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Abstract
Infection with the helminth parasite Schistosoma mansoni leads to chronic 

inflammation and Th2 mediated fibrosis, which result in severe pathology 

characterised by  hepatosplenomegaly.  Dendritic cells (DCs) are adept initiators of 

CD4+ T cell responses, but their fundamental importance in this regard in Th2 

settings remains to be demonstrated.  Indeed, the role of DCs at different stages of 

infection with S. mansoni is also yet to be determined.  In addition, the importance of 

the interaction of DCs with tissue factors in the tissue microenvironment on the 

development of Th2 response to S. mansoni antigens is an area of active research and 

debate.

This thesis is comprises of four studies.  The first study tackles the involvement and 

importance of DCs in the induction and development of Th2 responses against  S. 

mansoni using CD11c–diphtheria toxin receptor mice to deplete CD11c+ cells during 

the priming stage of the CD4+ Th2 response against S. mansoni. Diphtheria toxin 

treatment significantly depleted CD11c+ DCs from all tissues tested, with 70-80% 

efficacy.  Even this incomplete depletion resulted in dramatically  impaired CD4+ T 

cell production of Th2 cytokines, altering the balance of the immune response and 

causing a shift towards IFN-γ production.  In contrast, basophil depletion using 

Mar-1 antibody had no measurable effect on Th2 induction in this system.  These 

data underline the vital role that CD11c+ antigen presenting cells can play  in 

orchestrating Th2 development against helminth infection in vivo, a response that is 

ordinarily balanced so as to prevent the potentially  damaging production of 

inflammatory cytokines.

The second study addresses whether the exposure of DCs to the cercarial stage of the 

parasite is critical for either parasite survival or the subsequent development of the 

Th2 immune response against later stages of infection.  It was found that CD11c 

depletion prior to infection resulted in increased parasite survival, but did not impair 

the development of CD4+ T cell Th2 response later in infection.  

The third study asked whether DCs continue to be necessary  for the maintenance of 

the chronic immune response during infection with S. mansoni.  In contrast, 
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depletion of CD11c+ cells during the initiation (4 to 6 weeks) or maintenance (6 to 8 

weeks or 12 to 14 weeks) of Th2 response to eggs, resulted in severely impaired Th2 

cytokine production.  Interestingly, depletion during the later stages of infection led 

to dramatic weight loss and mortality, coincident with impaired CD4+ T cell 

responses.  These data suggest that CD11c+ antigen presenting cells, in addition to 

being important in the early priming phase, also play a vital role in the maintenance 

and homeostasis of chronic CD4+ T cell responses in a Th2 infection setting, the 

disruption of which can have lethal consequences.

The final study in this thesis aimed to establish whether the tissue factor thymic 

stromal lymphopoietin (TSLP) is able to enhance or modulate the Th2 responses 

initiated by  DCs stimulated with SEA.  Contrary to previous studies, it was found 

that BMDCs do not become phenotypically activated by TSLP, in particular, they do 

not up-regulate the costimulatory molecule OX40L, nor does TSLP suppress the 

production of IL-12p40 or IL-12p70 in response to LPS or CpG.  Further, exposure 

to TSLP had no impact on DC cytokine production or survival.  Irrespective of this 

unaltered profile in vitro, TSLP exposed DCs transferred in vivo induced the 

production of significantly  more Th1 and Th2 cytokines from polyclonally 

restimulated splenocytes than DCs exposed to medium alone.  In addition to this, 

TSLP altered the kinetic of the immune response induced by DCs stimulated with the 

soluble egg antigen (SEA) of S. mansoni.  This was characterised by the antigen 

specific production of T cell cytokines starting more rapidly than with non-TSLP 

treated control DCs.  The alteration in the kinetics of the immune response was not 

restricted to Th2 antigens and was also seen to some extent in Propionibacterium 

acnes stimulated DCs.  This suggests a possible role for TSLP in either inducing 

faster DC migration or greater production of T cell chemoattractants and thus, 

enhancing the rate of DC interaction with T cells.
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1. General Introduction
1.1. Summary
Multi-cellular eukaryotic organisms are highly  complex, having evolved multiple 

systems to maintain internal homeostasis and ensure their survival.  Immune systems 

have evolved with eukaryotic organisms under internal and external selective 

pressures.  For example, internal pressures include the essential prerequisite to 

remain tolerant to self to survive, while external pressures include maintaining the 

ability  to respond to pathogenic organisms.  Some form of immune system is a 

common feature of any multi-cellular organism and is a recognition of the similar 

selective pressures they face and have faced through evolutionary time (Janeway, 

1992, Maizels and Yazdanbakhsh, 2003).  

The interaction between parasitic worms (helminths) and their mammalian hosts is, 

in effect, the interaction of two competing immune systems.  At a population level 

the equilibrium that they  reach over perhaps millions of years probably represents a 

compromise that ensures the ability of each to survive long enough to reproduce 

successfully  (Maizels and Yazdanbakhsh, 2003, Wilson and Coulson, 2009).  Our 

ability  to understand this system therefore relies on the development of an 

understanding of both the immune system of the host and the ‘immune system’ or 

immunomodulatory mechanisms the parasite has developed to ensure its survival for 

prolonged periods within its host (Maizels and Yazdanbakhsh, 2003).  The parasitic 

helminth Schistosoma mansoni is an excellent example as it can survive within 

human hosts for up to 10 years and potentially longer.  Humans only develop some 

level of immunity  after repeated rounds of chemotherapy and reinfection.  By this 

description it  would seem that S. mansoni is able to make the immune system 

tolerant to its presence, and it is true that some individuals tolerate infection 

insomuch that they do not succumb to severe disease. However, the fact  that some 

unfortunate individuals develop damaging immunopathology as a result of infection 

points to the reality of the situation (Pearce and MacDonald, 2002).  The immune 

response of the host to S. mansoni infection could be better described as one of 
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containment and it is the dynamic equilibrium that is struck between inflammatory 

(Th1) and more regulatory (Th2) responses that  determines whether an individual 

develops severe immunopathology, morbidity  and potentially mortality, or regulates 

the immune response and lives with the infection (Pearce and MacDonald, 2002, 

Wynn et al., 2004).   Many questions arise from this understanding such as: What are 

the determining factors that separate individuals with high and low morbidity?  How 

is the immune response orchestrated in such a way as to avoid damaging 

immunopathology?  What prevents the generation of effective, protective, immunity?  

The current, incomplete answers to these questions are based on our understanding 

so far of the complex interface between the host’s innate and adaptive immune 

systems and the parasite. 

Simply  put, the innate immune system is an evolutionarily ancient system based on a 

limited range of genetically  encoded receptors that generates responses to broadly 

conserved molecular patterns, whilst  the more recently evolved adaptive immune 

system uses receptors created by the recombination of gene segments to generate an 

almost infinite range of antigen specific responses to proteins, carbohydrates and 

peptides (Janeway and Medzhitov, 2002).  The features of these systems will be 

elaborated upon later in this thesis.  At the interface between these two systems is a 

specialised form of antigen presenting cell (APC) known as a dendritic cell (DC).  

First identified in 1974, DCs are now recognised to have a uniquely potent functional 

ability  to initiate adaptive immune responses by T cells and aid their interaction with 

antibody producing B cells (Steinman et al., 1974, Banchereau and Steinman, 1998).  

DCs are able to initiate the adaptive immune system and co-ordinate the balance 

between the different types of T cell responses that can be generated in response to 

an antigen (Moser and Murphy, 2000).  

The high level of proficiency of DCs to initiate an adaptive immune response has 

made them the subject of intense study.  Many of these studies have determined 

some of the mechanisms by  which DCs recognise bacterial and viral pathogens and 

initiate adaptive immune responses against them (in particular, the so-called ‘Th1’ 

and ‘Th17’ responses that typify these types of infection) (Mosmann and Coffman, 
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1989, Banchereau and Steinman, 1998, Stockinger and Veldhoen, 2007).  In line with 

this work, helminth antigens like soluble egg antigen (SEA) generated from S. 

mansoni eggs have been used to show that DCs are sufficient for the generation of a 

‘Th2’ immune response, the type of adaptive T cell response typical of helminth 

infection, both in vitro and in vivo (MacDonald et al., 2001).

However, whether DCs are necessary for the generation of a Th2 response during S. 

mansoni infection, and which other innate cells may be involved, remains to be 

determined (Perona-Wright et al., 2006b).  Indeed, recently (and controversially) the 

involvement of DCs in the generation Th2 responses in vivo has even been called 

into question (Perrigoue et al., 2009).

Are DCs necessary  to the initiation of Th2 responses during S. mansoni infection? 

Do DCs continue to be necessary for the maintenance of the Th2 responses after they 

have been initiated?  Are DCs required during the later stages of chronic infection?  

Does the tissue environment influence the response that DCs initiate against the 

parasite? The aim of the work detailed in this thesis has been to attempt to answer 

these important questions.

1.2. The principal components of the immune 
system

1.2.1. B and T cells
Some of the first components of the immune system to be recognised were identified 

indirectly in the serum of animals that had developed immunity  to diphtheria or 

tetanus.  The serum was described as having “antitoxic activity” or, as we know now, 

contained antibodies.  Antibodies were later identified as the products of a 

component of the adaptive immune system called B cells (Janeway et al., 2005).  

The clonal selection theory was first developed by Burnet and Talmage in 1957 to 

explain how antigen specific immunity developed (Burnet, 1957, Talmage, 1957). 

This theory  suggested that the whole repertoire of the immune system develops 

within the host, that the individual receptors that develop recognise a specific antigen 

and are restricted to and expressed on the surface of a specific cell clone.  The 
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interaction of a clone with its discrete antigen signals the initiation of cell 

proliferation and differentiation; within the pool of resulting daughter cells some 

differentiate to produce antibody and others survive largely undifferentiated as 

“memory” cells (Burnet, 1959, Silverstein, 2002). 

The Cold Spring Harbour Symposia on Quantitative Biology of 1967 marked the 

point at which the clonal selection theory became accepted and set-out many of the 

genetic mechanisms that are involved in the generation of antibodies (Jerne, 1967).  

B cells undergo a process of gene recombination and somatic hypermutation, which 

results in the generation of antigen specific B cell receptors (BCR). Exposure to 

antigen selects antigen specific clones and results in the production of antibodies, 

which bind to and deactivate toxins and opsonise bacteria (Jerne, 1967, Jerne, 1971, 

Tonegawa et al., 1977).

Further work led to the discovery of an immune cell type distinct from B cells, 

namely T cells, that have a similar mechanism for the generation of their antigen 

receptors (the T cell receptor, or TCR). However, rather than recognising free antigen 

as B cells can, they were found to only  recognise processed antigen in the form of 

short peptides bound to major histocompatibility complex (MHC) molecules, and 

parts of the MHC itself, presented on the surface of the aptly named antigen 

presenting cells (APCs) (Janeway, 1989, Janeway et  al., 2005).  Subsequently, two 

main classes of T cell were described, distinguishable in that they expressed different 

surface markers termed CD4 and CD8.  In addition, it became clear that each type of 

T cell was presented peptides by a different class of MHC (MHCII for CD4, and 

MHCI for CD8, respectively).  MHCI molecules present peptide antigens derived 

from proteins generated in the cytoplasm and thus intracellular, whilst MHCII 

molecules present peptide antigens generated by the uptake and processing of 

proteins from the extracellular environment, which are loaded in intracellular peptide 

loading compartments (Janeway et al., 2005).

B cells and T cells were first defined in birds where the site of haematopoiesis of B 

cells is the Bursa of fabricius, hence ‘bursa derived’ cell or B cell.  This was used to 

differentiate them from thymus derived cells or T cells.  In mammals, the 
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development and haematopoiesis of B cells takes place in the bone marrow.  The 

bone marrow and thymus are primary lymphoid tissues as they are the primary site 

for generation and selection of these B and T cells.  In contrast, the spleen, lymph 

nodes, Peyer’s patches etc. are secondary lymphoid tissues involved in the 

maintenance of lymphocyte populations and the initiation of immune response 

(Janeway et al., 2005).

1.2.2. Early discussions about self
The discovery of T cells and their interaction with APCs led to further interest in a 

central debate within immunology concerning what mechanism(s) exist  to prevent 

the immune system from recognising and reacting to self (autoimmunity) (Janeway, 

1992).  Whilst  working on the theory of clonal selection Burnet suggested a theory  of 

how tolerance of self is established in the uterus during development by the deletion 

of self reactive clones (Silverstein, 2002). Medawar took this further, demonstrating 

the theory in vivo (Billingham et al., 1953).  Together, they laid the foundations in the 

development of our understanding of central tolerance, and their work won them the 

1960 Nobel prize (Billingham et al., 1953, Silverstein, 2002).

Taking forward Burnet’s idea of self-nonself discrimination, Bretscher and Cohn 

suggested an extension of the theory that incorporated the idea that, besides antigen, 

B cells required ‘help’ from another cell to avoid deletion, survive and become 

activated and differentiate.  Help was later identified as being provided by ‘helper’ T 

cells (Burnet, 1959, Bretscher and Cohn, 1970, Matzinger, 2002).  

The introduction of T cells into the model of self-nonself discrimination led to 

another question; what prevents auto-reactive T cells from becoming activated and 

doing damage in the periphery?  T cells were shown to require costimulation, 

provided by APCs, to become fully  activated and avoid becoming unresponsive to 

stimulation (anergic) (Lafferty  and Cunningham, 1975, Jenkins and Schwartz, 1987, 

Janeway et al., 2005). 

The adaptive immune system can generate huge receptor diversity on T and B cells 

by rearrangement of the gene segments encoding these receptors.  This arms the 

adaptive immune system with T and B cell populations expressing specific receptors 
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that are able to respond to a wide range of different antigens (Janeway et al., 2005).  

This ability in turn allows large complex organisms such as mammals to mount 

immune responses against viruses and bacteria that, due to very  short  generation 

times, might otherwise be able to evolve to avoid being detected by a small 

repertoire of genetically encoded receptors (Janeway, 1992).  However this model 

was yet to take into account the involvement of the innate immune system in the 

generation of this diversity.  

1.2.3. Interactions of the innate and adaptive immune 
system

Elie Metchnikoff first put forward and tested hypotheses about the mechanisms 

behind the phagocytic engulfment of microorganisms by  cells in the mid to late 

1800s.  He named the phagocytes he was studying macrophages (ΜΦ) and his work 

laid the foundations of the study of innate immunity (Gordon, 2008).  At about the 

same time as the distinction between T and B cells was being made, Ralph Steinman 

and colleagues reported the discovery of a novel innate cell type found in peripheral 

sites, but distinct from ΜΦ in function, that  he named dendritic cells (DCs) 

(Steinman et al., 1974).  He went on to describe the potent ability of DCs to stimulate 

mixed leucocyte reactions (Steinman and Witmer, 1978).  Since their discovery, the 

field of DC biology has exploded, and it  is clear that they  are much more diverse in 

terms of origin, development and relationships to other myeloid cells than was 

perhaps initially appreciated.  However, a theme that has remained true since their 

initial discovery is their potent ability to activate T cells.

The huge diversity required of T cells, each expressing only a single antigen 

recognising receptor, in a body that has finite resources, means that only a few 

individual T cell clones amongst many millions can be specific for any  given 

antigen.  The initial scarcity  of these T cells, and their requirement to divide and 

multiply  before being present in numbers sufficient to combat infection, means that 

there is a time-lag between antigen exposure and the generation of an effective 

adaptive immune response.  So what prevents us from succumbing to infection 

before the adaptive immune system has time to respond (Janeway, 1992)?
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In 1989, Charles Janeway  postulated that the innate immune system had 

evolutionarily ancient genetically encoded receptors, which identified components of 

pathogens that could not be changed without altering the whole structure of the 

organism, such as mannans, glycans, double stranded RNA and lipopolysaccharide 

(LPS) (Janeway, 1989, Janeway, 1992).  He called these non-clonal receptors pattern 

recognition receptors (PRRs) and the components of pathogens they  recognised 

pathogen associated molecular patterns (PAMPs) and pointed to that fact that 

uninfected individuals have large numbers of unactivated innate cells expressing 

PRRs ready to react to infection.  Upon infection, innate cells such as neutrophils, 

ΜΦ, eosinophils, mast cells and basophils are rapidly  mobilised in large numbers 

and provide the first line of defence once barriers such as the skin and mucosa are 

breached (Janeway, 1989, Janeway, 1992).  MΦ are a good example as, when they 

become activated in response to LPS, they  release large quantities of reactive oxygen 

intermediates, which can mediate bacterial killing.  Coupled with this, MΦ produce 

cytokines such as IL-12p70, TNF-α and IL-6 that attract and activate other innate 

cells like neutrophils (Janeway, 1992).  Cytokines are small soluble proteins secreted 

by cells, which act on specific receptors either on the same cell (autocrine), on other 

cells in close proximity (paracrine), or on cells some distance away after transit in 

extra cellular fluid, blood or lymph (endocrine).  Cytokines have pleiotropic actions 

and the effect they have on a particular cell type depends on the cell’s exposure to 

other signals within the immune environment (Janeway et al., 2005). 

