%
polyacrylamide gel. Separated polypeptides were transferred to a
nitrocellulose membrane by electrophoresis at 0-4 mA/cm2 for 1 h in
25 mM-Tris, 20% methanol. Unfilled sites on the nitrocellulose
membrane were blocked by overnight incubation at 4 °C with 2%
bovine serum albumin (BSA) in 50 mM-Tris-HCl pH 7-4, 1 mM-EDTA,
150mM-NaCl, 0-5% Tween 20, 0T% BSA (wash buffer). Membrane
strips were incubated with either culture fluid from visna virus-infected
WSCP cells or uninfected cells for 1 h at 23 °C; the virus titre was
4 x 10s to 6 x 105 TCID50/ml. Unbound virus was removed by
washing, and bound virus detected by incubation with a 1:100 dilution
of rabbit anti-visna virus antiserum for 1 h at 23 °C, washing
extensively in wash buffer and visualizing bound antibody using an
125ITabelled sheep anti-rabbit IgG. Strips were washed, dried and
exposed to Kodak X-Omat S film at —70 °C.

Preparation of antiserum. To produce anti-visna virus antiserum,
rabbits were inoculated with virus which had been partially purified by
density gradient centrifugation (Hoffman et al., 1985). The serum
obtained was absorbed onto an affinity column containing WSCP cell
polypeptides. The serum was salt-precipitated with 50% saturated
ammonium sulphate to obtain an enriched Ig preparation and applied
to the affinity column and allowed to recirculate for 12 to 16 h at 4 °C.
The column was washed with PBS and bound Ig removed by washing
with 0-1 M-glycine (pH 2). Material which had not bound was reapplied
to the column for four cycles, then divided into aliquots and stored at
-70 °C.

To produce anti-ovine MHC class II Ag antiserum, ovine MHC class
II Ag was immunopurified using the rat anti-ovine class II Ag
monoclonal antibody (MAb) SW73.2 (Hopkins et al., 1986). Rats and
rabbits were inoculated and the sera obtained pooled prior to use.

Preparation of WSCP cell polypeptide affinity column. Approximately
5 x 107 WSCP cells were lysed in 3 ml PBS/1 % NP40 (Sigma). It was
not possible to determine accurately the concentration of protein in the
lysate owing to the interference of NP40. Polypeptides were linked to
2 ml Affi-Gel 10 (Bio-Rad) according to the manufacturer's directions.
Unbound sites were blocked with 0-1 M-ethanolamine for 1 h, and the
column was washed with PBS/0-1 M-glycine (pH 2) and stored in
PBS/0 05% sodium azide at 4 °C. Prior to use, the column was washed
with PBS.

Purification of lymph cells. Afferent and efferent lymph was collected
by cannulation of the relevant lymphatics (Hall & Morris, 1962).
Efferent lymph cells were pelleted by centrifugation at 1000#, washed
three times in PBS and counted using a haemocytometer. Afferent
lymph cells were fractionated by density centrifugation (14% metriza-
mide) and the dendritic cell (DC) fraction was collected. This fraction

contains approximately 90% DCs and 10% lymphocytes. As a control,
ovine erythrocyte ghosts were prepared by hypotonic lysis. It is difficult
to obtain good preparations from intact erythrocytes due to the high
concentration of haemoglobin present in these cells.

Class II Ag-binding ELISA. Density gradient-purified visna virus was
diluted in DMEM (pH 8 0) to approximately 105 TCID50/ml and
coated onto a microtitre plate by overnight incubation; bovine
parainfluenza 3 virus (BPI-3) was used as a negative control. Wells
were blocked with 2% BSA in PBS for 3 h at 23 °C, and serial dilutions
of immunopurified ovine MHC class II Ag (Hopkins et al., 1986) were
added to duplicate wells and incubated at 23 °C for 1 h. Unbound class
II Ag was washed off and bound class II Ag visualized using the
SW73.2 rat MAb followed by a 1 :1000 dilution of peroxidase-coupled
donkey anti-rat Ig (Sigma). After the addition of o-phenylenediamine
dihydrochloride, the colour change was measured by absorbance at
492 nm. It was not possible to obtain an accurate value for the
concentration of protein in the class II Ag preparation owing to the
presence of triethanolamine in the preparation; however, by extrapola¬
tion from the intensity of silver-stained bands on SDS-polyacrylamide
gels, the concentration of undiluted class II Ag was determined to be
approximately 10 to 20 pg/ml.

TCIDSo assay. WSCP cells were plated onto microtitre plates at 104
cells/well. Serial dilutions of virus were added to the wells and the virus
was allowed to absorb for 1 h at 37 °C. The cells were washed and
overlaid with DMEM containing 2% FCS. Wells were monitored for
c.p.e. daily and the TCID50 was determined between days 15 and 20
using the method of Reed & Muench (1938).

Inhibition ofvirus binding. Nitrocellulose strips of blotted WSCP cell
polypeptides were incubated with dilutions (1:50, 1:100) of the
polyclonal rat anti-class II Ag antiserum or preimmune rat serum in
DMEM, or DMEM alone, for 3 h at 23 °C. Antiserum was removed
and the strips were incubated with either visna virus or DMEM as
described above.

Preparation ofsoluble ovine MHC class II Ag (sClass II Ag). Class II
Ag was solubilized by papain digestion of the extracellular domains, as
described for human class II Ag (Wiman et al., 1982). Twelve ovine
spleens, obtained from the abattoir, were subjected to four cycles of
freezing and thawing, minced, resuspended in 21 2 mM-Tris-HCl
pH 8 0, 150mM-NaCl and homogenized in a Dounce homogenizer.
Debris was removed by centrifugation at 5000 g for 10 min and the
supernatant was centrifuged at 105000 g for 1 h to pellet the
membranes. The membranes were washed twice in Tris/NaCl buffer
and resuspended in 1 1 of Tris/NaCl buffer containing 50 mM-cysteine
and 50 mM-EDTA. Papain (BDH) was added to a final concentration
of 3 mg/ml and digestion was carried out at 37 °C for lh. The reaction
was stopped by the addition of iodoacetic acid to a final concentration
of 55 mM and the pH adjusted to 8-0 with NaOH. The membrane
fraction was removed by centrifugation at 105000g for 1 h and the
supernatant containing sClass II Ag applied to an immunoaffinity
column containing the class II Ag-specific MAb SW73.2. SClass II Ag
was eluted with 15 mM-triethanolamine pH 11-5, 0-5% sodium deoxy-
cholate (DOC), 0-5 m-NaCl and fractions were neutralized with 0-5 m-
triethanolamine pH 7-9. Eluted material was dialysed in 2 mM-Tris-
HCl pH 8 0, 150 mM-NaCl to remove the DOC and to precipitate any
unsolubilized class II Ag. Insoluble material was removed by
centrifugation at 105000# for 1 h and the supernatant was reapplied to
the affinity column. The supernatant containing sClass II Ag was
recentrifuged and concentrated by reverse dialysis to a final concentra¬
tion of 180 ug/ml. The presence of class II Ag in the preparation was
confirmed by ELISA using MAbs SW73.2 (/J-chain specific) and
VPM38 (a-chain specific) (Dutia et al., 1990), and class II Ag was
visualized by SDS-PAGE followed by silver staining or Western
blotting.
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Inhibition ofinfection by sClass IIAg. These experiments were carried
out using a primary ovine skin fibroblast line, YT40, because these cells
readily form syncytia following infection with visna virus. YT40 cells
were grown to 80% confluence in 96-well microtitre plates. Several
dilutions of virus (50 to 500 TCID50) in a volume of 50 pi were mixed
with 50 pi (9 pg) sClass II and incubated at 37 °C for 1 h. As controls,
virus was preincubated with DMEM, Tris/NaCl or Tris/NaCl/BSA.
After 1 h at 37 °C, the inoculum was removed, and cells were washed
twice with DMEM and overlaid with DMEM containing 10% FCS. At
day 7 post-infection, monolayers were fixed in acetone/methanol
(40:60 v: v) and stained with Giemsa. Syncytium formation was
assayed by light microscopy.

Results

Identification ofpolypeptides that interact with visna virus

WSCP cells were studied for the presence of a specific
cellular receptor for visna virus using a VOPBA (Fig.
1 a). A specific group of virus-binding polypeptides of
approximate Mv 30000 to 33000 was detected. The
polypeptides from WSCP cells which were identified
when strips were probed with DMEM alone are cell
polypeptides which react with components of the visna
virus antiserum used in the assay. This antiserum was
raised against visna virus grown in WSCP cells and,
despite multiple absorptions against cell polypeptides,
retained some reactivity with WSCP cell components.
When a non-permissive cell line (murine 3T3 cells) was

probed with virus, no interaction with any polypeptide
was observed, nor was any interaction observed when
border disease virus was used to probe WSCP cell
polypeptides (data not shown). Thus we conclude that
the 30K to 33K Mr polypeptides may constitute a cellular
receptor for visna virus.

Studies in this laboratory have shown that visna virus
is associated with cells present in efferent lymph and
with the afferent lymph DC fraction during antigenic
stimulation of the appropriate lymph node of a persis¬
tently infected animal. Efferent lymph cells and afferent
lymph DCs were assayed for the presence of the putative
receptor using the VOPBA. In both cell populations,
visna virus interacted with polypeptides of Mrs similar to
those seen in WSCP cells (Fig. 1ft); sheep erythrocytes
did not possess the polypeptides. These data suggest that
this putative receptor is present on cells of the immune
system and may be of significance in vivo.

Involvement of MHC Class II Ag

To investigate the possible involvement of the ovine
MHC class II Ag molecule in the interaction with visna
virus, we immunopurified ovine class II Ag by affinity
chromatography. This immunopurified class II Ag
consists of the intact a/ft heterodimer and migrates as a
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Fig. 1. Identification of polypeptides which interact with visna virus.
(a) Cells permissive (WSCP; lanes 1 and 2) or non-permissive (3T3;
lanes 3 and 4) for visna virus infection were subjected to the VOPBA.
Strips were incubated with visna virus (lanes 1 and 3) or DMEM (lanes
2 and 4). Mrs of marker polypeptides are given. (6) Equal numbers of
efferent lymph cells, afferent lymph DCs or erythrocyte ghosts (2 x 106
cells/gel) were lysed and treated as in (a). Lanes 1 and 2, afferent lymph
DCs; lanes 3 and 4, efferent lymph cells; lanes 5 and 6, sheep
erythrocyte ghosts; lanes 1, 3 and 5, strips incubated with visna virus;
lanes 2, 4 and 6, strips incubated with DMEM.

1 2 3 4 5 6 7 8
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Fig. 2. Inhibition of visna virus binding to cell polypeptides.
Nitrocellulose strips of blotted WSCP cell polypeptides were incubated
with 1:50 (lanes 2, 3, 7 and 8) and 1 TOO (lanes 4 and 5) dilutions of a

polyclonal rat class II Ag antiserum (lanes 2, 4 and 7), preimmune rat
serum (lanes 3, 5 and 8) or no serum (lanes 1 and 6) for 3 h at 23 °C.
Antiserum was removed and strips were incubated with either visna
virus (lanes 1 to 5) or DMEM (lanes 6 to 8) as described.

group of bands of Mr 30K to 33K on SDS-polyacryl-
amide gels under reducing conditions [the a- and fi
chains are resolved only under non-reducing conditions
(see below) (Hopkins et al., 1986)]. No other non-class II
Ag-derived polypeptides were detected in this prepara¬
tion. A rat polyclonal, monospecific class II Ag
antiserum completely blocked the interaction between
visna virus and the polypeptides, whereas preimmune rat
serum had no effect on binding (Fig. 2); the class II Ag-
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100 200 300 400
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Fig. 3. Immunopurified class II Ag binds to visna virus (□) but not
BPI-3 (♦).
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specific MAb used to immunopurify class II Ag did not
block binding (see Discussion).

An alternative explanation of the blocking of the
virus-receptor interaction by class II Ag antiserum is
that the putative receptor is of similar Mr to the class II
Ag and comigrates with it, such that by binding to class
II Ag the MAb is sterically hindering the interaction of
visna virus with the receptor. To address this possible
criticism, we determined the ability of immunopurified
class II Ag to bind to visna virus (Fig. 3). Class II Ag was
found to bind to visna virus, but not BPI-3, confirming
that purified ovine MHC class II Ag interacts directly
with visna virus, as would be expected for a cellular
receptor for the virus.

Inhibition of infection using sClass II Ag

Since soluble CD4 blocks HIV infection (Clapham et al.,
1989), we investigated whether class II Ag is a functional
receptor for visna virus by attempting to block infection
of tissue culture cells with sClass II Ag. Class II Ag is a
membrane glycoprotein composed of a heterodimer of a-
and /5-chains and, in its purified form, is soluble only
in concentrations of detergent which exceed the critical
micelle concentration. Since these concentrations of

detergent are cytotoxic, we solubilized class II Ag by
papain digestion (Wiman et al., 1982), which cleaves
between the extracellular and transmembrane domains
of the a and p subunits, and releases the extracellular
domains into the supernatant. After digestion the
released extracellular domains were immunopurified
twice using an SW73.2 MAb affinity column. Analysis
of the sClass II Ag by non-reducing SDS-PAGE showed
that it contains two polypeptides of Mr 24K to 25K; the
a- and //-chains of intact class II Ag under non-reducing
conditions have Mrs of 28K and 32K (Fig. 4a); no other
contaminating polypeptides were visible on this gel.

(b)
VPM38 SW73.2 Both

— 20K

Fig. 4. Characterization of immunopurified sClass II. (a) Silver stained
non-reduced SDS-polyacrylamide gel of intact class II Ag (lane 1) and
sClass II Ag (lane 2). The position of the intact a- and fl-chains, and the
a/1 heterodimer are indicated; the sClass II Ag species are indicated by
small arrows. The dots flanking lane 1 indicate a polypeptide of
unknown origin which appears after storage of the purified class II Ag
and which reacts with a-chain-specific MAbs, determined by Western
blotting. (b) Western blot of non-reduced SDS-polyacrylamide gel
probed with a class II Ag a-chain-specific (VPM38) MAb, a class II /?-
chain-specific (SW73.2) MAb, or a mixture of both. Lanes 1, intact
immunopurified class II Ag; lanes 2 , sClass II Ag. Dots show the
position of the non-specific species referred to above. Both MAbs also
react with the aB heterodimer.

When analysed by Western blotting using a- and /?-
chain-specific MAbs (Fig. 4b), polypeptides of similar
Mx to those seen in the silver-stained gel were detected by
the //-chain-specific MAb, whereas the a-chain-specific
MAb reacted with polypeptides of slightly greater Mt. In
both cases the polypeptides detected in the sClass II Ag
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preparation were of lower Mr than intact class II Ag
chains. These data demonstrated that the sClass II Ag
preparation contains both a- and /(-chains. The sClass II
Ag preparation also reacted with both a- and ^-chain-
specific MAbs by ELISA and showed no reactivity with
a class I Ag-specific MAb or a sheep erythrocyte-specific
MAb (data not shown). MAb SW73.2, used to immuno-
purify the sClass II Ag, is a /(-chain-specific antibody;
therefore the presence of a-chains in the immunopurified
preparation demonstrated that the sClass II Ag retains
its dimeric form after papain digestion and immuno-
purification.

Virus was preincubated with sClass II Ag or, as a
control, with Tris/NaCl buffer, Tris/NaCl and BSA, or
DMEM, prior to infection of YT40 cells. Preincubation
of 50 TCID50 visna virus with sClass II Ag effectively
blocked virus-induced syncytium formation (Fig. 5a) as
compared with the syncytium formation resulting from
infection with virus preincubated with Tris/NaCl (Fig.
5b). Inhibition by sClass II Ag was dependent on virus
dose; no inhibition of infection was observed with 100 or
500 TCID50 virus. Similar results were obtained with
both the K184 and VI strains of visna virus indicating
that this result is not virus strain-specific. These data
suggest that the MHC class II Ag is a component of a
productive receptor for visna virus.

To date we have heen unable to inhihit infection hy
visna virus following preincubation of target cells with
either a rabbit or rat polyclonal anti-class II Ag
antiserum, or a panel of class II Ag-specific mouse MAbs
(data not shown).

Discussion

This paper presents data showing that visna virus
interacts specifically with the MHC class II Ag and that
preincubation with sClass II Ag, but not with class II
Ag-specific antibodies, results in inhibition of infection.
We interpret these data as indicating that class II Ag has
a role in the initial events of visna virus infection,
possibly functioning as a component of a cellular
receptor. Using a technique similar to the VOPBA
described in this paper, polypeptides of Mx 32K and 34K
have recently been identified as putative cellular
receptors for human cytomegalovirus (HCMV) (Adlish
et al„ 1990); no normal cellular function for these human
cell polypeptides has been identified. However, as the
human MHC class II Ag a- and /(-chains have Mrs of
34K and 28K, it is unlikely that the putative receptor for
HCMV is class II Ag.

Binding of sClass II Ag to virus may inhibit infection
by sterically blocking the receptor-binding site on the
virus envelope. The virus-receptor complex may include

(4) 4 . j'

$

Fig. 5. Inhibition of visna virus infection by sClass II Ag. (a) YT40 cells
infected with 50 TCIDS0 visna virus preincubated with sClass II Ag.
(b) YT40 cells infected with 50 TCID50 visna virus preincubated with
Tris/NaCl.

class II Ag or the virus may simply bind to a similar or
adjacent site on the virus envelope.

MAb SW73.2 does not block the interaction of class II

Ag with visna virus in the VOPBA. This MAb may
recognize a site on the class II Ag distinct from that
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which interacts with the virus envelope; in studies on the
interaction between HIV and its receptor, CD4, four of
26 anti-CD4 MAbs failed to block the virus-receptor
interaction (Sattentau et al., 1986). The failure of class II
Ag-specific anti-sera to inhibit infection could be
explained as follows, (i) The affinity of visna virus for
class II Ag may be so great that the available MAbs
cannot block all virus binding. This would result in
syncytium formation in our assay, (ii) Class II Ag forms
part of a larger receptor complex in which virus binding
to class II Ag is involved, but is not absolutely required
for productive infection. Perhaps binding to class II Ag
is a high affinity primary step which brings the virus into
contact with its main receptor, in which case blocking
class II Ag with MAb may still allow infection by a less
efficient route. Alternatively, binding to class II Ag may
not be required for penetration or an uncoating step, (iii)
There may be a totally separate, second receptor which
binds to the virus envelope using the same site as the
class II Ag. Antibody bound to class II Ag would not
block this interaction, whereas sClass II Ag bound to
virus would. The evidence currently available does not
allow us to determine whether any of these hypotheses is
correct. Thus we would propose that MHC class II Ag
forms part of a cellular receptor for visna virus, the exact
nature of which has yet to be determined.

The identification of class II Ag as a component of a

putative visna virus receptor adds new and important
information to reports that several viruses utilize
members of the Ig superfamily as receptors (Dalgleish et
al., 1984; Klatzmann et al., 1984; Atwood & Norkin,
1989; Mendelsohn et al., 1989; Staunton et al., 1989).
Future visna virus research may contribute to the
understanding of the interactions between viruses and
this functionally important group of cell surface polypep¬
tides, and the biological consequences of this interaction.

Other receptors for mammalian retroviruses have
been reported (Kalynaraman et al., 1978; Dalgleish et al.,
1984; Klatzmann et al., 1984; Albritton et al., 1989);
however the only well characterized retrovirus receptor
is the CD4 molecule, a cellular receptor for the human
lentivirus HIV (Dalgleish et al., 1984; Klatzmann et al.,
1984). There are intriguing similarities between the
components of this virus-receptor complex and the
interaction between visna virus and class II Ag. Visna
virus and HIV are closely related lentiviruses, sharing a
common genome organization (Sonigo et al., 1985). CD4
and MHC class II Ag are members of the Ig superfamily
of proteins, both possess an Ig variable region-like
amino-terminal domain and are functionally related
(Hunkapillar & Hood, 1986; Doyle & Strominger, 1987).
Thus, two viruses which are closely related evolutionarily
may utilize similarly related cell surface molecules as
receptors.

The different disease pathologies induced by these two
viruses reflect their cell tropisms. Such tropisms could be
explained by the use of the two functionally related
receptors expressed on the surface of the two populations
of cells which interact to induce an immune response.
Both DCs and efferent lymph lymphocytes constitutively
express class II Ag, and it has been shown that infection
of inflammatory cells with visna virus results in the
release of mediators which enhance expression of class II
Ag on inflammatory cells (Kennedy et al., 1985). This
may facilitate the spread of the virus during infection by
amplifying the number of potential target cells, leading
to further infection and ultimately persistence of the
virus in the infected animal.

B lymphocytes and some populations of T lympho¬
cytes also express class II Ag; however, to date, these
cells have not been shown to be infected by visna virus.
This apparent inconsistency may be explained in one of
several ways, (i) B and T cells may in fact be permissive
for visna virus infection, but detection methods used in
the past might not have had the level of sensitivity
required to demonstrate this, (ii) Visna virus may bind to
class II Ag on B and T cells, but these cells may not
express the other components of the receptor complex
referred to above, (iii) Class II Ag may function as a
receptor on B and T cells, but productive infection is
blocked at a subsequent step in transcription or
replication, as observed in other viral systems (Nelson &
Groudine, 1986). (iv) Visna virus may only interact with
a subset of class II Ag molecules not expressed on B and
T cells.

HIV has been shown to infect macrophages and DCs
(Dalgleish et al., 1984; Ho et al., 1984; Patterson &
Knight, 1987), and it is becoming clear that infection of
these cells plays a major role in its pathogenesis. These
observations, together with reports which suggest that
CD4 may not be the only cellular receptor for HIV
(Harouse et al., 1989), highlight the potential of studies
on the interaction of visna virus with class II Ag on the
surface of macrophages, and the biological consequences
of this interaction, to provide a greater understanding of
the role of macrophage infection in primary lentivirus
pathogenesis.

This work was supported by grants from the Agricultural and Food
Research Council (Grant No. AG 15/504), the Wellcome Trust and the
Medical Research Council. R.G.D. is a Wellcome Lecturer in
Molecular Biology.
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SUMMARY

The prefemoral efferent lymphatics of sheep persistently infected (PI) with Border disease virus (BDV)
were cannulated in order to study the effects of the virus on cells of the immune system. Efferent
lymphocytes recovered from PI sheep were phenotyped using a panel ofmonoclonal antibodies (MoAb)
specific for ovine cell-surface markers and compared to lymphocytes recovered from normal, healthy
controls. PI sheep had an increased percentage of cells expressing the T cell-associated molecules CD5,
CD4, CD8 and T19, also an increase in cells expressing CD1 and a population of cells expressing low
levels of the T19 molecule which was not present in control sheep. The lymphocytes were examined for
the presence of BDV using virus-specific MoAb. On average 8-5% of the efferent lymphocytes from PI
sheep carried virus antigen. BDV antigen was also found in the mononuclear cells and connective tissue
of lymph nodes indicating widespread virus dissemination within the lymphoid system of PI sheep.

Keywords Border disease virus persistence lymphatic cannulation

INTRODUCTION

Border disease is a viral infection of sheep which, in pregnant
ewes, can cause abortion or the birth of lambs with abnormali¬
ties of the nervous and skeletal systems [1]. The causative agent
Border disease virus (BDV), is an ovine pestivirus serologically
related to bovine virus diarrhoea virus (BVDV) and hog cholera
virus (HCV) [2], Fetal infection during early pregnancy results
in the birth of lambs which are persistently infected (PI) with
BDV. Such animals continuously excrete virus and appear to be
immunotolerant to BDV, thereby acting as a source of infection
for other sheep [3], Subsequent studies have revealed that PI
sheep excrete only the noncytopathic (NCP) biotype of BDV [4],
Experimental inoculation of PI sheep with a cytopathic (CP)
biotype of BDV can result in the development of a fatal mucosal
disease (MD)-like syndrome characterized by lymphoprolife-
ration, mucosal discharge and intractable diarrhoea [5]. In these
cases and in cases of spontaneous MD-like syndrome, CP virus
can be recovered from PI sheep [4],

In order to study this apparent immunotolerance to BDV we
are investigating how the virus may affect the immune system of
PI sheep. Previously, PI sheep have been shown to have
abnormal proportions of circulating lymphocytes in peripheral
blood, reflecting a B cell hyperplasia [6], To extend those studies
the cell phenotypes in efferent lymph in PI animals are being
analysed and the cells examined for the presence of virus. We
report here on the phenotype profiles of efferent lymph cells in
PI sheep and demonstrate the presence of BDV in these cells and
in lymph node tissue.

Correspondence: G. Entrican, Moredun Research Institute, 408
Gilmerton Road, Edinburgh EIT 17 7JH, Scotland.

MATERIALS AND METHODS

Animals
PI sheep were the progeny of Dorset dams experimentally
infected in early pregnancy with the Oban strain of BDV
isolated from a natural outbreak of BD in the West of Scotland

[7], They were viraemic and free of neutralizing antibody both at
birth and also before cannulation. The efferent duct draining the
prefemoral lymph node was cannulated as described by Hall [8].
Lymph was collected quantitatively into sterile, siliconized
plastic bottles containing 100 i.u. heparin. Sheep were housed in
metabolism crates and given hay and water ad libitum.

Lymph nodes
The right and left prefemoral lymph nodes were excised from all
four sheep 2-4 months after cannulation. Fragments of nodes
were either fixed in Bakers Formol Calcium for histology or
snap-frozen in OCT compound (Miles Laboratories) by immer¬
sion in liquid nitrogen then stored at — 80CC for immunocyto-
chemistry.

Immunocytochemistry
Efferent lymph (EL) cells, cytocentrifuged onto glass slides and
air dried, were fixed in ice-cold acetone for 10 min and stored at
— 20°C. The cytospin slides were brought to room temperature
and washed with buffer consisting of 0-5% w/v ovalbumin
(Sigma) and 0-05% Tween 80 (Sigma) dissolved in PBS. This
wash buffer was used throughout the immunocytochemical
procedure. Fixed cells were incubated for 2 h with a pool of
MoAbs which react with BDV. This pool consisted of equal
volumes of tissue culture supernatant of the MoAb VPM20,
VPM21, VPM22, VPM26 and VPM49 [9], VPM20, 26 and 49
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are IgG2a isotype, VPM21 is IgGl and VPM22 is IgG2b. A
rotavirus-specific MoAb of IgGl isotype was used as a negative
control (kindly supplied by Iris Campbell, Moredun Research
Institute). After washing, the cells were reacted with a sheep
anti-mouse horseradish peroxidase conjugate for 1 h and
diaminobenzidene substrate (Sigma) was added for 10 min. The
slides were then washed in running tap water and the cells
counterstained with haematoxylin (Gurr), dehydrated and
mounted. The number of virus-infected, peroxidase-labelled
cells was determined by examining 500 cells per slide and
counting the number of cells with positive staining.

Frozen sectons of lymph node were air-dried for 1 h then
fixed and stored as described for cytospins. Staining was
performed as described for cytospins but with the inclusion of a

step to block endogenous peroxidase activity. For this, the slides
were incubated in 3% H2O2/PBS for 10 min after the first
antibody and before the addition of conjugate.

Phenotypic analysis of efferent lymph cells
An indirect immunofluorescence test was used. Washed efferent

lymphocytes (2 x 106) were incubated for 60 min at 4°C with 50
p\ of a 1/1000 dilution of MoAb ascitic fluid in a 0-1% solution
of bovine serum albumin (BSA) in PBS containing 0 01 m
sodium azide. The antibodies used (purchased from Dr M.
Brandon, Melbourne) are detailed in Table 1. Their characteri¬
zation and cellular reactivities have been published [10-14].
After the incubation with primary antibody the cells were
washed and incubated for a further 60 min in the appropriate
dilution of FITC-conjugated sheep anti-mouse immunoglobu¬
lin (Ig) in PBS/BSA/azide. The percentage of positive cells was
determined by reference to the 1/500 normal mouse serum

negative control.
After the final wash the cells were resuspended in PBS/BSA/

azide and fixed by the addition of an equal volume of fresh 1 %
paraformaldehyde. Flow cytometry was performed using a
Becton Dickenson Facscan (Mountain View, CA) with linear
amplification for forward (FSC) and side scatter (SSC) and
logarithmic amplification for FITC green fluorescence (FL-1).
Small lymphocytes were distinguished on the basis of FSC/SSC
profile.

Table 1. Cell phenotypes in the efferent lymph of sheep persistently
infected (PI) with Border disease virus

Percentage positive cells in

Antibody Specificity PI sheep* Control sheep*

SBU-T1 CD5 84 (3-3) 74 (2-6)t
SBU-T4 CD4 49 (1-6) 39 (2-5)**
SBU-T8 CD8 25 (2-1) 16 (1-5)**
SBU-T19 CD4- CD8~ CD5+cells 26 (1-7) 10 (1-5)***
SBU-T6 CD1 22 (3-0) 8 (1-3)***
SBU-II(28-1) MHC class II 34 (2-2) 36 (2-1)
SBU-I (41-19) MHC class I 94 (21) 99 (0-5)
SBU-LCA CD45 97 (1-6) 99 (0-7)
VPM 8 Ig Light chain 19 (3-4) 26 (2-3)
VPM22 BDV 1-8 (0-7) 1-5(0-5)

*n = 4, Standard error of the mean in parentheses. t-P<0-05,
**P<0-01, ***P<0-005.

Facscan analysis of efferent lymph cells for the presence of BD V
surface antigen
Efferent lymph cells, prepared as above, were labelled with the
anti-BDV MoAb VPM22 followed by a FITC-conjugated sheep
anti-mouse Ig. The various washes and the analysis were

performed as described in the previous section.

Statistical analysis
Results are expressed as arithmetic means and s.d. Comparison
of means between PI and control sheep were performed using
the Student r-test.

RESULTS

Flow cytometry revealed that efferent lymphocytes recovered
from PI sheep have a different phenotype profile compared to
age-matched uninfected controls. There were significant in¬
creases in the percentage of cells expressing the T cell markers
CD5, CD4, CD8 and T19 (Table 1). A notable difference
between PI and control sheep was in the expression of the T19
molecule. The percentages of cells expressing high levels of T19

Log fluorescence

Fig. 1. Facscan profile of T19-positive efferent lymphocytes. Cell
number plotted against log fluorescence. A. Uninfected, control sheep.
B. Persistently infected (PI) sheep. The percentage of efferent lympho¬
cytes expressing low levels of T19 is greatly increased in PI sheep. The
percentage ofcells expressing high levels ofT19 is similar in both groups.
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Fig. 2. Cytospin preparation of efferent lymph cells from a PI sheep reacted with anti-BD MoAb. Approximately 10% of the cells stain
positive for virus antigen. All cells are lymphocytes, x 250. (b) Cryostat section of lymph node from a control sheep reacted with anti-
BD MoAb showing negative staining pattern, x 250. (c) and (d). Cryostat sections of prefemoral lymph node from a PI sheep reacted
with anti-BD MoAbs. (c) Viral antigen concentrated in the wall of an arteriole, (d) Viral antigen present in the mononuclear cells and in
the fibrous structure of the trabeculum, x 250.

were similar in both groups of sheep (Fig. I). However, in PI
sheep there was a population of cells expressing low levels of the
molecule not present in control sheep. The total percentage of
cells expressing the T cell markers CD4. CD8 and T19 in control
sheep (65%) was less than the percentage of cells expressing
CDS (74%). In PI sheep, the combined total ofCD4. CDS and
T19 (100%) greatly exceeded CD5 expression (84%). One other
striking phenotypic difference between cells from the two groups
was the increased percentage of cells expressing CD1 in PI sheep
(Table 1).

Virus antigen could not be detected on the surface of the
efferent lymphocytes using the MoAb VPM22 (Table 1).
However, virus antigen was demonstrated in acetone-fixed,
cytocentrifuge preparations of the cells using virus-specific
MoAb. Immunoperoxidase staining revealed that the prefe¬
moral efferent lymphocytes carried virus antigen (Fig. 2a).
Controls confirmed the specificity of this reaction (not shown).
The percentages of efferent lymphocytes which stained positive
for viral antigen from the four sheep were 14-6%, 7-8%, 6-4%
and 5 0%. The average of these four observations is 8-5%.

BDV antigen was not detected in lymph node sections from
uninfected animals reacted with the BDV MoAb (Fig. 2b) or in
lymph node sections from PI animals reacted with the control
MoAb (not shown). However, virus antigen was found exten¬
sively in lymph nodes from PI sheep reacted with BDV-specific
MoAb. Staining was not confined to any particular area, being
present in mononuclear cells in the cortex and medulla as well as
in the cells which constitute the fibrous structure of the node
itself (Fig. 2c, d). Examination of formol-fixed sections stained
with hacmatoxylin and cosin revealed no gross histopathologi-
cal changes in the nodes. They had the appearance of normal,
resting lymph nodes (not shown).

DISCUSSION

Phenotypic abnormalities in lymphocyte subpopulations in the
peripheral blood of PI sheep have been reported previously [6],
Those abnormalities consisted of a B cell hyperplasia, an
increase in the percentage of cells expressing CD 1 and a decrease
in the percentage of cells expressing CD5. However, an increase
in CDS cells in the peripheral blood of PI sheep also has been
reported [15]. In the efferent lymph of PI sheep we have found an
increase in the percentage ofcells expressing the T cell associated
molecules CD5. CD4. CD8 and 119. We have also found an

increase in the percentage of cells expressing CD1 (Table 1).
These different observations may be due to the fact that efferent
lymph contains an almost pure population of lymphocytes and
therefore has a very different cellular composition from blood
[16]. In the efferent lymph of PI sheep the combined percentage
of cells expressing CD4. CDS and T19 greatly exceeded the
percentage ofcells expressing CD5 (Table 1). This is also true for
peripheral blood cells from PI sheep [6[. This is an unusual
finding, since the MoAb recognizing CD4, CD8 and T19 have
been shown to react with mutually exclusive T cell subpopula¬
tions as defined by CD5 expression in sheep [ 14], This implies the
co-expression of some combination of CD4, CD8 or T19 on T
cells in the periphery in PI sheep. Co-expression of all combina¬
tions of these markers on sheep efferent lymphocytes has been
described previously, but only following in vitro mitogenic
stimulation of the cells and not on freshly recovered cells [17].

The expression of the T19 molecule on cells from PI sheep
differed significantly from that on cells from normal control
sheep. The T19 molecule is a surface protein on T cells
expressing the yd receptor and is unique to ruminants [18]. In
efferent lymphocytes from PI sheep wc have found a distinct
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population of cells expressing low levels of the T19 molecule
(Fig. 1). An increased population of CD5+ cells which were
CD4~ and CD8~ has been reported in peripheral blood of PI
sheep [15]. The significance of this is unclear, but may be due to a

population of immature cells in the peripheral circulation. The
increased percentage of CD1+ cells in both blood [6] and
efferent lymph (Table 1) from PI sheep may also be due to
immature T cells, since CD1 is an antigen normally present on

thymocytes (in addition to mature B cells) but not mature T cells
in sheep [19]. Two-colour flow cytometry will clarify the
question of co-expression of these molecules on T cells from PI
sheep.

The phenotypic differences between PI and control sheep
which we have identified could be due to BDV infecting
lymphocytes in vivo. Efferent lymphocytes from PI sheep were
analysed for the presence of virus by immunocytochemistry and
by FACS analysis. Previous immunohistological studies using
anti-BDV polyclonal antisera have demonstrated the presence
of virus in cryostat tissue sections from PI sheep [3,20-22].
Those studies were performed using a FITC-conjugated poly¬
clonal sheep anti-BD serum and showed the virus to be present
in many tissues. Such a serum can be used only as a direct
conjugate since secondary anti-sheep antibodies would also
react with endogenous immunoglobulins. Therefore, the associ¬
ation of BDV with leucocytes from PI sheep has been demon¬
strated only indirectly, by co-cultivation of peripheral blood
mononuclear cells from PI animals with virus-permissive cells
which were then subsequently stained for virus [3,23,24], The
method which we describe in this report to demonstrate BDV in
lymphocytes has advantages over those previously published
techniques, both in sensitivity and specificity. The sensitivity of
the technique abrogates the need for amplification of viral
antigen by replication in secondary cells and the direct visualiza¬
tion of BDV antigen in lymphocytes by virus-specific MoAb
allows enumeration of infected cells, thus providing an insight
into dissemination of virus by recirculating cells in PI sheep.
Infectious BDV was found to be associated with the efferent

lymphocytes from two of these PI sheep by co-cultivation with
virus-permissive ovine fibroblasts (results not shown). The
frequency of cells carrying infectious virus was not determined.

The MoAbs used in these studies all react with a 120 kD

polypeptide in NCP BDV-infected cell lysates [9]. This polypep¬
tide appears to be non-structural and highly conserved among
pestiviruses [25]. Therefore, the MoAbs do not recognize virus
particles but identify cells which carry viral antigen as a result of
viral replication. This may have a particular bearing on the
ability of these MoAbs to identify virus-infected lymphocytes by
FACS analysis. We have been unable to identify infected cells by
FACS analysis using VPM 22, indicating that the non-structural
polypeptide of BDV is not expressed on the surface of virus-
infected cells. Recently, pestivirus antigen has been detected by
flow cytometry in peripheral blood cells from cattle persistently
infected with BVDV but only after the cell membranes were

permeabilized to allow the antibody access to the cytoplasm
[26],

We have identified lymphocytes as a source of virus in PI
sheep but have not yet been able to identify the particular
subsets which may be infected. However, considerable progress
has been made in the identification of peripheral blood cells in
cattle which harbour BVDV, a pestivirus closely related to
BDV. In experiments using a polyclonal antiserum to BVDV in

conjunction with MoAbs to bovine cell subsets, BVDV was
detected in peripheral blood mononuclear cells from PI cattle
and was present in a proportion of all the mononuclear cell
subsets examined, namely monocytes, T cells, B cells and null
cells (non-T, non-B. non-macrophage), with T cells being the
most heavily infected population [27,28].

We report that efferent lymph in PI sheep contains altered
proportions of lymphocyte subpopulations compared with
healthy controls and that BDV can be detected in some of these
cells from PI sheep. It remains to be determined which specific
cell subsets are infected, how the virus may affect the functional
behaviour of these cells and their role, if any, in the immunoto-
lerance of these animals to BDV.
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Infections caused by lentiviruses, including human immunodeficiency virus, are characterized by slowly
progressive disease in the presence of a virus-specific immune response. The earliest events in the virus-host
interaction are likely to be important in determining disease establishment and progression, and the kinetics of these
early events following lentiviral infection are described here. Lymphatic cannulation in the sheep has been used to
monitor both the virus and the immune response in efferent lymph after infection of the node with maedi-visna virus
(MW). Viral replication and dissemination could be detected and consisted of a wave of MW-infected cells leaving
the node around 9 to 18 days postinfection. No cell-free virus was recovered despite the fact that soluble MW p25
was detected in lymph plasma. The maximum frequency of MW-infected cells was only 11 in 106 but over the first
20 days of infection amounted to greater than 104 virus-infected cells leaving the node. There was a profound
increase in the output of activated lymphoblast from the lymph nodes of infected sheep, characterized by an
increased percentage of CD8+ lymphoblasts. All of the CD8+ lymphoblasts at the peak of the response expressed
both major histocompatibility complex class II DR and DQ molecules but not interleukin-2 receptor (CD25). The
in vitro proliferative response of efferent lymph cells exiting the node after challenge with MW to both recombinant
human interleukin-2 and the mitogen concanavalin A was decreased between days 8 and 16 postinfection, and a
specific proliferative response to MW was not detected until after day 15. Despite the high level of CD8+
lymphoblasts in efferent lymph, direct MW-specific cytotoxic activity was demonstrated in only one of the five
MW-challenged sheep. MW-specific antibody responses, including neutralization and MW p25 immune
complexes in efferent lymph, were detectable during the major period of virus dissemination. The relationship of
these findings to the evasion of the host's acute immune response by MW is discussed.

Lentiviral infections of humans and animals result in
disease characterized by a long incubation period and a slow
progression of disease (45). The course of lentiviral infection
can be divided into a number of stages: (i) primary exposure
to virus leading to the establishment of infection; (ii) a
prolonged, largely asymptomatic incubation period of the
virus in the host, with gradual development of pathological
lesions in a variety of organs and tissues; and (iii) a decline
into patent disease and death (40).

Persistent infection with a lentivirus is characterized by
continuous viral replication, but this occurs in the face of a
vigorous host immune response (24, 45). Studies on the
nature of the interactions between the virus and the host
immune response are therefore of special interest in under¬
standing the pathogenesis of lentiviral disease. The patho¬
physiological events occurring immediately postinfection
(p.i.) and in the interval between infection and diagnosis
remain obscure, yet these early stages of the infective
process are likely to have a significant influence on the
establishment of infection and hence the progress of disease.
In human immunodeficiency virus (HIV), there is evidence
that early immune selection of infecting virus subtypes can
dramatically alter the time course of disease (64). It is also at
this time that any immune mechanisms induced by prior
vaccination must act to prevent or clear viral infection.

Lymphoid tissue is the major site of any specific immune
reaction and continuing lentiviral replication during disease
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progression (10, 50). A unique in vivo model for investigating
different phases of the lentivirus-host immune response
interaction is provided in the sheep by combining cannula¬
tion of the efferent lymphatic vessels (26) with infection of
sheep with the ruminant lentivirus maedi-visna virus (MVV).
This technique has allowed direct access to the lymphatic
output of a node for analysis (65) after acute local infection
with MW in this study.

MW was the first discovered lentivirus (23, 62), although
HIV-1 is now the best-characterized member of this group of
viruses. MW is known to infect cells of the monocyte/
macrophage lineage and possibly dendritic cells but not lym¬
phocytes (16, 17, 19, 46). This restriction in tropism makes the
study of MW infection a valuable model for understanding
lentiviral pathogenesis in the absence of T-cell infection.
Clinical MW infection consists of a multisystem disease
characterized by chronic active inflammation, presenting as
interstitial pneumonitis (maedi), dcmyelinating leukoenceph-
alomyelitis (wasting or visna), and mastitis (7, 23).

In this report, the major features ot the acute immune
response to MW infection and viral dissemination are
described and the relevance of these data to the failure of the
immune system to prevent the establishment of a persistent
infection is discussed.

MATERIALS AND METHODS

Animals. Finnish Landrace sheep (1 to 3 years of age)
were purchased from the Moredun Research Institute, Ed¬
inburgh, Scotland.

Prefemoral or popliteal efferent lymphatic cannulations
were performed as described previously (25, 26). Not less
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than 5 days postcannulation, sheep were injected subcuta-
neously with 2 to 5 ml of mock-infected or virus-infected
autologous cell supernatant (10s to 10s 50% tissue culture
infective doses [TCID50]; see Table 3) at several sites within
the drainage area of the cannulated lymph node.

Skin cell lines and virus culture. Autologous skin cell lines
for each sheep were derived from skin biopsies taken at least
2 months prior to cannulation. The biopsies and cell lines
were prepared by the method of Liu and Karasek (33) as
modified by Rheinwald and Green (55).

Ninety percent confluent skin cell monolayers were in¬
fected with 0.1 TCIDS0 of MW strain EV1 61 (EV1) per cell
in Dulbecco modified Eagle medium (DMEM) supplemented
with 2 mM l-glutamine, 100 U of benzyl-penicillin per ml,
100 U of streptomycin per ml, and 2% fetal calf serum (FCS)
(2% DME). When extensive cytopathic effects were seen
(usually 5 days p.i.), the virus-containing cell supernatant
was harvested, clarified by centrifugation (800 x g, 20 min),
and stored at -70°C. The titer of each virus stock was

determined on autologous skin cell monolayers, and the
concentration was calculated by using the quantal method of
Reed and Muench (43). Mock-infected antigen was prepared
as described above from day 5 mock-infected skin cell
cultures.

Analysis of efferent lymph. Lymph was collected into
sterile plastic bottles containing 909 U of benzyl-penicillin
and streptomycin and 250 U of sodium heparin (Sigma
Chemical Co. Ltd.). Bottles were changed three times daily;
short (2-h) day collections were used for fluorescence-
activated cell sorting (FACS) analyses, and overnight col¬
lections were used for functional analyses. Cells were rou¬
tinely >99% viable as detected by trypan blue dye exclusion.
The volume and cell concentration of each collection were

recorded. Cells were resuspended in 10% dimethyl sulfox-
ide-90% FCS for freezing slowly at -80°C or under liquid
nitrogen.

Immunofluorescence analysis of cell phenotype. Ovine
CD4+ and CD8+ lymphocytes were identified by using
monoclonal antibodies (MAbs) SBU-T4 and SBU-T8, re¬
spectively (37). The sheep homologs of major histocompat¬
ibility complex (MHC) class II DQ and DR were detected by
using the locus-specific anti-a-chain MAbs VPM 36 (DQ)
and VPM 38 (DR) (8, 9). Interleukin-2 (IL-2) receptor
(IL-2R; CD25) was detected by using IL-A111 (44). VPM 8
(2) recognizes sheep immunoglobulin light chain (IgL). ZG4
(34), an anti-human IgG3, or diluted normal mouse serum
was used as a negative control. For two-color analysis, the
CD4- and CD8-specific MAbs (both IgG2a) were biotinylated
and detected with streptavidin-phycoerythrin (Sero-Tec;
Oxford, England). The anti-MHC class II and IL-2R MAbs
(all IgGl) were detected by using anti-mouse IgGl-fluores-
cein isothiocyanate (FITC) (The Binding Site, Birmingham,
England). Analysis was carried out on a Becton Dickinson
FACScan (Becton Dickinson, Mountain View, Calif.). Ten
thousand total efferent lymph cells with erythrocytes or dead
cells excluded on the basis of forward scatter (FSC) and
4,000 efferent lymphoblasts (defined by a gate based on their
larger size [FSC] and higher side scatter [SSC] properties
than those for small lymphocytes [Fig. 1A]) were analyzed
per sample, using Consort 30 Version F (Becton Dickinson).
Analysis gates were set for strongly positive CD4- and
CD8-staining cell populations, and the MHC class II and
IL-2R expression on these CD4+ and CD8+ cell populations
was assessed.

Quantitation of MW gag p25. The method is described in
reference 54. Briefly, enzyme-linked immunosorbent assay
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FIG. 1. Major phenotypic change of efferent lymph cells after
infection with MVV. (A) FSC and SSC FACS profiles of efferent
lymph cells. Sheep 657R was challenged with MW in the region
draining to the prefemoral lymph node, which had been cannulated.
The FSC and SSC profiles (both linear scale) of the efferent lymph
cells on day 11 p.i. are shown along with representative samples of
the lymphoblast collection box (high FSC) and small lymphocyte
analysis box (low FSC). (B) Kinetics of CD8+ lymphoblast output of
a lymph node after MVV infection. Sheep were challenged in the
region draining to the cannulated lymph node on day 0 with MW
(open symbols) or mock-infected control antigen (closed symbols).
CD8+ lymphoblasts were determined by immunostaining and FACS
analysis. Sheep: □, 657R; O, 649R; 1060P; •, 663R. (C) MHC
class II expression on efferent lymph CD8+ lymphoblasts. Efferent
lymph cells were double stained with SBU-T8 (anti-CD8) and
normal mouse serum (• • •), VPM 38 (anti-DR) ( ), or VPM 36
(anti-DQ) ( ). MHC class II expression on CD8+ lymphoblasts is
shown for sheep 649R on day 5 p.i., the peak of this sheep's CD8+
lymphoblast response.
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(ELISA) plates were coated with affinity-purified rabbit
antibody to recombinant MW p25. Lymph plasma was
titrated down the plates, with purified recombinant p25 used
as a standard. The plates were then developed with biotiny-
lated rabbit anti-MW p25, Extravidin-horseradish peroxi¬
dase (Sigma), and o-phenylenediamine. This assay could
detect a minimum of 150 to 300 pg of MVV p25 per ml.

Quantitation of infectious MW. Infectious virus was de¬
tected by cocultivation of serial dilutions of lymph plasma or
cells on heterologous sheep skin fibroblast monolayers in 2%
DME. For cell-associated virus, 107 cells stored at -80°C
were thawed rapidly at 37°C, washed once in 2% DME,
resuspended in 2% DME, counted, and titrated in triplicate
in a sixfold-dilution series onto the fibroblast monolayer.
Lymph plasma was similarly assayed for infectious MVV
from a 1/2 dilution. The monolayers were cultured for 12 to
14 days and then washed in Hanks balanced salt solution,
fixed, and stained for MVV gag pl5 (MAb 415 kindly
donated by D. J. Houwers) or gag p25 antigen (MAb ID10
[54]) by immunofluorescence. The monolayers were blocked
in phosphate-buffered saline (PBS)-10% sheep serum-0.01%
Tween 80, incubated with MAb ascites fluid diluted in
PBS-2% sheep serum-0.1% Tween 80 (PST), then in sheep
anti-mouse Ig-biotin conjugate (Sigma) in PST, and finally in
Extravidin-FITC (Serotec) in PST, with washes after each
step, and assessed for FITC-positive fluorescence micro¬
scopically. Positive controls were 72-h MW EVl-infected
fibroblasts. Negative controls included an irrelevant mouse
IgG2a MAb and uninfected fibroblasts stained with MVV-
specific MAb.

Detection of viral DNA. Cells (107) stored at —80°C were
thawed, washed twice in PBS, and resuspended in 400 p.1 of
cell lysis buffer (0.5% sodium dodecyl sulfate [SDS], 50 mM
Tris-HCl [pH 8.0], 0.1 M NaCl, 1 mM EDTA). DNA was
prepared by standard methods (42), including RNase A and
proteinase K digestions. For MW DNA detection by the
polymerase chain reaction (PCR), 500 ng of lymph cell DNA
(equivalent to 1.7 x 105 cells) was used as a substrate in an
amplification primed with MVV EV1 long terminal repeat
(LTR)-specific amplifiers 591H (CTGCAGGTCGACTGT
CAGGGCAGAGAACAG, equivalent to positions 8913 to
8933 on the EV1 genome, sense strand [61], plus 5' additions
not relevant to this work) and 592H (TCTAGAGTCGA
CAGCTGCGAGACCCGCTCCG, equivalent to positions
152 to 133, antisense strand, plus 5' additions not relevant to
this work). PCR was carried out in a volume of 100 p.1, using
1.6 U of Taq polymerase in the buffer conditions of Ohara et
al. (49) and 4 cycles of 95°C for 0.6 min, 62°C for 0.6 min, and
72°C for 1 min, followed by 26 cycles of 95°C for 0.6 min,
72°C for 1.5 min, and 72°C for 2 min and a single termination
cycle of 72°C for 7.5 min. For the ethidium bromide-stained
gel, the reaction mixture was diluted 10-fold, and 2 p.1 was
then amplified through a further 15 cycles with internal 310L
(ATGCCCATGATTGAGAATGAC) and 555H (ACAGC
CAACTCCTTTATTA) primers as in cycles 5 to 30 above.
As a positive control, 500 ng of extrachromosomal DNA
from MW EVl-infected fibroblasts was prepared by the
method of Hirt (27) and amplified in the same way. Ten
microliters of the PCR products was analyzed by electro¬
phoresis on 1.5% agarose TAE gels, blotted onto nitrocellu¬
lose, and hybridized with an EV1 LTR-specific cloned
probe, using standard methods (42).

Virus neutralizing antibody. Serial dilutions of heat-inacti¬
vated lymph plasma (56°C, 30 min) were incubated overnight
at 4°C with 500 TCID50 of MVV EV1. The plasma-virus mix
was then titrated along a flat-bottom 96-well plate (GIBCO-

BRL, Paisley, Scotland) containing a preformed fibroblast
monolayer and incubated for 2 h at 37°C. The virus inoculum
was then replaced with 2% DME, and after 7 days of
incubation, the cells were fixed, Giemsa stained, and exam¬
ined microscopically for MVV cytopathic effects. Neutral¬
ization titers were defined as the greatest dilution of lymph
plasma giving a 50% reduction in virus titer compared with
controls (virus incubated with preimmune plasma or no
plasma).

Detection of anti-MW gag p25. Purified recombinant p25
(54) was coated onto ELISA plates (Falcon 3912) at 10 pghnl
overnight at 4°C. Plates were washed, blocked with borate-
buffered saline-1 mg of bovine serum albumin (BSA) per ml,
and then lymph plasma was titrated down the plate in
borate-buffered saline-BSA-0.05% Tween 20. After 1 h of
incubation, the plates were washed and developed with
horseradish peroxidase-conjugated rabbit anti-sheep Ig
(Dako Ltd., High Wycombe, England) and o-phenylencdia-
mine. Antibody titer was expressed as the end point titer,
taken as the reciprocal of the highest dilution of plasma
which gave an optical density twice that of the control (no
plasma).

Detection of MW gag p25-sheep Ig immune complexes.
MVV p25 in lymph plasma was captured by rabbit anti-MVV
p25 as described above, but then the plates were incubated
with rabbit anti-sheep Ig conjugated to horse-radish peroxi¬
dase and developed as described above. Increasing values of
optical density at 492 nm were taken as evidence of immune
complex formation.

Proliferation of efferent lymph cells to recombinant human
IL-2 and ConA. Efferent lymph cells were washed and then
resuspended at 106 cells per ml in RPMI 1640 (catalog no.
074-1800; GIBCO-BRL) fully supplemented with 2 mM
l-glutamine, 5 x 10~5 M 2-mercaptoethanol, 200 pg of
gentamicin per ml, and 10% FCS (RPMI-10% FCS).
Then 105 cells per well in 96-well flat-bottom plates were
cultured in triplicate with an equal volume of RPMI-10%
FCS with final concentrations of recombinant human IL-2

(National Institute of Biological Standards and Control,
Potters Bar, England) or concanavalin A (ConA; catalog no.
C7275; Sigma) of 20 U/ml or 5 p-g/ml, respectively, for 3 days
at 37°C in 5% CO,. Cultures were labeled with 1 pCi of
[3H]thymidine (20 to 30 Ci/mmol; catalog no. TRK61; Am-
ersham International PLC) per well and incubated for 5 h at
37°C in 5% COz. Cultures were harvested onto Skatron glass
fiber filter mats (Skatron Instruments Ltd.) and counted in a
LKB Wallac 1218 Rackbeta liquid scintillation counter.
Results have been expressed as specific proliferation =
(mean cpm of stimulated cultures) — (mean cpm of unstim¬
ulated cultures).

Proliferation of efferent lymph cells to MW antigen. Effer¬
ent lymph cells (10s) in RPMI-10% FCS were plated with 3
X 105 autologous peripheral blood mononuclear cells
(PBMC) as antigen-presenting cells and 4 p,g of sucrose-
purified MVV antigen per ml in triplicate in 96-well flat-
bottom plates for 5 days at 37°C in 5% C02. Cultures were
labeled and harvested as for recombinant human IL-2- and
ConA-stimulated cultures, and the results have been ex¬

pressed as stimulation index = (mean cpm of antigen-
stimulated cultures/mean cpm of unstimulated cultures).

Autologous PBMC were collected prior to MVV challenge
and cryopreserved. They proliferated in response to ConA
but did not proliferate in response to either sucrose-purified
MVV antigen or recombinant gag p25 MVV antigen (data
not shown). MVV antigen was prepared from supernatants
of infected cell cultures showing extensive cytopathic ef-
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TABLE 1. Summary of the lymphoblast response in efferent lymph to challenge of the lymph node by MW

Sheep no.

% Lymphoblasts % CD4+ lymphoblasts % CD8+ lymphoblasts Lymphoblast CD4/
CD8 ratio %Ig+ lymphoblasts

Day OP
Maximum

(day p.i.)6 Day 0
Maximum

(day p.i.) Day 0
Maximum

(day p.i.) Day 0
Minimum

(day p.i.)" Day U
Maximum

(day p.i.)

EV1 infected
657R 3.9 19.2 (12) 65.1 66.7 (6-7) 20.5 53.3 (9) 3.2 0.5 (9) 21.2 46.9 (21)
649R 8.9 36.3 (7) 36.4 51.2 (2) 16.8 48.8 (5) 2.2 0.4 (7) 27.0 31.0 (9)
683R 4.0 20.3 (16) 39.5 51.2 (9) 20.6 31.2 (11) 1.9 1.1 (11) 29.1 45.9 (20)
671R 2.8 30.0 (7) 37.2 40.1 (4) 8.9 80.0 (7) 4.2 0.2 (7) 50.1 43.1 (11)
672R 2.8 47.6 (8) 51.5 65.7 (2) 22.6 84.9 (6) 2.3 0.2 (6) 14.1 59.0 (9)

Mock infected
1060P 4.7 11.7 (5) 64.5 65.0 (16) 18.0 26.0 (16) 3.6 2.5 (19) 10.7 26.8 (19)
663R 4.5 4.6 (8) 45.0 58.0 (15) 11.6 23.7 (5) 7.5 1.7 (5) 31.0 32.1 (11)
647R 3.8 11.0 (2) 50.0 58.2 (6) 6.0 10.0 (3) 8.3 5.3 (3) 16.9 23.5 (5)

EV1 infected, median 3.9 30 39.5 51.2 20.5 53.3 2.3 0.4 27.0 45.9
Mock infected, median 4.5 11.0 50.0 58.2 11.6 23.7 7.5 2.5 16.9 26.8
P1 0.551 0.037" 0.551 0.766 0.233 0.037" 0.074 0.037" 0.551 0.074

" Values shown preinfection on the day sheep were challenged.
6 Maximum values seen p.i., with the day p.i. when this occurred in parentheses.
c Minimum values seen p.i., with the day p.i. when this occurred in parentheses.
d Differences between the groups were analyzed by using Mann-Whitney two-tailed tests.

Differences between groups considered significant if P is <0.05.

fects, which were clarified by centrifugation at 10,000 x g at
4°C for 30 min, and virus was then pelleted at 10,000 x g at
4°C for 16 to 18 h and resuspended in PBS. Pelleted virus
was purified on 25 to 60% sucrose gradients at 100,000 x g at
4°C for 16 h, gradient fractions containing reverse tran¬
scriptase activity and viral proteins (determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis)
were pooled, and the virus was pelleted at 100,000 xgat 4°C
for 16 h. Purified virus was stored at —80°C, and optimum
concentrations for use were determined by titration in pro¬
liferation assays with PBMC from persistently MW-in-
fected sheep.

Cytotoxic activity of efferent lymph cells. Efferent lymph
cells were centrifuged over Lymphoprep (Nycomed AS) at
800 x g for 15 min, and interface cells were washed twice
with RPMI-2% FCS before resuspension in RPMI-10% FCS
with 10 mM ./V-2-hydroxyethylpiperazine-AP-2-ethanesulfon-
ic acid (HEPES; pH 7.2). Cells were made to the required
concentration for effector/target ratios of 100:1 to 12:1 before
incubation with target cells for 6 h at 37°C in 5% C02.
Targets were 104 autologous or heterologous skin cells either
mock infected or infected with 0.25 to 2 TCID50 (depending
on virus stock) per cell for 72 h. Cells were labeled with 3
p.Ci of 51Cr (sodium chromate; 350 to 600 mCi of Cr per mg;
Amersham) per 104 cells overnight at 37°C in 5% C02 before
being washed four times with RPMI-2% FCS and were then
incubated with efferent lymph effector cells for 6 h. Super¬
natant (100 p.1) was counted in a LKB Wallac 1274 RIA-
GAMMA counter, and the results have been expressed as
percent specific 51Cr release = (mean experimental 51Cr
release — mean spontaneous 51Cr release)/(mean maximum
51Cr release - mean spontaneous 51Cr release) ± (standard
deviation of experimental 51Cr release)/(mean maximum
51Cr release — mean spontaneous 51Cr release). All values
were obtained from quadruplicate samples, and spontaneous
51Cr release was always less than 35% of the maximum
release.

RESULTS

Kinetics and phenotype of cells in efferent lymph after
challenge of a lymph node with MW. Eight peripheral
efferent lymphatic cannulations were carried out, five in¬
volving prefemoral nodes and three involving popliteal
nodes. Challenge was with either mock-infected autologous
cell supernatant or MW (from approximately 1.5 x 10s to
16 x 105 TCID50). There was no significant difference in the
total cell output between MW-infected and mock-infected
sheep (data not shown) with the exception that cell shut¬
down occurred in three of the five infected animals and never

in the mock-infected animals. Cell shutdown of the lymph
node (cells are retained within the node) is a normal response
to secondary antigenic challenge (39), although it has been
shown to occur on primary challenge when other live viruses
are used (31, 63). However, in these experiments, the
phenomenon was not related to the amount of virus given or
the lymph node efferent duct cannulated (data not shown).

Following MW infection, there was no significant in¬
crease in total cell output in the infected group compared
with mock-infected controls. The proportion of lymphoblast
defined by their FSC/SSC profile on the FACScan (Fig. 1A)
was markedly increased in infected sheep (Table 1), with a 4-
to 17-fold increase in the percent lymphoblasts from day 0 to
the day p.i. showing the maximum percent lymphoblasts
(days 7 to 16 p.i.). There was only a 1- to 3-fold increase in
mock-challenged sheep (Table 1).

The lymphoblast population comprises mainly CD4+,
CD8+, and B-lymphoblast cells. There was no significant
difference in the maximum percent CD4+ lymphoblasts in
the two groups of animals (P = 0.766; Table 1). However,
there was a marked rise in the proportion of CD8+ lympho¬
blasts exiting the node in response to challenge with virus
but not mock-infected antigen (Fig. IB). These CD8+ cells
left the node as a wave, with maximum percentages being
seen between days 6 and 11 p.i., depending on the sheep
(Table 1). The maximum percent CD8+ lymphoblasts seen
varied significantly between MW-infected and mock-chal-
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lenged groups (P = 0.037; Table 1). As the percent CD8+
lymphoblasts increased, there was a concomitant fall in
percent CD4+ lymphoblasts (data not shown), although later
in the response, these figures were also affected by increas¬
ing numbers of B lymphoblasts. This is reflected in the
CD4/CD8 lymphoblast ratio, which may drop as low as 0.2
from a median starting ratio of 2.3 (Table 1). When the
percent CD8+ cells in the small lymphocyte population was
studied, none of the changes seen in the lymphoblast popu¬
lation were noted with the percent CD8+ small lymphocytes,
remaining constant throughout the course of the cannulation
(data not shown).

The large size of the CD8+ lymphoblasts suggested that
they were becoming activated. The levels of expression of
different MHC class II loci on T lymphocytes are often an
indication of the activation state of the cell, with DQ being
associated with an activated phenotype (12, 32). To investi¬
gate the activation state of lymphocytes exiting peripheral
lymph nodes after challenge with MVV, the expression of
the sheep DR and DQ MHC class II homologs was studied
by double staining with anti-CD4 or anti-CD8. CD8+ lym¬
phoblasts from the preinfected node showed heterogeneous
staining intensity (10° to 103 FL1 intensity) for both DR and
DQ MHC class II molecules, and this phenotype was seen
throughout the response in mock-infected sheep (data not
shown). In response to live viral challenge, the wave of
CD8+ lymphoblasts exiting the node appeared to be a
homogeneous population in its expression of a high level of
DR and a low level of DQ MHC class II molecules (Fig. 1C).
This change always occurred in virus-challenged sheep on
the day with the maximum percent CD8+ lymphoblasts and
then decayed with time to a staining pattern similar to that
seen in resting efferent lymphoblasts. Similarly, both MHC
class II molecules were expressed with a broad spectrum of
staining intensity on CD4+ lymphoblasts preinfection. How¬
ever, although a change was seen in the MHC class II profile
of CD4+ lymphoblasts after challenge, there were no signif¬
icant differences between MW- and mock-infected animals

(data not shown).
The change in MHC class II profile of the CD8+ lympho¬

blasts in response to MVV suggested that these cells were in
an activated state. It was therefore expected that the lym¬
phoblasts would also express IL-2R on their surfaces. A
MAb specific for bovine IL-2R (anti-CD25) (44) which cross-
reacts with ovine CD25 became available after these exper¬
iments were performed, and so stored cells were used to
assess the IL-2R status at the peak of the CD8+ lymphoblast
response (day 7 p.i. for sheep 649R; day 11 p.i. for sheep
683R). A proportion of the CD4+ lymphoblast and small
lymphocyte populations were positive for IL-2R, while the
CD8+ lymphoblasts at the peak of the CD8+ lymphoblast
wave were negative (Table 2). There was some loss of CD8+
cells on freezing and resuscitation, but there was no evi¬
dence of a selective loss of IL-2R+ CD8+ lymphoblasts on
storage of ConA-stimulated lymphoblasts from persistently
infected sheep.

The percent y8 T-cell receptor-positive lymphoblasts
(T19-positive cells) (36) did not vary after MVV challenge of
the node, nor were there significant changes seen in the
percent CD4+ and y8 T-cell receptor-positive small lympho¬
cytes (data not shown).

After MW infection, the increase in percentage of surface
Ig (slg)-positive lymphoblasts between day 0 and the maxi¬
mum (Table 1) was much less striking than the increase in
CD8+ lymphoblasts exiting the node, but the peak number of
B lymphoblasts exiting virus-stimulated nodes (median, 4.1

TABLE 2. IL-2R expression of CD4+ and CD8+ lymphocytes at
the peak CD8+ lymphoblast output

CD4+ % IL-2R+ CD8+ % IL-2R+
Sheep no. or

sample
Day
p.i. Small

lymphocytes
Lympho¬

blasts
Small

lymphocytes
Lympho¬

blasts

649R" 7 8.5 18.0 0.7 1.3
32 14.2 14.0 2.8 1.4

683R" -1 17.8 13.6 3.4 1.1
11 10.7 7.2 2.3 1.7

ConA stimulated6
Fresh 27.3 48.7 1.7 32.9
Stored 36.8 58.8 7.8 43.7

" Efferent lymph cells were resuscitated from liquid nitrogen and washed,
and the CD4, CD8, and IL-2R expression of cells was determined by FACS
analysis. Preinfection samples for sheep 649R were not available, and so a
very late sample was used.

b Three-day ConA-stimulated (suboptimal concentration, 1.25 |xg/ml) effer¬
ent lymph cells from a persistently infected sheep were analyzed immediately
(fresh) or stored under liquid nitrogen and then resuscitated and analyzed as
above.

x 105) was significantly higher than for mock-infected sheep
(0.8 x 106; P = 0.037). The number of slg+ small lympho¬
cytes was also increased but not significantly compared with
mock-infected controls (data not shown). The time course of
the B-cell changes showed considerable variability between
sheep. When the isotype of the slg on B lymphocytes was
examined by two-color FACS to identify slgM and slgL or
slgG coexpression, an slg isotype change from slgM to slgG
with time was seen both with MVV- and with mock-infected

sheep efferent B lymphoblasts (data not shown).
Time course of virus output. Evidence for viral replication

within the locally infected node and the relationship of this
viral replication to the developing immune response was
sought by quantitating the levels of infectious MVV or MVV
protein in both the lymph cells and plasma.

From day 6 p.i., MVV p25 antigen was detected in lymph
plasma in three of three sheep, with two distinct peaks
around days 6 to 10 and from day 22 onwards (Fig. 2A),
indicating that MW replication was occurring. Despite the
presence of MW p25 antigen, no infectious virus was
detected in lymph plasma by cocultivation on skin fibro¬
blasts, but because of the nature of the assay, the p25 may be
part of a noninfectious virion. Only cell-associated infectious
virus could be isolated from four of five MW-infected sheep
(Table 3), and this appeared maximally between days 9 and
14 p.i. (Fig. 2A). No infectious virus was isolated from sheep
671R. This sheep received the lowest dose of infectious
virus, but serum MW-specific antibodies were detected
shortly following the cessation of surgical cannulation, indi¬
cating that a persistent infection with MW had been estab¬
lished.

Gene amplification by MW-specific PCR on DNA iso¬
lated from efferent lymph cells from three of three sheep
during the period of infectious virus isolation (days 10 to 12)
revealed MVV-specific DNA (expected product size of 301
bases) (Fig. 2B and C, lanes 3 to 5). For sheep 649R, MW
proviral DNA was detected in efferent lymph cells before
infectious virus was isolated (compare Fig. 2B and C, lanes
4 and 6 to 11, with Fig. 2A). Thus, although proviral DNA
detection did not correlate absolutely with infectious virus
isolation, MW-infected cells are present in efferent lymph.
The DNA PCR assay is not quantitative, but the requirement
for either nested PCR or high numbers of amplification
cycles (50 were used) to detect MW DNA sequences
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FIG. 2. Virus output in efferent lymph following MW infection in three sheep. (A) Kinetics of cell-associated infectious virus and soluble
MW p25. Infectious virus was detected by cocultivation of stored efferent lymph plasma or cells from infected sheep on sheep fibroblast
monolayers for 12 to 14 days and then subjected to immunofluorescent staining for MWgag pl5 in the fixed skin cells. MWgag p25 antigen
in lymph plasma was quantitated by capture ELISA on rabbit anti-p25-coated ELISA plates. (B and C) MW-specific DNA in efferent lymph
cells. DNA (500 ng) extracted from efferent lymph cells was amplified by using amplimers specific for the MW LTR, and the products were
run on agarose gels. The molecular weight markers (m) were a //fndlll-EcoRI double digest of \ phage DNA. The arrow represents the
position of the 831-bp fragment. The expected MW DNA product size is 301 bases. (B) Ethidium bromide-stained gel; (C) Southern blot of
a similar gel probed for MW DNA sequences. Sources of samples: lanes 1 and 2, uninfected sheep 1060P, days —1 and 10, respectively; lane
3, infected sheep 683R, day 10; lane 4, sheep 649R, day 11; lane 5, sheep 657R, day 12; lanes 6 to 11, sheep 649R, days -1, 0, 6, 9, 12, and
14, respectively; lane 12, positive control DNA from MW-infected fibroblasts in tissue culture.

suggests that MW proviral DNA sequences were rare. The
frequency of MW-infected cells in efferent lymph was
extremely low even at their peak, the median for four sheep
being equal to 11/106 cells (Table 3). Despite this low
frequency, the total number of infected cells disseminating
virus via the efferent lymphatic was sizeable when consid¬
ered over time, with a median for four sheep of 3.1 x 104

TABLE 3. Frequency and total number of infectious virus-
associated cells exiting in efferent lymph following

acute MW infection

Sheep
no.

Lymph node
efferent duct
cannulated

Challenge
dose (105
TCID50)

Day of
maximum

virus

output

Maximum

frequency of
virus-infected
cells/106 cells

Total infected
cells (104

cells/20 days)

657R Prefemoral 3.2 12 15.3 11.52
649R Prefemoral 15.0 14 7.35 1.61
683R Prefemoral 15.0 10 6.1 2.46
671R Popliteal 1.5 <0.5 0.
672R Popliteal 16.0 9 55.1 3.73

MW-infected cells leaving the node during the first 20 days
p.i. (Table 3).

Interestingly, the main cell-associated infectious MW
peak occurred just after or coincidentally with the major
lymphoblast response in efferent lymph (Table 1), but the
low frequency of infected cells has prevented identification
of the infected cell type. The peak of these cells was also
delayed relative to the first soluble MW p25 antigen peak in
plasma by about 4 days. The second rise in p25 in lymph
plasma was not associated with a second wave of infected
cells, at least within the time course of the cannulations,
indicating that the p25 in lymph plasma may result from virus
replication within the node.

MW-specific immune responses, (i) Antibody. MW neu¬
tralizing activity was not detected in the efferent lymph
plasma of three of three MW-infected sheep before day 10
but thereafter rose steadily in titer with time (Fig. 3A). No
neutralizing activity was found in mock-infected sheep
lymph plasma. Preincubation of the lymph plasma with
polyclonal antibody to sheep Ig inhibited neutralization,
indicating that the neutralizing activity was antibody medi¬
ated. By Western blotting (immunoblotting), an MW gag
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FIG. 3. The time course of the MW-specific antibody. (A)

Neutralizing activity of heat-inactivated lymph plasma was quanti-
tated from the reduction in infectivity of 500 TCID5() of MW EV1
after overnight incubation at 4°C with dilutions of lymph plasma.
The titer represents the highest dilution giving 50% inhibition of
infectivity. (B) MVV p25-specific antibody. p25-specific antibody in
efferent lymph was quantitated by ELISA, using recombinant
p25-coated plates. The titer represents the highest dilution with an
optical density greater than twice background (no plasma). (C)
Soluble MW p25 immune complexes in the efferent lymph of an
infected sheep. These complexes were detected in efferent lymph
plasma (sheep 649R) by capture ELISA on anti-p25-coated ELISA
plates developed with rabbit anti-sheep Ig antibody.
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FIG. 4. Proliferation of efferent lymph cells in response to re¬

combinant human IL-2, ConA, and MVV antigen. Efferent lymph
cells were set up in culture with 20 U of recombinant human IL-2 per
ml (A) or 5 p.g of ConA per ml (B) for 3 days or 4 p.g of
sucrose-purified MVV antigen per ml and autologous PBMC (3:1
PBMC/efferent lymph cells) for 5 days (C). Cellular proliferation
was determined by [3H]thymidine incorporation. For 3-day cultures,
proliferation is expressed as specific proliferation = (mean cpm of
stimulated cultures) - (mean cpm of unstimulated cultures). Un¬
stimulated counts ranged from 82 to 713 cpm. For 5-day cultures,
proliferation is expressed as stimulation index = (mean cpm of
antigen-stimulated cultures)/(mean cpm of unstimulated cultures),
with values for unstimulated cultures always being less than 3,400
cpm. Sheep were infected with MVV in the area draining to the
lymph node on day 0. Symbols: O, sheep 649R; A, sheep 683R.

p25-specific antibody response can be detected in efferent
lymph as early as day 4 p.i., and an anti-ewv gpl35 response
can be detected by day 12, with an isotype change from IgM
to IgGl with time (data not shown). The appearance of
neutralizing activity coincided with the detection of IgGl
anti-MVV env gpl35 antibody (data not shown).

The anti-MVV p25 antibody response of infected sheep
quantitated by ELISA (Fig. 3B) detected specific antibody
from day 4 and in two of three sheep showed two peaks of
anti-p25 antibody around days 4 to 8 and 12 to 20. It is likely
that these two peaks correspond to the IgM and IgGl isotype
responses, respectively. MVV p25 antigen (Fig. 2A) was
detected at the same time as anti-p25 antibody in efferent

lymph plasma. During this period, soluble p25 immune
complexes were present in efferent lymph plasma (Fig. 3C).

(ii) T lymphocytes (proliferation to IL-2 and mitogen). The
functional activation state of efferent lymph cells was as¬
sessed by measuring the proliferative capacity of the lym¬
phocytes to respond to two nonspecific stimuli: a cytokine,
IL-2, and a mitogen, ConA.

When the response of efferent cells to human recombinant
IL-2 was studied, there were major peaks of proliferation in
response to IL-2 between days 4 and 8 p.i. (Fig. 4A) and in
one sheep a second wave of IL-2 responsiveness between
days 19 and 24 p.i. However, these peaks do not correspond
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TABLE 4. Cytotoxic activity of efferent lymph cells

% Specific 51Cr release" at given days p.i.
Target cells

l-2b 3-4 5-6 6-7 10-11 11-12 13-14 15-16 19-20

657R''
MW infected

Autologous 1.1 ± 2.8 7.4 ± 4.4 20.7 2.3 33.8 2.6 1.5 2.3

Heterologous -1.7 ± 0.5 4.4 ± 2.6 1.8 0.9 5.0 ± 0.3 0.7 ± 0.5
Mock infected

Autologous 3.2 ± 0.6 -0.9 ± 0.8 -0.5 1.6 1.1 ± 1.6 0.8 ± 0.9

Heterologous -2.2 ± 0.4 3.1 ± 0.1 -1.3 0.4 -1.5 1.8 1.6 ± 1.0
649R"'

MVV infected

Autologous 4.2 ± 3.9 14.3 ± 4.8 0.9 ± 3.4 -1.8 ± 0.8 1.2 ± 0.5

Heterologous 5.7 ± 3.5 6.2 ± 5.7 14.1 ± 4.2 4.0 ± 1.0 12.2 ± 0.5
Mock infected

Autologous 0.5 ± 3.0 9.1 1.9 1.5 ± 1.2 -0.4 ± 0.6 0.2 ± 0.6

Heterologous 1.4 ± 1.4 0.3 ± 1.1 0.2 ± 2.0 8.2 ± 1.7 -8.1 ± 3.2

" Results shown at effector/target ratio of 50:1.
b Effector/target ratio of 15:1.
' Assays also performed with cells from days —1 to 0 p.i.; no specific killing of MW-infected autologous targets (data not shown).
d Assays also performed with cells from days -2 to -1, 7 to 8, 9 to 10, and 19 to 20 p.i.; no specific killing of MVV-infected autologous targets (data not shown).

to the peak output of CD8+ or CD4+ lymphoblasts in both
sheep. They also do not correspond consistently to any
peaks in cell, lymphoblast, or particular small lymphocyte
phenotype output (data not shown). The response of efferent
lymph cells to mitogenic stimulation was also analyzed (Fig.
4B). Just as with IL-2, there were two waves of proliferation
to ConA, with the minimal stimulation being seen between
days 10 and 16 p.i. Interestingly, the time p.i. when the
efferent lymphocytes were unresponsive to these external
stimuli corresponded to the period when maximal numbers
of virus-infected cells left the node (Fig. 2).

(iii) T lymphocytes (proliferation to MW antigen). MW-
specific lymphocyte proliferation could be seen in efferent
lymphocytes after day 15 p.i. (Fig. 4C; positive proliferation
was taken as stimulation index greater than 2). This prolif¬
eration was also seen in response to recombinant gag p25
antigen but not ovalbumin or medium alone, and it required
the addition to cultures of autologous PBMC (collected
preinfection) to act as antigen-presenting cells (data not
shown) as there are few professional antigen-presenting cells
in efferent lymph (4, 29).

(iv) T lymphocytes (direct lysis of MW-infected autologous
skin cells). Fresh efferent lymphocytes were used in cytotox¬
icity assays against 51Cr-labeled autologous MW-infected
skin cells. In one sheep (657R) of five tested, specific lysis of
MVV-infected autologous skin cells could be seen, and this
was between days 10 and 14 p.i. (Table 4). The cytotoxic
activity was apparently MHC restricted, as there was no
lysis of MVV-infected heterologous cells. This cytotoxicity
was during the CD8+ lymphoblast peak of 657R. However,
none of the other four MW-challenged (or mock-infected)
sheep ever showed MW-specific cytotoxicity of autologous
cells even at effector/target ratios of 100:1 during the CD8+
lymphoblast response (Table 4, sheep 649R). All cells in
virus-infected target cultures expressed gag antigen by im-
munofluorescent staining using an anti-gag MAb, and com¬
plement lysis of cells could be shown with anti-MVV sheep
serum and rabbit complement (data not shown).

DISCUSSION

Lentiviral infections are characterized by a long asymp¬
tomatic period, when virus is rarely detected and viral gene

expression is highly restricted in the host, and a slow
progression of disease in the face of specific B- and T-cell
immune responses. There is now evidence that during this
time the lymph node is a major reservoir for the virus (10,
50). It is therefore likely that the acute events associated
with initial virus infection of a lymph node may be of
considerable importance in determining viral persistence and
the subsequent course of disease. Therefore, the study
within lymphoid tissue of the early T- and B-cell immune
response to local lentiviral infection and the correlation of
this response to viral replication are potentially of great
value in furthering our understanding of the pathogenesis of
lentiviral disease. We have shown here that after infection
with MW, sheep mount an antiviral immune response (both
T cell and antibody), but despite this, viral replication and
dissemination occur.

However, closer study reveals differences in the immune
response to MW (and other lentiviruses) and the immune
response induced by other viruses. These include the acti¬
vation state of the CD8+ lymphoblasts and the ability of the
lymph cells to respond to external stimuli during the course
of infection.

In most species, activated T lymphocytes have been
shown to be lymphoblastoid, to synthesize DNA, and to
express MHC class II antigens and IL-2R (11, 12, 18, 21, 32,
60). The CD8+ lymphoblasts, at the peak of the response to
MVV, were a homogeneous population expressing MHC
class II DR and DQ (DQ at a lower intensity than DR).
However, they did not express IL-2R (CD25), while a
proportion of the CD4+ lymphoblasts were positive for
IL-2R expression. Early after intravenous infection of
rhesus monkeys with the simian immunodeficiency virus
SIVmac, an increase in the number and percentage of CD8+
cells in the peripheral lymph nodes was reported (52). These
cells express MHC class II DR but not IL-2R. Similarly,
HIV-infected patients exhibit circulating CD8+ DR+ cells
negative for IL-2R (51, 59). These cells are defective in their
response to anti-CD3 and anti-CD2 or mitogen stimulation,
even in the presence of additional IL-2 or IL-4. It is therefore
apparent that a common feature of the immune response to
lentiviruses (not only immunodeficiency viruses) is the in¬
duction of CD8+ lymphocytes in a defective maturation state
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(59). This is not seen in the immune response to lymphocytic
choriomeningitis virus (LCMV) in mice. In that case, CD8+
lymphocytes are a high percentage of the regional lymph
node cells on day 6 p.i., but these cells express IL-2R and
will proliferate in response to recombinant IL-2 (35).

In lentiviral infections, the absolute peripheral blood
CD8+ lymphocyte numbers do not reflect any measurable
virus-specific immune function (48), and it has been postu¬
lated that they are immune regulators. We have no evidence
from our results for this. The CD8+ lymphoblasts detected in
our study do not appear to act as suppressor cells, as the
time of their appearance in the efferent lymph does not
always correspond to the time at which efferent lymph cells
do not respond to cytokine or mitogen stimulation. Nor do
the cells have any consistent cytotoxic activity, since in only
one of the five sheep was any cell-mediated cytotoxicity
demonstrable at this early stage of infection.

The primary B-cell response to MW was characterized
by a significantly increased output of Ig+ lymphoblasts in
efferent lymph and the appearance of MVV-specific anti¬
body in lymph plasma by day 4. This is the characteristic
time for the humoral response to primary virus challenge.
However, MW neutralizing antibody was not detected until
days 12 to 14 p.i., which was when virus was seen dissem¬
inating from the lymph node. All detectable virus was cell
associated, and neutralizing antibody (assayed on cell-free
virus) might not be expected to neutralize virally infected
cells. Levels ofgag p25 antigen in lymph plasma temporarily
decreased as initial antibody titers rose. p25 antigen may, in
part, represent cell-free virus which has been neutralized by
antibody. As we never detected cell-free virus, neutralizing
antibody titers may be sufficient to control spread of virus by
this route. In SIV and HIV, the presence of neutralizing
antibody also correlates with a drop in p24 antigenemia and
is associated with a longer survival time (6, 66). However,
the rising levels of p25 antigen from day 20 onwards in this
study suggest that MW replication and the number of
infected cells within the lymph node are increasing and are
not controlled by antibody.

In contrast, viral dissemination from the node was limited
in that detectable infectious MW left the node as a wave of

virally infected cells (maximum number of infected cells
between days 10 and 14 p.i.), suggesting that immune
surveillance is effective apart from this period. What
changes therefore occur within the immune system between
days 10 to 14 p.i. that allow dissemination of this form of
virus? One explanation is that T lymphocytes are unable to
respond to virally infected cells at this time. It is during this
period that efferent lymph cells do not proliferate to IL-2 and
the mitogen ConA, suggesting that T lymphocytes unrespon¬
sive to many different stimuli are induced by the virus,
allowing its dissemination. Mechanisms which could cause
this lack of response include anergy and suppressor lympho¬
cyte activity (38). No assays have been carried out to test
whether the decrease in proliferative ability seen here was
due to anergy or suppression. However, unresponsive lym¬
phocytes have been recorded in the acute response to
cytomegalovirus (5) and Epstein-Barr virus (53), and the
latter group has shown that this effect is due to the presence
of suppressor cells. It is also well documented in HIV that
there are defects in T-cell function early after infection but
before the manifestation of clinical disease (22). It is inter¬
esting that these viruses all cause persistent infections
through latent or restricted replication states in hemopoietic
cells. It may well be that the induction of nonfunctional T
lymphocytes allows the dissemination of virally infected

cells within the host through the normal lymph/blood trans¬
port system.

We have evidence for MVV-specific T-cell responses.
Antibody was detected in the lymph plasma from day 4 p.i.
onwards, and as this response requires T-cell help, it is likely
that MW-specific T cells are present in the node from this
time. However, MVV-specific proliferative responses were
not detected in efferent lymph cells until day 15 p.i. In
persistently infected sheep, the proliferating cell in this assay
was principally CD4+ (54a). The specific T-cell response
increased as cell-associated virus exiting the lymph node
decreased. Therefore, the increase in MVV-specific CD4+
lymphocytes may be responsible for the reduction of cell-
associated virus. A model murine retroviral infection has
been shown to require both CD4+ and CD8+ lymphocytes
for protection (28).

Direct MVV-specific cytotoxic activity was detected in
efferent lymph cells but in only one of five sheep between
days 10 and 14 p.i. A similar proportion of HIV patients
show cytotoxic T-lymphocyte (CTL) activity in unstimu¬
lated peripheral blood lymphocytes (20). However, in HIV
infection, there are reports that CD8+ CD57+ lymphocytes
produce a soluble factor inhibiting CTL lysis of target cells
(1, 58). A similar mechanism operating in sheep could
account for the small number of sheep exhibiting direct
cytotoxicity in our study. After primary infection with
vaccinia virus (30, 31), cytotoxic lymphocytes were detected
in efferent lymph at days 4 to 7 p.i. This CTL activity was
associated with the lymphoblast population of efferent
lymph cells, and in sheep 657R, the cytotoxic activity also
corresponded to the lymphoblast wave. In LCMV infection
in mice, LCMV-specific CTL appear on day 6 p.i. in the
regional lymph node (35), and SIVmac infection of rhesus
monkeys also induced CTL in the peripheral lymph nodes in
four of eight monkeys; however, the authors do not say at
which time these responses were induced (52). The induction
of precursor CTL was not assayed in the work presented
here.

Interestingly, the CTL activity in sheep 657R was detected
during the period when cell-associated virus exited the
lymph node, and so this activity had not protected this sheep
from viral dissemination. Cell-associated virus was detected

by cocultivation of efferent lymph cells on indicator cells.
Before cocultivation, MVV may be in a restricted replication
state within the host cell and so may not express viral
antigen to the immune system. In HIV and SIV, CTL and
precursor CTL are present in animals at the same time as
virus may be isolated and during disease progression. How¬
ever, there may be a role for CD8+ cells in reducing viral
load, as it has been shown that CTL activity decreases in
HIV-infected patients with advanced disease in which virus
production is increased (48).

There is evidence that the immune response may activate
as well as limit lentiviral infection. The LTR of T-cell-tropic
lentiviruses HIV and SIV contain NF-Kb-binding elements
responsive to cytokine activation of T cells (reviewed in
reference 56), and the virulence of one SIV clone is associ¬
ated with the ability of this clone to directly activate lym¬
phocytes (13). Similarly, the LTR in MVV is known to
contain a number of API elements (14) which may be
responsive to monokines generated during an immune re¬
sponse. Postinfection inoculation with purified MVV in
Freund's adjuvant enhanced the severity of the lesions in
MVV infection (47), as did prior vaccination with inactivated
caprine arthritis-encephalitis virus (41). Immune activation
in vivo generated by purified protein derivative (PPD) also
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stimulated MVV replication and dissemination in efferent
lymph (our unpublished results). During acute infection of
the node by MW, the developing immune response to the
virus may promote viral replication. The timing of both
MVV replication (as measured by p25 levels) and late
MVV-infected cell dissemination would support this.

By whatever mechanism, MVV-infected cells evaded the
host immune response and disseminated from the lymph
node. The frequency of these cells was very low, less than 1
in 104, but over time, this added up to a considerable number
of infectious centers (more than 104). A restricted viral
replication state is well characterized in persistent MW in
vivo infection (3), and in a lung model of early MVV
infection, Geballe et al. (15) believe that a restricted state
may be established by day 4 p.i. In this study, we do not
know the replication state of the infected cell, as in situ
hybridization revealed rare MW RNA-positive efferent
lymph cells (1 to 5 per 106 cells) (57), but no MVV gag pl5-
or p25-positive cells were detected by immunofluorescence
during the period when infectious MW was detected (un¬
published results). The lineage of these rare infected cells is
unknown. Efferent lymph contains predominantly lympho¬
cytes, but rare macrophage-like cells (by morphology and
nonspecific esterase positivity) can be detected at a fre¬
quency similar to that of cell-associated virus.

Although here we have studied the acute immune events
involved in MW infection, already some of the pathogenic
mechanisms are evident. The continuing virus replication in
the presence of MVV-specific antibody leads to immune
complex formation, and these complexes may contribute to
lesion formation in a variety of organs. Similarly, the infil¬
tration of many MVV-affected tissues by CD8+ lymphocytes
may follow the initial activation of this cell population
reported here.
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The stage of activation of bronchoalveolar lavage fluid (BALF) lymphocytes and pe¬
ripheral blood lymphocytes (PBL) from maedi-visna virus (MVV) infected (n = 7) and
control (« = 7) sheep was investigated by assessing four parameters of lymphocyte acti¬
vation; lymphocyte size and complexity, loss of CD5+ T cells, expression of cell surface
interleukin-2 receptor (IL-2R) and expression of DR and DQ MHC Class II molecules.
BALF lymphocytes from MVV-infected animals had a significant loss of CD5+ lympho¬
cytes (P< 0.05) and upregulation of DR and DQ MFIC Class II molecules compared with
controls, consistent with BALF lymphocyte activation. No changes in cell size and com¬
plexity or expression of IL-2R were observed. No evidence of PBL activation was detected.
These findings suggest an impaired BALF lymphocyte activation during MVV infection.

Abbreviations

AGIDT = agar gel immunodiffusion test; APC = antigen presenting cells;
BAL = bronchoalveolar lavage; BALF = bronchoalveolar lavage fluid; FSC = forward angle
light scatter; IFN = interferon; IL-2 = interleukin-2; IL-2R = interleukin-2 receptor;
MHC = major histocompatibility complex; MoAb = monoclonal antibody; MVV = maedi-
visna virus; PB = peripheral blood; PBL = peripheral blood lymphocytes; PBS = phosphate-
buffered saline; SSC = right angle light scatter; TcR = T cell receptor.
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1. Introduction

Interstitial lung diseases are a very heterogeneous group of respiratory disor¬
ders. The study of the aetiologic factors involved in their pathogenesis has be¬
come an important field of research in both human and comparative medicine
(Crystal et al., 1981; Semenzato, 1991). The ovine interstitial pneumonia caused
by maedi-visna virus (MW), the prototype of the non-primate lentiviruses, is
characterised by thickening of interalveolar septae due to mononuclear cell infil¬
tration, smooth muscle hyperplasia and lymphoid follicular hyperplasia (Georgs-
son et al., 1976).

MVV infects cells of the monocyte-macrophage lineage, remaining in a latent
state in the monocytes and becoming productively expressed only in mature mac¬
rophages in certain tissues (Gendelman et al., 1985; Peluso et al., 1985). Al¬
though this lentivirus seems not to be lymphotrophic (Gorrell et al., 1992), lym¬
phocytes are the main cell type which accumulate in the lung (Narayan and
Clements, 1989). Moreover, previous phenotypic studies on both the lung inter-
stitium and the cellular alveolar milieu of sheep naturally infected with MVV
have also shown altered phenotypic profiles on the different T cell populations,
suggesting an active T lymphocyte involvement during the course of the disease
in the lungs (Watt et al., 1992a; Lujan et al., 1993). Lymphocytes become im¬
munologically active only after a process of activation which involves a series of
cellular and lymphokine-mediated events starting with the antigen presentation
by the antigen presenting cells (APC) (Bierer et al., 1989). Several parameters
of lymphocyte activation have been suggested, such as cell size (blast transfor¬
mation), changes in RNA and DNA content, expression of MHC Class II anti¬
gen, spontaneous release of interleukin-2 (IL-2) and expression of interleukin-2
receptor (IL-2R) (Mornex et al., 1985; Weiss and Imboden, 1987). Addition¬
ally, in sheep, loss of CD5+ lymphocytes is an indicator of lymphocyte activation
(Hopkins and Dutia, 1990).