Notably, Janeway pointed out that  APCs are key to the initiation of the antigen 

specific adaptive immune response, which can feed back to augment the functions of 

the innate system to effect the resolution of infection.  APCs with PRRs discriminate 

between infectious non-self and non-infectious self in a model called the infectious 

non-self (INS) model.  In Janeway’s INS model APCs like DCs respond to infectious 

non-self antigen by becoming activated through their PRRs and then process and 

present the antigen they have encountered to T cells.  The PRR activated or ‘mature’ 

APCs migrate to the draining lymph nodes and present antigen in the form of peptide 

MHC complexes to T cells, while also expressing a range of ‘costimulatory’ 
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molecules that can provide additional activation or survival stimuli during this 

process.  Thus, interaction of these APCs with antigen specific T cells leads to the 

initiation of the adaptive immune response (Janeway, 1989, Janeway  and Medzhitov, 

2002).

There were several problems with this model. For example, how does the immune 

system determine which bacteria are non-pathogenic and which are pathogenic?  In 

response to Janeway’s work, Polly  Matzinger put forward ‘the danger model’ in 

which she proposed that, rather than just discriminating between non-infectious self 

and infectious non-self, APCs were also capable of responding to ‘danger’ signals.  

Her danger model posited that alarm signals are received via PRRs, or other 

receptors that  detect toxins and tissue damage, and could be constitutive, like the 

detection of cellular components in the wrong location as a result of necrosis, or 

induced, such as when cells are under distress or injured (Matzinger, 1994).  She 

proposed that the ability of DCs to stimulate an immune response relied on the 

detection of infectious non-self in the presence of danger (Matzinger, 2002).

Reality  probably lies some where in the middle of the two hypotheses, as both 

models have received support from the currently available data. A huge range of 

PRRs have been identified, including toll-like-receptors (TLRs), c-type lectin 

receptors (CLRs), retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) and 

nucleotide-binding domain and leucine rich repeat-containing receptors (NLRs). 

However, many of these also bind danger associated molecular patterns (DAMPs) 

and could also be considered danger receptors (Iwasaki and Medzhitov, 2010, 

Matzinger, 2002).  An example of such a receptor would be TLR4, which is a 

receptor for LPS and endogenous heat shock protein (Hsp)70 (Matzinger, 2002).

The debate on this topic is ongoing and, in a recent review, Iwasaki and Medzhitov 

pointed out that endogenous ligands for TLRs (DAMPs and PRRs) and exogenous 

microbial TLR ligands (PAMPs and PRRs) may not trigger the same response, whilst 

microbial TLR ligation (PAMP ligation of PRR) drive inflammatory responses 

endogenous ligands (DAMPs) may  aid tissue homeostasis and wound healing.  The 

distinction in the response generated by PAMPs and DAMPs may be made by  the co-
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receptors that are involved in triggering a specific response.  Indeed, they suggested 

that physiological endogenous DAMPs have yet to be demonstrated to initiate an 

adaptive immune response and that our current idea of a danger initiated immune 

response may be wrong (Iwasaki and Medzhitov, 2010).  

The likely involvement of both systems in innate immune sensing is probably best 

evidenced by the concept of the inflammasome.  The inflammasome is a large multi-

protein complex which is assembled around NALP3, a member of the NLR family  of 

receptors, and causes the production of pro-inflammatory  cytokine IL-1 It can be 

activated by cell disruption, aluminium salts (alum), extracellular ATP, bacterial 

toxins and also viral DNA and bacterial component muramyl dipeptides (Martinon et 

al., 2009).  However, the importance of the inflammasome to the recognition of 

helminth antigen or in the initiation of Th2 responses has yet to be determined.  

1.2.4. The avoidance of self-reactivity: establishment of 
central tolerance

New immature T cell clones (thymocytes) are continually being generated in the 

thymus, each expressing a unique TCR comprised of α and β or, less commonly γ 

and δ, chain proteins. It is the rearrangement of the genes encoding these chains that 

generates TCR diversity.  T cells are selected on the basis of TCR specificity for self-

peptide MHC molecules.  Thymocytes with high affinity TCR for self-peptide MHC 

presented by  DCs that have migrated from the periphery undergo induced cell death 

(deletion) through a process known as negative selection.  In contrast, thymocytes 

that have low affinity for self peptide MHC expressed by cortical epithelial cells are 

‘positively’ selected and survive. Whilst thymocytes that receive no TCR signals 

undergo death by  neglect due to lack of survival signals (Hogquist et al., 2005).  

Survival of T cells in the thymus depends on both TCR stimulation and cytokine 

signals: IL-7 is the main cytokine that provides these signals and is produced by 

thymic epithelial cells (Alves et al., 2009, Boyman et al., 2009).  Mature T cells that 

leave the thymus continue to be subjected to positive selection (via both IL-7 and 

self-peptide MHC I for CD8 and MHCII for CD4 T cells) for their survival in the 
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extra-thymic T cell pool.  Thymic contributions to the T cell pool reduce 

significantly after thymic atrophy during adolescence (Boyman et al., 2009).

1.2.5. T cell homeostasis, recirculation and survival
T cell homeostasis can be defined as the maintenance of a consistent  number of T 

cells within the T cell pool.  The processes involved in T cell homeostasis are 

complex, and this area is a subject of intense research and active debate.  The 

mechanisms that control the size of the T cell pool include the production of new T 

cell clones in the thymus, survival and homeostatic proliferation of naive and 

memory T cell clones, and apoptosis (Marrack and Kappler, 2004).  Cell death is a 

critical component of maintenance of T cell homeostasis: otherwise the remarkable 

proliferative capacity of T cells would rapidly result in our bodies being over-run 

(Marrack and Kappler, 2004).   The naive and memory T cell pools are thought to be 

maintained at a constant size through these mechanisms.  In contrast, activated 

effector T cell clones can rapidly proliferate and then contract  once stimulation is 

removed, but this pool is controlled by different mechanisms discussed later (Dutton 

et al., 1998).

The mechanisms that control the survival of naive or memory populations vary 

depending on the variety of T cell - αβ or γδ TCRs, CD4 or CD8.  The best studied 

are αβ TCR T cells whereas, in comparison, little is known about the survival of γδ 

TCR T cells (Marrack and Kappler, 2004).  For the purposes of this thesis I will 

concentrate on αβ CD4+ T cell populations.  

Naive T cells rarely divide in uninfected animals, so their numbers tend to be fairly 

constant, indicating that maintenance of the population is dependent on competition 

for resources, which limits the size of the population (Marrack and Kappler, 2004, 

Boyman et al., 2009).  For survival, CD4+ T cells rely on non-random interactions 

with a limited pool of self MHCII molecules, and competition for interaction may 

control population size (Boyman et al., 2009).  In addition to ongoing positive 

selection, naive T cells also require the maintenance of survival signals mediated by 

IL-7, produced by stromal cells in LN such as fibroblastic reticular cells (FRCs) 

(Link et al., 2007).
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Naive T cells recirculate in the secondary lymphoid tissue and do not enter sites of 

infection directly.  Naive T cells express the selectin CD62L and the chemokine 

receptor CCR7 (chemokines are a class of cytokines involved in induction of cell 

migration).  Expression of this combination of CD62L and CCR7 allows naive T 

cells to home to the lymph nodes (LNs) and Peyer’s patches (PPs) because the 

vasculature of the LNs and PPs uniquely  expresses the appropriate ligands for these 

molecules (glycam-1 and CD34 for CD62L, CCL19 and 21 for CCR7).  Once they 

extravasate from the high endothelial venules, they continue to follow a chemokine 

gradient in to the paracortex (Jenkins et al., 2001). In the spleen, naive T cells enter 

through the marginal sinuses and through the red pulp from where they can interact 

with DCs in the periarteriolar lymphoid sheath (PALS) via a CD62L independent 

mechanism.  Based on the restricted recirculation of naive T cells, most primary 

immune responses are thought to be initiated by DCs in the T cell zones of secondary 

lymphoid tissues (Jenkins et al., 2001).

Notably, the expression of CD62L and CCR7 depends on transcription factors KLF2 

and FoxO1.  FoxO1 also induces the expression of CD127 (IL-7Rα) on naive T cells, 

enabling them to respond to signals from IL-7.  CD127 also forms a receptor with the 

receptor for the cytokine thymic stromal lymphopoeitin (TSLP), which has been 

reported to aid the homeostasis of CD8 T cell populations (Boyman et al., 2009).  In 

the T cell zone, FRCs produce CCL19 to which CCR7+ naive T cells are attracted.  

Along with this, they are the main source of IL-7 in secondary lymphoid tissue (Link 

et al., 2007).  IL-7 is thought to induce naive T cell survival through the up-

regulation of the anti-apoptotic protein Bcl-2, but does not guarantee the metabolic 

activity  of naive T cell, the maintenance of which has been linked to 

phosphatidylinositol 3-kinase (PI3-kinase) (Jenkins et al., 2001).

Homeostatic T cell death is linked to metabolism and involves the breakdown of 

mitochondrial pathways dependent on the anti-apoptotic factors Bcl-2 and pro-

apoptotic components like Bim (McKinstry et al., 2010a).  A reduction in the level of 

Bcl-2 due a lack of IL-7 signalling changes the balance from anti- to pro-apoptosis 

(Jenkins et al., 2001).  In situations were the number of T cells decreases 

11



dramatically, such as through administration of cytotoxic drugs, use of IL-7 by  T 

cells decreases, which increases the amount of ‘free’ IL-7 available in the system.  In 

this situation homeostatic expansion of the remaining T cells occurs and restores T 

cells numbers through slow IL-7 mediated proliferation (Boyman et al., 2009).  

Proliferation of naive T cells in response to IL-7 is qualitatively different to 

proliferation in response to IL-2 and IL-15 normally seen in activated T cells.  IL-7 

mediates slow homeostatic T cell proliferation, whilst IL-2 and IL-15 induce rapid T 

cell proliferation (Boyman et al., 2009).

1.2.6. Initiation of the T cell response by antigen presenting 
cells

Antigen presenting cells (APCs) are cells such as DCs, ΜΦ and B cells that are able 

to process and present intracellular and extracellular antigens to T cells by  displaying 

them on their cell membrane as short peptides sequences complexed with MHC 

molecules (Janeway et al., 2005).  Immature DCs reside in peripheral sites 

throughout the body, a position that  exposes them to a vast array of PAMPs and 

DAMPs (Banchereau et al., 2000).  DCs are particularly well adapted to take up 

antigen via several different mechanisms including endocytosis, phagocytosis, and 

macropinocytosis (Sallusto 1995 and Winzler 1997).  These multiple mechanisms 

mean that DCs are highly ‘aware’ of the tissue environment, experiencing PAMPs 

and DAMPs through multiple external and internal PRRs.  DCs in vivo are constantly 

assessing this complex environment and, whether it is PAMPs or DAMPs that 

activate DCs, there is no doubt that they can transform from a resting ‘immature’ into 

an activated ‘mature’ state.  DC exposure to antigen results in the processing of 

antigen in a variety of different intracellular compartments.  The short peptides that 

are produced by degradation are transferred to peptide loading compartments and 

loaded onto MHCI and MHCII molecules, depending on how the antigen was 

encountered.  Antigen taken up from the external environment is loaded onto MHCII 

molecules, whereas when DCs are infected with viruses or bacteria, viral or bacterial 

components from the cytosol are loaded on MHCI molecules, similar to other 

infected cells in the body.  When extracellular pathogens that do not infect DCs, but 
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are encountered in the extracellular environment and their peptides are loaded onto 

MHCI molecules, it is known as cross-presentation (Trombetta and Mellman, 2005, 

Janeway et al., 2005).

Once DCs are activated, they  undergo maturation and up-regulate expression of 

costimulatory molecules associated with antigen presentation such as CD80, CD86, 

CD40 and OX40L (Banchereau et al., 2000, Perona-Wright et al., 2006b).  The 

processes that lead to antigen presentation and phenotype maturation are coupled 

with alterations in DC expression of chemokine receptors and integrins, which are 

thought to control the migration of DCs to the LN (Randolph et al., 2008).  Once 

they  enter the LN node through the afferent lymphatics, DCs are thought to have the 

unique ability to enter the T cell zone directly via the sub-capsular sinus.  Indeed 

DCs have been found to be the most abundant APC in the T cell zone, and although 

MΦ and B cells could potentially act as APCs they are not thought to enter the 

correct part of the LN (Jenkins et  al., 2001).  Basophils have recently been proposed 

to be superior APCs to DCs at induction of T cell responses in some settings 

(Perrigoue et al., 2009, Yoshimoto et al., 2009, Sokol et al., 2009), a controversial 

suggestion that is addressed later (Chapter 3).  Soluble antigen distribution via the 

lymphatic and blood supply is also thought to be a mechanism by  which DCs can be 

exposed to antigen, although it is not thought to enter the LN directly, but rather has 

to be carried by DCs.  In contrast, soluble antigen is thought to enter the T and B cell 

areas of the spleen directly, where it could be presented either by DCs, ΜΦ or B 

cells.  The presentation of antigen by B cells is not thought to be a major factor in the 

initiation of primary immune responses because antigen specific B cells would only 

exist at a very low frequency (Jenkins et al., 2001).  Once in the T cell zone, DCs 

present antigen and activate T cells.

Different types of activated T cells fulfil a variety  of functions.  Activated effector 

CD8+ T cells migrate to sites of viral infection and mediate cytotoxic killing of 

infected cells, and are thus called cytotoxic T lymphocytes (CTLs).  Effector CD4+ T 

cells migrate to the site of infection and mediate the recruitment of other cells like 
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eosinophils and basophils, whilst influencing the action of cells like MΦ 

(Kapsenberg, 2003, Janeway et al., 2005).

1.2.7. Tissue factors and in vivo microenvironment
Whilst undergoing activation, DCs encounter signals from multiple other cells of the 

innate immune system in the tissue microenvironment (Diagram 1.1) (Pulendran et 

al., 2010).  These could be signals received via PRRs in the form of PAMPs and 

DAMPs as discussed previously or tissue factors released by cells in the tissues in 

response to inflammation or damage (Pulendran et al., 2010).  Tissue factors are 

soluble mediators, such as cytokines, that are released by cells like epithelial cells 

and stromal cells, which can recruit  cells to the site of inflammation and can 

modulate the immune responses initiated by APCs like DCs (Pulendran et al., 2010).  

For example, thymic stromal lymphopoietin (TSLP), which is released by epithelial 

cells in response to allergens (Comeau and Ziegler, 2010).  Allergens are innocuous 

proteins that induce an overreaction by the immune system leading to allergy 

(allergic inflammation) (Comeau and Ziegler, 2010).  TSLP released in response to 

allergens, is thought to be able to activate DCs, which then prime CD4+ T cells to 

produce a Th2 response, a subject that is discussed in more detail in chapter 5 

(Comeau and Ziegler, 2010).  

During infection DCs interact with and receive cytokine mediated signals from other 

innate cells.  For example, during helminth infection, DCs may receive signals from 

mast cells, eosinophils, basophils and NKT cells, whilst during bacterial or viral 

infection signals, the signals they receive from macrophages and NK cells are more 

important (Diagram 1.1) (Pulendran et al., 2010).  Understanding in this area is still 

developing, as illustrated by the recent discovery of nuocytes, which are elicited by 

the release of tissue factors IL-25 and IL-33 (Neill et al., 2010).  Nuocytes may play 

an important role as early effector cells during allergy and helminth infection as they 

are reported to be innate effector lymphocytes that produce Th2 cytokines IL-5 and 

IL-13 (Neill et al., 2010).  Another innate cell type that is induced by  IL-25 called 

multipotent progenitor population 2 (Lin-Sca-1+c-KitInt) has been shown to produce 

14



IL-4, IL-5 and IL-13 and these cells may play an important role as accessory cells by 

providing an early source of IL-4 (Saenz et al., 2010).

The in vivo microenvironment is highly  complex; DCs are thought to be 

‘programmed’ by the interaction and signals they receive (Diagram 1.1) (Pulendran 

et al., 2010).  The programming they receive determines the type of immune 

response DCs initiate (Diagram 1.1) (Pulendran et al., 2010).  The polarisation of T 

cell responses is discussed in more detail later.