To further evaluate the peripheral and bronchoalveolar immunological pro¬
cesses occurring during natural MW-induced interstitial pneumonia, the stage
of activation of lymphocytes in peripheral blood (PB) and bronchoalveolar la¬
vage fluid (BALF) was assessed.

2. Material and methods

2.1. Animals

Seven adult Texel ewes (age range 3-7 years), seropositive for MW by the
agar gel immunodiffusion test (AGIDT) (Winward et al., 1979) and seven breed,
sex and aged-matched seronegative control ewes were used, both group of ani¬
mals being kept in separate buildings, but under similar management conditions.
The seropositive animals were selected from a naturally infected flock (Watt et
al., 1992b). The control group was purchased from an accredited MW-free Texel
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flock. All animals employed for this study were thoroughly assessed using stan¬
dard clinical examination, faecal examination for lungworm larvae, routine hae-
matology and clinical biochemistry procedures. Pulmonary function studies were
also performed (Collie et al., 1993).

2.2. Sample collection

BALF and PB samples were collected as previously described (Lujan et al.,
1993). Briefly, for BALF collection, animals were anaesthetised with intravenous
thiopentone sodium (Intraval Sodium; May and Baker Ltd., Harlow, UK), in¬
tubated with 9.5-10.5 mm cuffed endotracheal tubes and placed in sternal re¬
cumbency. Two hundred millilitres of a sterile saline solution were instilled
through the lumen of a fibre optic bronchoscope (Olympus Corp., New Hyde
Park, NY) into the diaphragmatic lobe, recovered by gentle aspiration and stored
on ice. BALF was filtered through a loose cotton gauze and after centrifugation
for 10 min at 800 Xg, cell pellets were harvested and resuspended in sterile PBS,
cellular concentrations determined and differential cell counts performed. For
differential cell counts, cytocentrifuge preparations were made (Cytospin 3,
Shandon) and stained with Leishman's dye. Viability of the cells, determined by
trypan blue dye exclusion, was always higher than 90%. Routine bacteriological
culture of BALF was not performed because of the frequent contamination of
BALF by oropharyngeal organisms (Bartlettet al., 1976).

PB samples were collected by jugular venepuncture into vacutainers containing
EDTA; erythrocytes were lysed with NH4C1 buffer (Mishell and Shiigi, 1980)
and a total and differential leucocyte count was performed.

2.3. Monoclonal antibodies

Single and dual-colour flow cytometric analyses were performed. For the for¬
mer, monoclonal antibody (MoAb) ST-1 (CD5 homologue), from the IgG, iso-
type was employed (Hopkins and Dutia, 1990). The dual-colour analysis em¬
ployed biotinylated MoAbs SBU-T4 (CD4 homologue) and SBU-T8 (CD8
homologue) (Maddox et al., 1985), and 86D (y<5TcR) (Mackay et al., 1989),
in combination with unconjugated MoAbs: SW73.2 (pan MHC Class II) (Hop¬
kins etal., 1986), VPM54 (Class II/DR) and VPM36 (Class II/DQ) (Dutia et
al., 1990), and IL-A111 (anti bovine-IL-2R) (Naessens et al., 1992). SBU-T4
and SBU-T8 were of the murine IgG2a isotype and 86D, VPM54, VPM36 and
IL-A111 of the murine IgG, isotype. SW73.2 is a rat MoAb of the IgG2b isotype.
All the MoAbs were used at previously determined optimal working dilutions.

2.4. Labelling technique andflow cytometry

The single-colour immunofluorescent labelling technique has been previously
described (Lujan et al., 1993). For dual-colour analysis the sandwich labelling
procedure described by Pechhold and Kabelitz (1992) was employed. Briefly, 50
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/A of BALF or PB cell suspension were incubated for 30 min at room temperature
with combinations ofbiotinylated (25/d) and unconjugated (25 ii\) MoAb. Cells
were washed twice in 750 /A PBA (phosphate buffered saline + 1% bovine serum
albumin + 0.1% sodium azide) and 12.5 fA of streptavidin-phycoerythrin (SA-
PE) (1:200) were added. After a 5 min delay, 12.5 /A of rabbit anti-mouse IgG!
FITC (1:250) or sheep anti-rat Ig FITC (1:50), depending on the species of the
primary MoAb, were added without an intervening wash step, and incubated for

Table 1

Differential cell count in bronchoalveolar lavage fluid (BALF) from control and MVV-infected ani¬
mals. Results are expressed as median of percentages with ranges in parentheses

Control (« = 7) Maedi (« = 7)

Neutrophils 2.0(0.0-3.0) 15.0* (2.0—30.0)
Lymphocytes 5.0(4.0-20.0) 13.0*( 11.0-45.0)
Macrophages 88.0(79.0-91.0) 65.0*(44.0-77.0)
Eosinophils 2.0(0.0-5.0) 1.0(0.0-2.0)
Mast cells 1.0(0.0-2.0) 0.0(0.0-1.0)
* Significantly different at P<0.05.

BALF

Fig. 1. Light scatter profiles of bronchoalveolar lavage (BALF) and peripheral blood (PB) of a con¬
trol (A) and a maedi-visna infected (B) animal. The gate shows the lymphocyte population, which
appears in the same location for both group of animals. No blast transformation is observed.
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Table 2

Coexpression ofMHC Class II molecules or IL-2R by CD4+ T lymphocytes in bronchoalveolar lavage
fluid from control and maedi-visna virus infected sheep

CD4+-SW73
(pan Class II)

CD4+-VPM54
(DR)

CD4+-VPM36
(DQ)

CD4+-IL2R

Control 32.1 12.7 14.0 16.3

(n=l) (10.8-60.0) (10.1-23.9) (3.4-23.5) (4.4-35.1)
Maedi 76.4* 53.9* 55.1* 17.6

(i= 7) (17.5-87.2) (17.5-82.5) (17.3-79.2) (17.3-37.3)

Results are expressed as median of percentages of curve subtraction analyses with ranges in parentheses.
* Significantly different from controls at P<0.05 (Mann-Whitney non-parametric rank test).

30 min at 4°C. The cells were then washed with PBA, resuspended in 250 /A of
PBA and kept at 4°C until analysed.

Fluorescence was quantified using a FACScan flow cytometer (Becton-Dick-
inson) equipped with Consort 30 software. Between 5000 and 10 000 cells were
collected per sample and red and green fluorescence analyses were performed on
viable lymphocytes, discriminated from dead cells and alveolar macrophages on
the basis of their forward light scatter (FSC) versus right angle light scatter (SSC)
parameters. Appropriate FI^-FLj and FL2-FL! compensation was used to op¬
timise dual colour analysis.

2.5. Statistical analysis

Results obtained from the double staining were analysed by setting quadrants
by reference to a negative control and then calculating the percentage of double
positively labelled cells. All sample comparisons between MW and control sheep
were made using the Mann-Whitney non-parametric test, with a significance level
of 95%.

3. Results

3.1. Clinical status ofthe animals

MVV-infected sheep had lower body condition than controls, but showed no
other clinical signs of respiratory disease. MW-infected animals had varying de¬
grees of subclinical pulmonary dysfunction as assessed by pulmonary function
testing (Collie et al., 1993). Clinical and haematological examination did not
indicate the presence ofany other significant respiratory disease unrelated to MW
infection in either group.
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Fig. 2. Contour maps of dual stained CD4+ T lymphocytes from bronchoalveolar lavage from a con¬
trol and a maedi-visna infected animal. FL1 (green fluorescence) on the ordinate and FL2 (red flu¬
orescence) on the abcissa. FL2 distinguishes CD4+ cells, and FL1 distinguishes MHC Class II and
IL-2R expression. An increase in MHC Class II molecules is observed for SW73.2 (pan-Class II),
VPM54 (DR) and VPM36 (DQ), while there is no increase in IL-2R expression.
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Table 3

Coexpression ofMHC Class II or IL-2R molecules by CD8+ T lymphocytes in bronchoalveolar lavage
fluid (BALF) from control and maedi-visna virus (MVV)-infected sheep

CD8 + -SW73 CD8+-VPM54 CD8+-VPM36 CD8+-IL2R
(pan Class II) (DR) (DQ)

Control 55.2 26.7 15.5 7.5

(n=l) (23.4-75.6) (15.9-66.8) (7.5-61.1) (12.8-39.5)
Maedi 89.2* 69.4* 36.9 13.4

(" = 7) (72.1-100) (41.6-90.2) (9.7-78.3) (1.5-77.3)

Results are expressed as median of percentages of double-positively labelled cells in lymphocyte gate
with ranges in parentheses.
* Significantly different from controls at PcO.05 (Mann-Whitney non-parametric rank test).

3.2. Differential BALF cell count

BALF from MVV infected animals had significantly (P< 0.05) increased per¬
centages of lymphocytes and neutrophils and decreased percentages of macro¬
phages (Table 1).

3.3. BALF lymphocyte phenotypes

Compared with those of controls, BALF lymphocytes from MVV-infected an¬
imals had significantly (P<0.05) decreased CD4+ T cells (control 62.9, MVV
36.1), non-significantly increased CD8+ T cells (control 17.1, MVV 35.8), a
significant inversion (P<0.05) of the CD4/CD8 ratio (control 2.9, MVV 1.0)
and significantly (P<0.05) decreased CD5+ T cells (control 60.5, MVV 35.9)
(results expressed as median of percentages of positively labelled cells). No
changes were observed in the yS T cell population.

3.4. Blast transformation in lymphocytesfrom BALF and PB

In both BALF and PB, lymphocytes from control and MVV-infected animals
showed similar distributions on the FSC/SSC dot plot (Fig. 1). Furthermore,
statistical analysis confirmed the lack of significant differences for the FSC/SSC
values between control and MVV-infected animals (data not shown).

3.5. MHC Class II expression in BALF

3.5.1. CD4+ T lymphocytes
The results of the coexpression of CD4+ T cells and MHC Class II molecules

in BALF lymphocytes are shown in Table 2 and Fig. 2.
MVV-infected animals demonstrated a significant (P<0.05) increase in the

percentage of CD4+ T cells expressing all the MHC Class II MoAbs employed:
SW73.2, VPM54 (DR) andVPM36 (DQ).
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Fig. 3. Contour maps of dual stained CD8+ T lymphocytes from bronchoalveolar lavage from a con¬
trol and a maedi-visna infected animal. FLI (green fluorescence) on the ordinate and FL2 (red flu¬
orescence) on the abscissa. FL2 distinguishes CD8+ cells, and FLI distinguishes MHC Class II and
IL-2R expression. An increase in MFIC Class II molecules is observed for SW73.2 (pan-Class II) and
VPM54 (DR), while there is no increase in VPM36 (DQ) or IL-2R.
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Table 4

Coexpression of MHC Class II or IL-2R molecules by yd T lymphocytes in bronchoalveolar lavage
fluid (BALF) from control and maedi-visna virus (MVV)-infected sheep

y<5-SW73 y<5-VPM54 y<5-VPM36 y<5-IL-2R
(pan Class II) (DR) (DQ)

Control 56.0 66.1 86.1 81.0

(n=l) (14.1-93.6) (32.6-96.7) (28.8-96.7) (28.8-96.7)
Maedi 87.2 94.5 93.5 92.7

(n = 7) (63.8-97.9) (85.3-97.9) (64.2-99.2) (56.5-97.8)

Results are expressed as median of percentages of double-positively labelled cells in lymphocyte gate
with ranges in parentheses.

3.5.2. CD8+ T lymphocytes
The results of the coexpression of CD8+ T cells and MHC Class II molecules

are shown in Table 3 and Fig. 3. In the CD8+ T cell subpopulation of MW-
infected animals there was a significant increase (P< 0.05) in the percentage of
cells expressing SW73.2 and VPM54 (DR). The percentage of CD8+ T cells pos¬
itive for VPM36 (DQ) was increased in the MVV-infected animals, although
this increase was not significant.

3.5.3. yd T lymphocytes
There were very few yd TcR lymphocytes in the BALF ofboth control and MW-

infected animals (control 5.3, MW 3.0) (results expressed as median of per¬
centages of positively labelled cells in lymphocyte gate). However, most of the yd
TcR lymphocytes in both groups of animals expressed the whole range of the
MHC Class II molecules (Table 4). yd TcR BALF lymphocytes from the MVV-
infected group expressed a higher density of MHC Class II molecules compared
with controls, although this difference was not significant.

3.6. IL-2R expression

The proportion of CD4+, CD8+ and yd BALF lymphocytes expressing IL-2R
molecules are shown in Tables 2, 3 and 4. There were no significant differences
in the expression of IL-2R by any of the three T cell subsets between control and
MW-infected animals.

3.7. Peripheral blood lymphocyte (PBL) phenotyping

In PBL, no significant differences between the two groups of animals were ob¬
served for the expression of MHC Class II or IL-2R by any of the three T cell
subsets.
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4. Discussion

The interstitial pneumonia caused by MW is characterised by a prominent
infiltration of lymphocytes in both the interstitial and the alveolar spaces
(Georgsson et al., 1976; Lujan et al., 1993). At the level of the alveoli this infil¬
tration is defined by decreased numbers of CD4+ and CD5+ T lymphocytes, in¬
creased numbers of CD8+ T cells and lack of detectable changes in the yS T cells
and B cells (Cordier et al., 1992; Lujan et al., 1993). In this study lymphocyte
subsets in BALF and PB were similar to those previously described for a different
group of naturally MW-infected animals belonging to the same flock (Lujan et
al., 1993).

Although increased cell size and complexity are regarded as early parameters
of activation and are produced as a consequence of antigenic stimulation (Good¬
man, 1983; Samelson, 1989), these changes were not found in MW-infected
sheep.

In contrast, supporting the existence of an ongoing T-cell activation process in
the lung of MW-infected animals, a significant (Re 0.05) decrease in CD5 +
BALF lymphocytes was observed. Furthermore, MHC Class II molecules, which
are also regarded as activation markers in T lymphocytes (Cotner et al., 1983),
were increased in BALF lymphocytes of the same animals. Only CD4+ and CD8 +
T lymphocytes showed upregulation of MHC Class II molecules, while no signif¬
icant changes were observed in the yS T population.

The existence of a considerable proportion of resting T-lymphocytes bearing
MHC Class II antigens has already been reported (Burrells and Sutherland, 1994).
Our findings in BALF and PB from control animals are consistent with this re¬
port. The higher levels of MHC Class II molecules on BALF lymphocytes from
MW-infected animals might reflect a cytokine-mediated immune dysfunction.
MHC Class II molecules expression on BALF T lymphocytes could be upregu-
lated by y-interferon (y-IFN) (Kennedy et al., 1985; Nash et al., 1992) produced
by MW-infected alveolar macrophages.

The availability of the MoAbs VPM54 and VPM36 (homologues to the human
DR and DQ molecules, respectively) allowed the study of differential expression
of DQ and DR on the T cell subpopulations from BALF. The existence of marked
differences in the ovine lung with respect to other body compartments is appar¬
ent. Hence, while in adult peripheral blood and efferent lymph, MHC Class II
molecules are mainly DR, with very little DQ expression (Dutia et al., 1993), in
BALF from both control and MW-infected animals a considerable proportion
of CD4+ and CD8+ T lymphocytes express DQ molecules. This would support
the existence of functional differences between DQ and DR molecules (Oliviera
and Mitchison, 1989; Altmann et al., 1991). DQ molecules might play an impor¬
tant role in the MW-infected lung during activation (Hopkins et al., 1993). No
previous quantification of the different locus products on T cells from the ovine
lung have been reported.

The fourth parameter to support the hypothesis of an unusual process of BALF
lymphocyte activation is the fact that upregulated IL-2R expression could not be
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found in BALF of infected sheep in spite of having used a high sensitivity system
for its detection (Zola et al., 1990; Santos et al., 1991). IL-2R is expressed at low
levels in normal human BALF T lymphocytes (Pinkston et al., 1983; Becker et
al., 1990) and the increase of this receptor is considered as a parameter of lym¬
phocyte activation (Zola et al., 1991). Following antigenic stimulation IL-2,
through interacting with its high affinity membrane receptor, plays an essential
role in the proliferation of activated T cells (Greene et al., 1986a). Disorders of
IL-2R expression have been widely reported in primary and acquired immuno¬
deficiency and rheumatic diseases (Prince et al., 1984; Waldmann et al., 1985;
Greene etal., 1986b;Campenetal., 1988; Mahalingam etal., 1993), and in blood
of patients with insulin-dependent diabetes mellitus (Kontiainen et al., 1991).
In lymph nodes of lentiviral-infected sheep, both decreased IL-2 production (El¬
lis and DeMartini, 1985) and lack of IL-2R expression by the CD8+ T subpo-
pulation (Bird et al., 1993) have also been observed. In the present work levels
of IL-2 were not studied.

Discrepancy between Class II and IL-2R expression has also been found in some
inflammatory lesions in synovial tissues (Burmester et al., 1984), in Sjogrens's
syndrome (Johnson et al., 1987) and in feline immunodeficiency virus (FIV)
infection (Rideout et al., 1992).

In summary, the stage of activation of BALF and PB lymphocyte subpopula-
tions during the course of natural MVV infection has been studied. Four param¬
eters of T lymphocyte activation were employed, i.e. blast transformation,
expression of IL-2R, expression of MHC Class II molecules and loss of CD5
(which is considered an additional marker of activation in the sheep (Hopkins
and Dutia, 1990).

Of the four previously reported parameters of T cell activation only the last
two were present in BALF lymphocytes from MVV-infected animals, as no signs
of blast transformation or increased IL-2R expression could be observed. These
results suggest a dysfunction in the cellular immune response during MVV-lenti-
viral infection. In PBL from MVV-infected animals none of the previous param¬
eters of lymphocyte activation could be detected, indicating a pulmonary com-
partmentalisation of the immune response during maedi.

Further studies are required to determine whether the dysfunction in lympho¬
cyte activation observed during the course of the natural disease is maintained
under in vitro conditions.
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Reactive changes occurring within lymph nodes draining the subcutaneous site of acute infection with
maedi-visna virus (MYV) were studied, and the appearance of infected cells correlated with the immune
response. Cells infected with virus were detected in the node by cocultivation from day 4 postinfection (p.i.),
with maximum numbers being seen between days 7 and 14, but even then infected cells were rare, with a
maximum frequency of 23 50% tissue culture infective doses (TCID50) in 106 lymph node cells. At later times,
infected cells were still detected, but their numbers fell to 1 to 2 TCID50 per 106 cells. Virus-specific CD8+
cytotoxic T-cell precursors (CTLp) were isolated from infected nodes from day 10 p.i. onwards, and T-cell
proliferative responses to MW were first detected on day 7 and consistently detected after day 18. Histological
analysis showed a vigorous immune response in the node. There was a marked blast reaction in the T-cell-rich
zones, which was greatest at the time when the number of virally infected cells was at its height. At this stage,
large numbers of plasma cells were seen in the medullary cords, indicating that extensive T-cell-dependent
B-cell activation was occurring in the T-cell-rich zones. Germinal centers were prominent shortly after the
onset of the T-zone response and were still present at 40 days p.i. Phenotype studies of isolated lymph node cells
failed to detect major changes in the proportion or phenotype of macrophages, CD1+ interdigitating cells, and
CD4+ or CD8+ T cells despite the fact that CD8+ lymphoblasts form a major population leaving the node in
efferent lymph. This suggests that there is a balanced increase in the number of all cell types in response to
the virus within the node and selective migration of CD8+ lymphoblasts containing virus-specific CTLp from
the node. Virus-specific immune responses are therefore present within the node when infectious virus isolation
is maximal, but cellular immunity may act to control the level of infection from day 18 onwards.

The usual course of virus infections can be considered to

follow a number of stages: first, infection and replication of
virus; second, viral antigens (or infected cells) induce an im¬
mune response, and lastly, immune effector mechanisms clear
the virus (9, 40). Although most virus infections could be said
to follow this strategy, some immune responses are patholog¬
ical for the host (e.g., lymphocytic choriomeningitis virus in¬
fection in adult mice) (2, 23), and some viruses evade the
immune response and so are not cleared from the host (her¬
pesviruses can become latent in the nervous system or lym¬
phoid cells) (35). Of even more interest are those viruses, such
as lentiviruses (29), which evade host immune responses and
persist even though sites of true latency have not been found.
In these cases, the virus continues to replicate, and there is a
gradual buildup of pathology. The lentivirus family includes
the human, simian, and feline immunodeficiency viruses (HIV,
SIV, and FIV, respectively) and the small ruminant lentiviruses
maedi-visna virus (MVV) and caprine arthritis encephalitis
virus.

Specific immune responses are induced in lymphoid tissue,
and it is also in lymphoid tissue that continuing lentiviral rep¬
lication occurs during disease progression (11, 31). For humans
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infected with HIV, little is known about the initial stages of
infection and induction of immunity because of the subclinical
nature of the infection. It is important to understand the viral
and immunological events that occur in vivo in lymphoid tissue
during primary lentiviral infection that result in viral persis¬
tence in order to devise realistic vaccination strategies (12). We
are studying the very early interaction of the lentivirus MVV
with the host immune response within sheep lymphoid tissue.
Sheep are amenable to surgical lymphatic cannulation, and
therefore such a detailed analysis is possible. Previously we
have shown that major histocompatibility complex (MHC)
class Il-positive CD8+ lymphoblasts exit the acutely infected
lymph node via efferent lymph at about the same time that low
frequencies of virus-infected cells are also detected leaving the
node, disseminating the infection (4). It is now appreciated
that the lymph nodes are major sites of HIV replication
throughout the disease (11, 31), and it is therefore likely that
the virus-infected cells seen leaving acutely MW-infected
nodes are only a small proportion of the infected cells which
remain in the node. We have therefore looked, first, for the
establishment and maintenance of MVV infection within the

lymph node and, second, for abnormalities in the immune
response to MVV during acute infection of the node which
might prevent viral clearance.

MATERIALS AND METHODS

Animals. Finnish Landrace sheep (1 to 5 years of age) were purchased from
the Moredun Research Institute, Edinburgh, Scotland.

Skin cell lines and virus culture. Autologous skin cell lines for each sheep
were derived from skin biopsies as previously described (4). Autologous cell-
grown MVV strain EV1 (36) was cultured as previously described (4) in Dul-
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becco's modified Eagle's medium (DME) supplemented with 2 mM l-glutamine,
100 U of benzylpenicillin plus 100 U of streptomycin per ml, and 2% fetal calf
serum (FCS) (2% DME). Virus was stored at —80°C and diluted in 2% DME to
give 2.5 x 104 50% tissue culture infective doses (TCID50)/ml for injection into
sheep on the day of use. Virus was inactivated for 1 h at room temperature under
a short UV wavelength bulb (Philips TUV 30W/G30 T8). No infectious virus was
detectable after this treatment, and the stock was diluted for injection according
to its original virus titer.

Infection of sheep and preparation of lymph nodes. Sheep were infected with
MVV (4 ml of virus-infected autologous cell supernatant, total 105 TCID50) at
four sites within the drainage area of the prefemoral lymph node. The prefemo-
ral lymph nodes were excised, excess fat was removed, and the nodes were
weighed. Nodes were sectioned transversely, and both end pieces were put into
Hanks' buffered sterile saline (HBSS). More central sections were snap frozen in
liquid nitrogen and stored at -80°C or fixed in neutral buffered formalin over¬
night before being embedded in wax blocks and stored at room temperature. The
end node sections were removed from HBSS, chopped into small pieces with
sterile scissors in 1 ml of RPMI 1640 with 20 mM HEPES (N-2-hydroxyeth-
ylpiperazine-W-2-ethanesulfonic acid; catalog no. 12-604-54; ICN Flow) supple¬
mented with 2 mM l-glutamine, 5 x 10-5 M 2-mercaptoethanol, 100 U of
benzylpenicillin per ml, 100 U of streptomycin per ml, and 10% FCS (10%
RPMI), and then teased apart with sterile forceps in three changes of 1 ml each
of 10% RPMI. The cells removed from the node were pooled, and the resulting
node lumps were digested for 30 min in 10% RPMI with 10 |xg of collagenase XI
(Sigma C7657) and 20 ng of DNase I (Sigma D5025) per ml at room temperature
with continuous agitation. These lumps were again teased apart with forceps in
three changes of 1 ml each of 10% RPMI, and the cell suspensions were pooled
with the previous suspensions. Cells were purified over Lymphoprep (Nycomed)
(800 Xg, 10 min), and interface cells were washed twice in RPMI supplemented
as above but with 2% FCS (2% RPMI) before suspension in the required
medium for use immediately or storage in 10% dimethyl sulfoxide-90% FCS
under liquid nitrogen. Preliminary experiments showed that a 30-min digestion
with collagenase gave single-cell suspensions with maximal levels of immuno¬
globulin production in vitro and good proliferative results and that purification of
the cells on Lymphoprep did not remove significant numbers of large cells.

Quantitation of infectious MW. Infectious virus was detected by cocultivation
of serial dilutions of isolated lymph node cells on heterologous skin fibroblast
monolayers in DME supplemented as above but with 3% FCS as previously
described (4) followed by detection of virus by staining for MVV gag pl5.

CTL assays. Cytotoxic T-lymphocyte (CTL) assays were performed as previ¬
ously described (5). Briefly, lymphocyte effectors were made to the required
concentration for effector-target cell ratios of 3:1 to 100:1 before incubation with
target cells for 16 h at 37°C in 5% C02. Targets were 104 autologous or heter¬
ologous skin cells either mock infected or infected for 72 h with 0.5 TCID50 of
MVV EV1 per cell labelled overnight with 1 jxCi of 51Cr (sodium chromate; 229
to 550 mCi/mg of Cr; ICN Biomedicals, Inc.) per 104 cells. Targets were washed
four times and then incubated with effectors in 10% RPMI in a total volume of
150 pi The radioactivity in 40 (jlI of supernatant was counted in a Wallac 1450
Microbeta liquid scintillation counter. The results have been expressed as the
percent MVV specific cytotoxicity, calculated as percent specific 51Cr release
from infected targets minus percent specific 51 Cr release from mock-infected
targets ± the sum of their standard deviations. All values were obtained from
triplicate samples, and spontaneous 51Cr release was always less than 30% of
maximum release.

Effectors were uncultured lymph node cells or lymph node cells cultured for 14
days on autologous MVV EVl-infected skin fibroblasts in 10% RPMI with 5 U
of recombinant human interleukin-2 (IL-2) per ml (5).

Proliferation of lymph node cells to MW antigen. Lymph node cells were
resuspended in 10% RPMI supplemented with 200 fxg gentamicin per ml, and
105 cells were plated per well into flat-bottomed microtiter plates. MVV or
mock-infected antigen was added to a final concentration of 1.75, 3.5, or 7.0 p.g
of protein per ml in 200 |xl, and the cells were cultured for 5 days at 37°C in 5%
C02. Cultures were pulsed with 1 p.Ci of [3H]thymidine (20 to 30 Ci/mmol;
Amersham International PLC) per well for the final 5 h, and harvested onto glass
fiber filters with a Tomtec Harvester 96 automatic cell harvester, and radioac¬
tivity was counted with a Wallac 1450 Microbeta liquid scintillation counter.
Results have been expressed as the stimulation index of MVV antigen-stimulated
cultures compared with mock antigen-stimulated cultures (mean counts per
minute [cpm] for MVV-stimulated wells/mean cpm for mock-stimulated wells)
for each antigen dilution. Results were obtained from quadruplicate wells.

MVV and mock-infected antigens were prepared from the same sheep fibro¬
blast cell line. Supernatants of infected cell cultures (and cultures mock infected
at the same time) showing extensive cytopathic effects were clarified by centrif-
ugation at 10,000 x g at 4°C for 30 min, and virus was then pelleted at 10,000 x
g at 4°C for 16 to 18 h, resuspended in phosphate-buffered saline (PBS), and
stored at -80°C. The protein concentrations of each sample were determined by
using a Bio-Rad Microprotein assay kit, and the optimum concentrations for use
in a proliferation assay were determined from trial assays with lymph node cells
from persistently infected sheep.

Histology. Sections of the wax-embedded tissues were cut and stained by the
methyl green pyronin method, which allows lymphoblasts and plasma cells to be
readily identified on the basis of their high mRNA content and decondensed

TABLE 1. Specificity of MAbs for cell phenotyping
MAb clone Specificity Reference

OM1 CDllc a chain 17
VPM65 CD 14 16
VPM5 CD1 7
SBU-T4 CD4 27
SBU-T8 CD8 27
T197 T19 25
DU2-104 Pan B 26
VPM36 MHC class II DQ 10
VPM54 MHC class II DR 10
ILA-111 IL-2R CD25 28

chromatin. The sections were assessed by an independent observer who had no
knowledge of the time of infection of the sheep. Uninfected lymph node sections
were randomly included as controls.

Immunohistology was performed on 8-|xm-thick frozen sections by using
monoclonal antibody (MAb) 415 anti-MVV gag pl5, kindly donated by D. J.
Houwers, in combination with biotin-conjugated rabbit anti-mouse immunoglob¬
ulin (Sigma), streptavidin-horseradish peroxidase conjugate (Sigma), and 3,3'-
diaminobenzidine tetrahydrochloride (Sigma) as substrates.

Immunofluorescence analysis of cell phenotype. The phenotype of cells iso¬
lated from the lymph nodes was determined by using a panel of MAbs against
sheep surface molecules (Table 1). Analysis was carried out on a Becton Dick¬
inson FACScan (Becton Dickinson, Mountain View, Calif.). Ten thousand cells,
with dead cells excluded on the basis of forward scatter (FSC), and 4,000 large
cells defined by a gate based on their higher FSC and side scatter (SSC) prop¬
erties (see Fig. 5A) were analyzed per lymph node with Consort 30 version F
(Becton Dickinson). MHC class II DR and DQ and IL-2 receptor expression
were analyzed on strongly positive CD4+ and CD8+ lymphocytes by two-color
analysis as described previously (4).

RESULTS

A series of prefemoral lymph nodes were obtained at differ¬
ent times after local MVV infection (4 days to approximately
18 months p.i.). Each infected node was from a different sheep
(two sheep at each time point removed on different days), and
eight prefemoral nodes were removed from uninfected sheep
as controls. In addition, two sheep were mock infected with
UV-inactivated MVV prior to lymph node removal. Single-cell
suspensions derived from the nodes were used to analyze the
appearance of infected cells and the specific immune response
to MVV, and these were correlated to histological changes
within the nodes.

Time course of virus output. Cell-associated virus could be
detected by cocultivation in all but two infected lymph nodes

c/5 co i— 5 i— ir > 5 ->i— |— i— > 5 i— > ? fr Q. o.
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FIG. 1. Frequency of infectious MVV cells recovered from MVV-infected
lymph nodes. Infectious virus was detected by cocultivation of stored lymph node
cells on sheep skin fibroblast monolayers for 12 to 14 days, after which the
monolayers were stained by immunofluorescence for MVV gagpl5. *, no MVV
detectable by cocultivation. The day p.i. is shown on the x axis, with individual
sheep numbers indicated. ND, not done.
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Sheep No.

FIG. 2. Appearance of CTL in MVV-infected lymph nodes. Lymph node
cells were either cultured for 14 days with live viral antigen and IL-2 (A) or used
directly from the node (B) in 16-h cytotoxic assays. Targets were autologous
(solid bars) or heterologous (open bars) skin cells either mock infected or
infected with 0.5 TCID50 of MVV strain EV1 per cell for 72 h at the end of the
assay. Lymph node cell effectors were used at various effector-target cell ratios of
25:1 (A) and 50:1 (B) or the maximum values indicated: *, 25:1; 11, 20:1; f, 12:1;
$, 10:1; or §, 6:1. The day p.i. is shown on the x axis, with individual sheep
numbers indicated. N.D., not done.

(Fig. 1), and all postinfection samples were positive for MVV
DNA by PCR on cellular DNA (data not shown). This indi¬
cates that viral replication was occurring in all nodes by 4 days
after infection. The frequency of infected cells, measured by an
infectious center assay, was maximal between days 7 and 14 p.i.
and was reduced by day 18 p.i., but the maximum frequency of
cells with infectious MVV was only 23 TCID50 per 106 total
lymph node cells (day 14 p.i.). When lymph node sections were
stained for gag pl5 antigen-positive cells, a maximum of only
one to two such cells were seen per field (X100 magnification),
again suggesting a low frequency of productively infected cells.

Specific cellular immune responses to MW antigen. The
development of the cellular immune response to MW was
studied by using a cytotoxic assay predominantly measuring
CD8+ lymphocytes (5) and a T-cell proliferation assay.

The development of the CTL response was studied by as¬
saying both for active CTL not requiring secondary in vitro
stimulation and for precursor CTL (CTLp) activated by a
2-week culture with MVV antigen and IL-2. CTLp were de¬
tected as early as day 10 p.i. (one of two sheep) and then
consistently after day 12 p.i. (Fig. 2A). Cytotoxicity was medi¬
ated by CD8+ lymphocytes, as activity was lost when these cells
were removed by complement lysis (data not shown). This
reactivity was specific for strain EV1 MVV, the strain used to
infect the sheep, CTLp activity was never seen against strain
1514 MVV, an Icelandic isolate which has been passaged many
times in vitro (data not shown). In addition, CTLp activity was
not detected 14 days after UV-inactivated virus challenge. At
no time post-MVV infection were CTL which were active
detected directly from the node (Fig. 2B).

Within efferent lymph samples from acutely infected nodes,
only one of five sheep showed CTL activity without culture (4)'.
We have since gone back to frozen efferent lymph cell samples
and looked for the presence of CTLp. They were first detected
leaving a prefemoral node between days 9 and 13 p.i. (>13%
autologous compared with <6.5% heterologous MVV specific

FIG. 3. Lymph node cell proliferation to MVV antigen. A total of 105 cells
from lymph node single-cell suspensions were cultured with both MW- and
mock-infected antigen at antigen dilutions of 1.7 (open bars), 3.5 (hatched bars),
and 7.0 (solid bars) fxg of protein per ml for 5 days before being labelled for 5 h
with [3H]thymidine and harvested. Results are expressed as the stimulation index
(MVV antigen cpm)/(mock antigen cpm), with error bars showing the standard
deviation. Samples with two or more points in the dilution series giving stimu¬
lation indices of >2 have been taken to show positive stimulation by MVV
antigen (+). The day p.i. is shown on the* axis, with individual sheep numbers
indicated.

cytotoxicity) and leaving a popliteal node on day 6 (18.6%
autologous compared with -6.4% heterologous MVV specific
cytotoxicity).

MVV-specific proliferation by the lymph node cells was first
detected on day 7 p.i. (both sheep showed positive proliferative
responses) (Fig. 3). This response was then lost until day 12 to
14 p.i. (one sheep at each time point was positive) and was
consistently seen after day 18 p.i. Sheep-to-sheep variation
(both in their immune response genes and in the ability of virus
to replicate) may have affected the time at which proliferation
was seen for each individual. This proliferative assay has been
shown to predominantly measure the CD4+ lymphocyte-me¬
diated response (33).

Infectious MVV (as detected by cocultivation) was therefore
seen in the lymph node cell fraction before either detectable
proliferative or CTL responses (MVV detected by day 4 p.i.).
MVV-infected cells were also detected when there was a good
proliferative and CTLp response (for example, one sheep at
day 14 p.i. showed MVV-specific stimulation indices of greater
than 40 and MVV specific cytotoxicity of greater than 40% and
had 9 TCID50 in 10f' cells), although the maximal titers of
infected cells were seen in a node at 14 days p.i., when there
was a poor cytotoxic response and no detectable proliferative
response.

Lymph node size and histological changes. From day 12
onwards, all acutely infected nodes were heavier than any
control node (control group median, 0.83 g; range, 0.74 to 1.30
g) except for one node on day 18 p.i. The largest lymph nodes
were removed on day 12 p.i., with a median weight of 2.85 g.
Histological examination of sections of MVV-infected nodes
showed changes indicative of a vigorous immune response, and
the timing and intensity of some of the major features of this
response are summarized in Table 2. Three components of the
response were readily identified. First, activated lymphocytes
were particularly prominent in the T-cell-rich paracortical area
(T zone) adjacent to the intranodal lymphatics between days 4
and 18 p.i. These were identified by their large nuclei with
open chromatin, the presence of active nucleoli, and abundant
rRNA and mRNA, indicated by strong pyroninophilia in the
nucleoli and cytoplasm of these cells (Fig. 4A). Second, plasma
cells were seen in the medullary cords (Fig. 4B) but only from
days 7 to 18 p.i., which coincides with the timing of the T-zone
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TABLE 2. Histology of acutely MVV-infected lymph nodes

T-zone
reaction"

Plasma cells Germinal

Sheep no. Day p.i. in medullary
cords6

center
reaction6

1138W 0 — — -

1212T 4 + + +

1127W 4 + + +

1235T 7 + + + + Early
678R 7 End stage + + -

1112W 10 - +/" + +

1119W 10 + + + + + +

1215V 12 - +/- +/-
1245T 12 + + + + + +

1250T 14 - +/- +/-
1254T 14 + + + + + + + + +

1219V 18 + + + + + + or -

1131W 18 + + + + + + +

1238T 23 - + + or -

573V 23 - +/- + + +

1107W 40 - - + + +

663R 40 - - + +

1091P 630 - - +/-
1078P 534 + + +

1071P 599 - - -

638R rhst/ 7 + + + +

638R lhsd 14 + + + or -

" Within the outer T-cell-rich zone, the lymphoblast response was scored as: —,

quiescent; +, a few blasts detectable; + +, many blasts detectable; or + + +,
intensive blast response.

b Medullary cords contained: —, no or very occasional; +, relatively few; ++,
many; or + + + , confluent plasma cells.

cThe follicles contained: —, no; +, small; + + , well developed; or + + + ,

extensive germinal centers.
d UV-inactivated MVV controls.

blast reaction. Frequent cells which had a pyroninophilic cyto¬
plasm characteristic of plasma cells were seen undergoing ap-
optosis in the medulla, suggesting that these plasma cells were
short-lived. Apoptotic nuclear fragments were also found in
macrophages of the medullary cords when plasma cells were
present (Fig. 4B). Third, vigorous germinal center reactions
occurred from day 10 and were still present at day 40 p.i. By
immunohistology, there was no evidence that MVV antigen
(gag) was trapped on the follicular dendritic cell network
within germinal centers, as is seen with HIV and SIV (data not
shown).

Phenotypic changes on lymph node cells. Lymph nodes con¬
tain a variety of mononuclear cell types: macrophages, inter-
digitating cells, and follicular dendritic cells as well as lympho¬
cyte populations. Approximately 3% of cells were CD1+ large
cells and were considered to represent antigen-presenting in-
terdigitating cells, while 5% of cells were CDllc+ (CR4) and
CD14+ (lipopolysaccharide receptor) macrophage-like cells in
control uninfected sheep, as shown in Table 3. At no time point
postinfection did the percentage of these cell subsets alter
significantly from those in uninfected controls.

In efferent lymph draining acutely MW-infected nodes, one
of the major features of the response to MVV was a rise in the
percentage of large lymphoblasts, in particular, a marked rise
in the percentage of CD8+ lymphoblasts exiting the node be¬
tween days 6 and 11 p.i., with the timing of this response
varying among the sheep (4). To compare the node data with
that seen in efferent lymph, the percentage of CD4, CD8, and
B cells was analyzed in both small and large lymphocyte boxes
defined by their FSC/SSC profile on FACS analysis (Table 3
and Fig. 5). No significant increase in the percentage of large
cells in the node was detected following MVV infection, and

only at day 12 p.i. did both sheep nodes have a significantly
raised percentage of CD8+ lymphoblasts (median, 15.5%)
compared with uninfected nodes (median, 5.4%) (Fig. 5B).
The percentage of CD8+ small lymphocytes was slightly but
not significantly raised from that at day 12 p.i. (data not
shown). The rise in CD8+ lymphocytes within the node is
therefore much less marked and later than that seen in drain¬

ing efferent lymph following MVV infection.
The CD8+ lymphoblasts in efferent lymph had a very dis¬

tinctive IL-2 receptor-negative (IL-2R ), MHC class II DR
and DQ profile (moderate DR with low DQ expression) sug¬
gestive of a homogeneous activation state. No IL-2R was ever
detected on CD8+ lymphocytes within the node. The MHC
class II antigen expression of large and small CD8+ cells for a
sheep node with a high percentage of these CD8+ cells at day
12 p.i. is shown in Fig. 5C and D. The DR and DQ antigen
expression was always very heterogeneous on large CD8 1 lym¬
phocytes, and although it was more homogeneous on CD8+
small lymphocytes, the level of expression of both isotypes is
greatly reduced compared with that seen on the large CD8+
cells leaving the node via efferent lymph (4).

The percentage of CD4+ and y8 T-cell receptor-positive (as
measured phenotypically by T19 antigen expression) lympho¬
cytes did not show any significant alterations with time p.i. In
contrast, two sheep injected with UV-inactivated MVV
showed a rise in the percentage of small and large CD4+ cells
in the node over the first 14 days (52.5 and 34.6%, respectively,
on day 14). The percentage of B cells in infected nodes was not
significantly different from that in uninfected nodes, but the
control nodes showed extremely variable B-cell numbers, mak¬
ing significant changes unlikely.

DISCUSSION

The developing immune response to MVV within the lymph
node draining the site of infection is described here and related
to the recovery of infectious virus. This extends our previous
studies on this relationship in draining efferent lymph from
acutely infected nodes (4). Draining efferent lymph contains
cells and factors that disseminate the response systemically, but
it is within the lymph node that the major initial interaction of
virus with the cells of the immune system occurs.

All the nodes from infected sheep had evidence of viral
replication, but the frequency of virus-positive cells assessed by
cocultivation was low (maximum, 23 TCID50 in 106 cells). Only
a small proportion of the MVV-susceptible cell lineages (13-
15, 30) within the node were therefore infected, as macro¬
phages and dendritic cells made up 1 to 8% of the isolated
lymph node cells. Lentiviruses are known to exist in cells in
vivo in highly restricted replication states (6, 19), and virus
cocultivation assays may detect only a proportion of MVV-
infected cells. Despite their low frequency, the number of
infectious cells clearly peaked between days 7 and 14 p.i. After
this time, the frequency of infectious cells dropped 10-fold,
although MVV-positive cells could always be detected, con¬
firming that the infection was never completely cleared from
the initial draining lymph node.

It is difficult to compare the frequency of virus-infected cells
from cocultivation assays with data for other lentiviruses, such
as SIV and FIV, for which most information comes from in situ
hybridization studies. In lymph nodes from SIV- or FlV-in-
fected animals (within 3 months p.i.), many sections are neg¬
ative for virus-infected cells by both antigen staining and in situ
hybridization, but may rarely have up to 40 infected cells per
field (3, 32, 34, 38). These frequencies do not seem to be very
different from those seen in the studies of MVV-infected sheep
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FIG. 4. Histological appearance of a prefemoral lymph node (sheep 1254T) at 14 days after local infection (methyl green pyronin staining; DNA blue-green with
methyl green, and RNA crimson red with pyronin; magnification, X500). (A) Section through the T-cell-rich zone. Several large pyroninophilic blast cells are present;
three of these are indicated by arrows. (B) Section through a medullary cord which is full of intensely pyroninophilic plasma cells. The cytoplasm of macrophages in
this died is dliuosl unstained, and the strongly stained apoptotic (tingible) bodies (indicated by arrows) are easily seen against this pale background.

r A & ® 4t$ A * " - ' j. «
a iv » ' ' a & '

V** IrJ
T A ' ■ * ■

. «; " - _ -i , ft

* . £ a

*• .♦ #. »•
%&* »■ '

-«-*> ® .f V* *
— fs. \»-

* mt

«
.. ' » /.

• -*<•
,

$ •

. ■ &

»>>• 'H m

- % W

s i, V

m %
*njs

fj
m iBiV

**{ H (pjp »
# " * r/i i'm

9® r*
n*. 't* w

> a«
^ 3 J,

e v **9 -

o <$* -**
'

. > n

"•> -1 ■ ^ . .* k «. ^ /
- J •' V $ ; - .. *

^ A we*
,

* A ' V ' * V ^ ^
I

<B * ' „TS> ** 6

*' • V <->
- *»» ' • A- A # ■** . P «* i4:W * « 4#

B* » '.?'f ..ft ;•* v. - y.£; "• *•;» - 9
^ - M „V 'j **/* • fl' 'M .- ."-v#' .

*

ift :># , ^
,V* Q r» <• c,

^ --
. r.

*. " j a " ( jk * « • %.

A"i i '% * ' *t#c . fU '■

|flI • % « T %V . ,■fc """ ^ #""• - 1 •'.V
5" e-;. - ^ •* =
' ■"* * •> * %(€j ■ j*>

■, . *:* ' r - --A.*?: , m <!
r . «p> '

^ A %
'V ' " ' ' *

reported here and previously (37), especially as there is no
lymphocyte involvement in MVV infection.

Within efferent lymph draining acutely MW-infected lymph
nodes, low frequencies of virus-infected cells were also seen by
cocultivation which peaked on days 9 to 14 p.i. and then de¬
clined (4). The periods of maximal MVV infection in the node
and efferent lymph are therefore very similar. The frequency of
infectious cells is also very similar to that seen in draining
efferent lymph, which is surprising considering that the major
cellular targets for infection by MVV (macrophages and prob¬

ably dendritic cells) are very rare in efferent lymph compared
with the numbers found in lymph nodes. The proportion of
macrophages (or dendritic cells) infected in efferent lymph
must therefore be higher than that within the node, suggesting
that altered migration of these infected cells occurs, allowing
increased dissemination of the virus.

The periods of MVV infection in efferent lymph and lymph
nodes are coincident with a specific immune response. Anti¬
body to MVV gag p25 and env can be detected in draining
efferent lymph from as early as day 4 p.i. (4), and this corre-
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TABLE 3. Phenotype of cells recovered from control uninfected and persistently MVV-infected lymph nodes

% of total cells % of small lymphocytes % of lymphoblasts

CD4+ CD8+ CD1 + CDllc+ Large cells CD4+ CD8+ Pan-B cell+ CD4+ CD8+ Pan-B cell+

Control
Median 37.1 9.4 3.2 4.8 14.8 39.6 14.0 34.4 22.0 5.4 36.5

Range 15.3-40.2 2.7-14.5 1.2-5.5 1.5-8.0 4.0-22.0 18.0-47.0 4.0-18.0 20.0-65.0 8.0-36.0 2.0-8.0 27.0-55.0

Infected
Median 43.0 15.5 4.4 7.3 13.0 50.9 17.8 19.4 23.3 11.4 25.6

Range 38.9-54.0 11.5-20.0 2.6-6.0 5.0-8.0 11.0-16.0 42.0-59.0 15.0-23.0 11.7-29.5 10.0-32.0 4.0-12.0 24.1-61.3

" Prefemoral lymph nodes from seven uninfected control sheep and persistently infected sheep 1091P, 1078P, and 1071P (see Table 2) were analyzed.

sponds to the time when plasma cells first appear in the med¬
ullary cords of the nodes. The humoral immune response may
therefore contribute to the local containment of MVV in the
lymph nodes of sheep. However, we were unable to detect
MVV-specific antibody-producing cells in vitro by either p25
gag enzyme-linked immunosorbent spot assays (ELISA) or
ELISA and Western (immunoblot) analysis of supernatant
from cultured lymph node cells (data not shown). MVV-spe¬
cific T-cell proliferative responses were detected within lymph
node cells weakly on day 7 and consistently from day 18 p.i.,
while these responses were not seen until day 15 to 18 p.i. in
efferent lymph (4). Proliferation to MVV antigen may not have
been seen early with efferent lymph cells, as these showed a
period of unresponsiveness to mitogen, concanavalin A, and
IL-2. There was no evidence within the node for a period of
unresponsiveness to IL-2 or mitogenic stimulation with con¬
canavalin A or phytohemagglutin (data not shown), but there

0 A 8 12 16 20 24 28 32 36 40 Pl

Day p.i.

FL1

FIG. 5. Kinetics of appearance and MHC class II expression of large CD8+
lymphocytes isolated from MVV-infected lymph nodes. (A) FSC/SSC profile of
cells recovered from a day 12 infected lymph node, showing the box used to
analyze large lymphocytes. (B) Levels of CD8+ large lymphocytes determined by
immunostaining and FACS analysis. Median and range are given for each time
point. Seven uninfected nodes were analyzed at time zero, and two infected
nodes were analyzed at other time points. Three persistently infected (PI) nodes
were from sheep infected for approximately 18 months (see Table 2). (C and D)
MHC class II DR and DQ expression on small (FSC, 62 to 103; SSC, 6 to 42) (C)
and large (FSC, 109 to 255; SSC, 0 to 80) (D) high-intensity (fluorescence
channel 2 [FL2], 160 to 255) CD8+ lymphocytes analyzed by double staining of
cells from a day 12 infected lymph node with anti-CD8 and either normal mouse
serum ( ), anti-DR ( ), or anti-DQ (••••).

was a period, days 10 to 14, when proliferation to MVV was
lost, and in both the node and its draining lymphatic, this was
the period when the number of infected cells was increasing.
CTLp were also detected during the period when infected cells
were seen (from day 10 p.i.). However, virus-infected cell levels
decreased and were maintained at low levels after the devel¬

opment of the specific immune response to MVV, suggesting
that immunity does play a strong role in limiting viral load.

CTLp were detected leaving acutely infected lymph nodes
on day 6 p.i. (popliteal) and days 9 to 13 p.i. (prefemoral). This
corresponded for each node to the characteristic appearance
of CD8+ lymphoblasts in the draining lymphatic. It is likely
that part of this CD8+ lymphoblast response includes virus-
specific cells, although there may also be a polyclonal expan¬
sion of CD8+ lymphocytes. This is seen in the response to
influenza virus, when many CD8+ cells show active cytokine
transcription, although not all are influenza virus specific (8).
The time of appearance of CTLp within the lymph node and
efferent lymph corresponds well with the appearance of CTLp
to SIV in blood (4 to 6 days p.i.) (39) and also in lymph nodes
(7 days p.i.) (32) after intravenous challenge with SIV. How¬
ever, it is much earlier than the detection of CTLp in blood
after subcutaneous infection with MVV, which did not occur
until between 3 weeks and 3 months p.i. (5).

The percentage of CD8+ lymphoblasts did not alter signif¬
icantly within the node at the time when we previously de¬
tected release of CD8+ lymphoblasts into efferent lymph, but
there was up to a threefold increase in node weight and the
appearance of blast cells in the T zones of the nodes. This
suggests that there is a balanced increase in all lymphoblast
numbers, and therefore selective migration of CD8+ lympho¬
blasts at a particular activation state (which we detected as a
specific IL-2R and MHC class II profile) into efferent lymph is
occurring. In the mouse model of influenza virus infection,
there was also no increase seen in the percentage of CD8+
lymphocytes within the mediastinal lymph node (1). A rise in
the percentage CD8+ cells was only seen in the lung, where
active virus replication was occurring. These data support our
conclusion that after viral infections, specific CD8+ lympho¬
cytes rapidly leave the node.

It is interesting to try to relate the in vitro immune response
and virus data to the histological events occurring within the
node. Experiments in rodents show that blast reactions in the
T zone are dependent on the continued availability of antigen
to B cells and interdigitating cells (24). Free antigen is rapidly
eliminated in the presence of antibody, and the administration
of antigen to an animal with a high specific antibody titer only
induces a T-zone response for 3 to 4 days (24). As anti-MVV
antibody is present from day 4 onwards, it seems likely that the
extensive blast reaction in the T zone between days 4 and 18 is
driven by the production of MVV by infected macrophages or
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interdigitating cells throughout this period and only subsides
when the number of virus-infected cells diminishes (after day
14 p.i.). Although some of the viral antigen that has bound
antibody will be taken up and destroyed by macrophages, some
will become localized on follicular dendritic cells. While anti¬

gen on these cells is involved in the activation of T and B cells
in follicles, it does not induce or maintain lymphocyte prolif¬
eration in T zones (24). In HIV infection, during which large
amounts of antigen persist in the follicles, there is usually
relatively little lymphocyte activation in T zones. The presence
of plasma cells in the medullary cords of lymph nodes or the
equivalent area of the spleen, the red pulp, is directly linked to
recent T-cell-dependent B-cell activation in the adjacent T
zones. Plasma cells were seen in the medulla of infected nodes
between days 4 and 23 p.i. This is consistent with their being
the direct progeny of B blasts in the T zone. The short life span
of medullary cord plasma cells in rodents seems also to apply
to sheep, for medullary cord plasma cells were only seen in the
nodes showing a T-zone blast reaction or within 5 days after it
ended, and apoptotic plasma cells were seen during this time.
Germinal centers are also characteristic of T-cell-dependent
antibody responses (21) and are sites of massive clonal expan¬
sion of B cells (22). Germinal centers are formed from a small
proportion of the B blasts activated in the T zone. From the
time of arrival of blasts in the follicle to the end of the germinal
center reaction is about 3 weeks (24). The persistence of ger¬
minal centers for 3 weeks after the end of the T-zone reaction
is consistent with the reported duration of germinal center
responses in rodents. It therefore appears that these acutely
infected lymph nodes show many of the typical histological
responses of primary antigenic stimulation.

The data presented here and previously (4) show that within
the first 14 days after infection with the lentivirus MVV, there
was increasing virus replication within lymphoid tissue. During
this time, a specific immune response was induced which
showed many of the histological features seen in primary pro¬
tein antigen responses and included a CD8+ lymphoblast re¬
sponse containing MVV-specific CTLp. After this immune re¬
sponse was detected, the number of infected cells decreased
and, histologically, antigen presentation to T cells appeared to
cease. Despite this normal histological response, the MVV-
specific proliferative response was not detectable between days
10 and 14, and this might allow sufficient virus replication and
dissemination for persistence to be established. The continuing
low frequency of MVV-positive cells detected in the nodes
after day 14 p.i. is evidence for this lentiviral persistence. Once
a reservoir of infected cells is established, restricted virus rep¬
lication in vivo may then become an important immune eva¬
sion mechanism (6, 18). Parallel studies on these nodes to
examine the extent of restricted virus replication within lymph
node cells are in progress.

ACKNOWLEDGMENTS

We thank Neil Mclntyre, Tim Ingham, and Linda Morris, who
prepared the lymph node histology sections, and Angus Anderson and
Mike Slater, who assisted with the lymph node excisions.

B. A. Blacklaws and P. Bird were supported by Wellcome Trust
Programme grant 035157/Z/92/Z/1.27.

REFERENCES

1. Allan, W., Z. Tabi, A. Cleary, and P. C. Doherty. 1990. Cellular events in the
lymph-node and lung of mice with influenza—consequences of depleting
CD4+ T-cells. J. Immunol. 144:3980-3986.

2. Baenziger, J., H. Hengartner, R. M. Zinkernagel, and G. A. Cole. 1986.
Induction or prevention of immunopathological disease by cloned cytotoxic
T cell lines specific for lymphocytic choriomeningitis virus. Eur. J. Immunol.
16:387-393.

3. Beebe, A. M., N. Dua, T. G. Faith, P. F. Moore, N. C. Pedersen, and S. I).
Dandekar. 1994. Primary stage of feline immunodeficiency virus infection:
viral dissemination and cellular targets. J. Virol. 94:3080-3091.

4. Bird, P., B. Blacklaws, H. T. Reyburn, D. Allen, J. Hopkins, I). Sargan, and
I. McConnell. 1993. Early events in immune evasion by the lentivirus maedi-
visna occurring within infected lymphoid tissue. J. Virol. 67:5187-5197.

5. Blacklaws, B. A., P. Bird, D. Allen, and I. McConnell. 1994. Circulating
cytotoxic T lymphocyte precursors in maedi-visna virus infected sheep. J.
Gen. Virol. 75:1589-1596.

6. Brahic, M., L. Stowring, P. Ventura, and A. T. Haase. 1981. Gene expression
in visna virus infection in sheep. Nature (London) 292:240-242.

7. Bujdoso, R., J. Hopkins, P. Young, B. M. Dutia, and I. McConnell. 1989.
Characterisation of sheep afferent lymph dendritic cells and their role in
antigen carriage. J. Exp. Med. 170:1285-1302.

8. Carding, S. R., W. Allan, A. Mcmickle, and P. C. Doherty. 1993. Activation
of cytokine genes in T-cells during primary and secondary murine influenza
pneumonia. J. Exp. Med. 177:475-482.

9. Doherty, P. C., W. Allan, M. Eichelberger, and S. R. Carding. 1992. Roles of
alpha-beta and gamma-delta T-cell subsets in viral immunity. Annu. Rev.
Immunol. 10:123-151.

10. Dutia, B. M., J. Hopkins, M. P. Allington, R. Bujdoso, and I. McConnell.
1990. Characterization of monoclonal-antibodies specific for alpha-chains
and beta-chains of sheep MHC class-II. Immunology 70:27-32.

11. Embretson, J., M. Zupancic, J. L. Ribas, A. Burke, K. Tenner-Racz, and
A. T. Haase. 1993. Massive covert infection of helper T lymphocytes and
macrophages by HIV during the incubation period of AIDS. Nature (Lon¬
don) 362:359-362.

12. Fields, B. N. 1994. AIDS: time to turn to basic science. Nature (London)
369:95-96.

13. Gendelman, H. E., O. Naravan, S. Molineaux, and J. E. Clements. 1985.
Slow persistent replication of lentiviruses: role of tissue macrophages and
macrophage precursors in bone marrow. Proc. Natl. Acad. Sci. USA 82:
7086-7090.

14. Gendelman, H. E., O. Narayan, S. Kennedy-Stoskopf, P. G. E. Kennedy, Z.
Ghotbi, J. E. Clements, J. Stanley, and G. Pezeshkpour. 1985. Tropism of
sheep lentiviruses for monocytes: susceptibility to infection and virus gene
expression increase during maturation of monocytes to macrophages. Proc.
Natl. Acad. Sci. USA 82:7086-7090.

15. Gorrell, M. D., M. R. Brandon, D. Sheffer, R. J. Adams, and O. Narayan.
1992. Ovine lentivirus is macrophagetropic and does not replicate produc¬
tively in T lymphocytes. J. Virol. 66:2679-2688.

16. Gupta, V. 1994. Personal communication.
17. Gupta, V. K., I. McConnell, and J. Hopkins. 1993. Reactivity of the CD11/

CD18 workshop monoclonal-antibodies in the sheep. Vet. Immunol. Immu-
nopathol. 39:93-102.

18. Haase, A. T. 1986. Pathogenesis of lentivirus infections. Nature (London)
332:130-136.

19. Haase, A. T., L. Stowing, O. Narayan, D. E. Griffin, and D. Price. 1977. Slow
persistent infection caused by visna virus: role of host restriction. Science
195:175-177.

20. Ho, F., J. E. Lorton, M. Khan, and I. C. M. MacLennan. 1986. Distinct short
lived and long lived antibody-producing cell populations. Eur. J. Immunol.
16:1297-1301.

21. Jacobsen, E. B., L. H. Caporale, and G. J. Thorbecke. 1974. Effect of thymus
cell injections on germinal centre formation in lymphoid tissues of nude
(thymus less) mice. Cell. Immunol. 13:416-430.

22. Kroese, F. G. M., A. S. Wubenna, H. G. Seijen, and P. Nieuwenhuis. 1987.
Germinal centres develop oligoclonally. Eur. J. Immunol. 17:1069-1072.

23. Leist, T. P., S. P. Cobbold, H. Waldmann, and R. M. Zinkernagel. 1987.
Functional analysis of T lymphocyte subsets in antiviral host defence. J.
Immunol. 138:2278-2281.

24. Liu, Y.-J., J. Zhang, P. J. L. Lane, E. Y.-T. Chan, and I. C. M. MacLennan.
1991. Sites of specific B cell activation in primary and secondary responses to
T cell-dependent and T cell-independent antigens. Eur. J. Immunol. 21:
2951-2962.

25. Mackay, C. R., W. R. Hein, M. R. Brown, and P. Matzinger. 1988. Unusual
expression of CD2 in sheep: implications for T cell interactions. Eur. J.
Immunol. 18:1681-1685.

26. Mackay, C. R., W. L. Marston, L. Dudler, O. Spertini, T. F. Tedder, and
W. R. Hein. 1992. Tissue-specific migration pathways by phenotypically dis¬
tinct subpopulations of memory T-cells. Eur. J. Immunol. 22:887-895.

27. Maddox, J. F., C. R. Mackay, and M. R. Brandon. 1985. Surface antigens,
SBU-T4 and SBU-T8, of sheep T lymphocyte subsets defined by monoclonal
antibodies. Immunology 55:739-748.

28. Naessens, J. M., M. Sileghem, N. MacHugh, Y. H. Park, W. C. Davis, and P.
Toye. 1992. Selection of BoCD25 monoclonal antibodies by screening mouse
L cells transfected with the bovine p55-interleukin-2 (IL-2) receptor gene.
Immunology 76:305-309.

29. Narayan, O., and J. E. Clements. 1990. Lentiviruses, p. 1571-1589. In B. N.
Fields and D. M. Knipe (ed.), Virology. Raven Press, New York.

30. Narayan, O., J. S. Wolinsky, J. E. Clements, J. D. Strandberg, D. E. Griffin,
and L. C. Cork. 1982. Slow virus-replication—the role of macrophages in the



Vol. 69, 1995 ACUTE MVV-HOST INTERACTIONS IN LYMPH NODES 1407

persistence and expression of visna viruses of sheep and goats. J. Gen. Virol.
59:345-356.

31. Pantaleo, G., C. Graziosi, J. F. Demarest, L. Butini, M. Montroni, C. H. Fox,
J. M. Orenstein, D. P. Kotler, and A. S. Fauci. 1993. HIV infection is active
and progressive in lymphoid tissue during the clinically latent stage of dis¬
ease. Nature (London) 362:355-358.

32. Reimann, K. A., K. Tenner-Racz, P. Racz, D. C. Montifiori, Y. Yasutomi, W.
Lin, B. J. Ransil, and N. L. Letvin. 1994. Immunopathogenic events in acute
infection of rhesus monkeys with simian immunodeficiency virus of ma¬
caques. J. Virol. 68:2362-2370.

33. Reyburn, H. T., D. J. Roy, B. A. Blacklaws, D. R. Sargan, N. J. Watt, and I.
McConnell. 1992. Characteristics of the T-cell-mediated immune-response
to maedi-visna virus. Virology 191:1009-1012.

34. Ringler, D. J., M. S. Wyand, D. G. Walsh, J. J. MacKey, L. V. Chalifoux, M.
Popovic, A. A. Minassian, P. K. Sehgal, M. D. Daniel, and R. C. Desrosiers.
1989. Cellular localization of simian immunodeficiency virus in lymphoid
tissue. I. Immunohistochemistry and electron microscopy. Am. J. Pathol.
134:373-383.

35. Roizman, B. 1990. Herpesviridae: a brief introduction, p. 1787-1794. In B. N.

Fields and D. M. Knipe (ed.), Virology. Raven Press, New York.
36. Sargan, D. R., I. D. Bennet, C. Cousens, D. J. Roy, B. A. Blacklaws, R. G.

Dalziel, N. J. Watt, and I. McConnell. 1991. Nucleotide-sequence of EV1, a
British isolate of maedi visna virus. J. Gen. Virol. 72:1893-1903.

37. Watt, N. J., N. Macintyre, D. Collie, D. Sargan, and I. McConnell. 1992.
Phenotypic analysis of lymphocyte populations in the lungs and regional
lymphoid tissue of sheep naturally infected with maedi visna virus. Clin. Exp.
Immunol. 90:204-208.

38. Wyand, M. S., D. J. Ringler, Y. M. Naidu, M. Mattmuller, L. V. Chalifoux,
P. K. Sehgal, M. D. Daniel, R. C. Desrosiers, and N. W. King. 1989. Cellular
localization of simian immunodeficiency virus in lymphoid tissues. II. In situ
hybridization. Am. J. Pathol. 134:385-393.

39. Yasutomi, Y., K. A. Reimann, C. I. Lord, M. D. Miller, and N. L. Letvin.
1993. Simian immunodeficiency virus-specific CD8+ lymphocyte response in
acutely infected rhesus monkeys. J. Virol. 67:1707—1711.

40. Zinkernagel, R. M., and P. C. Doherty. 1979. MHC-restricted cytotoxic T
cells: studies on the biological role of polymorphic major transplantation
antigens determining T-cell restriction-specificity, function and responsive¬
ness. Adv. Immunol. 27:51-77.



3-13

Reprinted from

veterinary
parasitology

An International Scientific Journal

Veterinary Parasitology 60 (1995) 45-52

Trypanosoma congolense infection in sheep:
Ultrastructural changes in the skin prior to

development of local skin reactions
D.M. Mwangi3 *, J. Hopkinsb, A.G. Luckins3

"Centre for Tropical Veterinary Medicine, Royal (Dick) School of Veterinary Studies, Summerhall,
University of Edinburgh, Edinburgh, UK

bDepartment of Veterinary Pathology, Royal (Dick) School of Veterinary Studies, Summerhall,
University ofEdinburgh, Edinburgh, UK

Accepted 30 September 1994

pmji
ELSEVIER



ELSEVIER Veterinary Parasitology 60 (1995) 45-52

veterinary
parasitology

Trypanosoma congolense infection in sheep:
Ultrastructural changes in the skin prior to

development of local skin reactions
D.M. Mwangi3 *, J. Hopkins5, A.G. Luckinsa

"Centrefor Tropical Veterinary Medicine, Royal (Dick) School of Veterinary Studies, Summerhall,
University ofEdinburgh, Edinburgh. UK

"Department of Veterinary Pathology, Royal (Dick) School of Veterinary Studies, Summerhall,
University ofEdinburgh, Edinburgh, UK

Accepted 30 September 1994

Abstract

Events occurring in the skin of sheep prior to development of Trypanosoma congolense-induced
local skin reactions (chancres) were studied using electron microscopy. Three days after infection,
few trypanosomes were present in the dermal collagen. However, these parasites were more abundant
5 days after infection, and were also found in dermal lymphatics and in the connective tissue matrix
between collagen bundles. Mast cells in the skin obtained 5 days after infection showed evidence of
degranulation. These events may play a role during the induction phase of trypanosomal chancres.

Keywords-. Trypanosoma congolense', Sheep-Protzoa; Skin ultrastructure

1. Introduction

The initial responses of susceptible mammalian hosts to infections with metacyclic forms
of Trypanosoma congolense include the development of localised skin reactions at sites of
inoculation (Gray and Luckins, 1980; Akol and Murray, 1982). These indurated erythem¬
atous lesions develop within 5-7 days after infection in sheep (Mwangi et ah, 1990).
Initially, the skin reactions are characterised histologically by neutrophil and mononuclear
cell (MNC) infiltration, but later by a predominantly MNC infiltrate (Gray and Luckins,
1980; Akol and Murray, 1982). We recently demonstrated that equal proportions of T and
B lymphocytes comprise the majority of MNC infiltrate during the early phase of the reaction

* Corresponding author at: International Livestock Research Institute (ILRI), PO Box 30709, Nairobi, Kenya.
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Fig. 1. Transmission electron micrographs of the skin of sheep, 5 days after intradermal inoculation of culture-
derived metacyclic forms of Trypanosoma congolense. (a) Trypanosomes (solid arrows) in close proximity to
macrophages (open arrows) in the dermis 5 days after infection. Lymphocytes (curved arrow) are also present.
DC, dermal collagen ( X2150). (b) Transmission electron micrographs of skin of sheep 5 days after infection
showing dermal lymphatic containing several trypanosomes (solid arrows), lymphocyte (open arrow) and degen¬
erating host leucocyte (star). Endothelial cells (EC) line the dermal lymphatic (X2150). (c) Trypanosoma
congolense (TC) and phagocytic cell (PC) in dermal collagen 5 days after infection. DC, dermal collagen; f,
flagella; OE, oedema; n, nucleus ( X7700). (d) Skin ofsheep, 5 days after infection. Trypanosomes (long arrows)
are evident in the dermal collagen surrounded by clear areas. A host macrophage (short arrow) is present between
the collagen bundles, and the dermis contains extensive oedema (OE) ( X3550). DC, dermal collagen.

insect forms by passing the culture supernates through an anion exchange column (DEAE
52; Whatman Chemical Separation Ltd., Kent, UK), as described elsewhere (Mwangi et
al., 1990). Four Suffolk sheep, aged 12 and 18 months, were each infected on eight sites
by intradermal inoculation of 2X 105 metacyclic forms of T. congolense in 0.2 ml of
phosphate saline glucose (PSG), pH 8.0. In addition, one site on each flank was injected
with 0.2 ml of PSG for control samples. Inoculation sites were clearly marked with black
felt-tipped pen.
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Fig. 2. Transmission electron micrographs of mast cells in the skin of sheep after inoculation of culture-derived
metacyclic forms of T. congolense. (a) Mast cells (solid arrows) in the skin of uninfected sheep. Numerous
electron-dense granules are present in the cytoplasm. The skin contains a few neutrophils (open arrow), mono¬
nuclear cells (MC) and fibroblasts (f) ( X 2150). (b) Mast cell (solid arrow) from the skin of sheep 5 days after
infection. The mast cell contains fewer electron-dense granules, empty channels and numerous extended processes.
L, lymphocytes; neutrophils (open arrows); f, fibroblasts ( X2750). (c) Mast cells in the skin of uninfected sheep
showing numerous electron-dense granules in the cytoplasm (arrows). Nu, nucleus ( X 10000). (d) Mast cell in
the skin of sheep 5 days after infection. Few electron-dense granules are present in the cytoplasm. Some cytoplasmic
vacuoles contain less dense granule matrix (open arrows). The mast cell also shows numerous cytoplasmic
processes (curved arrows). Nu, nucleus ( X 10000).

3. Results

Trypanosomes were present in the dermal collagen and interstitial spaces 3 days after
infection. However, at this time there was little evidence of changes within the collagen.
Five days after infection, parasites were evident in the dermal collagen, dermal lymphatics,
and the connective tissue matrix between collagen bundles, and in close proximity to
macrophages. However, phagocytic activity was not observed, but degenerating parasites
were present in the dermis. Extensive oedema was observed within the dermis. Trypano-
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such as C3a and C5a, as well as T-cell-derived factors, presumably interleukin-3 among
others (Askenaseetal., 1983). Trypanosomes are known to activate the complement system
through both the classical and alternative pathways (Malu and Tabel, 1986). It is therefore
possible that after rapid multiplication of the parasite in the skin, such complement factors
are generated which trigger mast cell changes. Mast cells are capable of producing TNF-a
after stimulation (Walsh et al., 1991) as well as vasocative amines and neuropeptides which
elicit vasodilation and contribute to the process of leucocyte extravasation. This study forms
the basis for further work to investigate whether these mechanisms are operative either
singly or in concert in initiating development of trypanosomal chancres.
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Trypanosoma congolense develops in the skin of sheep at the site of inoculation of metacyclic trypanosomes,
forming a chancre containing large numbers of parasites. By cannulating the afferent and efferent lym¬
phatic ducts draining the skin and regional lymph node, the progressive development and migration of
trypanosomes from the chancre was monitored and the expression of metacyclic antigen types (M-VATs)
was determined. The kinetics of development of parasitosis in the afferent and efferent lymph was similar.
Trypanosomes were detected in lymph 5 to 6 days after the inoculation of cultured metacyclic trypano¬
somes, at the same time as the chancre first appeared in the skin. The numbers of trypanosomes in the
lymph reached their peak levels 8 to 10 days post infection and thereafter numbers fell, although there
were still many parasites in the lymph after the chancre had regressed. Trypanosomes in the afferent lymph
expressed mainly M-VATs and the absolute numbers of four M-VATs which were monitored increased up
to 9 days post infection. There was a fall in numbers by day 10, but 92% of the trypanosomes in the
afferent lymph continued to express M-VATs. In contrast, trypanosomes from the efferent lymph were
found not to express M-VATs suggesting that a major switch in VAT expression occurs in the lymph node.
Specific antibody responses, measured by neutralization tests, were evident 16 to 20 days after infection in
afferent lymph but only low levels of antibodies were found in efferent lymph.

Key words: Trypanosoma congolense; Lymph; Metacylic variable antigen types (M-VATs)

Introduction

The initial phase of development of Trypanosoma congolense in the skin of the
mammalian host is of major importance in the establishment of infection and the
induction of immunity (Luckins et al., 1983; Akol and Murray, 1983,1985; Dwinger
et ah, 1986; Taiwo et ah, 1990). Low numbers of metacyclic trypanosomes are
introduced into the skin by the bites of the insect vectors (Harley and Wilson, 1968)
but, thereafter, the parasites multiply, increasing the numbers of organisms express¬
ing a particular metacyclic variable antigen type (M-VATs) while showing little
change in the proportion of different M-VATs (Luckins et ah, 1990). A major route
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of dissemination of trypanosomes from the skin to the general circulation is via the
afferent lymphatics draining the trypanosomal chancre, and large numbers of trypa¬
nosomes establish in the draining regional lymph node (Luckins and Gray, 1979).
Further dispersal of the trypanosome occurs by way of the efferent lymphatic ducts
(Barry and Emery, 1984). It has been shown that the trypanosomes in the chancre
continue to express M-VATs for up to nine days after infection, although new VATs
start to appear by day seven (Luckins et al.,1990). The experiments reported here
extend previous observations, providing data on the development of parasitosis and
the expression of M-VATs of trypanosomes in afferent and efferent lymph draining
the sites at which metacyclic forms of T. congolense had been inoculated.

Materials and methods

Trypanosomes

Cultured metacyclic trypanosomes of T. congolense TREU 1457 (Zaria/67/
LUMP/69) were used in experiments examining the development of parasitosis in
lymph and determining expression of M-VATs. Infective trypanosomes were

separated from other insect forms by anion-exchange chromatography on diethy-
laminoethyl cellulose as described elsewhere (Lanham and Godfrey, 1970; Gray
et al., 1984). T.congolense TREU 2001, the first bloodstream population derived
from metacyclic trypanosomes of TREU 1457 (Luckins et al., 1990)was used to
determine the presence of anti M-VAT antibodies in lymph.

Experimental animals

Female CF1 mice were used for neutralization tests. Finnish Landrace sheep were
used for cannulation studies.

Experimental design

The prefemoral efferent lymphatic ducts in two sheep (3 and 4) were cannulated as
described by Hall (1967). In another two animals (1 and 2) the prefemoral lymph
nodes were first removed surgically; then, after six weeks, when the afferent ducts
had anastomosed with the efferent duct, the pseudoafferent duct thus formed was
cannulated (Hopkins et al., 1985). Sheep were inoculated intradermally with 2 x 105
metacyclic trypanosomes in 0.2 ml phosphate saline glucose pH 8.0 into sites on the
flanks drained by the prefemoral lymph node. Infections took place on the day that
cannulations were carried out. Lymph was collected daily from the cannulated ducts
into plastic bottles and the volume produced per 24 h measured. Lymph was collected
from the sheep for up to 22 days after infection.

Analysis of trypanosomes from lymph

The degree of parasitosis in the lymph was calculated by counting the numbers of
parasites using a haemocytometer; if few trypanosomes were present the lymph was
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first concentrated 10-fold by centrifuging 1 ml of lymph at 12000g and then re
suspending the pellet in 0.1 ml of the supernatant before counting.

M-VATcomposition of trypanosomes in lymph

Four monoclonal antibodies, designated GUPM 12.4, 12.5, 12.6 and 12.11, which
collectively recognize 55-75% of the M-VAT repertoire of T.congolense TREU 1457
(Crowe et ah, 1983) were used to identify trypanosomes expressing individual VATs.
A polyvalent antiserum, recognizing the full M-VAT repertoire, was used to deter¬
mine the proportion of the total population of trypanosomes expressing M-VATs.
This serum was prepared by inoculating a New Zealand White rabbit intravenously
with 1 x 108 cultured metacyclic trypanosomes which had been treated with 0.1%
formaldehyde. Seven days after inoculation the rabbit was bled from a marginal ear
vein and serum collected. For VAT analysis trypanosomes obtained from lymph or
metacyclic forms from culture were suspended in phosphate buffered saline pH 7.2
and the M-VAT composition quantified in formalin fixed preparations using
monoclonal or polyvalent antibodies and rabbit anti-mouse IgG conjugated with
fluorescein isothiocyanate as described by Luckins et al. (1990). The proportion of
parasites labelled by each monoclonal antibody was determined by counting 500
trypanosomes using phase contrast and fluorescence microscopy. The presence of
M-VAT specific antibodies in lymph was determined by its ability to neutralize
T.congolense, TREU 2001. A suspension of trypanosomes containing 5 x 103 trypa¬
nosomes per millilitre was prepared directly from a stabilate of TREU 2001, mixed
with an equal volume of lymph and incubated at 4°C for 30 min (Luckins et ah,
1990). Groups of six mice were then inoculated intraperitoneally with 0.1 ml of the
suspension and tail blood from the mice examined microscopically for the presence
of trypanosomes for up to 30 days post inoculation.

Results

Local skin reactions developed at the sites of inoculation of metacyclic trypanosomes
within five days and draining prefemoral lymph nodes became enlarged by seven
days after infection. The daily lymph output from the afferent and efferent lymphatics
is shown in Figs. 1 and 2. The amount collected from each sheep fluctuated from
day to day and varied between approximately 50 ml/day to over 200 ml/day on a
few occasions. The development of parasitosis is also illustrated in Figs. 1 and 2.
Multiplying trypanosomes could be seen in both compartments of the lymphatics.
Parasites were detected in the afferent lymph 4 and 5 days after infection. Numbers
increased progressively until day eight or nine and then steadily declined. At day 22
there were still 2.5 xlO5 trypanosomes per millilitre lymph. The appearance of
trypanosomes in the efferent lymph followed a similar pattern: parasites were first
seen three to six days after infection and increased in numbers until day 10. The
parasitosis declined thereafter, although in Sheep 4 there was a second peak on day
19. The lymph contained 3 x 104 trypanosomes per millilitre on day 21.

For analysis of M-VATs trypanosomes were obtained from the afferent lymph of
Sheep 1 from six to ten days and from Sheep 2 seven to nine days post infection.
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Fig. 1. Development of parasitosis in afferent lymph of sheep infected with Trypanosoma congolense
TREU 1457. Sheep 1: •, numbers of trypanosomes; hatched bars, amount of lymph produced per day.

Sheep 2: O, numbers of trypanosomes; open bars, amount of lymph produced per day
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Fig. 2. Development of parasitosis in efferent lymph of sheep infected with Trypanosoma congolense
TREU 1457. Sheep 3: ■. numbers of trypanosomes; hatched bars, amount of lymph produced per day.

Sheep 4: □, numbers of trypanosomes; open bars, amount of lymph produced per day

Trypanosomes from efferent lymph were collected from Sheep 4 from seven to twelve
days after infection and from Sheep 3 on day seven only. The proportions of
trypanosomes in afferent and efferent lymph labelled by the four MABs are shown
in Table 1. In the afferent lymph there were day-to-day variations in the proportions
of parasites which were labelled compared with the initial inoculum. Hence, on day
six there was a decrease in expression of M-VATs 12.4, 12.5 and 12.11; on day nine
the proportions were similar to the metacylic population but on day 10 were lower.
The overall proportion of trypanosomes expressing M-VATs declined from 100%
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TABLE 1

Proportion of trypanosomes expressing different M-VATs in afferent and efferent lymph collected from
sheep infected with Trypanosoma congolense TREU 1457

Days after Proportion of trypanosome labelled
inoculation

M-VAT Polyclonal anti-1457
M-VAT antiserum

12.4 12.5 12.6 12.11

Cultured 0 19% 18% 14% 10% 100%

metacyclic
trypanosomes

Sheep 1 6 8% 15% 7% 3% 100%

(Afferent) 7 14% 17% 8% 4% 99%
8 12% 24% 12% 5% 95%
9 21% 17% 15% 7% 96%

10 12% 4% 10% 2% 92%

Sheep 2 7 9% 25% 7% 5% 99%

(Afferent) 8 15% 24% 12% 7% 96%
9 22% 12% 14% 8% 56%

Sheep 3 7 0 0 0 0 0

Sheep 4 7-12 0 0 0 0 0

(Efferent)

on day 6 to 92% by day 10. In the efferent lymph none of the trypanosomes were
found to express M-VATs 12.4, 12.5, 12.6 or 12.11 and, in addition, the polyvalent
antibody failed to label any parasites. The total numbers of trypanosomes expressing
M-VATs is shown in Fig. 3. There was a progressive increase in the numbers of
trypanosomes expressing the four individual M-VATs as well as the total M-VAT
population up to day nine.

Neutralization tests showed the presence of trypanosomal antibodies in afferent
lymph collected on days 16 to 20 post infection but there was only partial activity
in efferent lymph (Table 2).

Discussion

Initially, following cyclical transmission by the tsetse fly, few metacyclic trypano¬
somes expressing a limited number of M-VATs are present in the skin of the
vertebrate host. In the period immediately following deposition there is a consider¬
able increase in the numbers of trypanosomes and a concomitant increase in the
numbers of M-VATs. These increases are probably essential for the survival of the
trypanosomes and subsequent establishment of infection in the host (Luckins et al.,
1990). Much of this phase of multiplication takes place extravascularly, in the skin
and draining lymphatics, and the present experiments have enabled a determination
of its extent and the consequences in relation to expression of M-VATs. The present
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Fig. 3. Changes in expression of metacyclic variable antigen types in efferent lymph of a sheep infected
with Trypanosoma congolense TREU 1457. META, metacyclic trypanosomes inoculated into sheep. Bars
(from left to right): numbers of trypanosomes labelled by monoclonal 12.4 (closed bars); numbers of
trypanosomes labelled by monoclonal 12.5 (open bars); numbers of trypanosomes labelled by monoclonal
12.6 (hatched bars); numbers of trypanosomes labelled by monoclonal 12.11 (crosshatched bars); numbers

of trypanosomes labelled by polyclonal antibody (hatched bars)

TABLE 2

Neutralisation tests using afferent or efferent lymph collected from sheep infected with T. congolense
TREU 1457

Lymph samples
(days collected)

Neutralisation tests"

Afferent lymph
(Sheep 1)

Afferent lymph
(Sheep 2)

Efferent lymph
(Sheep 3)

2 6/6 N/D 6/6
4 N/D 6/6 N/D
8 6/6 5/6 6/6

10 N/D 5/6 6/6
14 5/6 4/6 4/6
16 1/6 3/6 4/6
18 0/6 3/6 N/D
20 0/6 3/6 4/6

"Mice infected/mice inoculated. N.D: Not done.

results, together with those observations on the development of T. congolense in the
skin (Luckins et al., 1990) suggest that invasion of the skin, draining lymphatics
and the regional draining lymph nodes occurs with little difference in timing. Initially,
trypanosomes multiply in the skin and until four or five days post infection few
enter the circulation by the lymphatics. Thereafter, there is a massive invasion of
the afferent lymph, with consequent infection of the lymph node into which it drains
(Luckins and Gray, 1979). Trypanosomes appear in the efferent lymphatics at
approximately the same time as they are found in the afferent lymphatics, although
the peak in parasitaemia occurs a little later. In goats infected with T. congolense
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by the bites of infected tsetse flies, trypanosomes could also be detected microscopi¬
cally by seven days post infection, although parasites were present in lymph as early
as four days after infection (Dwinger et al., 1990). Similar results have been obtained
using cyclically transmitted infections with T.vivax (Emery et al., 1980). The timing
of the appearance of parasites in skin, lymph nodes and lymphatics suggests that
trypanosomes enter the peripheral blood within five or six days of infection even
though parasites cannot be detected there until approximately 14 days post infection
(Gray and Luckins, 1980), probably due to their dilution in a large blood volume
(Dwinger et al., 1990). Although only a limited number of M-VATs were examined
there is evidence that there is a steady increase in their absolute numbers in the
afferent lymph for up to nine days after infection. These observations are similar to
those made on expression of M-VATs in the chancre (Luckins et al., 1990). By ten
days post infection the numbers of M-VATs had declined markedly and new VATs
were beginning to appear, although M-VATs still comprised 92% of the trypano¬
somes present in the lymph population. In the efferent lymph there was evidence
that M-VATs were absent from as early as seven days after infection. This dramatic
disappearance of M-VATs is not unique; in studies of M-VAT expression of T.brucei
in efferent lymph from goats, it was shown that the two M-VATs that were monitored
were no longer present in the lymph five or six days after infection by tsetse flies
(Barry and Emery, 1984). The dynamics of replication and VAT expression of
T.congolense suggest that the skin and afferent lymph are the principle sites of
M-VAT production; emerging VATs start to appear from ten days in the skin
(Luckins et al., 1990) and this is reflected in the antigenic variation of trypanosomes
in the afferent lymph. In contrast, in the draining lymph nodes a major switch in
VAT expression occurs and few, if any, M-VATs enter the peripheral blood by this
route. Unfortunately, there are no studies in ruminants which have addressed the
timing and appearance of M-VATs in the peripheral circulation following cyclically
transmitted infections with T.congolense. Humoral antibody responses are probably
responsible for eliminating trypanosomes expressing M-VATs. The trypanosomal
chancre has a large number of B cells and the draining lymph node is also very
active, containing many secondary follicles (Mwangi et al., 1990; 1991). It is therefore
possible that major destruction of trypanosomes expressing M-VATs occurred in
the lymph node. Evidence for the production of M-VAT specific humoral antibodies
in lymph have been demonstrated previously in goats infected with T.brucei (Barry
and Emery, 1984) and in sheep infected with T.congolense (Luckins et al., 1990) but
the present results were inconclusive. Passage through the lymph nodes and lym¬
phatic system of infected ruminants is probably the major route of dissemination of
African pathogenic trypanosomes cyclically transmitted via the tsetse fly. The events
which take place in the skin and lymphatics during the first 7-10 days after infection
have important consequences in relation to the induction of immunity and resistance
to homologous challenge, the response to simultaneous infection and challenge with
different trypanosome serodemes and the level of resistance to infection in trypano-
tolerant and trypanoresistant cattle (Akol and Murray, 1985; Akol et al., 1986;
Dwinger et al., 1986; Luckins and Gray, 1983; Luckins et al., 1983). There is
evidence that differences in replication rates are responsible for the differing levels
of resistance or interference to infection (Dwinger et al., 1990) but further work is
needed in infected or immune animals characterizing M-VAT development as well
as the associated humoral and cellular immune responses in order to understand
fully the significance of the events occurring at this critical stage of infection.
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SUMMARY

A major feature of the pathology induced by Theileria annulata is acute lymphocytic proliferation,
and this study investigates the mechanisms underlying the intrinsic ability of T. annulata-infected
monocytes to induce naive autologous T cells to proliferate. Different T. annulata-infected clones
expressed different but constant levels of MHC class II, varying from <1-0 x 105 to 1-5 x 106
molecules/cell, as measured by saturation binding. However, no correlation was found between the
level of MHC class II expression and levels of induced T cell proliferation. Theileria annulata-
infected cell lines and clones were assayed for cytokine mRNA expression by reverse transcription-
polymerase chain reaction (RT-PCR). The infected cells assayed produced mRNA specific for
IL-1 a, IL-1/3, IL-6, IL-10 and tumour necrosis factor-alpha (TNF-a), but not IL-2 or IL-4. One
clone (clone G) did not produce mRNA for TNF-a. The degree of T cell proliferation induced by
infected cells was directly correlated with the amount of mRNA produced for the T cell
stimulatory cytokines IL-1 a and IL-6, as assessed by a semiquantitative technique. In contrast,
cells infected with the related parasite T. parva produced mRNA for IL-la, IL-2, IL-4, IL-10 and
interferon-gamma (IFN-7). Since T. parva-infected cells also induce naive autologous T cell
proliferation, it seems likely that the production of IL-la by cells infected with either parasite is a
major signal for the induction of non-specific T cell proliferation.

Keywords Theileria annulata bovine cytokine macrophage MHC class II

INTRODUCTION

Theileria annulata is a tick-transmitted protozoan parasite of
cattle and causes the severe lymphoproliferative disease, tropi¬
cal theileriosis, endemic in Southern Europe, North Africa,
Southern Russia, India and the Middle East. In vitro, infective
sporozoites invade MHC class II+ cells, particularly cells of the
monocyte/macrophage lineage which are able to form continu¬
ously growing cell lines in vitro [1,2]. Theileria species appear to
be unique among intracellular protozoan parasites, as no other
species is known to exist within the cytoplasm of macrophages
and induce their replication. Upon infection, cells acquire a
uniform phenotype irrespective of their origin [3], Infected cells
can act as professional antigen-presenting cells (APC), capable
of presenting exogenous antigens to CD4+ T cells [4], How¬
ever, these cells are also capable of activating naive autologous
T cells in the absence of exogenous soluble antigen in a contact-
dependent manner [5], This property of infected cells has

Correspondence: D. J. Brown, Division of Molecular Biology,
Roslin Institute, Roslin, Midlothian EH25 9PS, Scotland, UK.
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recently been shown to play a major role in disease pathogen¬
esis, bypassing normal T cell-APC interactions within draining
lymph nodes [5].

MHC class Il-restricted antigen presentation and cytokine
secretion are essential for APC function (at least in the activa¬
tion of CD4+ cells), and alteration of either component may

play an important role in the altered APC function of infected
cells and thus pathogenesis.

In this study we have generated clonal T. annulata-infected
cell lines, quantified the levels of expression of MHC class II
molecules upon them, and examined whether there is a correla¬
tion between MHC class II expression, cytokine production of
infected cells, and T cell stimulatory ability.

The related parasite T. parva infects T cells and causes a
disease known as East Coast Fever which is endemic to the East
coast of Africa [6]. There are a number of similarities between
these two parasites. Theileria parva-infected cells are also MHC
class II + and also induce T cell proliferation [7], Therefore the
cytokines produced by a T. parva-infected cell line were also
investigated and compared with the cytokines produced by
T. annulata-infected cells.
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MATERIALS AND METHODS

Theileria annulata-infected cell lines and clones
A T. annulata (Ankara strain)-infected cell line (Theileria
annulata 12929 (T.a 12929)) [8] was established from CD14 +
peripheral blood monocytes (PBM) and macrophages of a
6-month-old Friesian calf as previously described [3,4.7].
Clonal cell lines were produced from this line by soft agar
cloning of the T.a 12929 cell line generated above [9]. At a cell
density of 2 x 105 cells/well, cells were then transferred to
10-ml Nunc tissue culture flasks and treated in an identical
manner to standard T. annulata cultures [10].

Theileria parva cell line
The T. parva cell line (B641L4.14 TpM) was used in this work
(a kind gift from ILRI).

Quantification of MHC class II expression
Cell cultures were passaged the day before use to maintain the
cells in exponential growth phase. The MoAb used during this
assay was the rat anti-ruminant MHC class II (DR/3-specific)
MoAb SW73.2 [11]. F(ab')2 fragments of MoAb SW73.2 were
iodinated with ,25iodine (Amersham Int., Aylesbury, UK)
using the Iodobeads iodination protocol (Pierce, Rockford,
IL) [12], The level of expression of MHC class II molecules was
measured by saturation binding using 125I-labelled SW73.2
F(ab')2 as previously described [13,14], except that cells were
labelled on ice for 30 min before unbound F(ab')2 was

separated from the cells by washing with aliquots of PBS.
The results obtained from assays of the cloned bovine B cell
lymphoma line BL20 were identical to those previously
described [15],

Flow cytometric analysis
Flow cytometric analysis of T. annulata-'mlected cells was

performed to assess the expression of MHC class I and class
II molecules [3]. This analysis was performed using the MoAbs
SW73.2 and IL-A21 [16] which recognize monomorphic deter¬
minants on bovine MHC class II molecules and the anti-bovine
MHC class 1 MoAb IL-A19 [17],

Proliferation assays
T cell proliferation induced by the infected cell lines was
measured as previously described [4]. The T. annulata-infected
cells used in these experiments were passaged 24 h before use;
2 ml of the cell culture were added to 8 ml of fresh medium.