1.2.8. Diversity and function of DCs
Dendritic cells are found in multiple tissue sites, where they  take-up antigen, process 

it and present it as peptides complexed with MHCI or MHCII molecules 

(Kapsenberg, 2003).  Multiple different DC subsets have been defined and these 

have varying levels of functional importance (Naik, 2008).  In an uninfected 

individual, migratory DCs constantly sample the extra-cellular environment, undergo 

‘steady  state’ maturation, and migrate to the LN.  Good examples of migratory DC 

populations include Langerhans cells and dermal DCs (Naik, 2008).  These cells are 

replaced in the periphery by the differentiation of DC precursor or pre-DCs, which 

migrate into peripheral tissues from the blood or are already resident in the tissue 

itself (Naik, 2008).  The differentiation of pre-DCs can occur at a slow rate during 

immunological steady state or be induced by inflammation (Naik, 2008).  Other DC 

populations are resident in the secondary  lymphoid tissues for example murine 

splenic populations of CD11c+CD8+DEC205+ and CD11c+CD8-DEC205- DCs (Naik, 

2008, Lemos et al., 2003, Pulendran et al., 2010).  The issue of whether mature DCs 

are found in the circulation remains controversial, but certainly  pre-DC populations 

like monocytes and CD11cIntB220+MHCII+ plasmacytoid DCs (pDC) are found in 

the blood (Naik, 2008).  Monocytes are phagocytic cells found in the blood, bone 

marrow (BM) and spleen.  They can differentiate into DCs under inflammatory 

conditions in the presence of GM-CSF (Naik, 2008). 

The immunisation of mice with CD8α+ versus CD8α- antigen pulsed murine splenic 

DCs has been shown to induce either a Th1 or Th2 response, respectively (Pulendran 

et al., 1999, Maldonado-López et al., 1999); further targeting of these subsets with 
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antibody-antigen complexes induces a Th2 or Th1 response in vivo (Pulendran et al., 

2010).  pDCs are found in the blood, liver and secondary  lymphoid tissue they are 

particularly important during viral and bacterial infection when they release 

inflammatory mediators such as IFN-α (Naik, 2008).  There are many different 

physical and locational differentiations, but the most important feature of DCs is 

their function as initiators of the adaptive immune response (Banchereau and 

Steinman, 1998).

1.2.9. Activation and polarisation of CD4+ T cell responses
Following activation by APCs, naive CD4+ T cells develop into a range of different 

types of ‘effector’ T cell subsets, each characterised by the production of defining 

cytokines and key transcription factors, in a process termed as polarisation (Diagram 

1.1.) (Pulendran et al., 2010).  This process requires a variety  of different steps and is 

essential for the regulation of the immune response and the resolution of disease.  An 

uncontrolled or incorrect response can lead to autoimmunity or immunopathology 

(Kapsenberg, 2003).

Naive T cells recirculate through secondary lymphatic tissue, which exposes them to 

a large number of APCs over a relatively short period of time.  This simple 

mechanism means that, even though only a small number of T cell clones exist for a 

specific antigen, they  are much more likely  to encounter DCs carrying that antigen 

during an infection (Jenkins et al., 2001).  The activation of a CD4+ response by 

mature DCs in the T cell zone involves three key signals.  Signal 1 is the stable 

interaction of antigen-specific TCR with the peptide MHCII complex presented by 

the DC (Kapsenberg, 2003).  Signal 2 constitutes costimulation involving the 

interface of T cell CD28 and DC CD80 and 86 and further downstream costimulatory 

interactions (Kapsenberg, 2003).  Together signals 1 and 2 activate T cells and 

initiate proliferation, but do not provide information about the type of infection to 

direct the quality or character of the response (Kapsenberg, 2003).  Kaliński et al. 

suggested the concept of signal 3, where DCs also provide a third signal to T cells  

during priming (Kaliński et al., 1999), normally a cytokine, which directs or 
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polarises the response towards a specific effector subset appropriate for the given 

challenge (Kapsenberg, 2003).  

Once T cells have received the correct combination of signals, they undergo 

expansion.  Receipt of signals 1, 2 and 3 results in the increased expression of IL-2 

by the T cells, which exerts both autocrine and paracrine function.  Activated T cells 

in a primary immune response can respond to IL-2 because they have increased 

expression of IL-2R (CD25).  T cells respond to IL-2 by increasing their metabolism, 

up-regulating anti-apoptotic survival factors and proliferating (Jenkins et al., 2001, 

Boyman et al., 2009).

Signal 3 is a key event because a naive T cell recirculating between secondary 

lymphoid tissues would not normally encounter the infectious agent directly, or be 

able to receive signals from other cells at the site of infection.  The polarising signal 

provided by DCs when the T cells are primed was therefore suggested to provide the 

qualitative information that  directs the T cell response based on the interaction of 

PRRs on DCs with PAMPs and/or DAMPs at the site of inflammation (Kaliński et 

al., 1999, Kapsenberg, 2003). 

In this context, DC recognition of bacteria via TLR4 or 5 or viruses via TLR3, 7, 9 

leads to the production of IL-12p70 and polarisation of naive CD4+ T cells towards a 

T helper type (Th)1 phenotype (Kapsenberg, 2003).  Signalling induced by IL-12p70 

leads to the activation of STAT4 and transcription factor T-bet and the production of 

IFN-γ, the archetypal Th1 cytokine, as well as ΤΝF-α and IL-2 (Mosmann and 

Coffman, 1989, Szabo et al., 2000, Kapsenberg, 2003) (Diagram 1.2).  

In contrast to bacterial, viral and protozoal infection settings, DC activation during 

helminth infection perhaps via TLR4 or CLRs leads to Th2 polarisation and the 

production of the archetypal Th2 cytokine IL-4 (Mosmann and Coffman, 1989, 

Zhang et al., 1997, MacDonald and Maizels, 2008).  No cytokine produced by  DCs 

has yet been identified that provides signal 3 for Th2 polarisation in the same way as 

IL-12 can in a Th1 setting.  A convenient signal 3 would be IL-4 itself, since IL-4 

promotes Th2 generation through induction of the transcription factor GATA3 

(Diagram 1.2) (Zhang et al., 1997).  However, DCs themselves do not produce IL-4 
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and thus, one of the mechanisms that  has been suggested to allow Th2 differentiation 

is the provision of ‘early’ IL-4 by  alternative innate accessory cells (Paul and Zhu, 

2010).  Cells that could fulfil this role include basophils and the newly  discovered 

nuocytes (Sokol et al., 2008, Neill et al., 2010).  There is further discussion about 

these cells and the possible role of basophils as APCs in chapter 3.  The provision of 

early IL-4 to T cells activated by DCs leads to the activation of STAT6, which up-

regulates GATA3 and leads to the production of IL-4 by T cells (Zhang et al., 1997, 

Kurata et al., 1999).  However, other mechanisms have now been identified which 

would allow for the induction of GATA3 dependent IL-4 independent Th2 responses, 

such as TCR signalling, up-regulation of the WNT pathway by β-catenin and via 

Notch ligand expression (Paul and Zhu, 2010).  Although GATA3 is key to the 

initiation of IL-4 transcription, the activation of STAT5 by IL-2, IL-7 or TSLP is also 

crucial as in its absence T cells fail to develop the ability to produce IL-4 (Diagram 

1.2) (Rochman et al., 2009).  The lack of a single clear polarising signal 3 that 

induces the differentiation of naive CD4 T cells into Th2 cells has lead to 

considerable discussion about how Th2 responses are initiated by DCs, and this is 

discussed in more depth later (MacDonald and Maizels, 2008).  IL-4 is the 

archetypal Th2 cytokine, but Th2 responses are also associated with the production 

of other cytokines such as IL-5, IL-9, IL-10 and IL-13 (Paul and Zhu, 2010).  How 

diverse Th2 cells are is an open question: do all Th2 cells have the capacity to 

express all Th2 cytokines?  It is possible that Th2 ‘subsets’ exist, each expressing 

defined combinations of Th2 associated cytokines.  For example, IL-9 producing 

‘Th9’ cells were recently described (Veldhoen et al., 2008).  However, it is not yet 

clear whether these represent a distinct CD4 T cell subset  or merely a type of Th2, 

since a separate transcription factor for Th9 cells has yet to be identified (Veldhoen et 

al., 2008). 

A recently described CD4+ T cell subset is Th17, initially associated with fungal 

infection and autoimmune disease, but subsequently described as being involved in 

numerous and diverse settings, including viral, bacterial and protozoal infection and 

even during infection with helminths in some cases.  Naive T cells exposed to DCs 
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producing the correct amounts of TGF-β and IL-6 up-regulate STAT3 and the 

expression of the transcription factor ROR-γt, which mediates the production of the 

cytokines IL-17, IL-21 and IL-22 characteristic of Th17 effector response (Diagram 

1.2) (Stockinger et al., 2007, Korn et al., 2009).  The development of a Th17 

response is aided by co-factors IL-1 and TNF-α, whilst  IL-23 is thought to be 

important for the amplification of Th17 responses (Stockinger et al., 2007, Korn et 

al., 2009).

In the presence of TGF-β, DCs are also thought to be highly efficient  inducers of 

CD4+CD25+Foxp3+ ‘natural’ T regulatory cells (T regs) (Sakaguchi, 2005). 

Polarising signals for CD4+CD25+Foxp3+ T regs may also include retinoic acid (RA) 

although it could also act as a cofactor and amplifier of CD4+CD25+Foxp3+ T reg 

induction (Diagram 1.2)(Grainger et al., 2010).  IL-10 producing CD4+CD25+Foxp3- 

inducible T regs are also thought to be key to the regulation of the immune response 

as in many settings; they expand with the effector T cells response and are 

responsible for controlling and down-regulating immune responses to prevent 

immunopathology (Barrat et al., 2002, Wilson et al., 2007b).

Using the expression of a specific transcription factor as the defining characteristic of 

CD4+ T cell subsets, a population of CD4+ helper T cells thought to uniquely be able 

to enter the B cell follicle has recently been identified and termed T follicular helper 

cells (TFH) (Fazilleau et al., 2009).  These cells differentiate in the presence of IL-6 

and IL-21, which leads to the expression of Bcl-6 (Fazilleau et al., 2009).  

Differentiation of T helpers cells to TFH leads to the expression of CXCR5, which 

enables the cells that  home to the B cell follicle and provide ‘help’ to antigen specific 

B cells (Fazilleau et al., 2009).

Counter-regulation and antagonism are key to balancing CD4+ T cell responses.  For 

example, Th1, Th2, and Th17 responses are all thought to antagonise each other, 

whilst T regs down-modulate and suppress effector immune responses, particularly 

during disease resolution (Kapsenberg, 2003).
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1.2.10. A key role for macrophages
Macrophages (MΦ) have highly diverse roles in different immune settings. The same 

resting population of MΦ are capable of differentiating into cells that can either 

mediate inflammatory responses to bacteria, culminating in bacterial killing by 

reactive oxygen intermediates, or mediate anti-inflammatory  wound healing, 

collagen synthesis and fibrogenesis in response to helminth infection (Martinez et al., 

2009).  Resting ΜΦ can be induced to differentiate into either classically activated 

MΦ (cMΦ) that produce nitric oxide synthase (iNOS) and associated inflammatory 

mediators, or alternatively activated MΦ (aaMΦ) that produce Arginase-1 (Arg-1) 

and are associated with regulatory and wound healing mediators (Martinez et al., 

2009).  Arg-1 and iNOS share a common substrate L-arginine and competition 

between the two enzymes for substrate controls the MΦ cell fate.  Functional 

differentiation into cMΦ occurs in the presence of Th1 cytokine IFN-γ, which 

induces the production of iNOS and ultimately  pro-inflammatory mediators, NO, 

IL-12 and TNFα (Rutschman et al., 2001).  aaMΦ differentiate in response to Th2 

cytokines IL-4 and IL-13, which induce the up-regulation of Arg-1 in a STAT6 

dependent mechanism and subsequently Relm-α and YM-1 (Munder et al., 1998).  

IL-21 augments differentiation into aaMΦ by  increasing MΦ sensitivity to IL-4 and 

IL-13 (Pesce et al., 2006, Gordon and Martinez, 2010). Thus, the presence of either 

Th2 or Th1 CD4+ T cell cytokines plays an important role in determining whether 

MΦ function as aaMΦ or cMΦ.

1.2.11. A characteristic immune response
The onset of inflammation at a site of tissue damage is mediated by cells of the 

innate immune system and initiated by resident ΜΦ and DCs.  The distribution of 

ΜΦ and DCs at peripheral sites means that they are located in an optimal position to 

respond first  to infection and damage.  In response to signals via PRRs, other innate 

cells and from tissue factors in the surrounding microenvironment, ΜΦ and DCs 

release cytokines and chemokines such as TNF-α, IL-6 and CXCL1 and 2 (Diagram 

1.1).  They also mediate pathogen killing by the production of reactive oxygen 
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intermediates and by the phagocytosis of infected cells and bacteria, which is 

described as phase I of inflammation (Soehnlein and Lindbom, 2010).  At this point 

DCs mature and migrate to the LN, draining the tissue site to present antigen 

(Bonasio and Von Andrian, 2006).  The initiation of the response at the site of 

infection or damage results in the rapid recruitment of neutrophils (phase II).  

Neutrophils degranulate and thus, recruit inflammatory monocytes from the blood 

supply initiating phase III.  MΦ control the length of the neutrophil mediated 

response and inhibit the further influx of fresh neutrophils, whilst monocytes and 

MΦ phagocytose the apoptotic cell debris and foreign material.  The uptake of 

apoptotic material with foreign material like LPS initiates phase IV, where MΦ and 

monocytes release anti-inflammatory  mediators such as IL-10 and TGF-β.  This 

leads to the resolution of inflammation and the restoration of tissue homeostasis, 

with MΦ release of vascular endothelial growth factor (VEGF) helping to mediate 

wound healing (Soehnlein and Lindbom, 2010).  

During this process, DCs prime T cell responses as described in section 1.2.6. If the 

infection is not resolved quickly then, after activation, T cells become involved.  As 

mentioned previously, different types of activated T cells fulfil a variety  of functions.  

Activated effector CD8+ T cells migrate to sites of viral infection and mediate 

cytotoxic killing of infected cells through release of products such as perforin: hence 

they  are called cytotoxic T lymphocytes (CTLs).  Effector CD4+ T cells migrate to 

the site of infection and, through the cytokines they secrete, mediate the recruitment 

and activation of other cells such as eosinophils and basophils, whilst also 

influencing the differentiation of cMΦ versus aaMΦ, as described above (Gordon 

and Martinez, 2010, Janeway et al., 2005).  A proportion of these CD4+ helper T cells 

migrate to the B cell follicles and become T follicular helper cells, and the interaction 

of B and T cell co-stimulatory molecules (help) leads to the differentiation of B cells 

into antibody  producing plasma cells and memory  B cells (Fazilleau et al., 2009, 

Gordon and Martinez, 2010, Janeway et al., 2005).
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1.2.12. Antigen specific T cell contraction
The containment or elimination of foreign antigen considerably  reduces the 

availability of free antigen and therefore, reduces antigen presentation. This results in 

a contraction in the size of the antigen specific T cell pool.  During this contraction 

phase the majority  of antigen specific T cells undergo apoptosis induced by 

homeostatic mechanisms, resulting in a dramatic decrease in antigen specific T cell 

numbers (Boyman et al., 2009). 

In a model of influenza infection, where animals are primed with naive influenza 

specific T cells and then receive a sub-lethal intra-nasal dose of the virus the antigen 

specific T cells take between 5 and 6 days to develop.  Differentiated effector T cells 

start to migrate to the lung after 5 to 6 days and the build up in T cell numbers peaks 

between 7 and 8 days.  This is accompanied by a levelling off in viral titres after an 

initial exponential increase and live virus is subsequently  cleared from the lung 

between day 9 and 10 (McKinstry  et al., 2010a).  The expansion phase of this 

response is thought to be regulated by signalling received via OX40, which induces 

the expression of survivin and allows the accumulation of large numbers of T cells 

(Song et al., 2005).  The resolution of infection and viral clearance leads to a 

dramatic reduction in T cell numbers that mirrors the reduction in viral load.  

Survival during the contraction phase is mediated by the balance of pro and anti-

apoptotic factors, which is discussed later (McKinstry et al., 2010a). 

The contraction phase of the antigen specific T cell response involves three possible 

mechanisms: (1) activation induced cell death (AICD), (2) terminal differentiation 

and (3) growth factor withdrawal leading to passive cell death (PCD) (Diagram 1.3).  

There are two main pathways of T cell apoptosis known as the extrinsic and intrinsic 

pathways.  Extrinsic pathways are those initiated by TNF family death receptors, 

which trigger death through caspases 8 and 10 through multiple different ligands.  

Intrinsic pathways are triggered by internal monitoring of damage to the cell and 

initiate cell death through interruption of mitochondrial metabolism via caspase 9.  In 

addition to these, there are also mechanisms that do not involve apoptosis, for 
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example necrosis through exposure to reactive oxygen intermediates (McKinstry et 

al., 2010a).

Perhaps not surprisingly, given the tight regulation of immune responses in an 

immunologically intact individual, the pathways that trigger T cell death and those 

that promote survival are primed right at the beginning of the immune response by 

factors like IL-2 and CD28.  The balance of pro- and anti-apoptotic factors setup at 

this early stage are thought to contribute significantly to the death or survival of 

effector cells during the contraction phase of the response (McKinstry et al., 2010a).

AICD is induced by  both extrinsic and intrinsic death pathways.  In vitro, Fas 

(CD95) and FasL (CD95L) are the best established molecules involved in the 

initiation of AICD.  Other mechanisms through which death can be induced include 

perforin dependent cell death, TCR proximal kinase mediated cell death and 

exposure to reactive oxygen intermediates.  During viral infection in vivo, 

inflammatory mediators such as TNF-α released at the site of infection may well 

trigger AICD via the TNF receptor in effector T cells with a greater balance of pro- 

to anti-apoptotic factors (McKinstry et al., 2010a).

Susceptibility is thought to be linked to T cell polarisation for example Th1 cells may 

be more susceptible to ACID than Th2 or Th17 cells.  In addition, susceptibility to 

AICD is correlated with active effector cells and cells undergoing division, whilst 

resting T cells are significantly more resistant to AICD.  Coupled with the knowledge 

that T cells rapidly  transit  from an activated to a resting state, this information has 

led some groups to predict that AICD mechanisms only impact T cells during the 

contraction phase, but have less of an effect on naive and resting memory cells 

(McKinstry et al., 2010a).

The susceptibility  of a cell to AICD can be influenced by IL-2 signalling via CD25 

(IL-2R), which drives the upregulation of the FasL pathway and the breakdown of 

anti-apoptotic factor c-FLIP.  The effect of IL-2 can be augmented by IL-4, which 

can induce the further up-regulation of CD25.  TNF-α and IL-10 may also mediate 

up-regulation of FasL and cell death in some settings.  AICD is thought to play a 

very important role in the contraction of T cell populations in situations where large 
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amounts of antigen are present in the system for long periods of time.  Examples of 

this include chronic infection or autoimmunity where the impact of T cell exhaustion 

is also involved (Krammer et al., 2007, McKinstry et al., 2010a).

Terminal differentiation is currently a poorly  defined mechanism.  During the early 

stages of an immune response some effector T cells differentiate to produce IFN-γ 

and express IFN-γR can be predisposed to cell death.  These cells have been posited 

to have undergone terminal effector differentiation and are thus unresponsive to 

survival signals (Chang et al., 2007, McKinstry et al., 2010a).

Immune response resolution results in the removal of sources of antigen, which leads 

to a reduction in the availability  of TCR stimulation and costimulation, which, in the 

absence of survival signals, leads to the induction of PCD.  TCR signalling, in 

combination with cytokines that signal through the common gamma chain like IL-7 

and IL-15, has been shown to regulate the balance of pro- and anti-apoptotic factors.  

IL-7 can regulate survival of T cells by increasing the expression of apoptosis 

inhibitory proteins like Bcl-2 and Bcl-XL (Diagram 1.3) (Strasser et al., 1991, 

Kondrack et al., 2003, Marrack and Kappler, 2004).  Bcl-2 can inhibit  the activity of 

proteins like Bax and Bak, which if uninhibited, will directly induce caspase 

mediated cell death (Bouillet and Strasser, 2002, Wei et al., 2001).  The action of 

Bcl-2 can be inhibited by  proteins like Bim.  Thus, for cells to survive a balance that 

favours the induction anti-apoptotic factors like Bcl-2 and the over expression of pro-

apoptotic factors like Bim must be established (McKinstry  et al., 2010a).  IL-2 and 

CD28 mediated signalling have both been linked to the ability of activated effector T 

cells to make the transition to resting memory T cells.  One mechanism by which 

IL-2 is thought to mediate survival is through the up-regulation of IL-7Rα on the 

surface of CD4 T cells (Diagram 1.3) (McKinstry et al., 2010a).

Differentiation of Th1 and Th2 cells reliant on the presence of IL-2, results in the 

expression of the proteins key to the induction of apoptosis, but  IL-2 also prepares 

cells with the ability to respond to survival signals like IL-7.  In other words, effector 

T cells are pre-primed during the initiation and expansion phases to undergo cell 

death at the end of an immune response unless they are rescued.  Individual T cells 
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compete for a limited supply of TCR signals, and survival signals like IL-7. As 

antigen availability rapidly  decreases, TCR signals decrease, resulting in the majority 

of T cells rapidly undergoing PCD (Diagram 1.3) (McKinstry et al., 2010a). 

1.2.13. T cell anergy
‘Anergic’ is the term used to describe the hyporesponsive state of antigen specific T 

cells that have seen antigen but have not become fully  activated (Schwartz, 2003).  

There are two types of anergy; clonal anergy and adaptive tolerance.  Clonal anergy 

is a state of growth arrest after T cells experience incomplete activation after initial 

cognate antigen exposure.  It can be overcome by the provision of IL-2 or by  anti-

OX40 treatment, which allow signalling by the previously inhibited Ras/MAP kinase 

pathway (Schwartz, 2003).  Adaptive or peripheral tolerance is the inhibition of 

proliferation and effector function caused by the absence of costimulation or the 

presence of coinhibition during activation (Schwartz, 2003).  Induction of adaptive 

tolerance in the thymus or periphery  can occur after different levels of clonal 

expansion and differentiation, before both are down-modulated as a result  of chronic 

antigen stimulation (Schwartz, 2003). 

Unlike clonal anergy, adaptive tolerance cannot be overcome by IL-2 treatment 

because inhibition of T cell responses is mediated by coinhibitory molecules like 

CTLA-4 (Schwartz, 2003). In contrast, anti-OX40 treatment can reverse both 

adaptive tolerance and clonal anergy  by encouraging T cell survival and proliferation 

(Schwartz, 2003).  In a superantigen mouse model of adaptive tolerance, reversal of 

the anergic state can be achieved either by removing the T cell from superantigen 

stimulation by adoptive transfer to a superantigen negative animal, or by  treating the 

cell in vitro with IL-7 (Schwartz, 2003).  Adaptive tolerance can be caused by an 

impairment in Zap70 kinase activity after TCR stimulation, which leads to the failure 

of intracellular calcium mobilisation and reduced activation of the transcription 

factors NFAT and NF-κΒ.  NFAT is required to promote the transcription of the IL-2 

gene. Mobilisation of the calcium pathways leads to calcineurin activation and the 

degradation of IκΒ, which would otherwise keep NF-κB inactive.  Costimulation via 

25



CD28 amplifies the ability of NF-κB to further promote the expression of IL-2 

(Chiodetti et al., 2006).

During the course of an immune response, clonal anergy  and adaptive tolerance may 

affect different aspects of the response, for example, the initial inhibition of T reg 

function early in a response, followed by  down-modulation of effector T cell 

responses later on (Schwartz, 2003).

Research addressing the genetic basis of anergy identified an E3 ubiquitin ligase, 

called gene related to anergy in lymphocytes (GRAIL), as being expressed after the 

induction of anergy (Anandasabapathy et al., 2003).  Proteins modified by 

ubiquitination have polyubiquitin chains attached to them and this alteration is key in 

multiple cellular processes including proteolytic degradation, protein trafficking and 

regulation of transcription (Su et al., 2009).  Subsequent to the discovery of GRAIL, 

E3 ubiquitins ITCH and CBL-B were also shown to be induced after the induction of 

T cell anergy (Fathman and Lineberry, 2007).  

GRAIL is thought to promote anergy induction by  down-regulating the costimulatory 

molecule CD154 on the surface of CD4+ T cells, thus rendering the T cells partially 

unresponsive to costimulation by CD40 on the surface of DCs (Lineberry  et al., 

2008).  Similarly, the up-regulation of GRAIL has been shown to result in the 

degradation of CD83 and so the CD4+ T cells receive less costimulatory signals and 

therefore become less activated which is thought to promote the development of 

hyporesponsiveness (Su et al., 2009).

GRAIL has recently been implicated in the development of CD4+ T cell 

hyporesponsiveness during chronic infection with the parasitic helminth S. mansoni.  

Work from the Pearce laboratory demonstrated that Th2 cell numbers reached a 

plateau during the initial stages of the immune responses to eggs, the major Th2 

inducing stage of this parasite (Taylor et al., 2009b).  Anergic T cells were 

discernible within the CD4+ T cell population within 10 days of the initiation of 

responses to eggs.  Later in the infection, chronic antigen exposure caused a greater 

proportion of antigen specific CD4+ T cells to become anergic and stop proliferating 

(Taylor et al., 2009b).  In this system, the development of CD4+ T cell 
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hyporesponsiveness could be prevented by the suppression of GRAIL, implicating 

GRAIL as an important factor in the down-modulation of Th2 responses to chronic 

murine schistosomiasis (Taylor et al., 2009b).

1.2.14. T cell exhaustion
T cell exhaustion is defined by a gradual and cumulative loss of T cell function and 

can lead to death by apoptosis (Yi et al., 2010).  In chronic viral models, CD4+ T cell 

exhaustion leads to graduated functional and phenotypic changes as the viral load 

increases (Yi et al., 2010), such as a gradual reduction in the diversity of different 

cytokines produce by activated T cells from IFN-γ, ΤΝF-α and IL-2 to eventually 

just IFN-γ (Yi et al., 2010).  The loss of effector function is accompanied by 

increased expression of inhibitory receptors like programmed death-1 (PD-1) (Yi et 

al., 2010).  In settings of T cell exhaustion, genes related to anergy are not expressed 

and thus anergy and T cell exhaustion may be separate processes (Kim and Ahmed, 

2010).

1.2.15. T cell memory
Antigen specific T cells that survive the contraction phase following effective 

stimulation become memory  cells (Jenkins 2001).  A feature of memory cells is that 

they  persist at  a higher frequency than naive cells.  This means that an increased pool 

of memory T cells is available to respond to a specific pathogen or antigen on 

secondary  exposure (Sallusto et al., 2004).  It  is during the contraction phase that 

competition for antigen is thought to lead to survival of the highest affinity T cell 

clones at the cost of the lowest affinity clones in a process known as affinity 

maturation (McKinstry et al., 2010b).  Restimulated memory T cells produce a wider 

range of cytokines than newly primed naive cells and in a shorter timeframe 

(McKinstry et al., 2010b).  Together this means that on reinfection DCs activate 

memory T cells faster and the T cell response that is generated is more effective.
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1.3. Schistosoma mansoni infection

1.3.1. Key features of the parasite life-cycle and habitat
S. mansoni is a digenetic trematode with a complex life-cycle, encompassing two 

hosts.  S. mansoni reproduces asexually  in its snail intermediate host, whilst 

reproducing sexually in its mammalian definitive host (Pearce and MacDonald, 

2002).  Different species of schistosome infect one of perhaps a number of snail 

species.  The habitat in which the snails are able to live limits the range of the 

parasite. Inland waterways and lakes with shallow, relatively slow moving water in 

tropical and sub-tropical environments are their normal habitat (Diagram 1.4) 

(Kojima and MacDonald, 2005).

Humans that enter water containing infected snails encounter free living S. mansoni 

cercariae swimming in the water.  The cercariae locate the mammalian host, burrow 

into the epidermis and, on shedding their tails, become schistosomulae.  Some 

schistosomulae remain in the dermis for a prolonged period, whilst others migrate 

rapidly into the vasculature.  Schistosomulae migrate through the blood vessels in the 

lung, and those associated with the mesentery and liver (Wilson et al., 1978).  

Attrition of parasite numbers occurs when blood vessels rupture in the lung trapping 

the schistosomulae in alveoli.  During the migration process, the schistosomulae 

mature sufficiently  to become lodged in the veinous vasculature of the mesentery and 

liver.  The male parasites mature in the hepatic portal vein where they pair with 

immature females, inducing their maturation.  After approximately 28 days the first 

worm pairs become sufficiently mature to mate and produce eggs (Diagram 1.4) 

(Wilson et al., 1978).

Schistosome eggs are released into the vasculature in large numbers, up to 300 eggs 

per female per day in the case of S. mansoni.  Some of these eggs successfully 

traverse the endothelium and basement membrane of the vein, cross the intervening 

tissues of the gut, and enter the gut lumen to be excreted with the faeces of the 

infected host (Pearce and MacDonald, 2002). The life cycle is completed when 

faeces from infected animals are deposited in water containing the correct species of 

intermediate snail host.  The snail infective miracidial stage of the life cycle hatches 
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from the eggs and swims through the water to infect the nearest snail. However, 

some of the eggs, if picked up by  the current in the blood vessel, rather than being 

passed in the faeces get deposited in the sinusoids of the liver, where they cause the 

formation of granulomas and the development of pathology (Diagram 1.4) (Pearce 

and MacDonald, 2002). 

1.3.2. The Impact of Schistosomiasis on world populations
Control initiatives in the last  thirty years have had little effect on the size of the 

populations at risk of and infected with schistosomes.  The WHO estimated in 1973 

that 600 million people globally  were at risk and 200 million were infected. Since 

then the availability of cheap and effective chemotherapy has increased (Wilson et 

al., 2007b), but so have recent  estimates which suggested figures for just Africa of 

about 200 million people infected, 700 million at  risk of infection and annual 

mortality of about 280,000 (Steinmann et al., 2006, van der Werf et al., 2003).  One 

of the main problems encountered has been the difficulty of targeted distribution of 

praziquantel, the effective drug for clearance of schistosomes, to at risk populations.  

This problem is now being addressed by  the use of bayesian spatial analysis to target 

mass treatment to areas with the highest prevalence of disease (Clements et al., 

2006). However, this strategy would be much more effective if it could be used to 

target a vaccine to endemic areas.  Unfortunately, no effective vaccine for 

schistosomiasis currently  exists, even after decades of work attempting the 

development of such.  Although no obvious resistance to praziquantel has yet been 

reported, it is likely to occur eventually, particularly with increased mass treatment.  

Thus, a better understanding of the immune response against schistosomes is 

required to aid the rational design of effective new vaccines and drugs against 

schistosomiasis (Pearce and MacDonald, 2002).

1.3.3. Symptoms and associated pathology caused by 
infection

Initial infection of humans from outside endemic areas with S. mansoni leads to an 

acute Th1 response characterised by fever and malaise, potentially  mediated by IL-1, 
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TNF-α and IL-6, and is associated with anorexia and marked eosinophilia (Pearce 

and MacDonald, 2002, Wynn et  al., 2004).  This acute Th1 mediated fever does not 

generally  affect populations in endemic areas, possibly  due to transfer of maternal 

immunity.  S. mansoni can survive in a human host for several years, during which 

time chronic disease develops in response to the deposition of hundreds of eggs per 

day in the gut and liver, associated with fibrosis and surrounded by collagenous 

aggregates of immune cells called granulomas (Pearce and MacDonald, 2002).  The 

formation of egg granuloma is necessary to protect host tissues by containing the 

variety of proteins, sugars and toxins that are actively secreted by schistosome eggs 

into their surroundings (Wynn et al., 2004).

The balance of the immune response, between Th1 and Th2 extremes, is thought to 

govern the severity of disease in individual experiences.  In mice, when the immune 

response is Th2 biased, egg deposition results in hepatosplenomegaly.  In severe 

cases of pathology, a poorly  regulated Th2 response causes excessive buildup of 

fibrosis in the liver due to an uncontrolled granulomatous response to eggs (Wynn et 

al., 2004).  This correlates to human infection and studies that have shown that the 

codominant major gene SM2 is a factor in the development of severe pathology. The 

link between this gene and the IFN-γ receptor 1 has led to the suggestion that 

responsiveness to IFN-γ may be an important feature in resolution of fibrosis (Pearce 

and MacDonald, 2002).

Animals with more severe pathology  develop portal hypertension, where the hepatic 

portal blood vessel is enlarged by the high pressure caused by  poor blood flow 

through the liver sinusoids due to fibrosis.  High blood pressure in the mesenteric 

and portal veins also leads to the buildup of fluid in the peritoneal cavity.  The poor 

passage of blood through the liver leads to the formation of fragile new blood vessels 

that bypass the increasingly fibrotic liver.  These vessels can suddenly fail, 

haemorrhaging large quantities of blood into the peritoneum and causing death 

(Pearce and MacDonald, 2002).  