Briefly, autologous naive peripheral blood mononuclear cells
(PBMC; 4 x 105/well) were incubated with irradiated (cells
exposed to 75 Gy) autologous T. annulata-infected cells
(4 x 104/well). Assays were harvested on day 5 (the day of
maximum proliferation [5]) following a 6-h pulse of tritiated
thymidine (3H-TdR) (Amersham). Proliferation was measured
by liquid scintillation counting using a Wallac 1450 Microbeta.
Background ct/min were < 1500 for irradiated PBMC alone and
< 2500 ct/min for irradiated T. annulata-infected cell lines alone.

Reverse transcription-polymerase chain reaction analysis of
cytokine transcripts
Total cell mRNA was isolated from various T. annulata cell lines
and clones using RNAzol B (Biogenesis, Poole, UK) according
to the manufacturer's instructions. Briefly, 107 cells were

Table 1. Cytokine primer sequences used in this study

Primer
mRNA direction Size, bp 5'-sequence-3'

/3-actin + 288 CTGGCACGACACCTTCAACGAG
- AGCCAAGTCCAGACGCAGGATG

IL-lo + 332 TCACCGATGATGACCTGGAAGCC
- GATTTTGGGTGTCTCAGGCATCTCC

IL-1/3 + 432 CCGACGAGTTTCTGTGTGACGCACC
- CGAAAATGTCCCAGGAAGACGGGC

IL-6 + 655 ATGAACTCCCGCTTCACAAGC
— TACTTCATCCGAATAGCTCTC

IL-10 + 733 GCTCAGCACTACTCTGTT
- GTTCACAGAGAAGCTCAGT

TNF-a + 500 CTCAGGTCATCTTCTCAAGCC
■

- CAGGGCGATGATCCCAAAGTAGACC

IFN-7 + 531 GGAGCTACCGATTTCAACTACTCCG
- GCAGGCAGGAGGACCATTACG

Primer orientation (+ or —) is given in relation to the direction of
transcription. The /3-actin, 1L-2, and IL-4 sequences have already been
reported [18].

suspended in 1 ml of RNAzol B and the RNA extracted using
ice-cold chloroform/isoamylalcohol (24:1). The RNA was pre¬
cipitated at — 20°C in isopropanol, followed by two washes in
75% ethanol. RNA was then dried under vacuum, resuspended
in a suitable volume of sterile dH20, and the yield determined by
spectrophotometry (OD taken at 260 nm). Samples of 5 pg
RNA were used for reverse transcription of cDNA using the
Superscript preamplification system (Gibco BRL, Paisley, UK)
with oligo dT as a primer, according to the manufacturer's
instructions. Polymerase chain reaction (PCR) reactions were
performed using 2 p\ of the resulting cDNA. Primers specific for
bovine cytokine sequences (Table 1) were used to amplify
cytokine cDNA, during a 30 cycle PCR programme (Taq poly¬
merase and buffers from Gibco). Primers specific for /3-actin, IL-
2 and IL-4 were used as previously described [18]. The products
of the reverse transcription (RT)-PCR reactions were visualized
by UV transillumination, following electrophoresis on a 2%
agarose (Sigma, type 1-A; Poole, UK)/1X TBE gel containing
OT /rg/ml ethidium bromide.

Quantification ofmRNA
Limiting step PCR was performed to ascertain the relative
expression levels of the various cytokine mRNAs. The PCR
protocol remained the same apart from the number of cycles
used to amplify the cytokine cDNA. Cycle numbers ranged
from 20 to 30, in increments of two cycles. Comparison of the
cycle at which the PCR products became visible was used to
assess the relative expression of the cytokine mRNA species.
/3-actin expression was used as an internal standard for these
reactions.

Restriction digest analysis of PCR products
The identity of the PCR products was determined by restriction
enzyme analysis, using five enzymes: Taq 1 (Pharmacia,
Uppsala, Sweden), Pvu II (Boehringer-Mannheim, Lewes,
UK), Bgl II (Boehringer-Mannhiem), Hae III (New England
Biolabs, Herts, UK), Pst 1 (Pharmacia). PCR product (15 p\)

© 1995 Blackwell Science Ltd, Clinical and Experimental Immunology, 102:507-514

1



Cytokine production by T. annulata-i>i/cc/cr/ macrophages 509

was digested with the selected restriction enzymes. The frag¬
ments obtained after digestion were visualized as in Fig. 3, and
their sizes matched those expected from the known sequences.

Statistical analysis of MHC class II quantification and T cell
proliferation assays
The data obtained from MHC class II quantification and T
cell proliferation assays were assessed using Student's t-test.
Statistical analysis was carried out on the MINITAB statistical
program.

RESULTS

Preliminary flow cytometric analysis showed that the uncloned
parent line (T.a 12929) had a wide distribution of MHC class II
expression (Fig. 1). Fourteen clones were produced by soft agar
cloning. Initial analysis of these clones showed them to express
varying levels of M HC class II. Three clones (clones G, I and L)
were selected which expressed levels of MHC class II molecules
ranging from below, to approaching that of the original culture
{T.a 12929). Uninfected monocytes, the parental population
T.a 12929 and clonal lines G, I and L derived from this cell line
were assayed for the amount of MHC class II expressed at the
cell surface (Fig. 1 and Table 2).

Flow cytometric analysis of MHC class I and II expression
The parent line and the clones all showed a normal distribution
of MHC class I expression with a small range (Fig. 1). In
contrast, the expression of MHC class II by the parent line
and the clones was not normally distributed, even though these
cells were part of a clonal culture and the range of expression of
MHC class II was much greater than that of MHC class I. All
of the clones expressed less MHC class II than the parent line,

300

Table 2. MHC class II cell surface expression on T.a 12929 and cloned
cell lines

10' 10' 10 10 10' 10 10 10*
Log fluorescence

Fig. I. Flow cytometric analysis of MHC class I and II expression from
(a) clone I, (b) clone L, (c) clone G, and (d) T.a 12929. Profiles include
MHC class I profile (^) cells stained with the anti-bovine MHC class I
MoAb IL-A19, and a profile of the MHC class II expression (W). cells
stained with the anti-bovine MHC class II MoAb IL-A21.

Cell line

No. class II

molecules/cell Range

Uninfected monocytes 2-32 x 105 ND
clone I 8-0 x 104 8 0 x 104-10 x 105
clone L 10 x 105 1 0 x 105 -2 0 x 105
clone G 10 x 106 1 0 x 106 -2 0 x 106
T.a 12929 2-4 x 106 2-4 x 106 2-5 x 106

The number of MHC class II molecules expressed per cell given are
the result of a representative experiment. The range given is for three
experiments, except for the uninfected monocyte sample (ND).

and clone G expressed higher MHC class II levels than the
other clones.

Saturation binding studies
Table 2 shows the data produced from saturation binding
studies. The parent cell line expressed higher levels of MHC
class II than any of the clonal populations. Clone G showed the
highest expression of MHC class II of the clones, whilst clones I

60 000 i-
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o

<

<D

<d 30 000
c

to 20 000

10 000

T.a 12929 Clone I Clone G
Stimulator cells

Clone L

Fig. 2. Proliferation assays using the cell lines (T.a 12929, clones I, G
and L) to stimulate freshly isolated peripheral blood monocytes (PBM).
Data shown as Act/min (Act/min = ct/min of proliferating stimulated
T cells - (ct/min of T. amulata-'mfscteA cells alone + ct/min of PBM
alone)).
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and L expressed similar levels of MHC class II. Statistical
analysis showed that the variation in MHC class II expression
within triplicate samples of the parent line and clones was not
statistically significant. However, the expression of MHC class
II by the parent line and clone G was shown to be significantly
different from clones I and L (P < 0-001).

Proliferation of naive T cells
Clonal cell lines and the uncloned parent line (T.a 12929) were
used in proliferation assays to assess the level of non-specific T
cell proliferation induced when naive autologous T cells were
incubated with each clone and proliferation was measured on day
5 (Fig. 2). Clone L induced the highest net levels of proliferation
(45 565 ± 4504 ct/min), which was significantly different from
the proliferation induced by the parent line and clone I
(P ^ 0 005). Both clone G and the parent line induced similar
levels of proliferation, lower than clone L (31 588 ± 6792 and
26 091 ± 7326 ct/min, respectively). In contrast, clone 1 induced
extremely low proliferation (4908 ± 1527 ct/min), significantly
lower than all other infected cells (P ^ 0 005). No correlation
was found between the expression of high levels of MHC class II
on the surface of infected cells and the levels of proliferation
induced by the parent line and the clones.

Cytokine production from infected cells
The possibility that the production of T cell stimulatory
cytokines by the infected cells led to the activation of naive T
cells was investigated using RT-PCR analysis of cytokine
mRNA. Restriction enzyme analysis of the PCR products

showed that the sequence of the RT-PCR products matched
the known bovine cytokine sequences (Fig. 3). The cytokines
produced by the uncloned parent line (T.a 12929) and a T.parva-
infected cell line are shown in Fig. 4a and b, respectively. The
T. annulata-infected cell line and clones expressed mRNA
specific for the monocyte and macrophage-associated cyto¬
kines: IL-la, IL-1/3, IL-6, IL-10 and tumour necrosis factor-
alpha (TNF-a). Clone G did not produce detectable levels of
TNF-q. The parent line was also found to produce interferon-
gamma (IFN-7) mRNA on two out of five occasions. None of
the clones was found to produce mRNA specific for IFN-7.
The T /wva-infected cell line expiessed the T cell-associated
cytokines IL-2, IL-4 and IFN-7, as well as IL-la and IL-10.

Limiting cycle PCR was used to investigate the relative
amounts of each cytokine mRNA produced by each cell line
(Fig. 5 and Table 3). Figure 5 shows the levels of expression of
mRNA specific for /3-actin, IL-la, IL-1/3 and IL-6 by the
parent line and clones at different PCR cycle numbers (between
20 and 24 cycles). Table 3 shows the cycle numbers at which the
cytokine PCR products were detectable. PCR amplifies DNA
templates exponentially, therefore a product which becomes
visible at 20 cycles results from a much more abundant source
of mRNA than a product visible at higher numbers of cycles.
Clone L produced the highest levels of mRNA for IL-la,
IL-1/3, IL-6 and TNF-a (visible at 20 cycles) and IL-10
mRNA visible at 24 cycles. The parent line and clones G and
I expressed much lower levels of these mRNAs, with no
detectable mRNA for IL-10 or TNF-a being expressed by
clone G.

bp
— 587

— 434

— 267

— 184

Fig. 3. Restriction enzyme analysis of the cytokine reverse transcription-polymerase chain reaction (RT-PCR) products. The enzymes
used and fragments expected are as follows, IL-la (Taq 1) 161 bp/204 bp, IL-1/3 (Pvu II) 169 bp/263 bp, IL-6 (Bgl II) 149 bp/477 bp,
IL-10 (Hae III) 306 bp/439 bp, tumour necrosis factor-alpha (TNF-a) (Pvu II) 99 bp/163 bp/234 bp, IFN-7 (Pst 1) 114 bp/425 bp.

© 1995 Blackwell Science Ltd, Clinical and Experimental Immunology, 102:507-514
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Fig. 4. (a) Cytokine gene expression determined by reverse transcription-polymerase chain reaction (RT-PCR) analysis of mRNA
from the parental line {T.a 12929). Other T. annulata-infected cell lines tested so far also expressed mRNA for the listed cytokines
except IFN-7 (data not shown). The analysis of mRNA from the T.a 12929 cell line was carried out on five separate occasions, but
TFN-7 mRNA was detected on only two occasions, (b) Cytokine gene expression in a T. parva-infected line.

DISCUSSION

Our previous studies have shown that T. annulata-infected cells
have enhanced APC function [4] and also induce aberrant T cell
activation and proliferation in vitro and in vivo [4,5]. Originally
we attributed this to the high levels of MHC class II expressed
on the surface of infected cells [4]. Our results here indicate that
this is unlikely to be the case. Interestingly, although all of the
uncloned T. annulata-infected cell lines which we have exam¬

ined to date expressed higher average levels of MHC class II

molecules than the original uninfected CD14+ monocytes, we
were nevertheless able to clone several cell lines which expressed
fewer MHC class II molecules on a per cell basis than the
original uninfected cells. Also it can be seen from the flow
cytometry profiles in Fig. 1 that the expression of MHC class II
molecules by the clones is not normally distributed. This
dysregulation does not appear to alter MHC class I gene
expression, suggesting that the parasite within infected cells
induces a highly specific dysregulation of MHC class II
expression.

© 1995 Blackwell Science Ltd, Clinical and Experimental Immunology, 102:507-514
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Table 3. Cytokine gene expression assayed by limiting cycle polymerase
chain reaction (PCR)

Cytokine T.a 12929 Clone I Clone I. Clone G

/i-actm 20 70 20 20

IL-la 24 26 20 24

IL-1/3 20 24 20 20

IL-6 24 24 20 22

IL-10 30 28 24 NP
TNF a 22 28 20 NP

IFN-7 30 NP NP NP

The cycle nnmher at which the PCR piuduw becomes visible is given
above. NP, The product was not visible after 30 PCR amplification cycles.

*>" mil. «#■ -m "Hi IK A

Clone L

gjPgtft/"-

Fig. 5. Limiting cycle reverse transcription-polymerase chain reaction
(RT-PCR) analysis of /3-actin, IL-la, IL-1/5 and IL-6 expression for
clones I, G, L and T.a 12929.

In this study we have shown that cells infected with T.
annulata constitutively produce mRNAs for a number of
macrophage-associated cytokines, including IL-la, IL-1 (3,
IL-6, IL-10 and TNF-a. By isolating a number of T.
annulata-infected clones and carrying out limiting cycle

RT-PCR, we were able to show that the levels of T cell
proliferation induced by infected cells correlated with the
levels of expression of the T cell stimulatory cytokines, IL-la,
IL-1/3 and IL-6. Clone L, which expressed the highest levels of
these cytokines, induced the highest levels of T cell prolifera¬
tion. In contrast, clone G, which expressed lower levels of these
cytokines, induced less proliferation, despite expressing 15
times more MHC class II molecules than clone L, and clone
I, which expressed the lowest levels of these cytokine mRNA
species, induced the lowest levels of naive autologous T cell
proliferation.

A T cell line infected with the related parasite T. parva

produced a different range of cytokine mRNAs, including
IL-la, IL-2, IL-4, IL-10 and IFN 7, The production of IL-
la by the T. parva-infected cell line is surprising, as T cells
do not normally produce this cytokine [19], Cells infected
with either of these parasites induce contact-dependent pro¬
liferation in naive autologous T cells [5,7], suggesting that
these parasites share a common mechanism for the
.■stimulation of 1 cells. The presence of 1L-Ia mRNA in both
types of infected cells suggests that this cytokine is the most
important in the induction of T cell proliferation by infected
cells.

The induction of T cell proliferation also depended on the
state of growth of the infected cells. If the infected cell lines or
clones were not passaged 24 h before the non-specific prolif¬
eration assay was initiated, the levels of T cell proliferation
observed were considerably reduced (data not shown). This
suggests that the ability of the infected cells to induce T cell
proliferation may relate to the growth phase of the cell, as
passaging the culture 24 h earlier stimulated growth of infected
cells.

We have previously shown that non-specific activation of T
cells also occurs in vivo [5]. During T. annulata infection, T cell
blasts are found surrounding foci of macroschizont infected
cells in the lymph nodes draining infection. These cells are
unlikely to be stimulated by classical antigen-presentation
mechanisms, as they appear within 2 days post-infection. Our
data suggest that the primary mechanism by which T. annulata
induces T cell activation in vivo is through the production of T
cell stimulatory cytokines by the infected cells.

Cells infected with T. annulata also produce high levels of
inflammatory cytokines, especially TNF-a. This cytokine is a
potent inducer of fever and has also been linked to the

© 1995 Blackwell Science Ltd, Clinical and Experimental Immunology, 102:507-514
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production of anaemia, muscle wasting and necrosis [20,21],
These symptoms are observed in acute cases of tropical theiler-
iosis. Although the anaemia and fever observed have been
linked to the formation of piroplasms in erythrocytes, followed
by the lysis of the infected cells, there are documented cases
where infections have proved fatal before the detection of
piroplasms [22], In addition, the cell line infected with T. parva
does not produce mRNA specific for TNF-a, and T. parva
infections are not characterized by high levels of anaemia [23],
We suggest that the production of TNF-a by the T. annulata-
infected cells directly causes the pathological reactions observed
during T. annulata infections.

Analysis of the parent cell line showed that IFN-7 mRNA
was produced on two out of five occasions, but none of the
clones or other cell lines assayed was found to produce mRNA
specific for this cytokine. Although high levels of IFN-7 are
detected in the efferent lymph during T. annulata infection
[24], the IFN-7 produced presumably originates mainly from
T. awiutea-stimulated T cells and not from the infected cells
themselves. We have shown that T cells stimulated by T. annulata-
infected cells in vitro produce IFN-7 mRNA (J. D. M. Camp¬
bell, manuscript in preparation). The production of IFN-7 by
activated T cells may exacerbate the infection by stimulating
macrophages to produce more TNF-a and so increase fever.

In conclusion, infection of leucocytes with the related
parasites, T. annulata and T. parva, induces the secretion of
numerous cytokines by the infected cells. Theileria annulata
induces the production of various T cell-stimulatory and
inflammatory cytokines which may be responsible for the
immunopathological symptoms observed during infection.
Also, the production of a range of antagonistic cytokines
such as IL-1 and IL-10 in vivo [25,26] may reduce the efficiency
of immune responses against infected cells, whereas the pres¬
ence of certain cytokines (such as IL-1 and IFN-7) may

promote the development of infected cells. Alteration of cyto¬
kine expression is also seen in leishmania-infected macrophages
[27,28], However, this parasite appears to down-regulate
production of several cytokines, including IL-1 a, IL-6, IL-10
and IL-12 [27,28],

We plan to investigate the cytokine profiles of attenuated
and virulent lines as the levels of cytokine expression may relate
to the pathology induced by these cell lines. The low levels of
cytokine mRNA and low T cell stimulatory ability found in
clone I and the lack of TNF-a produced by clone G may mean
that these are possible candidates for use as cell line vaccines.
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Summary
Intradermal inoculation of sheep with culture-derived metacyclic forms of
Trypanosoma congolense resulted in the development of localized skin reactions
(chancres) and enlargement of the draining lymph nodes 7 days after infection.
Changes in the expression of surface antigens of lymphocytes in lymph leaving
the affected skin reactions and in the associated lymph nodes were monitored
by cannulating the afferent and efferent lymphatic ducts. Trypanosomes
appeared in afferent and efferent lymph 3 to 5 days after infection and
persisted even as the chancres regressed. The cellular output in both afferent
and efferent lymph increased markedly after the onset ofparasitosis. Sequential
analysis of the phenotypes of lymphocytes by immunofluorescent staining
and flow cytometry revealed that in afferent lymph draining the chancre
there was an early response which was due to an increase in T cells,
particularly CD4+ and CD8+ cells; however, as the chancres regressed there
was an increase in lymphoblasts and surface immunoglobulin-bearing cells.
In contrast, in the efferent lymph, the increase in lymphocytes was due
predominantly to a higher number of cells bearing surface im¬
munoglobulins. © 1996 W.B. Saunders Company Limited

Introduction

Local skin reactions develop in mammalian hosts after infection with Try¬
panosoma congolense (Luckins and Gray, 1979; Gray and Luckins, 1980; Akol
and Murray, 1982). These skin reactions, which are also known as chancres,
are evidence of the initial host response to infection (Luckins and Gray, 1979).
This host response is characterized histologically by a marked leucocyte
infiltration into the dermis (Akol and Murray, 1982). During the first 5—7
days after infection, the cellular infiltrate comprises mainly neutrophils and
mononuclear cells (MNCs), but later the MNCs, particularly lymphocytes,
predominate (Akol and Murray, 1982; Mwangi et al., 1990). In previous work,
we characterized the leucocyte subsets present in the chancre and the draining
lymph nodes by immunocytochemical methods (Mwangi et al., 1990, 1991).
Early in infection, the MNC infiltrate in the chancre is composed mainly of
T and B lymphocytes; later, however, T lymphocytes predominate, with
* Present address: International Livestock Research Institute, P.O. Box 30709, Nairobi, Kenya.
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persistence of CD8+ cells after the skin reaction has regressed (Mwangi et al.,
1990). Enlargement of the draining lymph nodes is due mainly to an expansion
of the B-cell compartment (Mwangi et al., 1991). Trypanosomes and cells
infiltrating the chancre migrate into the systemic circulation via the lymphatic
drainage. This view is supported by observations on the presence of tryp¬
anosomes and the increased number of cells in afferent and efferent lymph of
lymph nodes draining the chancres (Akol and Murray, 1986; Dwinger et al.,
1990; Luckins et al., 1994). However, the relationship between the cellular
immune responses seen in the chancre and the cellular changes in the regional
draining lymph nodes have not been well characterized. In this study, the
cellular events associated with the development of chancres were examined
in sheep infected with T. congolense. Specifically, changes in leucocyte sub-
populations were determined in the afferent lymph from trypanosomal chancres
and in the efferent lymph from the regional lymph node by immunofluorescence
staining and flow cytometry.

Materials and Methods

Animals and Surgery
Nine Finnish Landrace sheep numbered 1 to 9 and aged between 12 and 18 months
were used. They were treated with fenbendazole (Panacur, 2'5%; Hoechst, Frankfurt,
Germany) at a dose rate of 5 mg/kg body weight. The animals, which were confined
in metabolic cages in fly-proof premises, were fed on hay and concentrates and given
drinking water ad libitum. The response in the chancre was monitored as described
by Hopkins et al. (1986) by cannulation of afferent (more correctly, pseudoafferent)
lymphatic ducts in four sheep (nos 1-4) 8 weeks after surgical removal of the regional
prefemoral lymph nodes. The lymph node response was studied by cannulation (Hall,
1967) of the efferent lymphatic ducts of prefemoral lymph nodes in five sheep (nos
5-9).

Trypanosomes and Infection
Cultured metacyclic forms of T. congolense strain TREU 1457 (Luckins et al., 1994)
were used to infect the sheep. Infective metacyclic forms were separated from other
"insect forms" in culture supernate by passage through an anion exchange column
(DEAE 52; Whatman Chemical Separation Limited, Kent, England) as described
elsewhere (Gray et al., 1984). Sheep were inoculated intradermally with 2 x 1CP
organisms in 0-2 ml of phosphate saline glucose, pH 8-0. The injection was made into
the area of the skin drained by the prefemoral lymph node. Of the four sheep
monitored from the pseudoafferent lymphatic duct, one was infected 5 days after
cannulation and the other three were infected on the day of cannulation. Three of
the five sheep monitored from efferent lymph were infected 5 days after cannulation,
and because it was found that no marked alterations in cellular responses occurred
in efferent lymph before the first 5 days of infection, the remaining two sheep were
infected on the day of cannulation.

Lymph Collection
Lymph was collected daily after cannulation, in polyethylene bottles containing 1000
international units of heparin together with penicillin and streptomycin, until the
cannulae blocked or pulled out. Pre-infection values were obtained from four animals
(one "afferent" and three "efferent") and post-infection values were monitored in all
nine animals (four "afferent" and five "efferent") for various periods until lymph flow
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ceased. The volume of lymph was recorded and the flow rate calculated. The cell
content of each collection was determined with a Coulter Counter. Cytocentrifuge
smears of lymph were prepared and stained with Giemsa for differential leukocyte
counts. The cell content (per ml) of lymph and the flow rates were used to calculate
hourly cell outputs. Analysis of cellular responses commenced 3 days after surgical
cannulation, by which time the cell content of the lymph had stabilized. The number
of trypanosomes per ml of lymph was also determined by counting in a Neubauer
haemocytometer.

Flow Cytometry
Monoclonal antibodies (MABs) against ovine leucocyte cell-surface antigens CD4 and
CDS, and y§ T cells have been described previously (Mwangi el ai, 1990). The MABs
were used as undiluted tissue culture supernates. Lymphocytes were prepared from
overnight collections of afferent and efferent lymph by centrifugation at 200 g for 15
min. Cells were then washed three times in phosphate-buffered saline (PBS) containing
bovine serum albumin (BSA) 1% and sodium azide 0-1%. The cell concentration was
adjusted to 107 cells/ml and 50 pi of each cell suspension were dispensed into a well
of a "V"-bottomed microtitre plate and incubated for 30 min at 4°C with 50 pi of
MAB. The cells were then washed three times in PBS-BSA-azide and incubated for
30 min at 4°C with 50 pi of 1 in 80 dilution of goat anti-mouse IgG fluorescein
isothiocyanate (FITC) conjugate (Nordic Immunological Laboratories, Tilburg, The
Netherlands). Surface immunoglobulin-bearing cells (slg+) were identified by direct
staining with FITC-conjugated donkey anti-sheep Ig (Scottish Antibody Production
Unit, Carluke, Lanarkshire, Scotland, UK). After staining, the cells were washed twice
and then fixed in PBS containing paraformaldehyde 1% and sodium azide 0-1%.
Stained cells were analysed by flow cytometry on a FACScan (Becton-Dickinson,
Mountain View, CA, USA). Ten thousand cells were analysed per sample and dead
cells were excluded on the basis of forward light scatter. Total output of each cell
phenotype was then calculated as a product of the proportion of positively stained
cells and the total hourly output of lymph cells.

Results

Local skin reactions, which developed in all the sheep, appeared as ery¬
thematous raised areas about 7 days after infection, resulting in an increase
in skin thickness. After a few days they developed into well-defined plaques
several centimetres in diameter. They gradually resolved and could be dis¬
cerned only with difficulty 21 days after infection. The duration of the lymph
flow in the nine sheep varied from 10 to 22 days in the afferent cannulation
and 7 to 21 days in the efferent cannulation. Representative data are presented
from five sheep in which the flow continued for >15 days and illustrations of
the changes in cell output and cellular phenotype dynamics in lymph are
shown in Figs 1—5. Data were analysed by Student's i-test.

Afferent Lymph

Trypanosomes were detected in afferent lymph from 4 to 6 days after infection.
Peak parasitosis occurred between 8 and 12 days after infection, when up to
T6 x 107 trypanosomes/ml were present in the lymph from some sheep.
Trypanosomes persisted in the lymph for 3 weeks after infection in sheep 1
and 2 (Figs 1 and 2) but in sheep 3 trypanosomes were detected for only 4
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Fig. 1. Numbers oflymphocytes, cell phenotypes and trypanosomes in afferent lymph from sheep 1, infected
with Trypanosoma congolense. Total numbers of lymphocytes (—#—); numbers of trypanosomes
(□); CD4+ lymphocytes (—■—); CD8+ lymphocytes (—□—); y5 lymphocytes (—A—); slg+
lymphocytes (—O—)•

days (Fig. 3). The cell output in the lymph draining from uninfected skin,
before inoculation of trypanosomes, varied between animals and ranged from
10-3 x 106 to 16-8 x 106/h.

Erythrocytes and neutrophils were rarely present, except during the first 4
days after cannulation. The cell output had increased more than three-fold
by 6 to 9 days after infection (Figs 1 to 3). This increase coincided with the
development of local skin reactions at the inoculation sites and with the onset
of parasitosis in the afferent lymph. The cellular response was biphasic in all
three sheep, including that (no. 1) in which the parasitosis was only transient,
the initial rise in lymphocytes occurring during the early part of the second
week after infection (8 to 12 days). The second rise occurred during the third
week (13 to 21 days) and coincided with regression of the chancre. During
this phase, the cellular response was characterized by an increase in the
number and proportion of lymphoblasts. These increases were statistically
significant (jP<0-01) from 8 days after infection.

Striking changes occurred in the T-cell subsets in the afferent lymph draining
the chancre (Figs 1—3). The output of CD4+ and CD8+ lymphocytes increased
concurrently with the increase in total cell numbers. In contrast, the mean
proportion and absolute number of yS cells remained relatively unchanged.
The absolute number and proportion of B cells increased almost five-fold and
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Fig. 2. Numbers of lymphocytes, cell phenotypes and trypanosomes in afferent lymph from sheep 2,
infected with T. congolense. Total numbers of lymphocytes (—#—); numbers of trypanosomes
(□); CD4+ lymphocytes (—■ -); CD8+ lymphocytes (—□—); y5 lymphocytes (- A—); slg+
lymphocytes (—O—)•

two-fold, respectively, during the second and third weeks after infection (Figs
1-3).

Efferent Lymph

Trypanosomes were detected in efferent lymph 3 to 6 days after infection,
peak parasitosis occurring 9 to 10 days after infection, when the number of
parasites in lymph was maximal (up to 3 x 106/ml). Trypanosomes were still
present in lymph collected 21 days after infection (Figs 4 and 5).

The cellular output in the efferent lymph of uninfected sheep was variable
and ranged from 3-9 x 10' to 12 8 x lO'/h. After infection, striking changes
occurred, coinciding with the development of chancres and onset ofparasitosis
in efferent lymph (Figs 4 and 5). Cellular output had increased more than
four-fold 7—12 days after infection, but from day 18 gradually declined to pre-
infection levels, in parallel with the regression of the chancre. Increase in
cellular output was accompanied by a five-fold increase in lymphoblasts.
Statistically significant (P<0"01) alterations in total cell number and in the
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Fig. 3. Numbers of lymphocytes, cell phenotypes and trypanosomes in afferent lymph from sheep 3,
infected with T. congolense. Total numbers of lymphocytes (—#—); numbers of trypanosomes
(□); CD4+ lymphocytes (—■—); CD8+ lymphocytes (—□—); y5 lymphocytes (—A—■); slg+
lymphocytes (—O—)•

proportion of lymphoblasts was observed from 5 to 7 days and at 4 days,
respectively, after infection.

The increase in lymphocytes after infection was characterized by a three¬
fold increase in the proportion of slg+ cells and a five-fold increase in their
number (Figs 4 and 5). As the chancres regressed, the number and proportion
of slg+ cells declined but were still more than twice the pre-infection level 21
days after infection. As a consequence of the increased output of slg+ cells,
the proportion of various T-cell subsets decreased significantly. Flowever, the
output of T cells (especially CD4+ and CD8+ cells) remained above pre-
infection values. The proportion of y8 T cells in lymph remained relatively
unchanged throughout the course of the chancre, but the absolute number of
these cells increased slightly as a consequence of the increase in total cell
output.

Discussion

Trypanosome proliferation in the skin and the subsequent migration of the
parasites into the systemic circulation through the draining lymphatics elicit
marked cellular responses in the affected skin and local lymph nodes (Mwangi
et al., 1990, 1991). In the skin, between 5 and 7 days after infection, the initial
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4
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Fig. 4. Numbers of lymphocytes, cell phenotypes and trypanosomes in efferent lymph from sheep 5,
infected with T. congolense. Total numbers of lymphocytes (—#—); numbers of trypanosomes
□); CD4+ lymphocytes (—■—); CD8+ lymphocytes (—□—); y8 lymphocytes (—A—); slg+
lymphocytes (—O—)•

cellular infiltrate is characterized by the appearance of many poly¬
morphonuclear cells and monocytes in the papillary dermis, around the
vascular trunks, reticular dermis and hypodermis (Akol and Murray, 1982;
Mwangi et al., 1990). The peak of the cellular reaction, which occurs 10 to
15 days after infection, is characterized by lymphocytes, lymphoblasts, plasma
cells and macrophages, but very few neutrophils. From 17 days after infection
the chancre is no longer detectable macroscopically and the density of the
infiltrate diminishes. Various T-cell phenotypes, including CD4 + , CD8+ and
CD5+ cells, form a major part of the mononuclear cell infiltrate and reach
their maximal numbers 10 to 15 days after infection (Mwangi et al., 1990). yb
T cells are found in low numbers. Dense aggregates of B cells appear early
in the development of the chancre, within the first 7 days (Mwangi et al.,
1990). After establishment of the trypanosomes in the skin and the appearance
of the chancre, there is marked enlargement of the draining lymph node. In
the latter the main proliferative activity is seen in the B cells, mainly in the
follicular region, 6 to 15 days after infection. In contrast, there is a reduction
in T cells in the lymph node, with a decrease in cells expressing CD4, CD5
and CD8 antigens (Mwangi et al., 1991).

In the present experiments, neutrophils were rarely seen in afferent or
efferent lymph draining the chancre; the resolution of the localized neutrophilia
in the skin must therefore have occurred either by local destruction of the
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Fig. 5. Numbers of lymphocytes, cell phenotypes and trypanosomes in efferent lymph from sheep 6,
infected with T. congolense. Total numbers of lymphocytes (—#—); numbers of trypanosomes
(□); CD4+ lymphocytes (—■—); CD8+ lymphocytes (—□—); yd lymphocytes (—A—); slg+
lymphocytes (—O—)•

cells or by direct migration of the neutrophils from the skin into the blood.
The cellular responses observed during the early stages of infection in afferent
lymph from the chancres were characterized largely by an increase in T-cell
output, mainly of CD4+ and CD8+ cells. The CD4+ cell is the most numerous
cell phenotype in the chancre at the peak of development, c. 15 days after
infection, but during the regression of the lesion its numbers decline and
eventually CD4+ and CD8+ cells are present in similar numbers (Mwangi et
al., 1990). Persistence of CD8+ cells in granulomatous lesions has been
associated with ineffective host immune responses as observed in human
leprosy (Modlin et al., 1983). In rats infected with Trypanosoma brucei, CD8 +
cells release interferon gamma, which induces increases in parasitaemia and
more rapid disease progression (Bakhiet et al., 1990, 1993). Treatment of T.
brucei-infected rats with anti-CD8 serum lowers the levels of parasitaemia and
lengthens the survival time, underlining the crucial role that CD8+ cells play
in the pathogenesis of the disease (Bakhiet et al., 1990). Although it is not yet
known if infections with T. congolense in domestic ruminants are regulated by
similar mechanisms, there is circumstantial evidence to suggest that this occurs.
The large numbers of trypanosomes which appear in the chancre (Luckins et
al., 1990) and lymph nodes of susceptible animals (Luckins and Gray, 1979)
are associated with increases in the numbers of CD8+ cells in the dermis of
the skin (Mwangi et al., 1990) and medullary regions of the lymph nodes
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(Mwangi et al., 1991). After the intradermal injection of infective metacyclic
forms of T. congolense into immune animals, in which neither parasite de¬
velopment in the skin nor chancre development are seen, no increases occur
in either CD4+ or CD8+ cells. In contrast, when immune animals are

challenged with a heterologous serodeme, trypanosomes become established
in the skin and the numbers of CD4+ and CD8+ cells increase as in non¬

immune animals (Mwangi et al., 1990).
Increases in the number and proportion of B cells in the trypanosomal

chancre occur at an early stage of infection (Mwangi et al., 1990). In contrast,
in the present study the proportion of B cells in afferent lymph increased only
after 13 days of infection. The increase in B cells in the regional draining
lymph nodes (Mwangi et al., 1991) is probably induced, therefore, by the entry
of trypanosomes from the chancre and might come about by several processes,
including local proliferation within the node, increased migration and re¬
circulation from the blood, release of B-cell mitogenic factors from try¬
panosomes (Tizard et al., 1978) and influx of T cells, macrophages and
dendritic cells from the chancre (Grosskinsky et al., 1983, Budjoso et al.,
1989; Harkiss et al., 1990)—all of which might contribute to the local B-cell
proliferation. The B-cell response observed in the efferent lymph reflects the
cellular changes occurring in the lymph nodes that drain the chancres (Mwangi
et al., 1991). The presence of a high number and proportion of B cells in
afferent lymph while the chancre is regressing may be due to increased
migration from the lesion, because during this period the number of such cells
in the chancre diminishes (Mwangi et al., 1990). It is also possible that they
are recirculating B cells which, though coming from the chancre and local
draining lymph node, originated from the peripheral blood.

Establishment of infection after the bite of an insect is the most critical

stage in the survival of a vector-borne parasite. The work reported here, and
other studies (Luckins et al., 1990, 1994), suggest that the events culminating
in the invasion of the peripheral blood occur almost simultaneously. There
are, however, three distinct phases. First, metacyclic trypanosomes develop in
the chancre, increasing the numbers of metacyclic variable antigen types (M-
VATs) before disappearing completely from the skin (Luckins et al., 1990).
Second, trypanosomes in large numbers pass from the skin into the afferent
lymph, still expressing M-VATs, and to the draining lymph node (Luckins et
al., 1994), where they multiply further in the subcapsular sinuses (Luckins and
Gray, 1979). Third, the trypanosomes leave the lymph node via the efferent
lymphatics to enter the peripheral blood; at this stage they no longer express
M-VATs (Luckins et al., 1994). The importance of the development in the
skin and lymphatics in relation to induction of immunity is well known (Akol
and Murray, 1983, 1985; Luckins and Gray, 1983; Luckins et al., 1983).
Humoral antibodies play a role in the destruction of trypanosomes (Luckins
et al., 1994) but the wider implications of the observed changes in the cellular
phenotypes in the skin, lymph node and afferent and efferent lymph in relation
to the immune response are not known. The differences in the cellular
composition of the trypanosouial chancre, the lymph node and of the lymph
leaving these two sites reflect the events occurring therein, but it is not clear
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how these differences influence the immune response. Further work is needed
to clarify the relationship between trypanosome establishment and growth,
and the role of different T-cell phenotypes and cytokines in susceptibility,
resistance and pathogenesis.
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Abstract Sheep were infected with 2xl06 Trypanosoma
evansi TREU 2143 through the external jugular vein.
The parasite kinetics as well as the effects on body tem¬
perature. packed cell volume (PCV). erythrocyte counts
and total and differential white blood cell counts were

monitored twice weekly for 3 months. The results
showed that T. evansi produced a chronic form of the
disease in sheep characterised by low-level and often
cryptic parasitaemia. with self-cure occurring in two
cases: mild anaemia as evidenced by decreases in PCV
and erythrocyte counts: and significant (P<0.02) leuco-
cytosis by day 22 post infection (p.i.). The leucocytosis
was a result of marked lymphocytosis whose significant
rises (P<0.02) parallelled the rises in total white blood
cell (TWBC) counts. These changes were less obvious in
the animals that underwent self-cure. We conclude that
T. evansi produces pathological changes in the peripheral
blood of sheep similar to those produced by its tsetse-
transmitted counterparts. It would thus appear that the
sheep/7! evansi model is suitable for long-term study of
the immunopathologv of pathogenic trypanosomes since
the sheep is easily available, easy to handle and a natural
host to all pathogenic trypanosomes.

Introduction

i
Trypanosoma evansi has the widest geographical distri¬
bution of all the pathogenic trypanosome species and in-

I fects domesticated livestock in many countries of Africa,
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Asia and South America (Luckins 1988). Whilst it caus¬
es disease in most domesticated animals, there is a con¬

siderable degree of variation in the severity of its patho¬
logical effects in the animals, its most severe manifesta¬
tion of disease occurs in draught and transport animals
such as horses, donkeys, camels and cattle', in that order.
In the present economic circumstances, the use of these
animals for draught purposes offers the best possible al¬
ternative for increased food production in most African
and other Third World countries. They can greatly in¬
crease the area that can be cleared and cultivated by one
individual at much less expense than by any mechanized
means (Connor 1989). It is known that 7! evansi has
played a significant role in limiting the use and perfor¬
mance of transport and draught animals in countries of
the littoral Mediterranean, northern regions of West Afri¬
ca. Euroasia. India as well as islands of the Indian and
Pacific Oceans (Adiwinata and Dachlan 1969).

However, despite this and in spite of the wide distri¬
bution and host range of 7! evansi. it remains the least in¬
tensively researched of all the pathogenic trypanosomes.
Therefore, in comparison to its tsetse-transmitted coun¬
terparts. there is correspondingly less information avail¬
able on the incidence, pathogenesis and economic impor¬
tance of the disease that it causes in most of its natural
hosts. To add to the little information currently available
on the pathogenesis of 7! evansi, in the present experi¬
ments we monitored its effect on the blood picture of in¬
fected sheep. We chose the sheep model because the
sheep is a natural host of 7! evansi, is easily available
and lends itself to experimental manipulation.

Materials and methods

Animals

Finnish Landrace and Suffolk breeds of sheep aged between 6 and
18 months were purchased from Moredun Research Institute, Ed¬
inburgh. and used for the experiments. They were kept in similar
condition in an animal-isolation unit and were fed on hay. concen¬
trates and water. Each of the animals was dewormed with a 5-
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• tually showed marked increases between days 22 and 40
p.i. and following self-cure (Fig. lb). Similarly, the mean
PCV remained within preinfection levels, showing only
minor increases (Fig. lc).

Total and differential WBC

A transient initial decrease in the mean TWBC count of

group A was followed by significant increases (P<0.02)
by day 22 p.i. (Fig. 2a). This rise was paralleled by a sig¬
nificant (P<0.001) steady rise in the mean proportion
(Fig. 2b) and numbers (data not presented) of lympho¬
cytes and a significant (/><0.001) steady decrease in the
mean proportions (Fig. 2c) and numbers (data not pre¬
sented) of neutrophils. Following the infection, eosino¬
phil levels decreased significantly (PcO.OOl) below pre¬
infection levels and remained so throughout the course
of the infection (Fig. 2d). Monocyte levels showed an
initially significant increase (F<0.05) but by day 12 p.i.
had returned to the preinfection levels (Fig. 2e).

In the two sheep that underwent self-cure (group B).
although the initial decrease observed in the mean
TWBC counts between days 1 and 15 p.i. was greater,
thereafter the counts remained slightly below preinfec¬
tion levels until day 43 p.i.. when they returned to the
former levels. Irrespective of this, there was a definite
pattern of triphasic proportional lymphocytosis (Fig. 2b).
which was paralleled by phases of neutropaenia (Fig.
2c ). As observed in group A. the mean proportions of eo¬
sinophils decreased and remained below the preinfection
means, even after self-cure (Fig. 2d). In contrast to group
A. the mean proportions of monocytes in group B
showed an initial decrease and generally remained below
preinfection values except on day 43 p.i. (Fig. 2e).

Discussion

The results of this study suggest that the parasite kinetics
produced by mechanically transmitted Trypanosoma
evansi and the changes it produces in the blood picture
of infected hosts are similar to those of its tsetse-trans¬

mitted counterparts. For instance, there was a consider¬
able variation in the p.p.p. observed from 8 to 15 days
p.i. Such variations have been observed in sheep infected
with T. congolense and have been attributed to variations
in the virulence of the metacyclic inocula used, which
were derived from different in vitro culture cocktails

(Mwangi 1991). However, since we used similar num¬
bers of the same clone of T. evansi passaged in intmuno-
suppressed mice, it is possible that the variations in the
observed p.p.p. may have arisen from differences in the
individual animals" immune response. Actually, the
p.p.p. was longer (14 and 15 days, respectively) in the
two sheep that eventually achieved a self-cure. Similar
examples of prolonged p.p.p. were also previously ob¬
served in T. congolense-infected N'dama cattle, which
eventuallv underwent self-cure, in contrast to infected

Boran cattle! which required drug intervention to pre¬
clude.death (Williams et al. 1991).

The low-level and often cryptic parasitaemia observed
in this study is characteristic of chronic T. evansi infec¬
tion and agrees with observations made in rabbits and
goats and in goats, sheep and camels following experi¬
mental and natural infections, respectively (Luckins et al.
1978; Boid et al. 1981; Rottcher et al. 1987; Ngeranwa et
al. 1991). Throughout the infection the temperature fluc¬
tuated, ranging from 39.5" C to 40. lc C in the animals
that eventually underwent self-cure and from 39.8° C to
40.5° C in those that remained parasitaemic until treated.
However, in all groups the periods of highest tempera¬
ture elevation preceded or coincided with the periods of
peak parasitaemia. This finding differs partially from the
study of Ngeranwa et al. (1991), in which the body tem¬
peratures were similarly erratic but the temperature ele¬
vations followed the parasitaemic peaks.

Despite the low levels of parasitaemia, there were sig¬
nificant changes in the haematological values of the
sheep. The mean erythrocyte counts of the six sheep that
remained parasitaemic until treatment decreased signifi¬
cantly from preinfection values, as did the mean PCV
values. These decreases were indicative of anaemia and
were in agreement with the existing literature (Nadim
and Soliman 1967; Raisinghani et al. 1981a (cited by
Boid et al. 1985); Yagoub 1989; Ngeranwa et al. 1991:
Otsyula et al. 1992). Death in trypanosomiasis is usually
a result of severe anaemia, and animals that are capable
of steming the reduction in PCV and erythrocyte indices
during the course of the infection often survive. Al¬
though the degree of reduction in the PCV and erythro¬
cyte counts in this case cannot be regarded as indicative
of severe anaemia, the observation that the two sheep
that showed lesser decreases and periods of increases
were capable of achieving a self-cure suggests the poten¬
tial importance of normal PCV and erythrocyte levels in
the ability of infected animals to control the infection
and survive. Our finding, however, differs partially from
that of Boid et al. (1981). who reported that T. evansi ap¬
peared to have little effect on the haematological picture
(PCV) of sheep but caused a progressive fall in the PCVs
of goats and camels.

An initial reduction in the TWBCs was followed b>
significant increases after the onset of parasitaemia. This
observation is in agreement with studies in cattle and
sheep experimentally infected with T. congolense (Fie-
nnes et al. 1946; Navlor 1971; Wellde et al. 1974; Valli
and Mills 1980: Ellis et al. 1987: Mwangi 1991: Wil¬
liams et al. 1991). The leucocytosis was a result of
marked lymphocytosis since both the proportions and
numbers of neutrophils and eosinophils decreased irre¬
spective of the increased TWBC counts. Similar results
involving increases in lymphocyte counts accompanied
by decreases in the neutrophil and/or eosinophil counts
have been reported in rabbits and camels with experi¬
mental and natural T. evansi infections, respectively
(Luckins et al. 1978: Yagoub 1989). Our results, howev¬
er. differ from those of Nadim and Soliman (1967), who
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found consistent leucocytosis in camels with natural T.
oiunsi infections characterised by increases in neutro¬
phils, eosinophils and monocytes along with concurrent
decreases in lymphocytes and basophils.

It is likely that massive lymphocytosis may have part¬
ly accounted for the inability of the persistentlv infected
sheep to clear the parasites from their system. This is be¬
cause lymphocytosis is a prominent feature of rodent try¬
panosomiasis. where it is associated with polyclonal ac¬
tivation of circulating B-cells (Mansfield 1978: Mans¬
field and Bagasra 1978). and has also been observed in 71
congolense infections in cattle and sheep (Ellis et al.
1987; Mwangi 1991: Williams et al. 1991). Furthermore,
only moderate increases in TWBCs and absolute lym¬
phocyte counts were observed in the two sheep that
achieved a self-cure, which suggests that massive expan¬
sion of the lymphocyte population per se does not deter¬
mine the ability to clear the parasites. Similar observa¬
tions were made in sheep infected with metacyclic 71
congolense, where animals in which only slight increas¬
es, if any, in TWBCs occurred were more capable of
controlling the infection (Mwangi 1991).

In conclusion, the present study shows that 71 evunsi
produces chronic infection in one of its natural hosts,
the sheep, and induces changes in the haematologica!
indices similar to those produced by its tsetse-transmit¬
ted counterparts. One of the limitations of the study of
the pathogenesis and immunopathologv of the patho¬
genic tsetse-transmitted Africa trypanosomes in live¬
stock is that the experiments are usually ended prema¬
turely due to either the death of the host or drug inter¬
vention to preclude death. The sheep/71 evansi model is
ideal for both short-term and extended studies without
the risk of losing the animals if intercurrent infections
are controlled. However, it is nonetheless necessary that
more studies using this model be carried out so as to de¬
termine fully whether results obtained with the model
can be wholly extrapolated to the other trypanosome
species.
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ABSTRACT

The observation on T cell mediated responses in experimental!)' sheep-pox virus (SPV)-infected lambs, was made on the
basis of virus (SPV) antigen induced lymphocyte proliferation, interleukin-2 (IL-2) production ability of peripheral blood
lymphocytes (PBL), IL-2 receptor expression, leucocyte migration inhibition (LMIA) and lymphocyte subset alteration in
the peripheral blood by using panel of mouse monoclonal antibodies to sheep leucocyte antigen designated as CD4. CDS,
CDS. T19. CD45. CD2, B.MHC class I and MHC class II. The sequential changes in PBL subset population with
considerable decrease in CD8+ ratio (30.5 to 1.26) in the post-infection period of lambs were significant. The specific viral
antigen induced lymphocyte histogenesis and release of increased amounts of soluble factors especially IL-2 post viral
infection is regarded as an in vitro correlate of cell-mediated immune response (CM1) against pox.

Key words : Cellular response. Sheep-pox. Lambs

The literature on the cell-mediated immune response (CMIR)
against sheep-pox in ovines is very scanty. There is a grow¬
ing evidence that the CMIR plays an important protective role
against sheep-pox besides humoral immunity. Reports on the
CMIR against sheep-pox virus in ovines are conflicting and
inconclusive (Das 1982, Kalraand Sharma 1984, Prasad et al.
1986). The role of macrophages and various effect of
lymphocytes in human and rodents was worked out
(Magensen 1979. Balachandran et al. 1980, Dherty and
Korngold 1983). Similar work seems to have not been carried
out with respect to sheep-pox.

The present paper communicates certain observations made
on cellular response in experimentally sheep-pox virus (SPV)-
infected lambs on the basis of virus antigen induced lym¬
phocyte proliferation, IL-2 production ability of PBL, IL-2
receptor production, leucocyte migration inhibition and lym¬
phocyte subset alteration in the peripheral blood using
monoclonal probe.

MATERIALS AND METHODS

Healthy Muzzaffarnagri weaned male lambs (3 -5 months-
old) of known pedgree without previous history of sheep-
pox infection or vaccination, were used for this study.

Present address : 'Professor and Head, Microbiology and Immu¬
nology. Faculty of Veterinary Sciences and Animal Husbandry,
SKUAT. Shuhama PB No 135. Srinagar. Kashmir 190 001.

"Senior Scientist.
3 Veterinary Pathology, University of Edinburgh, Summer hall.

Edinburgh. EH9 1011.
4Professor and Head. Immunology section.

Virulent Jaipur strain of sheep-pox virus procured from
sheep-pox vaccine laboratory, was used. The experimental
lambs were managed separately, screened and dosed against
parasitic infections prior to inoculation of SPV. The animals
were prepared by removing belly wool and closely sheared.
The abdominal area of lambs was swabbed with savlon

detergent and shaved clean. The freeze-dried material of
virulent virus was reconstituted as per the instructions of
the source and 2000 ID 50(skin infective dose 50%) were given
at 4 spots (0.1 ml at each spot) by I/D route. The animals were
observed for temperature and general/cutaneous reaction up
till 3 weeks. The blood samples were collected at weekly
intervals.

The peripheral blood of lambs was collected by jugular
venipuncture in2.7%ethylene-diaminetetra acetate (EDTAV
0.9%NaCI. The mononuclear cells were separated on den¬
sity gradient ficolhypague (d = 1.077) (Banks and
Greenlee 1982). Live and dead cells were assessed by
negrosin exclusion methods. The PBMC were made free of
monocytes by plastic adherence technique using disposable
falcon flasks. Further separation of T and B cells were made
by adherence to nylon wool (Binns et al. 1979).

Experiment was designed to ascertain optimal concentra¬
tion of viral antigen using microculture plate assay system.
The lymphocyte transformation was expressed as stimulation
index (SI) which was computed as follows :

gg. _ mean CPM in wells containing Ag
mean CPM in wells without Ag (control)
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Mitogen con A and SPV antigen were used for production
of IL-2 assay (Lafferty etal. 1980) based on the ability of IL-2
to allow proliferation ofmitogen stimulated lymphoblasts. Serial
2-fold dilution of the sample, was made in RPMI 1640 GM.
Microassay was carried out in 96-well plates. Each dilution
was tested in triplicate.

IL-2 receptor expression was studied on ovine lymphoblasts
prepared from PBMC from infected and control lambs using
mitogen con A and SPV antigen. Counts were taken in beta
liquid scintillation counter.

Leucocyte migration inhibition test (LM1T) was performed
according to Mustafa (1983). The results were expressed as
per cent migration inhibition (% MI).

Area of migration of leucocytes in presence of Ag
SL

Area of migration of leucocytes in the control chamber

Monoclonal antibodies
The panel of 9 mouse monoclonal antibodies (MAbs) to

sheep leucocyte antigen kindly supplied by Dr J Hopkins,
was used in ID1F test to determine the alteration of lymphocyte
subset in the peripheral blood of lambs post-infection. Briefly
200 pi of cell suspension (2 x 10s cells) was centrifuged and
supernatent was removed. M Ab 50 pi was added and mixed to
cell pallet by shaking gently. The MAb-treated cells were
washed thrice with chilled PBS. Rabbit antimouse fluorescein
± isothiocyanate conjugate was added in each tube and tubes
incubated at 40°C for 1 hr. The cells were washed 5 times with

chilled PBS and mounted in a drop of 50% glycerine PBS and
finally examined under fluorescent microscope.

RESULTS

Lymphocyte proliferation
The mean stimulation index ± SE in infected animals was

50.23 ±2.85. whereas in the control animals it averaged to 3.83
±0.49 (Fig. 1).

In vitro interleukin-2 production
The mean SI ± SE in infected animals was 27.7 ±2.04 and in

the control group 15.01 ± 2.45 in 1 : 4 dilution of culture
supernates (Table 1).

Interleukin-2 receptor expression in in vitro transformed
blasts

The IL-2 receptor expression was assayed for both infected
and control lambs using standard IL-2 preparation . The mean
SI ± SE in blasts derived from infected animals was 40.76 ±

2.42 and in control group 18.33 ± 0.52.

Leucocyte migration inhibition assay
The results of LMI assay carried out on the PBMC of in¬

fected. vaccinated and control animals showed significant
variation. The mean migration inhibition varied from 46.96 to
55.93 in vaccinated animals, 21.7 to 22.65 in infected animals
and 6.83 to 17.71 in the control group.
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Fig. I. In vitro lymphocyte proliferation induced by Con A and
sheep pox virus in peripheral blood mononuclear cells of immunised,
infected and control sheep.

Lymphocyte subset alteration in peripheral blood
The kinetics of lymphocyte subset in the peripheral blood

of SPV-infected lambs was compared to those of control ani¬
mals at weekly intervals by monoclonal probe. Noticeable
molecule bearing lymphocytes were observed from day 7 to
day 14 post-infection. The CD4 : CDS ratios on day 0,7,14 and
21 were 1.92, 3.52 , 1.26 and 1.36, respectively, because of
significant alteration of CD8 + lymphocytes in the peripheral
blood. On day 14 and 21 post-infection remarkable decrease
in T 19 molecule bearing lymphocyte, was observed in periph¬
eral blood of lambs.

DISCUSSION

Role of humoral immunity is well documented but it is be¬
lieved that CMI may be crucial in protection against sheep-
pox infection (Srivastava and Singh 1980, Kalra and Sharma
1984 , Das 1982). In the present study concerted approaches
were taken for examining various aspects of T cell-mediated
immune response. Lymphocyte transformation test which in¬
volves proliferation of lymphocytes on antigen stimulation
and release of soluble factors can be regarded as in vitro
correlate of CMI. Present studies on con A and specific anti¬
gen induced lymphocyte blastogenesis revealed marked dif¬
ferences in responses between sheep-pox infected animals
and control animals. It is interesting to note that PBMC from
infected animal showed significant difference in in vitro pro¬
liferative activity than from those derived for control animals.
Specific antigen induced lymphocyte proliferation was ob¬
served at seventh day post inoculation. This finding sug¬
gested that the antigen sensitive lymphocytes appear in the
perinheral blood of post-inoculated sheep which may con-
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Table 1. In vitro 1L-2 production status of peripheral blood lymphocyte from sheep pox-infected lambs

265

Stimulated Unstimulated

Culture supernates (1L-2) dilution
Animal

No.

1 : 4 1 : 8 1 : 16

CPM SI CPM SI CPM SI

Sheep pox-infected lambs
L-60 6795±23l 30.2 3 195± 150 14.2 1687±175 7.50 225±55

L-61 4914±335 25.2 2359±195 12.1 1112±112 5.17 195±21

L-57 6!20±321 25.5 2688±255 11.1 1608±155 6.70 240±61

Mean ± SE 5943±550 27.7±2.04 2747±243 12.5±0.88 1469±179 6.6±0.52 220± 13.22

Uninfected controls
L-21 2408±390 10.25 890±91 3.87 455±7I 1.93 235±27
L-39 4070±195 18.50 2240±98 10.20 1870±151 8.5 220±21
L-546 2934±115 16.30 1494±163 8.30 1170±83 6.50 180±31
Mean ± SE 3137±490 15.0±2.46 1541±390 7.28±1.85 1165±408.4 5.14± 1.94 211 ± 16.9

Values are means of triplicate cultures with ± SD.

tribute towards protection and recovery of animals from dis¬
ease. Antigen induced lymphocyte proliferation was observed
in the control group of sheep, suggesting that Ag-sensitive
lymphocytes were not present in the peripheral blood of con¬
trol sheep.

hi vitro leucocyte migration inhibition assay was carried
out on the PBMC of infected and control animals. Per cent

migration inhibition below 20 is considered as non-specific.
Significant increase 24.2 ± 2.57 as compared to that ofcontrol
(11.95 ± 3.15) can be construed as the in vitro correlate of on

going CMIR in animals.
Ellis et al. (1990) reported that analysis of PBMC with spe¬

cific monoclonal antibodies revealed panlymphocytopenia on

day 7 post-experimental infection of bluetongue virus in sheep
with an increase in CD4 : CD8 ratio (3) resulting from a greater
decrease in absolute numbers of circulating SBUT8 (CD8 +
cytotoxic / suppressor) lymphocytes compard to CD4 +
(helper) lymphocyte. SBUT19 lymphocytes were also de¬
creased below base line values on days 5-14 post infection,
on day 14 post infection CD8 + were increased and CD4 : CD8
ratio decreased to approximately 0.6 in these sheep. We ob¬
served that lymphocytes from infected sheep also prolifer¬
ated in vitro in response to purified virus. These sequential
changes with peripheral blood of T lymphocyte sub popula¬
tion have been documented towards the cell-mediated immune

response against bluetongue virus infection. In these stud¬
ies, it was interesting to note the sequential alteration in
lymphocyte sub populations. The alternation in CD4 : CD8
ratios observed could be considered towards CMIR against
sheep-pox virus infection which could be a step towards re¬

covery of animal from the disease. The findings are similar to
what has been reported by some workers for some other viral
infections (Ellis etal. 1990. Brandon et al. 1989). Further stud¬

ies on Tcell response involved in sheep-pox infection, vacci¬
nation and protection are suggested.
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Summary
The prefemoral efferent lymphatics of sheep infected with Trypanosoma evansi
and inoculated with P. haemolytica vaccine and of those given only the vaccine,
were surgically cannulated to study the effects of the infection on the total
cellular output and output of blast cells from the node in response to the
vaccine. T. evansi delayed and depressed the increases in total cell and
lymphoblast outputs. In uninfected sheep, the total cellular output increased
and peaked at more than twice the prevaccination values on days 4 and 5
after primary vaccination, but the increases were smaller and peaked on days
6 and 8 after primary vaccination in the infected sheep. The output of
lymphoblasts mirrored the total cell output, though it was suppressed to a
greater degree by T. evansi. The output of blasts peaked at more than 8 and
14 times the prevaccination values in the uninfected animals after primary
and secondary (booster) vaccinations, respectively; but in infected animals, it
peaked at twice the prevaccination values after the primary vaccination and
showed no increase after booster vaccination until 1 1 days later. It is concluded
that the inhibition of total and blast cell outputs by T. evansi may limit the
early systemic dissemination of antigen-specific cells, thus playing a role in
the induction of immunosuppression by the parasite.

© 1997 W.B. Saunders Company Limited

Introduction

A major feature of trypanosome infection in domestic animals is generalized
immunosuppression, which is preceded by marked lymphoid hyperplasia and
alterations in the lymphocyte population (Losos and Ikede, 1972; Mwangi et
al., 1996). In view of the role and importance of lymphocytes in immunity to
infections, these changes may be expected to affect the immunocompetence
of infected animals and the immunopathology of the disease.

Lymphocytes continuously recirculate between the bloodstream, extra-
vascular tissues, lymph nodes and lymph (Gowans and Knight, 1964). This
recirculation of cells may enable large numbers of lymphocytes with different
antigenic specificities to encounter antigens, thus allowing specific antigen-
reactive cells to be selected out and to accumulate at sites of antigen deposition
(Mackay et al., 1988).
Correspondence to: D. N. Onah, Department of Life Science, University of Nottingham, University Park,
Nottingham, NG7 2RD.
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Studies in sheep have shown that immunological events occurring in a
lymph node draining the site of antigen deposition are reflected by the cell
output and content of the efferent lymph draining from that node (Trnka and
Cahill, 1980). For instance, the cellular content of efferent lymph of an
unstimulated lymph node consists entirely of small lymphocytes. However,
after an antigenic stimulus there is an increased output of small lymphocytes,
lymphoblasts and, in some cases, a mixture of erythrocytes and granulocytes
(Hall and Morris, 1962, 1965b). Similar studies have been carried out in goats
infected with Trypanosoma vivax (Emery et al., 1980) and, more recently, in
goats or sheep infected with Trypanosoma congolense (Dwinger et al., 1990;
Mwangi, 1991; Mwangi et al., 1996). The studies also showed striking changes
in the cellular content of efferent lymph after infection, and especially after
the development of the local skin reaction known as chancre. It was suggested
that the changes might have serious implications in subsequent immunity to
these trypanosomes, which are transmitted by the bite of the tsetse fly.

No comparable work has been done with the non-tsetse-transmitted but
widely distributed parasite, Trypanosoma evansi. This study in sheep was therefore
designed to investigate the effect of T. evansi infection on the output of cells
from a lymph node draining the site of inoculation with Pasteurella haemolytica
vaccine.

Materials and Methods

Animals

Four Finnish Landrace sheep were used. They were dewormed and shown by an
enzyme-linked immunosorbent assay to be seronegative for P. haemolytica antibody
before the experiment began. They were maintained in metabolic cages before and
after cannulation (see below), and fed on hay and a regulated supply of concentrates,
with unlimited access to drinking water.

Trypanosome Strain
T. evansi TREU 2143, a cloned derivative of T. evansi TREU 1558, originally isolated
from a naturally infected camel in the Sudan, was used. The cryopreserved clone was
propagated in mice and separated by anion exchange chromatography (Lanham and
Godfrey, 1970).

Vaccine

A monovalent vaccine consisting of a sodium salicylate capsular extract (SSE) of P.
haemolytica Al adsorbed to alhydrogel (Gilmour et al., 1983; Donachie et al., 1984) was
obtained from the Moredun Research Institute, Edinburgh.

Cannulation, and Examination of Lymph
The prefemoral efferent lymphatic duct was cannulated by the method of Hall and
Morris (1965a). Eymph was collected in sterile siliconized plastic bottles containing
1 ml of heparin solution (1000 i.u.), 5 ml of penicillin solution (500 i.u.) and 500 mg
of streptomycin. The bottle was anchored on a small holder made of a solid sheet of
polythene which was sutured to the skin over the point of emergence of the cannula.

The volume of lymph collected was determined in a measuring cylinder every 24 h
and the hourly flow rate calculated. The total cell numbers were counted in a System
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Table 1

Collection of lymph samples

Sheep Sheep infected Period (days) during which daily Total number
no. with T. evansi lymph samples were collected of daily samples

before vaccination
before after after
vaccination primary booster

vaccination vaccination

662 Yes 2 14 12 28
669 Yes 2 14 7 23
200 No 2 12 5 19
569 No* 2 14 12 28

* Sheep 569 was challenged with 2x10' parasites 7 days after booster vaccination. Note that samples
were collected for only 7 and 5 days after booster vaccination for 669 and 200 respectively as reflected in
Figs 1, 2 and 3.

9000 automated cell counter (Serono; Baker Diagnostics, Allentown, Pennsylvania,
USA) with the aperture set to discriminate between small lymphocytes and blast cells.
The cell counts and flow rates were used to calculate the hourly cell and blast outputs.
Differential cell counts were done from Giemsa-stained "cytospin" films of washed
cells.

Infection and Vaccination
Two sheep (nos 662, 669) were infected intravenously with 2 x 106 trypomastigotes
of T. evansi TREU 2143 via the external jugular vein. The prefemoral lymph node of
all four sheep was "primed and boosted" (see below) by the subcutaneous injection
of two 2-mg doses of P. haemolytica vaccine in the flank area drained by the node.

Experimental Design
Two sheep (nos 662, 669) were infected with T. evansi and, with two uninfected
controls (nos 200, 569) cannulated on day 10 post-infection (p.i.). Seven days after
cannulation, all the sheep were given a first (primary) dose of vaccine. One sheep
(569) was given a second (booster) dose later. By this time, however, the cannula had
become dislodged from the duct in the other three sheep (662, 699, 200); 6 weeks
later these three animals were re-cannulated in the contralateral duct and given a
second dose of vaccine after a further 4 days. One of the control sheep (569) was
challenged with 2 x 107 T. evansi 7 days after the second vaccination. Table 1 shows
details of the duration of daily sampling.

Results

Parasitosis

Parasites were detected in the lymph of infected sheep 12 days p.i. Details of
the parasite kinetics in the lymph are presented elsewhere (Onah, 1992).

Lymph Output
The lymph flow rate was slightly higher in infected than in uninfected sheep
before vaccination. After primary vaccination, lymph output increased in both



76 D. N. Onah et al.

Fig. 1. Daily lymph output from the prefemoral efferent lymphatic duct of T. mzwff-infected and uninfected
sheep, "primed and boosted" subcutaneously with P. haemolytica vaccine in the drainage area of
the node. Sheep no. 200 uninfected (□), 569 uninfected (■), 662 infected (#) and 669 infected
(O).

infected and uninfected sheep, but the increase was greater in the uninfected
sheep during the first 3 days post-primary vaccination (p.p.v.). Thereafter, the
flow rate became much greater in the infected sheep. After the second dose
of vaccine, the increase in lymph flow rate was not as high as during the
primary response in either group, except in one sheep (662) on day 8 post-
booster vaccination (p.b.v.). Challenge of one of the uninfected sheep (569)
with the parasite on day 7 p.b.v. resulted in a decrease in lymph flow rate
(Fig- 1).

Cell Composition
Examination of Giemsa-stained "cytospin" slides showed that in all four sheep
prefemoral efferent lymph contained 95% lymphocytes, 2-3% granulocytes
and 2—3% erythrocytes during the first 3-4 days after surgical cannulation of
the lymphatic duct. By day 5 after cannulation, the cellular composition had
become entirely lymphocytic (small lymphocytes and lymphoblasts). However,
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Fig. 2. Total cell output/h in the prefemoral lymph of T. evansi-infected and uninfected sheep "primed
and boosted" subcutaneously with P. haemolytica vaccine in the drainage area of the node. Sheep
no. 200 uninfected (D), 569 uninfected (I), 662 infected (#) and 669 infected (O).

the cell composition was 98'5%—99% lymphocytes and 1 %—1 -5% granulocytes
on day 1 p.p.v. Thereafter, it was once again entirely lymphocytic.

Total Cell Output
The total cell output is shown in Fig. 2. Initially, hourly output was higher in the
two infected sheep than in the uninfected controls. After primary vaccination, it
increased gradually, peaking at days 6 and 8 p.p.v. (23 and 25 days p.i.). It
then decreased between days 10 and 12 p.p.v. (27 and 29 days p.i.) before
beginning to rise again. Booster vaccination in the infected animals was not
accompanied by further increases but rather by steady decline until day 11
p.b.v. (88 p.i.), when there was a sharp increase (662 only).

In the two initially uninfected sheep, primary vaccination was accompanied
by a greater cell output/h than that in infected sheep. It peaked at more than
twice prevaccination values on days 4 and 5 p.p.v. Thereafter, it gradually
declined but remained higher than the prevaccination values. An increase
after booster vaccination was preceded by a 24-h decrease and was generally
less marked, but still higher than in the infected sheep. Challenge of sheep
569 on day 7 p.b.v. with the parasite resulted in a sharp decrease in cell
output.
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Fig. 3. Hourly output oflymphoblasts in the prefemoral efferent lymph of 1. evansi-infected and uninfected
sheep "primed and boosted" subcutaneously with P. haemolytica vaccine in the drainage area of the
node. 200 uninfected (□), 569 uninfected (■), 662 infected (#) and 669 infected (Of

Output of lymphoblasts
Before vaccination, the number of blast cells was higher in the infected sheep
than in the uninfected sheep (Fig. 3). After primary vaccination, there was up
to a two-fold increase in the infected animals, peaking at day 8 p.p.v.;
thereafter, lymphoblast numbers decreased and steadied below pre-vaccination
levels until day 11 p.b.v. when there was a sharp increase (662 only).

Increase in lymphoblast numbers in uninfected sheep after primary vac¬
cination was dramatic, rising up to 8-fold by day 3 p.p.v. Booster vaccination
induced a much higher but transient increase of up to 14-fold by day 4 p.b.v.
The challenge of sheep 569 with the trypanosomes at day 7 p.b.v. led to a
further decrease in the output of lymphoblasts (cf. sheep 200).

Discussion

Results obtained in this study showed that T. evansi infection affected the cell
output from the prefemoral lymph node draining the site ofpasteurella vaccine
administration. The prevaccination data show that T. evansi infection induced
a high total cellular output. However, after vaccination, although infected
animals showed gradual increases in total cell output during the following
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nine days before beginning to decline, the increases were actually much less
than in the uninfected animals between days 1 and 6 p.p.v. In addition, as
the infection progressed, so did the decrease in cell output, which remained
below prevaccination levels even after the booster vaccine administration.

Hall and Morris (1962) showed that the cellular responses taking place
within the lymph node draining the site of antigen deposition are reflected by
early decrease and subsequent increase in total cell output from the draining
efferent lymphatic ducts. This has recently been corroborated by work in
sheep infected with either orf virus (Yirrel et al., 1991), Chlamydiapsittaci (Huang
et al., 1991), Toxoplasma gondii (McColgan et al., 1987; Buxton et al., 1994) or
metacyclic Trypanosoma congolense (Mwangi, 1991; Mwangi et al., 1996). The
increase with T. congolense, unlike that with orf virus, C. psittaci or T. gondii, was
bimodal, the initial peak coinciding with the onset of parasitosis.

Similar observations were made in the present study. Uninfected animals
showed a peak after the primary vaccination and a second peak after the
booster vaccination. The second peak occurred after a 24-h fall in total cell
output, which accords with the observation that there are reductions in efferent
lymph cell output during the first 6—24 h after secondary challenge of the
node with antigen, even though lymph flow may be unaltered (Hopkins et al.,
1981b; Yirrel et al., 1991; Buxton et al., 1994). This phenomenon, known as
"cell shutdown" (Hall and Morris, 1965b), is followed by an increased output
of cells which, it has been suggested, consists of lymphocytes that entered the
node during cell shutdown and those generated within the node in response
to the antigen (Hay and Hobbs, 1977). Thus, the increase is aimed at rapid
systemic dissemination of antigen-specific lymphocytes.

However, these kinetic changes in cell output after vaccination were modified
by infection with T. evansi. First, the overall increase after the initial fall was
not only much less than in the uninfected sheep but also gradual, a low first
peak being reached four days later than in the uninfected animals. It then
declined rapidly before beginning to show a minor second peak. Secondly,
after booster vaccination, there was no increase, the cell output continuing to
decline until day 11 p.b.v., when it began to rise again. It seems, therefore,
that the stimulus provided by the trypanosomes resulted in either cell depletion,
a prolonged cell shutdown or the release of factors that inhibited lymphocyte
migration from the node. Whichever was the case, it was apparently attributable
to the parasite, since subsequent challenge of one of the initially uninfected,
vaccinated sheep with 2 x 10' T. evansi resulted in an immediate decrease in
total cell output.

Trypanosomc infection activates macrophages, with increased prostaglandin
E2 (PGE2) production (Askonas, 1985). It is therefore possible that PGE2
production by T. evansi-activated macrophages inhibited lymphocyte migration
from the node, since even at low concentrations PGE2 is a potent suppressor
of lymphocyte migration (McCarty and Goetzl, 1979; Hopkins et al., 1981a;
Van Epps, 1981). Possibly, the hyperplastic nature of the peripheral lymph
nodes of trypanosome-infected animals results from such PGE2-induced sup¬
pression of lymphocyte migration and exit from the nodes, as a similar situation
has been observed in hyperplastic lymph nodes draining sites of tumour lesions
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(Alexander et al., 1969; Pelus and Bockman, 1979; Hopkins et al., 1981b).
Priming of a lymph node by intradermal, subcutaneous or intramuscular

injection of antigen has also been shown to result in increased output of
lymphoblasts and plasmablasts in the lymph leaving the node, peaking 3—14
days after the antigen deposition (Hopkins et al., 1981a,b; Mwangi, 1991;
Buxton et al., 1994; Mwangi et al., 1996). This generally mirrored the increases
in total cell output. The output of lymphoblasts obtained in the present
study accorded with these earlier reports. However, although increases in
lymphoblasts occurred in infected sheep, they were less than in the uninfected
sheep, and only became marked at day 11 p.b.v. (85 days p.i.) which cor¬
responded with the period when no parasites were detectable in the lymph
(data not presented in this paper). It is of interest that: (1) the increases in the
output of lymphoblasts in the infected sheep before vaccination were similar
to those observed by Mwangi (1991) in sheep infected with T. congolense, and
(2) after primary vaccination, an even greater increase occurred, although it
was less than in the uninfected, vaccinated sheep. Thus, without the benefit
of the latter group of sheep, it would not have been noted that the infection
had a depressive effect on the total and blast cell responses to the vaccine
antigen. As already discussed in relation to reduced total cell output, it is
possible that the reduction in blast proliferation and output resulted from
increased macrophage activation and PGE2 production and action.

In conclusion, results of this study indicate that T. evansi infection, like
infections with tsetse-transmitted trypanosomes, suppresses the output of
cells, including lymphoblasts, from local lymph nodes draining the site of
subcutaneous administration of a heterologous antigen. Although this study
was made with only four animals, it suggests that the generalized immuno¬
suppression seen in trypanosome infections may be initiated by the inhibition
of lymphocyte proliferation and migration from peripheral lymph nodes,
which limits early systemic dissemination of antigen-specific blast cells.
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The effects of Trypanosoma evansi on the cellular and humoral immune responses of sheep to
Pasteurella haemolytica vaccine were studied. Peripheral blood lymphocytes (PBLs) from the
sheep were analysed using single and double-colour indirect immunofluorescence staining and
flow cytometry to monitor changes in circulating B and T cell subsets. Serum antibody responses
were assayed using the enzyme-linked immunosorbent assay technique (ELISA), in addition to
measuring local skin reactions at the site of vaccine administration. Results showed significant
increases in circulating B cells in all sheep after the primary (p < 0.01) and secondary (p < 0.001)
vaccinations although the increases were much more dramatic in the T. evansi-infected sheep. In
addition, infection induced significant increases ( p < 0.004) both in proportions and numbers of
CD5+ B cells with more than 70% of circulating B cells expressing the CD5 antigen and showed
significant differences (p < 0.01) from those of control sheep in which vaccination alone failed to
induce similar increases. Also, infection resulted in significant decreases in CD5+ ( p < 0.003),
CD4+ (p < 0.03) and CD8+ (p < 0.03) T cell subsets in contrast to their increases in all control
animals after vaccination. Moreover, there were significant suppression of both local skin reaction
(p < 0.005) and serum Ig and IgGj (p< 0.001) antibody responses to the vaccine antigen.
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1. Introduction

Recent cell-typing experiments have shown that infection of livestock with pathogenic
tsetse-transmitted African trypanosomes leads to alterations in circulating B and T cell
subsets in the peripheral blood (Ellis et al., 1987). In sheep chronically infected with the
non-tsetse transmitted Trypanosoma evansi, there are decreases in the proportion of T
cell subsets and large increases in B cells. The sheep failed to control the infection even
though they showed a progressive increase in IgM antibody titre and displayed higher
levels of circulating B cells compared with sheep which were able to control infection
and eventually be self-cured (Onah et al., 1997). This implies that increases in
circulating B cells during trypanosomiasis do not per se result in the production of
efficient parasite-specific antibodies capable of ablating the infection.

This has remained the paradox of the enhanced IgM antibody responses during
trypanosome infections in general. However, appearance of large numbers of B cells
secreting non-parasite specific IgM antibody is a consistent feature of trypanosomiasis
(Hudson et al., 1976; Corsini et al., 1977; Askonas et al., 1979). More importantly, it
has been demonstrated that up to 90% of circulating B cells during Trypanosoma
congolense infection in cattle express the T cell antigen CD5 (Williams et al., 1991). It
was therefore suggested that this cell population may account for the production of
polyreactive antibodies in T. congolense infections since their appearance coincides with
the time when there is more than a triple increase in the level of serum IgM (Naessens
and Williams, 1992). Moreover, it has been shown, at least in rodents and humans, that
CD5+ B cells are committed to the production of low affinity polyreactive IgM
antibodies which react with self cells (Hayakawa et al., 1984).

7*. evansi induces an expansion of circulating B cells with rising IgM titre which fail
to control the infection in chronically infected sheep (Onah et al., 1997). No work has
been done with T. evansi to ascertain whether it also induces the expression of CD5 + B
cells as part of the increased numbers of circulating B cells and if they might therefore,
be associated with the ineffectual IgM antibody production during the infection. In the
following experiments, we have used two-colour immunofluorescence staining and flow
cytometry to quantify changes in B and T cell subsets in the peripheral blood of sheep
after infection with the parasite and vaccination with an heterologous vaccine antigen.
The aim was to ascertain whether T. evansi also induces the increased expression of
CD5+ B cells or if the emergence of this cell population is just an index of B cell
activation by antigens. We also monitored the effects of the infection on antibody
responses of the sheep to Pasteurella haemolytica vaccine.

2. Materials and methods

2.1. Trypanosomes

A cloned isolate of T. evansi TREU 2143, originally isolated in Sudan (71
et>a«si'/Kassala/77/KAS/4) was used in the experiments. A stabilate recovered from
cryopreservation was inoculated into mice immunosuppressed by a 3-day consecutive
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intraperitoneal treatment with 300 mg kg-1 of cyclophosphamide. They were then
exsanguinated under terminal anaesthesia 3 days later when they had developed a
fulminating parasitaemia. Trypanosomes were separated from the blood by anion
exchange chromatography in a column of diethylaminoethyl cellulose according to
Lanham and Godfrey (1970), washed three times in ice-cold phosphated buffered saline
glucose (PSG, pH 8.0), counted and then adjusted with PSG to 107 parasites ml~'.

2.2. Experimental animals

Suffolk sheep of either sex were purchased at the age of 6 months from Moredun
Research Institute, Edinburgh and were not given routine vaccination against pneumonic
pasteurellosis at the Institute. They were housed and maintained as already described
(Onah et al., 1996). Prior to the experiments, all animals were screened and considered
negative for serum anti-pasteurella antibodies in an ELISA as none of the animals had
absorbance levels of up to 0.10 which we considered the minimum positive level for all
Ig isotype assayed.

2.3. Test antigens and serum

The Pasteurella vaccine and test antigen, as well as the positive and negative
reference sera used were obtained from Moredun Research Institute, Edinburgh. The
vaccine is a sodium salicylate extract (SSE) of the capsular antigen of P. haemolytica
serotype Al adsorbed onto aluminium hydroxide (alhydrogel) adjuvant (Gilmour et al.,
1979; Wells et al., 1979a,b). The test antigen was supplied as a 10 mg ml-1 suspension
but was adjusted to 2 mg ml-1, aliquoted and stored at — 20°C until used. The positive
and negative sera standards were obtained from immunised and naive specific-
pathogen-free lambs respectively (Fodor and Donachie, 1988).

2.4. Experimental design

Infection was initiated in three sheep (322, 445 and 479) by i.v. injection into the
jugular vein of 2 X 106 T. evansi TREU 2143 in 200 p\ sterile PSG. Twenty-eight days
later, they were primed subcutaneously, along with two control sheep (316 and 522),
with 2-mg doses of the vaccine on the flank. Four weeks later (i.e. day 57 post infection,
p.i.), all the sheep were given a booster dose of the vaccine on the contralateral flank.
Blood samples for PBL and serum were taken once weekly prior to infection and/or
vaccination, twice weekly during the week immediately after primary and booster
vaccinations and once weekly thereafter.

2.5. Parasitaemia

Blood parasitaemia was monitored by wet blood smear. 200 microscope fields in a
22 X 22 mm2 cover slip were systematically examined and parasitaemia expressed as
number of parasites/microscope field. The haematocrit centrifugation technique [HCT]
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(Woo, 1970) was also used to screen samples in which parasitaemia was not detectable
by the wet mount method.

2.6. Local skin responses to Pasteurella vaccine

Local skin reactions to primary and secondary exposures to Pasteurella vaccine were
assessed by eye, touch and measurement of skin thickness using a pair of vernier
calipers.

2.7. Pasteurella-specific antibodies

Pasteurella-specific serum Ig, IgG, and IgM antibodies were assayed using direct
and double-sandwich ELISA (Donachie et al., 1983; Fodor and Donachie, 1988). The
mouse anti-sheep IgG, (McMl) and IgM (McM9) monoclonal antibodies (Beh, 1987;
Beh, 1988) used in the double-sandwich ELISA tests were gifts from Dr. K.J. Beh,
CSIRO, Division of Animal Health, McMaster Laboratory, Glebe, NSW, Australia. The
reactions were visualised, for direct ELISA, with horse-radish peroxidase conjugated
donkey anti-sheep Ig (Scottish Antibody Production Unit (SAPU), Law Hospital,
Carluke, Lanarkshire) and for double-sandwich ELISA, with horse-radish peroxidase
conjugated goat anti-mouse polyvalent Ig (Sigma Chemical, St. Louis, USA) and
tetramethylbenzidine (TMB) as chromogen in both cases. The results were read and
presented as optical densities (absorbance levels at 450 nm) and levels below 0.10 were
considered as negative.

2.8. Monoclonal antibodies for immunofluorescence

Monoclonal antibodies (mAbs) 21-91 (SBU-T1), 44-38 (SBU-T4) and 38-65 (SBU-
T8) were purchased from the Sheep Biology Unit, School of Veterinary Science,
University of Melbourne, Australia, as lyophilised ascitic fluid. They were reconstituted
in sterile distilled water and stored at — 20°C until used. The mAb VPM 30 (anti-sheep
B cell) was provided by the Department of Veterinary Pathology, University of
Edinburgh, as culture supernate and was biotinylated according to Hudson and Hay
(1989).

2.9. Analysis of PBL phenotypes

PBLs were separated by hypotonic lysis of red cells using prewarmed (37°C)
tris-ammonium chloride (Mishell and Shigi, 1980). They were then washed and stained
for flow cytometry using slight modification of the single colour (Mackay et al., 1988)
and two-colour (Loken et al., 1977) indirect immunofluorescence techniques. Briefly,
5 X 105 PBLs in ice-cold immunofluorescence buffer, IFB (PBS + 1% BSA + 0.01%
sodium azide + 20 IU ml-1 heparin) were dispensed in 50-yLtl aliquots into round-bot¬
tomed mini test tubes (Sterilin, Hounslow, Middlesex, UK). For two-colour staining,
cells were co-treated with 25 ,u,l each of mAb 21-91 and VPM 30-biotin and for
single-colour, with 25 p.1 of either mAb 44-38 or 38-65. Treated cells were gently mixed
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and incubated at 4°C for 30 min, washed twice in 800 /xl of IFB and resuspended in 50
fil of IBF. Cells were then co-treated (two-colour) with 25 /ul each of isotype-specific
fluorescein isothiocyanate-conjugated sheep anti-mouse Ig (ShAM/Ig/FITC) [Binding
Site, Edgbaston, Birmingham, UK] and R-phycoerythrin-streptavidin complex
(Amersham, Aylesbury, Bucks, UK) for the visualisation of green and red fluorescence
respectively. Cells for single-colour were treated with 25 /al of the FITC-conjugate.
They were incubated for 30 min at 4°C in the dark, washed and resuspended in 200 /xl
IFB. Negative control samples were treated in exactly the same way except that mAbs
were replaced with anti-7". congolense mAb and biotinylated normal mouse serum
(NMS-biotin) for two-colour control and NMS for single-colour control. The cells were
analysed in a fluorescence-activated cell analyser, FACSCAN (Becton Dickinson,
Mountain View, CA, USA) using the Consort 30 programme. Lymphocytes were

'live-gated' while residual cell debris, red blood cells, granulocytes and monocytes were
excluded on the basis of forward and side (90°) light scatter. Cell data were derived by
analysing 10000 cells (events) per sample.

2.10. Cell numbers

The total leucocyte counts in each blood sample was obtained using a Coulter cell
counter (Coulter Electronics, Harpenden, UK) and the differential counts in Giemsa-
stained thin blood smears. The absolute number of lymphocytes in each sample was
determined by the product of the total leucocyte count and the percentage of lympho¬
cytes in 2000 wbcs counted per Giemsa-stained thin blood film. The number of each
lymphoctye subset after flow cytometry was then determined by multiplying their
proportions in the 10000 events with the absolute numbers of lymphocytes as calculated
above.

2.11. Statistics

Statistical analysis of all data was done by two-way analysis of variance with
repeated measures using the SPSS package. All p values equal to or less than 0.05 were
regarded as statistically significant.

3. Results

3.1. Parasite kinetics

All infected sheep were parasitaemic by day 13 p.i.; by day 23 p.i. a peak in
parasitaemia of one trypanosome/16 microscope fields was detected. Sheep 322 ceased
to show parasitaemia by wet film and HCT at day 48 p.i. Mice infected with the blood
on day 52 p.i. and monitored for 30 days did not become parasitaemic. This sheep was

judged to have self-cured at day 48 p.i. Sheep 445 and 479 remained chronically
infected until treated on day 90 p.i. with 5 mg/ml Cymelarsan (Mel Cy, Rhone-Meniux).
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POST VACCINATION (DAYS)

Fig. 1. Skin thickness after primary and booster pasteurella vaccination in T. evansi-infected and uninfected
sheep. Sheep 316(B) and 522 (□) = uninfected vaccinated; Sheep 322 (A), 445 (O) and 479(#) = infected
vaccinated. Sheep 322 underwent self-cure.

3.2. Local skin responses to Pasteurella vaccine

There was a significant difference (F = 54.10; p < 0.005) between the increase in
skin thickness in infected and uninfected sheep following vaccination. Primary vaccina¬
tion of control sheep induced classical inflammatory responses of warmth, erythema,
swelling and tenderness at the site during the first 3 days. This was followed by painless
induration of the skin, with significant increase (F = 98.01; p < 0.001) in skin thickness
(> 7-fold by days 3 and 4 post vaccination, p.v.), which generally receded by day 14.
Following booster dose, the increase (F = 53,74; p < 0.001) in skin thickness was even
higher (> 10-fold by day 3 post booster, p.b.) with the local reaction appearing in the
form of a plaque reminiscent of delayed-type-hypersensitivity reaction (Fig. 1). In
contrast, there was a significant (F = 54.18; p < 0.005) suppression of these responses
in infected sheep following the primary vaccination. Although secondary responses were
suppressed in sheep 445 and 479, there was no significant difference (F = 0.085;
p > 0.05) between the infected and control animals. This was probably because sheep
322, which self-cured, showed a considerable secondary response with up to a 7-fold
increase in skin thickness and that the increase in control animals had receded

considerably one week after (Fig. 1). Giemsa-stained cytospin films of PBL showed that
these local responses were accompanied after primary vaccination, by massive systemic
neutrophilic leucocytosis in the control sheep which was replaced after secondary
exposure by a mixture of granulocytes, small lymphocytes and lymphoblasts. This
systemic neutrophilic response was absent in infected sheep, in which instead, there was
persistent lymphocytic leucocytosis after both primary and booster vaccinations.

3.3. Pasteurella-specific antibody responses

Evaluation of serum Ig responses showed that T. evansi significantly suppressed total
Ig response to primary vaccination (F = 289.06; p < 0.001). While antibody was
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detected one week after primary vaccination in the control sheep, peaking between
weeks 2 and 3 p.v., Ig was just barely detectable in infected sheep during the same
period (Fig. 2a). Similar trend was observed p.b. when, although the self-cured sheep
322 showed considerable secondary response, there was still a significant difference
(F = 20.55; p < 0.02) between the Ig levels in infected and control sheep.

POST VACCINATION (WEEKS)

Fig. 2. Antibody responses to pasteurella vaccine in T. euansi'-infected and uninfected sheep, (a) whole Ig
responses, (b) IgGl responses (c) IgM responses. Sheep 316 (■) and 522 (□) = uninfected vaccinated; Sheep
322 (a), 445 (O) and 479 (•) = infected vaccinated. Sheep 322 underwent self-cure.
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Ig isotype-specific ELISA showed that the predominant isotype was IgG, and that the
suppressed antibody response in infected sheep was largely due to the suppression of
IgG,. The trend of IgG, response mimicked that of total Ig in all sheep and with
significantly lower levels in infected than control group after the primary (F = 540.00;
p < 0.001) and booster (F = 14.10; p < 0.03) vaccinations (Fig. 2b).

The profile of IgM differed in that it apparently was not suppressed in infected sheep.
Curiously, it was also detected at positive levels in infected sheep prior to the time of
primary vaccination which suggests the presence of trypanosome-induced polyreactive
IgM, as it was not present at this level prior to the commencement of the experiment.
Following primary vaccination, although IgM levels were significantly higher (F =
52.25; p < 0.005) in infected than uninfected sheep, it showed significant steady
increase (F = 200.96; p < 0.001) in both groups up to the time of booster vaccinatoin,
when it continued to rise in two of the infected sheep until after treatment but thereafter,
declined in the self-cured sheep 322 and the control sheep irrespective of the booster
vaccination (Fig. 2c).

3.4. Lymphocyte phenotype responses

3.4.1. B cells
There were significant increases in the numbers of circulating B cells after the

primary (F = 11.28; p < 0.01) and booster (F = 28.61; p < 0.001) vaccinations in all
sheep although T. euansi-infection resulted in a much more dramatic increase in sheep
445 and 479 in which circulating B cells rose by more than 2-fold prevaccination (prv)
levels and persisted even after treatment (Fig. 3, panel B, quadrants 1 and 2; Table 1).
This large increase in infected sheep agrees with a previous report (Onah et al., 1997).
However, unlike its infected counterparts, the self-cured sheep 322 showed a more
moderate rate of increase in B cells, the highest being a 76% increase on day 14 p.b. as
against a 224% and 284% increase in sheep 445 and 479 respectively on the same day.

3.4.2. CD5 + B cells
Pasteurella vaccination induced negligible increases in both proportions and numbers

of CD5+ B cells in uninfected sheep (Fig. 3, panel A, quadrant 2; Table 2). In contrast,
T. euansi infection resulted in massive increases in CD5+ B cells of more than 9-fold

prevaccination levels in sheep 445 and 479 by day 28 p.v. (Table 2) and were still high
two weeks after trypanocidal drug treatment. Thus, there were significantly greater
numbers of CD5+ B cells in infected than uninfected animals during the entire time
period (F = 4.25; p < 0.01) and at a stage accounted for almost all the circulating B cell
population (Fig. 3, panel B, quadrant 2). However, the increases were less marked in
sheep 322 which by day 28 p.b. had similar numbers to those of the uninfected sheep
(Table 2).

3.4.3. T cell subsets
Differences were also apparent in the responses of T cell subsets. After the first week

of vaccination when there was an initial slight decrease in the numbers of all T cell
subsets in uninfected control sheep (figure not shown), they showed marked increases in
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Fig. 3. Representative FACS contour profiles showing increases in CD5+ B cells (panel B, quadrant 2) and
decreases in CD5+ T cells (panel B, quadrant 4) in PBL of T. evansi-infected sheep (445) vaccinated with P.
haemolytica vaccine. Profiles from panel A are derived from sheep 316 (uninfected) which was treated with
the vaccine antigen alone. FL1 (x-axis) = log number of green fluorescence (CD5+ cell axis); FL2
( y-axis) = log numbers of red fluorescence (B cell axis). Quadrants 1 and 2 = all B cells; quadrant 2 = CD5 +
B cells; quadrant 3 = non-T/non-B cells; quadrant 4 = CD5+ T cells; -13 = two weeks before infection;
p.v. = post primary vaccination; p.b. = post booster vaccination; p.t. = post treatment.
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response to Brucella abortus S-19 vaccine in goats infected with T. evansi was found to
be significantly suppressed. That and the present study suggest that T. evansi is as
capable of inducing generalised immunosuppression in infected hosts as its tsetse-trans¬
mitted counterparts.