On the other hand, too strong a Th1 or Th17 response against the parasite can result 

in damaging inflammatory  pathology, particularly  in liver and gut tissues.  This can 
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result in tissue necrosis and death, in a timeframe that can often be more rapid than 

that caused by the fibrotic pathology typical of an over-exuberant Th2 response.  Too 

extreme a response, either Th2 or Th1/17 can have lethal consequences for a 

schistosome infected individual.  The current consensus, therefore, is that a well 

regulated, ‘balanced’ Th2 response is key  to survival (Pearce and MacDonald, 2002, 

Wynn et  al., 2004).  The interactions and importance of the different cytokines 

involved in a balanced response are discussed below.  

1.4. Activation of S. mansoni specific immune 
responses

1.4.1. How are S. mansoni antigens recognised by the 
innate immune system?

S. mansoni soluble egg antigen (SEA) is known be sufficient to stimulate DCs to 

induce Th2 responses, but we do not know exactly how DCs are altered by  the 

interaction with SEA to enable them to induce Th2 responses (Perona-Wright et al., 

2006b).  However, the ligands in SEA that bind to PRRs on the surface of DCs that 

confers on them the ability  to induce an antigen specific Th2 response are 

increasingly  becoming clear.  SEA is comprised of a cocktail of different 

components, including sugars, proteins and even some lipids. Glycoproteins have 

been identified as a major contributing factor to Th2 polarisation (Okano et al., 1999, 

Thomas et  al., 2003), and glycoproteins purified from SEA, for example, the IL-4 

inducing principle of S.mansoni eggs (IPSE), also called SmEP25, have been shown 

to induce innate cells such as basophils to produce IL-4, as well as activate mast 

cells, eosinophils and aaMΦ (Sabin et al., 1996, Schramm et al., 2003, Donnelly et 

al., 2008, Williams et al., 2005). Indeed, this kind of activation of accessory cells 

may be important for optimal induction of the Th2 response by DCs (Kapsenberg, 

2003).

Recently, a specific glycoprotein component of SEA named Omega-1, identified as a 

T2 ribonuclease, was shown to be sufficient to condition DCs for Th2 induction  

(Steinfelder et al., 2009, Everts et al., 2009).  The identification of a single 

glycoprotein secreted from S. mansoni eggs that is able to singly induce a Th2 

31



response via DCs is a major step forward as it provides the opportunity  to identify 

the finer details of the sequence of events required for Th2 conditioning of DCs.  For 

example, characterisation of the PRRs which Omega-1 is a ligand for, could 

potentially lead to the identification of other Th2 inducing glycoproteins and 

common signalling requirements (Everts et al., 2009).

1.4.2. DC activation and function in response to 
schistosomes

Despite not knowing the exact nature of the complex network of PAMPs (and 

potentially DAMPs) that are recognised by DCs during Th2 response induction, 

considerable progress has been made in determining the essential components of the 

network of signals exchanged between DCs and CD4 T cells that results in Th2 

polarisation (Perona-Wright et al., 2006b).  Murine DCs stimulated with SEA (SEA-

DCs) have a subdued activation phenotype characterised by minor up-regulation of 

MHCII, CD80, CD86, CD40 and OX40L and do not produce inflammatory 

cytokines typical of TLR-mediated DC maturation, such as IL-12p70, TNF-α and 

IL-6.  This muted activation phenotype seems to be a general feature of helminth 

antigen exposed DCs, although some variability does exist in the basal level of 

activation depending upon the helminth in study.  In addition to failing to provoke 

‘conventional’ DC maturation, SEA does not stimulate DC IL-10 or IL-4 production 

(MacDonald et al., 2001), and IL-10 or IL-4 deficient DCs display equivalent Th2 

induction ability  to wild type cells (MacDonald and Pearce, 2002, Perona-Wright et 

al., 2006a).  Human DCs, in contrast to murine, do become partially activated by 

SEA, with somewhat increased costimulatory molecule expression, but not to a level 

equivalent to TLR ligands such as LPS.  Despite this partial activation, human DCs 

produce few of the cytokines associated with maturation, and in this are similar to 

murine DCs (de Jong et al., 2002, Agrawal et al., 2003, Perona-Wright et al., 2006b).

In allergy, DC expression of the costimulatory molecule OX40L, induced by the 

tissue factor thymic stromal lymphopoietin (TSLP), has been closely linked with Th2 

induction (Ito et al., 2005, Seshasayee et al., 2007).  We know that DC expression of 

OX40L is important  for generating optimal SEA driven Th2 responses, but it is not 
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essential for Th2 polarisation per se, as slightly attenuated Th2 responses can still be 

driven in its absence (Jenkins et al., 2007).  In contrast to the lack of an absolute 

requirement for OX40L during Th2 response induction, DC  expression of the 

costimulatory molecule CD40 is thought be critical for this process (MacDonald et 

al., 2002).  Signal 2 provision by DCs occurs as a sequence of two way interactions.  

The initial and vital costimulatory interaction for T cell activation is thought to be 

between CD28 on the T cells and CD80 or CD86 on the DCs.  Importantly for Th2 

responses, this triggers their production of IL-2 via STAT5 while also initiating up-

regulation of CD154, which feeds back to interact with CD40 on the DCs, providing 

them with an important secondary activation stimulus (MacDonald et al., 2002, 

Perona-Wright et al., 2006b).  

Splenic DCs purified from S. mansoni infected animals at different  points during 

infection have been shown to be partially activated. However, despite considerable 

antigen exposure over a number of weeks, their level of activation was only  very 

minor in comparison to  splenic DCs isolated from animals infected with the strong 

Th1 inducing protozoan pathogen Toxoplasma gondii (Straw et al., 2003).  In support 

of a requirement for CD40:CD154 interaction for DC function in Th2 settings, DCs 

from CD154-/- mice were not activated even to the low level seen in wild type mice 

during infection with S. mansoni (Straw et al., 2003). 

The general activation state of DCs can be up-regulated by ligation of CD40, 

resulting in increased expression of a number of molecules, such as CD80, CD86 and 

OX40L (MacDonald et al., 2001).  In the case of SEA primed murine DCs, the 

addition of an agonistic anti-CD40 antibody results in clear up-regulation of surface 

expression of OX40L (Jenkins et al., 2007).  Thus, the requirement for SEA DCs to 

express CD40 for Th2 induction is likely at least in part  to be due to impaired 

OX40L levels in the absence of signalling events downstream of CD40 engagement.  

It is probable that additional molecules important for Th2 induction are up-regulated 

in SEA DCs following CD40 engagement, but this has yet to be fully  investigated.  

Indeed, signal 3 for Th2 induction by  DCs remains unidentified (Perona-Wright et 

al., 2006b).
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1.4.3. What is known about T cells polarisation towards a 
Th2 phenotype?

Although signal 3 in Th2 response generation by DCs has not  yet been identified, a 

number of different hypotheses have been suggested to explain how Th2 responses 

might be induced in the presence or absence of Th1 responses and these can be 

divided into three broad models. The (passive) default  or maturation model (1) posits 

that Th2 responses are initiated by DCs exposed to antigen in the absence of IL-12.  

The alternative pathways model (2) suggests that separate but concurrent Th1 and 

Th2 responses are initiated via different receptors, signalling molecules and 

transcription factors.  Competition/inhibition model (3) points to the overlap between 

Th1 and Th2 stimuli which might compete for the same receptors and trigger cross-

inhibitory signalling cascades with a Th1 or Th2 response being initiated based on 

the summation of these qualitative and quantitative interactions (Diagram 1.5) 

(MacDonald and Maizels, 2008).

The default  hypothesis suggests that Th2 responses are simply the outcome when T 

cells are activated in the absence of IL-12.  Although this model can work in 

somewhat artificial reductionist settings in vitro, it  has not been convincingly 

demonstrated in vivo, where the imperative to generate a Th2 response to effect 

clearance of parasites and other infections exists (MacDonald and Maizels, 2008).  

This passive model of Th2 induction also becomes difficult to reconcile in the 

context of ‘real world’ coinfection settings, where concurrent  exposure to Th2 and 

Th1 pathogens is likely to be the normal scenario.  Further, reliance on a passive 

mechanism of Th2 induction makes little sense in many helminth infections 

(including schistosomiasis) where impaired Th2 responses can lead to damaging, and 

even lethal, immunopathology (Diagram 1.5) (MacDonald and Maizels, 2008). 

Similar to SEA, the excretory/secretory products of the nematode Nippostrongylus 

brasiliensis (NES) do not overtly activate DCs, but still display a potent ability to 

induce highly  polarised Th2 responses (MacDonald et al., 2001, Balic et al., 2004).  

Although clearly  not tolerogenic, the fact  that neither SEA nor NES exposed DCs 

appeared to actively produce or express typical molecules associated with DC 
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maturation initially  lent weight to the argument that the Th2 response may be 

reached by passive default (MacDonald and Maizels, 2008).

However, two sets experiments demonstrated that in vivo default induction of Th2 

responses by these helminth activated DCs was highly unlikely.  In the first set of 

experiments, animals were exposed to NES in combination with complete Freund’s 

adjuvant (CFA) a potent Th1 stimulus, whilst in the second DCs were stimulated 

concurrently  (co-pulsed) with both heat-killed Propionibacterium acnes (Pa, a Gram 

positive bacterium) and SEA prior to their adoptive transfer into naive recipient 

mice. In each case both Th1 and Th2 responses were efficiently  induced (Holland et 

al., 2000, Cervi et al., 2004).  If the default hypothesis was correct, then these 

experiments should have induced solely  a Th1 response, since T cell priming would 

have occurred in the presence of ample amounts of IL-12p70 generated by  either 

CFA or Pa.  The study by Cervi et al. demonstrated that antigen specific Pa 

restimulation resulted in Th1 but not Th2 responses and antigen specific SEA 

restimulation resulted in Th2 but not Th1 responses, illustrating a remarkable ability 

of DCs to multitask in the face of diverse pathogenic challenges.  Going further, 

investigation of the antigen uptake pathways suggested that SEA and Pa enter 

separate intracellular antigen processing pathways (Cervi et al., 2004).  Collectively, 

this work indicates that, contrary to being a passive default  process or a form of 

tolerance, Th2 induction is an active process which has separate pathways for antigen 

processing and the polarisation of Th2 responses (Lutz et al., 1999, MacDonald and 

Maizels, 2008).

In reality, Th2 induction is likely to be a combination of all of the non-default models 

- competition, inhibition and alternative pathways - with different emphasis on each 

system depending upon the type of PAMPs involved in the particular Th2 system in 

study (MacDonald and Maizels, 2008).

Beyond helminth systems, and somewhat in contrast  to work with antigens such as 

SEA and NES, the alarmin eosinophil derived neurotoxin (EDN) causes more 

pronounced DC activation with distinct up-regulation of the costimulatory marker 

CD86 and the production of IL-12p70 via a TLR2 dependent pathway.  However, 
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when EDN stimulated DCs were used to challenge naive mice the resulting CD4+ T 

cell response had a marked Th2 phenotype (Yang et al., 2008).  Therefore, it appears 

that Th2 induction is an active process that can occur in the face of IL-12 production.  

Since a passive default  model for DC Th2 induction appears not to fit, this poses the 

question of how Th1 and Th2 antigens interact at the level of the DC; do they  act  via 

separate, mutually exclusive, pathways?  Or do they  compete with and/or inhibit 

each other? (MacDonald and Maizels, 2008).

The alternative pathways model (Diagram 1.5) suggests that Th1 and Th2 PAMPs 

may act via separate PRRs and signalling pathways, which results in activation of 

separate transcription factors and expression of distinct polarising signals.  This 

model is supported by  work discussed previously in which two apparently competing 

signals can be processed through separate compartments in DCs resulting in 

simultaneous induction of an antigen specific Th1 response against Pa and an antigen 

specific Th2 response to SEA (Cervi et al., 2004).  Also in support of this idea, Th2 

responses can be induced in the absence of MyD88, whilst Th1 response cannot, 

suggesting that Th2 responses are induced by separate signalling pathways (Jankovic 

et al., 2004).  The absence of a requirement for the major TLR adaptor protein 

MyD88 for Th2 development may also suggest that  Th2 responses are instigated 

through a different family of MyD88 independent receptors, such as CLRs 

(MacDonald and Maizels, 2008).  Possible CLRs include DC-SIGN, mannose 

receptor and the β-glucan receptor dectin-1 (CD37) (van Liempt et al., 2007).  

Signalling from dectin-1 is thought to trigger activation of Src and Syk tyrosine 

kinase that through further recruitment of adaptor molecule Card9 leads to TLR 

independent activation of NF-κΒ, which allows the initiation of further down-stream 

responses (Rogers et al., 2005, Gross et al., 2006).

The competition model (Diagram 1.5) suggests that it is possible for Th1 and Th2 

inducing PAMPs to share overlapping PRRs and thus, competition for ligand binding 

controls whether a Th1 or Th2 response is polarised.  A good example of a Th1 

PAMP is LPS which acts via TLR4 to induce IL-12 (Mosmann et  al., 1986).  Some 

Th2 inducing DAMPs and PAMPs may also act via TLR pathways, for example 
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schistosoma lipids or EDN via TLR2 (van der Kleij et al., 2002, Yang et al., 2008), or 

certain schistosome sugars that bind to TLR4 (Thomas et al., 2003).  The inhibition 

model (Diagram 1.5) suggests that the activation of one pathway may directly inhibit 

the induction of the other through the production of cellular components or cytokines 

that block transcription, translation or secretion of different polarizing products. In 

support of this idea, when DCs are treated with NES or SEA before stimulation with 

LPS the production of IL-12 is inhibited (Jankovic et al., 2004, Balic et al., 2004, 

Cervi et al., 2004).  Balancing this is the demonstration that TLR ligation with Pa can 

stop the development of Th2 responses by preventing IL-4 induction and blocking 

the ability of cells to respond to IL-2 (Sun and Pearce, 2007, MacDonald and 

Maizels, 2008).  SEA mediated inhibition of LPS is partially due to augmentation of 

LPS induced upregulation of IL-10, which suppresses LPS induced IL-12 (Kane et 

al., 2004).  However, interestingly, helminth inhibition of IL-12 may also involve the 

activation of TLR2; signalling downstream of TLR2 causes the phosphorlyation 

extracellular signal-regulated kinase (ERK) 1 and 2 that results in the stabilisation of 

transcription factor c-Fos, which can suppress the production of IL-12 (Agrawal et 

al., 2003, Kane et al., 2004).  The advantage of a system where Th1 and Th2 signals 

compete and/or potentially inhibit each other is that it could be very quantitative, 

incorporating multiple signals and producing a response more precisely balanced to 

each particular situation (MacDonald and Maizels, 2008).  This is an attractive idea 

in the context of complex infections when the immune response may be altered 

through the course of the parasite life-cycle, and where the response in particular 

tissues may need to take into account signals from other cells (MacDonald and 

Maizels, 2008).

The differentiation between Th1 and Th2 has been suggested to be due to reduced 

TCR signal strength (Paul and Zhu, 2010).  In contrast to Th1 ligands, the muted 

activation phenotype associated with Th2 ligand is characterised by less MHCII and 

costimulatory molecule up-regulation (MacDonald et al., 2001).  An example of this 

is DC activation by Omega-1, which appears to directly and actively interfere with 

DC maturation by altering the cytoskeletal structure of the cell.  Omega-1, similar to 
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SEA (Kane et al., 2004), if administered before TLR ligands such as LPS, has the 

ability  to suppress DC phenotypic activation and cytokine production (Steinfelder et 

al., 2009).   The alterations to the cytoskeleton induced by Omega-1 reduce the 

amount DCs interact with CD4+ T cells.  Less conjugates of TCR:MHCII and 

costimulatory molecules are formed, which means that the T cells receive lower 

strength TCR signals (Steinfelder et al., 2009).  In a low TCR signal strength 

environment, caused perhaps by the lower affinity or concentration of peptide 

interactions, GATA-3 can be up-regulated resulting in the production of IL-4 by the 

T cells, which can mediate polarisation towards a Th2 phenotype.  The mechanism is 

thought to be reliant on weak ERK signalling to induce IL-2 production, but to be 

blocked by strong ERK signalling induced by high signal strength TCR interactions 

associated with Th1.  High and prolonged ERK activation inhibits GATA-3 binding 

and blocks early  IL-4 required for Th2 polarisation (Paul and Zhu, 2010).  Perhaps 

during infection Omega-1 secreted by eggs competes with pro-Th1 ligands to 

activate DCs and thus renders them refractory to stimulation by  pro-Th1 ligands.  

However, it  is not yet clear if Omega-1 activation of DCs towards a Th2 phenotype 

can occur in the presence of pro-Th1 TLR ligands (Everts et  al., 2009, Steinfelder et 

al., 2009).  Unlike SEA and IPSE, Omega-1 does not induce IL-4 production by 

innate cells such as basophils (Steinfelder et al., 2009). 

Irrespective of the molecular mechanisms at play, through different pathways, Th1 

and Th2 responses generally  reach an equilibrium in most settings, but what is the 

importance of this balance to pathology during S. mansoni infection?

1.5. A balanced adaptive immune response: 
essential for both host and parasite

When a successful protective immune response is generated in response to S. 

mansoni, the cercarial, schistosomulae and adult stages generate a mixed Th1/Th2 

response, which is replaced by a strengthening, dominant Th2 response from when 

eggs start to be produced 4 to 6 weeks after infection (Pearce and MacDonald, 2002).  

The balance that is established between Th1 and Th2 components of the response is 

critical to the outcome of pathology and disease.  Interestingly, an intact immune 
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system is also important for the parasite, as schistosomes in mice that are T cell 

deficient display impaired development and reduced fecundity, in a remarkable 

example of co-evolution of pathogen and host. Examples of systems where 

schistosomes display  poor development include mice that have a reduced T cell 

number, such as athymic ‘NUDE’ mice, or a deficiency in B and T cells such as 

severe combined immuno deficiency  (SCID) and recombinase activating gene-1 

deficient (RAG-/-) mice.  Thus, the ‘correct’ immune environment appears to be 

advantageous to both host and parasite. (Davies et al., 2001, Pearce and MacDonald, 

2002). 

1.5.1. What is the consequence of a deficiency in Th2 
responses to eggs?

When mice fail to generate a Th2 response against the egg stage of infection, their 

survival is significantly  impaired.  Th2 deficient animals suffer from multiple 

problems from the start of egg production.  Impairment in granuloma formation leads 

to the leakage of toxic components from eggs lodged in the liver and gut tissues.  In 

the liver, this leads to necrosis because hepatocytes are sensitive to egg derived 

toxins (Wynn et al., 2004).  Another cause of death in Th2 deficient mice is thought 

to be linked to damage caused by the passage of eggs through the mesentery  and 

across the gut tissues.  This can lead to hemorrhagic lesions in the mucosa of the 

small intestine which is thought to then allow entry of bacteria and endotoxins into 

the blood supply (Fallon et al., 2000) with death probably  mediated by cytokine-

induced septic shock (Wynn et al., 2004). 

A good example of this is found in IL-4 deficient mice; IL-4 is required to generate a 

protective immune response to eggs, and from around 6 weeks post infection animals 

deficient in IL-4 start to lose weight and suffer from acute cachexia and liver 

damage.  Rather than generating a protective Th2 response, IL-4 deficient animals 

instead convert to dominant production of Th1 associated cytokines IFN-γ, TNF-α 

and nitric oxide (NO) (Brunet et  al., 1997), which is associated with high mortality 

and septic shock.  However, mice with a double deficiency in IL-4 and IL-12, or IL-4 

and IFN-γ, do not have attenuated pathology, but  rather were shown to develop 
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comparable symptoms to IL-4 deficient  animals, suggesting that IL-12 and IFN-γ 

have little or no role in the development of pathology  associated with the failure of 

Th2 (Patton et al., 2001, La Flamme et al., 2001, Wynn et al., 2004).  In other words, 

the symptoms caused by a lack of IL-4 were not caused by  an excessive IL-12 

mediated IFN-γ response.  TNF-α is thought to be one of the drivers of pathology, 

since antibody  neutralisation of TNF-α partially  ameliorates the development of 

morbidity.  These observations support the hypothesis that mortality is caused by 

cytokine-mediated septic shock (Wynn et al., 2004).  

That this process does not ordinarily  occur in wild type, Th2 sufficient, infected mice 

is testament to the powerful wound healing and regulatory mechanisms that must  be 

in place.  In this context, IL-4 driven aaMΦ may be critical (Herbert et al., 2004), a 

fact that will be discussed further in a later section.

In support of the role of IL-4 in inducing Th2 and suppressing Th1 responses, IL-10 

was shown to play a key role in the establishment of the Th2 response against S. 

mansoni.  The absence of IL-10 leads to symptoms similar to IL-4 deficiency, 

including excessive IFN-γ, ΤΝF-α and NO production, high morbidity and mortality 

(Wynn et al., 1998, Hoffmann et al., 2000).  Animals deficient  in both IL-4 and IL-10 

develop even worse disease than those with IL-4 deficiency alone (Hoffmann et al., 

2000). 

IL-5, although not required for the development of Th2 cytokine responses to 

infection (Brunet et al., 1999), is thought to aid Th2 polarisation, as animals deficient 

in IL-5 develop a mixed Th1/Th2 response (Reiman et al., 2006).  The main role of 

IL-5 is probably the recruitment of eosinophils to granulomas, as its absence alters 

granuloma composition, which changes to have more macrophages and fibroblast in 

place of eosinophils.  In the granuloma site eosinophils may make a significant 

contribution to IL-4, IL-5 and IL-13 production, although this has only been 

observed by mRNA expression (Reiman et al., 2006).  It is possible that this also 

explains the reduction in resistin-like molecule (Relm)-α and Arg-1 seen in the 

granulomas of IL-5 deficient animals.  Relm-α and Arg-1 are markers of alternative 
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activation and are closely linked to fibrosis, which is also reduced in IL-5 deficient 

animals related to a marked reduction in granuloma size (Reiman et al., 2006).  

Apart from counter-regulation by Th1 and Th2 polarised CD4+ T cells, striking a 

balance with IL-17 is also important  to prevent the development of IL-17 mediate 

severe liver pathology during murine schistosomiasis in some settings (Smith et al., 

2009, Rutitzky  et al., 2008, Shainheit et al., 2007).  The details of how Th17 cells 

interact with Th2 development remains to be clarified.

Finally, naturally occurring CD4+Foxp3+ T regs are also part  of the multifaceted 

network of S. mansoni immunoregulation.  T regs are thought make up a significant 

proportion of the CD4+ T cells in the granuloma and are proposed to able to suppress 

CD4+ Th2 cell production of IL-4 in the granuloma environment via an IL-10 

independent mechanism (Baumgart et  al., 2006). Indeed, T regs have also been 

shown to increase in the circulation during human schistosomiasis, highlighting their 

potential importance in both infection of murine models and humans (Maizels et al., 

2009).  However, evidence so far, from depletion of T regs in mice using antibody 

strategies, has failed to reveal a dominant role for these cells in the regulation of 

pathology (Wilson et al., 2007b).  

1.5.2. Is granuloma formation host protective?
Apart from being key for the initiation of Th2 responses, IL-4 also plays an 

important role in the induction of fibrosis.  Alongside IL-5 and IL-10, it stabilises the 

Th2 immune response, leading to the production of more IL-4 and IL-13 (Wynn et 

al., 2004).  IL-4 and IL-13 share receptors with IL-4, signalling through the IL-4 

receptor type I (IL-4Rα and the common γ chain) and type II (IL-4Rα and 

IL-13Rα1).  IL-13 signals through the type II receptor (IL-4Rα and IL-13Rα1) and is 

inhibited by the stable IL-13Rα2 decoy receptor (Khodoun et al., 2007, LaPorte et 

al., 2008).  This complex set of receptors has complicated the study of fibrosis, 

which is defined as ‘the overgrowth, hardening, and/or scarring of various tissues’ 

and is thought to be caused by ‘excess deposition of extracellular matrix components 

including collagen’ (Wynn, 2008).  In settings where IL-4 and IL-13 are both 

deficient (McKenzie et  al., 1999) or the signalling pathway downstream of IL-4 and 
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IL-13 is interrupted by  deficiencies in IL-4Rα (Jankovic et al., 1999) or STAT6 

(Kaplan et  al., 1998), the process of fibrosis and collagen deposition associated with 

IL-4 and IL-13 mediated granuloma formation are disrupted.  The fact that a similar 

effect is not seen when Th1 responses are deficient highlights the importance of these 

Th2 cytokines in both granuloma formation and fibrosis per se. (Wynn et al., 2004). 

During helminth infection, aaMΦ play  a key role in wound repair during infection 

with the filarial nematode Brugia malayi (Maizels et  al., 2009).  As mentioned 

previously, during S. mansoni infection, aaMΦ are an essential component of host 

protective granulomas formed around eggs in the tissues.  LysMCreIL-4Rα-/flox mice 

that lack aaMΦ (and neutrophils) due to a cell specific deficit of IL-4Rα expression 

are less able to regulate Th1 mediated responses during S. mansoni infection, even in 

the presence of IL-10.  Consequently, although they have unimpaired Th2 

development and fibrosis, their MΦ cannot alternatively activate, and these animals 

die of sepsis caused by egg induced pathology in the gut, in a similar fashion to IL-4/

IL-10 deficient animals (Herbert et al., 2004).  Thus, in murine schistosomiasis, 

aaMΦ are critical for preventing excessive cumulative damage to the gut wall caused 

by egg transit, but  dispensable for Th2 development, granuloma formation and liver 

fibrosis.  However, aaMΦ could be described as a double edged sword as they can 

also promote pathology  during chronic infection. In an environment of excess IL-4 

and IL-13 production, aaMΦ can produce large quantities of matrix components 

leading to more severe fibrosis.  How important this may be is still under discussion, 

as more recent data indicates that aaMΦ may also play  a regulatory role in some 

settings (Wynn, 2008, Maizels et al., 2009).  

Continuing interest in specific components of alternative activation has led to data 

that suggests that protection against  pathology in S. mansoni infection is at least in 

part mediated by  Arginase-1.  The fact that deficiency in Arg-1 leads to increased 

fibrosis during infection lends weight to the argument that aaMΦ play an essential 

regulatory role in controlling pathology during chronic infection (Pesce et al., 

2009a).  In addition, Relm-α deficient mice develop stronger Th2 responses and 

more severe pathology during infection, a phenotype that  is reversed by recombinant 
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Relm-α treatment (Pesce et al., 2009b).  The cellular sources of Relm-α appear to 

change over time during infection, with eosinophils producing the most Relm-α 

during primary granuloma formation (Maizels et al., 2009, Pesce et al., 2009b).  

Thus, eosinophils may be important in regulating early  granuloma formation, whilst 

macrophages play an increasing role later in infection as the granulomatous response 

is down-regulated (Pesce et al., 2009b, Wilson et al., 2007b).

The ability  to down-modulate the granulomatous response is key to survival; when 

IL-10/IL-12 and IL-10/IFN-γ deficient mice are infected with S. mansoni they 

develop an excessive Th2 response characterised by an uncontrolled IL-4/IL-13 

fibrotic response.  During chronic infection the inability  to down-regulate the 

granulomatous response leads to severe hepatosplenomegaly, high portal blood 

pressure, intestinal bleeding and high mortality (Hoffmann et  al., 2000, Vaillant et 

al., 2001).  This response is not seen in IL-12 or IFN-γ singly  deficient animals that 

have an intact IL-10 response suppressing Th2 responses.  IL-10 has been shown to 

be important for the down modulation of Th2 mediated chronic inflammation, whilst 

IL-13Rα2 is thought to be of crucial importance in dampening excessive fibrosis that 

can result in severe hepatosplenic pathology (Wilson et al., 2007a). 

Thus, survival during infection with schistosomiasis is intricately linked to 

development of a balanced Th1/Th2 response, which is not too polarised towards 

either extreme (Hoffman - Wynn 2000).  

1.5.3. B cells and antibody production during S. mansoni 
infection

Current evidence in the murine setting suggests that B cells are not key to the 

development of protective Th2 responses to S. mansoni.  However, µMT mice 

(which lack B cells) develop chronic morbidity  during infection, caused by increased 

granuloma size, which suggests that B cells might have a role in the regulation of 

immunopathology (Jankovic et al., 1998).  Related to this, resistance to S. mansoni 

infection has been linked to high levels of parasite specific IgE (Butterworth et al., 

1992).  Recent work has underlined the potential role of B cells in regulating disease.  

Patients were followed through three to six years of repeated praziquantel treatment, 
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resulting in a cycle of infection and cure that, in some subjects, built  up levels of 

antigen specific IgE.  The increase in IgE was correlated with an increase in CD23+ 

(low affinity IgE receptor) B cells and higher soluble CD23 in the plasma, which 

correlated with the development of resistance (Mwinzi et al., 2009).

1.6. What role for tissue factors in amplifying 
Th2 responses?

The complex settings in which Th2 responses are often initiated, and the lack of a 

clear polarising third signal, have led some to postulate that  Th2 polarisation is the 

result of a complex series of highly redundant molecular interactions (MacDonald 

and Maizels, 2008).  This has led to considerable interest  in tissue factors found in 

the cellular environment, both at the site of infection and during priming (Pulendran 

et al., 2010).  Tissues factors are soluble factors such as cytokines, initially  produced 

in tissues sites such as the skin, in response to disease induced inflammation and 

have pleiotropic roles in the induction and/or amplification of immune responses 

(Paul and Zhu, 2010).  The tissue factors of most interest to the induction and 

amplification of Th2 responses are IL-25, IL-33 and TSLP (Paul and Zhu, 2010).

Epithelial cells produce TSLP in response to allergic airway inflammation, helminth 

infection and Th2 cytokines IL-4 and IL-13.  Mast cells and basophils have also been 

shown to produce TSLP.  TSLP has been shown to be essential to the induction of 

Th2 response in some helminth infections, but not in others (Zaph et al., 2007).  It 

has been shown to be directly involved in the Th2 polarisation of CD4 T cells in 

Trichuris muris infection through a mechanism involving the suppression of 

IL-12p40 induced Th1 responses (Zaph et al., 2007, Massacand et al., 2009).  

However, it is not required for Th2 immune responses to Heligmosomoides 

polygyrus, N. brasilensis or S. mansoni (Massacand et al., 2009).  Human peripheral 

blood mononuculear cell (PBMC) derived DCs stimulated with TSLP express 

OX40L and can drive allogenic CD4 T cell Th2 cytokine production (Ito et al., 

2005).  The ability of epithelial cells to respond to IL-4 and IL-13 also suggests an 

amplification loop, which may  be involved in creating a more polarised Th2 

environment in some settings (Paul and Zhu, 2010).
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IL-33 is produced by  a number of cell types including epithelial and endothelial cells 

in response to allergens and helminth antigens.  IL-33 induces eosinophilia, mast cell 

activation and the production of Th2 cytokines IL-5 and IL-13 by non-B-non-T cells 

and eosinophils.  It is implicated in Th2 pathology in the lung and gastrointestinal 

tracts.  Animals deficient in IL-33 have a reduced granulomatous response, 

eosinophilia and decreased IL-5 production in response to SEA injection (Paul and 

Zhu, 2010).

IL-25 is expressed by Th2 cells, epithelial cells, basophils, eosinophils and mast 

cells.  Injection of naive mice with recombinant IL-25 results in Th2 cytokine 

production.  Systemic responses include IgE production, eosinophilia and fibrotic 

pathology.  The Th2 immune response is suppressed and Th1 enhanced during T. 

muris infection of IL-25 deficient animals, and this results in a failed expulsion.  

Further, in human asthma the expression of IL-25 and IL-25R is enhanced, and 

cleavage of IL-25 by  matrix metalloproteinase 7 enhances the activity of cytokines in 

models of airway hyporesponsiveness (Paul and Zhu, 2010).

Multiple factors are involved in the generation of a Th2 response in infections like T. 

muris where the mix of antigens are critically balanced between Th1 and Th2, and 

where pathogen clearance relies on Th2 responses, tissue factors that aid the 

establishment of a Th2 responses are critical (Taylor et al., 2009a).  In other settings, 

where the mix of antigens is already  biased toward a Th2 response, the ‘backup’ 

provided by tissue factors may be less important, such as egg antigen induced 

responses during S. mansoni infection (Ramalingam et al., 2009).
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1.7. Aims of this thesis
The first aim of this thesis was to establish the involvement and importance of DCs 

during Th2 response induction and development against the parasitic helminth S. 

mansoni.

The second aim of this thesis was to assess whether the depletion of DCs prior to 

exposure to the cercarial stage of the parasite altered either parasite survival or the 

subsequent development of the Th2 immune response against later stages of 

infection.

The third aim of this thesis was to determine if DCs continue to be necessary for the 

maintenance of the chronic immune response during infection with S. mansoni.

The final aim of this thesis was to establish whether the tissue factor TSLP is able to 

enhance or modulate the Th2 responses initiated by DCs in response to SEA.
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Diagram 1.1: Inter-cellular interactions that contribute a Th response

DCs can interact with different cell types. Not only  are DC activated by pathogens 

directly  via PRRs, but they also receive signals in for of tissue factors from other 

cells in the tissue microenvironment.  Tissue factors are able to modulate the type 

adaptive immune response DCs initiate.  This figure was adapted from a figure by 

Pulendran et al. (Pulendran et al., 2010).
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Diagram 1.2: Polarisation of Th responses by DCs

When DCs are stimulated by  PAMPs via PRRs they  become activated and initiate 

CD4+ T cells responses.  DCs take up, process and present peptide antigen 

complexed with MHC molecules (signal 1).  Stimulation by a range of different PRR 

ligands leads to the initiation of separate and distinct pathways that lead to the up-

regulation of key costimulatory  markers (signal 2) and the production of key 

polarising factors (signal 3). This figure was adapted from a figure by Pulendran et 

al. (Pulendran et al., 2010).
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Diagram 1.3: Antigen specific T cell contraction

The three possible mechanisms for the contraction phase of the antigen specific T 

cell response are: (1) activation induced cell death (AICD), (2) terminal 

differentiation and (3) growth factor withdrawal, leading to passive cell death (PCD).   