This study also showed that in control sheep, alterations in T cell subsets were
relatively moderate and involved an initial transient fall in CD5+ T cells. This fall was a
reflection of the general drop in lymphocytes in this group as a result of the increase in
circulating neutrophils during that period. The subsequent rise in CD5 + cells in control
animals did not result from increased expression of CD5+ B cell subset since its
numbers after vaccination did not differ significantly from the prevaccination values. In
addition, a marginal increase occurred in CD4:CD8 ratio in control sheep as a result of
higher rate of increase in CD4+ than CD8+ cells and differs from a similar rise in their
ratio seen in the self-cured sheep which resulted from greater relative reduction in CD8 +
than CD4+ cells. However, this result agrees with that of Onah et al. (1997), and
suggests that regardless of the mode of increase in CD4:CD8 ratio, a higher proportion
of CD4+ than CD8+ cells, no matter how marginal, is necessary for a more efficient
specific anti-trypanosome and anti-pasteurella antibody responses.

In infected animals, there were decreases in all T cell subsets. Initially, decreases in
the percentage of CD5+ cells did not result in decreases in their numbers as a result of
increasing numbers of CD5+ B cells. However, after vaccination CD5+ T cells
decreased despite the dramatic increases in CD5+ B cells. One possible reason for this
could be the loss of CD5 surface antigen as a result of hyperactivation, by vaccination,
of the already trypanosome-primed mature T cells. There is evidence that surface
antigens may be lost from mature human and murine T cells upon hyperactivation in
vitro (Hoxie et al., 1986; Weyand et al., 1987), and activation of mature peripheral T
cells in sheep in vivo and in vitro leads to loss of the CD5 antigen (Hopkins and Dutia,
1990). On the other hand, the decrease may well have arisen from their depletion in the
T cell areas of the lymphoid organs since the paracortical areas of the lymph nodes are
depleted of cells in longstanding trypanosome infections (Morrison and Murray, 1979).
Similarly, the T cell-dependent areas of lymph nodes draining the site of T. congolense
infection in sheep are depleted of small lymphocytes (Mwangi et al., 1991).

Infected sheep also showed up to a 70% increase in CD5+ B cells and apparently
produced non-specific IgM antibodies since the IgM antibody ELISA showed that their
sera reacted with pasteurella antigens prior to vaccination. Similar increases were
reported in cattle infected with T. congolense where up to 90% of B cells express CD5
antigen by day 19 p.i. (Williams et al., 1991). Moreover, trypanosome infection in mice
leads to the expansion of CD5+ B cells which are implicated in the generation of
antibodies that are nonrestrictive, do not recognise specific parasite antigen and react
with self-components (Minoprio et al., 1988, 1989; Minoprio, 1991). It would therefore
appear that the production of non-specific IgM observed in trypanosome infections may
be attributed to CD5 + B cells since they are known to produce non-specific, low affinity
IgM (Casali and Notkins, 1989). In the course of trypanosome infections, the persistence
of CD5+ B cells is compounded by decreases in CD4+ and CD8+ cells which may thus
not provide enough antigen-specific help to conventional B cells. These results also
showed that the increase in the expression of CD5+ B cells is a consistent attribute of
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trypanosome infections and not, as suggested by some report, simply an index of
lymphocyte activation by antigen (Werner-Favre et al., 1989). If they were, then they
should have been generated in control sheep by the pasteurella vaccinations alone in
approximate numbers as were seen in T. evansi-infected animals.
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Induction of CD4+CD8+ double positive T cells and increase in
CD5+ B cells in efferent lymph in sheep infected with Trypanosoma
evansi
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SUMMARY

The effects of Trypanosoma evansi on efferent lymphocyte
phenotypes draining from a lymph node primed with Pas-
teurella haemolytica vaccine were studied in sheep. The
prefemoral efferent lymphatic ducts of the infected sheep
along with those of two uninfected sheep were surgically
cannulated. Lymph was collected and lymphocytes recovered
from it analysed by two-colour indirect immunofluorescence
staining and cytofluoremetry in afluorescence activated cell
analyser (FACSCAN). The study showed the appearance
and persistence ofT. evansi in the efferent lymph for a long
period of time and the appearance of CD4+CD8+ (double
positive, DP) T lymphocytes in the efferent lymph ofinfected
animals. The infection also resulted in increases in CDS+ B
cells in the prefemoral efferent lymph. In addition, there
were decreases in the output ofconventional B cells, CD5+
and CD4+ T cell subsets but large increases in CD8+ cells
followed by terminal depletion of all cell subsets. In con¬
trast, inoculation ofsheep with pasteurella vaccine antigen
alone produced little alterations in the proportions, but
large increases in the numbers of all T cell subsets except
that of CD8+ cells which also showed little variation; and
there was a concurrent increase in the numbers andpropor¬
tions ofefferent B cells. In addition, the abnormal expres¬
sion ofDP and CD5+ B cells did not occur in the uninfected
vaccinated sheep. It is concluded that these abnormal
changes in the kinetics of efferent lymphocyte phenotypes
are likely to play a role in the genesis of the generalized
immunosuppression seen in trypanosome-infected hosts.
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INTRODUCTION

Infection of livestock with pathogenic trypanosomes results
in significant alterations in the populations of various
lymphocyte subsets in the peripheral blood. It has been
suggested that these changes may account for the failure of
infected animals to produce effective protective immune
responses against the parasites and other heterologous
antigens encountered by the animals during the infection
(Williams et al. 1991, Naessens & Williams 1992, Onah,
Hopkins & Luckins 1997b). However, cells present in the
blood are only a part of the mammalian lymphoid system
and changes in these cells may not always represent events
taking place in a local lymphoid organ immediately upon the
introduction of a pathogen via the intradermal or subcuta¬
neous route of entry (Westermann & Pabst 1990). The
nature of the early interaction between a potential pathogen
and the host's immune effector cells in the local lymphoid
organs may determine the eventual outcome of the infection
(Dwinger 1985). Abnormal interactions can result in inef¬
fectual immune responses and disease whilst the appropriate
interactions should result in effective immune responses
which render the pathogen innocuous. Cannulation studies
make it possible to analyse and compare such local with
systemic responses and allow an assessment of the potential
involvement of the local responses in the generation of
overall protective immunity to a disease process.

A number of studies in sheep have shown that the early
events occurring in lymph nodes draining the site of antigen
deposition include kinetic changes in the expression of cell
surface antigens by efferent lymphocytes. The nature of the
change depends on the type of antigenic stimulus. For
instance, injection of ovalbumin (OVA) or purified protein
derivative of tuberculin (PPD) causes increases in total cell
output, and in CD4+, CD8+ and MHC Class II+ cell
phenotypes from the primed local lymph node in sheep
(Hopkins, Dutia & McConnell 1986, Bujdoso et al. 1989).
Similarly, infection with border disease virus, orf virus, or
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Chlamydia psittaci causes increases in CD5+, CD4+, T19+,
CD 1+ and MHC Class H+ cells in efferent lymph of infected
sheep (Huang et al. 1991, Yirrell et al. 1991, Entrican et al.
1992). In contrast, following intradermal deposition of
metacyclic T. congolense there is an initial decrease, fol¬
lowed by a transient increase and then a sustained decrease
in T cell subsets in efferent lymph draining from the site,
although B cells and MHC Class II+ cells showed marked
increases (Mwangi, Hopkins & Luckins 1996). These find¬
ings with T. congolense in lymph accord with those made: 1)
in the peripheral blood of cattle and sheep infected with T.
congolense or T. evansi (Ellis et al. 1987, Williams et al.
1991, Onah et al. 1997b) and, 2) locally, in the chancre and
draining lymph node of T. congolense- infected sheep or
cattle (Akol & Murray 1982, Mwangi et al. 1990, 1991, Lutje
et al. 1996). It would therefore appear, that alterations in the
expression and demography of effector lymphocyte subsets
engendered by trypanosomes are not restricted to particular
lymphoid organs and are likely to affect the overall immune
competence of infected hosts. Cells migrating from the
efferent lymph of an antigen-primed node are responsible
for the amplification and systemic dissemination of the local
immune responses generated upon encountering the antigen
(Smith et al. 1970). It is therefore, important that such cells
leave the node expressing their immunologically important
surface molecules in adequate numbers and proportions
necessary for the induction of appropriate costimulatory
signals by antigen presenting cells to enable the generation
of effective protective immunity. In the following experi¬
ments we have studied the effects of T. evansi on the host's
immune response by analysing changes in lymphocyte
phenotypes in the efferent lymph draining the site of sub¬
cutaneous deposition of Pasteurella haemolytica vaccine in
infected and uninfected sheep.

MATERIALS AND METHODS

Experimental animals

Four six-month old Finnish Landrace sheep were purchased
from Moredun Research Institute, Edinburgh and maintained
in metabolic cages as already described (Onah et al. 1997a).

Trypanosome stock

A cloned stock of Trypanosoma evansi, TREU 2143, ori¬
ginally isolated from a naturally infected camel in the Sudan
(T. evans;'/KASSALA/77/KAS/4) was used to infect the
sheep.

Pasteurella vaccine

Pasteurella haemolytica Al vaccine was obtained from

Moredun Research Institute, Edinburgh as a 2 mg/ml cap¬
sular antigen extracted with sodium salicylate and adsorbed
onto the adjuvant, aluminium hydroxide (alhydrogel).

Establishment of infection

A stabilate T. evansi was recovered from cryopreservation
and inoculated in to mice immunosuppressed by previous
treatment with 300 mg/kg cyclophosphamide (CPA). They
were exsanguinated three days later and trypanosomes
isolated from the blood by anion exchange chromatography
on a column of diethylaminoethyl cellulose DEAE 52
(Lanham & Godfrey 1970). The necks of two of the sheep
were clipped, and the skin scrubbed with 70% alcohol before
they were infected by the injection of 2x 106 T. evansi into
the external jugular vein.

Vaccination of sheep

The area of the flank drained by the prefemoral lymph node
(Akol & Murray 1986, Getty 1975) was shaved, scrubbed
and disinfected with 70% alcohol. Primary and booster
vaccine doses were given to each of the sheep in the area
by subcutaneous injection of two 2-mg doses of the P.
haemolytica vaccine.

Cannulation of the sheep

The surgical procedure used for the cannulation of the
efferent lymphatic duct of the prefemoral lymph nodes of
the sheep was as described by Hall & Morris (1965).
Immediately after surgery, each sheep was given intramus¬
cular injection of5 ml ofdepomycin forte (procain-penicillin/
dihydrostreptomycin sulphate; Mycofarm, UK) distal to the
cannulation point and s.c. injection of 1 ml heparin (1000IU)
within the preformal drainage area to obviate immediate
post-surgical infection and clotting respectively. Five days
were allowed for the cannulation to stabilize before cell
collection for flow cytometry commenced. Samples were
collected daily at 10.00. One of the uninfected sheep (569)
was challenged with 2 x 107 T. evansi on day 7 post booster
vaccination to further verify if the cellular changes observed
in the infected sheep were actually associated with the
trypanosome infection.

Preparation of lymphocytes

Lymph was collected daily in sterile siliconized plastic
bottles containing 1 ml of heparin (1000IU). Lymphocytes
for immunocytofluoremetry were obtained by the centrifu-
gation of 25 ml of lymph in a plastic universal bottle at 800#
for 15 min at 4°C. The cell-free lymph was aspirated leaving
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the cell pellet which was then resuspended in immunofluor¬
escence buffer, IFB (PBS + 1% BSA + 0 01% sodium azide
+ 20 IU/ml heparin) and washed twice before the cells were
counted and adjusted to 107 cells/ml.

Parasitosis

The appearance of trypanosomes in efferent lymph was
monitored daily by examining a drop of lymph under low
power microscopy (x400) and their numbers determined by
counting in an improved Neubauer haemocytometer.

Phenotypic analysis of efferent lymphocytes

Two-colour indirect immunofluorescence staining techni¬
que and flow cytometry as already described (Onah et al.
1997b) were used to analyse changes in efferent lympho¬
cytes following i.v. infection of sheep with T. evansi and/or
in vivo s.c. stimulation of the prefemoral lymph node with P.
haemolytica Al vaccine. Monoclonal antibodies (MoAbs)
21-91 [anti-CD5 or SBU-T1], 44-38 [anti-CD4 or SBU-T4]
and 20-27 [anti-CDl or SBU-T6] (Mackay et al. 1985,
Mackay, Maddox & Brandon 1986) were purchased from
the Sheep Biology Unit (SBU), School of Veterinary
Science, University of Melbourne, Australia; MoAbs ST-8
(anti-CD8) and VPM 30 (anti-B cells) were gifts from the
Department of Veterinary Pathology, Royal (Dick) School
of Veterinary Science, University of Edinburgh. SBU-T4
and VPM 30 were then biotinylated according to Hudson &
Hay (1989). S-T8 and biotinylated SBU-T4 (SBU-T4-
biotin) were used to map and monitor CD8+ and CD4+ T
cell responses respectively, while SBU-T1 and VPM 30-
biotin were used to map and monitor CD5 and B cell
responses respectively. B cells were further monitored
with a second MoAb, SBU-T6 which marks corticol thy¬
mocytes (CD1+ cells) primarily but reacts with mature B
cells as well as.

RESULTS

Parasite kinetics

Parasites were detectable in the lymph by day 12 post
infection (p.i.) and there were two peaks of parasitosis
during the period of the experiment. The first peak appeared
between days 22 to 24 p.i. with up to 2-7 x 106 trypano-
somes/ml, while the second peak, with a much higher
trypanosome count of 6xl07/ml appeared between days
82 and 86 p.i. (Figure 1).

Double positive lymphocytes in efferent lymph

Both primary and booster stimulations of the prefemoral

80

» 60
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0 ,1,1,1 AdII IcHStf-l ,,1,1111,11,1, w,

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Days post infection

Figure 1 Parasite kinetics (xl06/ml) in the prefemoral efferent
lymph of sheep infected i.v. with 2x 106 blood stream forms of
T. evansilml.

lymph node with the vaccine antigen alone did not result in
the appearance of cells coexpressing the CD4 and CD8
surface antigens, as DP cell population was absent in the
efferent lymph of the uninfected/vaccinated sheep (Figure 2:
panel A, quadrant 2). In contrast, DP cells appeared in the
efferent lymph of infected sheep. This cell population
increased even further during the first four days after
either the primary or secondary vaccine administration. It
then started to decrease as the numbers of CD4+ and CD8+
T cells decreased and by day 8 p.b. had disappeared from the
lymph (Figure 2: panel B, quadrant 2). To confirm that the
emergence of the DP cells was associated with the trypano¬
some infection, one of the previously uninfected sheep was

challenged with 2x 107 parasites on day 7 p.b. after which
the DP cells started emerging (Figure 2: panel A, quadrant 2;
days 8 and 10 p.b.). Moreover, these results were being
reproduced in another experiment when the cannulae dis¬
lodged from the ducts. The data were therefore too few to be
included in this report.

Changes in efferent T cell phenotypes

In uninfected sheep, CD5+ (Figure 3: panel A, quadrant 4)
and CD4+ (Figure 2: panel A, quadrant 1) T cells showed
marked increases after both primary and booster vaccina¬
tions. CD8+ cells remained relatively the same except for
marginal increases between days 2 to 5 post primary
vaccination (p.v.) and 9 to 10 post booster vaccination
(p.b.) (Figure 2; panel A, quadrant 4). In contrast, infection
of sheep with T. evansi resulted in decreases in CD5+ and
CD4+ and increase in CD8+ T cell subsets (data not
presented). However, following primary vaccination,
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Day 2 p.v. Figure 2 Representative FACS contour
profiles of prefemoral efferent lymphocytes of
sheep 569 (uninfected/vaccinated; column a)
and 669 (infected/vaccinated; column b) double
stained with anti-sheep CD4 (FL2) and CD8
(FL1) MoAbs. Note the appearance and
progressive increase in CD4+CD8+ T cells
(column b, quadrant 2) and their eventual
disappearance in the infected sheep,
accompanied by the depletion of the CD4+ and

3 -jo4 CD8+ T cell subpopulations (column b,
quadrants 1 & 4 respectively, days 8 and 10
p.b.).

124 © 1998 Blackwell Science Ltd, Parasite Immunology, 20, 121-134



Volume 20, Number 3, March 1998 CD4+CD8+ cells in efferent lymph o/T. evansi-infected sheep

FL 1 FL 1
Figure 2 Continued.

© 1998 Blackwell Science Ltd, Parasite Immunology, 20, 121-134 125



Parasite Immunology

Day 10 p.b.

10"
10° 101

FL1

Figure 2 Continued.

126

D.N.Onah et al.

10'

Day 3 p.b.

Day 4 p.b.

Day 8 p.b.

© 1998 Btackwell Science Ltd, Parasite Immunology, 20, 121-134

Day 10 p.b.

4



Volume 20, Number 2, March 1998 COl' CDH' cells in efferent lymph ofT. evansi-infected sheep

10

u! 10'

10'

10

10'

10

CN 1_! 102

10'

iol

: (a) 1 2
-

Negative

r

control

4

Day 1 p.v.

I I UilM I I I 111II

f (b) 1 2

Negative
control

C3
4

r i 2

Day 1 p.v.

1 1 I lull in

M-j: • 4

Day 2 p.v. Day 2 p.v.

Figure 3 Representative FACS contour profiles of prefemoral efferent lymphocytes of sheep 569 (uninfected/vaccinated; column a) and 669
(infected/vaccinated; column b) double stained with anti-sheep CD5 (FL1) and B cell (VPM 30, FL1) MoAbs. Note the appearance CD5+ B cells
in the infected sheep (column b, quadrant 2) and that in some cases, almost all efferent B cells are CD5+ (column b, quadrant 2, days 2 to 4 p.v.).

© 1998 Blackwell Science Ltd, Parasite Immunology, 20, 121 — 134 127



D.N.Onah et al. Parasite Immunology

Day 3 p.v.

r (w 1

Day 3 p.v.

2

• ••

: * :-:l!

r 1

Day 4 p.v.

2

■ ' *• \

I
*:

4

,. ,,„„i

r 1
Day 1 p.b.

2

r

n£?l:r
r: :!!!!!!r!!!;jj 4

■

. ."X,,;":
0 101 102 103 104

FL 1

128 © 1998 Blackwell Science Ltd, Parasite Immunology, 20, 121-134



Volume 20, Number 3, March 1998 CD4*CD8+ cells in efferent lymph of7. e\ms\-infected sheep

10

10

102

101

10"

: (a) , 2 f (b) , 2

r

Day 2 p.b.

r

Day 2 p.b.

r

sjijii?;. ! JS
4 4

-vn .

. -

.

10

10

CM o

_i 10

10 1

10

Day 3 p.b.

LiiuiJ i i I mill

10

10

2! 102

10

10"

1 2

r

Day 4 p.b.

L|7|^rj
- '••isPSs

Sir

r 1 2

Day 4 p.b.

*

:

4

ifjL &&

FL 1

02 1"3
FL 1

Figure 3 Continued.

Day 3 p.b.

© 1998 Blackwell Science Ltd, Parasite Immunology, 20, 121—134 129



D.N.Onah et al. Parasite Immunology

efferent CD4+ cells increased to preinfection levels but
began to decrease again as the infection progressed (Table
1). By day 8 p.b., CD4+ cell number and proportion had
decreased by more than half the preinfection levels and were
still at very low levels by day 10 p.b. when the experiment
ended (Table 1; Figure 2: column b, quadrant 1). The
proportions ofCD5+ T cells varied little with only marginal
decreases after the first four days of the primary and booster
vaccinations (Figure 3: column b, quadrant 4). The
decreases were more apparent in the numbers especially
from day 8 p.v. and p.b. (Table 1). Both the numbers and
proportions of CD8+ cells varied little until day 11 p.v.
when there was a large decrease (Table 2, Figure 2:
column b, quadrant 4). It then increased between days 1 to
4 p.b. when the number and proportion were more than
twice preinfection levels. This coincided with the period of
the highest parasitosis in the lymph. Thereafter, their
number and proportion also started to decrease (Table 2;
Figure 2: column b, quadrant 4).

B cell kinetics

Changes in the kinetics of conventional B cells were

Table 1 Mean numbers ± SE (xl06/ml) of efferent CD5+ and CD4+
T cells in T. evansi infected and uninfected sheep after P. haemolytica
vaccinations

monitored using MoAbs VPM 30 (anti-sheep B cell) and
SBU-T6 (anti-sheep CD1, but also marks mature peripheral
B cells). In the uninfected sheep, primary and secondary
vaccinations were accompanied by marked increases (up to
3-5 times prevaccination values as from day 2 p.b.) in the
number and proportion ofefferent B cells (Figure 3: column
a, quadrant 1: Figure 4a & b). In contrast, as shown by cells
reacting with these antibodies in the infected sheep, primary
vaccination was followed by decrease in the number of
B cells with only a marginal increase after the booster
dose of the vaccine (Figure 3: column b, quadrant 1:
Figure 4a & b).

Kinetics of efferent CD5+ B cells

Uninfected sheep showed little or no variation between pre-
and post-vaccination levels of CD5+ B cells (Figure 3:
column a, quadrant 2). On the other hand, T. evansi induced
increased expression and output of CD5+ B cells in
prefemoral efferent lymph. Prior to vaccination, up to
50% of B cells bore the CD5 antigen in infected sheep.
This increased further as the infection progressed and after

Table 2 Mean numbers ± SE (xl06/ml) of prefemoral efferent CD8+
T cells in T. Evansi infected and uninfected sheep after P. haemolytica
vaccinations

CD5 CD4 CD8

Day Uninfected Infected Uninfected Infected Day Uninfected Infected

-1 11-6+1-8 20-2 ± 3-0 8-6 ± 0-4 11-4+ 1-2 -1 4-0 + 0-8 6-8 + 0-9

1 18-9 + 2-1 13-7 + 2-3 13-8 + 1-7 8-2 ± 1-0 1 4-3 ± 0-3 4-6 + 0-5

2 27-4 + 20 14-4 + 2-1 18-8+1-7 8-5 + 0-2 2 5-0 + 0-8 5-0 ± 0-7
3 29-0 + 2-1 17-5 + 2-5 20-1+2-0 11-6 ±0-2 3 5-5 + 0-7 6-7 + 0-6
4 24-7+1-0 13-5 + 2-5 19-4 + 2-1 11-6+1-1 4 5-7 ±0-8 6-9 ±0-8
5 28-7 ± 1-4 17-6 + 2-2 17-9+1-6 8-4 ± 1-0 5 5-3 ± 0-4 5-7 ± 0-7
6 24-7 ± 2-7 13-5 ± 2-4 16-9+1-2 8-5 ± 1-0 6 4-3 + 0-1 5-7 ± 0-5
7 20-0 ± 1-5 14-1 ± 1-4 13-4 ±0-0 6-6+1-2 7 4-0 ±0-1 4-8 ± 0-4

8 22-2 + 1-7 11-3 ± 1-2 14-8 + 2-0 7-5+ 1-0 8 4-8 ± 1-0 5-7 ± 0-6
9 23-6 + 3-0 13-0 + 2-9 16-6 + 2-7 6-4+ 1-0 9 5-0 ± 1-1 4-8 ± 0-6

10 26-2 ± 1-8 11-4 ±2-8 18-7+1-1 6-8 + 1-0 10 5-8 + 1-1 5-1 ±0-9

11 26 1 ± i-0 11-2 + 2-7 16-2 ± 1-3 4-2 ± 0-4 11 3-9 + 0-3 2-8 + 0-5

12 21-6 + 2-4 6-8 + 0-0 14-2 + 2-3 3-9 ± 1-0 12 3-5 + 0-4 2-6 ± 0-7

Post booster Post booster
1 17-1 ± 1-7 8-2 ± 2-4 15-0 ±2-3 5-0 + 0-1 1 3-6 ± 0-4 13-4 ± 0-2

2 24-5 ±3-1 11-0+1-0 19-0 ±2-3 6-6 ± 10 2 5-4 + 0-4 14-4 ±0-0

3 23-3 + 1-6 11-9 + 2-6 17-9 + 2-2 8-0 ± 10 3 5-4 + 0-4 14-9 ± 0-6
4 20-6 ±2-1 11-4+1-1 15-8 + 2-0 7-7 ± 0-2 4 4-4 + 0-3 13-7 ±0-5

5 17-2 ± 1-6 11-0 + 2-0 12-0 + 2-9 6-0 ± 0-3 5 3-3 ± 0-6 4-1 ±0-5
6 22-6 ± 3-0 10-6 + 2-0 15-0 ±0-0 6-9 ± 1-0 6 4-8 + 1-7 2-9 ± 0-5
7 22-9 ± 2-7 11-8 ± 1-1 13-2 + 0-0 7-9 ± 1-0 7 5-5 + 0-7 2-6 + 0-4
8 14-7 5-4 + 0-0 13-0 2-8 ±0-1 8 3-5 1-5 + 0-0
9 14-0 5-7 + 0-0 8-4 3-6 + 0-0 9 2-3 2-0 + 0-0

10 8-8 4-2 + 0-0 5-7 3-5 + 0-0 10 2-7 2-2 + 0-1

130 © 1998 Blackwell Science Ltd, Parasite Immunology, 20, 121-134



Volume 20. Number 3, March 1998 CD4+CD8+ cells in efferent lymph ofT. evansi-infected sheep

Days post vaccination Days post vaccination

Figure 4 Sequential changes (mean ± SE) in the numbers (xl06/ml) of prefemoral efferent B cells in T. evansi-infected and uninfected sheep as
determined by cells reactive with the anti-sheep B cell MoAb VPM 30 and anti-sheep CD1 MoAb SBU-T6 which also reacts with mature B cells.
Infected (•); uninfected (□).

primary and booster vaccinations, when > 85% of B cells
were CD5+; in fact, by days 3 & 4 p.v. almost all B cells
were CD5+ (Figure 3: column b, quadrant 2).

DISCUSSION

Infection of sheep with T. evansi resulted in the appearance
of trypanosomes in the efferent lymph at higher numbers
than was observed in the peripheral blood (Onah et al.
1996). This tends to reaffirm the proposition that trypano¬
somes of the brucei group are 'humoral', since they prefer
tissues and body fluid other than the blood (Losos & Ikede
1972). It also supports the suggestion that the lymphatic
system is a major route for trypanosome dissemination and
that the lymph node constitutes a secondary locus for the
proliferation of the parasites (Luckins & Gray 1979, Gray &
Luckins 1980, Akol & Murray 1986, Dwinger, Murray &
Moloo 1990). Thus, T. evansi not only persisted in the
efferent lymph but also produced a much higher level of
parasitosis three months after the infection was initiated.
This higher second peak may well be as a result ofdepressed
immune responses at that stage of infection since parasite-
specific antibody response is suppressed in T. evansi-
infected sheep (Onah 1992).

The most surprising finding of this study is the emergence
of DP cells in the efferent lymph of infected sheep. To the
best of our knowledge, this has not been previously reported
in any infections with trypanosomes and usually CD4CD8
coexpression is not a feature associated with mature periph¬
eral T cells. However, activation-induced coexpression of

© 1998 Blackwell Science Ltd, Parasite Immunology, 20, 121-134

the CD4 and CD8 antigens has been reported in human and
rat polyclonal and clonal T cell populations (Green & Jotte
1985, Ellerman, Powers & Brostoff 1988) and in efferent
lymphocytes of sheep activated in vitro with phytohaemag-
glutinin [PHA] (McClure & Hein 1989). It is therefore,
possible that their appearance may be associated with the
activation of efferent lymphocytes. However, in contrast to
McClure & Hein (1989), Bujdoso et al. (1989) showed that
following in vivo stimulation of the prescapular lymph node
of sheep with either OVA or PPD, the efferent lymphocytes
did not coexpress the CD4 and CD8 antigens. Similarly,
peripheral blood leucocytes ofsheep stimulated in vitro with
concanavalin A (Con-A) did not coexpress the two antigens
(Mackay et al. 1986). Part of our findings in the present
study accords with these two reports in that in vivo stimula¬
tion of the prefemoral efferent lymph node with pasteurella
vaccine antigen alone did not induce the emergence of the
CD4+CD8+ cells in the efferent lymph of the sheep. We
therefore, concluded that their induction is associated with
the trypanosome infection especially as subsequent chal¬
lenge of one of the previously uninfected, vaccinated sheep
resulted in the emergence of the DP cells in the efferent
lymph. It is not clear how the trypanosomes bring about this
phenomenon. There are several possibilities: 1) normal
activation of the cells by the parasites which drives them
to coexpress the antigens, perhaps as a prelude to increased
production of mature single positive CD4+CD8~ and
CD8+CD4~ T cell subsets in the lymph node; 2) some

trypanosome-related factor which induces increased
mobilization of immature thymocytes into the peripheral
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lymphatic system especially as there were large increases in
CD1+ cells or 3) trypanosome-induced hyperactivation of
the cells which induces them to exhibit abnormal immature
characteristics. However, it should be noted that the
increases in CD4+CD8+ cells in this study was followed
later not only by marked depletion in the numbers of all
lymphocyte subsets, but also as reported elsewhere (Onah et
al. 1997a), by massive reductions in the total and blast cell
outputs from the draining lymph node which suggest that the
cells were being depleted by some mechanism. Other work¬
ers have also shown in various studies that trypanosome
infection induces initial increases in total cell output and
numbers of T cell subsets in efferent lymph which is then
followed by marked depletion and that cells are also
depleted from the paracortical areas of lymph nodes in
infected cattle and sheep (Lutje et al. 1996, Mwangi et al.
1991, 1996). Outside the thymic environment, cells coex-

pressing CD4 and CD8 antigens are eliminated by a normal
physiological process known as programmed cell death
(PCD) or apoptosis (Ameison & Capron 1991).

It is therefore, probable that the appearance ofDP cells in
efferent lymph of T. eva/iri-infected sheep followed by
terminal decreases in total cell and lymphocyte subset
populations, indicates that the cells are undergoing PCD.
It has recently been demonstrated that the intracellular
parasite T. cruzi induces selective programmed cell death
of CD4+ T cells through a TcR:CD3-mediated pathway and
that this is responsible for the immunosuppression seen in
infected host (Lopes et al. 1995a, b, DosReis, Fonseca &
Lopes 1995). Perhaps even more important, is the recent
demonstration that T. brucei induces apoptotic death of
macrophages in infected mice through a nitric oxide-
mediated pathway (Mabbott, Sutherland & Sternberg
1995). Moreover, it has been suggested that in bovine
trypanosomiasis, an initial activation of CD4+ cells,
caused by the encounter with high doses of trypanosome
antigens, not followed by appropriate costimulatory signals
by antigen-presenting cells could result in CD4+ T cell
unresponsiveness expressed as blocked IL-2 production and
T-cell proliferation, or in programmed cell death (Lutje et al.
1996). Our hypothesis therefore, is that whilst T. evansi by
some mechanism triggers the coexpression ofCD4 and CD8
antigens by the hyperactivation of the lymphocytes, the
introduction of a second antigen (pasteurella vaccine) possi¬
bly provides the ultimate signal for intrinsic self destruction
of the cells by engaging the TcR-complex of the emerging
DP cells. Trypanosome infection of sheep without a second
antigenic challenge followed by similar analysis of their
efferent lymphocytes, should annul or validate this hypoth¬
esis. Similarly, confirmation as to whether the DP cells are
cells driven to spontaneous self destruction by PCD should
come from sorting out the cells and analysing their DNA. If

they represent cells dying by apoptosis then analysis oftheir
DNA by agar gel electrophoresis should reveal the degrada¬
tion of the DNA into oligonucleosomal fragments charac¬
teristic of cells undergoing activation-induced death by
apoptosis (Jenkinson et al. 1989, Smith et al. 1989, Swat
et al. 1991, Mabbott et al. 1995).

T. evansi infection also resulted in large increases in the
population of CD5+ B cells in the efferent lymph of sheep.
This is similar to previous reports in the peripheral blood of
either sheep infected with T. evansi (Onah et al. 1997c) or
cattle infected with T. congolense (Williams et al. 1991,
Naessens & Williams 1992). Similarly, the human parasite
T. cruzi has been shown to preferentially induce massive
expansion of the CD5+ B cell population in infected hosts
(Minoprio et al. 1989, 1991). The significance of all these
is that increased expression of CD5+ B cells is a con¬
sistent feature of trypanosome infections in general be it
with the intra- or extra-cellular parasites or with the
cyclically or mechanically transmitted species; and
could therefore, be used as an important indicator of the
infection in the hosts.

The significance of CD5+ B cells in the induction of
protective immune responses to the trypanosomes or in the
immunopathology ofthe disease is not quite clear and would
have to await the full characterization of their antibody
profile. However, in humans and rodents, CD5+ B cells are
committed to the production of low affinity, polyreactive
IgM autoantibodies (Hayakawa et al. 1983). Since poly¬
reactive IgM autoantibodies have been demonstrated in
trypanosome-infected animals (Henderson-Begg 1946,
Houba, Brown & Allison 1969, Parratt & Herbert 1979), it
is likely that CD5+ B cells may be responsible for their
production. In fact, it was suggested by Naessens & Wil¬
liams (1992) that CD5+ B cells are responsible for the
production of non-parasite-specific IgM, after they showed
that the massive increase in this cell type correlated with the
rise in serum IgM levels in cattle infected with T. congo¬
lense. In conclusion, this study has shown that some of the
changes induced by T. evansi in the kinetics of lymphocyte
subsets in the peripheral blood of infected animals are
reproducible in the lymph nodes and are not limited to a
particular lymphoid organ system. Furthermore, it confirms
that the mechanically transmitted T. evansi is capable of
producing similar immune alterations generated by the
tsetse-transmitted pathogenic trypanosome species in their
natural hosts. These changes are bound to have far-reaching
consequences on the immune competence of infected hosts.
Further studies remain necessary for the full evaluation of
the practical significance of these alterations in the ability of
infected hosts to generate sterilizing immunity against the
parasites and other antigens encountered in the course ofthe
infection.
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rheilcria
annulata
is

a

protozoan
parasite

transmitted
by

ticks
of

the

genus

Hyalomma.
whose

distribution
ranges

from

southern
Europe,
the

USSR
and
the

mediterranean
littoral
to

China
and
the
Far

East.'-1
Entry

of

the

infective
stage
of

the

parasite
(the

sporozoite)
into
the
host
is

via
a

tick
bite,

with
the

parasite
then

localiz¬

ing
in

the

draining
lymph

node.1
Within

the

node
the

parasite
develops
into
the

macroschizont
stage,
which
resides
within

host

leukocytes,"
Infected

cells

proliferate

rapidly,
with

infected
cells
then

moving
to

the

peripheral
circulation
and

infiltrating

many
host

tissues.'"
Infected

susceptible
cattle
suffer
a

range
of

symptoms
following
infection.
These
in¬

clude:
fever;

anemia;
respiratory

distress
and

cachexia.'
There
is

some

mortality
and

morbidity
in

endemic
cattle
but
by

far
the

worst

problems
occur
when

susceptible
ex¬

otic
cattle
are

introduced
into

areas
where

T.annulata
is

present.7-'
Vaccination

with
live

attenuated
infected

cell
line

vaccines
produces
solid

immunity
against

T.annulata
and

provides
an

extremely
reliable
method
of

protecting
cattle
against
this

parasite.
How¬

ever,
the

mechanisms
involved
in

attenuation
are
not

understood
and
cell

line

vaccines

regularly
require

between
3

to
4

years
of
in

vitro

culture
before
they

are

suitably
aviru-

lent.
The

necessity
of

long

periods
of

culture
involves

much
work
and

incurs
high

costs.
In

an

attempt
to

investigate
two

possible
causes
of

post

vaccinal
reactions

(e.g.,

inflammatory/T
cell

stimulatory
cytokine
production
and

nonspecific
T

cell

activa¬

tion/proliferation').
CD
14'

blood

monocytes
(suspected
in

vivo

sporozoite
targets)

were

infected
with

sporoz.oites.
Infected
lines

were

established
and

subjected
to

soft
agar

cloning.'Clonal
cultures
were
then

assessed
with

respect
to

their

cytokine
mRNA
pro¬

duction
and

autologous
T

cell

stimulatory
ability.

Following
characterization
of

the

parent
line

and
three

clonal
lines
(G,
I,

and
L),

two

(clones
1

&
L)

were

selected
for

use

in
a

small-scale
vaccination
trial.MATERIALS

AND

METHODS.

T-ce/l

Proliferation
Assays

Non-specific
T-cell

proliferation
was

assessed
using

freshly
isolated

peripheral
blood

mononuclear
cells

(PBM),
in

standard
'H-thymidine

uptake

proliferation
assays.10

Mit-

'
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omycin
C-treated

T.annulata-infected
cells
were

incubated
with
PBM

at
a

ratio
of

1:10.

RT-PCR
Analysis

of

Cytokine
mRNA

Expression
in

T.annulata
Infected
Cells

Reverse

transcriptase
polymerase

chain
reaction
(RT-PCR)

was
used
to

investigate

the

cytokine
profiles
of
the

infected
cells
and

stimulated
T

cells.
T

cells
were

stimulated

in
a

manner
similar
to

that
used
to

induce
T-cell

proliferation,
peripheral
blood

mononuclear
cells
were

incubated
for
2,
5

and
7

day

periods
with

T.annulata
infected

cells
at
a

ratio
of

10:1.

Primers
for

bovine
IL-la,

IL-ip,
IL-2,
IL-2R,
IL-4,
IL-6,
IL-

10,

TNFa,
and
IFNy

were

designed
from

the

known
sequences

and
used
to

amplify

mRNA
specific
for

these

cytokines.'
"

The
levels

of

expression
of

these

cytokines
were

investigated
using

limiting
cycle
PCR

analysis.
RT-PCRs

were

performed
on
the

par¬

ent
line

and
each
clone
and
the

number
of

cycles
used
to

amplify
the

cDNA
varied
be¬

tween
20
to
30

cycles
(in
2

cycle

increments).

In

Vivo

Assessment
of

Pathogenicity
of

Clones
I

and
L

One
x

10'

macroschizont
infected

cells
of

clone
I

and
L

were

inoculated
subcuta-

neously
into

the

presecapular
region
of

two

groups
of

three
healthy

cattle.
Cattle

were

monitored
daily
for

alterations
in

temperature,
PCV,
RBC

count,
mean
RBC

volume,

leukocyte
count,

parasitemias
and

condition.
After

two

months
all
six

animals
and

two
naive
controls

were

challenged
with
a

potentially
lethal
dose

of

T.annulata
sporo-

zoites
(Gharb

stock).
Data

collected
post

immunization
and
post

challenge
were

sub¬

jected
to

regression
and

Student
/-test

analysis.RESULTS

T-cell

Proliferation
and

Cytokine
mRNA

Production
by

Infected
Cells

The
levels

of
T

cell

proliferation
induced
by

the

macroschizont-infected
cells
varied

depending
upon
which
cell

line/clone
was
used
to

stimulate
the

autologous
naive
T

cells.'
T

cells

incubated
with
clone
L

were
shown
to

proliferate
the

most,
whilst

clone
I

induced
very
little

proliferation.
The
levels

of

inflammatory
and
T

cell-stimulatory

cytokine
mRNAs

produced
by

the

infected
cells
also

varied
greatly
from

culture
to

culture.'
Data

produced
showed
that
there
is

a

correlation
between

the

levels
of

IL-la

and
IL-6

mRNA
production
by

infected
cells
(but

no

other

cytokine
mRNA

mea¬

sured)
and
the

levels
of
T

cell

proliferation
they

induce.
Clone
1

produced
low

levels
of

these

cytokine
mRNAs,

inducing
low

levels
of
T

cell

proliferation,
whilst

clone
L

pro¬

duced
more
of

these

mRNAs
and

induced
significantly
higher
levels

of
T

cell

prolifer¬

ation.
The

responses
of

autologous
T

cells
varied

depending
whether
they

were
stimu¬

lated
with
clone
I

or

clone
L.
T

cells

stimulated
with

clone
I

produced
substantially,
less

IL-2

mRNA
than
those

stimulated
with
clone
L

at

day
5

(day
of

peak

proliferation).

Post-vaccinal
Reactions

to

Cells
of

Clones
/

and
L

Cattle

immunized
with
clone
L

experienced
significantly

worse
signs
than

animals

immunized
with
clone
1,

with

respect
to

febrile
response,
PCV

and
total

leukocyte

count
(e.g.,
Fia.
1

shows
mean

temperature
responses
for

animals
immunized

with
ei¬

ther
clone
I).
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FIGURE
I.

Temperature
data
(°C)

collected
post

immunization
of

cattle
with

1x10*
infected

cells
of

either
clone
I

or

clone
L.

Data
shown
as

mean

temperature
for

the
two

groups
of

three
an¬

imals
Febrile

response
of

cattle
shown
by
the
line

drawn
at

39.5*C.
Statistical

analysis
of

these

mean
values
shown
in

Table
i.

Statistical
analysis
was

performed
upon

data

collected
from

the
six

animals
and

consisted
of
I

or
2

sided
r-test

analysis
of

data

produced
between
days
1-10
(2

sided),

days
11-17
(I

sided)
and

days
18-24
(I

sided),
when

comparing
responses
to

clone
I

against
those
induced
by

clone
L.

The

results
of

this

analysis
is

contained
within

Table

I.

Significant
differences

were
found

with

respect
to

temp
(days
11-17),
PCV

(days

11-17+18-24)
and
total

leukocyte
count
(days
11-17),

Monitoring
post

challenge

showed
all
six

animals
were

protected
against

T.annulaia
infection.
The
two

naive
con¬

trol

animals
proved

less

resistant,
with
one

animal
requiring

Butalex
treatment
to

cure

the

theilerial
infection.

Tabi.f.
i.

Significant
Differences
between
Data

Collected
from

Animals
in

Groups
I

and
L

Parameter
Days
I-10

Days
11-17

Days
18-24

Temperature
N.S.'

p<0.05

N.S.

PC'V

N.S,

piO.Ol

/k0.05

TEC

N.S

N.S.

N.S.

TLC

N.S.

p<0.05

N.S.

RBC
vol.

N.S.

N.S.

N.S.

*

N
S

=

no

significant
difference.
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CONCLUSION

1.

Macroschizont
infected

cell

induced
T

cell

proliferation
correlates
to

the

levels
of

T-cell

stimulatory
cytokine

mRNAs
produced
by

infected
cells.

2.

Putative
cell
line

vaccines
can
be

rapidly
produced

using
in

vitro

infection
and
soft

agar

cloning
methods.
Clones
I

and
L

proved
successful
in

protecting
the

six
an¬

imals
after
only
6

months
in

culture
(including

derivation
and

analysis).

3.

The

degree
of

post-vaccinal
reactions

may

correlate
to

the

T-cell-stimulatory

ability
of

infected
cells
and
also
the

levels
of

proinflammatory
cytokines
they

produce
(i.e.,
IL-la

and

TNFa).

4.

The

production
and

analysis
of

these
clonal
lines

highlights
ways
in

which
the

rate

of

vaccine
production

could
be

increased
and
sheds
light

upon
factors

which
may

be

associated
with

attenuation.
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Proliferative Responses of Peripheral Blood Leucocytes of Sheep
Infected with Trypanosoma evansi
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Onah DN, Hopkins J, Luckins AG. Proliferative Responses ofPeripheral Blood Leucocytes of Sheep Infected
with Trypanosoma evansi. Scand J Immunol 1998;48:170-176

The effects of Trypanosoma evansi on the proliferative responses ofovine peripheral blood leucocytes (PBL)
were examined in in vitro cell culture systems. Sheep were vaccinated against pneumonic pasteurellosis with a
monovalent Pasteurella haemolytica vaccine and then infected with T. evansi TREU 2143. From 1 week post¬
infection (p.i.), the PBL were separated and stimulated in cultures with either Concanavalin A (Con A),
bacterial lipopolysaccharide (LPS), pasteurella antigen (P.ag), or homologous trypanosome antigen (T.ag).
The proliferative responses of the cells to Con A and LPS were significantly (P< 0.001) suppressed by the
infection. This suppression was associated with active infection, as treatment of the sheep with a trypanocide
restored the proliferative ability of the cells to both mitogens. Similarly, active infection significantly
(P< 0.001) suppressed specific responses to P.ag and T.ag but although treatment resulted in full specific
proliferative responsiveness to the homologous trypanosome antigen, the same was not true ofP.ag, in which
the responsiveness of cells from uninfected vaccinated sheep to it were still significantly higher (P< 0.001)
than those of cells from infected sheep.

Dr D. N. Onah, Department of Veterinary Parasitology & Entomology, University ofNigeria Nsukka, Enugu
State. Nigeria

INTRODUCTION

Trypanosomoses [1] are a complex of allied diseases of man and
his domesticated livestock, each ofwhich is due to infection with
one or several species of the pathogenic eukaryotic digenetic
protozoan parasites belonging to the genus Trypanosoma. In
man, Trypanosoma brucei gambiense and T. b. rhodesiense are
the respective aetiological agents of the West and East African
sleeping sickness, respectively. T. b. brucei, T. congolense and T.
vivax are responsible for the livestock trypanosomoses com¬
monly known as nagana. In common with the human parasites,
they are cyclically transmitted by haematophagous dipteran flies
of the genus Glossina (tsetse flies), and, except for T. vivax, their
distribution is ordinarily restricted to sub-Saharan Africa where
the flies are found. T. evansi is the causative agent of the animal
trypanosomosis known as surra which, unlike the other patho¬
genic species, is mechanically transmitted by biting flies of the
genera Tabanus and Stomoxys. Because of this total adaptation to
mechanical mode of transmission T. evansi has a much wider

range of geographical distribution, being found in countries of
Africa, the Americas, Asia, Europe, and the Middle and Far East

[2], Apart from this, T. evansi is infective to all domestic animals
and plays a significant role in limiting the use and performance of
transport and draft animals, especially in countries of Africa and
Asia where such animals are mostly needed [3],

One of the hallmarks of the tsetse-transmitted pathogenic
African trypanosomes is the induction of profound immunosup¬
pression to a variety of antigens in infected hosts, with severe

impairment of both T- and B-cell responses. In vitro, this
impairment is expressed in the form of profound reduction in
the proliferative responses of mononuclear cells from blood,
lymph node and spleen to stimulation with a variety of
mitogens [reviewed in ref. 4]. In addition, both parasite-specific
antibody responses [5-8], as well as responses to heterologous
concurrent infections and vaccine antigens administered during
the infection [9-11], are severely compromised. Furthermore,
recent studies involving immunofluorescence and flow cytome¬
try have revealed that these pathogenic tsetse-transmitted Afri¬
can trypanosomes also induce abnormal expression of various
effector T- and B-cell surface antigen phenotypes in infected
animals [12-14].

We have recently shown that the mechanically transmitted

© 1998 Blackwell Science Ltd
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thymidine incorporation (DNA synthesis) was determined by counting in
a Liquid Scintillation Analyser (Canberra Packard, Pangbourne, Berks,
UK).

Analysis ofresults and statistics. Results were presented as the mean
cell count per minute (cpm) of the mitogen or antigen-stimulated cells ±
the standard error of means (mean cpm ± SE) after the mean cpm of the
unstimulated cells had been subtracted from them. The data were

analysed statistically by paired Student's r-test and P-values <0.05
were considered significant.

RESULTS

Responses to Con A stimulation

Infection of sheep with T evansi significantly depressed the
ability of PBL to proliferate after in vitro stimulation with Con
A. The mean cpm ofcontrol sheep were significantly (P< 0.001)
higher than those of infected sheep at all time-points from day 7
to day 21 p.i. (Fig. 1). This suppression was abrogated when the
parasites were removed by trypanocidal drug therapy. Both in the
infected and uninfected sheep, the coculture of cells with 5 x 105
live T. evansi/ml or 12.5 /rg/ml of its soluble antigen did not alter
the responses of their PBL to Con A stimulation (data not
presented).

Responses to LPS stimulation

Figure 2 shows that T. evansi significantly suppressed the ability
of ovine PBL to respond to LPS (P< 0.001 at days 7 and 14 p.i.,
P = 0.002 at day 21 p.i.) when compared with the responses in
uninfected control sheep. However, following treatment the
responses were fully restored such that there were no significant
differences (7>> 0.05) between the post-treatment responses of
cells from the infected sheep in comparison to those ofcells from

o
o
o

E
d

o
c

d
E

x
CO

7 14 21 31 41 51

Days post-infection

Fig. 2. Proliferative responses of PBL from T. evansi-infected and
uninfected sheep to in vitro stimulation with LPS.

control sheep. Similar to Con A, the coculture of cells with
5 x 10s live T. evansilml or 12.5 pg/ml of its soluble antigen did
not alter the responses of their PBL to LPS stimulation (data not
presented).

Responses to stimulation with P.ag
The proliferative responsiveness of PBL when stimulated with
P.ag alone was significantly lower (P< 0.001) in infected than
uninfected sheep (Fig. 3). Although there was a slight improve¬
ment in the responsiveness of cells from the infected sheep after
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Fig. 1. Proliferative responses of PBL from T. evansi-infected and
uninfected sheep to in vitro stimulation with Con A.
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Fig. 3. Proliferative responses of PBL from P. haemolytica-
vaccinated/7". evans/'-infected and P. haemolytica-vaccinated/
uninfected control sheep to in vitro stimulation with homologous
Pasteurella antigen.
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treatment, they were still significantly lower (P< 0.001) than
those of the control sheep. Again, coculture of cells with 5x 105
live T. evansi/ml or 12.5 /xg/ml of its soluble antigen did not alter
the responses of cells from both groups until after drug treatment
in the infected group, when there was an additive effect such that
similar responses to those seen in uninfected sheep were
recorded (data not presented).

Responses to stimulation with T.ag
The responses ofPBL from the infected and uninfected groups to
stimulation with 5 x10s live T. evansi/ml or 12.5mg/ml of its
soluble antigen alone were also tested. Cells from both groups of
sheep did not respond to either of the antigens during the period
ofactive infection, i.e. at days 7,14 and 21 p.i. (Fig. 4). However,
treatment resulted in T cell-specific responses of cells from the
infected sheep to stimulation with T.ag, with significant
(P< 0.001) increases in the mean cpm (Fig. 4).

Effects of increasing concentration of T.ag

PBL from naive sheep were cultured and stimulated with either
Con A or LPS in the presence of various concentrations of live or
soluble T. evansi antigen. The results showed that at higher
concentrations, live antigen, but not the soluble T. evansi antigen,
significantly suppressed the ability of the cells to proliferate
when stimulated with either mitogen (Table 1).

Uptake ofmitogens by live trypanosomes

To assess whether the suppression ofcell responses by increasing
numbers of live trypanosomes was as a result of the parasites

Table 1. Effects of increasing concentrations of live or soluble
T. evansi antigens on the proliferative responses of PBL from naive
sheep to in vitro stimulation with Con A or LPS
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Fig. 4. Proliferative responses of PBL from T. evansi-infected and
uninfected sheep to in vitro stimulation with homologous
trypanosomal antigen.

Concentration Mean cpm ± SD

Live Soluble

(no./ml) (/tg/ml) Live Soluble

Con A

2.5 x10s 12.5 77,025 ± 3840 84,066 ± 4500
5.0 x10s 25.0 81,363 ±4662 83,496 ± 4082
l.OxlO6 50.0 60,329 ± 4605 83,009 ± 4047
2.0 xlO6 100.0 24,709 ± 2743 83,524 ± 6802
4.0 xlO6 200.0 19,943 ±2436 77,622 ± 5340
8.0 xlO6 400.0 15,874 ± 1159 69,840 ±3819

LPS

2.5 x10s 12.5 52,929 ± 3742 52,536 ± 3981
5.0 x10s 25.0 57,356 ± 4204 51,440 ±3950
l.OxlO6 50.0 49,544 ±2714 51,324 ±2872
2.0 xlO6 100.0 11,799 ± 1491 46,059 ± 2706
4.0 xlO6 200.0 4,850 ±441 43,651 ± 1542
8.0 x 106 400.0 4,148 ± 268 43,651 ±991

taking up the mitogens, 8xl06 parasites/ml were cultured in
FALCON tissue culture flasks with optimal concentrations ofCon
A (2.5 fig/ml) or LPS (75 /rg/ml) in a total volume of 8 ml
complete medium. At the end of a 72-h incubation period, the
parasites were removed by centrifugation and the supematants
were used to set up ffesh cell cultures without further addition of
Con A or LPS. The results showed that the mitogens were still
present at concentrations optimal to induce normal proliferation
of the cells (Table 2). Moreover, aliquots of the parasites alone
pulsed with thymidine and counted for DNA synthesis showed
that T. evansi did not incorporate thymidine (Table 2).

DISCUSSION

Trypanosma evansi was shown to depress parasite-specific IgM
and IgGl antibody responses as well as IgGl response to
vaccination with P. haemolytica vaccine in sheep [16, 17]. In
this study we have evaluated the effects of the parasite on the
functional status of PBL in vitro, as a means of assessing the
mode of its induction of suppressed antibody responses in
infected hosts. The results presented clearly show that the
infection depresses the functional potential of both B and T
cells in infected sheep. We are unaware of any studies in which
the effects of T. evansi on the functional proliferative respon¬
siveness of cells from any of its natural hosts or rodents to
stimulation with either Con A, LPS, or any heterologous antigen
have been evaluated, but there is evidence that suppression to
stimulation with homologous parasite antigen occurs [21, 22].
However, the observed decreases in the proliferative responses of
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Table 2. Test of uptake of mitogens by live T. evansi

Experiments

Mean cpm ±SD

Con A LPS

5x 10s cells/ml
1. 78,271 ± 3072 47,478 + 868
2. 74,322 ± 3009 34,266 + 2540
3. 78,224 ± 6465 42,530 + 3237

5x 10s T. evansi/ml
1. 129.5 + 11.4 63.8 + 6.2
2. 134.9 + 5.6 60.9 ± 6.4
3. 139.3 + 12.9 105.1 ±49.1

Parasites (8X106) were cultured for 72 h in 8 ml of complete culture
medium containing either 2.5 ng/ml Con A or 75 ng/m\ LPS. Aliquots
containing 5 x10s parasites were then removed and pulsed [^thy¬
midine and DNA synthesis were measured. Trypanosomes were then
removed from the rest by centrifugation and the supernatant was used to
culture fresh cells from naive sheep at 5 x 10s cells/ml without further
addition ofmitogens. These cultures were set up in five replicates and the
experiments were repeated three times.

PBL to stimulation with Con A and LPS in this study are similar
to previous reports with the tsetse-transmitted T. congolense
[23-25] as well as to several studies involving T. brucei and
the human parasite T. cruzi [reviewed in 4, 26]. It is of interest
that specific responses to the Pasteurella antigen after vaccina¬
tion were suppressed in infected sheep and that, even after
treating the animals, the responsiveness of the cells to P.ag was
still much lower than in the controls 30 days after. Taken
together with the fact that T. evcms/'-induced-suppression of
Pasteurella-specific IgGl responses is not restored 2 weeks
after treatment [17], trypanosome-induced immunosuppression
could be of serious practical impediment to vaccine-based
disease control programmes in regions where trypanosomes are
endemic.

Suppression of the proliferative responsiveness of cells
was associated with active infection, as responses to Con A
and LPS, and to a limited extent P.ag, were fully restored
after treatment with trypanocidal drug. Moreover, cells from
infected animals failed to respond to specific stimulation with live
or soluble homologous trypanosomal antigen until after treat¬
ment. These findings are consistent with results obtained with
T. evansi-infected ponies. PBL from these animals failed
to respond to stimulation with either live or soluble antigens
or its purified variable surface glycoprotein until the
ponies were treated [21, 22]. Similarly, PBL from cattle
infected with T. congolense failed to exhibit specific blastogen-
esis in vitro in response to stimulation with ultrasonicated
T. congolense antigen, while cells from infected but treated
animals responded normally [27]. Moreover, in cattle cyclically
infected with T. congolense, PBL collected between days 3 and 7

p.i. showed a strong proliferative response to ultrasonicated
trypanosomal antigen but thereafter, the response was sup¬
pressed, reappearing only after the animals had been treated
[28]. These results suggest that active infection with both
the biologically transmitted and mechanically transmitted
trypanosome species suppresses T-cell responses but does not
interfere with immunological memory. On the other hand, it
was recently reported that there is parasite antigen-specific T-cell
proliferative response of peripheral blood mononuclear cells
from cattle infected with I congolense [29], This differs
from our findings, but the authors pointed out that the response
was transient and that lymph node cells from the animals did
not show any responsiveness to specific trypanosomal antigen
[29].

Co-cultures of 5xl05 T. evansi/ml did not suppress the
responses of cells from uninfected control and naive sheep to
specific antigens and/or mitogens.This is similar to an observa¬
tion made in cattle where 2x 106 PBL co-cultured with 2x 10s
live T. congolense responded normally to stimulation with Con A
[23], However, we showed in this study that at higher concentra¬
tions, live trypanosomes were able to suppress significantly the
cell responses to Con A and LPS and that the suppression did not
result from the exhaustion ofeither mitogen by large numbers of
the parasites since trypanosomes failed to incorporate any of the
mitogens when cultured alone. Moreover, when optimal concen¬
trations of Con A and LPS were each added to complete
medium containing 8x 106 T. evansi/ml and incubated for 72 h,
culture supernatant recovered from them induced proliferation of
cells to levels similar to those obtained with cells cultured in
freshly prepared medium and optimal concentrations of the
mitogens. This concentration-dependent suppression is in
accord with the observation that the degree of the suppression
of the host's immunity is dependent upon the severity of the
infection, being more marked in higher parasitaemias and less
marked in hosts with low parasitaemias [28, 30]. Moreover, it
was also previously shown, that although T. evansi infections in
sheep are generally chronic with low, and often cryptic, para¬
sitaemias, the suppression of parasite-specific and anti-Pasteur-
e//a-specific antibody responses was greater in sheep in which
parasitaemias were relatively high enough to remain detectable
by routine parasitology throughout the course of the infection
[16, 17],

Finally, we previously showed that, like T. congolense,
T. evansi inhibited total and blast cell output in the efferent
lymph draining the site of vaccination with P. haemolytica and
concluded that such inhibition of local blastogenesis and
blast output would limit the systemic dissemination of antigen-
specific cells which could play a role in the induction of
immunosuppression by the parasites [31]. The present study
supports that conclusion. It would appear therefore, that similar
mechanisms of immunosuppression seen in tsetse-transmitted
trypanosome infections are in operation in infections with the
mechanically transmitted T. evansi as we have shown in this
study that it is able to similarly suppress proliferative cell
responses in vitro. Both in rodent and livestock trypanosomoses
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involving tsetse-transmitted species, it has been unequivocally
established that macrophages and suppressor (CD8+) T cells
play important roles in the suppression of proliferative cell
responses during trypanosomosis [4, 32-35], It remains to be
seen whether the suppression of cell responses by T. evansi is
similar with macrophages and suppressor T cells playing central
roles.
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Abstract This paper reports on changes in the
lymphocyte composition of the peripheral blood in
sheep infected with Trypanosoma evansi. In addition,
parasite-specific IgG] and IgM antibody responses were
monitored using a double-sandwich enzyme-linked im¬
munosorbent assay (ELISA) technique. Eight sheep
were infected with 2 x 106 T. evansi TREU 2143. The
infection was characterised by chronicity and ended in
self-cure in two of the sheep. These two sheep were
designated group A, whereas the other six sheep, which
remained parasitaemic until treated, were designated
group B. Analysis of the peripheral blood lymphocytes
(PBLs) by indirect immunofluorescence staining and
flow cytometry revealed significant alterations in the
numbers of T- and B-cell subsets detected in all infected
sheep. In group A, whereas the numbers of CD8+ cells
decreased, CD4+ cells showed marginal decreases, re¬
maining at or above pre-infection figures and resulting in
increase in the CD4:CD8 ratio. In group B, CD8+ cells
showed few marginal decreases, being at or above pre-
infection figures most of the time, whereas CD4+ cells
decreased significantly from day 26 post infection (p.i.)
such that the CD4:CD8 ratio decreased. Infection also
resulted in significant increases (P < 0.001) as of day 26
p.i. in circulating B-cells in group B as shown by the
numbers of slg + , CD45R + , CD1+ and major histo¬
compatibility complex (MHC) II+ cells. The increases,
however, were moderate and biphasic in group
A. T. evansf-specific IgM and IgGi antibody isotypes
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were detected in all infected sheep, but their levels were
significantly higher in group A than in group B (IgM
P <0.05; IgG, P <0.01). In addition, although an ini¬
tially higher level of IgM response was subsequently
replaced by a higher level of IgGi response in group A,
this was never the case in group B until after drug
treatment.

Introduction

Untreated infections of domestic livestock with patho¬
genic trypanosomes are invariably fatal as a result of the
inability of the infected host to achieve sterile immunity
(Bancroft and Askonas 1985). This failure is, in part,
due to the generalised immunosuppression that is char¬
acteristic of trypanosomosis in rodents (Goodwin et al.
1972) and in domesticated livestock (Flynn and Sileg-
hem 1991, 1993; Sileghem and Flynn 1992; Onah et al.
1998a). Alterations in the dynamics of expression of
specific lymphocyte subsets probably underlie the im¬
mune dysfunction seen in human trypanosomosis,
Chagas' disease caused by Trypanosoma cruzi (Beltz
et al. 1988), and in bovine and ovine trypanosomosis
caused by T. congolense (Ellis et al. 1987; Mwangi 1991;
Williams et al. 1991). This immunosuppression is also
temporarily related to alterations in the lymphocyte
composition of the chancre in the skin at the site of
infective fly bite, in the draining lymph node and asso¬
ciated lymphatics and in the peripheral blood (Mwangi
1991; Mwangi et al. 1990, 1991, 1996).

Although very limited in comparison with the volume
of literature available on the immunopathology of tset¬
se-borne trypanosomosis, there is evidence in the liter¬
ature that the mechanically transmitted T. evansi also
induces immunological dysfunctions similar to those
associated with infections with the tsetse-transmitted
species (Verma and Gautam 1977; Shien 1979; Yeh and
Shien 1979; Onah et al. 1996, 1998a, b). Whereas most of
the work carried out on the effects of pathogenic try-
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panosomes on the dynamics of lymphocyte subsets in
domestic livestock and on the implications of the
changes in the immunopathology of the disease has been
conducted mostly in cattle and sheep using the tsetse-
transmitted T. congolense, there is a dearth of research
and, therefore, of information in this area with regard to
the equally important and widely distributed T. evansi.
In the following experiments, therefore, we determined
the effects of infection with T. evansi on the composition
of different lymphocyte subpopulations in the peripheral
blood of sheep together with the parasite-specific IgM
and IgGi serum antibody isotype responses to attempt
correlation of kinetic changes in effector lymphocyte
phenotypes that may be observed with the degree of
humoral immunity expressed against the parasite.

Materials and methods

Experimental animals

Eight yearling sheep were purchased and maintained prior to and
during the course of the experiments as described elsewhere (Onah
et al. 1996).

Trypanosomes

Details of the trypanosome isolate used, its subpassage in mice and
subsequent recovery as well as the mode of establishment of the
infection and monitoring of parasitaemia in sheep have been re¬
ported by Onah et al. (1996).

Monoclonal antibodies

Indirect immunofluorescence staining of ovine peripheral blood
lymphocytes (PBLs) was carried out with a panel of mouse
monoclonal antibodies (mAbs) to sheep lymphocyte surface anti¬
gens obtained from the Sheep Biology Unit (SBU), University of
Melbourne, Australia. The mAbs SBU-T5 (anti-CD5), SBU-T4
(anti-CD4) and SBU-T8 (anti-CD8) were used to map and
enumerate T-cell subsets, whereas a polyclonal F(ab')2 rabbit anti-
sheep immunoglobulin (obtained from the Department of Veteri¬
nary Pathology, University of Edinburgh), which marks surface
immunoglobulin-positive (slg + ) B-cells, in addition to the mAbs
SBU-LCA.p220 (anti-CD45R), SBU-T6 (anti-CDl) and SBU II
(anti-MHC Class II) were used to monitor and quantify changes in
circulating B-cells. The full details of these antibodies have been
described elsewhere (Mwangi et al. 1990). All the antibodies were
used at previously determined optimal working dilutions (Onah
1992). For the double-sandwich micro enzyme-linked immuno¬
sorbent assay (micro-ELISA) for the detection of T. evansi isotype-
specific IgM and IgGi the mAbs McM9 and McMl, respectively,
were used (Beh 1988).

Separation, staining and phenotypic analysis of PBLs

PBLs were separated by hypotonic lysis of red blood cells using
TRIS-ammonium chloride (Mishell and Shigi 1980). The cells were
then washed three times in ice-cold phosphate-buffered saline (PBS)
containing 1% bovine serum albumin, 0.1% sodium azide and
20 iu heparin/ml before being suspended in fresh buffer at a

concentration of 107 cells/ml. Next, 5 x 105 cells/ml were stained
with each of the primary antibodies and counter-stained, in the case
of mAb-stained cells, with a fluorescein isothiocyanate (FITC)-
conjugated sheep anti-mouse Ig and, in the case of cells stained
with the polyclonal antibody, with FITC-conjugated goat anti-
rabbit Ig. Flow cytometry analysis of stained cells was performed
as described by Hopkins and Dutia (1990) in a FACScan fluores¬
cence-activated cell analyser (Becton Dickinson, Mountain View,
Calif, USA). Using forward- and side (90°)-angle light-scatter pa¬
rameters (FSC and SSC, respectively) the cluster of lymphocyte
population only was 'live gated' for cnumeiatiou and analysis, with
the dead cell debris, monocytes, granulocytes and residual red cells
being excluded. In all, 104 cells (events) were enumerated and an¬
alysed per sample. The absolute number of each subset per milliliter
was computed by multiplication of its proportion in this popula¬
tion with the absolute number of lymphocytes per milliliter of
blood, which had in turn been previously determined by multipli¬
cation of the percentage of lymphocytes in a differential leucocyte
count with the total leucocyte count per milliliter obtained using a
Coulter cell counter (Onah et al. 1996).

Preparation of trypanosomal antigen for ELISA

Trypanosoma evansi TREU 2143 purified as previously described
(Onah et al. 1996) were re-suspended in 2 ml PBS and subjected to
two cycles of freeze-thawing at -70 °C. The sample was then di¬
luted 1:4 with ice-cold PBS and kept in an ice bath whilst being
subjected to four cycles of ultrasonication for 45 s at maximal
amplitude on an MSE 100 W Ultrasonic Disintegrator. The
resulting suspension was centrifuged at 10,000 g for 20 min to re¬
move debris. The protein concentration of the supernatant was
determined and adjusted to 1 mg/ml, aliquoted and frozen at
-20 °C until used.

Parasite-specific antibody ELISA

T. eva/tst-specific antibody responses were assayed using a double-
sandwich assay in accordance with the ELISA technique described
by Luckins (1977). After the initial incubation with the mouse anti-
sheep IgGi and IgM mAbs the reactions were visualised by
counter-labeling with appropriately diluted horseradish peroxi-
dase-conjugated goat anti-mouse Ig (Sigma, Poole, Dorset, UK)
and the addition of H202/tetramethyibenzidine dissolved in di¬
methyl sulfoxide (DMSO) as the enzyme substrate/chromogen
system. The reaction was stopped by the addition of 2 M H2S04
and was read in an ELISA microplate reader at 450 nm. Results
were presented as absorbance data, and values equal to or less than
0.10 were regarded as negative for a given antibody.

Experimental design

Commencing 2 weeks before infection, PBLs were obtained twice
weekly from each sheep and analysed for the proportions and
numbers of the lymphocyte subpopulations. Serum samples were
also collected at the same time to determine levels of anti-try-
panosome antibodies. Sheep were infected with T. evansi TREU
2143 by intravenous inoculation into the external jugular vein of
2 x 10 trypanosomes suspended in 0.2 ml sterile phosphate-buf¬
fered saline glucose (PSG). Following infection, blood samples in
ethylene diaminetetraacetic acid (EDTA) were collected daily for
the estimation of parasitaemia. At 2 months after initiation of the
infection, all parasitaemic animals were treated with the trypano¬
cidal drug Naganol (Suramin, Bayer). Sampling and analysis were
continued on a weekly basis until day 99 p.i., when the experiments
were terminated.
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/ Statistical analysis
'

The cell and antibody data were analysed statistically by Student's
■ paired Mest using the statistical package Statworks.

Results

Parasitaemia
pi i
/ Details of the parasite kinetics in peripheral blood have
been fully described elsewhere (Onah et al. 1996). Two of
the sheep became aparasitaemic at day 50 p.i. as deter¬
mined by all routine techniques for the estimation of
blood parasitaemia. Further attempts to establish con¬
tinued infection of the sheep by three inoculations of
0.2 ml of their blood into mice immunosuppressed by
treatment with cyclophosphamide proved negative as
parasites could not be detected in the blood of the mice
after 30 days of monitoring. It was therefore concluded
that the two sheep had undergone self-cure. Since cell
and antibody data from these two sheep were similar in
trend and differed from those of the other six sheep, they
were averaged and the result was presented as the group
A value. The other six sheep remained parasitaemic and
each was treated as designed on day 62 p.i. with a single
intravenous injection of 10 mg/kg suramin. However,
this failed to eliminate the parasites from the blood and
a second trypanocide, antrycide, was given at doses of
5 mg/kg by deep intramuscular injection on day 74 p.i.
Trypanosomes could not be detected thereafter micro¬
scopically, but blood was nevertheless collected from the
sheep and inoculated into mice, which were monitored
as described above to confirm drug cure. None of the
mice subsequently developed parasitaemia. Since these
sheep also showed similar trends in their cell and anti¬
body responses to the infection, their data were equally
averaged and presented as the group B value.

Changes in the kinetics of T-cell subsets

Infection of sheep with Trypanosoma evansi TREU 2143
resulted in significant alterations in the demographics of
the various T-cell phenotypes in the peripheral blood.
Graphical representations of the sequential changes in
the absolute numbers of CD5 + , CD4+ and CD8 +
T-cells are shown in Figs, la, lb and lc, respectively. In
all animals the infection was followed by an early sig¬
nificant decrease (P < 0.05) in the numbers of CD5 +
T-cells that was transient in group B but persisted in
group A up to day 22 p.i. (Fig. la). After this, in group
B, CD5+ T-cell numbers recovered between days 12 and
22 p.i. and then decreased between days 29 and 50 p.i.,
although to levels not significantly lower than the pre-
infection figures (F > 0.05). In group A, after the initial
decrease between days 5 and 19 p.i. the numbers of
CD5+ T-cells fluctuated, showing three peaks at days
26, 54 and 78 p.i. (Fig. la). The numbers of CD4 +
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Fig. la-c Sequential changes in the numbers of a CD5+ T-cells.
b CD4+ T-cells and c CD8+ T-cells detected in the peripheral blood
of sheep infected with Trypanosoma evansi. Group A (-□-) self-cured
sheep (n = 2), group B (-■-) sheep parasitaemic until treated
(n = 6)

T-cells also showed transient decreases in all animals b>
day 5 p.i. (Fig. lb). Thereafter, the numbers rose to pre
infection levels in group B at days 8, 12, 15 and 22 p.i.
but decreased significantly (F < 0.01) as of day 26 p.i
In contrast, between days 8 and 40 p.i., CD4+ T-cel
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numbers in group A were either at or above pre-infec-
tion figures except on days 36 and 40 p.i., when a slight
decrease such as that seen on day 5 p.i. was observed.
Thereafter, the numbers of CD4+ T-cells showed pro¬
gressive increases, with two peaks occurring at levels
higher than pre-infection values on days 50 and 78 p.i.
(Fig. lb). The changes in the numbers of CD8+ T-cells
are shown in Fig. lc. Again, after the initial decrease the
numbers increased significantly (P < 0.05) in group B
between days 8 and 19 p.i. Thereafter, except on days 36,
40 and 50 p.i. the numbers of CD8+ T-cells did not
differ from the pre-infection values (P > 0.05). Thus,
the CD4:CD8 ratio decreased in this group (data not
presented). On the other hand, in group A, CD8 +
T-cells showed marked decreases and remained below

pre-infection figures at all times until day 69 p.i., when
the numbers returned to pre-infection levels (Fig. lc).
This resulted in a large increase in the CD4:CD8 ratio
(data not presented).

Fig. 2a-d Sequential changes in the numbers of peripheral blood
B-lymphocyte subsets detected in sheep infected with T. evansi as
shown by the numbers of a slg + , b CD45R + , c CD1+ and d MHC
class II+ cells. Group A (-□-) self-cured sheep (n = 2), group B
(-■-) sheep parasitaemic until treated (n = 6)

Changes in B-cell kinetics

Infection of sheep with T. evansi resulted in massive
increases in the numbers of circulating B-cells as shown
by the demographics of slg + , CD45R + , CD1+ and
major histocompatibility complex (MHC) class II+ cells
in group B (Fig. 2). There was no major change
(P > 0.05) until after day 22 p.i. Significant increases
(P < 0.001) then occurred as of day 26 p.i., when the
numbers of slg+, CD45R + , CD1+ and MHC class II +
cells had more than doubled, reaching a peak at day 54
p.i. (Fig. 2). In contrast, in group A the increases that
occurred in the numbers of cells positive for these anti¬
gens were very moderate, and by day 60 p.i. these had
returned to pre-infection levels (Fig. 2).

Parasite-specific antibody responses

Both IgM and IgG[ antibody isotypes specific for
T. evansi homogenate antigen were detected in all in¬
fected sheep, but the levels and kinetics differed between
groups A, which underwent self-cure, and group B,
which remained parasitaemic until treated (Fig. 3). Both
groups showed progressive increases in IgM antibody,
although these were significantly higher in group A than
in group B between days 15-22 and 33^43 p.i.

DAYS POST INFECTION DAYS POST INFECTION
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<0.05). IgG] was initially detected at lower levels
IgM, although it showed a similarly progressive

increase in both groups. However, in group A, IgGi
increased sharply as of day 29 p.i., peaked and leveled
with IgM on day 43 p.i. before undergoing a second
sharp increase, which peaked on day 69 p.i. In contrast,
IgGi peaked and plateaued between days 43 and 61 p.i.
in group B and was never detected at levels higher than
the IgM values until after drug treatment (Fig. 3). The
IgGt level observed in this group was also significantly
lower than the levels detected in group A from day 47 to
day 99 p.i. (P < 0.01).
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Discussion

Despite the low levels of parasitaemia and chronicity,
Trypanosoma evansi infection in sheep nonetheless pro¬
duced significant changes in the lymphocyte composi¬
tion of peripheral blood. The degree and nature of these
changes seemed to relate to the ability of individual in¬
fected animals to control the infection. Although the
number of animals used in this study demands caution
with regard to the interpretations and conclusions that
may be drawn from the results, it is apparent that in¬
fection of sheep with T. evansi resulted in two outcomes,
which are discussed below in terms of the immunological
responses that occurred in them:

1. In two animals designated group A the infection
was eliminated by approximately 50 days after infection
without drug therapy and the sheep were therefore
considered to have self-cured.

2. In six animals comprising group B, infection was
chronic and the animals remained parasitaemic
throughout the course of the experiment. The alterations

in the composition of the peripheral blood lymphocyte
population and the differences in anti-trypanosome an¬
tibody responses reflected these outcomes. In group A.
whereas the numbers of CD8+ T-cells decreased below
pre-infection levels throughout the course of the infec¬
tion, those of CD4+ T-cells increased or remained at
pre-infection levels most of the time, with the result
being that the CD4:CD8 ratio increased. In contrast,
CD8+ T-cell numbers increased or remained at pre-
infection figures in group B, whereas CD4+ cells showed
significant decreases from day 26 p.i. onwards such that
the CD4:CD8 ratio decreased.

The production of IgG antibodies is controlled by
CD4+ T-cells, and it is possible that there is a rela¬
tionship between the relatively higher ratio of CD4" to
CD8 + T-cells and the ability of the two sheep in group
A to control the infection. Similar observations have
been made in N'dama and Boran cattle infected with
T. congolense (Williams et al. 1991). In the trypanosus-
ceptible Boran cattle, several T-cell subsets decreased,
including CD4+ T-cells, but only the CD8+ T-cells
decreased in the trypanotolerant N'dama cattle. The
Boran cattle needed to be treated to eliminate the in¬
fection and avoid death, whereas all the N'dama cattle,
which had higher CD4:CD8 ratios self-cured (Williams
et al. 1991). It has been suggested that superior T-cell
responses could be involved in the greater ability of these
cattle to control infection (Flynn et al. 1992), and there
is strong experimental evidence in rodents for the regu¬
latory role of CD8+ T-cells upon trypanosomes, al¬
though their involvement in the control of trypanosome
growth in ruminants is less clear (Sileghem and Naessens
1995). Moreover, in rats infected with T. brucei, in vivo
depletion of CD8+ cells enhances CD4+ T-cell action
and results in the abrogation of gamma interferon
(IFN-g) production, suppression of parasite growth and
prolonged survival (Bakhiet et al. 1990). It is therefore
possible that in this study the increase in ratio in favour
of CD4+ T-cells may have enhanced CD4 action and
improved anti-trypanosome antibody responses.

In group B the marked reductions in the proportions
of CD5+ T-cells did not result in similar reductions in
their absolute numbers. Such a reduction was expected
since both the proportions and the numbers of B-cells
increased in parallel with the decreases in the propor¬
tions of CD5+ T-cells. It is possible that the numbers
did not decrease equally because of possible increases in
the numbers of B-cells expressing the CD5 antigen, since
an increase in CD5+ B-cells is a consistent feature of
both murine and livestock trypanosomosis (Sileghem
et al. 1994; Onah et al. 1998a, b).

Increases in circulating B-cells feature prominently in
trypanosome infections (Sileghem et al. 1994). In sheep
and cattle infected with T. congolense, large increases in
circulating B-cells occur as the infection progresses
(Mwangi et al. 1990, 1991, 1996; Williams et al. 1991).
This is largely in agreement with our findings in this
study. There was a significant numerical increase in
circulating B-cells in all animals, although it was mod-
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erate and significantly lower in the self-cured group A
than in group B sheep. In the former group the moderate
increase was clearly biphasic and the second phase along
with the second phases of the increases in the numbers of
CD5+ and CD4+ T-cells coincided with the period
of parasite control and self-cure. Thus, although the
presence of high levels of circulating B-cells has been
suggested as a possible reason for the ability of try-
panotolerant N'dama cattle to control T. congolense
infection (Ellis et al. 1987), results of this study indicate
otherwise, since animals in which the numbers of B-cells
more than doubled during the infection failed to elimi¬
nate the parasites. It would therefore appear that the
resistance that develops may depend not simply on
massive increases in B-cell numbers but, more impor¬
tantly, on the rate and pattern of B-cell proliferation and
the numbers and ratio of CD4 and CD8 expression.

IgM and IgG] T eva/?s/-specific antibody responses
were produced in all animals. This agrees with the case
in cattle and goats infected with T. vivax (Vos and
Gardiner 1990). However, although both isotypes
increased in all sheep in this study, their levels were
higher in group A than in group B sheep. In addition,
the pattern of responses also differed between the two
groups. At no time did the IgG[ level exceed that of IgM
in group B until after drug cure, whereas in the self-
cured sheep a pattern akin to the classic Ig isotype
switch occurred in that the IgGi level exceeded that of
IgM by day 47 p.i. and remained so until the end of the
experiment. Moreover, there were three peaks of IgM
response and two peaks of IgG[ response in group A,
which may be suggestive of responses to different pop¬
ulations of parasitaemic waves. It would therefore ap¬
pear that the ability to eliminate the parasites possibly
depended, at least in part, on these waves in antibody
response and on the switch from initially higher levels of
IgM to subsequently higher levels of IgGi. Support for
these possibilities exist in reports that the ability of zebu
and Charolais cattle as well as several African game
animals to control trypanosome infections depends on a
superior and classic sequence of antibody production,
with high levels of IgM being followed by those of IgGi
and IgG2 (Rickman 1981; Rurangirwa et al. 1986; Mulla
and Rickman 1988). Moreover, in T. brucei infection of
cattle and wildebeest, whereas the rise in antibody levels
is shown once in the domestic cattle, which eventually
develop anaemia, the wildebeest, which do not develop
anaemia (Rurangirwa et al. 1986), produce recurrent
peaks of antibodies that are progressively more efficient
in controlling the parasites (Musoke et al. 1981).

It is rather paradoxical that although there were
massive increases in the proportions and numbers of
circulating B-cells in group B, their Ig levels - especially
those of IgM - could at any stage remain below those of
group A, in which the increases in B-cells were nothing
near as dramatic. Massive expansion of B-cells has often
been used to explain the superabundance of IgM in
trypanosome infections (Terry et al. 1973; Urquhart
et al. 1973; Murray et al. 1974), and one would therefore

have expected much higher levels of IgM in group
B. However, this lower level may have been attributable
to the observation that the present study assayed IgM
responses specific for the inducing trypanosome clone
rather than just the measurement of hypergamma-
globulinaemia, which indicates pathological changes in
Ig levels during trypanosomosis without regard for
parasite specificity.

In conclusion, this study shows that infection with
T. evansi, as with tsetse-transmitted pathogenic try-
panosomes, significantly alters the lymphocyte compo¬
sition of peripheral blood of infected sheep. The nature
of these alterations appears to influence the kinetics of
the antibody responses and the eventual outcome of the
infection, as two of the eight animals used underwent
self-cure. The present study is probably the only one in
which changes in peripheral blood lymphocyte subsets
have been examined in association with parasite-specific
antibody responses during trypanosome infection in one
of its natural hosts: however, as previously stated, that
the changes associated with self-cure relate to observa¬
tions made in only two animals limits the magnitude of
importance that otherwise could have been attached to
them. For a full appreciation of the importance of the
findings of the present study it is essential that further
experimental studies be carried out in this regard, com¬
plemented by wider seroepidemiology survey of the
levels and isotypes of anti-trypanosome antibodies in
field animals, especially in the trypanotolerant African
breeds of sheep and goats.
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Lymphocyte phenotype kinetics during Trypanosoma,
evansi infection in sheep

D. N. Onah', J. Hopkins2 and A. G. Luckins1 'Centre for
Tropical Veterinary Medicine, Easter Bush, Roslin, Mid¬
lothian, EHZS 9RG, UK; 2Department of Veterinary Patholo¬
gy, R(D)SVS, University of Edinburgh, 2Department of
Veterinary Pathology, R(D)SVS, University of Edinburgh,
Summerhall, Edinburgh, UK

The cellular immune response of sheep to ex¬
perimental trypanosomiasis was studied using a panel
of anti-sheep lymphocyte monoclonal antibodies.
Sheep were infected by intravenous injection of 10s
bloodstream forms of Trypanosoma evansi (TREU
2143). Peripheral blood leucocytes were separated
from jugular vein blood twice weekly using Tris-
ammonium chloride lysis and changes in lymphocyte
phenotypic expression analysed by flow cytometry.
There was a persistant lymphocytic leucocytosis from
day 22 after infection up to and including the fourth
week. This was due to a B-cell lymphocytosis as
evidenced by the concurrent increases in the percen¬
tage of cells expressing the leucocyte common antigen
(LCA P.220), class II major histocompatibility com¬
plex (MHC) antigen and surface immunoglobulin
(SIg) antigen. These increases were paralleled by
decreases in the percentages of T-cell subsets, namely
CD-5 + , CD-4+, CD-8+ and SBU-T19+ cells, and
were especially marked from day 22 after infection.
There were intermittent increases in the CD-4/CD-S
cell ratio which resulted from greater decreases in the
percentage of CD-8 expression.
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INFECTION WITH TRYPANOSOMA EVANSI ALTERS
EXPRESSION OF LYMPHOCYTE SURFACE ANTIGENS AND

SUPPRESSES RESPONSE TO VACCINATION WITH
PASTEURELLA HAEMOLYTICA

D.N. ONAH, J. HOPKINS and A.G. LUCKINS

A Tr

Centre for Tropical Veterinary Medicine and Department ofPathology,
The University ofEdinburgh, Scotland

In sheep infected with Trypanosoma evansi there are marked changes in
different lymphocyte sub-populations in the peripheral blood during the course of in¬
fection. The number of B cells increases from 22 days after infection and there is a
decrease in the number of lymphocytes expressing CD4 and CD8 antigens. The pro¬

portion of B cells expressing CD5 antigen increases from a normal level of approxi¬
mately 5% to over 90% early in infection. These changes persist until the animal is
treated with a trypanocidal drug, when there is a gradual return to pre-infection
values. In addition, the changes are also associated with immunosuppression, for ex¬

ample, the humoral responses to both primary and secondary immunization with
Pasteurella haemolytica vaccine is severely depressed in T. evansz-infected animals.

Analysis of lymphocyte populations draining from lymph nodes of sheep
immunized with P. haemolytica has shown differences in response between infected
and uninfected individuals. In uninfected animals there is an increase in CD5+ and

CD4+ T cells commencing 3—4 days after immunization. B cells also show an in¬
crease but CD8+ lymphocytes show little alteration and the CD4/CD8 ratio remains
high. In contrast, in infected sheep, the number of CD5+ and CD4+ cells is decreased
compared to uninfected animals and there is no increase in B cells following immu¬
nization. The majority of B cells express CD5 antigen. There is an increase in
immature T cells expressing both the CD4 and CD8 antigens simultaneously. These
alterations in lymphocyte populations correlate with the differences in response to P.
haemolytica seen between infected and uninfected sheep and it is possible therefore
that the changes in these cell populations might be responsible for the impaired
immune responses seen in T. evansi infected animals.
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Use of DNA fingerprinting in paternity
analysis of closely-related Exmoor ponies
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Summary

DNA fingerprinting techniques were used to try to resolve
the parentage of an Exmoor pony foal. Three young
Exmoor ponies, one female and two males, shared a
paddock and the female subsequently became pregnant.
The two possible sires were three-quarter siblings and were
also half-siblings to the dam. Southern hybridisation of
Exmoor pony DNA with human mini-satellite probes
resolved the disputed parentage in spite of the fact that
there was a 70 per cent band share between the individuals
involved. Colt M6 was 2.06 times more likely to be the
father than an uncle, and Colt M3 was 477 times more

likely to be an uncle than the father.

Introduction

AN accurate method for identifying unambiguously individual
horses is becoming essential. This is particularly true in cases
of disputed parentage. The assignment of parentage must rely
on the use of genetic systems that reveal polymorphism
(several alleles). The systems used most commonly are blood
groups, isoenzymes and, in man, the major histocompatibility
complex (MHC). The higher the variation of the genetic
markers used, the lower the probability of incorrectly assigning
parentage. Of the three systems, the most variable is the MHC,
but reagents for this in equines are not yet available.

In recent years, genetic analysis in man has been simplified
by the availability of DNA probes for autosomal hypervariable
regions (Wyman and White 1980; Bell, Selby and Rutter 1982;
Jeffreys, Wilson and Thein 1985a) of the human genome,
which show multi-allelic variations and high heterozygosity.
These hypervariable regions consist of tandem repetitions of
short sequences (or 'mini-satellites') and polymorphism results
from allelic differences in the number of repeats. The
inheritance of these polymorphisms is Mendelian (Jeffreys,
Wilson and Thein 1985b), in that heterozygous bands are
transmitted to 50 per cent of the offspring. One family of these
mini-satellites has been studied extensively in man (Jeffreys et
al 1985a); dogs and cats (Jeffreys and Morton 1987); birds
(Burke and Bruford 1987); horses, pigs, chickens and fish
(Georges et al 1988). DNA is isolated and cut by specific
restriction endonucleases. The different sized fragments are
fractionated electrophoretically, then probed for the mini-
satellite sequences by Southern hybridisation. Each mini-
satellite probe can produce somatically stable genetic bar codes
or DNA fingerprints (Jeffreys et al 1985b) that are completely
specific for an individual (or identical twin).

This report describes the successful use of mini-satellite
probes to identify individual Exmoor ponies and to determine

parentage. Exmoors are the most primitive of the nine breeds of
native British horses (Gates 1979). They appear to have been
affected least by man's influence and have many features in
common with the original British wild pony of 100,000 years
ago (Speed 1977). Although first-crosses are bred they are not
eligible for registration with the Exmoor Society, and the total
world population has always been small - less than 500
currently. As a consequence, Exmoor herds are geographically
isolated and ponies within a herd are closely related, showing
extremely little polymorphism (Gates 1979). DNA
fingerprinting was used to determine the sire of an Exmoor foal
in the Royal (Dick) School of Veterniary Studies' Horse
Society's Exmoor herd. The determination of parentage had to
be accurate because the two possible sires were 'three-quarter
siblings' (same sire and the dams were half-siblings) and both
were half-siblings to the dam.

Material and methods

Preparation ofDNA

Ten ml of venous blood was taken by percutaneous
venepuncture from the jugular vein of each of 16 Exmoor
ponies. EDTA was added to 10 mM to act as anticoagulant and
nuclease inhibitor. Samples were stored at -80°C. DNA was
extracted from 0.7 ml aliquots of the thawed blood using a
modification of the Jeffreys' extraction protocol (Jeffreys et aI
1985a). The aliquot of blood was diluted to 1.5 ml with lxSSC,
then centrifuged at 14,000 g for 2 mins. Following that, the
pellet was washed twice in lxSSC to remove contaminating
RBC, re-suspended in 0.5 ml lysis buffer (0.2 M acetate pH7,
0.5 per cent SDS, 100 pg/ml proteinase K [Gibco-BRL, Paisley,
Scotland] in 10 mM Tris pH8) and incubated at 56°C for 60
mins. DNA was purified by two extractions with phe¬
nol/chloroform and one with chloroform, and was precipitated
with two volumes of absolute ethanol at 0°C. The DNA was

pelleted, washed twice in 80 per cent ethanol and vacuum dried
before being dissolved in 0.2 ml autoclaved 'MilliQ' water
(Millipore, Rickmansworth, Hertfordshire) at 4°C.

Six pg of DNA from each sample was digested for 16 h at
37°C with 15 iu of the restriction endonuclease Hinfl or Hael
(Gibco-BRL) in a total volume of 40 pi, using the buffer
conditions recommended by the manufacturer - 5pl of 10 x
loading buffer containing 2.5 mg/ml ethidium bromide. Buffers
and general methods were those described by Sambrook,
Fritsch and Maniatis (1989).

Electrophoresis and Southern blotting

The sample was electrophoresed through a 0.8 per cent agarose
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gel in lx TBE/0.5 mg/ml ethidium bromide until the 2.3 kb
band of the Hind III ladder (Gibco-BRL, Paisley, Scotland) had
run 15 to 18 cm from the origin. The DNA was denatured,
blotted onto Hybond N (Amersham International, Amersham,
Bucks, UK) blotting membrane and fixed by UV. The filters
were hybridised to 32P-labelled human mini-satellite probes
33.15 and 33.6 (Jeffreys et al 1985a) prepared by random
primer extension of single-stranded Ml3 templates (Feinberg
and Vogelstein 1983; 1984). Hybridisation was performed at
62°C for 16 h in a buffer containing 2xSSC, lx Denhardts, 0.1
per cent SDS, 6 per cent, PEG (Sigma, Poole, Dorset) and 50
(ig/ml denatured herring sperm DNA (Sigma, Poole, Dorset).

After hybridisation the filters were washed at 62°C in
2xSSC, 0.5 per cent SDS 50 pg/ml denatured herring sperm
DNA. Fingerprints were identified by autoradiography at -70°C
with Xomat AR (Kodak) or Curix RPI (Agfa) X-ray film using
intensifying screens.

Results

The familial relationship between the Exmoor ponies tested is
illustrated in Figure 1. The two possible sires (M 3 and M6) of
the foal (M7) are closely related, having the same sire (Ml)
and dams who are half-siblings (F1 and F2). These two colts
are also half-siblings to the dam (F7).

Hybridisation patterns obtained with these animals indicate
that, like man, Exmoor ponies have polymorphisms for these
hypervariable regions. For each individual, the number of loci
resolved with either of the mini-satellite probes is
approximately 12 (Fig 2). This is less than in man, but similar
to that for cats and dogs using identical stringencies (Burke and
Bruford 1987). The overall level of band share of all the
animals with both the 33.15 (Fig 2) and 33.6 (data not shown)
probes was approximately 60 per cent when the DNA was
restricted with Hinfl. The level of band share between the dam,
F7 and the two possible fathers. M3 and M6 is 71 per cent and
63 per cent, respectively (Table 1). Use of the Hael restriction
enzyme resulted in both probes hybridising with hundreds of
different bands, none of which could be resolved easily. Shorter

- - -

M7

Grand-sire

Putative sires (half-sibs)

Fig 1: Family tree of selected individuals from the Royal (Dick)
School Veterinary Studies' Horse Society's Exmoor pony herd
illustrating the familial relationship between the ponies under
investigation and the disputed parentage of Foal M7
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Ml F2 M6 M7 F7 X Ml F1 M3 M7 F7

Fig 2: Southern blot of DNA from the ponies shown in Figure 1. The
DNA had been digested with the bacteria! endonuclease HinFl and
the blot probed with the human mini-satellite, 33.15. Arrows on the
blot highlight the polymorphic band at 7.3 kb that is present in the foal
(M7) and sire, M6 but is absent in the dam, F7 and the uncle, M3. The
individual X is an Exmoor pony within the Schools' herd but not
directly related to those in Fig. 1. The molecular weight markers of the
Hind HI ladder are given in kb

TABLE 1: Polymorphic DNA fragments detected in the
Exmoor ponies studied

Heterozygous bands in M7 shared with:
F7 M6 M3

Scored with:
only 33.6 7 7 7

only 33.15 7 8 6
Total no. bands
scored 14 15 12

Transmission 33.6 7/9 8/9
33.15 7/12 8/12

The sharing of polymorphic bands between Foal M7, and Dam
F7 and the two possible sires, M3 and M6. Transmission refers
to the number of individual, polymorphic bands present within an
individual compared with the total number of polymorphic bands
detected in all the animals tested

incubation times for digestion did not improve matters.
The data in Figure 2 (probe 33.15) show that Colt M6 is

more likely to be the sire of Foal M7. This is seen by the
polymorphic band at approximately 7.3 kb (arrows) shared by
M6 and M7 but not by the dam M7 or by the other putative sire
M3. This band is not a new mutation because it also is present
elsewhere in the family group (F2) and is an inheritable entity.

The use of probe 33.6 (data not shown) also shows that M7
shares a unique band (at about 5kb) with M6. This band is
absent in both F7 and M3. Although the number of shared
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bands between M7 and the two possible sires is the same (Table
1), the 7.3 kb band (using 33.15) is the only one shared by the
foal and one of the sires and not present in Dam F7.

The statistical calculations pertaining to the mini-satellite
band scoring have been described previously (Lygo, Fowler and
Werrett 1987). If we assume that the mutation rate in the horse
germ line is identical to that in man, using the two combined
data from both 33.15 and 33.6 (Table 1) two hypotheses were
tested: 1) that M6 was the father and 2) that M3 was the father.
After the analysis it was demonstrated that M6 is 2.06 times
more likely to be the father than an uncle to Foal M7 and that
M3 is 477 times more likely to be an uncle than the father.

Discussion

The mini-satellite probes used in this study have been used with
great success for the resolution of disputed paternity in man
(Jeffreys et al 1985b) and are making an impact in forensic
medicine (Gill, Jeffreys and Werrett 1985; Hopkins, Morten,
Smith and Markham 1989). This study shows that human mini-
satellite probes 33.15 and 33.6 cross-hybridise to multiple
dispersed, autosomal loci in Exmoor ponies to produce
informative DNA fingerprints. The overall properties of these
Southern blots in equines was similar to those found in man.
The principal difference is a slightly smaller number of
resolvable bands. The results of this investigation show that
with DNA fingerprinting, it is possible to resolve parentage in
equines. It was shown with a high degree of certainty that Foal
M7 was sired by Colt M6 and not M3.

The band share in all the individual Exmoor ponies tested
(including unrelated ponies) is greater than 60 per cent,
indicating that these animals are related. The putative sires
were three-quarter siblings and both were half-siblings to the
dam, with a 70 per cent band share between these ponies. That
the mini-satellite probes can still resolve parentage under these
circumstances demonstrates the accuracy of their recognition of
heterozygosity. This illustrates the true potential of this
technique for identification of an individual and for resolving
questions of parentage. Therefore, it seems likely that equines
can be identified and paternity resolved in an unambiguous
manner in other British breeds and even in Thoroughbreds. The
way is open for DNA fingerprinting to act as an absolute tag on
the individual identity of equines. If artificial insemination is
ever used regularly in future, this technique could be used in to
verify semen.

Such analysis also is useful for examining the evolutionary
relationships between different groupings within species
(Wainscote et al 1986). Inter- and intra-breed relationships
could be determined (Lynch 1988), eg, the true status of the
Eriskay pony. Another development of this technique could be
two-dimensional DNA fingerprinting (Uitterlinden, Slagboom,
Knook and Vijg 1989) in which identification is based on >600
spots per gel rather than 10 to 30 bands. Obviously, if DNA
fingerprinting is going to be used for centralised equine
identification, standardisation is essential. Further, greater
resolution and accuracy would be obtained if specific equine
mini-satellite probes were used as was demonstrated with cattle
(Georges et al 1990).

In the animal health sphere, linkage analysis using these

techniques (White et a! 1985) could lead to identificaiton of
genes responsible for inherited diseases and identification of
carrier animals as is being done with P-thalassaemia in man
(Wells, Wonke and Thein 1988).

The high degree of line breeding and inbreeding seen with
Exmoors is unlikely to be encountered normally. However, the
ability of the human mini-satellites to produce readable DNA
fingerprints that distinguish between two possible, closely-
related sires suggests that this system has the potential to
resolve questions of parentage in horses.
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Summary

Carprofen, a non-steroidal anti-inflammatory drug (NSAID)
was administered to three Thoroughbred geldings and three
Shetland ponies to determine its plasma disposition and
tolerance. The main pharmacokinetic characteristics of
carprofen in horses and ponies were a volume of distribution of
0.08 to 0.32 litres/kg (mean ±se=0.23 ± 0.04) a systemic
clearance of 26.4 to 78.5 ml/min (mean ±se=44.9 ± 8.0) and a

plasma elimination half-life of 14.5 to 31.4 h (mean ±se=21.9
±2.3). There was no evidence of any accumulation of carprofen
in plasma when the drug was given orally at a dose rate of 0.7
mg/kg for 14 consecutive days. Carprofen was well tolerated
following intravenous (iv) and oral administration.
Intramuscular (im) administration resulted in elevated levels of
plasma creatine kinase suggesting muscle cell damage.
According to the results of this study carprofen can be
regarded as a long-acting NSAID in horses from a
pharmacokinetic point of view. Either iv, im or the oral route of
administration could be used to achieve high carprofen plasma
concentrations.

Introduction

CARPROFEN (6-chloro-o-methylcarbazole-2-acetic acid) (Fig 1)
is a non-steroidal anti-inflammatory drug (NSAID). It has a greater
anti-inflammatory potency than phenylbutazone, mefenamic acid,

Fig !: Carprofen

ibufenac and acetyl-salicylic acid in animal models of carrageenin-
oedema, granuloma-pouch, U.V. erythema and bradykinin and
histamine-induced capillary permeability (Maeda, Tanaka, Suzuki
and Nakamura 1977). Like other NSAIDs carprofen may induce
gastrointestinal ulceration. However, in rats, gastric irritation is
very much less severe following administration of carprofen than
indomethacin or aspirin. The safety ratio (ulcerogenic dose/anti-
inflammatory dose) for carprofen was 32 as compared with 2.0 and
0.9 for indomethacin and aspirin respectively (Randall and Baruth
1976). Ulcerogenicity of NSAIDs is correlated with inhibition of
prostaglandin (PG) synthesis (Konturek. Piastuki and Brzozowski
1981) and therapeutically effective doses of carprofen have an
insignificant effect on PG synthesis (Strub, Aeppli and Muller
1982), which may explain their good gastrointestinal tolerance.

There is great variation in toxicity of NSAIDs between animal
species and this may be due to differences in metabolism that result
in accumulation of a drug (salicylate in the cat; Davis and Westfall
1972), or to differences in affinity for enzymes or isoenzymes at the
tissue site of toxicity (Lees and Higgins 1985; Whittle et al 1980).

Some NSAIDs have a narrow therapeutic index in the horse
(Snow et a! 1981) and it is important to define the pharmaco¬
kinetics and tolerance of novel NSAIDs to determine accurate

dosage regimes in this species.

Materials and methods

Animals

Three mature Thoroughbred geldings and three Shetland ponies
were used. The animals were healthy, kept indoors and fed on hay.
The Thoroughbreds also received concentrates. A 14-day 'wash-out'
period was allowed between each single administration of
carprofen. The repeat dose pharmacokinetic experiment using the
oral preparation was carried out 14 days after the last single dose
administration and the oral tolerance study was carried out 21 days
after the last administration for the repeat oral dose kinetic study.

Drugs

*3. Bogan died on June 5, 1988.

A 5 per cent mixed-micelle solution of carprofen was used for the
intravenous (iv) and intramuscular (im) injections and a palatable
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Summary. Previous work made use of nucleic acid probes corresponding to different
subtypes of the class II regions of the human and murine major histocompatibility
complex (MHC) to isolate seven different alpha and 24 different beta genes of the
ovine MHC from two cosmid libraries. In an attempt to identify pairs of alpha and
beta genes capable of cell surface expression, all permutations of alpha and beta
genes were in turn transfected into mouse L-cells. Two pairs of alpha and beta genes
co-expressed and stable ovine MHC class II L-cell lines were developed. The
expressed alpha genes had previously been defined as DR-alpha homologues (DRA)
by differential Southern hybridization to human subtype specific class II probes. The
expressed ovine beta genes were also assigned as ovine DR-beta homologues (DRB)
on the basis of their sequence having a higher degree of similarity with human DRB
than any other subtype. A total of eight out of 23 anti-sheep class II specific
monoclonal antibodies were typed OLA-DR specific by FACScan analysis using the
L-cell lines.

Keywords: ovine, MHC class II, genes, monoclonal antibodies, DNA-mediated gene transfer, expression

Introduction

The major histocompatibility complex (MHC) is a multi-gene complex that codes for
highly polymorphic, membrane-associated glycoproteins involved in the initiation,
regulation and quality of specific immune responses. MHC class II molecules are
heterodimers requiring the products of both alpha and beta genes for cell-surface
expression. The human class II region (HLA-D region) contains a number of
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expressed alpha and beta gene pairs (DP, DQ and DR) as well as an approximately
equal number of pseudogenes and genes of undefined status (Trowsdale 1988).

We have previously described the identification and characterization of seven
alpha and 24 beta genes present in clones isolated from two cosmid libraries prepared
from the genomic DNAof two unrelated sheep (Deverson etal. 1991). Identification
of the genes was achieved by screening the libraries with alpha and beta gene probes
of human and murine origin. While the alpha genes could be identified as being
DR-like, DQ-like and DN-like on the basis of specific hybridization to the relevant
human probes, the subtype-specificity of the beta genes could not be determined in
this way because of extensive cross-hybridization.

In this study we have used DNA-mediated gene transfection into mouse L-cells to
determine which of the available ovine MHC class II alpha and beta genomic DNA
clones co-express and which of a panel of ovine MHC class II specific monoclonal
antibodies recognize the defined gene products expressed at the murine L-cell
surface. We also present the nucleotide sequence of the expressed ovine alpha (A)
beta (B) genes, which confirms the gene subtype as OLA-DR and therefore also
confirms OLA-DR specificity to the panel of sheep MHC class II specific monoclonal
antibodies.

Materials and methods

Animals and source of DNA
The construction and screening of cosmid libraries for ovine MHC class II genes has
been described (Deverson et al. 1991). Briefly, two genomic libraries were prepared
in the cosmid vectors pTL5 and pTL6 (Lund et al. 1982) using high molecular weight
DNA prepared from sperm and testis, respectively, from two unrelated Suffolk
sheep.

Cosmid DNA between 35 and 50 kb was prepared by standard techniques
(Sambrook et al. 1989). All DNA was prepared for transfection by ethanol
precipitation under sterile conditions and resuspension to 1 fxg/p.1 in sterile TE buffer
(10mM Tris, ImM pH 7-9). The plasmid PTkl containing the herpes simplex virus
thymidine kinase gene (HSV-tk gene, Lang et al. 1983) was used as a selective
marker.

Cells and media

The murine fibroblast line Ltk- (Spandidos & Wilkie 1983) was cultured in 25-cm2
tissue culture flasks containing 8ml Dulbecco's modified Eagles medium (DMEM,
Gibco-BRL, Paisley, UK) supplemented with 10% (V/V) heat-inactivated fetal
bovine serum (FBS), glutamine (2mM final concentration), penicillin (lOOIU/ml)
and streptomycin (100p,g/ml). Cells were maintained in this medium and split 1:20
twice weekly. Selection medium was as above but also contained HAT, i.e.
hypoxanthine (1 -36g/l), aminopterin (0-176g/1) and thymidine (0-388g/1).
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Monoclonal antibodies
Monoclonal antibodies (mAbs) that recognize monomorphic determinants of ovine
class II glycoproteins are listed in Table 1 and have been described previously (Puri et
al. 1985, 1987a,b; Hopkins et al. 1986; Dutia et al. 1990).

DNA-mediated gene-transfer and selection of transfected cells
Transfections were carried out using the calcium phosphate co-precipitation method
(Graham & Van Der Eb 1973, as modified by Wigler et al. 1979). In each instance,
3(xg each of two cosmid clones respectively containing alpha and beta genes were
added to lOOng of PTkl plasmid DNA and 10 pig of high molecular weight mouse

embryo carrier DNA. A calcium phosphate microprecipitate was formed to which
the DNA was adsorbed. This microprecipitate was then mixed with 5 X 105
exponentially growing L-cells. After an incubation period of approximately 15 h at
37°C the cells were washed in warm phosphate-buffered saline. They were then left
to recover in fresh medium at 37°C for 24 h before HAT selection. Selection medium
was changed every 3 days and surviving colonies allowed to develop for 2-3 weeks.
Cells transfected with PTkl alone were used as negative controls for antibody assays.

Assay for MHC class II expression
An indirect fluorescent antibody (IFA) technique was used to detect ovine MHC
class II glycoproteins expressed at the mouse L-cell surface. 5 x 105 L-cells were

Table 1. Ovine MHC class II specific monoclonal antibodies used in this study

Monoclonal Proposed subtype
antibody Isotype Chain specificity specificity*

'SBU II 28.1, 37.68 IgGl Conformational DR-like

SBU II 38.27 IgGl Conformational DQ-like
SBU II 42.20 IgGl alpha DR-like

SBU II 49.1 IgG2a beta Pan-specific
SW73.2 (Rat) IgG2a beta Pan-specific
+ VPM 1, 3 IgM ND

VPM 4, 45, 46 IgG2a beta

VPM 15 IgG2a ND

VPM 36, 38, 47 IgGl alpha
VPM 16, 37, 40 IgGl beta

VPM 41, 43, 44 IgGl beta

VPM 48 IgG2a alpha
ID12 IgGl alpha

*Based on N-terminal sequence analysis (Puri et al. 1987c).
'The SBU monoclonal antibodies have been described previously (Puri et al. 1985).
+VPM monoclonal antibodies (Hopkins et at. 1986; Dutia et al. 1990). ND, Not determined.
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incubated in a cocktail of mouse anti-sheep MHC class II monoclonal antibodies
(SBU 28.1, 37.68, 38.27, 42.20 and 49.1) using saturating amounts (50|xl tissue
culture supernatant) for 40 min at 4°C. After three washes in cold Earle's balanced
salt solution containing 3% fetal bovine serum (FBS) and 0-1% (W/V) sodium azide,
the cells were incubated in 50(jlI of the second-stage reagent (1:50 dilution of
fluorescein isothiocyanate (FITC) conjugated rabbit anti-mouse IgG, Dakopatts,
Glostrup, Denmark). After a further three washes, the cells were analysed by
FACScan (Becton Dickinson, Sunnyvale, CA, USA) and positive class II-expressing
cells selected by a FACS IV cell sorter (Becton Dickinson). FACS-selected cells
were expanded in culture and sorted a further three times until more than 98% of the
cells were expressing MHC class II glycoproteins.

Screening of monoclonal antibodies against transfected L-cells
The IFA technique and FACS analysis were used as described above to determine
the ability of the mAbs listed in Table 1 to react with transfectants expressing ovine
MHC class II antigens at the cell surface. Positive antibodies were identified as those
that resulted in an increase in the fluorescence of the main body of the class II
transfected L-cell line relative to the Ltk+ control (see Fig. 4).

The VPM series of antibodies were also screened against transfected class II
expressing cells using SDS-PAGE followed by blotting onto nitrocellulose as
follows: 1 x 108 transfected and untransfected cells were harvested by treatment with
versene and washed twice in Hanks balanced salt solution (HBSS). The cells were

lysed in 1 ml 2% (w/v) NP40 in phosphate buffered saline (PBS) for 30min on ice.
Insoluble material was removed by centrifugation at 13000xgfor lOmin. The lysates
were then prepared for immunoblotting and analysed as previously described (Dutia
et al. 1990).

Nucleotide sequencing
Double-stranded nucleotide sequencing was carried out by the dideoxy chain
termination method (Sanger et al. 1977) following subcloning into the bluescribe
plasmid vector (Pharmacia, Uppsala, Sweden). Computer analysis of the nucleotide
sequences was performed using the UWGCG package (Devereux et al. 1984) on the
SEQNET molecular biology computer facility of the Science and Education Research
Council, Daresbury Faboratory (Warrington, UK). EMBL genebank accession
numbers for the sequences presented here are Z11520, Z11521, Z11522, Z11523,
Z11599 and Z11600.

Results

Generation of transfected L-cell lines expressing ovine MHC class II glycoproteins
Following transfection into mouse L-cells of all permutations of the alpha and beta
cosmids described by Deverson et al. (1991) four combinations of alpha and beta
genes were identified that gave rise to expression to ovine MHC class II antigens at



Characterization of ovine MHC class II genes 351

the L-cell surface. These were combinations of either of two alpha genes (DRA-like
cosmids 46 and 61) and either of two beta genes (cosmids 9-5 and 22). L-cell lines
expressing high levels of the ovine MHC class II were generated by three cycles of
FACS selection using a cocktail of ovine MHC class II specific mAbs and expansion
in culture (Fig. 1).

All transfectants that were initially class II negative by FACScan analysis were
nevertheless sorted by FACS in case a very small population of class II expressing
cells could be isolated. Any surviving cells were expanded in culture and reanalysed
by FACscan. This invariably confirmed the initial negative results and failed to
identify any further expressible genes

Figure 1. FACS selection for class II expressing cells: (a) L-cells transfected with Tk only (LTk + ) and
labelled with a cocktail of SBU monoclonal antibodies (SBU 28.1,37.68, 38.27,42.20 and 49.1) followed
by FITC-IgG anti-mouse Ig as the second stage reagent, (b) L-cells transfected with sheep DRA-like
cosmid 46 and DRB-like cosmid 22 (T8.1) and labelled as before. The population of highly fluorescent
cells (approximately 2%, 2000 cells) was selected and expanded, (c) First FACS sort. The population of
positive fluorescent cells was 25%. The brightest 5% of these cells were selected and expanded, (d) L-cell
line (T8.1) after the third FACS sort. The population consisted of >98% cells expressing sheep MFIC class
II glycoproteins.
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GTTTTTCATTCTTTTTGTTTGGTTGTGAGTTTGGTTAATTAAGAAGTTCCTTTTCATCAAATGCACAAAGCTTCTCCTTTCCTGGACCCTTTGCAAGAGTCTTTCCCTTAGCAACAGCAG 120

TGTCATCTCAAAAGATTTTTCTGATTGGCTGCAGCTCAACTGAGTTTAAATTTTTAATCAGTCAGACTCTATGACACCCTACATTCTCTTTTCTCATATTCCTGTCTGTTCTAATCCACC 240

TTGAGCTCTCATCAAGACACGGACCCTCATCAAGACACCAAAGAAGAAAATGGCCATAACCAGGGTCCCAATATTAGGACTTTTCATCACTGTCCTGATCAGCCTACAGGAATCGTGGGC 360

TATTAAAGGTAAGTGCTGAGTTCAAAACTAGGAATAAATAAGTTCTGAGAGCTTTGGAGAAACGAACTGTGGACGTTTGCAAGACAGTCT 450 Exon 1

IleLysG
CTTCTACCACCCCTGCCCACACATGTGCAT 480

CTCACATCCTGGGTTCTTCTCCATCTTCCTCTCCTGGTTCCCACCCTGACCCCCTTTCTTGTCGTTTCAGAGGACCATGTGATCATCCAGGCTGAGTTCTATCTGAACCCTGAGGAATCA 600 Exon 2

luAspHisValI leiLeGlnAlaGluPheTyrLeuAsnProGluGluSer

GCCGAGTTTATGTTTGACTTTGATGGTGATGAGATTTTCCACGTGGATATGCAGAAGAAGGAGACAGTGTGGCGGCTTCCAGAATTTGGACATTTTGCCAGCTTTGAGGCTCAGGGTGCC 720

AlaGluPheMetPheAspPheAspGlyAspGluIlePheHisValAspMetGlnLysLysGluThrValTrpArgLeuProGluPheGlyHisPheAlaSerPheGluAlaGlnGlyAla

CTGGCCAATATGGCTGTGATGAAAGCCAACCTGGACATCATGATAAAGCGCTCCAACAACACCCCGAACACCAATGGTACCTCTGCTCCAGTCCTCCTAGACTTGGGAATTGTAGCTTTA 840

LeuAIaAsnMetAIaVaiMetLysAIaAsnLeuAspIIeMet11eLysArgSerAsnAsnThrProAsnThrAsnV

AACAGATGCTTGAGCTCTTTGGTTTTTGTTACTGAGACTTTCCCCTCAGGCCTATTCTTGTCGTATGCAAACCCCACATTCTTATGCCACCGGCCCAAAAACTTCATGAATTTTCTCCTT 960

TCTTGATGTGCTCACATCTTGCCTTTGCGAATCATGGTCTCTCATAAAGCCTTTGCCCTGAGTCCATGCTGGGGGAGCCAGGAATGAGGTCATTGAATATGTTATGCCCAGTACTGGTTC 1080

CCTTTCATGGGGGAGGGAATAAGAGCTGGGTATCTGAGACCACAGCATAGATTCCCAAGACAGTTTCAGCTACTATGTCAGCCTTGAGGGGAGGAAGAGGGGCAGGGCTAAGCAGGGAAG 1200

GCTAATTTCTGCGCTTGTCTCCCAGTTCCTCCAGAAGTGACTCTGCTCCCAAACAAGCCTGTGGAACTGGGAGAGCCCAACACACTCATCTGCTTCATTGACAAGTTCTCGCCACCCGTG 1320 Exon 3

alProProGluValThrLeuLeuProAsnLysProValGluLeuGlyGluProAsnThrLeuIleCysPhelleAspLysPheSerProProVal

ATCAGTGTCACGTGGCTTCGAAATGGCATACCTGTCACTGACGGAGTGTCACAGACGGTCTTCCTGCCCAGGGATGACCACCTTTTCCGCAAGTTCCACTACCTCCCCTTCCTGCCCACA 1440

I leSerValThrTrpLeuArgAsnGlylleProValThrAspGlyValSerGlnThrValPheLeuProArgAspAspHisLeuPheArgLysPheHisTyrLeuProPheLeuProThr

ACAGAGGACGTCTATGACTGCAAGGTGGAGCACTGGGGTCTGAACGAGCCTCTTCTCAAGCACTGGGGTGAGAACCGCCCTTCAGTCTCCTTTACTTCATTGCTCCTCCTGTGATGCATG 1560

Th rGIuAspVaITyrAspCysLysVaIGIuHisT rpGlyLeuAsnGIuProLeuLeuLysHisT rpG

TGTCTGGTCCTTAGGACCCCGAGGATCTGCTTCACAACTGCTCCAGTTCTGGTTTCTGGTCTTCTCCCATTGCTCTGCTTTCCCCTCTTCTCGTCTGTAATTCCCTGACATCATCCTGTC 1680

TTCCTCTCATTTAATTGGTGAAAAAAAAAATATTCTTTTGACTAAGCATCATATATTTTGTGCTAAGTGCTGCTGCCTACCACATGCATTTCTTATGTACTCTGACTTATTTTTCCCCAG 1800 Exon 4

AGTATGAAGCTCCAGCCCCTCTCCCAGAGACTACAGAGAATGCGGTGTGTGCCCTGGGCCTGATTGTGGCTCTGGTGGGCATCATTGCAGGGACCATCTTCATCATCAAGGGCGTGCGCA 1920

luTyrGluAlaProAlaProLeuProGluThrThrGluAsnAlaValCysAlaLeuGlyLeuIleValAlaLeuValGlylleileAlaGlyThrllePhelleileLysGlyValArgL

AAGCCAACACTGTTGAAGGCCGAGGGCCTCTGTGAGGCACCTGCAGGTGAGTCTGCTGTGGTCAGAGGATGACATCTCTGGAATGATTCCAGAGGAGGAAAAGAGTGAGGAAAAGGACAC 2040

ysAIaAsnTh rVaIGIuGIyA rgGIyP roLeu

ACGATGCCTTTAAAGGAAAACCATTCCTAAAGTCATGGCTCCTGATTCATCACACTGGACAGAATCAGACATTGTCATCGTCTGATATCCCCAAGCCCTACATTCCATACGTGTCACCAG 2160

AGATCATGCCTTCGGTCTTGGAAACTATCTCCAGTACCAAAATAGTTGTTTCACATTAAAATAGTGAGTCCAATGATCTGGGAAAGTCAGCCTCAAAATTACAACACTTCCTGGCTTTAT 2280

ATTTCCTGAGATAAGACATCAGCTTTGAAGCATTTCCAGAATGTCACTTTTGGAGGGTGTAGGGTAACTGTATGAAGTGGAATCTCTTGGAGACCCATGCCTGCTTTGCCCTCTATTCTG 2400

AGAGAAAAAAAA 2412

Figure 2. The nucleotide sequence of the expressed alpha gene in cosmid 61. The boundaries between
exons are underlined and the predicted amino acid sequence is displayed beneath the nucleotide sequence

using the three letter code.

Nucleotide sequence analysis
The nucleotide sequences of exons 1, 2, 3 and 4 of expressible alpha gene 61 and
exons 2, 3, 4, 5 and 6 of expressible beta gene 22 (Deverson et al. 1991) were
determined (Figs. 2 and 3). The second exon of beta gene 9-5, corresponding to the
beta-1 domain, was also sequenced. This was found to be identical to the beta-1
domain in cosmid 22, even though these genes were isolated from unrelated sheep.
The remainder of the region containing the class II gene in cosmid 9-5 showed an
identical restriction map to the gene in cosmid 22. The nucleotide and predicted
amino-acid sequence of the alpha and beta genes in cosmids 61 and 22 were
compared to human (Larhammar et al. 1983; Kelly & Trowsdale 1985; Anderson et
al. 1987) and bovine alpha and beta sequences (Groenen et al. 1990; Van Der Poel et
al. 1990). This comparison led to the conclusion that the ovine genes were DR-like
(Table 2).
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CCCTGGCCTCATCCTCATCCTCATTAGCCTCTCCCCAGATCTATCCCGTCTCTGCAGCACATTTCTTGGAGTATACTAAGAAAGAGTGTCGTTTCTCCAACGGGACGGAGCGGGTGCGGT 120 Exon 2

HisPheLeuGluTyrThrLysLysGluCysArgPheSerAsnGlyThrGluArgValArgP

T CCT GGACAGATACTTCTATAAT GGAGAAGAGT ACGTGCGCTTCGACAGCGACTGGGGCGAGTACCGAGCGGT GGCCGAGCT GGGGCGGCCGGACGCCAAGTACT GGAACAGCCAGAAGG 240

heLeuAspArgTyrPheTyrAspGlyGluGluTyrValArgPheAspSerAspTrpGlyGluTyrArgAlaValAlaGluLysGlyArgProAspAlaLysTyrTrpAspSerGlnLysG

AGATCCTGGAGCGGAGGCGGACCGAGGTGGACACGTACTGCAGACACAACTACGGGGTCATTGAGAGTTTCAGTGTGCAGCGGCGAGGTGAGCGCGGGGGTGGGCGGCCAGTGTGGAGCA 360

lulleLeuGluArgArgArgThrGluValAspThrTyrCysArgHisAsnTyrGlyValIleGluSerPheSerValGlnArgArgV

GTGTGTGCGTGTGTGCGTGTGCGTGTGCGTGTGCGTGTGCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT 3.2kb 439

TCTGGAACTTGAGAGTGAAGGCTGAAAGGCAGCTAACCAAGGAAACTTACTCTGTTGTCCTCACTGATCTCCTCCACCTTTTCCCTCCTAGTGGAGCCTATAGTGACTGTGTATCCTGCA 559

alGluProIleValThrValTyrProAla

AAGACCCAGCCCCTGCAGCACCACAACCTCCTGGTCTGCTCTGTGAATGGATTCTACCCAGGCCACATTGAAGTCAGGTGGTTCCGGAATGGCCACGAAGAGGAGGCTGGGGTGATCTCC 679 Exon 3

LysThrGlnProLeuGlnHisHisAsnLeuLeuValCysSerValAsnGlyPheTyrProGlyHisIIeGIuVaIArgVaIPheArgAsnGIyHisGIuGIuGIuAIaGIyVa11 leSer

ACAGGCCTGATCCAGAATGGAGACTGGACCTTCCAGACCATGGTGATGCTTGAAACAGTTCCTCAGAGTGGAGAGGTCTACACCTGCCAAGTGGATCACCCCAGCCGGACGAGCCCTATC 799

ThrGlyLeuIleGlnAsnGlyAspTrpThrPheGlnThrMetValMetLeuGluThrValProArgSerGlyGluTyrTyrThrCysGlnValAspHisProSerArgThrSerProIle

ACAGTGGAATGGAGTGAGCTTTCTGATCTCATAAGTCCTCACCCACCGTGGAGGGGGCTTGCTTT 0. 7kb 864

ThrValGluT rpA

TTTTCTCAGGGGCACGGTCTGACTCAGCTCAGAGCAAGATGATGATGGGAGTTGGGACCTTTCTTCTGGGTCTGCTCTTCCTTGCGGTGGGGCTCTTCATCTACTTCAGGAATCAGAAAG

rgAlaArgSerAspSerAlaGlnSerLysMetMetSerGlyValGlyGlyPheValLeuGlyLeuLeuPheLeuAlaValGlyLeuPhelleTyrPheArgAspGlnLysG 984 Exon 4

GTAAGGAGAATTTGGGCAGCTGAGCCTCCCCACTGACTTTTGGAGGAAGACTGTGGTTTTGCTCAAGTTAGTTCTCTGTATATCAATGGCCTTGTCTAAAGCTTTTGTTCCCTTTAGTGA 1104

GGG...0.5kb..TTGTCTCTCCTAGGACGCCCTACCCTTCAGCCAACAGGTATGCACTTTATCTTTTAGAATCATGTTTAGTCTCCCTGGAACAGATGATAGAGATAACAAGACAGAGGC 1224 Exon 5

lyAsnProThrLeuGlnProThrG

AGAAATAATGAAAGACTTTGGACCTGACTTCTCATCAGGCAGTTTACACTAAAGTTTCTTCTTTAAACTAAATAAAAGGCTTGTGCTCTAAAGTAGCTTTGGCTCAGGAAACTGAAGAATA 1354

TTTTCCCCTTCCAACTGTAATGCTTTAATATTAACATTAACATTCCCCTGTAGAGTTATGTCTGGAAGCAACCCTCTCCTGTCTCTTGCAGGGCTCCTGAGCTGAAGTGACGATGGTCACA 1474 Exon 6

lyLeuLeuSer

CCAAGGAAGAACCTTCTGTCCCAGCTTCTTCACAGCATGGAAAGGTTTCCTGCTTAGCGCTGACTCTTCCACGATGAAGTACTTTCTCAGGATCTCATTTGCTCCTGGCTCAGTGACCCTG 1594

TAGAAACTGTCCTCAATGGCTTTCTCAGTCACCCCCACTCCCTTGCCCTCAGCCTTTGACCTGGAAGTTCTCAGTATTGATTCCAGTATTGATTCCAGTACCTTATGTTCTTTCTTCCTTC 1714

GTTCCCTTTGTTTGCAaCTTCTGTTTCCTGTGCATCTGA 1753

Figure 3. The nucleotide sequence of the beta gene in cosmid 22. The boundaries between exons are
underlined. The proposed amino acid sequence is displayed beneath the nucleotide sequence using the
three letter code.

Screening of monoclonal antibodies
Each transfected L-cell line was used to screen the two panels of monoclonal
antibodies for cell-surface ovine DR-like specificity (Fig. 4) with identical results
being obtained for all four lines. SBU antibodies 37-68, 42-20 and 49-1, VPM
antibodies 15, 38, 46 and 47 and rat antibody SW73.2 all recognized the class II
expressing cells. On the other hand, the transfected cells were not recognized by
SBU 38-27 (Fig. 4), VPM 36 or VPM 41 (data not shown), all three of which on the
basis of N-terminal sequence analysis would be expected to recognize DQ-like
molecules (Puri et al. 1987c; Dutia et al. 1990). The other two putative DR-specific
monoclonal antibodies, SBU 28-1 (Puri et al. 1987c) and VPM 37, also failed to
recognize the transfected gene products (Fig. 4).

Immunoblotting analysis of transfected L-cell class II glycoproteins
The VPM antibodies with known alpha and beta chain specificities (Dutia etal. 1990)
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Table 2.(a) Similarity between HLA-D alpha, BoLA-D alpha and the expressed ovine alpha gene from
cosmid 61. (b) Similarity between HLA-D beta, BoLA-D beta and the expressed ovine beta
gene from cosmid 22

OLA exon

OLA exon 2(A1) OLA exon 3(A2) 4(CP,TM,1C)
NA (AA) + NA (AA) + NA (AA) + Reference

HLA DRA 88 (84) 87 (83) 84 (80) (Schamboeck et al. 1983)
HLA DQA 64 (50) 69 (61) 66 (51) (Auffray et al. 1987)
BoLA DRA 97 (96) 97 (96) 97 (96) (Van der Poel et al. 1990)
BoLA DQA 62 (48) 68 (63) 69 (55) (Van der Poel et al. 1990)

OLA exon 2(B1) OLA exon 3(B2) OLA exon 4(TM)
NA (AA) + NA (AA) + NA (AA) + Reference

HLA DRB 81 (73) 90 (85) 86 (89) (Andersson el al. 1987)
HLA DQB 71 (62) 74 (70) 77 (75) (Larhammar etal. 1983)
HLA DPB 67 (58) 75 (68) 72 (50) (Kelly etal. 1985)
BOLA DRB 86 (70) 97 (95) 91 (100) (Groenen et al. 1990)
BOLA DQB 75 (58) 72 (66) 74 (75) (Groenen et al. 1990)

+NA = nucleic acid % similarity; AA- amino acid% similarity. The BOLA DR clone used in this
comparison is A1, and the BOLA DQ is W1 (Groenen etal. 1990). Abbreviations: Bl, beta-1 domain; B2,
beta-2 domain; TM, transmembrane domain; Al, alpha-1 domain; A2, alpha-2 domain; CP, connecting
peptide; IC, intercytoplasmic domain.

were used to determine the molecular weights of the alpha and beta chains expressed
in transfected cells and separated by SDS-PAGE. Immunoblots against transfected
and untransfected cells are shown in Fig. 5. Molecular weights of blotted alpha and
beta chains were 32-34KDa and 26-28KDa respectively. The anti-human class
II-alpha monoclonal antibody ID 12 which does not react with human or ovine cell
surface class II molecules (Cohen et al. 1987; Dutia etal. 1990) failed to detect ovine
class II antigen when expressed on the transfected L-cells but reacted with the
blotted antigen (Fig. 5).

Discussion

The isolation and partial characterization of seven alpha and 24 beta genes or gene
fragments from two ovine genomic DNA libraries has recently been described. The
alpha genes could be differentiated from one another by hybridization to human
subtype specific class II probes whereas the beta genes showed extensive cross
hybridization (Deverson et al. 1991). In the present study four ovine MHC class
II-expressing L-cell lines were generated by the transfection of all combinations of
alpha and beta genes. The two expressed alpha genes in cosmids 46 and 61 were
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Figure 4. Fluorescence histograms of the line T8.1 (see Fig. 1) labelled with individual monoclonal
antibodies. The controls include cocktails of the SBU and VPM panels of anti-sheep MFIC class II
monoclonal antibodies reacted with the mock transfected line Ltk + , and the rat anti-mouse class-I

antibody Rl.21-2 (Koch et at. 1983) against T8.1. The broken line indicates the boundary between
negative controls and positive fluorescence for antibodies that recognize the class II molecules. Other
negative antibodies not shown include VPM 1, 2, 3, 4, 16, 17, 36, 43, 44, 45, 48 and ID12.

thought to be the same as they were derived from the same library and were found to
have identical restriction maps for the region containing the alpha gene. These genes
had previously been designated as DR-equivalent by hybridization (Deverson et al.
1991) and the nucleotide sequence described here confirmed this observation. Of all
the beta genes only those in cosmids 9-5 and 22 co-expressed with the two alpha
genes. As the products of these two beta genes showed a functional association with
those of the two alpha genes, they were thought likely to be DR-equivalent. The
sequence analysis of the beta genes clearly showed that they were DR-like.
Interestingly, the normally highly polymorphic second exon was found to be
identical in these two genes, a finding which confirmed previous restriction mapping
results that had identified similarities between the cosmids. This was in spite of the
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Figure 5. 1-D immunoblot of lysates prepared from T8.1 and the untransfected line TK-showing reactivity
with (a) anti-alpha and (b) anti-beta chain monoclonal antibodies from the VPM series, SW73.2 and 1D12
(see Table 1). In addition VPM 42 (anti-sheep immunoglobulin) and SO 16.4 (anti-sheep erythrocyte)
were used for negative antibody controls. Monoclonal antibody 1D12 recognizes additional bands the
identify of which is not clear.

fact that these beta genes were isolated from unrelated sheep.
Despite extensive effort, it was not found possible to express any of the isolated

DQ or DN-like genes in the mouse L-cells. This lack of success is more likely to be
due to the integrity of the cloned genes than a failure of the monoclonal antibodies to
detect further transfected gene products, as pan-specific and DQ specific (as
determined by biochemical methods) monoclonal antibodies were used in the
screening panel. The complete nucleotide sequencing of all alpha and beta genes is at
present under way and will determine the extent, nature and subtype of the
cosmid-cloned class II genes.

The nucleotide sequences of exons 2, 3 and 4 of the alpha and beta genes in
cosmids 61 and 22 were compared with those of the equivalent exons in bovine and
human alpha and beta genes. This comparison demonstrated that the ovine, bovine
and human DRA and DRB genes shared extensive sequence similarity and the
encoded proteins are therefore likely to be structurally very similar. The predicted
amino acid sequences indicate that, as in cattle and man, there is a conserved cysteine
residue at position 15 in the sheep beta-1 domain that is implicated in disulphide
bridge formation the cysteine at position 79 (see Fig. 3). Cysteines are also conserved
within the beta-2 domain, forming a disulphide bridge between positions 118 and
174. The asparagine at position 19 of the beta-1 domain, which is the site of N-linked
glycosylation within human and murine class II molecules is also conserved.

67 ►

43 -

30 ►

20 »-
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Using transfected L-cell lines expressing a single defined class II subtype, cell
surface DR-like specificity was assigned to two panels of monoclonal antibodies
known to recognize monomorphic determinants of ovine MHC class II glycoproteins
(Fig. 4). Where possible the alpha and beta chain specificities of monoclonal
antibodies have also been determined by immunoblotting (Fig. 5). Of particular
interest were the reactivities of SBU 37.68 and 42.20 which, by previous analysis, had
been designated to react with two non-overlapping subsets of sheep DR-like
molecules (Puri et al. 1987c). Here we demonstrated that both SBU 37.68 and 42.20
recognized determinants on a single DR-like class II molecule.

N-terminal sequence analysis had previously indicated that SBU 28.1 and VPM 37
were specific for monomorphic determinants of ovine DR-like class II molecules
(Puri et al. 1987c; Dutia et al. 1990). Although these antibodies have been shown to
recognize different determinants by ELISA (B. Dutia, unpublished observation) in
the present study both failed to detect the transfectant DR-like molecules.
Immunochemical (Puri et al. 1987b) and molecular biological (Chardon et al. 1985;
Scott et al. 1987) evidence indicates that there are at least three DRB-like genes and
gene products expressed in the sheep. These are thought to associate with a single
DRA-like gene product. VPM 37 is beta chain specific and must therefore recognize
the product of a different beta gene from that expressed here. SBU 28.1 does not
react with isolated alpha and beta chains and may therefore recognize a con¬
formational determinant formed between the alpha chain and an as yet unidentified
DR-beta chain. Only a single expressing DRB-like gene has been identified in the
course of this work (present in cosmids 22 and 9.5), but the rescreening of both
libraries with homologous probes prepared from sheep DNA, together with the
production of a new library from an unrelated sheep, should reveal other DRB-like
genes capable of expressing with the DRA-like gene found in cosmids 46 and 61.

There is some evidence from hybridization of alpha and beta probes to cosmids
and from restriction mapping and genomic Southern blotting (Deverson et al. 1991)
to suggest that the alpha genes 46 and 61 may represent a duplication of the DR alpha
genes in sheep. If this is proved to be correct then two functional DRA-like gene loci
exist in sheep.

In conclusion, we have been successful in transfecting ovine MHC class II genes
into L-cells. The nucleotide sequence of expressible alpha and beta genes identifies
the gene pair as DR-like. The transfection technique is therefore useful in identifying
expressible genes, and has enabled DR-like specificity to be assigned to several
monoclonal antibodies. The generation of a larger panel of transfected lines covering
all sheep class II subtypes is presently being attempted. This will give a more
complete picture of the specificity of available anti-class II monoclonal antibodies
and increase the understanding of the functional gene organization within the ovine
MHC.
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Summary
This study used monoclonal antibodies to sheep
MHC class II molecules as well as an L cell
transfectant (T8.1) which expresses DRA and
DRB genes to show that two distinct DRP chains
are expressed in the sheep. Two anti-P chain
specific monoclonal antibodies VPM37 and
VPM43 react with DR antigen but not DQ anti¬
gen by ELISA. These two antibodies do not react
with the DRfS chain expressed in the T8.1 cell
line. Two-dimensional immunoblotting shows
that these antibodies recognize a subgroup of the
spots recognized by the DR-specific monoclonal
antibody VPM57 which does react with the T8.1
P chain. Amino-terminal sequence analysis of
the a chain associated with VPM37p chain
shows that this a chain is homologous to the
human DRa chain strongly indicating that the P
chain is DR-like. VPM37 and VPM43 are shown
to be directed against different epitopes on

sheep MHC class II molecules so it is highly
unlikely that the data can be explained by the
presence of post-translational modifications or
the existence of a very common allele. These
data provide clear evidence for the expression of
two distinct DRP chains in the sheep.

Keywords: sheep, MHC class II, DRP molecules,
monoclonal antibodies

Introduction

In the human there are three functional and

expressed major histocompatibility (MHC) class
II loci designated DP, DQ and DR (Kappes &
Strominger 1988). Three further loci, DM (Kelly
et al. 1991), DN (Trowsdale & Kelly 1985) and
DO (Tonnelle et al. 1985) have also been
defined. Each functional locus contains class II

A and B genes which encode the a and P chains
of the class II heterodimers. The DP and DQ sub-
regions contain pairs of polymorphic genes.
Within the DR region a single nonpolymorphic
a chain is associated with the product of several
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DRB genes, the number of which varies between
haplotypes (Bohme et al. 1985; Bodmer et al.
1990).

Several studies have been carried out on the
class II genes in the sheep. The sheep genome
contains genes homologous to all the genes
found in the human HLA-D region with the
exception of the DPA and DPB genes (Scott et al.
1987; Deverson et al. 1991). The data indicate
that the sheep class II region contains multiple
genes. One study has identified seven distinct a

genes and 24 p genes or P-related sequences
(Deverson et al. 1991). From these cloned genes
a DRA and DRB gene have been clearly identified
by sequence analysis and shown to be express¬
ible by transfection into L cells (Ballingall et al.
1992). DNA sequence analysis has also been
used in a second study which identified a DQB
gene and a DRB pseudogene as well as two
distinct DQA genes, both of which were shown
to be transcribed (Scott et al. 1991a,b).

in this study we have approached the ques¬
tion of identifying the class II molecules
expressed in the sheep by raising monoclonal
antibodies to sheep class II and characterizing
individual class II molecules. Here we have

used monoclonal antibodies specific for the a
and P chains of sheep class II and the trans¬
fectant cell T8.1 which expresses a sheep DR-like
ap pair to show that there are at least two DR-
like P chains expressed in the sheep.

Materials and methods

Anti-sheep monoclonal antibodies

The anti-sheep MHC class II monoclonal anti¬
bodies used in this study include the P-chain
specific monoclonal antibodies SW73.2, VPM37,
VPM41 and VPM43 and the a-chain specific
monoclonal antibodies VPM36 and VPM47

(Hopkins et al. 1986; Dutia et al. 1990). In addi¬
tion we have used two further monoclonal anti¬

bodies: VPM54, which is a-chain specific, and
VPM57, an anti-p chain specific monoclonal
antibody. These monoclonal antibodies were
raised against purified class II as previously
described (Dutia et al. 1990).
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Cells

The T8.1 cells line which expressed sheep DRA
and DRB genes (Ballingall et al. 1992) was main¬
tained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal calf
serum, 2mM glutamine and 50% HAT. Sheep
efferent lymph cells were obtained by cannula-
tion of the prefemoral lymphatic (Hall 1967).
Sheep splenocytes were prepared from tissue
obtained from a local abattoir. Cells were teased
into suspension and lymphocytes obtained by
centrifugation over Lymphoprep (Nycomed AS,
Oslo, Norway).

Immunopurification and ELISA analysis of
sheep class II

Immunoglobulin was prepared from anti-sheep
class II monoclonal antibody ascitic fluid by
caprylic acid precipitation (Russo et al. 1983)
and linked to Affigel 10 (BioRad, Hemel Hemp¬
stead, UK). Sheep class II molecules were puri¬
fied from sheep spleens by affinity chromato¬
graphy as previously described (Dutia et al. 1990).
For detection of purified class II, eluted material
was diluted with PBS/azide to give a deoxy-
cholate concentration of less than 0-05% (w/v)
and coated overnight on to ELISA plates (Dynat-
ech, Billinghurst, Sussex, UK). ELISAs using the
panel of monoclonal antibodies were carried out
as described previously (Dutia et al. 1990). For
sequential depletion of a particular subgroup of
sheep class II, a class II preparation was made
using the monomorphic anti-sheep framework
monoclonal antibody SW73.2 (Hopkins et al.
1986). The purified material was dialysed into
15 mM triethanolamine-HCl, pH 8-0, 0-5%
sodium deoxycholate and cycled through the
appropriate monoclonal antibody affinity col¬
umn. The excluded material was reapplied to
the column until no further reactivity with the
depleting monoclonal antibody could be
detected by ELISA.

Flow cytometry

T8.1 cells were grown to 75% confluence,
removed from plastic by treatment with versene,
and washed with PBS/0-1% bovine serum albu¬
min/10 mM sodium azide (PBA). A total 1 x 104
cells were stained with monoclonal antibody
saturated supernatant, followed by antimouse Ig
FITC (Dako, High Wycombe, Bucks, UK) and
analysed by FACScan (Becton Dickinson,
Mountain View, CA, USA).

For competitive binding studies 1 x 10s sheep
efferent lymphocytes were incubated at room

temperature with 25 pi of a 1/100 dilution (in
Hank's balanced saline solution HBSS, 1% BSA,
0-01% sodium azide) of VPM37 ascites or 1/10
dilution of VPM43 ascites. After 30min, 25 pi
FITC-VPM37 IgG at lOpg/ml antibody concen¬
tration was added; the samples were incubated
for a further 30min, washed three times and
then fixed with 0-5% paraformaldehyde. "The
reciprocal experiment where the ability of a
1/10 dilution of VPM37 ascites to inhibit the

binding of FITC-VPM43 was carried out in the
same way. Cells were then analysed by FAC¬
Scan.

'l'wo-dimensional immunoblot analysis

Sheep splenocytes were lysed at a concentration
of 8 x 106/ml in 2% (w/v) NP40, 8-5 M urea con¬

taining 2% (v/v) 2D Pharmalyte (Sigma Chemi¬
cal Company, Poole, Dorset, UK). [5 chains were

analysed by fractionating 0-4-2 x 106 cells by
two-dimensional nonequilibrium pH gradient
SDS polyacrylamide gel electrophoresis (2D
NEPHGE-PAGE) using a nonreduced gel in the
second dimension (O'Farrell et al. 1977). The
gels were blotted on to nitrocellulose, blocked
with 5% (w/v) dried milk in PBS and incubated
overnight in monoclonal antibody supernatant.
Blots were developed by washing in 1% dried
milk in PBS, incubating in biotinylated anti-
mouse Ig (Boehringer Mannheim UK, East Sussex,
UK) followed by streptavidin alkaline phos¬
phatase (Boehringer Mannheim UK) and nitrob-
lue tetrazolium, bromochloroindole phosphate.

Amino-terminal sequence analysis of class II
molecules

Affinity-purified class II molecules were sepa¬
rated into a and (3 chains using a tris-phosphate
SDS polyacrylamide gel electrophoresis system
(Weber & Osborn 1969) on an HPEC (Applied
Biosystems, Warrington, Cheshire, UK). Sepa¬
rated chains were centrifuged on to Problott
membrane using a Prospin cartridge and
sequenced by the SERC Protein Sequencing
Facility, University of Aberdeen, UK.

Results

Definition of monoclonal antibodies by ELISA

Characterization of our panel of anti-sheep class
II monoclonal antibodies has shown that VPM36

and VPM41 recognize the a and (3 chains of the
ovine equivalent of the human DQ locus and
that VPM57 recognizes the (3 chain of the ovine
DR molecules (Dutia et al. 1993). Here we



describe further characterization of the

expressed products of the DRp locus.
The panel of monoclonal antibodies was char¬

acterized initially by immunopurifying each
antigen and reacting the purified class II
molecules with the panel of antibodies by
ELISA. Table 1 shows the results of such an

ELISA where total sheep class II (SW73.2 anti¬
gen), DQ (VPM41 antigen), DR (VPM57 antigen),
VPM37 antigen and total class II antigen
depleted of VPM37 antigen were reacted with
the anti-a and anti-pi monoclonal antibodies.
The DQ antigen is reactive with the anti-DQ
monoclonal antibodies but not with the previ¬
ously defined DR-specific antibody (VPM57) or
with the undefined VPM37, VPM43, VPM47
and VPM54 antibodies. This provides evidence
that VPM37, VPM43, VPM47 and VPM54 are DR
specific. VPM37 antigen reacts with the (3-chain
specific antibodies VPM43, VPM57 and the two
anti-a chain specific monoclonal antibodies
VPM47 and VPM54. Depletion of VPM37 anti¬
gen from total class II removes reactivity with
VPM43 as well as VPM37 but not reactivity with
VPM47, VPM54 or VPM57, indicating that
VPM37 antigen is (1) a subgroup of the class II
molecules seen by these monoclonal antibodies
and (2) closely related to VPM43 antigen.VPM37
is p-chain specific (Dutia et al. 1990) as is

Table 1. Cross-reactive ELISA, purified MHC class II molecules against
monoclonal antibodies

Specificity Antigen

SW73.2

minus

Antibody Chain Locus SW73.2 VPM41 VPM57 VPM37 VPM37

SW73.2 p pan 1-245 0-478 1-477 1-826 1-189

VPM36 a DQ 1-218 0-237 0-060 0-043 0-262

VPM41 p DQ 1-731 0-402 0-064 0-114 0-298

VPM37 p 1-015 0-015 0-373 1-095 0-031

VPM43 p 0-644 0-035 0-210 0-641 0-040

VPM57 p DR 0-942 0-082 0-676 0-866 0-355

VPM47 a 1-692 0-016 1-043 1-717 0-368

VPM54 a 0-959 0-000 0-531 0-881 0-268

Antigen was prepared from sheep spleens by affinity chromatography on mono¬
clonal antibody Affigel 10 columns, coated on to ELISA plates and cross-reacted
with the panel of monoclonal antibodies. Concentration of individual antigens
was within a 2-10 fold range. VPM19, an anti-sheep class I monoclonal antibody,
was used as a negative control for the mouse antibodies and S016.4, an anti-sheep
red blood cell monoclonal antibody, was used as a negative control for the rat
monoclonal antibody S.W73.2. Results are given as absorbance at 492 nm with the
control value subtracted. Control antibodies gave A492 values in the range
0-2-0-5 dependent on the individual antibody preparations. Each antigen was

prepared from a different spleen.
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VPM57, indicating that VPM57 reacts with more
than one P chain.

Reactivity with the DR transfectant cell line
Monoclonal antibodies were examined for reac¬

tivity with the DR transfectant cell T8.1 which
contains genes encoding intact sheep DRa and
DRp chains (Ballingall et al. 1992). The pan
class II specific monoclonal antibody SW73.2
reacts with the cell line while the anti-DQ
monoclonal antibodies VPM36 and VPM41 fail

to react (Fig. 1). The three antibodies which are
defined as DR specific and which react with
total class II depleted of 37 antigen (VPM47,
VPM54 and VPM57) all react with the DR trans¬
fectant. VPM37 and VPM43 do not react, indi¬
cating that the p chain that they recognize is dif¬
ferent from that present in the transfectant.

Two-dimensional immunoblot analysis of the
sheep expressed f chains

The reactivity of the monoclonal antibodies was

investigated by two-dimensional immunoblot-
ting. Sheep splenocytes were fractionated by 2D
NEPHGE PAGE, transferred to nitrocellulose
and developed with VPM57 plus VPM19 (Fig.
2a), VPM37 plus VPM19 (Fig. 2b) and VPM19
alone (Fig. 2c). VPM19 is an anti-sheep MHC
class I monoclonal antibody (Hopkins & Dutia
1990). VPM57 reacts with a series of spots of
apparent molecular weight 27-29 kD and a
lower series of 22-25 kD. VPM37 clearly recog¬
nizes a subset of the 27-29 kD series. The

22-25 kD spots represent unglycosylated pre¬
cursors of the higher molecular weight series.
VPM37 also reacts with unglycosylated class II
(Dutia et al. 1990) but the lower molecular
weight series is difficult to detect on a two-
dimensional gel because the unprocessed
molecules are present in lower amounts than the
fully processed forms and VPM37 reacts more

weakly than VPM57. The lower molecular
weight series can be detected when much higher
loadings are used. Figure 3 shows two-dimen¬
sional immunoblots of splenocytes developed
with VPM37 (Fig. 3a) and VPM43 (Fig. 3b).
VPM43 recognizes an identical pattern to that
recognized by VPM37.

VPM37 and VPM43 recognize different epitopes

To show that VPM37 and VPM43 recognize dif¬
ferent epitopes on the same p chain of sheep
class II, competitive binding studies were car¬
ried out. Resting sheep efferent lymphocytes
were labelled with directly fluoresceinated
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VPM37 or VPM43 after incubation with a 1/10
dilution of ascitic fluid containing the compet¬
ing antibody or a 1/100 dilution of the same
antibody. Figure 4 shows that prior binding of
unlabelled VPM37 blocks binding of FITC-
VPM37 and preincubation with unlabelled
VPM43 blocks binding of FITC-VPM43. VPM43
does not block binding of FITC-VPM37 and
VPM37 does not block binding of FITC-VPM43.
This indicates that the monoclonal antibodies

recognize different epitopes.

Amino-terminal amino acid sequence analysis

The MHC class II molecule recognized by the
monoclonal antibody VPM37 is not recognized
by the monoclonal antibodies VPM36 and
VPM41 which we have defined as DQ specific.
The a chain is recognized by the monoclonal
antibodies VPM47 and VPM54 which recognize
the DRa chain expressed in the transfectant cell
line. These data suggest that VPM37 is DR spe¬
cific. In order to establish conclusively that
VPM37 is recognizing a DR-like class II
molecule we carried out aminoterminal amino

acid sequence analysis of the purified a and (3
chains. The sequence of the a chain compared
with human DRa and DQa and mouse I-Ea
chain sequences as well as the sheep DRa
sequence deduced from the nucleic acid
sequence (Ballingall et al. 1992) is shown in Fig.
5. This shows clearly that the a chain associated
with the (3 chain recognized by VPM37 is DR-
like. We have not been able to obtain reliable

a

n
b

A

c

A

d

A
e

a
' 9 h

A
LOG FLUORESCENCE INTENSITY

Fig. 1. Reactivity of the anti-sheep class II monoclonal antibodies with a transfec¬
tant cell expressing sheep DR molecules. T8.1 cells were stained with monoclonal
antibody supernatants and anti-Ig mouse FITC then analysed by FACScan. ....

1/100 normal mouse serum, negative control; —, test antibody, (a) VPM36; (b)
VPM57; (c) VPM47; (d) VPM54; (e) VPM37; (f) VPM43; (g) VPM41; (h) SW73.2.
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Fig. 2. Two-dimensional immunoblot analysis of
sheep MHC class II (3 chains. Sheep splenocyte lysates
were fractionated by NEPHGE-PAGE, transferred to
nitrocellulose and probed with (a) VPM57 plus
VPM19; (b) VPM37 plus VPM19; (c) VPM19. Apparent
molecular weights (kD) are indicated on the left of the
blots. Arrows indicate identical spots.

sequence data from the |3 chain as it appears to
be blocked at the amino-terminus but heterolo¬

gous expression of DQ and DR a and (3 chains is
a very infrequent occurrence and we therefore
conclude that it is a DR-like molecule.

Discussion

The aim of the work described here was to char¬
acterize further the MHC class II molecules

expressed in the sheep. Our current understand¬
ing of the different molecules which are

expressed and the monoclonal antibodies which
recognize the different a and (3 chains is sum¬
marized in Fig. 6. The data presented in this
paper provide evidence for the expression of
two DRp chains in addition to the DQ(3 chain in
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acidic basic
Fig. 3. Two-dimensional immunoblot analysis of
sheep MHC class II (3 chains recognized by (a) VPM37
and (b) VPM43. Arrows indicate identical spots.

mistakes have occurred in the amino acid

sequence. It has not been possible to obtain reli¬
able amino-terminal sequence data for the fi
chain present in VPM37 antigen because the
amino-terminus appears to be blocked. In other
species there is evidence that heterotypic a and
P chain association occurs in vivo (Lotteau et al.
1985) but this is unlikely to be the case here
because both sequence data and ELISA data
show that the a chain associated with the
VPM37 is consistently DR-like and never DQ-
like. If a heterotypic association was occurring,
then evidence for another non-DR-like a chain

would be found. We therefore conclude that the
VPM37 pi chain is DR-like.

The data presented here provide evidence for
the expression of two distinct DRB gene prod-

the sheep. Immunopurification of class II
molecules followed by cross-reactive ELISA has
previously been used to define two subgroups of
sheep MHC class II molecules, a DQ molecule
recognized by VPM36 and VPM41 and a DR
molecule recognized by VPM38 and VPM57
(Dutia et al. 1993). Table 1 shows that the
VPM57 DR (P specific) subgroup can be further
subdivided into a group containing a P chain
recognized by VPM37 and VPM43 and a group
containing a second DRP chain for which there
is at present no specific monoclonal antibody
but which is expressed by the DR transfectant.
VPM37 and VPM43 do not recognize the DRB
gene product expressed in this transfectant and
two-dimensional immunoblotting shows that
VPM37 recognizes a subset of the spots recog¬
nized by VPM57. The ELISA data also allow
assignment of monoclonal antibodies VPM47
and VPM54 as DR specific. The a chain recog¬
nized by these two antibodies interacts with
both DRP chains.

Amino-terminal sequence analysis of the a
chain associated with the VPM37p chain
demonstates unequivocally that the a chain is
DR-like. Within the first 30 amino acids there
are two differences between the a chain

sequence determined by amino acid analysis
and the sequence predicted from the DNA
sequence (Fig. 4). These differences may be real
differences or may arise from mistakes in amino
acid or DNA sequence. At both positions the
sheep sequence predicted from the DNA
sequence is the same as the human DRa and
mouse I-Ea sequences, implying that these are
conserved and therefore it is more likely that the

La
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Log Fluorescence Intensity
Fig. 4. VPM37 and VPM43 recognize different epi¬
topes on sheep Class II. Sheep efferent lymphocytes
were incubated with VPM37 ascites or VPM43 ascites

followed by FITC-labelled VPM37 or FITC-VPM43
and analysed by FACScan. (a) ..., 1/100 normal
mouse serum, negative control; —, 1/100 VPM37
ascites followed by FITC-VPM37, —, 1/10 VPM43
followed FITC-VPM37; FITC-VPM37 alone, (b)
..., 1/100 normal mouse serum, negative control; —,

1/100 VPM43 ascites followed by FITC-VPM43; —,

1/10 VPM37 ascites followed by FITC-VPM43;
FITC-VPM43 alone.
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ucts in the sheep. There are, however, two other
possible explanations for the results presented.
VPM37 and VPM43 may react with a post-trans-
lational modification present on a single DR P
chain which does not occur in the T8.1 cell line.
Two-dimensional immunoblotting of the (1
chain expressed in the transfectant shows that
processing of the class II molecule in this cell
line differs from that seen in lymphocytes
(BMD, unpublished data). Failure of VPM37 and
VPM43 to recognize the class II molecule cannot
be attributed to changes in glycosylation
because VPM37 and VPM43 recognize deglyco-
sylated class II (Dutia et al. 1990).

The second possible explanation is that
VPM37 and VPM43 recognize a very common
allele which is different from the allele present
in the T8.1 cell line. VPM37 reacts with class II

molecules on all sheep lymphocytes tested
(>50). The sheep cells tested have been drawn
not only from a relatively inbred enclosed flock
but also from tissues obtained randomly from
the local abattoir strongly suggesting that
VPM37 reacts with a monomorphic determinant.
The possibility remains, however, that there is
very little variation in sheep class II and that the
data are differentiating two alleles of a single
DRB locus. This is at present under investiga¬
tion.

At present we cannot rule out the possibility
that VPM37 and VPM43 react with a post-trans-
lational modification other than glycosylation or
that they react with a very common allele but
the fact that VPM37 and VPM43 react with dif¬
ferent epitopes makes both these explanations
highly unlikely.

The results presented here indicate that
within the sheep population studied two DR-
like (3 chains are expressed. We cannot rule out
the possibility that in some animals so far unde¬
tected, only one DRB gene is expressed. There is
evidence in both sheep (Scott et al. 1991a) and
cattle (Andersson & Rask 1988) that there is vari¬
ability in the number of DQB genes expressed
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MHC class II molecules expressed in the sheep and the
reactivity of monoclonal antibodies with these molecules*
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Fig. 5. Amino-terminal amino acid sequence of the VPM37 antigen a chain com¬

pared with the predicted amino acid sequence of sheep DR a chain, human DR and
DQ a chains and mouse I-E a chain. Sheep DR a sequence taken from Ballingall et
al. (1992), human and mouse sequences from Travers & McDevitt (1987).

(3 Chains

DQa DRP
VPM36 VPM47

VPM54

DQp DRP
VPM41 VPM37

VPM43

VPM57

SW73.2

* There is no evidence for the presence or expression of DP homologues in sheep

Fig. 6. Summary of MHC class II molecules expressed
in the sheep and monoclonal antibodies which react
with them.

and a similar situation may exist for DRB genes.
It is also possible that there exist haplotypes
which show different reactivity with VPM37
and VPM57 from those shown in Fig. 6. There
may, for example, be haplotypes in which
VPM57 does not react with the P chain detected
by VPM37. It is clear from human studies that
many locus-specific monoclonal antibodies do
not behave as locus specific when all haplotypes
are considered. Figure 6 expresses our current
understanding of the reactivities of our mono¬
clonal antibodies.

In the human there are four expressible DRB
genes although no more than two genes are

expressed in one individual (Trowsdale Owen
1993). In the mouse there are two B genes

expressed from the DR equivalent I-E locus
(Steinmetz et al. 1982) but the EP2 gene is only
expressed at low levels in spleen and B lympho¬
cytes and it is not known whether it encodes a
functional protein (Trowsdale & Owen 1993). In
other species, molecular analysis has indicated
the presence of multiple DRB-like genes. In cat¬
tle there are three DRB genes (Andersson & Rask
1988) and in the pig there are 2-3 DRB genes
(Sachs et al. 1988). The demonstration that two
DR-like p gene products are expressed in the
sheep is therefore important in that, while evi¬
dence for multiple DRB genes abound, this is the
first evidence for the expression of more than
one such gene product in an individual sheep.
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chains polymorphisms using immunoblotting
G Knowles, B M Dutia, E J Glass, L MacCarthy-Morrogh, R L Spooner,
J Hopkins

Summary
An immunoblotting technique is reported that
reveals electrophoretic variants in the B-chains
of class II antigens of the bovine major histo¬
compatibility complex. One monoclonal anti¬
body, mAb VPM57, reacted on immunoblots
with an epitope present in approximately half of
the haplotypes investigated. This reagent is
especially useful in discriminating electro¬
phoretic variants that have similar isoelectric
points.

Keywords: bovine, MHC class II immunoblotting

proteins are then detected by fluorography.
There are disadvantages with the technique. For
example, viable cells are required to radiolabel
biosynthetically the constituent molecules of
lymphocytes. An immunoblotting technique
that does not entail the use of radioactive mate¬

rial has been developed for IEF characterization
of bovine and equine MHC class I molecules
(Viuff et al. 1991; Schuberth et al. 1992). This
paper describes a new IEF immunoblotting tech¬
nique and its use to improve the discrimination
of some bovine DRB alleles that have similar iso¬

electric points.
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Introduction

The class I and class II antigens of the major his¬
tocompatibility complex (MHC) are the most
polymorphic proteins known in mammals.
MHC class II molecules are dimers of an a and B
chain. Two molecular techniques are currently
available for identifying polymorphisms in the
B-chains of bovine MHC; these are, the separa¬
tion of differently charged MHC molecules by
isoelectric focusing (IEF) (Joosten et al. 1989)
and detection of restriction fragment length
polymorphisms (RFLP) (Andersson et al. 1986).

IEF is used extensively to characterize the
products of MHC class II genes of cattle (Joosten
et al. 1989; Glass et al. 1991a). Recently, 11 elec¬
trophoretic variants of bovine class II molecules
were recognized internationally and are referred
to as DRBF types (Davies et al. 1994). Elec¬
trophoretic variants usually represent the prod¬
ucts of single alleles and are generally predictive
of the ability of the MHC molecule and its bound
peptide to be recognized by T helper cells (Glass
et al. 1991a,b). At present, IEF characterization
of class II molecules in cattle requires radiola-
belled cellular proteins which are then precipi¬
tated with antibodies. Immune precipitates are
solubilized in urea and NP40 and then focused

to their isoelectric points in polyacrylamide gels
that also contain urea and NP40. Radiolabelled
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Materials and methods

Cells were isolated from blood on Ficoll/

Hypaque gradients and pellets of 2 x 107 cells
stored at -20°C in Eppendorf tubes. Cells were
thawed and suspended in 150 pi of ice-cold
buffer comprising 0-5% Triton X114, 0 05 m
Tris-HCl pH 7-4 and 0-005 m MgCl2. Insoluble
material was removed by centrifugation at
8000 g in a chilled (5°C) microcentrifuge. Pro¬
teins in the supernatant were precipitated for 2 h
with 5 volumes of acetone at -20°C and then

spun down at 8000 g. The pellet was then resus-
pended in 50 pi of ice-cold buffer comprising
0-05 m Na acetate, 0-1 m NaCl, 2% NP40, pH 5-5
at 5°C for 30min. The insoluble material was

discarded and 0-05 units of neuraminidase (EC
3.2.1.18, Behring) added to the supernatant and
incubated overnight at 37°C. Proteins in this
mixture were precipitated by the addition of
1-2 ml acetone at 20°C and then spun down and
solubilized in 50 pi of IEF sample buffer com¬

prising 9 m urea, 2% NP40, 0-8% ampholine pH
3-10.

Proteins were focused in gels (volume approx¬

imately 40 ml, thickness 0-75 mm) according to
methods previously described (Joosten et al.
1989). Then, urea and NP40 were removed from
the gel with five half-hour washes in 250 ml of
50% methanol, 1% SDS, 5mm Tris, the pH of
the solution was not adjusted. After the final
wash the gel was equilibrated for 30min in
transfer buffer comprising 20% methanol,
0-04% SDS, 50 mm Tris-HCl, 39 mm glycine; the
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130 pH of the solution was not adjusted. Proteins
Knowles, Dutia, Glass were electrophoretically transferred for 60min
et al. at 2mA/cm2 to a nitrocellulose filter (Amer-

sham, Arlington Heights, IL, USA) on a semidry
blotting apparatus (BioRad, Hemel Hempstead,
Herts, UK). The filter was dried at 37°C and pro¬

tein-binding sites were blocked with 5% w/v
powdered milk solution containing 0-2% Tween
20. After incubation overnight at 5°C with mAb
VPM57, the blot was washed in PBS/Tween and
incubated with the rat mAb SW73.2. MAbs
VPM57 and SW73.2 are specific for nonpoly-
morphic epitopes on ovine B-chain (Hopkins et al.
1986; Dutia et al. 1993) and cross-react with
bovine class II molecules. Following incubation
with primary antibodies the filters were washed
with PBS/Tween. Biotinylated antimouse, or
antirat antibodies (Sigma Chemicals, Poole,
Dorset, UK), diluted 1/2500 and 1/1000 respec¬

tively were added, and filters incubated for
60-120 min at room temperature. After wash¬
ing, the filter was incubated for 30 min with
streptavidin-peroxidase (Boerhinger, Lewes,
East Sussex, UK) diluted 1/2000. The molecules

(A)

Animal # 10590 10812 10814 12056 11048 10765 2851 10769 10756

DRBF 8:6 8:4 6:3 6:4 6* 11:12 7* 4:1 3:1

Fig. 1. Isoelectric focusing banding patterns of neuraminidase-treated proteins
from different cattle. (A) Blot stained with mAb VPM57. (B) Blot stained with mAb
SW73.2. Scales on the right are the approximate positions of DRBF types. * Only
one DRBF type given for these animals since they are considered to be homozy¬
gous for these class II alleles.

bound to the filter were revealed by enhanced
chemiluminescence (Amersham); films were

exposed from 5 to 60 min.

Results and discussion

Immunoblots from eight heterozygous and one

homozygous animal were sequentially stained
with VPM57 followed by SW73.2 (Fig. 1A and
IB respectively). With some animals, either no
bands, or only one set of bands were revealed by
VPM57. In contrast, SW73.2 always revealed
two sets of bands in heterozygous animals. The
traditional one-dimensional IEF technique
(Joosten et al. 1989) was originally used to type
the majority of animals in Fig. 1 and Table 1
(Glass et al. 1991a,b, 1992). The bands stained
by VPM57 and SW73.2 correspond closely to
the expected positions. Furthermore, although
the DRBF types of animals 10590,12056 (Fig. 1),
10944 and 12202 (Table 1) had not been deter¬
mined by classical one-dimensional IEF, bands
were present on the immunoblots in positions
previously assigned to certain DRBF types.

VPM57 consistently did not recognize
molecules corresponding to DRBF types 1, 4, 6,
11 and 12 (Fig. 1A and Table 1). Thus bands
were not seen in tracks for samples from 12056,
11048, 10765 or 10769 and VPM57 stained only
one set of bands in the remaining four heterozy¬
gous animals (Fig. 1A). A further set of seven
animals were also stained with VPM57, fol¬
lowed by SW73.2 (Table 1), confirming the
staining pattern seen in Fig. 1.

DRBF3 and DRBF4, and DRBF7 and EDF12
have very similar isoelectric points and can be
difficult to discriminate (Davies et al. 1994).
However, as can be seen in Fig. 1, the mobilities
of the DRB chains corresponding to DRBF12
(10765) and DRBF7 (2851) are clearly different.
Also, the mobilities of the DRB chains corre¬

sponding to DRBF3 (10756) and DRBF4 (10769)
are not easily distinguished even when run in
adjacent tracks. Blotting with VPM57 provides a

very simple method to discriminate between
these pairs as it recognizes DRBF3 but not
DRBF4, and recognizes DRBF7 but not DRBF12.
Thus, when new animals are typed only one gel
is necessary which is blotted first with VPM57,
followed by SW73.2. This contrasts with the
conventional technique which often requires
samples with these types to be rereun alongside
known types. These results confirm earlier find¬
ings that antigen-specific T cell lines and allo-
clones can discriminate between DRBF3 and 4,
and also between DRBF7 and DRBF12 (Glass et
al. 1991a,b, 1992).



131 Table 1. The detection by isoelectric focusing of the
Bovine class II epitope recognized by mAb VPM57 on different
DRfi-chains DRBF types
polymorphisms

DRBF bands stained

Animal no. DRBF type by VPM57

2851 7* 7

7500 6:11 none

10590 8:6 8

10756 3:1 3

10765 11:12 none

10763 8:7 CO

10769 4:1 none

10774 8:6 8

10795 6:3 3

10812 8:4 8

10814 6:3 3

10944 5* 5

11048 6* none

11434 6:3 3

12200 6:2 2

12056 6:4 none

* Only one DRBF type given for these animals since
they are considered to be homozygous for these class
II alleles.

It is unclear why VPM57 fails to bind to DRBF
types 1, 4, 6, 11 and 12 on IEF blots.
Immunoblots from SDS-PAGE gels of these
DRBF types also failed to stain with VPM57
(data not shown). The other DRBF types do stain
with VPM57 on immunoblots of SDS-PAGE

gels. However, using indirect immunofluores¬
cence in FACS analysis VPM57 reacted with
viable PBM from three animals which had het¬

erozygous phenotypes DRBF 6:4, 6:11 and 6:12.
Thus, it appears that the epitope recognized by
VPM57 is present in all DRBF molecules but in
certain types is affected by the procedures of
sample preparation.

In conclusion, we have shown that the iso-

electrically focused products of bovine MHC
class II DR genes can be transferred successfully
to nitrocellulose filters and detected with

immunological reagents. The basis for the suc¬
cess of the technique is removal of urea and
NP40 from the gel before blotting. The charge
variants observed correspond to those previously
detected with the conventional one-dimensional
IEF technique. The blotting method described in
this paper has several advantages. Cells do not
have to be viable and radiolabelling of proteins
is not necessary. Results can be obtained within
4 days. The ability of VPM57 to discriminate
between certain DRBF types which have similar
isoelectric points is especially useful. Further¬

more, the immunoblotting method will be ideal
for discriminating other bovine MHC class II
locus products once mAbs specific for these
products become available.

Acknowledgements
This work was supported by LINK grant 307
from Agricultural and Food Research Council of
Great Britain.

References

Andersson L., Bohme J., Rask L. & Peterson P.A. (1986)
Genomic hybridisation of bovine class II major his¬
tocompatibility complex genes. Extensive polymor¬
phisms of DQa and DQb genes. Animal Genetics 17,
95-112.

Davies C.J., Joosten I„ Andersson L. et al. (1994) Poly¬
morphism of bovine MHC class II antigens. Joint
report of the Fifth International Bovine Lymphocyte
Antigen (BoLA) Workshop, Interlaken, Switzerland.
European Journal of Immunogenetics (in press).

Dutia B.M., McConnell I., Bird K., Keating P. & Hop¬
kins J. (1993) Patterns of major histocompatibility
complex on T-cell subsets in different immunologi¬
cal compartments. I. Expression on resting T-cells.
European Journal of Immunology 23, 2882-8.

Glass E.J., Oliver R.A. & Spooner R.L. (1991a) Bovine T
cells recognise antigen in association with MHC
class II haplotypes defined by one dimensional iso¬
electric focusing. Immunology 72, 380-5.

Glass E.J., Oliver R.A., Collen T., Doel T.R., DiMarchi
R. & Spooner R.L. (1991b) MHC class II restricted
recognition of FMDV peptides by bovine T cells.
Immunology 74, 594-9.

Glass E.J., Oliver R.A., Williams J.L.W. & Millar P.
(1992) Alloreactive T cell recognition of bovine
major histocompatibility complex class II products
defined by one dimensional isoelectric focusing.
Animal Genetics 23, 97-111.

Hopkins J., Dutia B.M. & McConnell I. (1986) Mono¬
clonal antibodies to sheep lymphocytes. I. Identifi¬
cation of MHC class II molecules on lymphoid tis¬
sue and changes in the level of class II expression
on lymph borne cells following antigen stimulation
in vivo. Immunology 59, 433-8.

Joosten I., Sanders M.F., van der Poel A., Williams J.L.,
Hepkema B.G. & Hensen E.H. (1989) Biochemically
defined polymorphism of bovine MHC class II anti¬
gens. Immunogenetics 29, 213-6.

Schuberth H.J., Anders I., Pape U. & Leibold W. (1992)
One dimensional isoelectric focusing and
immunoblotting of equine major histocompatibility
complex class I antigens. Animal Genetics 23,
87-95.

Viuff B., Ostergard H., Aasted B. & Kristensen B.
(1991) One dimensional isoelectric focusing and
immunoblotting of bovine major histocompatibility
complex (BoLA) class I molecules and correlation
with class I serology. Animal Genetics 22,147-54.



^25^65-172 BoLA class I charge heterogeneity reflects the
expression of more than two loci
S W K Al-Murrani, E J Glass, J Hopkins

Summary

Internationally recognized allo-antisera in lym¬
phocyte microcytotoxicity assays are thought to
detect allelic products of a single highly poly¬
morphic class I locus. A recent report suggested
that two bovine lymphocyte antigen (BoLA)
class I loci are expressed at the protein level.
However, 1D-IEF analysis of BoLA class I
molecules reveals multi-band patterns which
cannot be reconciled with the reported number
of loci. The aim of this study was to investigate
the origins of the charge diversity of BoLA class
I molecules observed using 1D-IEF.

BoLA class I molecules appear to be glycosy¬
lated at a single N-linked position with a com¬

plex type carbohydrate moiety which has up to
three terminal sialic acid residues. Class I

molecules immunoprecipitated from resting
bovine PBL are not phosphorylated. Neither
modification is responsible for the observed
charge heterogeneity.

Peptide mapping reveals that different BoLA
charge variants have distinct digestion patterns.
Furthermore, a number of different polypep¬
tides are associated with each serological speci¬
ficity. These polypeptides appear to be encoded
by different loci which exist in linkage disequi¬
librium. The number of charge variants with dif¬
ferent peptide maps indicates that the BoLA sys¬
tem has a minimum of three class I loci

expressed at the protein level.

Serological studies suggest that the majority of
bovine lymphocyte antigen (BoLA) class I speci¬
ficities represent the products of a single highly
polymorphic locus, the BoLA-A locus (Bull et al.
1989; Bernoco et al. 1991). Recent biochemical
studies on BoLA molecules suggested that two
loci are expressed at the protein level (Joosten et
al. 1992). Information from BoLA class I cDNA
sequences obtained from any one animal reveal
the presence of two expressed class I loci (Ennis
et al. 1988; Bensaid et al. 1991; Ellis et al. 1993;
Garber et al. 1993). However, based on the num¬

ber of amino acids in the transmembrane region,
the published BoLA class I cDNA sequences
indicate the presence of three loci (Ennis et al.
1988; Brown et al. 1989; Bensaid et al. 1991;
Ellis et al. 1993; Garber et al. 1993). The use of
sensitive biochemical techniques such as one-
dimensional isoelectric focusing (1D-IEF)
analysis reveals multi-band patterns from each
animal (Joosten et al. 1988; Oliver et al. 1989;
Al-Murrani et al. 1993). These may reflect the
expression of several BoLA class I loci at the
protein level.

In this study SDS-PAGE, 1D-IEF and peptide
mapping are employed to investigate the
observed charge heterogeneity of bovine class I
molecules. We examine this heterogeneity to
ascertain whether it is due to post-translational
events affecting the products of two loci or to
differences in the primary amino acid sequences
of the charge variants.
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Introduction

Major histocompatibility complex (MHC) class I
molecules are highly polymorphic cell surface
glycoproteins essential for CD8+ T-cell recogni¬
tion of antigen. Glass la molecules are found on
most nucleated cells whereas class lb molecules
exhibit a more restricted tissue distribution

(Klein 1986; Stroynowski 1990).
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Materials and methods

Animals

Animals used in this study were Holstein
Friesians, heterozygous with respect to their
serological MHC types. Serological typing was
carried out as described by Spooner et al. (1979).

Preparation of BoLA class I molecules

Peripheral blood lymphocytes (PBL) were har¬
vested from a ficoll/hypaque gradient and radio-
labelled with 35S methionine (Amersham) as

described previously (Joosten et al. 1988). For
phosphorylation studies, PBL were incubated in
phosphate-free medium (150 mM NaCl, 5mM
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166 MgCl2, 5mM KC1, l-8mM glucose, 2mM glu-
Al-Murrani, Glass, tamine and 10 mM Tris-acetate pH 7-4; Pober et al.
Hopkins 1978) for 2h, and then carrier-free 32P-ortho-

phosphate (Amersham) was added at a concen¬
tration of 80pCi/ml. After an additional 3-h
incubation at 37°C the PBL were lysed in 0-5%
TX-114 buffer (Joosten et al. 1988) with or with¬
out protease and phosphatase inhibitors (0-4 mM
EDTA, 10 mM iodoacetamide, 1 mM PMSF, 10 mM

NaF, 10 mM Na4P2Oy and 0-4 mM NaV03). The
class I molecules were immunoprecipitated as
described previously (Joosten et al. 1988). The
mouse anti-HLA-A, B and C monoclonal anti¬
body (mAb) W6/32 was used in this study. This
mAb has been shown to recognize a conserved
determinant on bovine class I molecules from a

number of different breeds including Holstein
Friesians (Brodsky et al. 1981). It recognizes
MHC class I heavy chains only when they are
associated with beta-2-microglobulin (P2m)
(Parham et al. 1979; Jeffries & MacPherson
1987). Therefore it is likely to recognize mature,
surface expressed, molecules.

Enzyme treatment of the BoLA class I
molecules

Immunoprecipitated class I molecules were
treated overnight with 0-1U of neuraminidase
(NA) EC 3.2,1.18 from Vibrio cholerae (Behring)
at 37°C to remove terminal sialic acid residues
from the associated carbohydrate molecule. To
remove the N-linked carbohydrate moiety com¬

pletely, class I molecules were treated with
0-3 U of endoglycosidase F/N-glycosidase F
(EndoF) EC 3.2.1.96/EC 3.2.2.18 (Boehringer
Mannheim) made up to a final volume of 50 pi
in deglycosylation buffer (60 mM sodium acetate
pH 5-5, 30 mM EDTA, 1-2% NP40, 0-2% SDS and
1% 2-mercaptoethanol) and incubated at 37°C
for 3 h. Peptide maps were produced on two
dimensional (2D) gels following the basic
method described by Cleveland et al. (1977)
using V8 protease EC 3.4,21.19 (Boehringer
Mannheim) frozen at -20°C at a stock concentra¬
tion of 0-25 mg/ml in 0-125 M Tris-HCl pH 6-8. In
each digestion 2 pi of the enzyme were diluted
with 98 pi of buffer containing 2-5 ml Tris-Cl pH
6-8, 01 ml 10% SDS, 1ml glycerol, 20 pi 0-5 M
EDTA, 30 pi 2-mercaptoethanol, 5 pi 1% bromo-
phenol blue and 6-3 ml distilled water.

Electrophoretic analysis
SDS-PAGE was carried out using the Mini PII
Kit (Bio-Rad) following the basic protocol of
Laemmli (1970). 1D-IEF analysis was carried out
as described previously (Joosten et al. 1988).

Peptide mapping was carried out using the Mini
2D cell (Bio-Rad) with the first dimension as 1D-
IEF and run at 1500 V for 1 h. The first dimen¬
sion 1D-IEF gels were layered onto the second
dimension (15% SDS-PAGE) and sealed into
position with 1% agarose. Samples were run at
200 V until the dye front reached the bottom of
the gel. V8 protease digestion was carried out at
the interface between the stacking and resolving
gels by switching the power off for 30 min. In all
cases the gels were removed and treated twice
with dimethyl sulphoxide (DMSO) (30 min
each). They were then transferred to a mixture of
2, 5-diphenyl-oxazole (PPO) and DMSO (1:4 w/v)
and incubated for 2-5-3 h. Finally the gels were
washed in tap water for 1 h, dried and incubated
at —70°C with Kodak X-OMAT AR X-ray film for
7 days.

Results

Effect ofglycosylation on BoLA 1D-IEF charge
heterogeneity

The class I molecules immunoprecipitated with
W6/32 have an approximate molecular mass

(Mr) of 45 000 (Fig. la). Treatment with the
enzyme NA reduces the Mr by just over 1000.
Treatment with EndoF reduces the Mr by
approximately 4000 (Fig. la). Figure la also
indicates that digestion with both enzymes was
complete, as no residual molecules with a
molecular mass of 45 000 were observed.

1D-IEF patterns of BoLA class I molecules
treated with either NA or EndoF are seen in Fig.
lb. The two patterns were very similar with
minor differences in the intensities of different
bands after treatment with different enzymes.
The number of different charge variants was not
reduced significantly by any of the enzymes,
indicating that their presence is not due to dif¬
ferential glycosylation of the products of one or
two loci.

The molecules with lower Mr observed in each
lane (Fig. la) are products of proteolytic diges¬
tion during lysis, as their presence is greatly
reduced when protease inhibitors are incorpo¬
rated in the lysis buffer (Fig. 2a). However, the
1D-IEF patterns obtained for any one animal
remain the same whether or not protease
inhibitors are used (data not shown). Such find¬
ings have been reported previously by Aasted-
et al. (1991).

Effect ofphosphorylation on BoLA 1D-IEF
charge heterogeneity
The observed 1D-IEF heterogeneity could be the
result of differential phosphorylation of the
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Expression of BoLA
class I loci

(a) 4- +
NA N/T EndoF
a be

■45 000

—36 000

(b) O

EndoF+ NX
a b

0
Fig. 1. Analysis of samples immunoprecipitated with
W6/32. (a) 12% SDS-PAGE analysis of samples treated
with neuraminidase (NA+) (lane a), without enzyme

digestion (N/T) (lane b) and samples treated with 0.3 U
of EndoF (EndoF+) (lane c). The molecular mass mark¬
ers are indicated to the right of the picture, (b) 1D-IEF
of samples treated with 0-3 U of EndoF (EndoF+) (lane
a) and neuraminidase (NA+) (lane b).

products of two loci. To investigate this possi¬
bility, non-stimulated PBL were metabolically
radiolabelled with carrier-free 32P-orthophos-
phate and the electrophoretic migration of the
class I molecules immunoprecipitated from
these cells compared to class I molecules

immunoprecipitated from PBL labelled with 35S
methionine. 12% SDS-PAGE analysis of the
BoLA molecules immunoprecipitated from cells
labelled with either 32P-orthophosphate or 35S
methionine is shown in Fig. 2a. The results clearly
indicate that BoLA class I molecules are not

phosphorylated. When 32P-labelled cells were

lysed and their proteins resolved by 12% SDS-
PAGE, a number of phosphorylated protein
species were observed, indicating that the cells
did metabolize the label (data not shown). Fig. 2b
shows the results of the 1D-IEF analysis of the
samples in 2a.

Peptide mapping of BoLA class I molecules
The expression of different allelic products from
a number of different loci could result in the
observed 1D-IEF heterogeneity. A method
involving the partial digestion of the immuno¬
precipitated bovine class I molecules in the second
dimension was employed to ascertain whether
the differences in charge reflect differences in
the amino acid backbones. Endoproteinase Glu-
C (V8) was used at the interface between the
stacking and the resolving gels. All samples
shown here were obtained from cells lysed in the
presence of protease inhibitors.

The assignment of different charge variants to
different serological specificities was made by
visual comparison of the 1D-IEF patterns
obtained from different animals (Joosten et al.
1988; Oliver et al. 1989; Al-Murrani 1993), or by
using allo-antisera in the immunoprecipitation
step of 1D-IEF (Al-Murrani et al. 1993). The
number of charge variants in these patterns varies
with different serological types and ranges from
5 to 12. We should emphasize that although the
1D-IEF patterns associated with different sero¬

logical types are highly reproducible for any one
animal, some serotypes did show minor differ¬
ences (appearance or disappearance of certain
charge variants) between animals sharing the
same serological type (Al-Murrani 1993).

Figure 3a shows the partial digestion pattern
of immunoprecipitated class I molecules obtained
from an animal with the serotype wlO/wll.
Eight charge variants were observed, three of
which were associated with wlO (wlOa, b and
c), three with wll (wlla, b and c) and two vari¬
ants could not be assigned to any serological
type (marked ? in Fig. 3a).

The digestion patterns generated from the
immunoprecipitates from lymphocytes express¬

ing the serological types wl4/wl7 are shown in
Fig. 3b. Nine charge variants are observed, five
of which are associated with wl7 (w!7a, b, c, d
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and f), three with wl4 and one variant (? in Fig.
3b) could not be assigned to any type.

Fig. 3c shows the digestion pattern produced
from lymphocytes with the serological specifici¬
ties wl0/wl7. Five charge variants are observed.
Two were assigned to the wlO serotype and
three to the wl7 serotype.

Discussion

This paper reveals that the diversity observed in
the 1D-IEF patterns cannot be explained simply
as post-translational modifications of the prod¬
ucts of two BoLA class I loci. This is in contrast

to earlier findings which suggested that only one
(Bull et al. 1989; Bernoco et al. 1992) or two

(Joosten et al. 1992) class I loci are expressed at
the protein level. The number of expressed loci
is important, as their protein products act in
shaping the repertoire of T-cells available to the
animal, hence, determining its ability to
respond to pathogens.

The mAb W6/32 was used throughout this
experiment as it recognizes a conserved mono-

morphic epitope on the class I heavy chain which
is dependent on association with the non-MHC
encoded (32m (Parham et al. 1979; Jefferies &
MacPherson 1987). Brodsky et al. (1981)
observed that the W6/32 epitope is present on
BoLA class I molecules from a number of differ¬
ent breeds. When this mAb is used in immuno-

precipitating 35S-radiolabelled BoLA molecules
for analysis by 1D-IEF, multi-band patterns are
observed with each animal (Joosten et al. 1988;
Oliver et al. 1989). The molecules immunopre-
cipitated with W6/32 are sensitive to NA treat¬
ment (Fig. la), indicating that they have tra¬
versed the trans-golgi network (Goochee & Mon¬
ica 1990), the final stage before cell surface
expression. The presence of the immunoprecip-
itated molecules in the detergent phase of the
TX-114 based lysis buffer indicates that they are
membrane associated (Bordier 1981). Further¬
more, the 1D-IEF patterns obtained using this
method are similar to patterns generated after
surface labelling with 125I (R.A. Oliver, personal
communication), which further confirms that
the molecules observed using this method are
mature, cell surface associated class I molecules.