This figure was adapted from a figure by McKinstry et al. (McKinstry et al., 2010a).
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Diagram 1.4: Life cycle and habitat of S. mansoni

S. mansoni has complex life-cycle, encompassing two hosts.  Free living S. mansoni 

cercariae are found in lakes and inland water ways harbouring infected snails.  

Cercariae locate their human host, burrow into the epidermis and, on shedding their 

tails, become schistosomulae, which migrate through the blood vessels.  During the 

migration, they mature, become lodged in the veinous vasculature of the mesentery 

and liver.  The male parasites mature in the hepatic portal vein, pair with immature 

females, inducing their maturation and mate to produce eggs.  Some eggs traverse 

the vein, migrate through gut tissues and are excreted with the faeces of the infected 

host.  When the infected faeces are deposited in water containing the correct species 

of intermediate snail host, the miracidial stage of the life cycle hatches from the eggs 

and swims through the water to infect the nearest snail, in which asexual 

reproduction and formation of cercariae, completing the life cycle. This figure was 

adapted from a figure by  the Centers for Disease Control & Prevention: Division of 

Parasitic Diseases, USA (http://www. dpd.cdc.gov/dpdx/html/schistosomiasis.htm).
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Diagram 1.5: Models for the induction of Th2 responses by DCs 

The three models hypothesised to explain the induction of Th2 responses in the 

presence or absence of Th1 responses are: (1) the default/maturation model, where 

DCs initiate Th2 response by default when they activate T cells in the absence of 

IL-12, (2)  the alternative pathway model, in which separate but concurrent Th1 and 

Th2 responses are initiated via different receptors, signalling molecules and 

transcription factors, and (3) the competition/inhibition model, in which the overlap 

between Th1 and Th2 stimuli compete for the same receptors and trigger cross-

inhibitory signalling cascades, which determine the initiation of a Th1 or Th2 

response.  This figure was adapted from a figure by MacDonald and Maizels 

(MacDonald and Maizels, 2008).
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2. Materials and methods
2.1. Use of animals and animal facilities
2.1.1. Strains of animals used
Egg injection and infection experiments were carried out using CD11c.DOG 

(Hochweller et al., 2008) x C57BL/6 or CD11c.DOG x 4get IL-4-eGFP (Mohrs et 

al., 2001) F1 mice.  BMDCs were cultured using bone marrow from C57BL/6 and 

Balb/c animals.  The resulting BMDCs were transferred to animals of the same strain 

and sex.  All animals were maintained under specific pathogen free conditions at the 

University  of Edinburgh Animal Facilities and used at 8-12 weeks of age.  

Experiments were designed to use the least  number of animals possible, whilst 

achieving statistically  meaningful results.  All experiments were approved under a 

Project License granted by  the Home Office (U.K.) and conducted in accordance 

with local guidelines.

2.1.2. Maintenance of parasite life-cycle
Biomphalaria glabrata snails infected with S. mansoni were obtained from Dr. Fred 

Lewis (Biomedical Research Institute, Rockville, MD) pre-patent  at 2 weeks post-

infection.  The snails were maintained in aerated tanks containing ‘pond’ water that 

was pre-warmed and free from chlorine and other potential contaminants.  The snail 

room is maintained at a constant temperature of 24ºC. The snails were fed with little 

gem or romaine lettuce twice a week and the tanks were kept free from debris and 

were cleaned periodically.  The snails become infectious between 4 and 5 weeks after 

infection.  S. mansoni cercariae are infectious to humans and thus, precautions such 

as the judicious use of ethanol, use of two layers of nitrile gloves, a face-mask and 

lab coat were exercised when handling the snails.  

To prepare the cercariae for infection, between 30 and 40 snails were moved to a 

beaker containing a small quantity of pond water placed under a heat lamp for 50 

minutes to encourage cercarial ‘shedding’.  The pond water containing the cercariae 

was then poured into a 50 ml tube and the snails were returned to their tanks.  The 

cercariae tended to swim to the top of the 50 ml tube and thus, to get an consistent 
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number of cercariae for counting, the cercarial water was gently stirred whilst 

collecting a 200 µl aliquot.  This aliquot was placed on a gridded petri dish and 200 

µl of Lugol’s iodine solution added to it.  This killed the cercariae and stained them 

to allow counting.  The cercarial number was then assessed using a microscope and 

the average of three counts was taken.  The cercariae were then diluted to the 

appropriate concentration for infection: ~180 per 200 µl for the generation of eggs 

for the production of SEA, and ~80 per 200 µl for the infection experiments shown 

in the data chapters.  The cercariae were transferred to the mouse-house in an 

additional sealed container to avoid potential leakage of infectious cercariae in 

uncontrolled areas.

2.1.3. Experimental and egg harvest infections
Experimental and egg harvest infections were carried out in the same manner.  Only 

female animals were used for infection to avoid possible problems associated with 

older male mice.  The animals were anaesthetised with a mix of medatomidine 

(domitor) and ketamine (vetalar) diluted in PBS (0.25 ml domitor and 0.19 ml vetalar 

diluted in 2.6 ml PBS; injected i.p. 0.01 ml/g for female mice).  The abdominal area 

of the mice was shaved and wiped clean of hair.  The animals were then placed on 

their backs on a heat-mat with a 1 cm diameter steel ring taped over the shaved 

region.  200 µl of cercarial water containing ~180 cercariae for egg harvest or ~80 

cercariae for experimental infections were place in the ring and topped up with a 

further 200 µl of pond water.  The animals were then left for 30 minutes to allow 

cercarial penetration of epidermis to take place.  After 30 minutes, the water was 

carefully  removed and rendered non-infectious with ethanol.  The animals were then 

placed back in their cages and revived with atipamezole (antisedan) diluted in PBS 

(0.04 ml of antisedan and 0.96 ml of PBS; injected s.c. 0.1 ml per animal).  The 

animals were observed whilst they came around on heat mats.

For experimental infections, the animals were maintained in open-top cages for 

between 40 and 96 days post-infection before use in an experiment.  For egg harvest 

infections, the animals were maintained in open-top caged for 49 days before the 

harvest of livers for egg preparations.  The condition and weight of animals used for 
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both types of infection were monitored to ensure that the protocol did not breach the 

moderate level of severity.

2.1.4. Immunisations
2.1.4.1. Egg injection and cell depletion

For egg injections, the mice were immunised s.c. in each rear footpad with 2,500 

eggs in 50 µl PBS.  For CD11c depletion, the mice were injected i.p. daily  with 8 ng/

g diphtheria toxin (Sigma D0564) in PBS, or with PBS alone. Solid DTx is highly 

toxic to humans and was dissolved in ddH2O to a final concentration of 0.5 mg/ml by 

injecting ddH20 through the lid of the vial.  Once dissolved, 10 µl aliquots were 

stored at -80ºC.  For basophil depletion, the mice were injected i.p. on d-1, d1 and d3 

with 10 µg hamster IgG or anti-FcεR1α (Clone: Mar-1, eBioscience) antibody. 

2.1.4.2. Rationale for the DTx regime used to deplete CD11c+ cells

Two depletion regimes were originally tested, either 8 ng/g or 12 ng/g of DTx 

administered every other day.  No difference in the efficacy of depletion was 

detected.  After subsequent discussion with Gunter Hammerling’s group and due to 

the limited availability of mice to test other dose regimes, 8 ng/g administered daily 

was chosen to reduce the possibility  that results would be confounded by the rapid 

repopulation of DCs after depletion, as subsequently reported by Hochweller et al. 

(Hochweller et al., 2008), and because 12 ng/g did not seem to improve the level of 

depletion measured.

2.1.4.3. DC immunisations

After stimulation described below, DCs were washed twice with PBS.  The mice 

were immunised s.c. in each rear footpad with 2.5x105 DCs in 50 µl of PBS, a dose 

previously optimised by other members of the lab.

2.2. Preparation of antigens
2.2.1. Isolation of eggs
Livers were collected from egg infected animals as described above into tubes with 

PBS and penicillin/streptomycin (pen/strep) (200 U/ml/200 µg/ml) (Gibco -

Invitrogen).  The livers were then washed for 5 minutes with 70% ethanol and 
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washed three times with sterile PBS.  The livers were transferred to a petri dish and 

minced with a sterile surgical blade.  Minced livers were transferred (four livers per 

tube) to fresh 50 ml tubes filled up to 40 ml with PBS.  To this the liver suspension 

was added 5 ml of a filter sterilised 1.47 U/ml solution of collagenase, 0.5 ml of pen/

strep (10,000 U/ml/ 10,00 µg/ml), 0.5 ml (5x106 U) Polymyxin B sulfate (Sigma 

Aldrich) diluted in 6 ml sterile water.  After incubation overnight at 37ºC in shaking 

incubator, the supernatants were removed by centrifugation at 420 xg for 5 minutes. 

The liver homogenate was washed twice with ice cold PBS and the supernatant 

removed by centrifugation at 4ºC.  The washed liver homogenate was further mashed 

with the flat-end of a 30 ml syringe.  The mashed liver homogenate was washed and 

resuspended in 10 ml ice cold PBS. Five ml of resuspended liver was layered over a 

30 ml Sucrose/Percoll gradient (20 ml 0.25 M sucrose and 10 ml Percoll).  After 

centrifugation at 420 xg for 5 minutes, the upper layers were carefully removed and 

the eggs collected from the pellet.  The eggs were counted, repelleted and stored at at 

-80ºC.

2.2.2. Production of SEA
Endotoxin-free soluble egg antigen (SEA) from S. mansoni was prepared in-house as 

previously  described (MacDonald et al., 2001).  The stored eggs were thawed and 

transferred to a Tenbroeck 7 ml tissue grinder to which 5 ml sterile PBS was added.  

The eggs were then carefully homogenised using a twisting and grinding motion.  

After ~20 rotations, egg disruption was checked. This was repeated ~15 times on ice 

until 95% of the eggs were disrupted.  The homogenate was transferred to a 15 ml 

tube and spun at 2800 xg for 15 minutes at 4ºC.  The supernatants were transferred to 

1 ml micro-centrifuge tubes and spun at 16,000 xg for 10 minutes.  The pooled 

supernatants were filter sterilised through a 0.45 µm filter.  The SEA protein 

concentration was determined using a Bradford (coomassie) protein assay  and a 

known BSA standard.  The SEA was aliquoted and stored at at -80ºC.

2.2.3. Production of P. acnes
Propionibacterium acnes (Pa) is an anaerobic bacterium and was grown using 

special facilities by the lab of Professor Ian R Poxton (Microbial Pathogenicity 
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Research Laboratory, University of Edinburgh) before being heat-killed and stored 

under sterile conditions at 4ºC.  The heat-killed P. acnes was aliquoted and the 

concentration of protein per ml was determined for each aliquot using a Bradford 

(coomassie) protein assay and a known BSA standard.

2.3. Preparation of material for cell culture
2.3.1. Use of antibiotics
Penicillin and streptomycin (pen/strep) was used in BMDC cultures, egg isolations, 

wash media etc., to prevent bacterial contamination.  Though this could inhibit  the 

growth of the cells being studied, this had to be weighted against the possibility  of 

obtaining erroneous results as a result of contamination.  X-vivo 15 contains 

gentamicin rather than pen/strep.

2.3.2. Heat-inactivation of FCS
The foetal calf serum serum (FCS) used in BMDC medium, flow cytometry etc. was 

inactivated through heat treatment at 58ºC for 50 minutes.  Heat inactivation was 

used to denature the components of the complement cascade in the serum that could 

damage the cells being cultured or prepared.

2.3.3. Preparation of materials for BMDC culture
2.3.3.1. BMDC culture

DCs were generated from bone-marrow by culture with GM-CSF for ten days as 

described previously (Lutz et al., 1999, MacDonald et al., 2001).  Bone marrow was 

harvested from the femur and tibia of mice by slicing the ends off the bones and 

flushing the bone with PBS using a needle and syringe.   Bone marrow cells 

(2.0x106) were seeded dropwise to the centre of a petri dish containing 10 ml pre-

warmed RMPI-1640 supplemented with 100 U/ml/100 µg/ml pen/strep (Gibco-

Invitrogen), 2 mM L-glutamine (Gibco-Invitrogen) and 10% heat-inactivated FCS 

(Sigma) to which 20 ng/ml GM-CSF (Invitrogen) was added. To generate immature 

DCs, the culture was fed with further DC medium on day 3, 6 and 8, before harvest 

on day 10 for stimulation with antigen.  The DCs generated were standardly ~95% 

CD11c+ (data not shown).  Antigen stimulations were carried out in DC medium 
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containing 5 ng/ml GM-CSF, to reduce additional activation of DCs by GM-CSF 

whilst continuing to promote cell survival.  

2.3.3.2. FCS and GMCSF batch testing

The FCS (Sigma) and recombinant GM-CSF (Invitrogen) used in BMDC cultures 

was maintained at a high standard of consistency as DCs are highly sensitive to their 

environment and any  contaminants in the FCS such as LPS or variation in the quality 

of GM-CSF can cause experimental variations.  Before FCS and GM-CSF were 

purchased, several batches were tested.  Samples from different batches of FCS and 

GM-CSF were obtained from a number of suppliers and were used to grow BMDCs 

alongside the FCS and GM-CSF that was currently in use in the lab.  At d10 BMDCs 

were stimulated with SEA, Pa or medium alone for 24 hours.  The culture 

supernatant were collected and cytokines were measured by ELISA.  In addition, 

cells were harvested and analysed for surface phenotype by flow cytometry.  The 

results of the old batch of FCS were compared to those of the potential new batches 

of FCS.  A new batch was chosen based on consistency with the old batch.  The 

parameters considered included yield of CD11cHiMHCII+ cells, correct levels of 

phenotypic activation and cytokine production dependent on antigen or lack of 

antigen.

2.3.3.3. Set-up of BMDC antigen and cytokine stimulation assays

DCs were activated by the addition of 0.25 µg/ml LPS from Escherichia coli 

(Sigma), 5 µg/ml CpG, 50 µg/ml SEA or 10 µg/ml Pa in the presence or absence of 

0.1 to 100 ng/ml TSLP (R&D Systems) and incubated for between 24 and 96 hours.  

For immunisation of mice with DCs, d10 BMDCs grown as described (2.3.4.1) were 

stimulated 50 µg/ml SEA or 10 µg/ml Pa in the presence or absence of 10 ng/ml 

TSLP for 24 hours and prepared for immunisation as described (2.1.4.3).

2.4. Preparation of tissues for cell culture
2.4.1. Tissue preparation after egg injection or infection
Single cell suspensions were prepared using the following methods.  Spleens and 

LNs were diced and digested at 37°C for 15 min with 1.75 Wunsch Units/ml 
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Liberase CI (Roche Diagnostics) and 80 Kunitz Units/ml DNase I type VI (Sigma) in 

HBSS (Sigma) containing 50 U/ml/50 µg/ml pen/strep (Gibco-Invitrogen), followed 

by the addition of 100 µl 0.1M pH 7.3 EDTA (Ambion) stop solution per ml.  The 

tube was then topped up with DMEM  containing 50 U/ml/50 µg/ml pen/strep.  The 

resulting suspension was passed through a 70 µm cell strainer to obtain a single cell 

suspension.  For splenocytes, RBCs were then lysed, the cells counted and 

resuspended for use.  Livers were perfused, diced and digested at 37°C for 30 min 

using the method above.  The digested livers were then passed through a 100 µm cell 

strainer with the aid of a syringe plunger.   Leukocytes were separated from other 

liver cells by resuspension in 33% isotonic Percoll (GE-Healthcare) and 

centrifugation at 700 x g.  The pelleted cells were resuspended and passed through a 

40 µm cell strainer to obtain a single cell suspension and remove any  S. mansoni 

eggs.  RBC were then lysed, the cells counted and resuspended for use.  Single cell 

suspensions of splenocytes (2x106 cell/ml) or LN or liver cells (1x 106 cell/ml) were 

cultured in X-vivo 15 medium (BioWhittaker) containing 2 mM L-Glutamine and 50 

µM 2-ME (Invitrogen) in 96 well plates at 37ºC in a humidified atmosphere of 5% 

CO2 with or without 15 µg/ml SEA.  Supernatants were harvested from the cultures 

after 72 hours.  Purified CD4+ T cell were restimulated as above with irradiated 

splenocytes (1 CD4+ T cells: 10 irradiated splenocytes).  Purifications were carried 

out using Miltenyi Biotec CD4 beads and LS columns according to the 

manufacturer’s instructions, cells were passed over two separate LS columns for 

increased purity (> 90% purity or as described, data not shown).