Fig. 2. Comparison of samples labelled with 35S and
32P and immunoprecipitated with W6/32. (a) 12%
SDS-PAGE of 35S-labelled sample (lane a) and 32P-
labelled sample (lane b). The molecular mass markers
are indicated to right of the figure. Protease and Phos¬
phatase inhibitors were included in the lysis buffer,
(b) 1D-IEF analysis of the samples described in 2a.
Lanes a and b were radiolabelled as 2a.
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Fig. 3. Peptide maps of BoLA class I molecules immunoprecipitated with mAb W6/32 from: (a) a wlO/wll animal
with eight charge variants, three assigned to wlO, three to wll and two (?) not assigned, (b) wl4/wl7 animal with
nine charge variants, six assigned to wl7, two to wl4 and one (?) not assigned, (c) wl0/wl7 animal with five
charge variants, three assigned to wl7 and two to wlO.
NB. All samples were neuraminidase treated. The molecular mass markers are indicated to the right of the figure.
The first dimension is 1D-IEF and the second is 15% SDS-PAGE. Protease inhibitors were included in the lysis
buffer.

A variety of post-translational modification
events could give rise to the multi-band patterns
observed with 1D-IEF. Such events include gly-
cosylation and phosphorylation, both of which
have been reported to occur with class I MHC
molecules (Ploegh et al. 1981; Pober et al. 1978).

The available BoLA cDNA sequences reveal a

single potential N-linked glycosylation site at
Asn 86, a position that is conserved for glycosy¬
lation in class I molecules of mice, humans and
cattle (Ennis et al. 1988; Brown et al. 1989; Ben-
said et al. 1991; Garber et al. 1993). The glycosy¬
lation studies indicate that the treatment of
BoLA class I molecules with EndoF results in a

reduction of 4000 in the Mr. This is in agreement
with reports on HLA molecules (Ploegh et al.
1981). In addition, the loss of 1000 of the Mr fol¬
lowing treatment with NA corresponds to a loss
of 3 sialic acid residues (Mr 309; Dawson et al.
1986). These observations are consistent with
the presence of a single N-linked complex sugar
molecule. The 1D-IEF pattern after EndoF diges¬
tion is similar to that obtained after NA diges¬
tion (Fig. lb), indicating that NA removes all the
charged sialic acid residues and that the remain¬
ing charge variation cannot be attributed to the
presence of the carbohydrate moiety.

The BoLA class I cDNA sequences reveal a

single potential serine phosphorylation site in
the cytoplasmic tail of the molecule (Ennis et al.
1988; Brown et al. 1989; Bensaid et al. 1991;
Ellis et al. 1993; Garber et al. 1993), which is in
agreement with similar findings for HLA
molecules. Phosphorylated MHC class I
molecules exhibit changes in mobility on SDS-
PAGE and 1D-IEF (Loube et al. 1983; Capps &
Zuniga 1990). Our results indicate that the BoLA
class I glycoproteins are not phosphorylated
(Fig. 2a, b), as no labelled molecules are

immunoprecipitated from 32P-radiolabelled cells.
When total lysates of these cells are analysed by
SDS-PAGE and visualized by autoradiography, a
number of protein species are observed, indicat¬
ing that the cells incorporate the orthophosphate
label. These findings are in agreement with
reports on mature HLA class I molecules which
indicate that only a minor proportion (less than
1%) are phosphorylated in resting cells (Eich-
holtz et al. 1992; Loube et al. 1983).

The alternative splicing of pre-mRNA, partic¬
ularly in activated cells, is a post-transcriptional
modification that has been reported for MHC
class I molecules (Bensaid et al. 1989; Ulker et
al. 1990; Ellis et al. 1993). This modification
usually results in molecules that differ in size
from the wild type molecules and constitute
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approximately 10% of the total expressed prod¬
uct (Lew et al. 1987; Grossberger et al. 1990). In
a recent report BoLA class I molecules from
Theileria annulata transformed cell lines exhib¬
ited alternatively spliced forms resulting from
the splicing out of exon 7. This modification
would result in proteins that are 16 amino acids
shorter (approximately 2000 less in Mr) than the
wild type molecules (Ellis et al. 1993). However,
2D electrophoretic analysis of BoLA molecules
immunoprecipitated from non-activated PBL
reveals no differences in the molecular mass of
the different BoLA charge variants (data not
shown). Thus, although its occurrence cannot be
dismissed, the observations discussed above
suggest that alternative splicing is unlikely to be
a major contributor to the observed heterogene¬
ity on 1D-IEF.

The digestion of charge variants by endopro-
teinase Glu-C (V8) in the second dimension
reveals that BoLA class I molecules have differ¬

ent amino acid sequences. Some molecules (Fig.
3a, c) are fully digested, others (see Fig. 3) are

only partially digested. These differences may
reflect variations in the level of expression of the
charge variants, they may also be due to differ¬
ences in their binding affinity to W6/32. Fur¬
thermore, some molecules (Fig. 3b) had no
detectable digestion patterns. This may be due
to the unavailability of sites for V8 protease
activity. It could also reflect the absence of
methionine residues in the protease digestion
products.

The molecules wlOa and wlOc in Fig. 3a have
identicial digestion patterns to molecules wlOa
and wlOc in Fig. 3c. In addition, wlOa gives an
identicial digestion pattern and isoelectric point
to a molecule reported by Joosten et al. (1992)
which was immunoprecipitated with mAb IL-
A31, raised against a polymorphic determinant
on a BoLA class I molecule from a wlO express¬

ing animal. These findings indicate that
molecules wlOa and wlOc are both part of the
wlO serotype. Molecules wl7a, c and e (Fig. 3b)
show similar digestion patterns to three of the
molecules in Fig. 3c. Since the two animals in
Fig. 3b and c share the serological type wl7 it is
likely that molecules wl7a, c and e in the two
animals are identical and are all part of the wl7
serotype. These results indicate that each BoLA
serotype defines a number of different molecules
from different loci and confirms previous find¬
ings that individual BoLA allo-antisera recog¬
nize more than one locus product and that the
BoLA class I system shows considerable linkage
disequilibrium (Al-Murrani et al. 1993).

Some charge variants from the same animal
exhibit identical digestion patterns (wl7c and e

in Fig. 3b and c). These may be different
molecules with close sequence homology as we
have eliminated the possible effect of glycosyla-
tion and phosphorylation. However, the effect of
other modifications cannot be ruled out com¬

pletely.
We conclude from the data presented here

that BoLA class I heterogeneity in 1D-IEF is
mainly due to the expression of different locus
products and is not due to differential glycosyla-
tion or phosphorylation. The number of the
charge variants exhibiting unique peptide maps
obtained from any one animal suggests that at
least three BoLA class I loci are expressed at the
protein level. These locus products may all play
an important role in immune recognition and
the ability to differentiate them is the first step
in unravelling their relative functional impor¬
tance.
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Note added in proof
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Summary
We have used a panel of anti-major histocom¬
patibility complex (MHC) class II monoclonal
antibodies (mAbs) and have assessed their speci¬
ficity for the products of the individual bovine
MHC (BoLA) class II subregions. The mAbs
identified two distinct class II molecules by
affinity purification and elisa. Two-dimensional
immunoblotting confirmed these data and NH2-
terminal sequencing of the purified class II a
chains of one member of each group identified
the subregion specificity of the mAbs. The mAbs
VPM36, TH22A and TH81A are specific for BoLA
DQ, whereas VPM54, TH14B and Jl 1 are specific
for BoLA DR. SW73.2 reacts with both MHC

subgroups of all cattle tested.

Keywords: cattle, DQa, DRa, mAbs, MHC class II

The bovine major histocompatibility complex
class II (BoLA class II) molecules are encoded by
two distinct subregions DQ and DR (Andersson
et al. 1986). Four other subregions have been
found to exist within the class II region (DI, DN,
DO and DY] but there is currently no evidence for
their transcription or expression (Andersson &
Rask 1988; Andersson et al. 1988; Stone &

Muggli-Cockett 1990; Burke et al. 1991). Unlike
humans, cattle do not seem to possess the DP
subregion (Andersson & Rask 1988).

Major histocompatibility complex (MHC) class
II molecules play a central role in the regulation
of the immune response through their ability to
bind peptides and present those peptides to
T-cell receptors. The genes which encode the
expressed class II molecules are known to be
highly polymorphic and this polymorphism is
thought to be maintained by natural selection
(Hedrick & Thomson 1983). There are strong
links between specific polymorphisms and
susceptibility to particular infectious and
autoimmune diseases (Zinkernagel 1979); there¬
fore class II typing of cattle is crucial for investi-

Correspondence: Bernadette M Dutia.

Accepted 15 November 1994

gations into disease susceptibility and
vaccination.

Immunoprecipitation followed by isoelectric
focusing (IEF) has been commonly used to type
cattle class II (Glass etal. 1991; foosten et al. 1989;
Watkins et al. 1989). These studies have utilized
polyclonal antisera raised to purified human DR
molecules. These sera have been assumed to

react specifically with bovine DR, but antibodies
with specificity for a particular subgroup in one
species can react with a different subgroup in
other species (Brickell et al. 1981; Hopkins et al.
1986). Hence, to type accurately using this
method, it is necessary to define monoclonal
antibodies (mAbs) that unambiguously identify
the products of the different subregions.

The aim of these experiments was to identify
anti-class II mAbs which react with the different
BoLA class II gene products. The mAbs used
included; VPM36 and VPM54, which react

specifically with ovine MHC class II DQa and
DRa chains (Dutia et al. 1990; 1993; 1994);
SW73.2, which reacts with a non-polymorphic
determinant on both DQ and DR p chains of both
sheep and cattle (Hopkins et al. 1986; Knowles et
al. 1994); and the anti-cattle class II mAbs,
TH14B, TH22A and TH81A (VMRD Inc. Pull¬
man, Wa. USA) and Jl 1 (Baldwin et al. 1987),
which have yet to be assigned unambiguous
subregion specificity. The antibodies reacted
with PBM from all cattle tested (>30, including
DRBF 1—8,10 & 12) (Davies etal. 1994), implying
that they react with monomorphic determinants.
The anti-ovine MHC class I mAb VPM19 (Hop¬
kins & Dutia 1990) was used as a negative control.
The antigens reactive with VPM36, VPM54 and
SW73.2 were immunopurified, coated on to elisa

plates and reacted with the panel of mAbs as
previously described (Dutia et al. 1990, 1993).
Table 1 shows that there are two mutually
exclusive subgroups: those defined by VPM36,
TH22A and TH81A and those defined by VPM54,
TH14B and Jl 1. The mAb SW73.2 reacts with
both subgroups.

In order to define further the different

subgroups of bovine class II, two-dimensional gel
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Fig. 1. Two-dimensional immunoblots of bovine MHC
class II a chains. Bovine splenocytes were fractionated
by SDS PAGE and IEF, transferred to nitrocellulose and
visualized with mAbs (a) VPM36 plus VPM19; (b)
VPM54 plus VPM19. Small arrows indicate MHC class
I spots; large arrows indicate MHC class II spots; open
arrows indicate unglycosylated class II.
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analysis of the a chains was performed. Bovine
splenocytes were prepared from spleens by teas¬
ing the cells into suspension and isolating the
lymphocytes by centrifugation over Lympho-
prep (Nycomed AS, Oslo, Norway). Cells were
lysed at a concentration of 8 x 107 ml-1 in 2%
(w/v) NP40, 8-5 mol urea containing 2% 5—7
Pharmalyte (Sigma Chemical Company, Poole,

Table 1. Cross-reactive elisa, purified bovine MHC class II molecules against
mAbs

Antibody

Antigen

SW73.2 VPM36 VPM54

SW73.2 >2 >2 >2

VPM36 1-87 1-18 0-05

TH22A 1-91 1-69 0-03

TH81A 1-95 1-37 0-17

VPM54 >2 0-08 0-87

TH14B >2 <0-01 1-41

Jll >2 <0-01 >2

Antigen was prepared from bovine spleens by affinity chromatography on
SW73.2, VPM36 and VPM54 monoclonal antibody Affigel 10 columns, coated on
to elisa plates and reacted with the panel of mAbs. VPM19, an anti-sheep class I
mAb, was used as a negative control for the mouse antibodies and S016.4, an

anti-sheep red blood cell mAb, was used as negative control for the rat mAb
SW73.2. Results are given as absorbance at 492nm with the control values
subtracted. Control antibodies gave A492 values in the range 0-2-0-5, dependent
on the concentration of the individual antigen preparations.

Dorset, UK). Alpha chains were analysed by
fractionating 0-4-2 x 106 cells by 2D IEF-SDS
polyacrylamide gel electrophoresis and
immunoblotting, as described for ovine class II
(Dutia et al. 1993). Figure 1 shows the bovine
class II a chain spots recognized by VPM36 (a)
and VPM54 (b). The antibodies recognize both
glycosylated and unglycosylated a chains (Dutia
et al. 1990). VPM36 recognizes a larger number of
spots than VPM54. This may indicate that
VPM36 is recognizing more than one a chain or
that the DQ a chain contains more post-trans-
lational modifications than the DR a chain. The
data show that these two antibodies identify
distinct patterns of spots, confirming that they
recognize different and mutually exclusive class
II molecules. This figure also shows the pattern of
spots recognized by the anti-class I mAb VPM19,
which permitted accurate alignment of the class
II spots.

In order to determine the homology between
the bovine class II subgroups and the products of
the human and murine subregions, the NH2-
terminal amino acid sequence of the a chains
reactive with VPM36 and VPM54 was

determined. Class II molecules, purified by
affinity chromatography on VPM54 Ig Affigel 10,
were separated into a and (3 chains using a

Tris-phosphate SDS polyacrylamide gel elec¬
trophoresis system and the Applied Biosystems
high performance electrophoresis cell (HPEC
230A, Applied Biosystems, Warrington,
Cheshire, UK). Separated chains were centri-
fuged on to ProBlott membrane using a Prospin
cartridge (Applied Biosystems). For purification
of the a chain reactive with VPM36, purified
class II molecules were separated into a and 3
chains on prerun 10% Tris-glycine SDS poly¬
acrylamide gels, transferred electrophoretically
to ProBlott membrane, stained with Coomassie
Brilliant Blue and the a bands excised. Use of this
method for VPM36 antigen was necessary
because of the instability of the VPM36 antigen.
The a chains were then sequenced on an Applied
Biosystems gas phase sequencer by the Science
and Engineering Research Council Protein
Sequencing Facility, University of Aberdeen,
UK.

Figure 2 shows the comparison of the
sequences of the a chains recognized by VPM36
and VPM54 with the sequences of the human and
murine subregions, as well as the derived
sequences of the bovine and ovine class II genes
(van der Poel et al. 1990; Fabb et al. 1993). Only a
limited amount of the sequence of the a chain
recognized by VPM36 was obtained because the
purified antigen proved to be highly unstable and
degraded rapidly on storage and sequencing. The



sequence of the a chain recognized by VPM36 is
close to that of human DQa, murine I-Act and the
derived bovine and ovine DQa sequences. In
addition, it shows similarity to the derived
sequence of bovine DY a. In contrast, the a chain
sequence recognized by VPM54 is homologous to
human DRa, murine I-Ea and the derived

sequence of bovine and ovine DRa. These data
together with the elisa and 2D analysis show that
these two mAbs define mutually exclusive
subgroups of bovine class II. VPM36 (as well as
TH22A and TH81A) is specific for the bovine
homologue of DQ and VPM54 (as well as TH14B
and Jll) is DR-specific.

These data confirm the putative subgroup
assignment of TH14B, TH22A and TH81A (Davis
et al. 1987) based on relative molecular mass.

The NH2-terminal amino acid sequence analysis
of the a chains of the two bovine class II

subgroups illustrates the high degree of identity
between bovine a chains and corresponding a
chains of humans and mice. These mAbs can

therefore be used for the unambiguous identifica¬
tion of the bovine homologues of human DQ and
DR. These results were unequivocal for the
animals used in this study but we cannot exclude
the possibility of cross-reactivity between sub-
region products in some haplotypes.

The availability of these antibodies and their
potential use in the IEF method commonly
employed to type cattle class II should permit
discrimination of DQ and DR locus products.

(a)
10
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BoLA-DQAl *2 - R - G - - -
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Ovar-DQAl.2 ---------T-GV--
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Fig. 2. NH2-terminal amino acid sequences of (a) VPM36 and (b) VPM54 a chains
compared with bovine and ovine sequences (van der Poel et al. 1990; Fabb et al.
1993) and human and mouse sequences (Travers & McDevitt 1987). . indicates
residues not determined; - indicates identity.
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This discrimination was not possible using poly¬
clonal antisera. Recently Bissumbhar and co¬
workers described one-dimensional IEF using
TH14B as putative DR-specific and TH22A and
TH81A as putative DQ-specific reagents (Biss¬
umbhar et al. 1994). The data reported here
validate the use of these antibodies as typing
reagents. In addition, because the mAbs VPM36
and VPM54 react with SDS-PAGE and IEF-separ-
ated a chains on Western blots, it is possible to
study the expressed a chain polymorphism in
cattle as well as the (3 chain polymorphism seen

by IEF separation of 35S-labelled, immunopre-
cipitated antigen.
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Summary
The fine specificities of two panels of mono¬
clonal antibodies (mAbs) for sheep major histo¬
compatibility complex (MHC) class II molecules
were determined using five mouse L-cell trans¬
fectants, each expressing a defined sheep DQ or
DR MHC class II A/B gene pair. Using the
transfectants in an indirect fluorescence anti¬

body assay, previous immunochemical charac¬
terization of the mAbs was confirmed for 16 of 23

mAbs tested. The MHC class II subtype speci¬
ficity (DQ or DR) of each mAb was assigned
without interference from the products of other
expressed class II loci. This allowed the identifi¬
cation of both cross-locus specificities as well as

defining fine specificities of mAbs previously
only partially characterized by immunochemical
techniques.

Keywords: MHC class II, monoclonal antibodies,
sheep, transfection

Introduction

The class II genes within the major histocompati¬
bility complex (MHC) of all vertebrate species
studied encode highly polymorphic cell surface
glycoproteins that present processed fragments
of foreign antigen to CD4+ helper T-lymphocytes
(Klein 1986; Braciale et al. 1987). The high levels
of polymorphism, associated with many of the
MHC class II genes within an outbred popula¬
tion, are associated with variations in individual
immune responses to antigen and susceptibility
or resistance to some autoimmune diseases

(Sinha et al. 1989).
The ovine MHC (Ovar-Mhc) contains class II

loci corresponding to all of those found in the
human (HLA) complex with the exception of the
HLA-DP locus (Chardon et al. 1985; Scott et al.
1987,1991a,b; Deverson et al. 1991; Ballingall et
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al. 1992; Wright & Ballingall 1994). In addition,
the ovine (Wright et al. 1994), bovine (van der
Poel et al. 1990) and caprine (Mann et al. 1993)
MHC each contain a locus designated DY.
Nucleic acid probe and oligonucleotide reagents
have allowed the analysis of individual sheep
MHC class II loci either by restriction fragment
length polymorphism (RFLP) (Grain et al. 1993)
or polymerase chain reaction (PCR) (Schwaiger
et al. 1993). However, to study the distribution
and function of sheep MHC class II proteins
during the immune response, mAbs specific for
the products of each of the expressed sheep MHC
class II loci are required. Previously, immuno¬
chemical and protein sequencing techniques
have been used to analyse the specificity of sheep
MHC class II specific mAbs (Puri et al. 1987; Puri
& Brandon 1987; Hopkins et al. 1986; Dutia et al.
1990, 1993, 1994). In this analysis two panels of
MHC class II-specific mAbs were characterized
using mouse L-cell transfectants, each of which
expresses a single MHC class II molecular type
(DQ or DR). In a previous publication, mAbs
specific for a DR transfectant were identified
(Ballingall et al. 1992). This paper aims to
expand on that study by characterizing the speci¬
ficity of the mAbs for L-cell lines expressing two
alleles at the DQl locus (Wright & Ballingall
1994) plus an additional L-cell line expressing an
allele at the DR1 locus.

Materials and methods

Sheep MHC class II genes

The construction and screening of genomic
cosmid libraries and restriction mapping of
cosmid clones containing sheep MHC class II
genes have been described previously (Deverson
et al. 1991; Wright & Ballingall 1994). The second
exons of MHC class II genes were subcloned into
M13mpl8/19 and sequenced by the dideoxy
chain termination method (Sanger et al. 1977)
using Sequenase 2-0 or Taqoience enzymes
together with the 7-deaza dGTP analogue (United
States Biologicals, Cleveland, OH) to overcome

problems with compressions.
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Mouse L-cell transfectants
The generation of mouse L-cell lines expressing
the products of transfected sheep MHC class II
genes at the cell surface has been described
previously (Ballingall et al. 1992). Briefly, 6 p.g of
cosmid DNA was transfected into mouse Ltk~
cells along with the herpes simplex virus thymi¬
dine kinase gene (HSVtk, Lang et al. 1983) as a
selection marker. Following HAT selection, L-
cells expressing the MHC class II molecules at the
cell surface were identified by an indirect
fluorescence antibody (IFA) test using a cocktail
of MHC class Il-specific mAbs (SBUII 28.1,37.68,
38.27, 42.2 and 49.1) as a primary reagent and
FITC-conjugated anti-mouse immunoglobulin as
the second labelled antibody. Cells were
analysed on the facscan and sorted using the facs
star (Becton Dickinson, Sunnyvale, California,
USA). All L-cell transfectants were cultured in
Dulbecco's modified Eagles medium (DMEM,
Gibco-BRL, Paisley, UK) supplemented with
10% heat inactivated fetal bovine serum, peni¬
cillin (60p.g/ml), streptomycin {100p.g/ml). Cells
were harvested prior to confluence for analysis.

Table 1. Ovine MHC class Il-specific monoclonal antibodies used in this study

Monoclonal

antibody Ig isotype
Alpha/Beta chain
specificity

Previously proposed
subtype specificity

SBUII 28.1, 37.68 IgGl Conformational DR

SBUII 38.27 IgGl Conformational DQ
SBUII 42.2 IgGl Alpha DR

SBUII 49.1 IgG2a Beta Pan-beta
SW73.2 (Rat) IgG2b Beta Pan-beta
VPM 1 IgM Conformational ND

VPM 4, 46 IgG2a Beta ND

VPM 45 IgG2a Beta DQ
VPM 36 IgGl Alpha DQ
VPM 38, 47, 54 IgGl Alpha DR

VPM 58, 59 IgGl Conformational DR

VPM 37, 57, 43 IgGl Beta DR

VPM 41 IgGl Beta DQ
VPM 16, 40, 44 IgGl Beta DQ

The SBUII mAbs have been described previously (Puri et al. 1985, 1987; Puri &
Brandon 1987). Their proposed specificity was based on N-terminal sequence
analysis. The VPM mAbs have also been described previously (Hopkins et al.
1986; Dutia et al. 1990, 1993, 1994). The subtype specificity of VPM 36, 37, 38
and 54 was determined by N-terminal sequence analysis (Dutia et al. 1993, 1994).
The specificity of the remainder of the VPM mAbs was determined by eusa of
mAb supernatants against affinity purified ovine DQ and DR antigens. (Dutia et
al. 1993, 1994; B. M. Dutia, unpubl. obs.). SW73.2 reacts with both DQ and DR
antigens (Hopkins et al. 1986; Dutia et al. 1993). ND indicates that subtype
specificity has not been determined.
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Monoclonal antibodies

The sheep MHC class Il-specific mAbs used in
this study are listed in Table 1.

Screening of mAbs using L-cell transfectants
The specificity of each mAb for each L-cell line
was determined by the IFA assay. Cells were
analysed by facscan and positive antibodies
were identified as those that increased FL-1 FITC

(green) fluorescence relative to cells transfected
with the HSVtk gene only (Ltk+ control).

Results

Mouse L-cell transfectants

Two DQ transfectant cell lines, DQ-T28.1 and
DQ-T26.2, expressed the products of the poly¬
morphic DQA1 and B1 genes described by
Wright & Ballingall (1994). These represented
two alleles at the Ovar-DQl locus, isolated from a

heterozygous sheep. A third DQ transfectant,
DQ-T37.3, expressed a product which was
derived from an A/B gene pair in which the
DQA1 gene was truncated as described by Wright
& Ballingall (1994).

The generation of the L-cell transfectant,
DR-T8.1, expressing an Ovar-DR protein was
described by Ballingall et al. (1992). A new DR
transfectant, DR-T31.3, was produced by
cotransfecting L-cells with the expressed Ovar-
DRA gene (Ballingall et al. 1992) together with
cosmid 02, which contained an Ovar-DRBl gene
isolated from the library described by Wright &
Ballingall (1994). The nucleotide sequence of the
second exon of the DRB1 gene is shown in Fig. 1.
The sequence was 95% similar to the expressed
Ovar-DRBl gene described by Ballingall et al.
(1992). The predicted amino acid sequence of
these genes differed by eight amino acids (Fig. 1).

Screening of mAbs for Ovar-DQ and DR
specificity
Each transfected L-cell line was used to screen

the two panels of mAbs for cell surface DQ and
DR specificity. The specificity of each mAb for
the MHC class II molecule expressed on the
surface of each transfectant is summarized in
Table 2. The sheep MHC class Il-specific mAbs
that recognized all transfectants expressing
intact DQ and DR molecules at the cell surface
were VPM 38, 46 and SW73.2. Monoclonal
antibodies SBUII 28.1, 42.2 and 49.1 each recog¬
nize a determinant found on three of the four
lines. Of these mAbs, only SW73.2 reacted



81

Analysis of sheep
MHC class Il-specific
mAbs

•xon 2
Ovar-DRBl etcgacjCACATTTCTTGGAGTATACTAAGAAAGAGTGTCGTTTCTCCAACGGGACGGAGC GGGTGC GGTTCCT GGAGAGATACTTCTATAAT GGAGAAGA
Cosmid 02 —gc CA—-—GC — A —

Ovar-DRBl GTACGTGCGCTTCGACAGCGACTGGGGCGAGTACCGAGCGGTGGCCGAGCTGGGGCGGCCGGACGCCAAGTACTGGAACA3CCAGAAGGAGATCCTGGAG
Cosmid 02 A CT

Ovar-DRBl CGGAGGCGGACCGAGGTGGACACGTACTGCAGACACAACTACGGGGTCATTGAGAGTTTCAGTGTGCAQCGGCGAG^tgagcgcgggggtgggcggccag
Cosmid 02 -A—C a

Ovar-DRBl tgtggagcagtgtgtgtgcgtgtgtgcgtgtgcgtgtgcgtgtgcgtgtgcgtgtgtgtgtgtgtgrgtgtgtgtg
Cosmid 02 .. 1—-—t a-a-a-a-a-a-a-

B

•xon 2
Ovar-DRBl HFLEYTKKECRFSNGTERVRFLDRYFYNGEEYVRFDSDWGEYRAVAELGRPDAKYWNSQKEILERARTSVDTYCRHNYGVISSFSVQRR
Cosmid 02 H-S Y N— DF—QT

Fig. 1. A: Comparison of the nucleotide sequence of exon 2 of the Ovar-DRBl gene described by Ballingall et al.
(1992) with that of the new allele at the expressed locus described here. Coding nucleotide sequences are in upper
case. Dashes indicate identity and gaps introduced into intronic sequences to maintain alignment are indicated by
dots. The splice junctions are underlined. B: Comparison of the predicted amino acid translations of exon 2 of the
genes described above. Dashes indicate identity.

strongly with the transfectant expressing the
truncated DQA gene (DQ-T37.3). VPM 38, 46 and
SBU 42.20 failed to recognize this transfectant
and SBUn 28.1 reacted, but with a much reduced
fluorescence intensity compared to its reactivity
with the transfectant expressing the products of
the complete DQA and B genes (DQ-T26.2).

Table 2. The specificity of the panel of monoclonal antibodies for the DQ- and
Dfl-expressing L-cell lines.

Monoclonal Transfectant Transfectant Transfectant Transfectant

antibody DQ-T28.1 DQ-T26.2 DR-T8.1 DR-T31.3

SW73.2 + + + + + + + + + + + +

.SBUff 28.1 + + + + + +(+) - + + +

SBUII 42.2 - + + +(-) + + + + + +

SBUII 49.1 + + + - + + + + + +

VPM 38 + + + + (") + + + + + +

VPM 46 + + ++(-) + + + + + +

SBUII 38.27 + + + + + + - -

VPM 1 + + + + + - -

VPM 4 + + + + + + - -

VPM 16 + + + + + +(-) - -

VPM 36 + + + + + + - -

VPM 40 - + + + - -

VPM 41 - + + + - -

VPM 44 - + + + - -

VPM 45 - + + +(") - -

VPM 47 - - + + + +

SBUII 37.68 - - + + + + + +

VPM 54 - - + + + + + +

VPM 57 - - + + + + + +

VPM 58 - - + + + +

VPM 59 - - + + + +

VPM 37 - - - +

VPM 43 - - - + +

Binding of individual mAbs to the transfected L-cell line relative to the tk+ L-cell
control: + + + , strong: + + , variable: +, week; —, no binding. Differences in the
binding of the mAbs to the truncated DQ L-cell line DQ-T37.3, when compared to
the complete transfectant DQ-T26.2, are indicated in parenthesis.

Ovar-DQl subtype specificity was assigned to
mAbs SBUn 38.27 and VPM 1, 4, 16 and 36, as

each recognized both DQ transfectants. In con¬
trast, the mAbs VPM 40, 41, 44 and 45 were able
to differentiate between the proteins expressed
on the two DQ transfectant cell lines DQ-T26.2
and DQ-T28.1. Each of these mAbs recognized
transfectant DQ-T26.2 and was therefore con¬
sidered haplotype-specific. None of the mAbs
was specific for only transfectant DQ-T28.1. Only
SBUII 49.1, which reacts with a broad range of
sheep MHC class II beta chains, recognized this
DQ transfectant and failed to recognize DQ-
T26.2. However, SBUII 49.1 also recognized both
DR transfectants. Of the HQ-specific mAbs, only
VPM 16 and 45 failed to recognize the truncated
transfectant DQ-T37.2.

The mAbs SBUII 37.68, VPM 54, 57, 58 and 59
reacted with both DR transfectants and were

considered DR subtype-specific. DRB1 allele
specificity (i.e. mAbs that distinguished between
the DRBl gene products) was assigned to mAbs
VPM 37 and 43. SBUII 28.1 recognized the DR
line DR-T31.3 but failed to recognize the DR-T8.1
line. However, this mAb also recognized both DQ
L-cell lines. SBUII 42.20 recognized both DR
lines and also a determinant present on the DQ
line DQ-T26.2.

Discussion

Transfected L-cells expressing a single subtype
of MHC class II molecule have been previously
used to generate novel mAbs and to assign MHC
class II subtype, locus and allele specificity to
panels of mAbs directed against HLA (Tosi et al.
1986; Klohe et al. 1988), and H-2 determinants
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use in the production of novel mAb reagents also
formed a major part of the 11th International
Histocompatibility Workshop (Inoko et al. 1991).
This report describes the application of these
techniques to the characterization of mAbs
specific for products of the Ovar-Mhc class II
region. L-cells expressing sheep MHC class II
molecules have enabled the fine specificity of
two panels of sheep MHC class II-specific mAbs
to be determined. By using a panel of transfec-
tants we were able to identify 'holes' or 'gaps' in
the specificity of mAbs previously thought to
recognize a monomorphic determinant found on
all sheep class II molecules. For example, SBUII
49.1, previously considered to be a pan-beta
chain-specific mAb (Puri et al. 1987), failed to
recognize one of the DQ L-cell transfectants. One
possible explanation for this result is that the
MHC class II molecules expressed on the surface
of mouse L-cells differ from those found on sheep
cells in vivo. However, SBUII 49.1 recognized the
DQ and DR beta proteins expressed on all the
other mouse L-cell transfectants. Only mAbs
SW73.2 and VPM 46 recognized the beta chains
expressed on all the transfectant cell lines. The
panel of transfectant cell lines also allowed the
identification of cross-locus specificity, i.e. those
mAbs that recognize the products of both DQ and
DR loci. For example, by immunochemical and
N-terminal amino acid sequencing techniques
VPM 38 was previously considered DflA-specific
(Dutia et al. 1990,1993), but by using DR and DQ
transfectants we have demonstrated that VPM 38

also reacted with DQ molecules at the surface of
mouse L-cells. However, when the class II
molecules were isolated from the transfected cell
lines, separated on SDS-PAGE and blotted, the
reactivity of VPM 38 was purely Dfl-alpha chain-
specific (B. Dutia, personal communication). In
view of these data, VPM 54 is the DflA-specific
mAb of choice for both cell surface labelling and
immunoblotting techniques. Monoclonal anti¬
body SBUII 28.1 also recognized both DQ trans¬
fectants. This mAb was previously considered,
by sequential immunoprecipitation and N-termi-
nal sequence analysis, to be Dfl-specific (Puri et
al. 1987; Puri & Brandon 1987). On the other
hand, the specificity of SBUII 37.68 and 38.27 for
monomorphic conformational determinants
present on DR and DQ molecules respectively
(Puri et al. 1987) was confirmed using the trans¬
fectants. This was also the ca§e for other reagents
such as VPM 36, a monomorphic DQ alpha
chain-specific mAb (Dutia et al. 1993). The DR
alpha and DR beta chain specificities of VPM 54

and VPM 57 respectively were also confirmed, as
these mAbs recognized both DR transfectants but
failed to recognize either DQ line. The mAbs that
recognize polymorphic determinants of DQ
molecules (VPM 40, 41, 44, and 45) are all
beta-chain specific, and each recognizes the DQB
gene product in DQ-T26.2 but not in DQ-T28.1.
The production of a larger panel of DQ transfec¬
tants would allow the fine specificity of the
polymorphic MHC class II-specific mAbs to he
further characterized. Monoclonal antibodies
VPM 1 and 4 had not been previously assigned a

subtype specificity, but could be assigned to DQ
on the basis of this study. Similarly, VPM 46
appears to recognize a monomorphic determin¬
ant on both DQ and DR molecules.

The L-cell line DQ-T37.3 is unusual as the
MHC class II molecules are expressed at the cell
surface, despite the loss of exon 1 and all 5'
regulatory elements of the transfected DQA gene.
Exon 1 encodes the signal/leader peptide and the
first four N-terminal amino acids of the mature

membrane-associated glycoprotein (Andersson
et al. 1987). As the function of the signal/leader
peptide is to assist in the transfer of the growing
peptide chain from the ribosome into the endo¬
plasmic reticulum (Klein 1986), its loss may be
expected to alter the glycosylation and folding of
the newly translated protein chain and, there¬
fore, the binding of mAbs. The L-cell transfectant
expressing the product of the truncated DQA
gene altered the binding of six mAbs (SBU 28.1
and 42.20, VPM 16, 38, 45 and 46). However,
VPM 36, the only DQ-alpha-specific mAb in the
test pool, bound with equal affinity to both the
complete and truncated transfectants. This indi¬
cated that its determinant was not altered by the
loss of the first four amino acids of the mature DQ
alpha chain, or by any alterations resulting from
aberrant glycosylation or processing as a result of
the loss of the signal/leader peptide. It is of
interest that not all of these mAbs are specific for
the alpha chain. SBU 28.1 has been reported to
recognize a conformational determinant between
alpha and beta chains (Puri et al. 1987). This
determinant must be altered by the 5' truncation
of the DQAl gene. VPM 16, 45 and 46 are
beta-chain specific, but each loses DQ specificity
as a result of the truncation of the DQA gene. The
conformation of the beta chain and therefore the

epitopes recognized by VPM 16, 45 and 46 must
be influenced by the corresponding alpha chain.
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GCC CCA GGC TCC CAC TCS MTG A) contained an

Eagl site (underlined) for subcloning into pBoLA-21, 10
nt of flanking intron sequence (in italics) to allow correct
splicing to the vector-encoded first exon, and 15 nt of
exon 2 sequence (bold), including two degenerate posi¬
tions. The reverse primer (R2406: 5'-GGA RGA CAC
CGG TCA GGG TSG GGA GGG) was based in a con¬

served area of the 3'-UTR, and included a single-nt
change (bold) which generated an AgeI restriction site
(underlined). Amplification using these primers yielded a
3.2-kb fragment from genomic class I genes and 1.2-kb
from cDNA.

(b) Construction of the class I expression vector
pBoLA-21

For expression of the PCR-amplified gene fragments,
a plasmid vector (pBoLA-21) was constructed in which
the 5'- and 3'-ends of the characterised genomic class I
gene on pBoLA-19 (Sawhney et al., 1995) flanked restric¬
tion sites into which the class I gene fragments could be
cloned (Fig. 1). By providing the promoter, exon 1, and
polyadenylation sequences on pBoLA-21, it was hoped
that this vector could be used to characterise the products
of class I genes amplified from genomic or cDNA, or
from truncated genomic or cDNA clones.

(c) Strategies for cloning class I genes in pBoLA-21
The initial strategy was to use the Eagl and Agel sites

in the insert and vector PCR primers to allow direct
cloning of the PCR amplified class I gene fragments into
pBoLA-21. However, this approach was unsuccessful, due
to difficulties with Agel digestion of the pBoLA-21 vector
and the PCR-amplified class I gene fragments. To resolve
this problem, the class I gene fragments were first cloned
into the TA-vector pCRII (Invitrogen, Abingdon, UK)
and subsequently moved into pBoLA-21 using the Eagl
site in primer R2407 and a flanking Eagl site in the pCRII
MCS. This resulted in the loss of directionality in the
cloning and added short stretches of pCRII (27 or 37 bp
of MCS DNA) and pBR322 (12 bp flanking the Eagl site)
sequence to the 3' end of the class I gene fragment.

(d) Transfeetion and analysis of pBoLA-21 sub-clones
The amplification and cloning strategy was tested using

the class I gene from a positively-expressing genomic
phage clone (19.1; Sawhney et al., 1995). The 3.2-kb frag¬
ment amplified from this clone with primers R2406 and
R2407 was cloned into pCRII and then subcloned into
pBoLA-21 using Eagl to make pBoLA-25. Mouse Ltk~
cells were co-transfected with pBoLA-25 and the thymi¬
dine kinase plasmid pTK, using the lipofection reagent
DOTAP (Boehringer Mannheim, Lewes, UK), and
transfected cells were selected with HAT. More than 90%

Fig. 1. The expression vector pBoLA-21. Restriction sites and other
features of pBoLA-21 are shown as follows: S, Sail; E, Eagl; A, AgeI;
P, Pvull; Pr, class I promoter region; Ext, BoLA class I exon 1; ApR,
ampicillin resistance-encoding gene; TcR, truncated tetracycline resis¬
tance-encoding gene; ori, pBR322 origin of replication. Features of
pBR322 are shown inside the circle, while features derived from the
BoLA class I gene are shown on the outside. Methods: The vector
pBoLA-21 was constructed as follows: a 1.2-kb Sail-Eagl fragment con¬

taining the class I promoter and exon 1, and a 450-bp Pvull fragment
containing most of the 3'-UTR and polyadenylation sequences, were
subcloned from pBoLA-19 to make pBoLA-20. Inverse PCR was then
used to generate a 4.4-kb receptor fragment from pBoLA-20, removing
the pBR322 sequences between the Eagl and Pvull sites. Primers for
inverse PCR were (i) a reverse (anticlockwise) primer containing
pBR322 and intron sequences spanning the Eagl site, and (ii) a forward
(clockwise) primer in a conserved region of the class I 3'-UTR which
included a single-nt change to produce an Agel site (reverse-
complement of primer R2406). Standard PCR conditions were used for
all reactions except that a mixture of Taq DNA polymerase (Life
Technologies, Paisley, UK) plus Deep Vent DNA polymerase (New
England Biolabs, Hitchin, Herts, UK) at an activity ratio of 10:1 was
used to increase the fidelity and yield of the amplification (Barnes,
1994). Conditions for thermal cycling were as follows: denaturation at
94°C for 30 s, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s and
72°C for 2 min. The 4.4-kb PCR product from pBoLA-20 was then self-
ligated to make pBoLA-21.

of the HAT-resistant primary transfectants obtained were
found to express a detectable cell-surface class I product,
confirming the validity of the approach. Fig. 2A shows
FACS analysis of the pBoLA-25 transfectants, detected
by the anti-BoLA class I mAb IL-A88. The level of
expression, as judged by fluorescence intensity, was sim¬
ilar to that seen in cells transfected by the complete gene
on pBoLA-19 (Sawhney, 1995), suggesting that the
changes in class I gene structure resulting from the clon¬
ing procedure were not deleterious to expression.

(e) Expression of cDNA clones in pBoLA-21
To test pBoLA-21 for the expression of cDNA-derived

class I genes, a 1200-bp fragment was amplified from a
truncated BoLA class I cDNA clone (pBoLA-1; Brown
et al., 1989), and from Bo monocyte first-strand cDNA
from an animal expressing the BoLA-AlOand All haplo-
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Fig. 2. FACS analysis of BoLA class I molecules expressed on the surface of (A) pBoLA-25 and (B) pBoLA-10-transfected cells. Cells were labelled
with the mouse anti-BoLA class I mAb IL-A88, or an isotype-matched negative control mAb (IL-A12), followed by a fluorescently-labelled anti-
mouse IgG secondary Ab. After washing, Log cell fluorescence (X-axis) was plotted against cell number (Y-axis) for both the negative control mAb
(open curve) and for the class I-specific mAb (closed curve).

types, using primers R2407 and M0700 (5'-GGG GCG
GCC GTG GGG ARG GGC AGC AGT GGG). Both
primers contained terminal Eagl sites (underlined) for
cloning the amplified cDNA fragments directly into
pBoLA-21. Primer M0700 was based on a segment at the
3' end of the pBoLA-1 sequence which is conserved in
most of the BoLA class I cDNA sequences including A10,
but not All. Single pBoLA-21 sub-clones of the frag¬
ments amplified from pBoLA-1 and A10/A11 cDNA
(pBoLA-30 and pBoLA-10, respectively) were transfected
into Ltk~ cells, and FACS analysis of the primary
transfectants showed that both reconstructed cDNA

clones expressed a detectable BoLA class I product
(Fig. 2B). However, the degree of expression appeared to
be lower than that of the genomic clones (e.g., pBoLA-25;
Fig. 2A) and this may reflect the differences in gene struc¬
ture between the genomic and cDNA clones.

(f) Conclusions
(1) These experiments demonstrate the utility of the

pBoLA-21 system for cloning and expressing BoLA class
I gene fragments from genomic DNA or cDNA. However,
in order to ensure that any clones derived from PCR
products accurately represented the genes expressed in
vivo, it would be important to sequence multiple clones
of each type before extensive functional characterisation
was undertaken.

(2) This system could also facilitate the functional char¬
acterisation of cloned class I genes lacking exon 1 or

3'-JJTR, which would otherwise be difficult to express

(e.g., many of the published BoLA cDNAs).
(3) The pBoLA-21 vector could be easily adapted for

the expression of class I genes from other species by the
design of appropriate species-specific primers for ampli¬
fication of exon 2 to 3'-UTR fragments.
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Abstract We identified four cDNA sequences encoding
sheep homologues of the CD1 molecule. The sheep se¬
quences were selected from A,gtll thymocyte cDNA li¬
braries by hybridization with a human CD1C probe and a
homologous sheep probe. The SCD1B-42 and SCD1A25
sequences encode complete CD1 molecules. The third
sequence, SCD1B-52, which is closely related to SCD1B-
42 and may be an allele, has the sequence encoding the a3
region precisely deleted. The fourth sequence, SCD1T10, is
truncated at the 5' end. All four sequences are related to the
human CD1B and domestic rabbit CD IB-like sequences at
both nucleotide and amino acid level. Comparison of the
derived CD1 amino acid sequences with the sequence of
major histocompatibility complex class I molecules showed
that the sheep CD1 molecules, like human CD1 molecules,
lack most of the conserved class I residues known to be
involved in interaction with fh-microglobulin and the CD8
molecule. They do not contain the peptide docking residues
involved in anchoring peptides in the peptide binding
groove of class I molecules. Southern hybridization of
sheep DNA with a sheep CD1 exon 4/a3 probe showed
that the sheep genome encodes at least seven CD1 genes.
The implications of these analyses for CD1 function are
discussed.

The nucleotide sequence data reported in this paper have been
submitted to the EMBL/GenBank nucleotide sequence databases and
have been assigned the accession numbers Z36890 (SCD1A25),
Z36891 (SCD1B-42), Z36892 (SCD1B-52), and X90567 (SCD1T10)
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Introduction

The CD1 molecules are members of a family of molecules
with structural and sequence similarity to the major histo¬
compatibility complex (MHC) class I. The CD1 molecules
are cell surface glycoproteins consisting of a heterodimer of
an a chain of 43000-49000 Mr associated with (32-micro-
globulin (p2m; Calabi et al. 1991). In humans, five distinct
CD1 loci have been identified: CD1A, B, C, D, and E.
These encode the serologically defined CD la, b, c,' and d
molecules. Sequence analysis of the leader, al, and a2
domains has permitted the CD1 genes to be divided into
two distinct gene classes: group I (CD1A, -B, -C) and
group II (CD1D). The protein products of the group I and
group II genes have different tissue distributions. The
group I CD1 proteins are abundantly expressed on profes¬
sional antigen presenting cells such as Langerhans cells,
dermal and lymph node dendritic cells, mantle zone B cells,
and cytokine-activated monocytes, as well as cortical thy¬
mocytes (Small et al. 1987; Ami'ot et al. 1988; Cattoretti et
al. 1989; Porcelli et al. 1992). The group II CD1 proteins
are strongly expressed on the intestinal epithelium and at
low levels on cortical thymocytes (Bleicher et al. 1990;
Bilsland and Milstein 1991; Balk et al. 1991 a; Blumberg et
al. 1991). The human CDIE gene, for which no protein
product has been detected as yet, is of an intermediate type
(Martin et al. 1986; Calabi et al. 1991). In the mouse, two
very similar genes have been identified, both related to
human CD1D (Bradbury et al. 1988). The rat genome
encodes only one CD1 molecule, which is also of the
CDID class (Ichimiya et al. 1994). The rabbit genome
encodes up to eight CD1 genes, two of which have been
partially cloned. The domestic rabbit sequence consists of
only the 5' untranslated (UT) and exons 1 and 2 and is
CDIB-Wke, while the cottontail rabbit sequence, which
includes the al, a2, and a3 domains, is CDID-Mke (Calabi
et al. 1989 b). The different patterns of tissue expression
and intraclass relatedness suggest that the two subclasses
may have different functions. Cellular expression of CD1
molecules has been detected in cattle, sheep, and pig by
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Southern blot analysis

Genomic DNA was prepared from sheep efferent lymphocytes accord¬
ing to standard methods (Sambrook et al. 1989). Samples (10 |ig) of
DNA were digested with 15-45 units of various restriction endonu-
cleases for 16 h at 37 °C followed by a further digestion with 5-15
units of enzyme for 6 h at 37 °C. Digested DNA was fractionated on a
0.8% agarose gel and transferred to nylon membrane (Hybond N,
Amersham) by capillary transfer (Southern 1975). The blots were
prehybridized for 2-4 h at 42 °C in a buffer containing 25 mM sodium
phosphate pH 7.4, 5 x SSC, 0.5% (w/v) skimmed milk powder, 50 mg/
ml yeast tRNA, 50% (v/v) formamide, 1% (w/v) SDS (Southern
hybridization buffer). The blots were then hybridized with an exon 4/
a3 domain probe derived by PCR amplification of the exon 4 region of
the SCD1T10 clone. The probe was gel purified, extracted from
agarose using Spinbind DNA extraction units (FMC BioProducts,
Rockland, ME) and labeled with a32P-dCTP using the Pharmacia
oligolabelling kit (Pharmacia, Biotech, Uppsala, Sweden). Spinbind
extraction units were used to purify the labeled probe from excess
nucleotides and free label. The probe was denatured by boiling for
5-10 min, added to a minimum volume of hybridization solution, and
incubated with the blot for 16-18 h at 42 °C. The nylon filters were
then rinsed in 2 x SSC/0.1% SDS for 5 min at room temperature
followed by 20-30 min at 42 °C in 0.2 x SSC/0.1% SDS and
20-30 min at 42 °C in 0.1 x SSC/0.1% SDS. Filters were air dried
at room temperature and exposed to Kodak X-OMAT S film at -70 °C.

Results

Isolation and characterization of sheep CD1 cDNA clones

Screening of the A.gtll sheep foetal thymocyte library with
the human CD1C probe identified as sheep CD1 cDNA
clone SCD1A25. After sequencing of this clone, a sheep
CD! probe was prepared from it by PCR amplification of
exons 4, 5, and 6 encoding the a3, transmembrane, and

G5935

Fig. 1 Derivation of the sheep cDNA clones. Thin lines represent
sequence derived from the Agtl 1 cDNA clones. Thick lines represent
sequences obtained by PCR from thymocyte cDNA using the degen¬
erate 5' primer B199 and the nested 3' antisense primers C334, B202,
C333, and B203. PCR primers 5801 and 5802 were employed to
generate the homologous probe used to select SCD1B-42, SCD1B-52,
and SCD1T10 clones. Primers G5936 and G5935 were used to generate
a probe for use in Southern hybridization. Primers 17053 and 17054
were used to amplify a region of the SCD1A25 clone from genomic
DNA

cytoplasmic domains. The homologous sheep probe was
subsequently used to screen a Xgtll lamb thymocyte library
and to rescreen the sheep foetal thymocyte library. Two
sheep CD1 clones, SCD1B-42 and SCD1B-52, were iden¬
tified from the lamb thymocyte libraries and a further sheep
clone SCD1T10 was identified from the foetal thymocyte
library.

After complete sequencing of the cloned inserts and
comparison with the known human, mouse, and rabbit
sequences it was clear that clones SCD1A25, SCD1B-42,
and SCD1T10 were truncated at the 5' end. The SCD1A25
sequence began towards the 3' end of the al region, the
SCD1B-42 sequence began 58 nucleotides into the a2
region, and the SCD1T10 sequence began towards the end
of the al region. The complete cDNA sequences for the
sheep CD1 genes were obtained by PCR with a degenerate
5' sense primer and nested 3' antisense gene-specific
primers. The 5' degenerate primer (B199) was based on a
conserved hexamer sequence GAAGTC located at position
-88 to -94 in the 5'UT region. The conserved sequence is
present in the human CD1A, B, C, and E genes, in the
domestic rabbit gene, and in both the mouse genes. The
degenerate sequences 5' and 3' of the hexamer were based
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species-specific monoclonal antibodies (mAb; MacKay
et al. 1985; MacHugh et al. 1988; Pescovitz et al. 1990).
In the sheep, mAbs which detect the expression of CD lb
and CDlc-like molecules have been described (Dutia and
Hopkins 1991).

It is becoming increasingly clear that the CD1 molecules
play a unique role in antigen presentation. Recently, human
CD lb has been shown to act as a restriction element in the
presentation of mycobacterial lipid and glycolipid to T cells
(Beckman et al. 1994; Seiling et al. 1995). Conversely,
mouse CD Id can bind to hydrophobic peptides with fea¬
tures distinct from the peptides bound to MHC class I and
class II molecules (Castano et al. 1995). The T cells
recognizing CD1 include CD4~CD8-a|3 (DNa(3) and
DNyS T cells, CD8+a(3 T cells (Porcelli et al. 1989, 1992;
Faure et al. 1990; Balk et al. 1991b; Castano et al. 1995;
Seiling et al. 1995) as well as the DN and CD4+ NK1+ T-
cell subsets (Bendelac et al. 1995). Given the prominance
of the y5 T-cell subset in the sheep (Hein and MacKay
1991) as well as the availability of the lymphatic cannula-
tion model for the selection of large numbers of dendritic
cells, the sheep may be particularly suitable for the study of
CD1 function. mAb studies have not been very useful in
defining the particular CD1 subclasses expressed in the
sheep, as all mAbs detect a 46000 Mr a chain. The aim of
this study was therefore to characterize the sheep CD1
family at the genetic level, to define the subclass of the
molecules expressed, and to determine the number of genes
present.

Materials and methods

Cells and tissues

Efferent lymph cells were obtained by cannulation of the prefemoral
efferent lymphatic (Hall 1967). Sheep thymus was obtained postmor¬
tem from the local abattoir.

Probes and cDNA libraries

The human CD1C genomic M13fgl30 clone L4R.J4, which contains a
0.6 kilobase (kb) insert comprising the coding region of the human
CD1C exon 4/a3 domain (0.28 kb) as well as some flanking intron
sequence (Martin et al. 1986), was a kind gift from C. Milstein.
Double-stranded DNA was prepared from L4R.J4 by using the poly¬
merase chain reaction (PCR) with the M13 forward and reverse

primers to amplify insert DNA from plaque stabs. A homologous
sheep CD1 probe was prepared by PCR amplification of the SCD1A25
exons 4, 5, and 6 (encoding the a3/TM/CYT region) using primers
5801 and 5802.

The libraries screened included a kgtll foetal lamb thymocyte
library (Hein et al. 1989) and a kgtll post-natal lamb thymocyte
library (Grossberger et al. 1990).

Primers

SCD1A25 sense primer 5801, 5' CCTGAGTGTCCTTGATGC 3';
SCD1A25 antisense primer 5802, 5' AAGGAGACAGTGATGGGC 3';
SCD1T10 exon 4/a3 sense primer G5936, 5' TGAAGCCTG-
GCTGTCCAGT 3'; SCD1T10 exon 4/a3 antisense primer G5935,
5' CCAGTACAGGATGATATCC 3'; degenerate 5' primer B199,

5' ATCGATGAATTC (Cla VEco RI adaptor sequence) A/GA/GGA/
GGAAGTCAG/CA/TAC/TAGAG); SCD1A25 5' end antisense gene
specific primer C334, 5' ATCGATGAATTC (Cla VEco RI adaptor
sequence) CAAGAAGCT1 lCTACGGCCT 3'; SCDIA25 5' end anti-
sense nested gene-specific primer B202, 5' ATCGATGAATTC (Cla V
Eco RI adaptor sequence) GCTATGTCCTGGATCACAAAGG 3';
SCD1B-42 5' end antisense gene-specific primer C333, 5' ATCGAT¬
GAATTC (Cla VEco RI adaptor sequence) GAATGATTCTG-
GATCCTCAA 3'; SCD1B-42 5' end antisense nested gene specific
primer B203, 5' ATCGATGAATCC (Cla VEco RI adaptor sequence)
5' CATCCAGTCCTCCTAAAGCT 3'; SCD1A25 antisense primer
17053, 5' GGAGCTTAGCTATAGTATCAC 3'; SCD1A25 sense prim¬
er 17054, 5' CATCAAGAATGATTCATGTGCACC 3'.

Screening of cDNA bacteriophage libraries

Approximately 3 x 104 plaque-forming units were plated onto ten
150 mm plates and transferred to nitrocellulose filters. A total of
2.4 x 105 plaques were screened from each library. The filters were
prehybridized in buffer containing 10 mM Tris-HCI, pH 7.5, 1 mM
ethylenediaminetetraacetate, 6 x standard sodium citrate (SSC), 0.5%
dried skimmed milk powder, 1% (w/v) sodium dodecyl sulfate (SDS),
0.1 mg/ml yeast tRNA or sonicated salmon sperm DNA for 4-6 h.
After addition of labeled probe, incubation was continued for 16 h at
58 °C for heterologous hybridizations and 65 °C for homologous
hybridizations. Both heterologous and homologous hybridization reac¬
tions were rinsed initially with 2 x SSC/0.1% SDS for 2-3 min at
room temperature. Filters used for heterologous hybridizations were
then washed for 30-60 min in 0.5 x SSC/0.1% SDS at 58 °C. Filters
used for homologous hybridizations were successively washed for
30-60 min in 0.5% SSC/0.1% SDS at 65 °C and 20-60 min in
0.2 x SSC/0.1% SDS at 65 °C. Filters were air-dried and exposed to
film. Positive plaques were re-screened and picked for preparation of X
DNA. Inserts were excised from X DNA by digestion with Eco RI
and cloned into pBluescript (Stratagene, Cambridge, UK) for DNA
sequencing.

DNA sequencing

Double-stranded plasmid DNA was sequenced using the Sequenase
Version 2.0 kit (Amersham Life Sciences, Little Chalfont, Bucks., UK)
according to the manufacturer's protocol. Internal sequence was
generated by primer walking. Sequence data was analyzed using
versions 7.3 and 8.0 of the University of Wisconsin Genetics Computer
Group Sequence Analysis software (UWGCG 8.0; Devereux et al.
1984).

PCR

For the preparation of probes the PCR reactions containing 10 mM
Tris-HCI, pH 8.3, 50 mM KC1, 1.5 mM MgCh, 3 mM DTT, 100 pM
each dNTP, 25-50 pmol primers, 2 units Taq polymerase enzyme
(GIBCO BRL, Life Technologies, Paisley, Scotland) and M13 plaque
stab or plasmid DNA template were cycled as follows: 94 °C, 0.6 min;
54 °C, 0.6 min; 72 °C, 1.5 min; 30 cycles. For the amplification of the
5' ends of the cloned cDNAs polyA+ RNA was isolated from fresh
sheep thymus using the Invitrogen FastTrack mRNA Isolation kit
(Invitrogen, San Diego, CA) according to the manufacturer's instruc¬
tions. First-strand cDNA synthesis was carried out using the Amer¬
sham cDNA Synthesis Kit and random hexanucleotide primers. PCR
reactions contained 10 mM Tris-HCI, pH 8.3, 50 mM KC1, 1.5 mM
MgCk, 3 mM DTT, 100 pM each dNTP, 25 - 50 pmol degenerate and
gene-specific primers, 2 units Taq polymerase enzyme, and cDNA
template. The PCR reaction mix was cycled as follows: 95 °C, 5 min;
55 °C, 3 min; 72 °C, 4 min; one cycle; 95 °C, 0.7 min; 55 °C, 1 min;
72 °C, 2 min; 35 cycles; 72 °C, 10 min. A nested PCR was carried out
using 1 pi of the first reaction mix as substrate, the nested gene-specific
primer, and the same reaction conditions.
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on the sequences of the CD1 group I genes (human CD1A,
B, and C and the domestic rabbit sequence) because it was
clear that the sheep sequences were more closely related to
this group. The anti-sense gene-specific primers were
located such that a 15-20 nucleotide overlap was generated
between the PCR product and the cDNA clone sequence.
Anti-sense gene-specific primers B202 and C334 were used
to amplify the sequence corresponding to the 5' end of the
SCD1A25 cDNA. Anti-sense gene-specific primers B203
and C333 were used to obtain the complete sequence of the
SCD1B-42 cDNA. Successful amplification of the 5' end of
the SCD1T10 cDNA was not achieved.

Sequence analysis of the SCD1A25 clone revealed an
apparent one nucleotide deletion at position 598 in the
sequence, introducing premature stop codons and disrupt¬
ing alignment with the other sheep CD 1 clones and the
clones from other species. The presence of this apparent
deletion was confirmed by use of a diagnostic restriction
enzyme digest (data not shown). Furthermore, the same
deletion was present in another identical cDNA clone
obtained from the same library (data not shown). To
determine whether the deletion was due to a cloning error
or whether SCD1A25 was transcribed from a pseudogene,
the sequence encoding nucleotides 523-632 of SCD1A25
was amplified from genomic DNA using the SCD1A25-

Fig. 3 Comparison of the derived sheep CD1 amino acid sequences
with the human CD1 sequences and the CD/Mike domestic rabbit
sequence. Sequences were aligned using the PILEUP and GAP
programmes (UWGCG 8.0). Domain boundaries were defined by
comparison with the most closely related human sequence HCDlb.
The amino acid numbering is based on SCD1B-42. Dashes indicate
identity to SCD1B-42 sequence. Dots indicate gaps inserted to main¬
tain alignment. Conserved cysteine residues are highlighted by # above
the sequence. Potential N-linked glycosylation sites are underlined

specific primers 17053 and 17054. Sequencing of the
genomic clone showed the presence of a T residue at
position 598, confirming that the deletion in the cDNA
clone was a cloning error.

Figure 1 shows the positions of the primers used to
derive the complete sheep cDNA sequences and the sheep-
specific probes together with the domain structure of the
four sheep cDNA clones. Figure 2 shows the composite
sequences of the four sheep CD1 cDNA clones.

The 1355 base pair (bp) SCD1A25 composite sequence
contains a 94 bp 5'UT region preceding the presumed
translation initiation codon ATG. The 3'UT region is
256 bp long with a consensus polyadenylation signal at
position 1363-68, 15 bp upstream of the polyA tail.
SCD1A25 has a predicted amino acid sequence of 333
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residues (Fig. 3). The first sixteen amino acids constitute a
signal peptide which would be cleaved to produce the
mature protein.

The 1379 bp SCD1B-42 composite cDNA sequence
contains a 97 bp 5'UT region followed by the translation
intiation codon. The 3'UT region contains a consensus
polyadenylation signal at a position equivalent to that
observed in the SCD1A25 sequence. The long open reading
frame extends from position 98 to position 1099 and
encodes a polypeptide of 333 residues (Fig. 3).

The 1067 bp SCD1B-52 cDNA clone sequence contains
a 33 bp 5'UT region preceding the ATG codon. The 3'UT
region is 285 bp long and contains a consensus polyadeny¬
lation signal in the position equivalent to that observed in
SCD1A25 and SCDIB-42. The 723 bp open reading frame
encodes a polypeptide of 241 residues consisting of only
two extracellular domains (al and a2) as well as the
transmembrane and cytoplasmic domains. The a3 domain
has been precisely deleted in this clone.

The 1342 bp SCD1T10 cDNA clone insert is a truncated
CD1 sequence beginning 26 bp upstream of the start of the
a2 domain. The 3' end of the al domain, the a2, a3
transmembrane and cytoplasmic domains are encoded by
an open reading frame of 700 bp. This is followed by a long
3'UT region of 642 bp, which lacks both a consensus
polyadenylation signal and a polyA tail.

Table 1 Nucleotide and amino acid comparisons between the domains
of the sheep CD1 sequences. Sequences were compared using the GAP
programme (UWGCG 8.1). Plain type indicates nucleotide compar¬
isons, bold type indicates amino acid comparisons

5'UT

Leader

al

a2

a3

A25
B-42
B-52

A25
B-42
B-52

A25
B-42
B-52

A25
B-42
B-52

A25
B-42
B-52

TM/CYT A25
B-42
B-52

3'UT B25
B-42
B-52

SCDIB-42 SCD1B-52 SCD1T10

81.92

91.76 90.32

3.50 85.19

75.77

84.85
93.94

82.35 87.50 84.31 87.50
98.04 100.00

85.92 81.92 84.48 78.72
95.31 88.30

77.78 63.04 80.29 67.39
93.19 86.02 79.57 64.52

79.21 66.67

90.32 90.30
92.12 92.47

88.50 83.78 88.50 83.78
97.35 96.30 90.27 84.21

89.38 81.58

80.35 65.72
96.10 81.30

71.52

Domain comparisons between sheep CD1 molecules

The nucleotide and amino acid sequences of the four sheep
CD1 clones were compared pairwise and by alignment of
the sequences. Direct sequence comparison reveals a high
degree of conservation throughout all domains (Fig. 2). The
3'UT region is the least conserved in terms of deletions or
additions to the sequences, and most of the differences
between the sheep nucleotide sequences are dispersed
single base changes. This pattern of sequence variation
has also been observed in the human CD1 sequences
(Martin et al. 1986). The high degree of similarity was
confirmed by pairwise comparisons of both nucleotide and
predicted amino acid sequences. Table 1 shows these
analyses for each domain within the sequences. These
comparisons show that the greatest similarity at the nucleo¬
tide level within the coding sequence is in the exon 4/a3
(> 90%) domain, and the least similarity in the exon 3/a2
(>77%) domain. The similarity in the 3'UT region drops to
around 65% between the SCD1A25 and SCD1T10 se¬

quences. The most closely related sequences are SCD1B-
42 and SCD1B-52 although the SCD1B-52 clone lacks
exon 4/a3 sequences. The nucleotide identity between
equivalent exons in SCDIB-42 and SCD1B-52 is >93%
in each case, suggesting a possible allelic relationship
between these two genes. The pairwise comparisons of
the four derived amino acid sequences show similar iden¬
tities. The sequences are >75% identical, with the highest
percentage of identity in the a3 domain (> 90%) and the
lowest percentage of identity in the al domain
(60.2%-86%).

Figure 3 shows the predicted amino acid sequences of
the four sheep CD1 cDNA clones together with the pre¬
dicted amino acid sequences of the five human CD1 gene
products and the CD/S-like domestic rabbit gene product.
This shows clearly that the four sheep amino acid se¬
quences are homologous to the human CD lb and domestic
rabbit sequences. The four cysteine residues at positions
120, 184, 224, and 279 in the a2 and a3 domains, which
are conserved in all other CD1 sequences, are also con¬
served in the sheep sequences, with the exception of
SCD1B-52 which lacks the a3 domain. These cysteines
are predicted, on the basis of similarity to the major
histocompatibility complex (MHC) molecules, to form
intradomain disulphide bridges (Balk et al. 1989; Calabi
et al. 1991). There are 64 amino acids in the predicted a2
loop and 54 amino acids in the predicted a3 loop of sheep
CD1, as is the case for all other known CD1 sequences. The
three other cysteine residues are also conserved in the sheep
CD1 molecules and are located at positions 149 and 163 in
the a2 domain and position 318 in the transmembrane
domain. The SCD1A25 sequence lacks the cysteine residue
at position 163 although there is an extra cysteine residue at
position 173. These cysteine residues may mediate inter-
molecular associations such as covalent bonding with the
CD8 molecule (Calabi and Milstein 1986; Ledbetter et al.
1985; Snow et al. 1988).

There are three conserved potential N-linked glycosyla-
tion sites in the sheep CD1 sequences, located at positions
38-40, 75-77, and 146-148. The SCD1A25 sequence
contains an extra site at position 258-260.
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Table 2 Nucleotide and amino acid comparisons between the sheep
CDl sequences and CDl sequences from other species. Sequences
were compared using the GAP programme (UWGCG 8.1). Plain type
indicates nucleotide comparisons, bold type indicates amino acid
comparisons

SCD1A2S SCD1B-42 SCD1B-52 SCD1T10

Human CD1A 70.80 69.12 63.24/63.37 71.78
60.06 58.84 49.01/56.25 64.38

Human CD1B 81.04 76.64 75.23/82.76 79.38
75.51 73.35 67.98/68.42 75.00

Human CD1C 70.57 70.17 65.73/68.14 70.74
58.29 58.86 50.74/45.95 59.19

Human CD1D 64.37 64.37 55.68/56.90 68.32
50.90 50.30 35.15/39.48 53.54

Human CD1E 65.61 64.10 59.33/52.63 68.32
51.71 51.70 43.43/21.88 56.54

Mouse CD1.1 59.78 59.48 55.68/45.13 62.89
43.11 43.71 34.65/27.03 48.66

Mouse CH1.2 58.98 59.48 54.04/38.80 62.44
42.52 43.71 32.18/27.03 47.77

Rat (CD1D) 60.36 61.02 35.06/36.97 60.71
47.43 46.08 34.33/37.84 47.84

Domestic rabbit 79.27 79.88 77.44
(CD1B) 69.73 71.56 65.14

Cottontail rabbit 65.41 65.33 55.68 69.71

(CD1D) 50.00 52.92 33.15 57.30

Comparison between sheep CDl and CDl molecules from
other species

Nucleotide and amino acid sequences of the four sheep
CDl cDNA clones were compared with those of other
species (Table 2). All four sheep CDl nucleotide sequences
show highest similarity to the human CD1B cDNA. The
next closest related sequence is the domestic rabbit CDl
sequence which is itself homologous to human CD1B.
These similarities are apparent in both the nucleotide
sequence analysis and in the amino acid sequence analysis.
The figures for the SCD1B-52 amino acid sequence com¬
parison are lower than for the other sheep cDNA clones.
This reflects the lack of the a3 domain in SCD1B-52 and

emphasizes the fact that the a3 domain is the most
conserved region in the CDl molecule.

Relationship between sheep CDl and MHC class I
molecules

The resolution of the three-dimensional crystal structure of
the MHC class I molecule has permitted characterization of
residues involved in interaction with P2m and CD8 as well
as peptide-docking residues. The deduced sheep CDl
amino acid sequences were aligned with the human class I
consensus sequence according to the alignments for the
human CDl sequences described by Tysoe-Calnon and co¬
workers (1991; data not shown). The predicted amino acid
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sequence of the sheep CDl molecules was examined for the
potential to interact with P2m, CD8 and peptide ligands by
comparison of the sheep residues with the equivalent class I
residues known to be involved in these interactions.

Thirty-one contact residues between P2m and the human
class I heavy chain have been identified from the HLA-A2
crystal structure (Saper et al. 1991). These are listed in
Table 3 together with sheep class I residues (derived from
clone pSC112, Grossberger et al. 1990) and the sheep CDl
and human CD lb residues. It is apparent that, while there
are only six differences, three of them conservative, be¬
tween sheep and human class I molecules (at positions 9,
23, 116, 117, 121 and 236), the majority of these residues
are neither conserved nor conservatively replaced in sheep
CDl or human CD lb sequences. Within the oc2 domain,
three of the nine contact sites are completely conserved and
a fourth (A 117 in HLA-A2) is conserved in three of the four
sheep CDl sequences and in human CD lb. The fourth
sheep sequence has a glycine residue at this position,
identical to that observed in sheep class I. The a3 domain
of the class I chain is the main site of interaction with p2m.
Of the nine contact residues located in the a3 domain loop
that interact with P2m (residues 232-244), only two are
conserved in two of the three sheep CDl sequences - the
proline at position 235 and the aspartic acid at position 238.
The proline residue at position 235 is also conserved in the
human CD lb sequence. Thus sheep CDl, like human CDl,
appears to interact with P2111 in a manner which differs from
the known MHC class I/p2m interaction.

Salter and co-workers (1990) defined three clusters of
residues in the MHC class I a3 domain, residues 223-229,
233-235, and 245-247, which form the principle site of
interaction with CD8. Comparison with the sheep CDl
sequences shows that only one of the residues in the
dominant loop of HLA-A2.1 (T228) is conserved in the
CDl sequences. In the second CD8 binding cluster there is
a single conserved aa (P235) in two of the three sheep CDl
sequences, while in the third cluster only one of the sheep
sequences contains a conserved residue (A245). The anal¬
ysis thus suggests that the sheep CD la chains do not
contain typical CD8 binding residues although it is possible
that other residues are able to perform this function.

The crystallographic structure of the HLA-A2 molecule
has provided a structural basis for the direct binding of
peptide to class I molecules (Bjorkman et al. 1987; Bjork-
man and Parham 1990). Residues have been identified that
are crucial in anchoring the amino and carboxy termini of
antigenic peptides in the peptide binding groove (Madden
et al. 1991, 1992). These eight docking residues are con¬
served in essentially all of the human classical class I
proteins and in all the known sheep class I sequences
(Grossberger et al. 1990) but none are present in the
sheep CDl sequences (Table 4).

Southern hybridization analysis of sheep CDl

In order to determine the number of genes encoding CDl
molecules in the sheep, Southern hybridization analysis of
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Table 3 Comparison of known MHC class I/P21T1 interaction sites with equivalent residues in sheep CD1 and known human CD lb. MHC class I
residues numbered according to Tysoe-Calnon and co-workers (1991). CD1 residues numbered relative to SCDIB-42. * No equivalent position in
the CD1 sequences

Domain HLA class I

position
HLA
concensus

Sheep MHC
class I

CDl

position
SCD1A25 SCDIB-42 SCD1B-52 SCD1T10 Human CDlb

al 8 F F 34 S S S S
9 Y S 35 T T T S
10 T T 36 F F F F
12 V V 38 N N N N
23 I L * * ♦ * *

25 V V 47 S S S S
27 Y Y 49 W w w W
32 Q Q 54 Q Q K Q
35 R R 57 G G G G
48 R R 71 W W W W

al 94 T T 113 V V V V E
96 Q Q 115 Q Q Q Q Q
115 Q Q 133 K R K R R
116 Y F 134 G G G A G
117 A G 135 A G G G A
119 D D 137 G G G E G
120 G G 138 G G G G G
121 K R 139 L L L L L
122 D D 140 D D D D D

a3 192 H H 212 G G G G
202 R R 223 V V V V
204 W W 225 H H H H
232 E E 252 D D N D
233 T T 253 I I I I
235 P P 255 P P L P
236 A S 256 N N N N
237 G G 257 A A A A
238 D D 258 N D D N
239 G G 259 W W W W
242 Q Q 262 H Y Y Y
244 W W 264 R R R R

Table 4 Comparison of MHC class I peptide docking residues with equivalent residues in sheep CD1. MHC class I residues numbered according
to Tysoe-Calnon and co-workers (1991). CD1 residues numbered relative to SCDIB-42

MHC class I docking residues CDl residue no. SCD1A25 SCDIB-42 SCD1B-52 sc

7 Y 33 I I I
59 Y 81 V I M
159 Y 179 L L L L
171 Y 191 V V V V

84 Y/R 104 S N N Q
143 T 159. A G G A
146 K 162 F L F F
147 W 163 Y C C C

SCD1T10

Peptide N-terminus

Peptide C-terminus

sheep genomic DNA was carried out. Genomic DNA was
digested with 12 different restriction enzymes and probed
with the a3 homologous probe derived from the SCD1T10
clone. The restriction enzymes were selected such that none
of the digestion sites were located within the a3 domain of
the known sheep sequences. Two of the enzymes used, Stu I
and Eco RV, cut 11 nucleotides downstream from the 5' end
and 17 nucleotides upstream from the 3' end of the exon 4
region of SCD1A25 and SCD1T10 cDNA clones, respec¬
tively. This was not considered to be a problem, as the
overlap with the exon 4 probe was minimal and would not

yield extra exon 4 restriction fragments. Figure 4 shows that
up to seven sheep CD1 genes are present in the sheep
genome. This assumes the existence of at least one enzyme
restriction site between each gene and is dependent on the
absence of restriction sites within the exon 4 domains of
other sheep CDl genes not yet isolated and sequenced.
However, given that seven bands were obtained with seven
of the 12 restriction enzymes, it is highly likely that the
sheep genome contains more than four CDl genes.
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1 2 3 4 5 6 7 8 9 10 11 12

Fig. 4 Southern blot analysis of sheep DNA probed with a homo¬
logous CD1 a3 probe. Sheep genomic DNA was digested overnight
with Sac I (lane 1), Bam HI (lane 2), Eco RI (lane 3), Pst I (lane 4), Hin
ell (lane 5), Eco RV (lane 6), Bgl II (lane 7), Xba I (lane 8), Ssp I
(lane 9), Acc I (lane 10), Stu I (lane 11), and Bgl I (lane 12). Molecular
weights are indicated in the left-hand lane

Discussion

We identified and characterized four cDNA sequences
encoding sheep homologues of CD1. Two sequences en¬
code complete CD1 molecules. A third sequence, SCD1B-
52, has the a3 region precisely deleted, and the fourth
sequence, SCD1T10, is truncated at the 5' end. All four
sequences are human CDIB-Mke. They all contain the four
conserved cysteine residues present in all other CD1
sequences and which are believed to be involved in in-
tradomain disulphide bonding (Balk et al. 1989; Calabi et
al. 1991). They contain a potential N-linked glycosylation
site conserved in all known CD1 molecules. This is located
at a position equivalent to the conserved N-linked glyco¬
sylation site in the MHC class II pi domains (Balk et al.
1989; Calabi et al. 1991).

The variable positions in the sheep CD1 molecules are
scattered throughout the region contained within the di¬
sulphide bonded loops. This is similar to the situation
observed for human CD1 and for TL/Qa class lb molecules,
but is in contrast to the situation for the classical presen¬
tation molecules, where the variable positions are mainly
located outside the disulphide bonded loop (Martin et al.
1986).

The sheep CD1 intracytoplasmic tail sequences show
similarity to the HCDlb, c, and d and the MCD1.1 and
MCD1.2 tail sequences, although only SCD1B-42 and
SCD1T10 contain the consensus sequence S/A-Y-Q-X-I/V,
where X is any amino acid. This is present in the tails of

other members of this group (Balk et al. 1991a). The
cytoplasmic tails of HCDla and HCDle differ in length
from the other sequences and do not contain the consensus
sequence.

Analysis at nucleotide and amino acid level indicates
that while SCD1A25, SCD1B-42 and SCD1T10 are likely to
be the products of distinct genes, it is possible that SCD1B-
42 and SCD1B-52 are alleles. The nucleotide identity
between equivalent domains in SCD1B-42 and SCD1B-52
is greater than 93% in each case, including the 5'UT and
3'UT regions. The SCD1B-42 and SCD1B-52 sequences are
~96% identical in the 3'UT regions, in contrast to
<81.3% identity for comparisons between other CD1
sequences in this region. This observation is surprising
given that 3'UT regions lack the structural constraints of
the coding sequences and therefore tend to retain less
sequence identity than coding sequences. Indeed, the
mouse CD1 sequences arc ~95% identical at the nucleo¬
tide level in the coding sequences but only 55% identical in
their 3'UT sequences. In human and mouse polymorphic
MHC class I genes, the 3'UT regions of alleles show a
similarity of 96 + 2.3%, whereas the similarity between the
3' regions of genes from different loci is in the range
74%-95% (Ennis et al. 1988). These observations support
the possibility that SCD1B-42 and SCD1B-52 are alleles.

The SCD1B-52 clone contains a precise deletion of the
exon 4/a3 domain in the deduced amino acid sequence. No
similar deletion has been detected among any of the other
known CD1 mRNA splice variants in humans or mice
(Calabi et al. 1989 a; Bradbury et al. 1990; Woolfson and
Milstein 1994), although Kirszenbaum and co-workers
(1994) have recently reported an alternatively spliced
form of the human non-classical class I molecule HLA-G
which lacks exon 4. Such a precise deletion is unlikely to be
an artefact; indeed, we have evidence for the presence of
this exon 4/a3 deleted mRNA in other preparations of
sheep thymocyte RNA (S. Rhind, personal communica¬
tion). It is not clear whether this molecule can be expressed
at the cell surface or whether it is functionally significant.
Deletion of the a3 domain may impair the ability of the
CD1 molecule to interact with fhm although there is
evidence for expression of human CD Id on intestinal
epithelial cells in the absence of P2m (Balk et al. 1994)
and both human and mouse CD Id can be expressed on the
cell surface following transfection into P2m-negative cell
lines (Balk et al. 1994). Furthermore, the sites of interaction
between CD1 and fhm clearly differ from the sites of
interaction with class I and are at present undefined. The
significance of the presence of this mRNA requires further
study.

It seems that sheep CD1, like human CD1, does not
interact with P21TI and CD8 in the same manner as class I
molecules. Secondary structure predictions for human CD1
molecules suggested that although the a3 domain could
potentially fold like class I molecules, the rest of the chain
is likely to fold differently (Tysoe-Calnon et al. 1991). It is
therefore not surprising that CD1 may interact with P2111
and CD8 in a manner different from class I molecules.
Sheep CD1 molecules lack the docking residues involved in
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anchoring peptides in the peptide binding groove of class I
molecules. Moreover, sheep CDI, like all other CDI
molecules, has a proline at position 185, equivalent to
position 165 in the MHC class I molecule and position
162 in the rat neonatal Fc receptor (FcRn). The presence of
proline at this site in the FcRn has been shown to result in
closure of one end of the peptide binding cleft (Burmeister
et al. 1994a, b). Taken together, these data suggest that CDI
may not function in the same manner as MHC class I or
class II molecules. Recent data have shown that human
CD lb molecules present lipid and glycolipid antigens to
T cells (Beckman et al. 1994; Seiling et al. 1995), while
mouse CDI molecules bind and present peptides. These
peptides, which are hydrophobic in nature, have some
features that resemble both class I and class II binding
peptides but differ from both (Castano et al. 1995). Mouse
CDI molecules have been implicated as the ligands for the
NK1+ T-cell subset (Bendelac et al. 1995). These T cells,
found in both humans and mice, have an invariant TCR and
it is becoming clear that they have a unique and important
role in regulating the immune response (Bendelac 1995).

The data presented here show 1) that there are at least
three CD1B-like genes transcribed in the sheep and 2) that
the sheep genome contains at least seven CDI-like genes.
There is no evidence of polymorphism in the CDI genes in
other species (Blumberg et al. 1995), making it unlikely
that these genes represent alleles. At present we do not
know the isotypes of the additional CDI genes or whether
all the transcribed CD1B genes are expressed. However,
these data suggest that the sheep differs from other species
in the expression of the various CDI isotypes. Given that
the different isotypes may have different functions, this
makes The sheep an interesting species in which to examine
further the expression and function of CDI.
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Abstract The anti-CD 1 monoclonal antibodies IAH-
CC14 and SBU-T6 were used to immunopurify CD1
antigens from sheep thymocytes. The amino-terminal
sequence of IAH-CC14 yielded 13 amino acids, and 29
amino acids were obtained from the SBU-T6 antigen.
The sequence of the IAH-CC14 antigen was 100%
identical to the predicted sequence of the sheep CDIB
clone, SCD1B-42. The 29 amino acid sequence of the
SBU-T6 antigen did not match identically with the de¬
rived amino acid sequence of any of the previously re¬
ported sheep CD1 genes but had closest similarity to
the derived sequence of human CD1E. Degenerate po¬
lymerase chain reaction primers based on this sequence
identified a group 2 sheep CD1 gene. The predicted
amino acid sequence of this gene shows that it is not
identical to the SBU-T6 peptide, indicating that a dif¬
ferent, CDID-like gene was cloned.

Key words Amino-terminal sequencing • Sheep •
CDID

Introduction

CD1 molecules are a family of transmembrane glyco¬
proteins with an exon structure similar to major histo¬
compatibility complex (MHC) class I. In addition, se¬
quence analysis shows low but significant similarity to
both MHC class I and class II (Calabi and Milstein

The nucleotide sequence data reported in this paper have been
submitted to the EMBL nucleotide sequence database and have
been assigned the accession number AJ006722 {Ovis arie.s CD1
mRNA. clone SCD1D)
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1986; Martin et al. 1986). In humans, five distinct CD1
genes have been identified (CD1A, B, C, D, and E)
which encode the serologically defined CD1 a, b, c, and
d molecules (Balk et al. 1989; Calabi et al. 1989b). In
contrast to humans, mice posses only two CD1 genes,
both of which are homologues of human CD1D (Brad¬
bury et al. 1988, 1990). On the basis of sequence analy¬
sis and patterns of expression, CD1 molecules can be
divided into two groups: CDla-c form group 1 and
CDld forms group 2 (Blumberg et al. 1991; Calabi et al.
1989a). The putative protein product of the HCD1E
gene forms a third group.

Previous molecular studies on the sheep CD1 family
have shown that sheep possess at least seven different
CD1 genes and of four clones characterized, three rep¬
resent distinct CDIB-Bke genes (Ferguson et al. 1996).
This is in contrast to the human CD1 locus, where each
isotype is represented by a single gene. Further charac¬
terization of the sheep CD1 family using monoclonal
antibodies (mAbs) to study expression patterns has re¬
vealed two distinct groups of mAbs (Rhind et al. 1996).
The first group has a tissue distribution consistent with
reactivity against sheep CD lb. The second group has a
distinct pattern of cellular distribution - these mAbs
react with cells of the monocyte/macrophage lineage,
circulating, and mantle zone B cells in addition to corti¬
cal thymocytes and dendritic cells. To further examine
the nature of the sheep CD1 family, immunopurifica-
tion of CD1 antigens from thymocytes was carried out
using a member of the CDlb group of mAbs (IAH-
CC14) and the mAb SBU-T6 as a member of the sec¬
ond group. This resulted in confirmation of the identity
of the antigen recognized by IAH-CC14 as the gene
product of the sheep CD1 gene, SCD1B-42.

The 29 amino acid sequence of the SBU-T6 antigen
did not match identically the predicted amino acid se¬
quence of any of the previously reported sheep CD1
genes but had closest similarity to the predicted
HCDIE sequence. Degenerate polymerase chain reac¬
tion (PCR) primers were designed based on this se¬
quence and, in conjunction with primers based on the
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relatively conserved a3/ exon 4 region of the sheep
CDl genes, identified a group 2 sheep CDl gene.

Materials and methods

Affinity purification and analysis of sheep CDl

Immunoglobulin was prepared from clone IAH-CC14 (Machugh
et al. 1988) and SBU-T6 (Mackay et al. 1985) ascitic fluid by ca-
pryllic acid precipitation and linked to Affigel 10 (Biorad, Hemel
Hempstead, UK). CDl was purified from sheep thymus (obtained
immediately post mortem from a local abattoir) and detected by
enzyme-linked immunobsorbant assay as described previously
(Dutia and Hopkins 1991).

Purified antigen was analyzed on western blots. The mAb
SBU-T6 recognizes CDl antigen on sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis gels (unpublished
data). This mAb was used in an enhanced chemiluminescence
technique to demonstrate the presence of antigen.

Antigen was deglycosyiated by boiling for 3 min in 0.75% SDS
then incubating for 12 h at 37°C in 0.01 m EDTA, 1% Triton-
X100 containing 0.1 unit N-glycosidase-F (Boehringer Mannheim,
Lewes, UK).

Amino-terminal sequence analysis of CDl

Affinity-purified CDl molecules were separated into heavy
chains and /^.-microglobulin by 12% polyacrylamide gel electro¬
phoresis. The stacking gel contained 1 M Tris pH 8.7 and the gel
was pre-run in 1 M Tris pH 6.8 containing 50 p.m glutathione. The
running buffer was 50 mM Tris, 255 mM glycine, 0.1% SDS, and
0.01 M thioglycolate. Separated chains were transferred onto
Problott membrane (Applied Biosystems, Warrington, UK) using
a wet blotting system (Biorad) in 10 mM cyclohexylamino-1 -pro-
pane sulphonic acid (Sigma, Poole, UK) pH 11.3, and 10% me¬
thanol. Blotted antigen was visualized by staining with Coomassie
blue R-250 in 40% methanol/1% acetic acid for i min. The mem¬

brane was destained in 50% methanol, washed in deionized wa¬
ter, and air dried. Bands corresponding to CDl heavy chains were
excised and sequenced by the BBSRC Protein Sequencing Facili¬
ty, University of Aberdeen, UK.

Primers

Degenerate sense primer, 5' TCCTTTGCCAACCACASCTG-
GAC 3' (where S is a G/C redundancy). Degenerate antisense
primer, 5' CTAGACTGCTGTGYTTCACCCGAC 3' (where Y
is a C/T redundancy). Internal gene specific sense primer, 5'
CAGGGCACGTTCAGCGACC 3'. Internal gene specific anti-
sense primer, 5' CATGGAGGAGCCAGTGCACCG 3'.

DNA templates

For initial identification and sequencing of SCD1D, a cDNA li¬
brary was made from fresh sheep lymph node using the Marathon
RACE (rapid amplification of cDNA ends) kit (Clontech, Palo
Alto, Calif.) according to the manufacturer's instructions. Briefly,
mRNA was isolated directly from fresh tissue using oligo-dT cel¬
lulose according to standard protocols. Double-stranded cDNA
was then generated and adaptors ligated onto either end of the
resultant cDNA population.

Polymerase chain reactions

Standard PCR and RACE reactions were carried out. In both
cases, the basic components were as follows: 50 mM KC1, 10 mM

TrisCl pH8.3, 1.5 mM Mg2. 100 |xm each dNTP (Pharmacij
DNA template, and 25-50 pmoi of each primer. PCR reactio
were mixed, heated to 94 °C, then 'hot-started' by the addition
2 units Taq polymerase enzyme at 80 °C. Reactions were then c
cled as follows: 94 °C, 1 min: 55 °C, 1.5 min, 72 °C, 1.5 min for
cycles. Nested PCR used 1 p.1 of the first reaction mix as a su
strate with hot-start followed by 20 cycles of 94 °C, I min; 57°
1.5 min, 72°C, 1.5 min followed by an extension of 72°
10 min.

PCR products were separated on 1% w/v agarose gels (Type
low EEO; Sigma).

Sequencing and analysis

Sequencing of clones was carried out on an LI-COR DNA s
quencer. Sequence analysis was carried out using UWGCG 9.

Results

Affinity purification of sheep CDl antigens

Although immunoprecipitation with the two mAl
used has previously shown them to recognize a hea\
chain of the same relative molecular mass (46 000 M,
(Dutia and Hopkins 1991), the affinity-purified anti;
ens were distinct. Consistent with the immunoprecipit,
tion data, IAH-CC14 antigen was Mr 46 000, where:
the SBU-T6 antigen was found to be Mr 32 000-35 0(
and Mr 64 000-70 000. Figure 1A shows immunoprecip
tated CC14 antigen (lane 1) and SBU-T6 antigen (lar
2). Separation of deglycosylated SBU-T6 antigen und<
reducing and non-reducing conditions showed that tl
Mx 64 000-70 000 band was a dimer of the Mr 32 000-:
000 band and that the SBU-T6 antigen is glycosylate!
the reduced and deglycosylated fraction being A
25 000 (Fig. IB).

Amino-terminal sequencing of the IAH- CC14 ai
tigen resulted in the resolution of 13 residues (Fig. 2A
Comparison of this sequence with the sequence of oi

A - B

12 X 2 3

Fig. 1 A Immunoprecipared purified CDl antigen. Lane I IAF
CC14; Lane 2 SBU-T6. B Immunoprecipitated purified SBU-1
antigen. Lane 1 untreated; Lane 2 deglycosylated; Lane 3 degl
cosyiated and reduced
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IAH-CC14 VFQGPTSFHL KQI
SCD1B42
5CD1A25 V I —

B
i n 21

GROUP 3 SBU-T6 EESPSFRLIQ ISfcFANHSWTl KTQGSGXLG
HCDle —QL ML- T A HSE W—

GROUP 2 SCDld QT-FP—FL- R-D-LMW—
HCDld QRLFPL-CL- 5 R-D-LAW—-
mCDl.1 QKNYT—CL- M R—S R-DSWW—
rtcdl Q.NYT—CL- R—S R-DSWW—

GROUP 1 SCDlb42 KGPT--H-K- —T-V-ST-A QNLV—W-D
HCDlb QGPT—HV— T T-ST-A Q W-0
HCDla K-PL—HVTW -A—Y K QNLV—W-S
HCDlc Q-HV--HV-- -F—V-Q—A RG W-D

Fig. 2 A Amino acid residues purified using IAH-CC14. Com¬
parison with SCD1B42 and SCD1A25 is shown. Similarity is indi¬
cated by a dash. B Amino acid residues purified using SBU-T6.
Comparison with group 1 and group 2 proteins and the predicted
HCD1E sequence. SBU-T6 group specific residues are indicated
in boldface. Region over which the degenerate PCR primer was
generated is boxed

sheep cDNA clones shows that it is identical to
SCD1B-42 (Ferguson et al. 1996), thus establishing that
IAH-CC14 recognizes the protein product of this
gene.

Sequencing of the larger molecular mass band of the
antigen recognized by SBU-T6 resulted in the unambi¬
guous resolution of 29 residues. Comparison of this se¬
quence with derived sequences of other CD1 genes is
shown in Fig. 2B. Over this region, the antigen was
found to be most homologous (66% identical) to the
predicted sequence of HCD1E. In contrast, it is
41-55% identical to CDla, b, and c (group 1) and
45-52% identical to human and rodent CDld. Compar¬
ison with the predicted sequence of the SCDld se¬
quence described below shows 62% identity.

Sequencing of SCD1D

The region of the protein identified by SBU-T6 which
was used in the generation of the degenerate sense
primer was restricted to an area where (1) the codon
usage for a particular amino acid was either unambi¬
guous or restricted, and (2) where known CD1 con¬
served residues could be used to reduce the number of
redundant positions. These criteria resulted in primer
design based on the boxed region in Fig. 2B, which
clearly has identity with both the predicted sequence of
HCD1E and the group 2 proteins but is dissimilar to
the group 1 proteins. PCR was carried out using a sense
degenerate primer designed on this region in combina¬
tion with a conserved exon 4 antisense primer. Cloning
and sequencing of this PCR product identified a group
2, CDID-like gene (subsequently referred to as
SCD1D). The strategy of 5' and 3' RACE was em-

1 C7AAGGAATG GGGTGCTTGC TGTTTCTTGT TCTTCTGGAG TTCCAAAAGA

51 TTTGGGGGAG TTTTGAGGCC CCGCAAACGT CTTTCCCCTT CCGC7TCCTC

101 CAGATCTCCT CCTTTGCCAA CCACAGCTGG ACGCGCACGG ACGGCC7CA7

151 GTGGCTGGGG GAGCTGCAGC CCTATACTTG GCGCAATGAG TCGAGCACCA

201 TCCGCTTCCT GAAGCATTGG TCTCAGGGCA CATTCAGCGA CCAGCAGTGG

251 GAGCAGCTGC AGCATACATT TCAGGTTTAT CGCAGCAGCT TCACCAGGGA

301 CATCCGGGAA TTCGTGAAAA TGCTGCCTGG AGACTATCCT TTTGAGA7CC

351 AGATATCTGG AGGATGTGAG TTACTCCCAA GGAATATCTC AGAAAGC7TC

401 TTACGTGCAG CGCTTCAAGA AAAGGATGTC CTGAGTTTCC AAGGAATGTC

451 TTGGGTGTCA GCCCCAGATG CACCCCCTTG GAGCCAGGTG GTCTGCAAGG

501 TGCTCAATGA GGACCAAGGG ACCAAGGAAA CGGTGCACTG GCTCCTCCAT

551 GACATCTGCC CCGAGTTGGT CAAAGGCCTC ATGCAGACCG GGAAGTCCGA

601 GCTGGAGAAG CAAGTGAAGC CAGAGGCTTG GCTTTCCAGT GGCCCCAGTC

651 CTGGGCCTGA CCGTCTGCTG CTGGGGTGCC ACGTCTCAGG ATTCTACCCA

701 AAACCTGTGT GGGTGATGTG GATGAGGGGC GAGCAGGAGG AGCCTGGCAC

751 TCAACAAGGA GACGTCATGC CCAATGCCGA CTCGACTTGG TATCTGCGAG

801 TAACCCTGGA GGTGGCGGCT GGGGAGGCGG CTGGCTTGAG TTGCCGTGTG

851 AAGCACAGCA GTCTAGGAGA CCAGGACATC ATCCTGTACT GGGACGGGAA

901 ACGTGTCTCC AGGGGCTTGA TTGTCGTCCT GGTAATACTG GTG7TCGTCC

951 TTCTGTTTGT TGGAGGCTTA GTCTTCTGGT TTAGGAAGCA CCGCCGC7A7

1001 CAAGATATCT CGTGAC7C7C CTGCCCACAC CTATCTGTCT GGAC77CAGG

1051 ATCTCAGGCC TTTAGCCCTC AGAATTTGAG GGTGAAAGAG AGC7ACC77G

1101 AAGAAGCAGA GAAGAGGGAG CTCTTCTCAC ACACTTTGAA CA7777AGC7

1151 AAGAGGATTT AAGTTTATTT TTTTCTTTTA GTATACTACA AG7G7A7A7G

1201 TCCAAGCAGT TCTGTAAAAA AAGAAGTGCA AACTCAGATA CG7C7CAGGG

1251 ACAAGCAGAT AAAGGTTGCA GTGTAAAAAA AAAAAAAAAA AAACCGGCGC

1301 TCGAGCATGC ATCTAGAGGC CCTATCCTAT AGTGTCACCT AAATGC7AGA

1351 GTAG

Fig. 3 Nucleotide sequence of SCD1D. Start and stop codons are
indicated in boldface and are underlined

ployed to generate a complete cDNA sequence which
is shown in Fig. 3.

Initial sequencing of this product revealed retention
of an intron between exons 1 and 2. Subsequent reverse
transcriptase-PCR on thymocyte and peripheral blood
lymphocyte RNA using a sense primer in exon 1 and an
antisense primer in exon 3 revealed that although this
unspliced product is present in both populations, cor¬
rectly spliced product is also present, establishing that
the product of this gene is likely to exist as a cell sur¬
face expressed antigen.

The disparity between the predicted SCD1D se¬
quence and the short stretch of SBU-T6 (Fig. 2B) sug¬
gests that this mAb is not specific for the SCD1D prod¬
uct, but that this sequence was obtained as a result of
the similarities in the two sequences over the region in
which the PCR primer was designed. Table 1 illustrates
the percentage identity at the nucleic acid level be¬
tween SCD1D exons 1 to 5 and a range of CD1 genes
in other species. SCD1D exhibits closest identity to
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Table 1 Percentage nucleotide identity between SCDID and CDl genes in other species

SCDID-% nucleotide identity

Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Total

HCDID 63 81 73 84 56 76
MCD1.1 53 74 69 77 57 71
RATCD1 51 72 67 77 53 70
HCD1E 43 61 64 83 42 65
HCD1A 47 54 59 83 58 64
HCD1B 43 52 58 84 60 63
SCD1B42 44 54 55 89 58 64
IICDIC 43 57 57 76 63 61

HCDID, followed by the rodent CDl genes, both of
which are group 2 genes.

An alignment of the deduced amino acid sequence
of SCDID compared with CDld proteins in other spe¬
cies - human, rodent, and the cotton-tailed rabbit CDl
(Calabi et al. 1989a) is shown in Fig. 4. Group-specific
residues are in bold type. It is noteworthy that, despite
the relative similarity of SCDld to the group 2 proteins,
there are several instances where the previously de¬
fined 'group-specific residues' are not shared by the

scdid
hcdid

mcd1d1
ratcdid

ctrabcd1d

1 Exon 1
mgcllflvll efqkiwg

l-w allqa-
-ry-pw-l-w A-lqv-
-ly-pc-l-w A-pqf-

Exon 2 SO
>fe apqtsfpfrf lqissfanhs wtrtdglmwl
-a- v--rl—l-c ss a—
2s- -q-knyt—c —m r- -s sw--
2s- vq-.nyt—c r- -s sw—

l-r hg v-s- q c-a—

scdid
hcdid

mcd1d1
ratcd1d

ctraflcdid

51 100
gelqpytwrn esstirflkh wsqgtfsdqq weqlqhtfqv yrssftrdir

ths-s- d-d-v-s—? t i-r- vk
-0—thr-s- d-a—s-t-p kl-n k m —v q
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ths-s- d-d—h p nf v-nelw- — l-v h

101
scdid efvkml..pg

—a . . rl
-l—mspke

ratcd1d -i mspke
ctra3cd1d d—l-..klt

hcdid
mcd1d1

Exon 3 150

pfeiqisg gcellprnis esflraalqe kdvlsfqgms
-l-l-v-a vh-g-a- nn-fhv-f-g —i t-
-i-i-l-a my-g-a- hv-f-g -y-vr-w-t-
-i-v-l-a —my-g-a- hv-f-g ey-vr-h-t-

— i-l-vfa mh-g-t fhv-y-g mh r-tl

151 200
scdid wvsapdappw sqwckvlne dqgtketvhw llhdicpelv kglmqtgkse

-eptqe—l- vnlaiq q -kw-r q ngt—qf- s—les
-qtv-g—s- ldlpi a sa--qm --n-t--lf- r—lea d
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hcdid
mcd1d1

ratcd1d
ctrabcd1d

201
scdid le:
hcdid

mcd1d1
ratcdid
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-k-

Exon 4 250
peaw lssgpspgpd rlllgchvsg fypkpvwvmw mrgeqeepgt
k r g v k qq—

e—v— v--sadg hrq-v c 0—qq—
e—v— --r—n-ahg h-q-v -h 0—qg—

g v-r q 0—q-h-

251 300
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l-s
ar
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hcdid
mcd1d1
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scdid
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301 Exon 5
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Fig. 4 Predicted amino acid sequence of SCDID. Group 2-specif-
ic residues are in boldface and exon boundaries are indicated by
vertical lines

Table 2 Number of group 1 and group 2-specific CDl residue
which are present in exons 1, 2, and 3 of SCDld

Exon 1 Exon 2 Exon 3

Group 1 Group 2 Group 1 Group 2 Group 1 Group 2

0/2 1/4 0/5 12/13 3/8 5/10

sheep gene (summarized in Table 2). Nevertheless, w<
propose that SCDID is a group 2 gene, based on botl
the percentage identity to the CDID genes and the fac
that, on analysis of the group-specific residues, the pre
dieted sequence shares significantly more group 2-spe
cific residues than group 1 residues.

The YQDIS motif which completes the cytoplasmii
tail conforms to the YXXZ motif (where X is any ami
no acid and Z is a hydrophobic amino acid) and is <

recognized feature of CDlb, CDlc, and CDld protein:
- this motif has been shown to be an endosomal target
ing motif in CDlb molecules (Sugita et al. 1996).

Discussion

This work has resulted in the identification of the ami

no-terminal sequence of two sheep CDl antigens. At
tempts to establish the amino-terminal sequence of im
munopurified CDl antigens have previously met wit
variable success. Early experiments on human CDl an
tigens indicated that the amino-terminus was blockec
(Lerch et al. 1986). Subsequently however,"the amino
terminal sequence of a rabbit CDlb antigen obtainec
by immunopurification from thymocyte lysate (Wang e
al. 1988) and, more recently, that of a secretory form o;
human CDla have been reported (Woolfson and Mil-
stein 1994). Of the two sheep CDl antigens identifiec
here, one is clearly the protein product of the sheep
SCD1B-42 gene. The other represents a new sheep
CDl antigen which, while not belonging to group 1
equally does not appear to be the product of the
SCDID gene.

It is unclear why the molecular mass of the SBU-T6
antigen is different when assessed by immunoprecipita-
tion of surface-labeled antigen and affinity purification



It is possible that the smaller protein represents a pro¬
teolytic product of the intact Mr 46 000 antigen. Rele¬
vant to this hypothesis is the description of the TL
breakdown phenomenon whereby post-lysis degrada¬
tion of the mouse non-classical class I thymus leukemia
(TL) antigen occurs (Chorney et al. 1991). Another
possibility is that the full-length cell surface antigen
represents only a small part of the quantity of SBU-T6
antigen and that a truncated (or spliced) moiety exists
intracellulariy. Alternative splicing is known to be a
feature of CDl genes, and in sheep the clone SCD1B-
52 contains a precise deletion of exon 4 (Ferguson et al.
1996). Further evidence for varied splicing events is de¬
monstrated above by the identification of a retained in-
tron in SCD1D.

Regardless of the etiology of this phenomenon, the
antigen identified clearly represents a new sheep CDl
protein. Due to restraints placed on the site of primer
design by degenerate positions, it appears that the
SCD1D sequence has been obtained as a result of simi¬
larities between the protein recognized by SBU-T6 and
the SCDld protein. While it is possible that SBU-T6
recognizes the protein encoded by SCD1D, this would
imply considerable inaccuracy in terms of the amino-
terminal sequence obtained from the immunopurified
SBU-T6 antigen. The complete accuracy obtained for
the antigen recognized by IAH-CC14 (i.e., product of
SCD1B-42) would argue against this as does the simi¬
larity of the SBU-T6 antigen to the predicted sequence
of HCD1E.

Further support for the similarity of this antigen to
the predicted sequence of HCD1E comes from an anal¬
ysis of the group-specific residues. These residues have
been defined as residues which are conserved between
members of either group 1 or group 2 CDl proteins
(Porcelli 1995). Analysis of the SBU-T6 group-specific
residues shows that while it shares residues with both

group 1 and group 2 proteins, it does not share all of
these residues with either group, adding further weight
to the hypothesis that this is the amino-terminus of a
CDle-like protein.

Identification of the group 2 gene, SCD1D, estab¬
lishes the presence of CD ID genes in all species in
which the CDl family has been studied to date. Ap¬
proximately half of the SCD1D transcripts exist in an
unspliced form - retaining the intron between exon 1
and exon 2. Alternative splicing has previously been
described in the sheep cDNA clone SCD1B-52, which
contains a precise deletion of exon 4 (Ferguson et al.
1996). Alternative splicing of human CD1C and CD1E
has also been described (Woolfson and Milstein 1994).
In this case, the transmembrane/ cytoplasmic exon was
removed, resulting in production of secretory isoforms
of CDl. In addition, an unspliced transcript is also de¬
scribed which contains an open reading frame extend¬
ing from exon 4 into the adjacent 3' intron. This tran¬
script however contains a premature in frame TGA ter¬
mination codon. This form of alternative splicing is
known to occur in several other genes (reviewed in

Breitbart et al. 1987); however, while a longer exon
would undoubtedly be created by the retained intron in
this alternatively spliced form of SCDID, it is unlikely
to be of functional significance, as the translated in-
tronic sequence would be removed along with the sig¬
nal sequence.

In conclusion, we identified two short sequences of
sheep CDl antigens using affinity purification by
mAbs, one of which recognizes the product of SCD1B-
42, while the other has closest similarity to the pre¬
dicted sequence of HCD1E. Degenerate PCR primers
designed on the basis of this sequence have allowed
identification of a group 2 sheep CDl gene which has
close similarity to group 2 family members in other spe¬
cies and is thus identified as sheepCD ID (SCDID).

In all species in which the CDl family has been stud¬
ied, group 2 CDl genes have now been identified - a
recent study on the structural organization of CDl
genes provides further evidence for different evolution¬
ary histories of group 1 and group 2 CDl genes (Kata-
bami et al. 1998). This would be consistent with an im¬
portant and conserved role for group 2 family mem¬
bers.

The sheep is thus an intriguing model for the study
of the CDl family, both in terms of expression of mul¬
tiple CD1B genes (Ferguson et al. 1996), the range of
isotypes which are apparently expressed, and the com¬
plex splicing events which appear to be a feature of the
family.
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EXPRESSION OF MAJOR HISTOCOMPATIBILITY CLASS II MOLECULES
IN THE SHEEP

B M Dutia, J Hopkins, K Ballingall', K Bird, M R Brandon* & I McConnell
Department of Veterinary Pathology, University of Edinburgh, Edinburgh,

•Moredun Research Institute, Edinburgh, 'Department of Preclinical
Veterinary Sciences, University of Melbourne, Melbourne.

SUMMARY

We have used a panel of monoclonal antibodies which have been shown to be specific for
sheep MHC class II a or p chains to identify locus specific MHC class II molecules expressed
in the sheep. Affinity purification of class II molecules from sheep spleen followed by ELISA
and N-terminal sequence analysis, two-dimensional immunoblotting and studies with a
transfectant cell line expressing sheep DR-like a and p chains shows that at least three a
chains, two related to the human DR molecules and one related to the human DQ molecule
and four p chains, three DR-likc and one DQ-like are expressed in the sheep. FACS analysis
of sheep efferent lymph cells double stained with DR and DQ specific monoclonal antibodies
and T cell specific marker antibodies shows that sheep T cell class II is chiefly DR; very few
sheep T cells express DQ.

INTRODUCTION

The MHC class II molecules are polymorphic transmembrane glycoproteins expressed on B
cells, activated T cells and dendritic cells. Their major function is to present processed
antigen to T cells which can only recognise antigen in combination with self- MHC
molecules. They thus have a central role in the immune response. In man, they are encoded
by three distinct loci, DP, DQ, and DR, while in the mouse there are two loci, I-A and I-E
which are related to DQ and DR respectively (Kappes and Strominger, 1988). While it isclear that in man there is differential expression of the products of the different loci (Guy et
al, 1986), no distinct functions for the different products have been identified.

In the sheep genes equivalent to all the human genes with the exception of the DPa gene have
been identified (Scott et al, 1987; Wright ct al, unpublished data) and protein products
related to DR and DQ molecules have been identified. We have used a panel of monoclonal
antibodies to characterise further the class II molecules expressed in the sheep and have
investigated expression of DR and DQ equivalents on resting sheep efferent lymph cells.

MATERIALS AND METHODS

Monoclonal Antibodies. Anti-sheep class II monoclonal antibodies were produced as described
(Dutia et al, 1990). 1D12 is an anti-human class II monoclonal antibody (Cohen et al, 1987)
which cross-reacts with the sheep. Anti-T cell monoclonals were purchased from M. Brandon,
University of Melbourne.
Determination ofSpecificity of the Anti-class IIMonoclonalAntibodies. Sheep Class II molecules
were purified by immunoaffinity chromatography as described for the rat anti-class II antibody,
SW73.2 (Dutia et al, 1990). Purified class II molecules in 0.5% (w/v) sodium deoxycholate were
diluted one in ten and coated overnight onto ELISA plates. Individual antigens were cross-reacted
by ELISA with the panel of antibodies.
Two-dimensional Gel Analysis. 0.4-2.0x10" sheep splenocytes were analysed by 2D NEPHGE or
IEF polyacrylamide gel electrophoresis (O'Farrell et al, 1977) using a non-reduced gel in the
second dimension. The gels were blotted onto nitrocellulose, incubated in antibody and developed
using streptavidin alkaline phosphatase via an anti-mouse Ig biotin bridge.
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FACS Analysis. Efferent lymph cells were stained with directly fluoresceinated anti-class II
antibodies and phycoerthynn conjugated anti-T cell monoclonals and analysed on a FACSCAN
flow cytometer.

RESULTS

Sheep MHC class II molecules were purified from sheep spleens and the purified antigens
were reacted by ELISA with the panel of monoclonal antibodies. Table 1 shows the results
of one such ELISA.

Table 1: Correlation ofmonoclonal antibody specificity with monoclonal antibodypurified
class II antigen by ELISA.

Antibody

SW73.2
VPM37
VPM41
1D12
VPM38
VPM36

Chain
Specificity

P
P
P
a

a

a

SW73.2
0.782*
1.362
1.338
1.204
>1.3
1.537

VPM37
0.694
1.254
0.105
0.314
>1.5
0.022

Antigen
VPM41
0.381
0.026
1.223
0.131
0.220
1.073

SW73.2-VPM37
>1.5
0.084
>1.4
0.651
1.164
1.343

*A492 reading with background subtracted; SW73.2-VPM37 is SW73.2 antigen from which
VPM37 antigen has been removed by affinity chromatography.
All the monoclonal antibodies react with antigen purified by the pan anti-class II monoclonal
SW73.2. The anti-p antibody VPM37 reacts with this total class II preparation and its own
antigen. It does not react with the antigen purified by the anti-p monoclonal antibody
VPM41. VPM41 reacts with the total class II, its own antigen and the total class II depleted
of VPM37 antigen. It does not react with VPM37 antigen. These data indicate that VPM37
and VPM41 react with mutually exclusive subgroups of sheep class II. The anti-a monoclonal
antibodies 1D12 and VPM36 react with VPM37 antigen and SW73.2 depleted of VPM37
indicating that they identify a chains which are associated with VPM37 as well as further p
chains. The anti-a specific antibody VPM36 reacts with VPM41 antigen indicating that it
identifies the a chains associated with VPM41. From these results we conclude that there are at
least three p chains, one identified by VPM41,one by VPM37 and a third defined by association
with VPM38 a chains.

Two dimensional NEPHGE immunoblot analysis shows that VPM37 and VPM41 recognise
different antigens which are subgroups of SW73.2. Similarly, two dimensional IEF
immunoblotting shows that VPM36 and VPM38 identify different a chains.

The monoclonal antibodies were tested for their reactivity with an L cell transfectant which
expresses sheep DR-like a and p chains. The pan class II monoclonal antibody SW73.2 reacts
with the cell line as does the anti-a monoclonal antibody VPM38. VPM37, VPM41 and VPM36
do not react with the transfectants. The anti-a antibody 1D12 which does not react with class II
on cell surfaces reacts the transfectants by immunoblotting. Thus the p chain expressed by the
transfectants is different from the p chains recognised by VPM37 and VPM41.

VPM36 and VPM38 react with different a chains of sheep class II and 2 D immunoblotting
indicates that 1D12 is related to VPM38. VPM38 antigen was purified and depleted of 1D12
antigen by affinity chromatography. Table 2 shows that 1D12 is a subgroup of VPM38
antigen. Hence, VPM38 recognises at least two a chains. Because 1D12 a chain is associated
with the VPM37 p chain and the transfectant p chain, the p chain associated with VPM38-
1D12 is a fourth p chain.
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Table 2: VPM38 recognises more than one a chain.

Antibody Antigen
VPM38 VPM38-1D12 1D12

VPM36 0.044* 0.001 0.069
VPM38 0.728 0.519 0.680
1D12 0.525 0.071 0.281
SW73.2 0.408 0.280 0.361
*A492, background subtracted; VPM38-1D12 is VPM38 antigen depleted of 1D12 antigen by
affinity chromatography.

Affinity purified VPM37 antigen was blotted onto nitrocellulose and the N-terminal sequence
of the a and p chains was determined (Table 3). The N-terminal sequence of the a chain is
similar to the human DRa sequence and the mouse I-Ea chain. The N-terminal sequence of
the p chain is not homologous to any of the human p chain consensus sequences. On the
basis of the a chain sequence, VPM37 antibody was assigned DR-Iike specificity.

Table 3: N-terminal sequence ofVPM37 a and p chains: comparison with human and
mouse sequences

Sequence
7

IKEDDVI
1KEEHVI
IKEEHTI

VPM37 a

DRa
I-Ea

VPM37 p
DR p
DQP
DP p

Sequence
L I I

-QPPFFEYYTT
GDTRPRFLEQ
RDSPEDFVYQ
RATPENYLYQ

VF

VPM41 and VPM36 antigens were shown to cross react with an anti-sheep DQ like
monoclonal antibody (Puri et al, 1987^ by ELISA (Table 4) and were therefore assigned
specificity for sheep DQ-like p and a chains respectively.

Table 4: VPM36 and VPM41 antigens are recognised by an anti-sheep DQ-like
monoclonal antibody

Antibody Antigen
SW73.2 VPM37 VPM36 VPM41

37.68(DR) >1.7 1.653 0.0 0.0
38.37(DQ) 1.6 0.114 1.533 1.398

The anti-DR like antibody, VPM38 and the anti-DQ like antibody VPM36 were used to
examine the expression of class II molecules on resting sheep efferent T4, T8 and T19
positive lymphocytes (Table 5). While a significant proportion of lymphocytes expressed
DR-Iike molecules, DQ-likc molecules were expressed at very low levels.

Table 5: Percentage ofefferent lymphocytes expressing class II molecules
Lymphocyte Antibody
Population SW73.2(Total) VPM38(DR-like) VPM36(DQ-like)
CD4+ T cells
CD8+ T cells
T19+T cells
B cells

34-43%
53-60%
35-45%
>99%

29-32%
3-44%
18-20%
>98%

7-9%
13-14%
4-8%

>97%
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DISCUSSION

The availability of a panel of monoclonal antibodies to sheep class II molecules has enabled
us to define different MHC class II molecules expressed in the sheep. Two subgroups ofmolecules are expressed. One subgroup is identified by the anti-a chain specific antibodyVPM36 and the anti-p chain specific antibody VPM41. This subgroup is related to the
human DQ molecules.
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The other subgroup contains at least three distinct p chains, one identified by VPM37, one
identified by a transfectant cell line and a third as yet undefined. Within this subgroup
there are at least two a chains. VPM38 clearly reacts with more than one a chain and 1D12
reacts with an a chains associated with two different p chains. It is possible that 1D12 reacts
with more than one a chain and that the two p chains are associated with different a chains.

The a chain associated with VPM37 p chain is related by N-terminal sequence analysis to the
human DR a chain. Within the sequence we have obtained the VPM37 p chain does not
appear to be related to any human p chain. One explanation for this may be that as only a
short sequence of the polymorphic region has been obtained, further sequencing may
identify homologies. Alternatively, this sheep p chain may be distinct from any human p
chain. Based on the a chain sequence we have termed the class II molecule identified by
VPM37 DR-like. The transfectants are known to contain DR-like genes. Given that all three
P chains with the second subgroup associate with a chains recognised by VPM38, which
recognises a distinct a subgroup from that identified by the anti-DQ like antibody VPM36,
the third p chain identified is also likely to be DR-like.
Our results show that sheep DR-like class II molecules but not DQ-like molecules are
expressed on resting sheep T cells. While the significance of this is not at present clear, it is
likely that the differential expression is indicative of a difference in function between the
sheep DR-like and DQ-like molecules.

Our data indicate that there are at least two distinct DR-like a chains associated with at least
three distinct DR-like p chains. We also have identified a single expressed DQ-like ap pair.
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References169 ABSTRACT

Thesheepmajorhistocompatibilitycomplex(Mhc)wasfirstidentified15yearsago
by serologicalstudiesofsheeplymphocyteantigens.'Sincethenbothclassicalclass

1andclassIImoleculeshavebeenidentifiedasmembrane-associatedmolecules(antigens)onsheepperipheralbloodlymphocytesbyserologicalandimmunochem¬ icalmethods.Therelativepaucityofinternationalresourceshasmeantthatserological characterizationofthesheepMhchasbeenslow.Inrecentyearstheemphasishas movedtotheuseofthemoleculartechniquestocharacterizetheovineMhcregion.RelativetootherdomesticatedspeciestheovineMhcispoorlycharacterized.Todate
theclassIIregionhasbeenthefocusformostinvestigationswhiletheclass1regionhasreceivedlittleattentionsincetheearlyflurryofserologicaleffort.Thepresence ofaclassIIIregionisstillimputedbyanalogywithotherungulatespecies.
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ThesheepMhcwasinitiallytermedOLA(ovinelymphocyteantigens)andis
stillreferredtooccasionallybythisname,asareflectionofitsserologicalhistory. However,tostrengtheneffortsforasystematicnomenclatureoftheMhcinall vertebrates,1thesheepMhcwillbereferredtoasOvar(fromOvisaries)inthis chapter.TheovineMhchasbeenmappedtochromosome20ql5-q23.MAlthoughno overallphysicalmapexistssofar,informationfromoverlappingcosmidsandlinkage analysisstudiesindicatesimilaritiesoftheOvarcomplextocattleandhuman5-6(Groth andWetherall.unpublisheddata;Crawfordetal.,unpublisheddata). I.THEOVARCLASSIREGION

A.ClassicalSheepClassIGenesandMolecules ClassIsheepMhcmoleculeswerefirstdetectedonlymphocytesusingthewell- establishedmicrolymphocytotoxicityassaywhichhadbeendevelopedinitiallyfor theserologicaldetectionofHLAantigens.1-79 Asexpected,serologicalinvestigationsconfirmedthecomplexityoftheOvar
systemandtheexistenceofmultiplelociencodingthesemolecules.ThusMillotin 1978obtainedevidencefortwocloselylinkedmainOvarlociwhichhedesignated AandB,andtwominorlociwhichwerenotcloselylinkedandwhichmaynotbe trueMhcloci.TheOvar-AandOvar-Blociexhibitedlinkagedisequilibrium.Millot laterconfirmedtheexistenceoftheselociin1984andextendedto16thenumber ofspecificitieswhichcouldbedistinguishedwiththeavailabletypingsera.Other laboratoriesobtainedsimilarresultsbutextensiveserologicalcharacterizationsimilar tothatachievedforhumanandmouseMhcshasbeendifficultduetothelackof resources,interlaboratorycollaboration,andstandardization. 1.ClassIMolecules TherehasonlybeenonestudyelucidatingthebiochemicalnatureoftheOvar

classIlymphocyteantigens.Gogolin-Ewensetal.10producedthreedistinctmono¬ clonalantibodiesspecificforamonomorphicdeterminantonOvarclassImolecules andusedtheseantibodiestoimmunoprecipitatesheeplymphocytemembranepro¬ teinswhichhadbeensurface-labeledwithradioactiveiodine.Theseantibodies precipitateda44,000-daltonspolypeptidetogetherwitha12,000-daltonspolypeptide similartop,-microglobulin.Thesedataindicatethatthestructureofsheepclass1 moleculesissimilartothoseofothermammalianspecies. 2.MolecularStudiesofClassIGenes TherehavebeenseveralstudiesofsheepclassIgenesusingmoleculartech¬
niques.ThusChardonetal."usedRFLPanalysisbaseduponcrosshybridization withhumanclass1andclassIIMhcprobestoshowthatthesheepMhcwasof similarcomplexitytothatofhumans.Grossbergeretal.12screenedasheepthymus cDNAlibrarywithai-DNAnrolvfromtheIIIA-R27geneatloweredstringency



124

THEMhcREGIONOFDOMESTICANIMALSPECIES
andsubsequentlyisolated13cDNAclonesforwhichpartialnucleotidesequences weredetermined.OnthebasisofDNAsequencethe13clonesrepresentedfivedistinctgroupsofsheepclassImolecules,requiringtheexpressionofatleast3loci.OneofthesheepclassIgenesretainedanintronbetweenthecytoplasmicdomain exonswhichcouldleadtoalongcytoplasmictailontheexpressedp44glycoprotein.ThesequencesofthesheepclassIgenesweremoresimilartobovineclassIgenes thantomurineclassIgenes.Ahighlypolymorphicmicrosatellitelocushasbeen recentlyidentifiedinacosmidclonecontainingsheepgenomicDNAwhichhybrid¬ izedwithasheepMhcClassIcDNAprobe.13 GarberandcolleagueshaverecentlycomparedthesequenceofthreePCRampli¬

fiedsheepclassIcDNAfragmentswiththecorrespondingsequencesofcattleand reddeer.Theyobservedinsertionsanddeletionsinexon5thatcouldbealigned suggestingthatthesewerepresentintheancestralartiodactyllineages(personal communication). B.NonclassicalClassIRegionGenesandMolecules
1.CD1GenesandMolecules CDImoleculesbelongtoafamilyofnonpolymorphicP2-microglobulinassoci¬

atedglycoproteinswithstrongstructuralhomology,butweakersequencehomology,
toMhcclassIgenes.14FiveCDIgeneshavebeenidentifiedinhumans(CDIA,B,C,DandE),15threeofwhichencodetheserologicallydefinedCDIa,b,andc antigens.16TheexpressionofthethreeCDImoleculesisrestrictedtocortical thymocytesanddendriticcells,whileskinLangerhanscellsandasubsetofBcells alsoexpressCDlaandCDlc,respectively.14Inaddition,humanCDIdhasbeen observedonintestinalepithelialcells.17Inthemousetwoverysimilargenes,both relatedtothehumanCDIDgene,havebeendescribed.1819Thehighestlevelof murineCDItissueexpressionisinthegastrointestinaltract20andthelevelis comparabletothatobservedforthehumanCDIdmolecule.WhileSouthernblot analysishasindicatedtheexistenceofuptoeightrabbitCDIgenes,onlytwoincompleterabbitCDIgeneshavebeenclonedtodate,oneCDIB-likeandtheotherCDlD-like.21Sequenceanalysisoftheleader,alanda2domainsinseveralspecies,haspermittedtheCDIgenestobedividedintotwodistinctclasses.Thefirstclass consistsofthehumanCDIA,B,C,andrabbitCDIBgenesandthesecondofthehuman,rabbit,andmouseCDIDgeneswiththehumanCDIEgenebeingofanintermediatetype.22Differingpatternsoftissueexpressionandintraclassrelatedness suggestthatthetwosubclassesmayhavedifferentfunctions.Thecellularexpression ofCDImoleculesalsohasbeendetectedincattle,sheep,andpigbyspecies-specific monoclonalantibodiesbuttherelationshipofthesemoleculestothetwoclasseshas notyetbeendefined.2325 2.TheFunctionofCD1 AlthniloKtliai>»ni/vtnr«—'r"*■-
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andexpressiononclassicalantigen-presentingcellssuggestsaroleforCDIin antigenpresentation.TherehasbeenincreasingevidencetoindicatethatCD48"T cellsareabletorecognizenonclassicalpresentationelementsincludingMhcclass
lbmoleculessuchasQaandTLa,aswellasCDI.TheTLandQaantigenshave beenimplicatedaspresentationalelementsforbothabandgdTcells.2628Similarly, avarietyofperipheralbloodandintestinalTcelllinesandclonesspecifically recognizeCDImolecules.20-2931TheexpressionofCDIonimmaturecorticalthy¬ mocytesatatimewhenthesecellsareundergoingselectionsuggeststhatCDImay playaroleinT-celldevelopment.CDIiscovalentlyassociatedwiththeCD8 moleculeonimmaturethymocytes,andthereissomeevidencetosuggestthatCDI maybelinkedtoacellularactivationpathway.14

3.Ovar-CD1GenesandMolecules ThestudyofCDIexpressionandfunctioninruminantshasutilizedspecific
anti-CDlmonoclonalantibodies.24Expressionstudiesshowthattheseantibodies fallintotwomaingroups—group1antibodies24haveatissuedistributionsimilar

tothatofthehumanCD1bandgroup232appearanalogoustohumanCD1c(Table1). Immunochemicalanalysisindicatesthatgroup2antibodiesalsoreactwithgroup1 molecules.24Group1antibodiesstaincorticalthymocytesanddendriticcellsina varietyoftissuesaswellasskinLangerhanscells.Group2antibodieshaveamore extensivetissuedistributionwithstainingadditionallyobservedonBcells,peripheral bloodmonocytes,andintestinaldendriticcells.Differentantibodieswithingroup2 showminordifferencesintissuedistribution.Amajordifferencebetweenspecies
isthatsheepperipheralbloodmonocytesconstitutivelyexpressCDlc(group2) whereastheexpressionofCDIbyhumanmonocytesisonlyobservedinresponse

tothecytokinesGM-CSFandIL4.31 Table1TissueDistributionofCD1IntheSheep TissueGroup1*Group2b Skin

Dermis

+

+

Epidermis

-

+

Thymus

Cortex

+

+

MedullaryDCb

+

+

Spleen

WhitepulpDC

+

+

Mz2andredpulp
-

+

Intestine

Laminapropria

-

+

Liver

Kupffercells

-

+

Blood

Bcells

-

+

Monocytes

-

+

Afferentlymph
Bcells

-

+

Dendriticcells

+

+

Efferentlymph
Bcells

-

+

•Group1antibodies:VPM5,CC13,CC14,CC20,CC409. Group2antibodies:SBU-T6(20.27),CC43,CC11819.



126

THEMhcREGIONOFDOMESTICANIMALSPECIES
StudiesonthemolecularbiologyofOvar-CDlhaveutilizedthehumanCD1C

a3domainprobetoscreensheepthymocytecDNAlibraries.InitiallyanovineCDIB-likeclone(SCD1A25)wasisolatedandthea3regionfromthisclonewasusedtoidentifyanadditionalthreeovineclones,SCD1B-42,SCD1B-52,andSCD1T10.ThreeofthefourCD1clonesaretruncatedatthe5'end,withsequencesbeginningneartheendofthea!domain.Thefourthclone,SCD1B-52,istruncatedbyhavingitsa3domainpreciselysplicedout.Thelackoffull-length,correctlysplicedsequencessuggestsacomplexalternativesplicingsituationwhichparallelstheobservationsofalternativesplicingeventsreportedforthehuman"andmouse."Themissing5'endsfromtwoofthetruncatedsequenceswereobtainedbypoly¬ merasechainreactions,generatingfull-lengthcodingsequencefortwocompleteOvar-CDlgenes.Thesesequencesshow81to96%identityatthenucleotideleveland79to90%identityattheaalevel,suggestingthattheyrepresentdistinctgeneproductsratherthanallelicvariants.TheOvar-CDlsequenceshavealsobeencom¬ paredtothehuman,mouse,andrabbitsequences(Table2).Unexpectedly,giventheexistenceoffivedifferenthumanCD1genes,alloftheovineCDIgenesaremosthomologoustohumanCDIBatboththenucleotideandaminoacid(aa)levels.TheOvar-CDlsequencesalsoshowahighpercentagesequenceidentitytothecottontailrabbitsequence,whichismostsimilartoCDIB.SouthernblotanalysisofsheepgenomicDNAdigestedwithavarietyofenzymesandprobedwithanovinea3probe(Figure1)indicatesthepossibleexistenceofuptosevenovineCD1genes. Table2PercentSequenceIdentityAmongCD1GenesandProteins SCD1A25*SCD1B-42SCD1B-52SCD1T10
HCD1A

70.80

69.12

58.84

63.30

52.63

71.78

64.38

HCD1B

81.02

79.64

73.35

78.99

68.05

79.38

75.00

HCD1C

70.54

70.17

58.86

66.94

48.35

70.94

59.19

HCD1D

64.24

64.37

50.30

56.29

37.32

68.84

53.81

HCD1E

65.81

64.10

51.71

55.98

32.66

68.32

56.54

MCD1.1

60.80

59.78

44.31

50.41

30.84

62.89

48.66

MCD1.2

60.00

59.48

43.71

46.42

29.60

62.44

47.77

CTRAB

65.41

65.33

52.92

55.68

33.15

69.71

57.30

Note:Plaintypereferstonucleicacidsequence,boldtypetoaminoacidsequence.
"Nopossiblederivedaminoacidsequencebecauseofasinglenucleotidedeletion. II.THEOVARCLASSIIREGION

MostoftheMhcclassIIgenefamiliesthathavebeendescribedforotherspecies
werealsofoundinsheep.Currentlytheexistenceofatleast14distinctlocihavebeenshown(Table3).Asforotherspecies,thesegenestendtobeclusteredinfamilygroupsandinABpairswithinfamilies.6Thelatterformtheclassicalproteinhet- erodimersonthecellsurface.ThenumberofclassIIgenesmayvaryindifferenthaplotypes,withsomesheeplackingDQA1andpossiblyoneoftheDQBgenes.
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Figure1SouthernblotanalysisofsheepgenomicDNAdigestedwithavarietyofenzymes andprobedwithanovinea3probe.
A.TheExpressionofOvarClassIIGeneProducts

1.CloningandExpressionoftheOvarClassIIGenes Alargenumberofcosmidcloneshavebeenisolated535(Table4),which,onthe
basisofdifferentialhybridizationtohumanandmouseclassIIprobes,contained eitherasingleBgene,asingleAgene,bothanAandaBgene,orinsomecases twoBgenes.Restrictionmappingshowedthatsomeoftheclonesoverlapped,some constitutedallelesatagivenlocus,whileothersappearedtobeunrelatedtotherest. Manyofthegenesinthecosmidshavenowbeensequencedandassignedtoa subregiononthebasisoftheirsimilaritytopublishedhuman,sheep,andcattle sequences.ToidentifythegenesthatencodetheOvarclassIImoleculesexpressed onthesurfaceofsheepcells,A/BgenepairswerecotransfectedintomouseL-cells." ExpressionattheL-cellsurfacewasdetectedbytheuseofanindirectfluorescence antibodyassayandFACSanalysiswithapanelofsheepclassll-specificmonoclonal unti/>odies(mAbs)asfirst-stagereagents.
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THEOVINEMAJORHISTOCOMPATIBILITYCOMPLEX129 Table4GenomicCosmldClonesContainingOvarClassIIGenes Cosmld clone

Sheep

Loci

Seq.accn number

Expressedin mouseL-cells
Ref.

22

A

DRBI

Z11520

Yes

6

9.5

B

DRB1

Yes

6

302

C

DRB1

X76905

Yes

36

9.1

B

DRB3/6

No

5

23.1

B

DRB4

No

5

C5.2*

D

DRB2#

M33307

No

80

46

A

DRA/DRB5#

Z11600

Yes

6

61

A

DRA

Yes

6

13/14/41

C

DQA1/DQB1

Z28418/Z28423

Yes

35

07/43/81

C

DQA1/DQB1

Z28422

Yes

35

C8.1

D

DQA1

M33304

57

4

A

DQA1/DQB1(T)
Z28422

No

5

39.1

B

DQA1/DQB1

Z28518/Z28424

Yes

5

22.1

B

DQA2/DQB1(T)
Z28421

No

5

2

A

DQA2

Z28419

No

5

9.2

B

DQA2

No

5

C17.2

D

DQA2

M33305

57

62

A

DQB2

Z28425

No

5

09+79

C

DQB2

Z28523

No

35

B10-1

D

DQB

M33306

80

365

C

DYA/DYB(T)

Z27398/Z27401

No

92

12

A

DNA

Z29533

No

92

Note:ThecosmidclonescontainingOvarclassIIgenesisolatedfromthreeunrelatedheterozy¬ goussheep.*indicateslambdaphagegenomicclonesisolatedfromafourthsheep. OvarclassIIgeneswithinthesecloneshavebeencharacterizedbydifferentialhybrid¬ izationtohumanandmurinesubtype-specificprobesandbynucleotidesequenceanal¬ ysis.EMBLgenebankaccessionnumbersareindicatedwhereavailable.TheMhcclass
IIgenesthatareexpressedfollowingtransfectionolmouseL-cellsarealsoindicated., (T),truncatedgene,probablyduetothecloningprocess.(#),pseudogene,i.e.,agene unabletotranscribeacompletemessageduetoeitherlossofanexon,orthepresence ofaprematurestopcodon. ThreeL-celllinesexpressingOvar-DRmoleculeshavebeengeneratedfollowing

thetransfectionofthenonpolymorphicDRAgenewiththreeallelesofthepolymor¬ phicDRBIlocus.6-36ThishasconfirmedthattheDRB1locusisexpressed.All transfectionsinvolvinggenesfromadditionalDRBloci(DRB3andDRB4,Table4) cotransfectedwiththeexpressedDRAgenefailedtoresultinadetectableexpression ofclassIImoleculesattheL-cellsurface. L-celllinesexpressingOvar-DQmoleculesalsohavebeengenerated.35These
eachexpresstheproductsofapairofDQA1andDQB1geneslinkedonindividual cosmidsandisolatedfromtwounrelatedheterozygoussheep(Table4).Despite extensiveeffortsnotransfectantshavebeengeneratedthatexpressDQ2molecules. Thisisdespitetheevidenceforthetranscriptionofthesegenes,bothinvivoand followingtransienttransfectionofL-cells.
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SpecificityofOvarMonoclonalAntibodies

MonoclonalDQ1-1DQ1-2DR1-1DR1-2SubtypeChain antibodytransfectanttransfectanttransfectanttransfectantspecificityspecificity SW73.2

+

+

+

+

Pan

Beta

VPM36

+

+

-

-

DQ

Alpha

VPM16

+

+

-

-

DQ

Beta

VPM40

-

+

-

-

DQ

Beta

VPM54

-

-

+

+

DR

Alpha

VPM57

-

-

+

+

DR

Beta

SBU28.1

+

+

-

+

Conf

SBU37.68

-

-

+

+

DR

Con!

SBU38.27

+

+

-

-

DQ

Conf

SBU42.20

-

+

+

+

Alpha

SBU49.1

+

-

+

+

Beta

Note:ThespecificitiyoftwopanelsofmonoclonalantibodiesforL-celltransfectantseach expressingasingleOvar-DQorDRsubtype,usingafluorescenceantibodyassayand FACSanalysis.Positiveantibodieswereidentifiedasthosethatincreasedthefluorescence relativetocellstransfectedwiththethymidinekinasegeneonly.TransfectantsDQ1-1and DQ1-2expressbothallelesattheDQ1locusisolatedfromasingleheterozygoussheep polymorphicatbothDQA1andDOS/.35TransfectantsDR1-1andDR1-2expressthe productofthenon-polymorphicOvar-DRAgenewithtwoallelesattheOvar-DRBIlocus.36 ThechainspecificityofmAbswasdeterminedbyseparatingthechainsbySDS-PAGE followedbyimmunoblotting.36-39
2.MonoclonalAntibodiesforOvarClassIIGeneProducts AsL-cellsdonotexpressendogenousH-2classIIgenes,theestablishedtrans¬

fectantsareabletobeusedtoassignsubtypespecificitytosheepclassIIspecific mAbsaswellasbeingusedasimmunogensinthedevelopmentofnovelmAb reagents.TodatetheOvarclassIItransfectantshavebeenusedtodeterminethe finespecificityfortwopanelsofOvarclassII-specificmAbs.Theresultsare summarizedinTable5.TheVPMseriesofantibodies3738andtheSBUIIseries39 haveallpreviouslybeencharacterizedusingimmunochemicaltechniques.Theuse oftransfectantscomplementsthesetechniquesandoftenidentifiescross-locusspec¬ ificities(DQandDR)aswellasgapsinthespecificityofmAbspreviouslyconsidered torecognizemonomorphicdeterminantsthatwouldotherwiseremainundetected. 3.PatternsofOvarClassIIExpression Theexploitationofthecannulatedlymphaticmodelinsheeppermitsaccessto individualcellpopulationsindistinctlymphoidenvironments4041whicharenot readilyaccessibleinotherspecies.StudiesontheexpressionofclassIIgenesby thesecellpopulationshaveutilizedapanelofanti-sheepclassIImAbsincluding antibodiesspecifictototalsheepclassII42andtotheaandPchainsofthesheep homologsoftheDQandDRsubregions.4344 Expressionstudiesusingtheanti-frameworkmAb,SW73.2,showedthat,in contrasttomanandmouse,inthebloodandlymphofsheeptheproportionofclass ll-positivelymphoidcellsisgreaterthanthesumoftheBcells,dendriticcells(DC),
130 Table5
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andmonocytes.44'4'Furthermore,theexpressionofclassIIdifferedbetweenthe differentcompartments.44Inblood,wherethepercentageofBcellsandmonocytes
isnomorethan45%atleast60%ofcellsexpressclassIImolecules.Thediscrepancy inafferent(peripheral)lymphisevengreater;upto90%ofcellsarepositivefor SW73.2,whereasthesumofBcellsandDCislessthan25%.Similarly,efferent lymph,whichiscomprisedentirelyofBcells(<25%)andTcells(<75%),has between45and55%classII-positivecells.Two-colorflowcytometryusingT-cell- andB-cell-specificmAbsshowedthattheresidualclassII-positivecellsrepresent Tcellsofallthreesubpopulations.44Thesheepistheonlyspeciessofarexamined whereonlyaproportionofTcellsexpressclassII.Inmanandmicenonactivated TcellsdonotexpressclassII46-47whereasequine48TcellsareallclassIIpositive. Useofthesubregion-specificmAbsshowsthatTcellsinthedifferentlymphoid compartmentshavedistinctphenotypes.Tcellsinefferentlymphandblood expressedalmostexclusivelyDR,whereasDQmoleculesareessentiallyabsentfrom Tcellsinthesecompartments.IncontrastafferentlymphTcells,almostallofwhich areclassIIpositive,expressapproximatelyequalquantitiesofbothDQandDR. ExaminationoftheafferentTcellswithmAbsofdifferentspecificitiesindicates thattheyarechieflyactivatedcells.49Thisimpliesthat,asinhumans,50theexpression ofDQbysheepTcellsisamarkerofrecentactivation.Thesedataalsoillustrate theplasticityofT-cellphenotype.Themigrationoflymphocytesacrossendothelia andintotissues(e.g.,skin)requiresadhesionviaphosphorylatedP2integrins.This occursbyactivationoftheleukocyteswhichismediatedbycontactbetweenleu¬ kocytesandendotheliaandbyendothelia-derivedfactors.51ThehighlevelofDQ andDRexpressionbyafferentlymphTcellsislikelytobeaconsequenceofthis activation.Activatedcellsinthebloodexpressadhesiveintegrinsandwouldextrava- satepreferentiallytononactivatedcells.52Thesedataalsoimplythattheactualact ofendothelialinteractionalsoleadstoactivationandahighlevelofclassIIexpres¬ sion.ThelowexpressionofDQinefferentlymphmayreflectthefactthatthese cellsdonotappearintheefferentlymphuntil30haftertheyhavecrossedthe endotheliumandbythistimetheymayhaverevertedtoaDQ~DR+phenotype.53 ThishypothesisissupportedbythefactthatTcellsisolatedfromperipherallymph nodeshaveaphenotypeintermediatebetweenafferentandefferentlymph. 4.QuantitativeModulationofOvarClassIISurfaceExpression ThispatternofclassIIexpressionisnotfixedinmostcellsbutismodulated

duringinvivoimmuneresponses.4654Differentcellpopulationsexpressdifferent quantitiesofclassIImolecules.Afferentdendriticcells(DC)expressapproximately 3x105,afferentBandTcellsexpress1x105,andefferentlymphTcellsexpress 2x104moleculespercellalthoughthelevelofexpressionwithineachofthese populationsisratherheterogeneous.Duringprimaryimmuneresponsesinvivothe levelsofclassIIexpressionremainlargelyunalteredbutduringsecondaryresponses DCandT-cellexpressionisrapidlyupregulated.Byday2ofthesecondaryresponse thereisatwofoldincreaseandbyday4to5afour-tosevenfoldincreaseoverresting levelsbybothDCandTcells.B-cellexpressionofclassIIremainsunaffected.
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ThefunctionalconsequenceofmodulatedclassIIexpressionontheantigen- presentingfunctionisthatDCs,takenduringasecondaryresponseandexpressing anincreasedlevelofclassII,areuptofivefoldmoreactiveintheirabilitytopresent solubleantigentoTcelllinesandtostimulatemixedleukocytereactions(MLR). TherelativeexpressionofDCclassIIcorrelatestemporallywiththeincreased capacitytopresentantigen.IncontrasthighclassH-expressingefferentlymphT cellscannotpresentsolubleorpeptideantigenbutareweaklystimulatoryinthe MLR.5,1ThesedatamakeclearthatthemagnitudeofT-cellresponsestoantigen presentedbyDCisdirectlyrelatedtothequantityofclassIIexpressedbythe presentingcell.IncontrasttheclassIImoleculesexpressedbyTcellspossiblydo notsimplyactasantigen-presentingmoleculesbutmayalsoplayamoresubtlerole

inintercellularsignaling. B.AGenomicMapoftheOvarClassIIRegion ThemapinFigure2isaschematicbasedonthearrangementofthehumanclass
IIregion.Theshadedboxesrepresentoverlappingcosmidclones,withtheDQ subregionexpandedtoshowthearrangementoftheDQgenes.TheDYgeneshave beenplacedclosetotheDNAgenebecausethesegenessegregatetogetherin cattle.5556Theorderofanyofthesubregionshasnotbeenformallyprovenbutis currentlyunderinvestigationbypulsefieldgelelectrophoresis(PFGE). cosmld4

cosmid39.1

cosmid22.1

10kbcosmid9.2
cosmid62

DQA1DQB1DQA2DQB2
DYA

DYBDNA
I

DOB

DOM

DOBI I

DOA2
DQB2

DRA

DRB

DOB

Figure2SchematicmapbasedonthearrangementofthehumanclassIIregion.
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C.TheOvar-DRSubregion GenomicregionsfromfourdifferentOvar-DRBlocihavebeensequenced5-3557
andevidenceexistsforthepresenceofadditionalovineDRBgenes,bothfunctional andpseudogenes,insheep.EarlyworkbyPuriandcolleagues58determining N-terminalaminoacidsequencesidentifiedanumberofdifferentBpolypeptides fromasinglesheepandsuggestedthattheseprovidedevidenceforatleastnine nonallelicBgenes.Ofthese,sevenBpolypeptidesweredetectedinassociationwith DRAchains.However,theN-terminalpeptidesequencesdeterminedinthisstudy weretoocomplex,withmultipleresiduesatmostpositions,fortheaccuratedeter¬ minationofthenumberofpolypeptides.Ataminimumtheyprovideevidencefor

theexistenceofmorethanonelocuswhoseproductsarefoundinassociationwith DRApolypeptides.RecentlyDutiaetal.59describetheexpressionoftwodistinct DRp-likemolecules.Usingimmunochemicaltechniquesaswellastransfectedcell lines,theyshowthat,dependingonhaplotype,individualanimalscanexpressat leasttwodistinct,nonpolymorphicDRbchainseachassociatedwiththeDRachain. TheevidencefortheexistenceforextraDRBpseudogenesisfairlytentative. PrimersdesignedtoamplifymicrosatellitesoftwobovineDRBpseudogenes,6061 distinctfromhomologuesoftheOvar-DRBIintron2andOvar-DRB2intron5 microsatellites,amplifydistinctfragmentsinsheep(S.Paterson,unpublisheddata). ThefindingsforthesheepDRBregionreflectthesituationfoundinseveralother
specieswheremultipleDRBloci,functionalandpseudogenes,occupyaregionof severalhundredkilobases.Haplotypevariationhasbeenfoundinhumanswheresix differenthaplotypegroupshavebeenidentified.Thesehaplotypegroupsharborboth differentnumbersofpseudogenesanddifferentnumbersofexpressedloci(oneor two).62DifferingnumbersofDRBlociperhaplotypehavebeenfoundalsoinother primatespecies.63-64Thepreliminaryworkdescribedabovesupportstheideathat thereishaplotypevariationinthenumberofDRBlociinsheep. 1.Ovar-DRAand-DRBGeneContainingCosmlds Elevencosmidclones(Tables3and4)containingDR-likegeneshavebeen

isolatedfromthreelibraries.5-35TwoclonescontainedtheOvar-DRAgeneandone ofthese(clone46)alsopossessedaDRBpseudogenelackingexons1and2.This representsananalogoussituationtothatdescribedforHLA-DRB9.62Theproducts oftwootherclones,22/9.5and302,havebothbeenexpressedonthecellsurface ofL-cellswhencotransfectedwiththeDRAgene.6Sequencingofthesecondexons oftheseDRBgenesrevealedthattheyweresimilartothoseoftheOvar-DRBl locus65amplifiedfromgenomicDNAbyPCR. ThesequencesofthesecondexonsfromtheBgenefortwoothercosmids(9.1
and32)wereshowntobeidentical5andtheaatranslationofthisgeneshowsonly 62%identitywhencomparedwiththosefortheexpressedDRB1gene.Additionally, thesequenceoftheBgeneincosmid23.1(Tables3and4)showedonly65%identity tothatfortheexpressedDRBIgenebutonly65%identitytothecosmid9.1/32 semience.Thethreeeenesallcontainasimpletandemrepeatsequence(str)in
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intron2.Thisintron2striscommonlyfoundinDRBgenesfromanumberofspecies(fromprimates6''andArtiodactyls67-68).ThesirsintheDRBgenesfromcosmid9.1/32and23.1arequitedistinctfromanyofthepublishedOvar-DRBlstrsorstrsfromotherspeciesandalsoquitedistinctfromeachother(Wrightetal.,unpublishedobservations;seeTable4).ThePCRprimersdescribedfortheamplificationfortheOvar-DRBllocus68donotamplifythesedivergentsequencesevenwhenlow-strin¬ gencyPCRconditionsareapplied(unpublishedobservations).FourdifferentDRBgeneshavebeer,clonedfromsheepB(Table4);theexpressed

DRB1geneincosmid9.5,thetwogenesincosmid9.1,oneofwhichhasnotbeensequenced,andthegeneincosmid23.1.Thelatterthreemaybepseudogenesandatpresent,nohomologouscattlesequencesexistwithintheEMBLdatabase.Table6showsthehomologiesoftheOvar-DRBloci. Table6ComparisonofPolymorphismsInOvar-DRBGenes Comparison

Rangeofnucleotidechanges Exons3-6

Rangeofaminoacidchanges b2,CP,TM,CY

DRB1vs.DRBI*

1-4

0-2

O\w-DRB*08vs.DRBI

13-17

2-4

DRB2vs.DRBI

50-51

28-29

DRB2vs.O\w-DRB*08

55

29

Note:Excluding(Ovar-DRB1'08group).
2.TheOvar-DRALocus SheeppossessasingleDRAgene69whichencodesamaturepolypeptideof229

aa.10SequencingandRFLPstudiesoftheOvar-DRAgenehasrevealedthatthisgenehasonlyalowlevelofpolymorphism.6-707'Therearetwodeducedpeptidealleleswhichshowconservativedifferencesattwoaasites(H50/R50,Tl09/1109). 3.TheOvar-DRB1Locus MostoftheOvar-DRBlsequencesweregeneratedbyusingaPCRsystemamplifyingthesecondexonoftheDRB1gene(Figure3,Table7)togetherwithpartofthesecondintronwhichincludesasimpletandemlyarrayeddinucleotiderepeat(Table8).ElectroblothybridizationsofgenomicallyamplifiedPCRproductsofseverallargefull-sibling(IMFfamilies,AgResearch,A.Crawford)andhalf-siblingfamilies72(ScottishBlackface,M.Stear)showedthatonlyoneDRBlocuswasamplified.TheidentityofsomeofthegenomicOvar-DRBlalleleswiththoseidentifiedbycDNAanalysis(Fabbetal.,Maddoxetal.,unpublisheddata)andwiththeexpressedDRBfromcosmids9.5and32(seeTable7)suggeststhatthePCRamplifiedgenomicOvar-DRBllocusisexpressed. a.PolymorphismsintheSecondExonoftheOvar-DRB1Genes ThededucedaasequencesofallknownDRBIalleleswereusedtoanalyzeOvar-
THEOVINEMAJORHISTOCOMPATIBILITYCOMPLEX

135

|Exon2

1

1

Intron2... str|
«

5'Primer

3'Primer

Hi

1

v*

DRBpolymorphismspecificoligonucleotides
Figure3SchematicpresentationofthePCRsystemfortheamplificationofOvar-DRB1exon 2withadjacentintronicstr.Approximately30bp3'theexon2/intron2boundaryis astrstretchhypervariableinlengthbutcorrelatedtotheexonicpolymorphism. BeneaththelengthvariabilityofthePCRproducts,asetofoligonucleotidesspecific forthepolymorphismfoundinthebovineDRBorthologscomplementsthetyping ofovineDRB1alleles.

Table9presentsacomparisonofpolymorphicaaofhuman,cattle,andsheepDRB sequences.Whileeachspeciesshowspolymorphismsinthesameaapositions, bovineorPecora(Cervidoidae+Bovidoidae)specificaawerefoundforseveral positionsofOvar-DRBlalleles(11,13,18,32,34,37,42,57,60,66,73).As expectedthemoststrikingsimilaritiesarefoundbetweentheDRB1lociofgoatand sheep.Boththesimilarityinthenumberofpolymorphismsatmostaasitesandthe numberofCaprinae-specificsubstitutions(e.g.,aaposition42or73)showtheclose relationshipofthetwospecies.Interestinglysomehighlypolymorphicaapositions
inthefirstdomainoftheDRBchain(13,70,and74)revealedonlytwoorthree differentaainOvar-DRBlTheyarepredominantlyoccupiedbyonlyoneoftheseaa. Aswasproposedforotherspecies(e.g.,mouse,74human,75artiodactylspecies68)

smallpolymorphicDNAmotifswithintheOvar-DRBlexon2seemtohavebeen exchangedbetweendifferentalleles(Figure4).Sequenceexchangehasbeen observedpredominantlydownstreamofthe5'endofexon2butdoesnotinclude thestr.Thiswasshownbyphylogeneticanalysis.Thep-pleatedsheetcoding sequencesandtheadjacentstrrevealedmoresimilarityintheirphylogeneticrela¬ tionshipsthantheP-pleatedsheetandthea-helixcodingregion.Additionallythe C-terminusofDRB1firstdomainseemstohaveadifferentevolutionaryhistory comparedtoallotherregions.Hence,DRB1allelesgeneratetheirpolymorphismat leastinpartby"motifshuffling". b.VariabilityoftheIntronicMicrosatelliteAdjacenttotheOvar-DRB1Exon2 Almostallsecondintronsofprimate,rodent,bovid,andcervidDRBgenes
containasirwiththebasicstructure(gt)n(ga)m(forsheepseeTable8)foundin approximately(hesameposition.'"Althoughthestrsarehighlyvariableinlength
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-DRBl*0301L478

•DRB1*0301L476

-DRBl*0311X496

-DRBl*0312X499

-DRBl*0313X500

-DRBl*0302L500

-DRBl*0303LS02

-DRBl*03041494

-DRBl*0303L476

-DRBl*0314X476

-DRBl*0315X496

-DRBl*0316X460

-DRBl*0317X492

-DRBl*0306L476

-DRBl*0307

-DRBl*0308L480

-DRBl
*0321

r-DRBl
*0318X492

-DRBl*0318X500

-DRBl*0319X498

-DRBl*0320X500
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Ovar-

Ovar-

Ovar-
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Ovar

Ovar-

Ovar

Ovar

Ovar

Ovar-DRBl*0309L490

Ovar-DRBl*06011480

Ovar-DRBl*0310

Ovar-DRBl*0701

uvar-VRBi*0801

Ovar-DRBl*0801X416

Ovar-DRBl*0802

Ovar-DRBl*0902

Ovar-DRBl*0903H1>600

Ovas.-VRBl*Q903XZ>6QQ

Ovar-DRBl*0904X1>600
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k
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—v*—x———k-——xx—xxxxxx————x/C

—**———x———k-——xx—xxxxxx—x/R

-■w-—XX-XX—xxxxxx———-—-x/B

Ovar-DRBl*0904X3>600

.xi.

rn",!/B

Cosaid23.1
V-

h-g-j-.r-,—

_qq
1—z—q1r*gqr

—rwp-«-qrahd£-a

m~t*~
J—tk-d-h-ft-1qlm—m—kv—v—

9—«f£a-r

9—qgig—1r

Protein
seauencesdeducedfromthesecondexonof

Ovar-DRB1allelesderivedfromgenomicorcDNAorfromtypingpatternsrevealedby

hvbridizationof
polymorphismspecificoligonucleotides.Groupingisbasedonthesimilaritiesinthe

p-pleatedsheetsandtheadjacentsimplerepeat

derivative
structure(groupspecificorganization:GSO,seetextand

References67and68).Thenumberofindividualscarryingagivenallele,the

breedsinwhichanallelewasfound,andthefrequencyof
typed

allelesintheinvestigatedsheeppopulationisindicatedontherighthandside.For

eachcloned
alleleatleasttwoindependentcloneswere

sequenced.Abbreviations:A:Argali;B:ScottishBlackface;C.Coopworth;F:FinishLandrace,

K-Kasach
Sheep'M:SpanischMerinoSheep;P:Perendale;R:Romney;S:Suffolkcross;T:Texel;Mu:MufflonxSequencewasnotdetermined

byspecific
hybridization.?Sequencecouldnot

determinedby
cloningandsequencing.

*SequencefromEMBLdatabank[accessionnumber.

M73984;Fabbetal.,
unpublished.)

**SequencefromReference6.
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able8IntronicSimpleRepeatSequencesintheSecondExonof
Ovar-DRBGenes

Ov*r*DRBlalleles

AHri

11

•■'••V
'i''''.f•

»

'■'*■'

Impkrrepetitiveelement

v/

""'

Sifti

OTAT-OBBI*01011526/530
(gt*32(g*)15(gc)5(ga)4(gc)41(ga)2gc)3g«ca(ga)4ca(ga)3gt(ga)7(caga)2(gaca)3ga

OTAT-DRBI*0102
(gt>27('*)15(gc)4(ga)4(gc)4l(ga)2gc)3gac*(ga)4ca(g*'3gtgg(g*)6(caga)2(gaca)4ga

OTAT-DBBI*01031524
(gt)40«g*)i3(gc)2(ga)4(gc)41(ga)2gg)39*c*(ga)4ca(g»)3gtgg(ga)6(caga)2(gaca)3ga

Orar-DBBl*01201542
(gt)22(g*)2i(gc)2(ga)7(gc)41(ga)2gc)3(ga)gca(g*>3gtgg(g*)6(caga)2(ga)2(gaca)2ga

OTAT-OBBI*0104
(gt)22(ga)19(gc)2(ga)e(gc)4((ga)2gc)3(g*)$ca(ga)3gtgg(ga)6(caga)2(ga)2(gaca)jga

Orax-DBBl*01051514
(gt)u(g*)26(gc)3(ga)s(gc)3((ga)2gc)3'g*16ca(g«)3gtgg(ga)6(caga)2(g«)2(gaca)2ga

OTAT-DBBI*01071542
9cJ2I(gt)2gel|(gt*19(g*»22gc((ga)jgc]4gaca(ga)4ca(ga)3gtgg(ga)g(caga)2(gaca)2ga

OTAT-DBBI*01081476
I(gt)3gc)2I(gt)2gelgtge(gt)9(g*»7(gc)2((ga)2gc)4gaca(ga)4ca(ga)3gtgg(ga)g(caga)2(gaca)29J

OTAT-DBBI*01091484
l(«t)3®c'2I(gt)2ge)2(gt)13(g«>7(gc)2((ga)2gc)4g«ca(ga)4ca(ga)3gtgg(g*)®(caga)2(gaca)2ga

Or
at-DBBI*02011544

I(9t)3gc)2I(gt)2gel4'gt'is"*>24gc((ga)2gc)4g*ca(ga)4ca(ga)3gtgg(ga)6(caga)2(gaca)3ga

OTAT-DBBI*02021518
(gt)n(ga)16(gc)4(g*)2gg(ga)2(gc)4I

(ga)2gc)3'ga'£ca(ga)3gtgg(ga)£(caga)2(gaca)3ga

Orax-DBBl*02031516
(gt)̂2(g*)12(go3(g«)ĝc(ga)s(gc)3I(ga)2gc)3(ga)6ca(g«)3gtgg(g*)s(caga)2(g*)2(gaca)2ga

Otax-DBBI*04111486
9C)2[(gt)2g°l2gtgc(gt)u(g«)7(gc)2((ga)2gc)4gaca(ga)4ca(ga)3gtgg(ga)6(caga)2(gaca)2gg

Ovaz-DBBI*04121486
l(gt)39C)2l(gt)2gel2gtgc(gt)12(g*)7(gc)2I(ga)2gc)4gaca(ga)4ca(ga)3gtgg(g«>6(caga)2(gaca)2gg

Otax-DBBI*04011478
Ilgt)jgel2((gt)2ge)3(gt)w(ga)7(gc)21(ga)2gc)29*°*(ga)4ca(ga)3gtgg(ga)5(caga)2(gaca)2gg

Otax-DBBI*04021480

I(gt)39C)2I
(gt)2gc)3(gt)12(ga)7(gc)2I(ga)2gc)29*"'94)404<g*»3gtgg(ga>£(caga)2(gaca)jgg

Otaz-DBBI*04031490
Ccot)3gc)2I(gO2gel3(gt)14(ga)7(gc)2((ga)jgc)29*ca(ga)4ca(g«>3gtgg(ga)€(caga)2(gaca)2gg

OrAZ-DBBI*04041490

1(gt)3gc)2I(gt)2gel3(gt)i3(ga)7(gc)21
(ga)2gc)49*ca(ga)4ca(ga)3gtgg(ga)g(caga)2(gaca)2gg

Otaz-DBBI*04051476
I<gt)39C]21(gt)2gel3(t>13(ga)7<gc)2((ga)jgel2gaca(ga)4ca<ga)3gtgg(ga)g(cagal2(gaca)2W

Orax-DRBl*05011490
l(gt>3gel2I(gt)2ge)2(gt)7(gall.(gc)2

1(g«)2gc)4gaca(ga)4ca(g*»3gtgg(g*)®(caga)2(g*)2(gaca)2ga

Or
ax-DBB1*03011478

((gt)3gc)2I(gt)2ge)2(gt)14(ga)33(gc)2
((g*)2gel4gaca(g*)4ca<g*>3gtgg(ga)t(caga)2(gaca)29*

Otat-DRBI*0302L500
I(gt>31(gt)2ge)2<gt)i3(g*)14(gc)2

Kg*)2gc)4gaca(g«)4ca(ga)2gcgtgg(g*)$(caga)2(gaca)29*

Otax-DBBI*03031502
l(gt)3gel2I(gt)2ge)2(gt)u(g*»16(gc)2

((ga)2gc)4gaca(g*)4ca(ga)3gtgg(ga's(caga)2(gaca)2ga

Orax-DBBl*03041494
l(gt)3gel2C(gt)2gel2'gt'u(ga)12(gc)2

1(ga)2gel4gaca(ga)4ca(ga)3gtgg«g*)6(caga)2(gaca)2g*

Or
at-DBS1*03051476

l(gt)3gel21(gt)2gel3(gt)13(ga)7(gc)21(ga)2gc)3gaca(g«)4ca(ga)3gtgg(ga)4(caga)2(gaca)2
gg

Orax-OBBl*03061476
((gt)3gc)21(gt)2gel3<t»i4(ga)7(ge)2

1(g*)2gel2gaca(ga)4ca(ga)3gtgg(ga)6(caga)2(gaca)2
gg

Or
ax-DBB1*0307

((gt)3«■£I(gt)2ge)3(gt)9(ga)7(gc)2
Kg*)2gel4gaca(g*)4ca(g*'3gtgg(ga)6(caga)2(gaca)2

n

Orat-DBS1*03081480
I(gt)3gel21(gt)2gej2(gt)u(ga)8(gc)2I(ga)2gcl4gaca(ga)4ca(ga)3gtgg(g*»6(caga)2(gaca)2

gg

Orax-DBB1*0309L490(gt)22(ga)4gcI(ga)2gc)3(ga)

5

gc(g*)2gcgaca(ga)4ca(g*)2gtgg(ga)gca(ga)4(caga)2(ga)2(gaca)jga

Orax-DBBl*06011490(gt)16(ga'u(gc)3(ga)

3

(gc)3((g«)2gel3gaca(ga)4ca(g*>3gtgg(g*»6(caga)2(g*)2(gaca)2g*

Or
at-DRB1*0310(gt)M(ga)14(gc)3

(ga)

4

(gc)4I(ga)2gc)3(g*)6ca(g«)3gtgg(g*)g(caga)2(gaca)2g«

Orax-DBBl*0701(gt)23gagc(ga)2gc(ga)

5

Kg*)2gc)2gaca(ga)4ca(ga)3gtgg(g«)g(caga)2(ga)2(gaca)g*

Orax-DBBl*0801(gt)£at(gt)sct(gt)i2(ga)24
gg

(caga)2aacaga

Or
at-DBS1*0802(gt)6at(gt)sct(gt)9(ga)31

gg
(caga)2aacaga

•ote:Simplerepetitivesequencesinthesecondintronofsequenced
Ovar-DRBIalleles.TheSRDcharacteristicfortheallelegroupA(seetext)isframed.



9
ComparisonofTranslatedDRBExon2Polymorphic

AS-PositionsfromtheAg-BindingDomainofPrimateandPecoraSpecies

ChimpanzeeGorillaMaccaceManCattleSheepGoat

E;L;W;/KE;D;L;/K;WE;/KE,K,WE;QEE

Y;Q;/L;Y;Q;L;/R;Y;Q;Y,E;Q,LYYY

A;P;

S'/H;G;V;L;D;E

S;A;P;R;/L;G;D;Y;S;A;V;L;/D;IL;S,D;G;P;VL;S;Y,A;C;H;TS;T;A;H;R;Y;Y;C;H;T;S

K;TK;TK;TK;TK;TK;R;TK;T

C;S;G;R;Y/H;FA;S;G;/Y;H;CF;S;H;/F;CG;R;S,F;H;YG;R;S;KS;KS;R;G;K

E;KEEE,KEEE

HH;YH;RH,YHH;RH;R

F;/LFFFFS;FS;F

E;/D;QEEEEEG;E

MJMVVVV;LVV

R;Q;/WR;/PRR,Q
RRG;W;R

F;L;YyNF;L;YF;L;Y;/NF;L;YF;L;YF;Y;LF;L;Y

D;E;H;/lD;E;/HD;E;V;l;/HD;E;HD;E;H;ND;ED;H

R;D;Y;L;/H;GR;Y;/D;HR;Y;F;V;HC;H;Y,G;tRC;H;Y;SYF;Y

F;IF;IF;I;VF,I;V
F;YF;YF;Y

H;YH;Y;/CH;YH;YH;Y;T;SH;T;YH;T;Y

NNN;QN,HNNN

QQQ;P;RQ
GG;RG

F;Y;D;S;/NF;Y;L;/N;D;Y;N;L;F;/D
F;L;N;Y,SF;L;N;Y;T,RY;F;T;NY;F;T;N;I

V;M;LyF;AA;V;/LA;V;LV;A,LV;AL;A;VL;V

F;/YF;YF;/YF,YFFF;Y

SSS
SSS;NS;N

G
G;/WGGG;DG;SG

Y;FYyFY;F;HF;YF;YY;FY;F

RyaR;/QRRR;QRR

RR
RRR;Q;PR

Q;R

PPP;RPP;Q;RR;Q;PQ:P:E

D;VySD;G;V;l;/A
D;S;T;E;/VA;D;S;VA;D;S;VD;S;E;AS;T;E:D

AA
AA,EA;R;P;G;VA;VA

EyK;VE
E;QEE;K;V;Q,DK;EK;E

Y;SY;S;NY;SH;Y.SH;Y;Q;FY;H;QY

W;C;YW
W;LWW;C;LWW

KK
KKK;DEL.KK

DyGD;/G
D;ADD;EE;N;DE;D

I;F;L;YI;V;L
I;F;L;YF;I;LF;I;L;TL;F;IL;F;I

U
VL

LLLLL

Q;R;H;DQ;DyR;E
Q;D;R;ED;Q;RD;Q;R;ER;Q;EQ;D;S;R

R;A;E;S/T
Q;R;K;/E;N;I;M

K;R;Q;GA;E;K;RA;E;K;R;GR;T;K;AR;K;S

A;G
A;G

A;GA,GAA;TA;T

G;A;E;Q;T;DK̂;RD;Q;A;S;R;L;/K;P;T
A;E;P;S;R;G;M;QA;E,L;Q;RA;E;N;S;YE;AE;A;N;T

T;N
T;Nyi

T;NT,NT;R;STT

F;Y;V
F;Y;/L;V

F;Y;VV;YV;Y;DY:VY;V;F;C

V;A
vyi

V;IV,AV;G;RVV

V;G;A;L
v.Gyi

V;G;C;F;A;/F
G;VG;V;M;FI;G;F;DI;G:F;V;L

ortheprimatespecieswithmorethanoneexpressedDRB-lociaafoundatthepolymorphicHLA-DRB1locusarelistedbeforetheupslash.Polymorphic

ifoundatthecorrespondingpositionsoftheotherexpressedHLA-DRBlociarelistedaftertheupslash.DataforhumanandprimateDRBsequences

■efromReferences62and131.
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nostrshorterthan^4bpwasfoundinmorethan150allelesofexpressedDRBloci. Theperfect(gt)„or(ga)m"degenerates"bypointmutationstosecondarilyderived derivativesequenceswhichareoftenthenthemselvessubjectedtotherepeatampli¬ ficationmechanisms(seeTable8).InthiswayeachDRBallelegeneratesitsown characteristicpatternofrepeatderivativestructures(RDS).AdefinedDRB]exon 2sequenceishighlycorrelatedwithastrofcharacteristicRDS.TheRDSofsimilar DRBallelesalsoshowhighsimilaritywithinonespecies.67-68Hence,polymorphism
oftheantigen-bindingfirstdomainoftheDRBchaininsheepiscorrelatedwithstr variabilityashasbeenshowninhuman,66cattle,67andgoat.68Thisfacthasbeen annotatedasgroupspecificorganisation(GSO)ofDRBalleles.67 ThestrlengthofOvar-DRBlallelesisstableinheritedasin556meiosesno differencesinthelengthsbetweentheparentalallelesandthoseoftheprogeny occurred(unpublishedobservations). c.ThreeGroupsofOvar-DRB1Alleles Threedistinctgroups(A,B,andC)canbedefinedbysequenceanalysisofsheep

DRBIallelesonthebasisofthesimplerepeatsequences(seeTables7,8,and10). ThethreeallelegroupsproducePCRproductsofnonoverlappinglengthranges (groupA:476to572bp;groupB:-410bp;groupC:-800bp)andfamilysegregation analysisrevealsthatalloftheseDRBsequencesappeartobeinheritedasalleles fromonelocus.WithingroupAtheRDSexhibitshighsimilarityhaboringanalmost invariantDNAstretchofabout64bpinlength.GroupAallelesarefoundinabout 90%ofsheepandarecloselyrelatedtotheexpressedDRBgenesofcattleandgoat (DRB3andDRBI,respectively)asshownbythecomputationofsimilarity,relative silent,andreplacementsubstitutions,andtreebuildingusingtheVOSTORGand PHYLIPphylogeneticanalysisprograms.GroupB(Ovar-DRBl*08011Ovar- DRBl*0802)alleleswerefoundinabout5%ofinvestigatedanimalsandarechar¬ acterizedbystrongdifferencesinexon2atpolymorphicaasiteswhichdifferfrom alltheinvestigatedbovidalleles.Inaddition,thestrofgroupBhasabasicstructure whichdifferssignificantlyfromallotherOvar-DRBlalleles.65GroupCallelesalso representabout5%ofsheepDRBIallelesandarecharacterizedbyanintroniclength variationgeneratingaPCRproductofmorethan800bp.Whileallelesbelonging
togroupsAandBhavebeencompletelysequenced,onlythefirstpartofthesecond exon(Ovar-DRBl*0901)ofagroupCallelehasbeensequencedasgroupCalleles areyetresistanttoallvariationsofcloningprocedures.Itremainstobeshownif membersofgroupCareexpressed.TheexistenceofthelongergroupCproduct resemblesthesituationfoundinthegoat,wheresomeCaae-DRBlalleleswere foundwithstrsabout100bplongerthanthoseofotheralleles(seeChapter5).The differenceinlengthofthesegoatDRBIallelesispostulatedtohavebeengenerated byanunequalcrossingovereventresultingintheadditionofanothercompletestr basicstructure[intron(gt)n(ga)mintron(gt)n(ga)m).GroupsA,B,andCalleleshave beenfoundinseveraldifferentsheepbreeds,andinadditiongroupsAandBalleles havealsobeenfoundintheArgali,oneoftheputativeprogenitorofthedomestic sheep.WhethergroupCallelesarealsofoundintheArgaliisunknownasonlytwo individualsfromthishreeil(representingfouralleles)haveheeninvestigated.
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Table10MeanRelativeNumberofSynonymousandNonsynonymousSubstitutionsforSheepDRBIAlleles

AllDRB1alleles
GroupAalleles

GroupAvs.GroupBalleles

d,

0.039(0.052)

0.021(0.020)

0.172(0.013)

d„

0.078(0.030)

0.071(0.024)

0.130(0.015)

Note:Themeannumbersofrelativesilent(ds)andrelativereplacement(d„)substitutionswiththerespectivestandarddeviations(inparentheses)areshown.SignificantdifferencesofthedistributionsanalyzedbytheKS-test:relativesilentsubstitutions<relativereplace¬ mentsubstitutionsarefoundwhenallDRB1allelesareincluded(p<0.001)ormembers
ofthegroupAarecomparedwitheachother,whereasrelativesilentsubstitutions>relativereplacementsubstitutionsarefoundifgroupAandgroupBarecompared(p< .0.001).Forthecomparisonofrelativesilentandrelativereplacementsubstitutions33sheepDRBsequenceswereavailable.Thevaluesforthemeannumbersofrelativesubsti¬tutionscouldbedistortedifmanycloselyrelatedallelesarebiasedintheanalyzedclusters.

d.Ovar-DRB1AllelicFrequencies TheOvar-DRBIlocushasbeenfoundtobehighlypolymorphic.Todate,74Ovar-DRBIalleleshavebeendescribedbycloning(sequencing)andbyoligonu¬ cleotidetyping(ReferenceinTable7).Atleast56Ovar-DRBIallelespossessunique secondexonsequenceswhichcorrespondtouniquepeptidesequences;allother allelescanbedistinguishedbydifferencesintheirstrlength(Tables7and8).OftheseOvar-DRBIsequences,20aredefinedonlybyoligonucleotidetypingina studyof15unrelatedsheep(4differentbreeds;Gostomski,unpublisheddata)and100sheepofasinglebreed(Scottishblackface).72Wemightassumethatmanymore allelesremainedtobediscoveredfortheOvar-DRBIlocus,asforexpressedDRBlociofotherbovids(unliketheHLA-DRBIlocus).Arecentinvestigationofabout100Scottishblackfacesheepuncoveredonly19differentallelesbypolymorphism- specificoligonucleotidetyping(PSO;seeTable7),727ofthemwhichhadnotbeendescribedpriortothisstudy.Interestingly,only13uniquehybridizationpatterns werefoundforthe19alleles,implyingthatsomeoftheallelespossessidentical secondexonsequencesbutdifferentlengthsofthestrs.ConcerningthedatafortheScottishBlackfacebreed,weconcludethatabout15to20differentDRBIalleles willbefoundpersheepbreed.InviewofthehighrecombinationrateintheovineMhcitwillbeofinteresttodeterminewhetherallelesidenticalintheirexon2 sequencebutwithdifferentstrlengthswillbefoundindifferenthaplotypes.Ifthis werethecasestrlengthcouldthenbeusedasamarkerforlinkagedisequilibriafor otherneighboringMhcloci. e.AProposalfortheDRB1Nomenclature ThefollowingnomenclatureisrecommendforallelesoftheOvar-DRBIgene
basedonboththepolymorphismofthesecondexonandonthevariabilityof(heintronicstr(seeTable7).Thisnomenclatureattemptstocorrelatesimilaritiesamongthesegenesbygivingsimilarallelenameswherepossibleasitseemsthatthe expressedDRBlociingoats,sheep6-6*andcattle76(DRB3)areorthologs.Groupnumherc*/!/\~-***'n
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forbothsheepandgoatsequences.Alleleswithinagrouparenumberedinorderof theirdetection.Alleleswithidenticalcodingsequencebutdifferentstrlengthsare distinguishedbytheadditionoftheletter"L"followedbythelengthofthePCR product(includingthePCRprimer).DRBIalleleswhichhaveonlybeentypedby PSOhybridizationandlengthofthestrhavean"H"suffixfollowedbythelength ofthePCRproduct.Typedalleleswhichcanbenotdifferentiatedbytheirhybrid¬ izationpatternfromsequencedallelesshouldbegiventhesamenumber. f.AspectsofOvar-DRB1GeneEvolution PhylogenetictreesconstructedfromsheepandgoatDRBIsequencesrevealthat
somesheepDRBIallelesaremoresimilartogoatallelesthantoothersheepalleles andviceversa.68ThisagreeswithKlein'shypothesisforatransspeciesmodeof evolutionofMhcgenes.77Areducedlevelofpolymorphismhasbeenfoundatsome ofthenormallypolymorphicDRBaapositionsinthesheep.Thisfindingsuggests thatabottleneckmayhaveoccurredinsheepevolution,possiblyatthetimeof domestication.ThatalmostallOvar-DRBIalleleshavethesamebasicstrderivative structuresfurthersupportsthisidea.Theapparentexchangeofsegmentsbetween Ovar-DRBIalleles65-68togetherwiththehypothesisofgenerationofpolymorphism

byselectionpressure78hasleadtotheideathatpresent-dayOvar-DRBIalleleshave evolvedbyanextensivemotif-shufflingprocess.Tofurtherexaminethispossibility thenumberofrelativesynonymous(ds)andrelativenonsynonymous(d„)substitu¬ tionsamongsheepDRBIalleleswascalculatedusingtheNAGprogram79(Table10). Therelativenumberofsynonymous(nonsynonymous)substitutionsiscalculatedby dividingthenumberofactualsilent(replacement)substitutionbyallpossiblesyn¬ onymous(nonsynonymous)substitutionsbetweentwoDRBalleles.Thesecalcula¬ tionsrevealedthattheaveragevalueford„amongOvar-DRBIalleles(0.078)is comparabletotheaveragesfoundinotherspecies(man0.071;goat0.092).In contrast,theaveragevalueofds(0.039)isnotablysmallerthanthoseofother ungulates(e.g.,goat:0.066).ThevaluesfordsinacomparisonofOvar-DRBIallele groupAwithgroupB(Table10)areabouttwiceashighasthatforaninterspecies comparisonbetweensheepandanyotherbovidspecies(e.g.,sheepvs.cattle:0.075 ±0.029).Hence,membersofgroupBmayhavearisenevenbeforethedivergence
ofsheepandcattle.Thelackofevidenceforsequenceexchangebetweenthetwo groupsofOvar-DRBIalleles(AandB;datanotshown)suggeststhatexchangesof sequencearegroupspecific.Asthebasicstrstructuresofbothallelegroupsare extremelydifferent,thismayimplythatthestrmayalsobeinvolvedinthesequence exchangemechanism(s). 4.TheOvar-DRB2Pseudogene TheOvar-DRB2pseudogenehasseveralmutationsthatrenderitnonfunctional,80 suggestingthatthisgenehasbeennonfunctionalforalongperiodoftime.Inaddition

tostopcodonsinexons3and4,thegenecontainsframeshiftmutations,aberrant a.l./innni.1



146

THEMhcREGIONOFDOMESTICANIMALSPECIES
isnosirinthesecondintron.However,asimple(AC)„stretchisfoundinthefifth intron.80-81Thisstrhasbeenamplifiedforallsheeptestedfromanumberofbreeds'20 (Crawfordetal.,inpreparation)suggestingthatmost,ifnotall,sheeppossessthis pseudogene. 5.InformativeMarkersintheOvar-DRBRegion TwodifferentmicrosatellitemarkersareknownintheDRBregion.Oneislocated

inthesecondintronoftheexpressedDRB1gene68andtheotherinthefifthintron oftheDRB2pseudogene.81Theexistenceofatleast32differentlengthvariations oftheDRB1strandthirteendifferentlengthshavebeendescribedfortheDRB2str.Interestingly,typingofthesestrsonamappingflock(IMFsheepfamilies;A.Crawford,inpreparation)identifiedfiverecombinationeventsbetweenthetwoDRBlociin149informativemeioses.Thiscorrespondstoageneticdistanceof2.6cMbetweenthetwolociandisofaboutthesamemagnitudeasthatbetweenDRB2and anOvarclass1locus.ThisdistanceisabouttentimeslargerthanthatforthemostdistantDRBlociwithinthehumanDRBsubregion.TheanalysisofhaplotypesbetweenunrelatedanimalsalsohasidentifiedseveralhaplotypesoftheovineDRB regioncombiningdifferentDRB1andDRB2alleles.ThesameDRBIallelewas accompaniedbyuptothreedifferentDRB2allelesandviceversa.Thisunderscores thegenomicinstabilityoftheDRBsubregion. D.TheOvar-DQSubregion RestrictionmappingofcosmidshasrevealedthatthestructureoftheDQregion
issimilartothatoftheHLA-DQregion,withtwoAIBgenepairsinwhichthegenes areorientatedtailtotailspanningadistanceof130kb535(Figure5).Thereis evidencethatbothsetsofOvar-DQgenesencodeproductsthatareexpressedon thesurfaceofcells(Ballingalletal.,unpublisheddata).Incontrasttohumans,however,noevidencehasbeenfoundfortheexistenceofaDQB3pseudogeneinsheep. DQA1DQB1DQA2DQB2

-cosmid4
•cosmic!39.1

cosmid22.1iokb
——cosmid2 cosmid9.2

—cosmid79-
cosmid09

Figure5

SchematicmapolthesheepDQregion.
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Ovar-DQAgenescanbediscriminatedbetweenonthebasisofsequenceinfor¬
mationforthesecondexonofthegenewhichencodesthealdomain.5'-70This regionshareslessthan81%nucleotideidentity,andlessthan72%aaidentity, whereasexons3and4shareabout92%nucleotideandaaidentity.TheDQAgenes

incosmids4and39.1wereassignedtotheDQAIgeneonthebasisofsequence analysis,whiletheAgenesincosmids2and22.1wereonly75%similartothe DQAIgenesandwereassignedtotheDQA2locus.35ThecosmidDQBgeneswere designatedDQBIandDQB2solelyonthebasisoftheirproximitytotheAgenessince theycouldnotbediscriminatedbetweenonthebasisoftheirnucleotidesequences. 1.Ovar-DQA1andDQA2Genes SequenceandRFLPstudiesdemonstratethatboththeOvar-DQAgenesaremore polymorphicthantheOvar-DRAgene,withtheOvar-DQA2genebeingmorepoly¬ morphicthantheOvar-DQAIgene.57-70SpecificPCRprimersbasedongenomic sequencehavebeendesignedtoamplifythesecondexonsofeachOvar-DQAgene independently.CurrentlysevendistinctOvar-DQAIandelevendistinctOvar-DQA2 alleleshavebeenidentifiedbasedonsequencingofclonesfromgenomicandcDNA libraries,andPCR-amplifiedfragments(Figure6;Ballingalletal.,unpublisheddata; Maddoxetal.,ISAg1994proceedings).AdditionalOvar-DQA2alleleshavebeen identifiedbyuseofthesingle-strandconformationpolymorphism(SSCP)technique (Snibsonetal.,unpublisheddata).WhileallsheeptestedpossessOvar-DRAand Ovar-DQA2genes,asignificantproportionofsheepfromanumberofbreedslack
theOvar-DQAIgene.57-70 2.PolymorphismintheOvar-DQA1Gene MostofthepolymorphismintheOvar-DQAIgeneisfoundinexon2although

exon3alsoshowsamoderateamountofpolymorphism.70Ofthe246nucleotide siteswithintheOvar-DQAIsecondexon,49arepolymorphic,translatingtovaria¬ tionat27of82aasiteswithinthealdomain.Onlytwoalleleshavebeensequenced forexons3and4.Variationisfoundat24ofthe282nucleotidepositionsinexon 3(8.5%)andfourofthe152(2.6%)codingpositionsinthefourthexontranslating
to7(7.4%)and3(2%)variableaainthea2,andconnectingpeptide/transmem¬ brane/cytoplasmicregions,respectively.TheaapolymorphismwithintheaIdomain

isfoundmainlyinthreedistinctregions:sites9to18(I),sites47to56(II),and sites67to82(III),correspondingtothefirststrandof(i-sheetandthestartandend ofthea-helixliningtheantigen-bindingsite(Figure7).Upto14%nucleotideand 24%aadifferencesarefoundincomparisonsbetweenOvar-DQAIalleles. 3.PolymorphismintheOvar-DQA2Gene PolymorphismwithintheOvar-DQA2geneisalsofoundmainlyinthesecond
exon.70Ofthe246nucleotidesiteswithintheOvar-DQA2secondexon,79(32%) arcpolymorphic,translatingto40of82(49%)variableaasiteswithinthealdomain. Tlii-nmlraslswithvaiiritimi*•ofthe">V>(1ntirlciilidcpositionsin<**ont
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gure6Thedistributionofpolymorphismwithinthesecondexonofthe(A)
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DQA2.1
CTCACTTATCAGCTGACCACTTTGGCTCCTATGGCACAGAGATCTACCAATCTCATGGTCCCTCTGGCCAGTACACCCAGGAATTTGATGGAGACGAGCTO

DQA2.2GATGCTCG
<

DQA2.3GAGAT

A--GC-A^

DQA2.6

T-C-TGT^

DQA2.7GTTTA>

DQA2.8GAGAT

A—GC-Ak

DQA2.1033

DQA2.11GCCTT

T-X

DQA2.12GATGCT:CGm

DQA2.13GATCTGTCTTAGA^

D0A2.14

-CGAGATA—GGC-ACO

-Q

s

T3

DQA2.1GTTTTATGTGGACCTGGGGAAGAAGGAGACTGTCTGGAGGCTGCCTATGTTTAGCCAGTTTGCAGGTTTTGATCCACAGGGTGCACTGAGTGAAATAGCT
>

DQA2.2C

G-TG-A—CA—AC—G—A5

DQA2.3
-CAACGC-CATT—A-TA-CF

DQA2.6ACCC

T-C--TH

DQA2.7ArC
C—T—AA-C

"5

DQA2.8
-CAACGC-CATT—A-TA-C§

DQA2.10

C-CATT—A-TA-C2

DQA2.11
-CCAC--T--AGA-C12

DQA2.12C

G-TG—A—CA--AC--G—Am

DQA2.13AC

GATG—A—AAG—A-AC--G—AA-A-A-Cx

DQA2.14
-C.AACG

C-CA-T—A-TA-C-

DQA2.1
ACAGCAAAACAAAACTTGGATATCCTGACTAAACGCTCCAACTTTACCCCTGCTATCAATGGTAAGTGTCCAOC

DQA2.2GCATTT

DQA2.3AGC
G—AT-G-AA-T

DQA2.6

T-G—G—CTA-AAACC

DQA2.7GCA

C—T-GCACA-T

DQA2.8GC

G—AT-G-AA-T

DQA2.10

———G
C—G————G—AT—G—A——

DQA2.11

G-C-CCA-T

DQA2.12

-ACATTT

DQA2.13
-TGCA

A-T

DQA2.14AGC

G—AT-G-GA-T-—

•6.

ID



aminoacid
sequences

42.1
DHFGSYGTEIYQSHGPSGQYTQEFDGDELFYVDLGKKETVWRLPMFSQFAGFDPQGALSEIATAKQNLDILTKRSNFTPAIN

A2.2

—V-I—ADFHGE-TSHMIV
—

42.3

—V-T—A—FSEELEGHI-VNE-HVM—WYV—

42.6
IHVH

R-VIQL--S-HYM—H

;A2.7..VVHRENH

M-QWH-S—V..

2A2.8

..V-T—A-FSEELEGHI-VNHVM—WYV..

2A2.20..

HI-VNHS—VM—WY..

2A2.11..VDFLDRNDT

S—V..

QA2.12

..V-I—ADFHGE-TSKTMIV..

QA2.13

..V-IDFE-IHLEEDELRRNN—I—HYV..

QA2.14

..V-T—A-F3EGE—PL?GHT-VNE-HVM—WCV..

2334322222233233223423323323333322234222

IIIIIIIV

Figure6(continued)
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OLA-DYA

OLA-DQA2.I OLADQA2.6 OLA-DQA2.3
JO

.f-OLADQA2.14J1OLADQA2.8
-ILOLA-DQA2.IO•— OLA-DQA2J OLA-DQA2.il

r-JutH±f
OLA-DQA22 OLA-DQA2.12 OLA-DQA2.I3 HLADQAI HLA-DQA2 IT

,OLA-DQA1
I1-OLA-DQAI.4

I j—OLa-DQ,I nii.nr
DQAI.2 0LA-DQAI.3

TOLA-DQAI.5
J1OLA-DQAI.7

I1—OLA-DQA1.6L|—BoLA-DQAI.I'—BoLA-DQAl.2
■RLA-DQA

IAs

OLA-DRA
jHLA-DPA

""RLA-DPA
Figure8PhylogenetictreeolDQAsequences.

correspondingtothefirsttwostrandsofP-sheetandalargepartofthea-helix withintheantigen-bindingsite(Figure7).Upto20%nucleotideand33%aa differencesarefoundincomparisonsbetweenOvar-DQA2alleles. 4.RelationshipsAmongOvar-DQA1andDQA2Alleles AllelecomparisonsbetweenthedifferentOvar-DQAgenesshowthatthetwo
genesaredistinguishedby19to28%and28to49%nucleotideandaadifferences, respectively.Aconsensusphylogenetictreeconstructedfrom100bootstraprepli¬ catesofDQAsecondexonnucleotidesequences(Figure8)showedthattheOvar- DQAIsequencesgrouptogetherasdotheOvar-DQA2sequences;however,the differentgenesarefoundonseparatebranchesofthetree.BothoftheBoia-DQA sequencesarefoundonthesamebranchastheOvar-DQAIsequences;hence,both areprobablyallelesofthesameBota-DQAgeneratherthanbeingallelesfrom differentDQAgenes.DQAequivalentsfromnon-artiodactylspeciesareallslightly moresimilartotheOvar-DQA2genethantotheOvar-DQAIgene.

5.TheOvar-DQB1andOvar-DQB2Loci ThesecondexonsofOvar-DQBgeneshavebeensequencedfollowingamplifi¬
cationbythepolymerasechainreactionorisolationfromgenomicandcDNA libraries.Sixteendistinctexon2sequences,codingfor16distinctaasequences.
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Dallingallelal.,unpublisheddata)whiletherestcannotbeassignedtoeithergene

asyet.ThesecondexonsofOvar-DQBgenesarehighlypolymorphicwith29%of nucleotideand45%ofaasitesshowingvariation.117Mostofthevariationisfound withinlivepolymorphicregions:Isites9to15;IIsites26to33;IIIsites45to57;
IV61to81,andVsites84to91.Thepositionsoftheseregionsaresimilartoa compositeofthehypervariableregionsdescribedforDQBgenesofmouseand man.B2WComparisonofovineandbovineDQBsequencesrevealsthatsomeovine DQBsequencesaremoresimilartobovineDQBcounterpartsthantootherovine DQBsequences,suggestingthattheartiodactylDQBgeneandallelelineagespredate

theseparationoftheovineandbovinespecies20millionyearsago. Onlythreesequencesareavailabletoinvestigatepolymorphisminexons3,4,
5.and6ofOvar-DQBsequences(Maddoxetal.,unpublisheddata).Overall,vari¬ ationisfoundat5to8%ofnucleotidesitesfortheseexonstranslatingto6to8% ofaasites.ItisunknownwhetherthefifthexonofOvar-DQBgenesisexpressed. Thegenomicsequencepossessesnormalsplicesitesandtheexonisin-frame;8" however,twodistinctOvar-DQBcDNAclonesisolatedfromamesentericlymph nodelymphocytelibrarybothlackthisexon.Exon5splicesitevariantshavebeen foundinHLA-DQBsequences,andthepresenceorabsenceofexon5inmanhas beenfoundtobealleleandtissuespecificwithsomeallelesexpressingbothforms oftheHLA-DQBchain.84-85IncontrastBota-DQBgeneshaveatwobasepairdeletion fromexon5whichcausesaframe-shiftandrendersexon5incapableofbeing expressed.61 6.Ovar-DQBGenesAreDifficulttoType DNAtypingsystemsfortheOvar-DQBgenesarecomplicatedbytheexistence

ofthetwohighlysimilarOvar-DQBgenes.RFLPstudiesshowcomplexband patternsforseveralenzymesanditisdifficulttoascribeRFLPstoindividualgenes. ArecentstudybyGrainandcolleagues86characterizedanumberofDRBIDQB haplotypes.Drawbacksofthisstudywerethecross-hybridizationbetweenOvar- DRBandOvar-DQBgenesandthefailuretoexaminebandsoflessthan1kbas Ovar-DQBbandsoflessthanIkbareknowntobeproducedbydigestionwith severalenzymes(e.g.,Taq\).AlthoughtheSSCPtechniquehasbeenshownto produceuniquemigrationpatternsforeachsequencedallele,difficultiesexistwith typingOvar-DQBallelesusingthismethod.87Thisisduetothecomplexityofthe SSCPpatternswithseveralbandsperallele,dependingontheconditionsused,and thepresenceoffragmentsfromtwoDQBgenes.However,SSCPshouldprovea usefultoolforscreeningsubclonedPCRfragmentsfornewallelespriortosequenc¬ ingthem. 7.IsthereanOvar-DQB3Gene? AnequivalenttotheBota-DQB3exon2sequence,termedOvar-DQB*12,has
beenidentifiedinsheep.87WhetherthissequencerepresentsaseparategenetoOvar- DQBIandOvar-DQB2genesorwhetherthissequencerepresentsadivergentallele
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aOvar-DQB*12probeidentifiesasetoffragmentsdistinctfromthoseidentifiedby theOvar-DQB*Iprobe.87Thesefragmentsarenotfoundinallsheepandare polymorphic.TheidentificationofseparatesetsofOvar-DQBfragmentsisnot surprisingasrelativelystringentwashingconditionswereusedtopreventcross- hybridisationwithOvar-DRBgenes,andtheoverallsimilaritybetweentheOvar- DQBprobesisonly81%. 8.EvolutionofOvar-DQSequences ItseemslikelythattheduplicationwhichgaverisetotheOvar-DQlandOvar-
DQ2lociprecededthedivergenceoftheovineandbovinespeciesmorethan20 millionyearsago.Inaddition,itappearsthatthedevelopmentofsomeoftheallele lineagesforboththeOvar-DQAlandOvar-DQBgenesalsopredatedthedivergence ofovineandbovinespecies. E.DoestheSheepHaveDPGenes? SeveralstudiesusingahumanDPAprobehavefailedtoidentifyahomologous

DPAgeneinsheep.5-6'Incontrast,probingofgenomicSouthernblotsusingahuman DPBexon2cDNAprobeidentifiedfragmentswhichdidnotcross-hybridizewith humanDRB,DQB,orDOBprobes.6'InanattempttostudythisgenePCRprimers weredesignedbasedonconservedregionswithinthesecondexonsofhumanand rabbitDPBsequences.AfragmentoftherightsizewasamplifiedbyPCRfrom ovinegenomicDNA;however,sequencingofthisfragmentrevealedthatthisfrag¬ mentwasderivedfromtheOvar-DIB/DYBgene(DaviesandMaddox,unpublished work).AstudyiscurrentlybeingundertakencomparingRFLPpatternsobtained usingtheHLA-DPBandOvar-DIB/DYBprobestodeterminewhethertheunique fragmentsdetectedbytheHLA-DPBprobebelongtotheOvar-DIB/DYBgene. F.TheOvar-DNRegion ThepresenceofanOvar-DNAgene(formerlycalledDZA)wasdemonstrated
onSouthernblotsbycrosshybridizationwithanHLA-DNAprobe.69Thegenewas cloned5andsequenced(EMBLAcc.No.z29533,Wrightetal.,unpublished).Like theDRAgeneitappearstobemonomorphic.Theaatranslationofexons2to4of theOvar-DNAgeneisshowninFigure10wheretheyarecomparedwiththe homologoushumanandmouseDNA(H2-OA)genes.Ithasallthesalientfeatures ofanMhcclassIIAgene.Theseincludetwoexonscodingforthetwoextracellular domainsandonecodingforaproline-richconnectingpeptide,ahydrophobictrans¬ membraneregion,andacytoplasmictail.ThegenealsohasthetwoconservedN- linkedglycosylationsites,NGTandNAT,andthetwoconservedcysteineresidues whichfomithedisulfidebondinthealdomain.Thesequencemostresemblesthat

oftheHLA-DNAgene,withtheidentitiesattheaalevelbeing78,81,54,74,and 60%forthefirstandseconddomains,theconnectingpeptide,andthetransmembrane andcytoplasmicdomains,respectively.Aphylogcncticanalysisofthesecondexons
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DNAsequences,clearlyshowedthaitheHLA-DNA,Ovar-DNA,andtheH2-OA genesgrouptogetheronaseparatebranch. WhethertheOvar-DNAgeneisexpressediscurrentlyunknown.TheOvar-DNA
hasbeenshowntobetranscribed,asspecificRNAhasbeendetectedfollowing transienttransfectionandinNorthernblotsofanumberoftissues(Wrightand Ballingall,unpublishedobservations).ThemurinehomologuetoOvar-DNAhas beenshowntobeexpressedinpartnershipwiththeH2-OBgene.88Unfortunately, theOvar-DOBgenehasnotbeencloned,and,whileattemptsweremadetoexpress theOvar-DNAgenebytransfectingcosmidscontainingthegeneintomouseL-cells incombinationwithexpressibleOvar-DQBlandDRB1,genesnoproductswere detected. G.TheOvar-DY/DIRegion ThepresenceoftwoclassIIgenespresumedtobeuniquetotheruminantwas deducedfromRFLPstudiesofcattleDNA.55ThesegenesweredesignatedDYAand DYandwereshowntosegregatetogetherwiththeDOBgeneinoneregionseparated

byarecombinationdistanceof17cMfromtheregionwhichcontainstheDQA, DQB,DRB,DRA,andC4loci.Subsequently,Bota-DYAwassequenced89(EMBL acc.#m30l19andm30118).Thesequenceofpartofasimilargeneinthegoatwas obtainedbyPCRusingprimersderivedfromthebovinesequence90(EMBLacc.# m94325).However,therehasbeennoreportofthecloningofaBgenepartnerfor
theDYAgene.AnovelbovineclassIIBgene,designatedBota-DIB,wassequenced byStoneandMuggli-Cockett."Thiswasshowntobeasingle-copygeneoflimited polymorphism,whichonthebasisofRFLPanalysiswasprobablynotBota-DYB butdidappeartobedistinctfromotherknownbovineclassIIgenes.Thespecies distributionofthisBgenewasshowntoberestrictedtoCervidae,Giraffidae,and Bovidae(Pecora).56Wrightetal.92describedacosmidclonecontaininganMhc classIIAandBgenepairwhichprovedtobeverysimilartotheBota-DYAand Bota-DIBgenes.Thepredictedaatranslationsofexon2and3ofthesheepAgene areshowninFigure11togetherwiththethoseofthecattleandgoatsequences.The AgeneinthecosmidhadallthesalientfeaturesofanMhcclassIIAgene.Itshowed

ahighsequencesimilaritytothebovine(89and92%aaidentityinexons2and3, respectively)andcaprine(96%aaidentityinexon3)DYAgenesandmuchlessso
totheOvar-DRA,DQAI,DQA2,andDNAgenes(54,67,66,and53%identity, respectively,atexon2).TheAgenewasclearlythesheephomologoftheBota- DYAgene.Theaasequencesofthesecond,third,andfourthexonsoftheBgene

inthecosmidcloneareshowninFigure12togetherwiththoseoftheBota-DIB gene.ThepresenceofaBamH\siteinexon2ofthesheepgenecausedatruncation atthispointduringthecloningprocedureandscapartofexon2,thewholeofexon I,andalltheupstreamregulatoryelementsweremissing.Theaaidentitiesbetween thesheepgeneandtheBota-DIB,Ovar-DQB,andOvar-DRBgenesforexon2were 98,49,and53%,respectively.TheauthorsdesignatedtheBgeneOvar-DYBbecause ofitsproximitytotheAgenewhichisclearlyOvar-DYA.Thedistancebetweenthe
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genesisabout11kbandthetranscriptionalorientationistailtotail,astructure similartothatoftheHLA-DQsubregion,9'theBota-DQsubregion,61andtheOvar- DQIgenes."5ThereisasyetnoestimateofthedistancebetweentheDYlocusand
theotherclassIIlociinthesheep.Althoughthereisnoestimateofthedistance betweenBoia-DYAandBota-DRB3intermsofkbofDNA,thegeneticdistancein termsofrecombinationfrequencyhasbeenestimatedat15cM,94afigurewhich agreeswellwiththe17cMestimatedforthedistancebetweenthetwosubregions containingDY/DOontheonehandandDQIDRontheother.55Thesefrequencies contrastwiththeestimatedrecombinationdistanceofonly3cMbetweentheHLA- DQandHLA-DPsubregionswhichareseparatedby300kbonthemolecularmap.95 OthershaveshownthattheBota-DIBgenemapstothegroupcontainingtheDOB geneandhence,byinference,theDYAgene.56WhetheranOvar-DYclassIImolecule

isexpressedatthecellsurfaceornotremainstobedemonstrated.Wrightetal.92 wereunabletoobtainexpressionoftheDYgenesfollowingtransfectionintomouse L-cells.ThiswasperhapsnotsurprisingsincetheBgeneinthecosmidwastruncated (Figure12).However,cotransfectionoftheDYcosmidwithphageDNAcontaining theBota-DIBgenekindlysuppliedbyDr.R.Stonewasalsounsuccessful(unpub¬ lishedobservations).EvidencefortranscriptionoftheDYAgenewasobtainedwhen totalRNApreparedfromthetransfectedL-cellswashybridizedwithaDYAprobe. StoneandMuggli-Cockett56wereunabletodetectsignificantamountsofBota-DIB mRNAinNorthernblotsofperipheralbloodmonocytes.Aphylogeneticanalysis
ofBota-AgenesbyScottetal.57placedtheDYAgeneonthesamebranchasthe DQAgenesbutindicatedthatDYAbranchedofflongbeforetheduplicationwhich

ledtoDQAlandDQA2.ThehighdegreeofsequencesimilaritybetweensheepDY genesandthehomologouscattleDYAandDIBgenesprovidesanargumentthat theseareevolutionaryconservedMhcgenesofunknownfunction. H.TheOvar-DMRegion SheeppossessOvar-DMAandOvar-DMBgenesasevidencedbyPCRamplifi¬
cationoffragmentsfromexons2and3oftheOvar-DMBgeneandexon2ofthe Ovar-DMAgeneusingprimersbasedonconservedsequencesbetweenthemurine andhumangenes(Figure13).PreliminaryworkusinganOvar-DMBexon3probe onDNAfromsevensheeprevealedonly1EcoRIpolymorphismandnoTaqI polymorphisms(MaddoxandvanOorschot,unpublisheddata). III.THEOVARCLASSIIIREGION

CharacterizationofthemammalianMhchasbeenassistedgreatlybytheiden¬ tificationofthecentralregiongenes,oftencalledclassIIIregiongenes.Inmany,if notall,mammalianspeciesclassIIIregiongenesseparatetheclustersofclass1and classIIlociwhichconsistmainlyofgenesencodingthediverseandhighlypoly¬ morphicfamiliesofleukocyteantigens.MoleculesencodedbyMhcclassIIIregion genesareheterogeneouswithrespecttobothstructureandfunctionandareeither



(a)exon2nucleotidesequences

ConsensusCTTYGTGGCYCATGTGSAAAGCACSTGYSTGYTGGAYGATGMTGGRAMYCCAMARGABTTCACRTAYTGYRTYTCCTTCAACAARGAYYTGCTGRCCTGC

Ovar-DMBTCCC—TC—TCAG-ATA-A—GG—T—CG-CG—CTA

HLA-DMBCCGC—TC—TTCG-CTA-G—TA—C—CA-CG—TCA

H-2IMBTTGG—CG—CTCA-CCC-G—CA—C—TG-TA—TCG

ConsensusTGGGATCCMVWRSWGRVHRRDATRGYYCCYYGYGAATTTGGGGTGCTGWAYVSMTTGGCSRADEWYYTYTCAVRKHHCCTCAACMRWRAMGABRBYCTKM

Ovaz
-DMBCCTGCA-GCCGGT—G-TT—TC-TA-CGGCCA-GTACC-CGATTCAGTG-C—TGTC--GA

HLA-DMBAGAGGA-AATAAG—G-CC--TT-CA-TAGCGA-TGTCC-CCAGCACAAA-A—CACC—GA

H-2IMBAATAGT-GGAAAA—A-TC—CT-TT-TCCACG-AAATT-TAGGATAAAG-A—GAGT—TC

ConsensusTSCAGCGYTTGYVMARYGGKCTKCMGRAYTGTGCCWCMCACACCCAGCCCTTCTGGR

Ovar-DMB-CCTCC-GT—T—G-A-G-CA-C

HLA-DMB-GCCGC-AT—G—T-A-A-TA-AG

H-2IMB-CTCAA-AC—G—T-C-G-CT-CA

(b)bldomainaminoacidsequences

Consensus
FVAHV-STC-LDD-G-P—FTYC-SFNKDLL-CWDPP-EFGVL—LAS—LNL-QRL—GL—CA-HTQPFW

Ovar-DMBQLD-N-KEVT——LQAGMV-RNG—KYL-DS—SDDV-ISS--QD—T

HLA-DMBELA-T-KD1TEENKMA-CNS—NVL-QH—QKDT-MRN--QN--T

H-2IMBEVA-T-QDVAIVGKIV-CYP—ENF-RI—KEES-LQN--PD—S

(c)exon3nucleotidesequences

Consensus
GCTAYGTSTGGGGCTTCTATCCAGCRGAHGTGRCYATCACRTGGAKGARGAAYGGGMAGSWKGTCMYKYCYCACACGGCAVHRMSBRSAR

Ovaz
-DMBT—GG—CG-CGG—GCC—GAGCT..-CCAGCCTGG-G

HLA-DMBT—GA—AA-TGG—ACA—CTTATGC-T..GTGCGCAC-A

H-2IMBC—CG—TA-CAT—ATC--CTTCCTT-C..ACAAGGAG-A

ConsensusGRYBRYYCAGCCCAATGGAGACTGGACATACCAGA

Ovaz-DMB-GTCATC

HLA-DMB-ACTGCC

H-2JMB-ACGGCT

(d)b2domainaminoacidsequences

Consensus
YVWGFYPA-V-ITW—NG—V—HQPNGDWTYQ

Ovar-DMBD-ARR—QE-LP-GTAWRVI

HLA-DMBE-TRK—KL-MP-SSAHKTA

H-2IMBD-TMK—QL-PS-SNKEKTA

Figure13NucleotidesequenceofDMBgenes.Regionscorrespondingtooligonucleotideprimersequencesareunderlined.
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intracellularorextracellularproteinsratherthanmembrane-associatedmolecules. TherehasbeensomedebateconcerningtherelevanceofclassIIIregiongeneswithin theMhc.Klein96hasarguedthatthecloselinkageofclassIIIregionlocitothe lymphocyteantigen-encodingclass1andIIregionsisserendipitous.However,many classIIIlociarepolymorphicandencodemoleculeswhichhaveaccessoryfunctions

inadaptiveimmuneresponses.Inaddition,Dawkinsetal.97haveshownthatclass IIIlociareimportantmarkersforhighlyconservedchromosomalsegments(haplo- types)derivedfromcommon,thoughremote,ancestors.These"ancestralhaplo- types"provideanexplanationfortheextensivelinkagedisequilibriumobserved betweendistinctMhclociandareparticularlyusefulinmappingMhc-associated diseasesusceptibilityloci.98 A.C4and21-HydroxylaseGenes OneofthemostcharacteristicoftheclassIIIregiongenesisthatforcomplement componentC4.MultiplecopiesofthislocusarepresentintheMhcsofhumansand micewitheachcopyalsomanifestingahighdegreeofpolymorphism.Inallinstances wheretheC4genehasbeenmappedinmammalianspecies,closelinkagetothe Mhchasbeendemonstrated.Incontrasttothewell-definedclassIIIregionsofthe humanandmouse,theexistenceofaclassIIIMhcregioninsheepisstillbasedon circumstantialevidence.Thisevidencederivesfromcomparisonswithrelatedspe¬ cies,namelygoatsandcattle,andsyntenybetweenseveralloci.Thusinbothcattle andgoatsthecomplementC4genehasbeendemonstratedtobelinkedtoeither classIorclassIIloci.99'00Further,aswillbeshownbelow,theclusterofgenes characteristicoftheclassIIIregionofgoatsandcattle,andothermammalianspecies, alsooccursinsheep.Chardonetal.101werethefirsttoidentifyasheepcomplement C4geneusingcross-hybridizationwithahumanC4cDNAprobebutthisgroup wasunabletodemonstratepolymorphismofthesheepC4geneandhencelinkage
toOvarcouldnotbeestablished.Grothetal.102103describedanassociation(linkage disequilibrium)betweenRFLPsofthecomplementC4geneandaclassIIDQB geneinunrelatedsheep.Thisobservationisconsistentwithlinkagebetweenthese locibutunfortunatelydoesnotsettlethequestionbeyonddoubt. GrothandWetherall(submittedforpublication)haverecentlyisolatedafamily

ofoverlappingcosmidclonescontainingsequencesfromC4genesfromasheep genomiccosmidlibrarypreparedfromtheliverofamalesheep(obtainedfrom Clontech,USA)bycross-hybridizationwitha2.1-kbbovineC4cDNAprobe."" PartialdigestionofcosmidinsertDNAwithEcoRIandsubsequenthybridization withradiolabeledT3orT4oligonucleotidespermittedtherelativeorderingofDNA fragmentsgeneratedfromcosmidinsertDNAbycompleteEcoRIdigestion.Addi¬ tionalcosmidclonesadjacenttothecomplementC4geneswereobtainedbya cosmidwalkingprocedureusingDNAprobesforseveralotherloci(21-hydroxylase, complementC2andfactorB)knowntooccurinthehumanMhcclassIIIregion. Withthisproceduretherelativepositionsoftheselociweremappedwithinan approximately150-kbsegmentofsheepDNA.Clearevidencewasalsoobtainedfor duplicatedcomplementC4and21-hydroxylaseloci.
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Ofparticularinterestwastheobservationthatinsheeptheorderofthecomple¬
mentC4and21-hydroxylaselociwasinverted(...CYP2I...C4...C4.CYP21...)relativetothatpresentinthecorrespondingregionsofthehuman,mouse,andcattleMhc.Inaddition,itwasshownbyusingana-chain-specificcDNAprobethatthedirectionofsynthesisofoneofthetwoC4lociwasoppositetothatofitspartner.Thesedataindicatethepresenceofachromosomalinversioninthisregionofthe sheepchromosome.WithrespecttothisfindingitisofinterestthatCameron100also obtainedevidenceconsistentwitheitherachromosomalinversioninthisregionofthegoatMhcoralargeseparationbetweentheseloci.Theresultssummarizedhereinfavortheformerexplanation.Inadditiontothegenesmappedabove,apolymorphic microsatellitelocushasbeendetectedclosetotheBflocusinthisregionofsheepDNA.Thismicrosatellitelocusisbeingusedinconjunctionwithanotherpolymor¬ phicmicrosatellitewithintheclassIregiontotypeseveralsheepfamiliestoestablishfinallywhetherthetypicalclassIIIgeneclusterdescribedaboveisMhclinkedaswouldbeexpected. ApreliminarymapofthisregionisshowninFigure14togetherwithmapsfor

thecorrespondinghumanandmouseMhclegions.Thesedataprovidestrongcir¬ cumstantialevidenceforlinkageofthisgroupofgenestotheovineMhc. HUMAN
CYP21B(Y)...C4B~.CYP21A...C4ABf....C2TNFATNFB

SHEEP....CYP21..C4..C4..CYP21ms..Bf...C2... CATTLE

«,(or
ClassII

(orderofgenesnotestablished) ClassIII

ClassI

ClassIClassII

ClassIIIvClassI

MOUSE
CYP21B..C4B(Slp).„CYP21A...C4A.BZ...C1TNFA....TNFB

Figure14SyntenicgroupofsheeplocishowingsimilaritywiththeclassIIIMhcregionlociinthehuman,cattle,andmouse.TheorderofgeneslorthecattleclassIIIregionhasnotbeenestablished.Distancesarenotshowntoscale.



164

THEMhcREGIONOFDOMESTICANIMALSPECIES
Thedatasummarizedaboveareconsistentwiththeearlierdemonstrationoftwo functionalisotypesofC4proteinpresentinsheepplasma.105MorerecentlyRen etal.'"6clonedandsequencedDNAfragmentsobtainedbyPCRamplificationof sheepDNAandidentifiedfivedistinctC4sequences.Thisreportindicatesthe existenceofatleastthreeC4lociononechromosome.Thusthenumberofsheep C4genespresentperchromosomeresemblesthesituationobservedinbothhumans andmicewherethereisindividualvariationinthenumber(2to5)andfunctionof C4genesperhaplotype. WhileapolymorphicCAdinucleotidemicrosatelliteispresentinatleastone

ofthetwocattle21-hydroxylasegenes,107neitherofthesheep21-hydroxylasegenes containsa(CA)dinucleotidemicrosatellitesequenceasdeterminedbySouthern blottingwitharadiolabeledoligonucleotide(GrothandWetherall,unpublished observation).ThisobservationisconsistentwiththefindingsofMooreetal.107who wereunabletodemonstratepolymorphisminsheepusingthepolymerasechain reactionwitholigonucleotideprimersforthecattle21-hydroxylaseassociatedmic¬ rosatellitelocus. B.TheTumorNecrosisFactor Tumornecrosisfactora(cachectin)andtumornecrosisfactorp(lymphotoxin)
arerelatedcytokines,thegenesforwhicharecloselylinkedinmouse,human,and cow108"110andmayhavearisenbygeneduplication.Thegenesforthetumornecrosis factorsofmouseandmanmaptowithintheclassIIIregionveryclosetotheclass 1genes(Figure14),althoughnochromosomallocationhasbeenassignedinrumi¬ nants.Whiletheseproteinsarehighlypleiotropicinfunctionandrecognizethesame tworeceptorswithhighaffinityonmanycelltypes,theyareproducedbydifferent celllineages.TNFaisproducedbyappropriatelyactivatedcellsofthemono¬ cyte/macrophagelineage,neutrophils,mastcells,somelymphocytesincludingnat¬ uralkillercells,astrocytes,keratinocytes,fibroblasts,andatlowlevelsbyavariety ofothercelltypes.IncontrastlymphotoxinisproducedexclusivelybyTandB lymphocytes. AovineTNFacDNAhasbeenclonedbythreegroups,usingeitherPCRbased methods"1"2orconventionalscreeningofastimulatedmacrophagelibrary."3The publishedsequencesshowminordifferencesinthe3'untranslatedregionofthegene includingatotaloffivesinglebasechangesandfourshort(onetothreebasepair) insertions.Onesequence"alsodiffersfromtheothertwowithinthecoding sequence,byathree-basedeletionleadingtotheabsenceofaglutamineresidueat position63ofthepreproteinsequence.Assumingthattheintron/exonstructureof TNFainthesheepisthesameasitisinthecow,thisapparentdeletionoccursat the5'endofexon2inthegenestructure,whereathree-baseduplicationmaygive risetoavariationinthechoiceofspliceacceptorsite(Figure15). Thepredictedpreproteinderivedfromthesesequencesisof234aalength.By

analogywithTNFamaturationinhumans,maturationofthispreproteinwould involveremovalofthefirst78aa.ThereisoneN-linkedglycosylationsiteatposition
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Figure15VariantsinsplicingmaygiverisetotwodifferentmessagesforTNFa.cDNA sequenceofovineTNFaisalignedwithpartofthegenomicsequenceofbovineTNFa,showingthepotentialalternatespliceacceptorsatthe5'endofexon2.TherepeatCAGatthespliceacceptorisunderlined.
19ofthematureprotein,andthissiteisusedinthenaturalproductfromLPS- stimulatedmacrophages"4(Thesamesiteoccursandisusedinmurine,butnothumanorbovineTNFa).ComparisonoftheovineTNFasequencewiththatfound

inotherspeciesshowsaveryhighdegreeofsequenceconservationinruminants,being93%similarattheproteinleveltothebovinesequence,"0andover97% similartothegoatsequence"5(seeFigure15).AttheDNAlevel,thishomologyextendsthroughoutthe5'and3' untranslatedregionsofthegene,aswellasthe structuralsequence.Inparticulara34baseA+T-richRNAdestabilisingsequence typicalofcytokinegenesiscompletelyconservedacrosssequencedmammalianTNFagenes.WhencomparedwithnonruminantTNFaaminoacidsequencesthe ovinesequenceisbetween72and79%identical. RecombinantTNFahasbeenexpressedinmammaliancells,"3inbacteria,"6
andinyeast."4Theexpressedproteinisaboutthreeordersofmagnitudeless cytotoxicformurineTNF-sensitivecelllinesthanishumanormurineTNFa(about 105units/mg)."4116Incontrasttheporcinecelllinepk1512isabout100timesmore sensitivetoovineTNF,suggestingaspeciesbarrierinrecognitionofthetypeoneTNFreceptorbetweenmouseandsheep. Noreportshavebeenpublishedontheovinelymphotoxingeneoronthepresence

ofsheeplociassociatedwithintracellularprocessingofantigenortransportof peptidestothecellmembrane.Itisverylikelyhoweverthatthesewillbeidentified
inthenearfuturebycrosshybridizationwithDNAprobesfromthehomologouslociofothermammalianspecies. IV.AGENETICLINKAGEMAPOFSHEEPMhcREGION

Ageneticlinkagemapofthesheepchromosome20,whichcontainsthesheep
Mhcregion,wasgeneratedfromthesegregationanalysisofninepolymorphic microsatellitemarkers(derivedfromcattleorsheepgenomes;seeTable11)inthe AgResearchInternationalMappingFlock(IMF).TheIMFcomprises93-generation pedigreesandconsistsof127animals.AllF1sireshadacommonTexelsireand oneoffourCoopworthdams.TheFldamsallhaddifferentPerendale-Coopworth crossdamsandoneofthreeMerino-Romneycrosssires.ThenumberofF2offspring variedfrom7to17inHiwi/lualc
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Table11MarkersUsedIntheLinkageMapofSheepChromosome20

Annealing temperature
Informative

Marker

Primers3'-5'

(C)

meioses

Ref.

BM1258

GIAIGIAIIIIICCCACCCTGC GAGTCAGACATGACTGAGCCTG
63

141

130

BM1018

AGCTGGGAATATAACCAAAGG AGTGCTTTCAAGGTCCATGC

53

176

130

BM1905

GTCCATGGGTTCACAAAGAG ACGCCTGCTGATGCTGTAG

57

35

130

OarCP73

AAAACTGAGAAATATTCAGATGCAAC TAAACGTCCATCAACAGAGGAAGGG
63

78

Edeetal. (inprep)

OarHH56

GCAACCCACTCATCTCTCCGTGTC GAAAACTTAAGTTCCAGCTATTAAAATAGC
60

156

121

OLADRB

CTGACCCAGAt/gTGAGTGAAGTATC TCTCTGCAGCACATTTCCTGG
59

179

68

OLADRBps
CTGCCAATGCAGAGACACAAGA GTCTGTCTCCTGTCTTGTCATC
63

173

120

OMHC1

ATCTGGTGGGCTACAGTCCATG
60

197

13

GCAATGCTTTCTAAATTCTGAGGAA
WiththeexceptionoftheOvar-DRBlDNAlocuswhichwastypedonthebasis

ofbothsizeofthemicrosatelliteandthebindingofallele-specificoligonucleotides
tothepolymorphicDRB1exon2region,68allmicrosatelliteswhereanalyzedas previouslydescribed."7 Genotypeswerecheckedforconsistencywiththepedigreerecords.Eachmarker

wasalsocheckedforMendeliansegregationusingtheUSERMl1moduleofMEN¬ DEL."8Preliminarydeterminationoflinkagegroupswasperformedbytwo-point linkageanalyses,ignoringgrandparentalinformation.Thiswassupplementedby informationfromthebovinemap,whereavailable. MultipointlinkageanalysiswasperformedusingtheBUILDoptionofCRI-
MAP."9Genotypesresultingindoublerecombinantsforthemostlikelyorderwere rechecked.Inaddition,thegenotypesoffamilies,whoseproportionofrecombinants foraparticularpairofmarkerswasatypical,wererecheckedaswerethegenotypes ofmarkerswhichconsiderablyincreasedthemaplength. TheresultingmappositionsfromtheBUILDoptionofCRI-MAPwerethen

checkedusingtheFLIPSoptionstoensurethattheoddsinfavoroftheorder presentedwasatleast1000:1overthealternativeorders.Eachmarkerineachlinkage groupwascheckedtomakesurethatitbelongedinitsmostlikelymapposition againstbeingunlinkedtothegroupatoddsofatleast1000:1,andeachlinkage groupmapwasbrokenateachintervaltoensurethatthetworesultinggroupswere linkedratherthanunlinked,atoddsofatleast1000:1. Theresultinggeneticlinkagemapofsheepchromosome20coversatotalof
58.6cM.Asaresultofusingthreebovinemarkersonthemap,themapofsheep chromosome20canbecomparedwiththatofcattlechromosome23whichcontains thebovineMhc.Boththeorderandtheapproximategeneticdistancebetween markersareconservedbetweencattleandsheep.ThreemarkersfromtheMhcregion
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Markers

Recombination Fractionbetween adjacentmarkers
Distancebetween adjacentmarkers (KosambicMV
Cumulative. maplength (KosaroblcM)

BM1905

00

0.14

146

OarHH56

14.6

0.05

4.5

BM1818

19.1

0.10

10.4

OMHCl

29.5

0.03

2.9

OLADRBps

32.4

0.03

2.5

OLADRB

34.9

0.12

12.6

BM1258

47.5

0.11

11.1

OarCP73

58.6

Figure16Asex-averagedgeneticlinkagemapofsheepchromosome20.
fromaclassonegene(OMHCl),thepseudogeneDRB2(OLADRBps),andthe expressedDRB1gene(OLADRB).Anunexpectedresultwasthefindingofrecom¬ binantsbetweentheexpressedDRBgeneandthepseudogene.Fiverecombinants fromatotalof149co-informativemeioseswereidentified.Multipointlinkage analysisdeterminedageneticdistancebetweenthemof2.6cM(seeFigure16). V.ASSOCIATIONSTUDIESBETWEENTHE OVARCOMPLEXANDDISEASES

A.ClassI Diseaseassociationstudiesreceivedconsiderableimpetusfromthepioneering
studiesofOutteridgeandcolleagues,122whoshowedthataserologicallydetected classIOvarantigendesignatedSY1wasassociatedwithresistanceofsheeptothe economicallyimportantnematodeparasite,Trichostrongyluscolubriformis,andthat lambsbredfortheSY1phenotypewerealsoresistanttotheseparasites.Asimilar associationalsohasbeenrecentlyfoundinanotherbreedofsheep,theNewZealand Romney.In1990Luffauetal.123reportedanassociationbetweenanotherOvartype (PI4)andresistancetoadifferentnematode,theparasiteHaemonchuscontortus, althoughthisassociationhasnotbeenconfirmedtodate. Outteridgeandcolleaguesalsohavereportedsomeevidenceforapositive associationbetweenresistancetofootrot,aninfectioncausedbythebacterium Bacteroidesnodosus,andtheOvarspecificitiesSYlbandSY6.124Becauseofthe economicimportanceoffootrotdisease,thisobservationhasledtofurtherefforts usingmoleculartechniquestodefinethenatureoftheassociationofthisdisease



160

THEMhcREGIONOFDOMESTICANIMALSPECIES
CSIROandanumberofcollaboratinglaboratories,inflocksofsheepbredfor resistanceorsusceptibilitytofootrotusingalargenumberofmolecularmarkersto betterdetinethisassociation(RaadsmaandNicholas,personalcommunication). Millotetal.125126reportedanassociationbetweenserologicallydefinedOvar

markersandsusceptibilityorresistancetoinfectionwithscrapievirusintheIslede Francebreedofsheep.AmorerecentstudybyCullen121wasnotabletoconfirm theseobservations. B.ClassII OnlyafewstudiessearchingforanassociationbetweenOvar-DRBlencoded
genesanddiseasehavebeenperformed.AserologicalstudybyDouchand Outteridge128foundanassociationbetweenFECandSY1,butthenumbersof investigatedanimalswaslow.Serologicalandmolecularstudiesfailedtofindany associationbetweenH.contortusinfectionandtheovineMhc.81129Withinthese studiesextensiveRFLPpolymorphismwasshownfortheDRBregion:Blattman etal.81described21polymorphicRFLPbandsfortheDRBregionwithTaqldiges¬ tion.

InthesearchforanassociationbetweenDRBIandinfectionofOstertagia circumcincta,300animals(including100unrelated)ScottishBlackfacesheepwere investigated.12Thelambswerekepttogetherafterweaningtoensureequalnatural exposuretopotentiallyinfectivelarvae.Fecalsamplesweretakenfrom200lambs at4-weekintervalsfromtheageof1to6months.Thewormswereeliminatedby anthelminthicsinthesameintervals.Bydeterminationoflengthvariationofintronic simplerepetitivesequencesandoligonucleotidehybridizationofpolymorphisms withintheDRBIexon2,19differentDRBIalleleswereidentifiedinthissheep breed.MultivariateanalysisshowedthatgeneticeffectsonO.circumcinctainfection werestrongestat6monthofage.TheDRBIlocusaccountsforanadditional11%
ofthevariationoffecaleggcountsafteraccountingfortheeffectsofsex,sire,and dam.Forthestatisticalanalysisofthedatawhichrevealedgeneticeffectsanallele substitutionmodelwasapplied.Theunivariateanalysisindicatedthatsubstitution ofthemostcommonallele(Ovar-DRBI*010IL526)byalleleOvar- DRB1*0203L512wouldresultina58-foldreductioninfecaleggcountsin6-month oldlambs,suggestingthatalleleOvar-DRBl*0203LSI2confersresistancetoOster- tagiasis.TheseresultswerestatisticallysignificantevenafterBonferronicorrection. ThereisnoexamplewherepolymorphicMhcallelesshow100%association

withadefineddiseasestatusineithermanorinanimals.Theprobabilityforfinding
anassociationbetweenamultiallelesystemandparasiteinfectionsdependson severalfactors:(1)Thetypingsystem,(2)thekindofstatisticalmodelselectedfor theanalysis,(3)theinvestigatedparasite,(4)thesheepbreed,and(5)theparameters usedtoassessdiseaseresistance. Directionalbreedinginfavorofanincreasedfrequencyofthecriticalallele

withinaflockcouldresultinanimalswithsuperiorresistancetoOstertagiasis.This may,however,notbedesirableashomozygosityfortheDRBIalleleconfening resistancewouldrestrictthevarietvofdifferentnentidesthatcanhenresentedhv
THEOVINEMAJORHISTOCOMPATIBILITYCOMPLEX
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Mhcmoleculesinthispopulationandconsequentlytheimmuneresponsivenessto otherpathogens.AssociationstudiesincludingtheknowledgeoftheDRBIantigen- bindingregionwillneverthelessgiveabetterunderstandingofimmunologicalpro¬ cessesleadingtosusceptibilityorresistance.
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Research Supervision: guidance and creativity
Dr. John Hopkins'

Modern society relies heavily for maintenance and advancement on scientific research and
the very basis of this research is the Ph.D. degree. The importance of research in veterinary
education in the UK has been emphasized recently by the Selborne Committee report that
made many recommendations to increase and improve veterinary research output. The
successful training of postgraduate research students is one of the primary aims of the most
prestigious universities and colleges. The reasons for this institutional emphasis are
twofold. Firstly, success in training Ph.D. graduates and eventually having well-known
alumni is an important indicator of university prestige. Secondly (and probably more
importantly), successful Ph.D. programmes generate increased funding. Finance follows
students - but also postgraduate students are a critical measure in Research Assessment, and
in the United Kingdom this contributes up to 30% ofuniversity core budgets.

This external pressure on institutions eventually translates to pressure on staff (i.e. Ph.D.
supervisors). Having Ph.D. students is a critical measure of the supervisor's prestige. These
students become central to the establishment of productive research groups. They are vital
for the generation of data and papers and eventual award of research funds and are a major
consideration in the assessment of staffpromotion.

There is no fixed definition of what a Ph.D is. Different institutions in different countries
have different definitions, some of which are contradictory. Three of the more common
definitions are:

• "original research that makes a significant contribution to knowledge in, or
understanding of, a field of study and containing material worthy ofpublication";

• "a training that permits the student to undertake reasoned and original research in an
independent manner";

• "a unified body of work that could reasonably be achieved in three years postgraduate
study and research".

The first is the most traditional and foresees an element of scholarship as well as training. It
can also be construed as being too idealistic as there is no objective, finite end to the
requirement. The second is rather more realistic that also begins to predict the future
relevance of postgraduate research. The third definition is highly defined and prosaic but
could exclude scholarship from the process. If future employers' requirements are taken
into account, a combination of the second and third definitions would suffice. What the
majority of employers require is a degree of technical competence and specialist
knowledge. In addition they also put much emphasis on a high standard of numeracy and
literacy, problem solving, information technology and communication skills as well as the
ability to work as a member of a team. Little emphasis is put on scholarship by employers,
that seems to be the focus of the traditional educationalist.

Royal (Dick) School of Veterinary Studies, The University of Edinburgh, Summerhall, Edinburgh EH9 1QH.
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This conflict between the aims of the university and the needs of the employers is reflected
in the mechanisms of management of Ph.D. programmes. There are five major tensions in
research supervision. The most contentious is that between scholarship and training; how
much is a Ph.D. an education and how much is it training in research techniques? To what
extent is the student a scholar or an apprentice of the supervisor? Similarly, there is the
tension between originality and collaboration. It is clear that many successful Ph.D.
students gain their education and training from close knit research groups where each
person works on their own small part of a large programme. This is particularly true in the
modern environment of expensive, hi-tech scientific research and more closely mimics
future employment in industry. Very rarely do individual scientists beaver away
productively in isolation.

Responsibilities And Expectations

There are three major inputs into a Ph.D. programme in the biomedical sciences - the
supervisor, the student and the institution. The first, and arguably most important is the
supervisor. A Ph.D. studentship is usually the brainchild of the supervisor and usually
originates from work in progress or completed. Consequently, it is the supervisor who
initially has ownership of the project. Projects are usually awarded only after peer review
and these reviews include assessment of the reputation of the supervisor as well as the
scientific excellence and originality of the project. Only on rare occasions does it involve
any input from the student. Usually the student becomes involved only after the award of
the studentship. Also involved in this process are the facilities, resources and reputation of
the institution. It is no accident that the best universities get the most studentships.

The role of the supervisor is critical. This person has the responsibility for initiation and
planning of the project, for the provision of appropriate resources as well as the actual
tuition and guidance of the student. In addition, (s)he has to give up ownership of the
project, to the student at the most appropriate time. In return for these efforts, the supervisor
expects the student to be enthusiastic and eager to learn. In addition, technical competency
is expected (after due tuition) as is absolute honesty in their reporting of the research to the
supervisor. This should lead to the production of data that will be used for the generation of
the papers that eventually justify the grants.

The responsibilities of the student are, initially less onerous. They are expected to work
hard and learn. In time the responsibilities increase. They are expected to become
technically competent, produce data and eventually to generate a thesis with publishable
results. In return, the student expects to receive adequate resources, guidance and tuition to
get a Ph.D. This gives the student access to advanced science and, possibly the career of
choice. Along the way the student will gain specialist knowledge, a technical training and
eventually ownership of the project.

The primary responsibility of the institution is that it awards the degree. It therefore has a
strong vested interest in maintaining the standard of the Ph.D. awarded in its name. The
prestige of the institution ultimately depends on the standard of its alumni. The institute
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therefore provides the general academic environment in which good research students can
flourish. As well as the essential facilities this also includes the provision of training
courses in generic skills and the establishment of quality monitoring processes.

Choosing a Ph.D. project

As far as the student is concerned when choosing to embark on a Ph.D. programme there
are two critical choices. Both these choices are highly relevant to the subsequent success of
their postgraduate scientific career. The first is what type of Ph.D. programme to choose? In
Europe there are at least seven major forms of Ph.D. for the veterinary graduate, ranging
from a 3-year full-time project through 3 years plusl or 2 years of clinical training to 5
years full-time including enrolment in specific training courses. In general, students more
interested in laboratory-based projects prefer to choose the 3 year full-time options and
those students with ambitions to become clinical scientists choose to intercalate the research
with clinical work. There is, however a major problem in veterinary education as there is a
critical shortage of veterinarians who want to do Ph.D.s. The major reasons for this is a
perceived lack of professional advantage in gaining the degree. This is in contrast with
basic scientists and physicians who can often gain significant professional and financial
advantage from obtaining a Ph.D.

Most Ph.D. studentships are awarded after peer review in open competition with other
applications. A major consideration for the award of studentships is the availability of funds
from current research. Consequently, most studentships are now awarded to active, funded
supervisors. It is very unusual today for studentships to be awarded to supervisors with no
experience or funded research in the area of the project. The most critical event, therefore is
not what type of Ph.D. to take but choice of the best project/supervisor combination. Before
choosing a project students must reassure themselves of the availability of relevant facilities
and resources and the presence of the supervisor throughout most of the study period. Any
project succeeds best if the student has access to appropriate facilities and resources and is
getting regular advice from the supervisor. It is important that the student has an academic
interest in the project but it is also true that the success of any postgraduate research
programme depends on the compatibility between student and supervisor. The judgement of
the future student/supervisor relationship is often the most difficult assessment for both to
make.

The role of the institution

Until recently the major role of the institution was that it constituted the academic
environment and community in which students were educated. In addition it awarded the
degrees and provided of facilities in which research could prosper. However, it is becoming
increasingly clear that the institution should play a larger part in the general education of
postgraduate students. This has taken the form of the provision of specific courses that
introduced students to facilities and skills they would require in their postgraduate studies.
Included in these was necessary tuition in the use of libraries and computing facilities. In
addition, courses are run to instruct students in specific skills or to satisfy safety
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requirements. Chiefs among these are courses in Animal Handling, Radiation Protection
and Laboratory Safety. Postgraduate students are often short of money and one way to
supplement limited stipend is by demonstrating in undergraduate classes. Most universities
now stipulate that all postgraduate students who teach undergraduates should undergo
tuition in basic tutoring skills.

More recently institutions have started to introduce generic skills programmes. These are
designed to introduce students to skills that are not an integral part of their postgraduate
projects but are designed to aid them in their studies and prepare them for the world of
employment. In the University of Edinburgh, postgraduate students in the Faculty of
Veterinary Medicine are part of the Graduate School of Life Sciences. One of the major
tasks of this School is to provide a comprehensive programme of courses of generic (or
transferable) skills. This programme takes place over the three years of a standard Ph.D. In
the first year it includes courses on communication and computing skills, research planning
and ethics. In the middle year it focuses more on time management and data presentation
skills, while third year courses obviously include a thesis workshop and career planning.
Courses on statistics, technical writing and HTML publishing can be taken at any time.

Attendance of such courses is now an important aspect of postgraduate research training. It
introduces students to a wide range of skills necessary for effective research and are
desirable for future employers. In the United Kingdom, the provision of such programmes
by the university is a major consideration when postgraduate studentships are awarded by
most of the Research Councils and charities.

The role of the supervisor

The supervision of postgraduate students is potentially one of the most satisfying tasks in
higher education. Observing a new student becoming an independent scientist, manage a
project, interpret data and disseminate the message is a rewarding experience. Performing
this duty successfully and to the satisfaction of both student and supervisor is also one of
the most demanding of tasks.

The implication of the title of this talk is that guidance and creativity are two ends of a
spectrum; the greater degree of guidance that is given by the supervisor means that there is
a corresponding reduction in creativity. I do not think that this is the case. Creativity can
originate from the student alone, from the student/supervisor pairing or from the student
and other members of the research group. Consequently, individual supervisors should
modify their supervision strategy for different students. Quite clearly, the easiest way for a
student to generate enough data to constitute a thesis would be to act as the supervisor's
apprentice, but this is not the point of postgraduate supervision. The aim is to produce a
new generation of productive scientists capable of reasoned and original research. In
contrast, in the current climate of tight control of research funding and quality control of
teaching, for all students to be given a free rein is extremely wasteful on students and
resources. Very few students can be productive under these circumstances - most would get
lost rather than revel in their freedom. In order to maximize creativity and productivity it is
clear that different student/supervisor pairings require different supervision strategies. The
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act of supervision is, therefore a delicate balancing act between giving enough guidance to
support the student through unfamiliar tasks and allowing enough freedom of action to
permit a degree of independence and creativity. Supervisors should match their degree of
intervention to the individual student.

An examination of the most common criticisms students make of their supervisors reveals
that a too greater degree of supervisor intervention is not generally a problem. The major
problems come from too little contact between student and supervisor, i.e. too much student
freedom. In many laboratories practical tuition is not given by the supervisor but by
technicians, more advanced students and postdoctoral workers. These people cannot
deputize for the supervisor in the role of academic tutor, and the supervisor cannot abdicate
that role to more junior members of the group.

Successful postgraduate supervision should take into account these major points:

• Frequent informal interaction - these meetings should not be intrusive but it does mean
that the supervisor is familiar with what the student is doing on a day to day basis.

• Regular review of progress - these should be less frequent (every 3 months?), formal,
scheduled meetings for which the student should prepare and present data to the
supervisor. In addition they can include peer-reviewed annual reports and viva voce
examinations with external examiners. The act of data presentation and defence of
arguments is valuable training for a scientific career.

• Rapid response to written work - there is nothing worst for a student than to see their
work, lovingly composed, sitting ignored on the supervisor's desk for weeks. A
reasonably rapid response to work, with constructive criticism is the very basis of good
supervision.

• Access to supervisor - the student should feel they have freedom of access to the
supervisor when needed. It is also necessary for the supervisor to be physically present
during the majority of the studentship. Students feel aggrieved when supervisors take
long sabbaticals.

• Appointment of an assistant supervisor - this person is an additional councillor to the
principal supervisor and can often provide the student with specialist technical training.

• Departmental academic activities - the departments with active academic activities
(seminar programmes and journal clubs ect.) provide a scholarly atmosphere in which
students can thrive.

• Active scientific community - provided at Departmental, Faculty and University level
where there is general ethos of scholarship and a community of fellow students.

• Sensitivity of the supervisor to warning indicators - these include postponing
supervisions, making excuses for unfinished work, sensitivity to criticism, blaming
others for lack ofprogress and intellectualizing practical problems.

Until very recently higher education institutes and government departments have not been
concerned with the quality of research postgraduate education. In the main, institutes have
only been concerned with maintaining a high throughput of postgraduate students. This is
amply illustrated in the United Kingdom where, in four years of independent assessment of
cognate areas, the Quality Assurance Agencies have focused almost entirely on
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undergraduate courses and have almost totally ignored postgraduate research training. This
philosophy is beginning to change and as a consequence, institutions are introducing
training and assessment guidelines for Ph.D. students. These ensure that the education
process for each student, and the research progress of each student is properly and regularly
assessed. Key points in these guidelines are:

• the production of a literature survey and research plan by week 10
• the production of a first year progress report which is assessed by an external examiner
• the requirement ofpublic presentation of data, a progress report and external assessment

at the end of the second year
• the imposition of specific progress hurdles throughout the final year.

These guidelines help keep the student from wandering badly off course and provide an
invaluable management system for the supervisor. Having external assessment during the
course of the Ph.D. programme can provide essential objectivity.

Conclusions

The European pattern of at least three years of an active research programme that is
examined on the basis of several small publications or a formal thesis has stood the test of
time. It is arguably the best system for promoting originality and productivity in research.
The current emphasis on financial control and quality assessment is here for the foreseeable
future. Therefore institutions and supervisors can no longer allow postgraduate students free
rein to follow their imaginations at whim. This can lead in wonderfully original research,
but more frequently results in high expenditure and dissatisfied, failing students. The
academic community can no longer afford such wastage. Guidelines for postgraduate
supervision are being put in place but we need to ensure that the increase in the number of
guidelines does not inhibit original thought. Guidance and originality are not necessarily
mutually exclusive, but to maximize output and minimize the loss of originality careful and
focused guidance of all students must be practised.
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have demonstrated the generation of both humoral and cytotoxic T cell responses which confer
protection against live pathogen challenge. However, the mechanisms underlying DNA vaccination
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2. Materials and methods

2.1. Pseudoafferent lymphatic cannulation

The prefemoral lymph node of 18-month-old Blackface sheep (n = 6) was excised, and
6 weeks later the pseudoafferent lymphatic duct cannulated as described previously
(Dutia et al., 1993). Cannulations were allowed to stabilise for several days prior to the
start of the experiments. Afferent lymph was collected using heparinised cannula tubing
and bottles. 120 pg of pEGFP-Cl was resuspended in 500 pi sterile phosphate buffered
saline (PBS), and injected intradermally (100 pi into each of five sites) within the
drainage area of the cannula.

2.2. Cell cultures

Sheep skin fibroblasts and synovial membrane cells were cultured in DMEM
supplemented with 2 mM final concentration of L-glutamine, 100 units/ml penicillin,
lOOpg/ml streptomycin and 5% fetal calf serum at 37°C, 5% CO2. Monocyte-derived
macrophages (MDM) were cultured from sheep blood containing 10 units/ml heparin in
flasks coated previously with 2% gelatin and treated with autologous plasma for 30 min
at 37°C. The mononuclear cells were purified using Lymphoprep (Nycomed Pharma AS,
Oslo). The cells were washed three times in sterile PBS and resuspended in RPMI 1640
(Gibco BRL) with 20mM Hepes, 100 units/ml penicillin, lOOpg/ml streptomycin,
5 x 10-5 p2-mercaptoethanol, 10% lamb serum, 10% fetal calf serum. The cells were
incubated in tissue culture flasks overnight at 37°C, 5% C02. The non-adherent cells
were gently washed off with RPMI, 2% fetal calf serum, and the adherent cells cultured
for 5-7 days in RPMI, 10% fetal calf serum, 10% lamb serum to generate MDM.

ALDC were purified by centrifugation over 14% metrizamide (Nycomed, Oslo) as
described previously (Knight et al., 1986; Hopkins et al., 1989).

2.3. Reagents

The pEGFP-Cl plasmid encoding a red shifted variant of green fluorescent protein
under the control of a CMV immediate early promoter was obtained from Clontech
(Basingstoke, Hants., UK). The plasmid was transformed into competent E. coli DH5a
cells and purified using a Qiagen Megaprep kit according to the manufacturer's
instructions. Recombinant EGFP was obtained from Clontech (Basingstoke, Hants., UK)
and diluted in RPMI or DME medium for use in tissue culture.

2.4. Flow cytometry

Monolayer cell cultures were trypsinised (250 pg/ml) for 5 min, washed three times in
sterile PBS, and resuspended in 500 pi sterile PBS for flow cytometry analysis. Afferent
lymph cells were harvested (350 g/5 min) from 5 ml of afferent lymph, washed three
times in sterile PBS containing 2% bovine serum albumin and resuspended in 5 ml sterile
PBS. Fibroblasts and synovial membrane cells were analysed by flow cytometry ungated.
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100 pg/ml streptomycin and 5% fetal calf serum at 37°C, 5% C02. Monocyte-derived
macrophages (MDM) were cultured from sheep blood containing 10 units/ml heparin in
flasks coated previously with 2% gelatin and treated with autologous plasma for 30 min
at 37°C. The mononuclear cells were purified using Lymphoprep (Nycomed Pharma AS,
Oslo). The cells were washed three times in sterile PBS and resuspended in RPMI 1640
(Gibco BRL) with 20 mM Hepes, 100 units/ml penicillin, 100 pg/ml streptomycin,
5 x 10~5 p2-mercaptoethanol, 10% lamb serum, 10% fetal calf serum. The cells were
incubated in tissue culture flasks overnight at 37°C, 5% C02. The non-adherent cells
were gently washed off with RPMI, 2% fetal calf serum, and the adherent cells cultured
for 5-7 days in RPMI, 10% fetal calf serum, 10% lamb serum to generate MDM.

ALDC were purified by centrifugation over 14% metrizamide (Nycomed, Oslo) as
described previously (Knight et al., 1986; Hopkins et al., 1989).

2.3. Reagents

The pEGFP-Cl plasmid encoding a red shifted variant of green fluorescent protein
under the control of a CMV immediate early promoter was obtained from Clontech
(Basingstoke, Hants., UK). The plasmid was transformed into competent E. coli DH5a
cells and purified using a Qiagen Megaprep kit according to the manufacturer's
instructions. Recombinant EGFP was obtained from Clontech (Basingstoke, Hants., UK)
and diluted in RPMI or DME medium for use in tissue culture.

2.4. Flow cytometry

Monolayer cell cultures were trypsinised (250 pg/ml) for 5 min, washed three times in
sterile PBS, and resuspended in 500 pi sterile PBS for flow cytometry analysis. Afferent
lymph cells were harvested (350 g/5 min) from 5 ml of afferent lymph, washed three
times in sterile PBS containing 2% bovine serum albumin and resuspended in 5 ml sterile
PBS. Fibroblasts and synovial membrane cells were analysed by flow cytometry ungated.
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0. Results

*3.1. pEGFP expression by sheep skin cells and DC in vitro

Following electroporation, both sheep skin cells and synovial membrane cells
expressed EGFP as determined by flow cytometry (Fig. 1A and B). Approximately
05% of skin cells and 11% of synovial membrane cells were positive for EGFP, with
some cells showing fluorescence intensity two logs above the negative control. The
iransfection efficiency of ALDC and MDM was less than skin cells and synovium as only
1-7% ALDC and 5% of MDM cells expressed EGFP (Fig. 1C and D).

3.2. Uptake of rEGFP by sheep skin cells and ALDC in vitro

This experiment was performed in order to assess the spontaneous uptake of EGFP by
■he different cells types. Recombinant EGFP (10 pg) in 200 pi of prewarmed DMEM was
tdded to 80-90% confluent skin fibroblasts and ALDC prewashed with prewarmed
DMEM and incubated for 30 min at 37°C. 2 mis of DMEM with 5% FCS was added to

:ach well of 106 cells. The cells were then analysed 3.5 h later by fluorescence
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3. Results

3.1. pEGFP expression by sheep skin cells and DC in vitro

Following electroporation, both sheep skin cells and synovial membrane cells
expressed EGFP as determined by flow cytometry (Fig. 1A and B). Approximately
35% of skin cells and 11 % of synovial membrane cells were positive for EGFP, with
some cells showing fluorescence intensity two logs above the negative control. The
transfection efficiency of ALDC and MDM was less than skin cells and synovium as only
1-7% ALDC and 5% of MDM cells expressed EGFP (Fig. 1C and D).

3.2. Uptake of rEGFP by sheep skin cells and ALDC in vitro

This experiment was performed in order to assess the spontaneous uptake of EGFP by
the different cells types. Recombinant EGFP (10 pg) in 200 pi of prewarmed DMEM was
added to 80-90% confluent skin fibroblasts and ALDC prewashed with prewarmed
DMEM and incubated for 30 min at 37°C. 2 mis of DMEM with 5% FCS was added to
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8. Results

•3.1. pEGFP expression by sheep skin cells and DC in vitro

Following electroporation, both sheep skin cells and synovial membrane cells
expressed EGFP as determined by flow cytometry (Fig. 1A and B). Approximately
85% of skin cells and 11 % of synovial membrane cells were positive for EGFP, with
some cells showing fluorescence intensity two logs above the negative control. The
iransfection efficiency of ALDC and MDM was less than skin cells and synovium as only
1—7% ALDC and 5% of MDM cells expressed EGFP (Fig. 1C and D).

3.2. Uptake of rEGFP by sheep skin cells and ALDC in vitro

This experiment was performed in order to assess the spontaneous uptake of EGFP by
rhe different cells types. Recombinant EGFP (10 pg) in 200 pi of prewarmed DMEM was
idded to 80-90% confluent skin fibroblasts and ALDC prewashed with prewarmed
DMEM and incubated for 30 min at 37°C. 2 mis of DMEM with 5% FCS was added to

:ach well of 106 cells. The cells were then analysed 3.5 h later by fluorescence

i :
: I

10°

Ml

10' 10* 10*

log. fluorescence intensity
10*

% B

? y
i %

if\\
J) v

Ml

// U
10° 10* 10* 10»

log. fluorescence intensity

Ml

10' 10* 10*

log. fluorescence intensity
104

D

Ml

10® 10' 10" I0> 10<
log. fluorescence intensity

g. 1. Expression of pEGFP by: (A) ovine skin fibroblasts; (B) synovial membrane cells; (C) ALDC; D. MDM;
:er in vitro electroporation. The cells were electroporated/30 pg of pEGFP (—) and without pDNA (—j-—),ltured for 48 h then analysed by flow cytometry. i I tdfJoOL IV/ cicfkJAiU



/
/

C. Watkins et al./Veterinary Immunology and Immunopathology 6233 (1999) 1-9 7

123456789 10

123456789 10

Fig. 3. Agarose gel (1.2%) electrophoresis of PCR products (using primers specific for pEGFP) from DNA / ( h 4-
extracted from: (A) afferent lymph fluid and (B) afferent lymph cells^at intervals after injection with 120 |ig
pEGFP. Lane 1, DNA ladder (X phage DNA, BamW and //indill digested); lane 2, pre-injection AL; lane 3, 1 h;
lane 4, 2 h; lane 5, 3 h; lane 6, 4 h; lane 7, 5 h; lane 8, 6 h; lane 9, no DNA control; lane 10, pEGFP control.

4. Discussion

Previous work in mice has shown that after intradermal injection, plasmid can be
detected in skin for about 3 weeks, while the encoded protein is detectable for at least 4
weeks (Raz et al., 1994). In contrast, Condon et al. (1996) showed that when a reporter
plasmid encoding GFP is injected into skin that had been painted with rhodamine, double
positive cells were detected in the draining lymph node 48 h later. These results suggested
that the GFP was carried to the lymph node by cells leaving the skin and draining to the
lymphatics. The most likely candidates for this role are Langerhans cells and other DC
which traffic through skin en route to the lymph node. However, no direct evidence of
such carriage is currently available.

In the present study, we investigated the expression of a GFP reporter plasmid in sheep
ALDC first in vitro then in vivo. We first established that this plasmid was functional in
sheep fibroblastic cells, MDM and ALDC in vitro. We then went on to show that AT DC
do indeed carry GFP after intradermal injection of a GFP reporter plasmid. The kinetic
analysis showed that the ALDC fluorescence peaked around 2-4 h post-injection,
although an increase in ALDC fluorescence at 24 h needs further investigation. These
kinetics are slower than those obtained with fluorescein-labelled ovalbumin, where
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rig. 3. Agarose gel (1.2%) electrophoresis of PCR products (using primers specific for pEGFP) from DNA
xtracted from: (A) afferent lymph fluid and (B) afferent lymph cells^at intervals after injection with 120 pg
iEGFP. Lane 1, DNA ladder (X phage DNA, BamHI and Hindlll digested); lane 2, pre-injection AL; lane 3, 1 h;
ane 4, 2 h; lane 3, 3 h; lane 6, 4 b; lane 7, 5 h; lane 8, 6 h; lane 9, no DNA control; lane 10, pEGFP control.
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. Discussion

Previous work in mice has shown that after intradermal injection, plasmid can be
letected in skin for about 3 weeks, while the encoded protein is detectable for at least 4
/eeks (Raz et al., 1994). In contrast, Condon et al. (1996) showed that when a reporter
lasmid encoding GFP is injected into skin that had been painted with rhodamine, double
ositive cells were detected in the draining lymph node 48 h later. These results suggested
tat the GFP was carried to the lymph node by cells leaving the skin and draining to the
/mphatics. The most likely candidates for this role are Langerhans cells and other DC
'hich traffic through skin en route to the lymph node. However, no direct evidence of
jch carriage is currently available.
In the present study, we investigated the expression of a GFP reporter plasmid in sheep

lLDC first in vitro then in vivo. We first established that this plasmid was functional in
leep fibroblastic cells, MDM and ALDC in vitro. We then went on to show that ALDC
3 indeed carry GFP after intradermal injection of a GFP reporter plasmid. The kinetic
talysis showed that the ALDC fluorescence peaked around 2-4 h post-injection,
though an increase in ALDC fluorescence at 24 h needs further investigation. These
netics are slower than those obtained with fluorescein-labelled ovalbumin, where
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Fig. 3. Agarose gel (1.2%) electrophoresis of PCR products (using primers specific for pEGFP) from DNA
extracted from: (A) afferent lymph fluid and (B) afferent lymph cells^at intervals after injection with I20)ig
pEGFP. Lane 1, DNA ladder (X phage DNA, BamHI and //mdlll digested); lane 2, pre-injection AL; lane 3, 1 h;
lane 4, 2 h; lane 3, 3 h; lane 6, 4 h; lane 7, 5 h; lane 8, 6 h; lane 9, no DNA control; lane 10, pEGFP control.
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4. Discussion

Previous work in mice has shown that after intradermal injection, plasmid can be
detected in skin for about 3 weeks, while the encoded protein is detectable for at least 4
weeks (Raz et al., 1994). In contrast, Condon et al. (1996) showed that when a reporter
plasmid encoding GFP is injected into skin that had been painted with rhodamine, double
positive cells were detected in the draining lymph node 48 h later. These results suggested
that the GFP was carried to the lymph node by cells leaving the skin and draining to the
lymphatics. The most likely candidates for this role are Langerhans cells and other DC
which traffic through skin en route to the lymph node. However, no direct evidence of
such carriage is currently available.

In the present study, we investigated the expression of a GFP reporter plasmid in sheep
ALDC first in vitro then in vivo. We first established that this plasmid was functional in
sheep fibroblastic cells, MDM and ALDC in vitro. We then went on to show that ALDC
do indeed carry GFP after intradermal injection of a GFP reporter plasmid. The kinetic
analysis showed that the ALDC fluorescence peaked around 2-4 h post-injection,
although an increase in ALDC fluorescence at 24 h needs further investigation. These
kinetics are slower than those obtained with fluorescein-labelled ovalbumin, where
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Abstract

Interest in CD1 genes and proteins was initially stimulated by their close evolutionary and
structural relationship to MHC class I molecules. The demonstration that CD lb and c molecules
present novel non-peptide antigens to T-cells and play a role in protection against mycobacterial
infection then focused attention on the functional role of CD 1 proteins. Sheep possess at least seven
CD1 genes, including CD IB, D and E, which is the most complex genetic arrangement identified so
far in any animal. OvCDlB consists of at least three distinct genes, with the probability of limited
polymorphism and the existence of splice variants. Most anti-sheep CD 1-specific monoclonal
antibodies react with OvCDlb and phenotypic and immunochemical data suggests the existence of
two variants. CD ID genes have been identified in all species studied, suggesting a conserved role
for CD Id proteins across mammalian species. Presumptive evidence for the existence of OvCD 1E
has been obtained by NH2-terminal sequencing of protein precipitated by the mAb 20.27 (SBU-T6).
Confirmatory evidence from gene cloning experiments is currently being sought. Collectively, these
factors make the sheep CD1 family a highly relevant model for investigating the in vivo role of CD1
molecules. In this survey, the properties of monoclonal antibodies specific for sheep CD1, the
cellular distribution and physicochemical characteristics of sheep CD1 molecules and the current
state of knowledge on sheep CD1 genetics are reviewed. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Cluster of differentiation 1 (CD1) was the first human leukocyte differentiation antigen
to be defined by monoclonal antibodies (mAb) (McMichael et al., 1979; Knowles and
Bodmer, 1982). The group of mAbs that defined CD1 reacted with cortical thymocytes
and dendritic cells at epithelial sites but not medullary thymocytes and mature T-cells.
Differential staining patterns within this group defined the existence of four sub-clusters
(CDla, b, c and d) within the major CD1 cluster (Boumsell and Knowles, 1987; Boumsell
et al., 1989; Blumberg et al., 1991).

The molecules recognized by these mAbs are cell surface glycoproteins consisting of a
Mr 43,000-49,000 a chain non-covalently linked to 02 microglobulin. The four CD1
isoforms have a protein backbone of approximately Mr 33-34,000 and are differentially
glycosylated, CDla , b, c and d have a chains of Mt 43,000, 45,000, 49,000 and 49,000
respectively (Martin et al., 1987; Bilsland and Milstein, 1991). In humans, there are five,
non-polymorphic CD1 genes on chromosome 1, CD1A, B, C, D and E (Martin et al.,
1986) that encode the four protein products, CDla, b, c and d. An RNA transcript for
CD1E exists, but no CDle protein product has yet been detected.

The CD1 proteins are structurally and evolutionarily related to MHC molecules and the
CD1 gene structure is similar to MHC class I, where distinct exons encode structurally
distinct functional domains. The three major exons encode the extracellular al, a2 and
a3 domains of about 90 amino acids (Martin et al., 1987; Calabi et al., 1989a, 1989b;
Calabi and Bradbury, 1991) corresponding to MHC class I extracellular domains.
Furthermore, the four domains of the a chain/p2-microglobulin heterodimer of murine
CDld have a crystal structure very similar to MHC class I (Zeng et al., 1997). Sequence
comparison between CD1 and MHC shows that CD1 is equally related to both MHC class
I and II (Calabi and Milstein, 1986). Comparison of the al and a2 domain sequences
divides the five CD1 genes into two main groups, CD1A, B and C form one group and
CD1D forms the second. The CD1E gene is intermediate (Calabi et al., 1989a).

Several other species have also been shown to express CD1. Mice possess only two
CD1 genes (mCDl.l and mCD1.2), both of which are homologues of human CD ID.
mCD1.2 is apseudogene and only mCDl.l is expressed (Bradbury et al., 1988). Rats also
only possess CD1D homologues (Ichimiya et al., 1993; Katabami et al., 1998). In contrast
rabbits possess up to eight genes, but the only genes fully characterized are a CD ID
homologue in cottontail rabbits and a CD1B homologue in the domestic rabbit (Calabi et
al., 1989a).

The major interest in CD1, most recently, has been concerned with its potential
function as an antigen-presentational molecule (Maher and Kronenberg, 1997; Porcelli et
al., 1998; Park et al., 1998; Jackman et al., 1999). This was initiated by its sequence and
structural homology to MHC molecules and its expression by populations of professional
antigen presenting cells. The description of autoreactive, CD 1-restricted T-cells was the
first functional indication that CD1 molecules are actually involved in antigen-
presentation (Porcelli et al., 1989). These T-cells are chiefly CD4-/CD8- double negative
(DN) or express low levels of the CD8 a chain and express either TCR1 or TCR2. Similar
CD 1.1 restricted T-cells exist in mice (Brossay et al., 1998). A major subset of the CD1
restricted murine T-cells expresses NK1.1 and an invariant TCR a chain paired with a
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limited TCR P chain set (Bendelac, 1995; Bendelac et al., 1997). These cells express high
levels of IL-4 after activation, promoting Th2 and inhibiting Thl responses. Depletion of
this cell population is associated with progression of autoimmune disease and reduction
in tumour rejection. CDld-restricted T-cells have also been found in humans, and in
IDDM patients are defective in IL-4 production. These data suggest a role for CD ld-
restricted cells in regulating the progression of autoimmune disease (Porcelli et al., 1998).

Another recent focus of attention has been the presentation of novel antigens from the
bacteria, Mycobacterium tuberculosis and M. leprae (Porcelli et al., 1992, 1998; Sieling
et al., 1995) in a CD1 restricted, MHC independent manner. Responsive T-cells have been
shown to have the TCR2+/DN or TCR2-f/CD8aP -I- phenotype and to be restricted to a
single CD1 isoform. The most novel aspect of this work is the fact that these antigens are
not peptides but lipid and glycolipid components of the mycobacterial cell walls. CD lb
and CDlc have been shown to present to T-cells a whole range of lipid/glycolipid
moieties including mycolic acid, lipoarabinomannans, galactosylceramides, phosphoi-
nositide mannosides and mycolyl glycolipids (Beckman et al., 1994; Bendelac, 1995;
Sieling et al., 1995; Porcelli et al., 1998; Brossay et al., 1998). Furthermore, CD1-
restricted, lipid-specific T-cells are protective for mycobacterial infections (Beckman et
al., 1996). In addition, murine CDld has been shown to interact with unusual
hydrophobic peptides (Castano et al., 1995) and to glycosylphosphatidyl inositol
(GPI)-linked protein and to control IgG antibody responses to those proteins via CD ld-
restricted NK1.1 + helper T-cells (Schofield et al., 1999).

2. Ovine CDl-celluIar expression

Like the work in humans, the description of ovine CD1 proteins pre-dated the isolation
and sequencing of the genes by several years. The designation of anti-ovine mAbs as anti-
CD1 was based on comparison with the biochemical characteristics and cellular
distribution of the human CD1 molecules. A panel of two anti-ovine and nine cross-
reacting anti-bovine mAbs are now classified as being sheep CD1 specific, at the
International Workshops on Leukocyte Antigens of Cattle and Sheep (Hein et al., 1991;
Hopkins et al., 1993).The mAbs within the CD1 cluster can be sub-divided into two
groups by cell phenotype analysis. GvCDlwl consists of three mAbs, 20-27, IAH-CC43
and -CC118. OvCDlw2 consists of VPM5, TH97A, IAH-CC13, -CC14, -CC20, -CC40, -

CC90, -CC122 and -CC132 (Rhind, 1996).
Both the groups exhibit an identical staining pattern within the thymus with cortical

thymocytes and dendritic cells (DC) in the thymic medulla reacting with all the mAbs. In
contrast, OvCDlwl and OvCDlw2 mAbs have distinct staining patterns in other organs
on many other cell populations. Within the skin, all the anti-CD 1 mAbs stain DC in the
dermis, at the epidermal junction and in the draining afferent lymph (ALDC). 20-27 also
stains the Langerhans' cells within the epidermis.

The major differences between OvCDl wl and OvCDl w2 are, however, their different
reactivities on macrophages/monocytes and on B lymphocytes. Only mAbs of GvCDlwl
show constitutive staining of these two major ceil lineages. All the three mAbs of
OvCDlwl, but not OvCDlw2, react with blood monocytes and tissue macrophage
populations in a wide variety of tissues including the CNS (Dutia and Hopkins, 1991;
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Rhind et al., 1996). Similarly, the OvCDlwl mAbs react with mature peripheral blood B-
cells of both the 'B-l' (CDllb+, CD21-) and 'B-2' (CD1 lb-CD21+) lineages (Gupta et
al., 1998). Within fixed lymphoid tissue there is a distinctive pattern of staining. B-cells
within primary follicles are all OvCDlwl+ although in secondary follicles staining is
restricted to mantle small B-cells. The staining is lost as the B-cells develop through the
centroblast and centrocyte stages in the germinal centres (Rhind, 1996; Rhind et al.,
1996).

An unexpected finding is the presence of OvCDlw2 antigens on foetal intestinal
epithelium and cells lining the crypts (Rhind, 1996). This remains the only case where
<9vCDlw2 antigen is expressed in the absence of OvCDlwl.

The expression of the different CD1 antigens is not static. Both in vitro and in vivo
antigenic stimulation causes dramatic changes to the expression of both OvCDlwl and
OvCDlw2 antigens on ALDC (Hopkins et al., 1989; Coughlan et al., 1996). Interaction
of ALDC in vitro with antigen via an immune complex results in an almost total loss of
CD1 (as well as MHC class II, CD44 and VLA-4) by 8 h. Antigen or antibody alone has
little effect. In vivo, primary antigenic stimulation results in very transient (14—36 h)
increases in CD1 expression by ALDC with the appearance of three populations of
ALDC that have quantitatively distinct levels of CD1 expression. Secondary antigenic
challenge has a similar effect but is less transient, with an acute loss of CD1 expression
(up to 4 h) followed by a two-fold augmentation of the original level of expression on
50% of the ALDC for 2 to 6 days after challenge. These changes in CD1 expression
coincide with equally profound changes in MHC class II and enhanced antigen-
presenting function of the cells (Hopkins et al., 1989).

In addition to the changes that occur as a result of physiological stimuli there is
modulation of CD1 expression in disease. Mycobacterium avium paratuberculosis infects
macrophages ii/gut of a wide variety of species, in particular ruminants, and is the
causative agentW paratuberculosis (Johne's disease). Two forms of intestinal pathology
have been reported, possibly corresponding to the stage or level of the host immune
response. Lesions in the paucibacillary (tuberculoid) form present a marked lymphocytic
infiltrate with low numbers of mycobacteria and high T-cell numbers. In the
multibacillary (lepromatous) form the lesions are characterized by the presence of a
macrophage infiltrate containing many bacteria and few T-cells. These differences relate
to the nature of the cell-mediated immune response that is strong in the tuberculoid form
and absent in the lepromatous form. OvCDlwl and OvCDlw2+ foci, representing
infected DC or macrophages are present in both forms of the disease (Rhind, 1996). In
addition, the intestinal and crypt epithelium of the infected adult shows a level of
OvCD 1 w2 expression similar to that seen with foetal and neonatal lambs. In view of the
role of CD1 in the presentation of hydrophobic antigens to the immune system (Bendelac,
1995), it is likely that this up-regulation represents a protective host reaction in response
to mycobacterial infection.

3. Ovine CDl-characterization of glycoproteins

Monoclonal antibodies in OvCDlwl and OvCDlw2 both immunoprecipitate a dimer
of a Mr 46,000 and 14,000 from cell surface iodinated thymocytes or ALDC, (Mackay et
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al., 1985; Bujdoso et al., 1989; Dutia and Hopkins, 1991; Rhind, 1996). These represent
the CD1 heavy chain and associated p2-microgIobulin. This contrasts to the
characteristics of human CD1, where the products of the different loci have distinct
molecular weights dependent on the degree of glycosylation. Western blot analysis shows
that representative mAbs from both CD1 groups (20-27 from OvCDlwl and IAH-CC20
from OvCDl wl/specifically react with the Mr 46,000 heavy chain (Rhind, 1996). After
deglycosylatiomwith N-glycosidase F, the CD1 heavy chain protein backbone of both
antigens was shown to be Mr 33,000.

Unusually, the characteristics of the CD1 antigens of OvCDlwl and OvCDlw2, when
assessed by immunoaffinity purification and SDS-PAGE, are not identical. Using this
technique, <9vCDlw2 antigen has the same characteristics as when examined by
immunoprecipitation, but the 20-27 antigen (OvCDlwl) was shown to consist of a major
Mr 67,000 band, a Mr 33,000 band as well as the Mr 14,000 p2-microg!obulin. The Mr
46,000 band is only a very minor part of the 20-27 antigen when examined with this
method. Reduction and deglycosylation experiments show that the Mr 67,000 band is a
dimer of the Mr 33,000 chain and that the protein backbone of this chain is A/r 25,000.

The immunochemical relationship between antigens in the two groups was investigated
by a variety of techniques including western blotting, sequential immunoprecipitation and
immunoaffinity purification/ELISA (Dutia and Hopkins, 1991; Rhind, 1996). Western
blot analysis of IAH-CC14 and 20-27 antigens shows that there is some degree of cross-
reactivity between the antibodies. IAH-CC14 antigen only consists of Mr 46,000 heavy
chain, and both IAH-CC20 and 20-27 react with this molecule. In contrast, 20-27 antigen
consists of three heavy chains of Mr 67,000, 46,000 and 33,000. IAH-CC20 only reacts
with the Mr 46,000 band while 20-27 reacts with all three. The sequential
immunoprecipitation confirms these data; five round of precipitation with IAH-CC20
completely removes all IAH-CC20 reactivity but 20-27 reactivity (in the form of Mr
46,000 and 14,000 bands) is retained (Fig. 1A). Similarly, Mr 46,000 and 14,000 bands
are precipitated by LAH-CC20 antigen after the complete removal of all 20-27 antigen
(Fig. IB). Immunoaffinity purification and ELISA clarifies the relationship between the
antibodies (Table 1). IAH-CC20 reacts with 20-27 antigen but not IAH-CC118 antigen;
20-27 reacts with both IAH-CC14 and IAH-CC118 antigens, but IAH-CC118 reacts only

Table 1

Reactivity of anti-CD 1 mAbs with immunoaffinity-purified CD1 antigen as assessed by indirect ELISA"

Antigen

ANTIBODY 20-27 IAH-CC14 IAH-CC118

CONTROL 0.16 0.18 0.20

IAH-CC14 0.74* 1.61** 0.18

IAH-CC20 1.48** 1.75** 0.21

IAH-CC40 1.13** 1.91** 0.22

IAH-CC112 1.15*" 1.72** 0.22

IAH-CC118 0.22 0.22 0.42*
20-27 1.73** 1.88*" 0.48*

a> = 0.05; *> = .01.
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123456789
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Fig. 1. SDS-PAGE of sequential immunoprecipitation of I125-surface labelled sheep thymocytes lysate with
anti-CD 1 mAbs. (A) Five rounds of immunoprecipitation with IAH9-CC20 (lanes 2-6) followed by precipitation
with IAH-CC20 (Lane 7) and 20-27 (Lane 8). Lanes 1 and 9 show the original lysate immunoprecipitated with
normal mouse IgGl (Lane 1) and IAH-CC20 (Label 9). (B) Five rounds of immunoprecipitation with 20-27
(lane 2-6) followed by precipitation with 20-27 (Lane 7) and IAH-CC20 (Lane 8). Lanes 1 and 9 show the
original lysate immunoprecipitated with normal mouse IgGl (Lane 1) and 20-27 (Lane 9).

with its own antigen. IAH-CC43 and IAH-CC118 immunoprecipitate a Mr 46,000 CD1
heavy chain but they were not successfully used for immunoaffinity purification,
therefore, their reactivity for the Mr 67,000 dimer and 33,000 monomer could not be
assessed. When 2-D electrophoresis was used to better define the nature of the CD1
species it was found that the Mr 46,000 heavy chain precipitated by IAH-CC20 and 20-27
were very similar, if not identical, and could be resolved into approximately nine charge
variants. No data are available from this technique on the relationship between this
molecule and the Afr 33,000 band (Rhind, 1996).

These immunochemical data show that sheep CD1 is more complex than seen by cell
phenotype analysis and confirm that there are at least two groups of anti-ovine CD1
mAbs. OvCDlw2 remains unchanged, but the assignment of the three remaining mAbs
into OvCDlwl must be adjusted. It is clear from the cell phenotype analysis that IAH-
CC43 and IAH-CC118 are distinct from OvCDlw2. It is equally clear from the
immunochemical analysis that 20-27 is distinct from all other anti-CD 1 mAbs. At present
we know that the CD1 heavy chain is Mr 46,000 and Mr 33,000 as well as a Mr 67,000
dimer. One explanation of these data is that OvCDlwl (IAH-CC43 and -CC118 but not
20-27) and OvCDlw2 are two distinct CD1 isotypes each reacting with a CD1 heavy
chain of A/r 46,000 but not the A/r 33,000/67,000 chains. It is also clear that 20-27 does
not have the same specificity as IAH-CC43 and -CC118 and seems to react with both the
OvCDlwl and OvCDlw2 AfJ46,000 heavy chains AND the, as yet unassigned Mr 33,000/
67,000 molecules.
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The isotype identification of the ovine CD1 groups has been by cross-reaction of the
anti-ovine mAbs with human CD1 transfected COS cell lines and by NH2-sequencing
analysis. The only anti-sheep CD1 mAb that cross-reacts with the human antigen is IAH-
CC20 and this mAb specifically reacts with human CDlb and not CDla or CDlc. Only
12 residues of the IAH-CC14 antigen were obtained by NH2-sequencing and this
sequence indicated that IAH-CC14 is specific for the sheep homologue of CDlb. This
analysis shows that OvCDlw2 is the sheep homologue of CDlb.

However, similar analysis of the 20-27 antigen revealed 29 residues of a single protein
species from the Mr 67,000 dimer. The Mx 46,000 band revealed 15 residues with the
same sequence and no apparent ambiguities. This sequence is most homologous (66%) to
the predicted sequence of human CDle. It is 41-55% identical to human CDla, b and c
and 45-52% identical to human and rodent CD Id. The Mr 33,000 chain (and its Mr
67,000 dimer) is clearly a truncated CD1 heavy chain of with a protein backbone of Mr
25,000. The fact that it is not seen by immunoprecipitation analysis could be because it is
not iodinated, either because it is absent from the cell surface or lacks a tyrosine residue.
Sequence analysis of the CD1 cDNAs makes the former more likely (see Section 4). The
data concerning the specificity of 20-27^confusing. Cell phenotyping analysis places
this mAb in the OvCDlwl group but the immunochemical studies show that it cross-
reacts with OvCDl w2. Finally, NH2-sequencing of the 20-27 antigen reveals that it is a
novel CD1 with greatest identity to the derived sequence of human CDle. One possible
explanation for these paradoxical data is that this mAb has high affinity for its
homologous antigen and lower affinities for OvCDlwl and OvCDlw2.

4. Ovine CD1 genes

The initial isolation of an ovine cdl gene was achieved by screening a Agtll foetal
lamb thymus cDNA library using the human CD1C genomic clone L4R.J4 (Martin et al.,
1986) which identified the sheep CD1 cDNA clone, SCD1A25 (Ferguson et al., 1996).
After sequencing of this clone a sheep CD1 probe was prepared by PCR amplification
and used to screen a number of Agtll cDNA libraries resulted in the isolation of an
additional three sheep CD1 clones, SCD1B-42, SCD1B-52 and SCD1T10. All but
SCD1B-52 are truncated at the 5' end, and all but SCD1T10 terminated at a 3'
polyadenylation site.

An alternative strategy generated the clone, SCD1D (Rhind et al., 1999). A degenerate
sense primer was used in conjunction with a conserved exon 4 antisense primer to
generate an approximate 700 bp gene fragment from a pCDNA3 sheep lymph node
library. Like CDlb RT-PCR analysis shows that sheep CD Id transcripts exist in both
correctly spliced and unspliced forms.

The 1355 bp SCD1A25 composite sequence contains a 94bp 5' untranslated sequence
(5' UT), a 256bp 3'UT and a consensus polyadenylation signal at 1363-1368. SCD1B-42
is 1379 bp long with a 97bp 5'UT. Both clones encode polypeptide chains of 333 amino
acids with a 16 amino acid signal peptide. The 1067 bp SCD1B-52 cDNA sequence
comprises a 33 bp 5' UT, a 285 bp 3' UT and a 723 bp open reading frame. This encodes
a polypeptide of 241 residues and consists of only two extracellular domains (al and a2)
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Table 2

XXX

Clone number EMBL cDNA sequence
accession number

SPTREMBL derived protein
sequence accession number

SCD1A25 236890 Q28565
SCD1B-42 Z36891 Q29422
SCD1B-52 Z38892 Q49422
SCD1T10 X90567 P80943
SCD1D AJ006722 062848

as well as the transmembrane and cytoplasmic domains. The a3 domain is precisely
deleted from this clone. Both SCD1B-42 and B-52 have consensus polyadenylation
signals in an equivalent position to that in SCD1A25. The 1342 bp SCD1T10 cDNA is
truncated at both the 5' and 3' ends. The open reading frame is 700 bp and consists of
26 bp of the 3' end of the al domain, the a2, a3, transmembrane and cytoplasmic
domains. The 3'UT is 642 bp long, but there is no consensus polyadenylation signal or a
polyA tail. SCD1D is 1354 bp long and consists of 7 bp 5' UT, al004 bp open reading
frame and a 342 bp 3' UT terminating with a polyA tail. This cDNA encodes a
polypeptide with a predicted 337 amino acids with a 17 bp signal sequence.

The EMBL and SPTREMBL database accession numbers for the sheep CD1 cDNA
and derived protein sequences is shown in Table 2.

A comparison of the nucleotide and derived amino acid sequences between the five
sheep CD1 clones and sequences from other species reveals that SCD1A25, B-42, B-52
and T10 are between 76 and 81% identical to the human CD1B gene sequence, and 68-
Kxjc identical at the protein sequence level. Their homology to the other CD1 loci is 52-
71% nucleotide identity and 39-64% amino acid identity. All four of these sheep clones
show the highest degree of identity to human CD IB with the domestic rabbit CD IB
sequence being the next closest. Comparison of the predicted sequences of these clones
with the NH2-terminal sequence of IAH-CC14 antigen (Rhind et al., 1999) shows that
this sequence is identical the predicted sequence of SCD1B-42 and B-52. It also shares 11
of 13 amino acids with SCD1A25. IAH-CC14 has the same specificity as IAH-CC20
(OvCDlwl), which reacts with human CDlb. SCD1D, in contrast shares 69-77%
nucleotide identity and 59-65% amino acid identity with the CD1D family (human
CD ID, mouse CD 1.1 and CD 1.2, rat CD1 and cottontail rabbit CD1). It shares less
identity with the CD1B family (62-63% nucleotide and 52-54% amino acid) and human
CD1C and CDIE (62-67% nucleotide and 50-55% amino acid).

A similar comparison between the derived protein sequences of five sheep clones is
shown in Fig. 2. From these data it is clear that SCD1D is quite distinct from the other 4
clones. The relationship between the other four genes is less clear. Although there is little
doubt that they are all CD1B homologues, the 67-90% identity between SCD1A25, B-42
and T10 make it likely that they are products of distinct CD IB-like genes. These
observations also support the probability that SCD1B-42 and B-52 are alleles of a single
gene, although B-52 does have the precise exon 4/a3 domain deletion. No similar
deletions have been detected in any other CD1 mRNA splice variants in humans and mice
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Fig. 2. Comparison of the derived sheep CD1 sequences. Sequences were aligned using PILEUP and GAP
(UWGCG10). Domain boundaries were defined by comparison with the most closely related human sequences.
Amino acid numbering is based on the SCD1A25 sequence. Dashed (—) indicate identity to the SCD1A25
sequence, dots (■) indicate gaps to maintain alignment; -vindicate lack of sequence. Boxed segments are residues
that are identical in all the five sheep CD1 genes.
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(Woolfson and Milstein, 1994; Calabi et al., 1989b), although there is a similar variant
reported for the MHC class I molecule HLA-G (Kirszenbaum et al., 71995).

The question of the number of CD1 genes in the sheep has been addressed by Southern
hybridization analysis. Sheep genomic DNA was digested with twelve restriction
endonucleases and hybridized with a a3 probe derived from SCD1T10. Seven bands were
obtained with seven of the 12 enzymes. The data described above suggests the existence
of four and possibly five distinct CD1 genes; three CD1B homologues and one CD1D
gene and the gene that encode 20-27 antigen. Consequently, there is the possibility for
the existence of an additional two expressed CD1 genes in the sheep that are, as yet,
unidentified.

5. Conclusions

The sheep CD1 family is the most complex of the CD1 families so far studied. CD ID
genes have been identified in all species where the CD1 family has been investigated and
the presence of a sheep CD ID gene is consistent with a conserved role for CD Id proteins
across mammalian species. The expression of multiple CD IB genes and CD IB
polymorphism, the existence of splice variants and the probable expression of a CDle
molecule together with the expression of CD Id make the sheep CD1 family a highly
relevant model for investigating the in vivo role of CD1 molecules. Further research is
needed to define molecular and functional aspects of this family, in particular the nature
of their contribution to the immune response to mycobacterial and related pathogens.

6. Uncited references

-Bradbury et al , 1Q0Q; Kirszenbaum et al., 1994. —
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