2.4.2. Preparation of pLN cells after DC immunisation
On day 2, 4 or 7 after immunisation with DCs, popliteal lymph nodes (pLN) were 

excised.  Single cell suspensions were prepared by  mashing the LN cells through a 

gauze.  Single cell suspensions of lymph node cell cultured for 72 hours in X-vivo 15 

medium (BioWhittaker) containing 2 mM L-Glutamine and 50 µM  2-ME 

(Invitrogen) in 96 well plates at  37°C in a humidified atmosphere of 5% CO2, with or 

without 15 µg/ml SEA, 1 µg/ml Pa or plate bound anti-CD3 (home-grown clone: 

145.2C11) (0.5 µg per well).
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2.5. Methods for cell staining by flow 
cytometry

2.5.1. Design of flow panels
Multi-colour flow staining of up to 8-colours was carefully  planned to allow 

compensation between fluorochromes used.  The available detectors on the BD 

FACS LSR II flow cytometer allowed for optimal compensation with the following 

combination of fluorochromes was Live/dead aqua, Alexa Fluor-488, PE, Alexa 

Fluor-647, PerCP/Cy5.5, Alexa Fluor-700, PE/Cy7 and APC/eFluor 780. The 

available detectors on the BD FACS Canto II flow cytometer allowed for optimal 

compensation with the following combination of fluorochromes was Live/dead aqua, 

eFluor 450, Alexa Fluor-488, PE, Alexa Fluor-647, PerCP/Cy5.5, PE/Cy7 and APC/

eFluor 780.  The flow panels used in this thesis were mainly designed for use on the 

BD FACS LSR II, however when is was necessary the BD FACS Canto II was used 

with a slightly altered set of fluorochromes.  The selection of fluorochromes for use 

with particular antibodies was based on the importance of the marker to the analysis 

and the rarity of the marker or cell population.  Whilst considering the sensitivity of 

the detection of the light emitted from particular fluorochromes after excitation to 

determine the best antibody combination to use to stain particular cell types.

2.5.2. Use of isotype controls
To confirm that conjugated antibodies were identifying the epitope on the cells of 

interest and not binding non-specifically antibody isotype staining was carried out.  

Isotype controls are antibodies of the same antibody isotype, species origin, and with 

the same fluorochrome conjugation, but  non-specific for any antigens in the species 

of interest.  Antibodies conjugated with fluorochromes can bind non-specifically via 

the constant region of the antibodies or the highly charged fluorochromes can bind to 

dead or dying cells.  The isotype control staining used in this study  were either 

pooled antibody isotypes for all the fluorochromes used or fluorescence minus one 

(FMO) control isotypes controls.  For example when staining CD4+CD25+ T cells for 

the expression of Foxp3 in the FMO isotype control Foxp3 was omitted from the 

staining panel and replaced with an isotype control antibody.   This is particularly 
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important for intracellular staining and the identification of rare populations because 

a small error in technique or errors in event detection on the cytometer can create 

artifactual staining.  It is also important when validating a particular combination of 

fluorochromes for use on the flow cytometers and then ensuring the gating scheme 

used was accurate.  In all cases gating schemes were established using appropriate 

isotype controls.

2.5.3. Surface Staining for cell populations
Single cell suspension were obtained by  tissue preparation described above.  The  

cells were added to 96 well v-bottomed flow plate @ 1.0x106 or 0.5x106 or less cells 

per well.  The plates were spun at 400 xg for 2 minutes and supernatant was 

discarded.  For some experiments cells were stained with 10 µl live/dead aqua 

(405nm) fixable live/dead cell stain kits (Invitrogen). Cells were washed twice with 

200µl PBS, spun down and supernatant was discarded. To each well 10µl of live/

dead aqua was added.  Cells were incubated at RT for 10 minutes.  Fc receptors on 

the cells were blocked by  the addition of 50µl of 10.0 µg/ml anti-FcR block 

(homegrown anti-FcγR11b clone: 2.4G2) diluted in flow buffer (0.5% FCS/PBS) and 

incubating the cells for 10 minute at 4°C.  The plates containing the cells were spun 

at 400 xg for 2 minutes and supernatant was discarded.  The primary antibody 

cocktail was then added to the cells 50 µl per well diluted in flow buffer and the cells 

were incubated for 15 minutes in the dark at 4°C (in the fridge). After the primary 

antibody incubation, 140 µl of additional flow buffer was added and the cells were 

spun at 400 xg for 2 minutes and supernatant was discarded.  The wash was repeated 

with a further 200 µl of flow buffer.  For stains with no biotin/steptavidin step cells 

were wash once more and resuspended in 200 µl of flow buffer for analysis on the 

flow cytometer.  Alternatively, the cells were spun at 400 xg for 2 minutes and the 

supernatant was discarded.  For biotinylated anti-OX40L staining 50 µl of of 

steptavidin conjugated with PerCP/Cy5.5 diluted 1 in 2000 in flow buffer was added 

to the cells and incubated for 15 minutes in the dark at 4°C.  The cells were then 

washed 4 times with flow buffer to remove excess steptavidin conjugated with 

PerCP/Cy5.5 and resuspended in 200 µl of flow buffer for analysis on the flow 
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cytometer.  In some cases cells fixed with 1% isotonic formaldehyde and stored in 

the fridge overnight prior to analysis.

Following FcR-Block (clone: 2.4G2), cell surface markers for different cell 

population were stained and analysed as follows.  Staining for CD11c+ subsets was 

carried out using the following mAb conjugations; CD11c-APC, MHCII-PerCP/

Cy5.5, B220-APC/eFluor780, CD8-PE/Cy7, CD11b-PE, in some experiments 

CD11b was substituted with CD19-Alexa 700.  In pLN and Spleen DCs were defined 

as CD11cHiMHCII+ and in the liver as CD11cHiMHCII+CD11bLo.  For egg injection 

experiments, IL-4-eGFP+ basophils were identified by exclusion of cells expressing 

CD4-APC, CCR3-PE, CD117-PerCP/Cy5.5 or B220-APC/eFluor780.  For infection 

experiments, FcεR1α-FITC basophils were identified following surface staining to 

exclude cells expressing Siglec-F-PE, CD19-Alexa Fluor 700 or eFluor450, CD117-

PerCP/Cy5.5.  Macrophages were identified using F4/80-FITC, CD11b-PE and 

CD11c-APC, and eosinophils with Siglec-F-PE and Gr-1-APC.  T cells were stained 

with CD4-APC/eFluor780, CD8-PE/Cy7 and CD25-PerCP/Cy5.5.  B cells were 

stained with B220-APC/eFluor780, CD21-FITC and CD23-PE.  BMDC staining was 

carried out using the following mAb conjugations; CD11c-APC, MHCII-FITC, 

CD40-PE, CD80-PE, CD86-PE, OX40L-bio (secondary  Strepavidin-PerCP/Cy5.5).  

In addition to this the level of apoptosis or necrosis of the BMDCs was determined 

by staining with 5µl per well Annexin V-FITC in BD Annexin V binding buffer and 

the addition of propidium iodide immediately  prior to acquistion.  Surface marker 

positive cells were identified using appropriate isotype controls.

For some antibodies the optimal titrations of antibody used were determined using 

serial doubling dilution of antibody starting from 1 in 200 and ending at 1 in 1,600.  

For other antibodies the antibody titration had been previously been determine by 

other members of the lab.  All antibodies for flow cytometry were purchased from 

BD Pharmingen, eBioscience or Biolegend, unless otherwise stated and the clone 

and supplier details can be found in table 2.2. Samples were acquired using a FACS 

LSR II or FACS Canto II flow cytometer using BD FACS Diva software and 

analysed with FlowJo v.8 software (Tree Star, Inc.).
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2.5.4. Intracellular staining
Intracellular cytokine production was measured either directly ex vivo or after 

restimulation.  Intracellular cytokine staining of splenocytes or liver leukocytes ex 

vivo was set-up as follows: cells were rested overnight, then stimulated with 10 ng/

ml PMA and 1 µg/ml Ionomycin (Sigma) for 2 hours, followed by  Golgi Stop 

(monensin) (BD Pharmingen) for a further 3 hours.  Post-restimulation intracellular 

cytokine staining was set-up as follows: after 72 hours 10 ng/ml murine rIL-2 

(Peprotech) was added to pLN cell cultures and after a further 18 hours, the cells 

were stimulated with PMA and Ionomycin and treated with Golgi Stop as above.  

Following FcR-Block, cells were stained with CD4-FITC or CD4-APC/eFluor780, 

fixed with 1% isotonic formaldehyde, washed twice with BD Perm/Wash buffer (BD 

Pharmingen) to permeabilise the cells and then stained with IL-4-APC, IFN-γ-Alexa 

Fluor 488 or IFN-γ-APC in BD Perm/Wash buffer for 45 minutes.  Intracellular 

cytokine positive cells were identified using appropriate isotype controls.  IL-4-

eGFP was measured on LN cells directly  ex vivo, with naive mice expressing 

negligible levels of eGFP (0.5 – 1.5% of CD4+ T cells, data not shown).

For Foxp3 staining the T cells were surface stained with CD4-APC/eFluor780, 

CD25-PerCP/Cy5.5 and then the cells were fixed and permeablised overnight at 4ºC 

using 100 µl of eBioscience Fixation/Permeabilisation buffer.  Prior to staining the 

cells were washed twice with 200 µl of eBioscience Permeabilisation buffer.  The 

eBioscience permeabilisation method was used as it is optimised to give good 

permeabilisation of the nucleus to allow antibody binding to transcription factors like 

Foxp3.  Cells were stained with anti-Foxp3-APC antibody for 30 minutes at 4ºC and 

then wash three times with 200 µl of eBioscience Permeabilisation buffer and once 

with flow buffer.  The cells were then resuspended in 200 µl of flow buffer for 

analysis on the flow cytometer.  Foxp3 positive cells were identified using 

appropriate isotype controls.

All antibodies for flow cytometry  were purchased from BD Pharmingen, eBioscience 

or Biolegend, unless otherwise stated and the clone and supplier details can be found 

in table 2.2. Samples were acquired using a FACS LSR II or FACS Canto II flow 
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cytometer using BD FACS Diva software and analysed with FlowJo v.8 software 

(Tree Star, Inc.).

2.6. ELISA protocols
DC supernatants were harvested from culture plates and stored at -20ºC prior to 

cytokine quantification by ELISA or nitric oxide quantification via the Greiss 

reaction.  Spleen, lymph node or liver restimulation culture supernatants were 

harvested after 72 hours and stored at -20ºC prior to cytokine quantification by 

ELISA.  

Paired capture and detection Abs (produced from hybridomas in-house or purchased 

from R&D Systems, BD Pharmingen or eBioscience) were used for the analysis of 

murine cytokines.  ELISAs were optimised using a plate matrix of different 

concentrations of each component.  The DC cytokines measured were IL-12p40, 

IL-12p70, IL-23, IL-10, IL-6, TNF-α (Table 2.1) and the lymph node restimulation 

cytokines IL-4, IL-5, IL-10, IL-13, IL-17, TNF-α and IFN-γ (Table 2.1).  Plates 

(NUNC Maxisorp) were coated with 50 µl primary  Ab per well that was diluted in 

pH 9.6 Carbonate/Bicarbonate buffer and incubated at 4ºC overnight.  They  were 

then washed with 0.05% Tween 20 in PBS five times and blocked with 100 µl per 

well 10% NCS/PBS at 37ºC for 45 minutes.  After washing five times, 50 µl sample 

was added per well.  Two-fold dilutions of recombinant cytokine standards 

(Peprotech, BD Pharmingen or eBioscience) (Table 2.1) prepared in 10% NCS/PBS 

were used to determine cytokine concentration using a standard curve. Plates with 

samples and standards were incubated at 4ºC overnight.  Fifty µl per well of the 

secondary  biotin-labelled antibody prepared in 10% NCS/PBS was then added to 

wells and incubated at 37ºC for 45 minutes. The plates were washed five times and  

developed by incubation with 50 µl 1:1000 HR-Peroxidase labeled streptavidin 

(KPL) and absorbance was read at 450nm after addition of 100 µl TMB substrate 

solution (Sigma) and 100 µl 0.18M  H2SO4 using a Lab Systems Multiskan Ascent 

plate reader.  
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The Greiss reaction was carried out and quantified against a known standard of 

NaNO2 and was read at an absorbance of 570nm using a Lab Systems Multiskan 

Ascent plate reader.  

Serum was collected 1d before the end of infection experiments.  Total IgE was 

measured using paired capture and detection antibodies (BD Pharmingen) and 

murine IgEκ (BD Pharmingen) to assess quantity  using a standard curve (Table 2.1).  

Plates were blocked, washed, developed and read as above. SEA-specific IgG1, 

IgG2c and IgM Ab titres were determined using endpoint dilutions measured by 

ELISA.  Plates were coated with 0.25 µg per well of SEA in 0.1M pH 9.6 Carbonate/

Bicarbonate buffer, washed as above and blocked with 1% BSA/PBS.  Serum 

samples were analysed using serial 2-fold dilutions. SEA-specific isotypes were 

detected using Alkaline Phosphatase conjugated goat anti-mouse IgG1, IgG2c or 

IgM antibodies (SouthernBiotech) (Table 2.1).  Absorbance at 405nm was 

determined as above after addition of 50 µl PNPP substrate (SouthernBiotech).

All antibodies for ELISA were purchased from BD Pharmingen, eBioscience, 

Biolegend or SouthernBiotech, unless otherwise stated and the clone and supplier 

details can be found in table 2.2.

2.7. Method for growing and purify antibodies
Homegrown antibodies were grown for B cell hybridoma cell lines taken from 

storage on liquid nitrogen.  Cells in cryovials were thawed in the 37°C water bath 

and transfer to a 50 ml tube containing 20 ml of pre-warmed IMDM (Sigma), 2 mM 

L-Glutamine, 5% FCS and 50 U/ml/50 µg/ml pen/strep (5% Hybridoma medium).  

The cell were then spun at 300 xg to remove remain DMSO from the culture medium 

and the cells were resuspended in 5% Hybridoma medium and grown up in 

progressively  larger tissue culture flasks.  Once a cell number of 25x106 cells was 

achieved cells were transferred to a CELLine CL 1000 Bioreactor.  Over a period of 

weeks the cell were continuously monitored, excess cells removed and bioreactor 

reseeded and supplied with fresh bioreactor medium IMDM  (Sigma), 2 mM L-

Glutamine, 50 U/ml/50 µg/ml pen/strep, 0.2% peptone (Sigma), 0.25% D-Glucose 

(Sigma).  Supernatants containing antibody were harvested from the cell 
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compartment and were stored at -20ºC.  Once sufficient supernatants were 

accumulated the antibody  of interest was purified from the supernatants using an 

Aktaprime and protein-G column.  The antibody  was then dialysed to return it to 

neutral pH and remove soluble contaminants.  Antibody concentration was 

determined using a Nanodrop 1000 set to determine IgG protein concentration 

measured by  absorption at 280nm.  Antibody was then diluted to the correct 

concentration with PBS, aliquoted and stored at -80ºC.

2.8. Real-time RT-PCR
Total RNA was extracted from the spleen, liver or gut (ileum) tissue samples which 

had been snap frozen individually  in 0.5 ml of TRIzol reagent (Invitrogen).  Samples 

were defrosted, homogenised using a QIAGEN TissueLyser and total RNA was 

extracted as per the manufacturer’s instructions.  cDNA was then generated from 

individual RNA samples using Superscript III Reverse Transcriptase and Oligo (dT) 

(Invitrogen).  Quantitative RT-PCR was carried out using a Light Cycler 480 II Real-

Time PCR machine and software 1.5.0 SP3 (Roche).  The relative concentration of 

mRNA for the genes of interest as assessed using Lightcycler-DNA master SYBR 

Green I (Roche) and by comparison to a serially  diluted standard of pooled cDNA.  

The mean concentration for each sample was determined from two technical repeats, 

with mRNA levels for each sample normalised to Glyceraldehyde-3-phospate 

dehydrogenase (GAPDH) to give a value for the gene of interest in arbitrary units. 

Primers used for the detection of gene expression were: 

CD11c, sense 5’-ATGGAGCCTCAAGACAGGAC-3’, 

CD11c, antisense 5’-GGATCTGGGATGCTGAAATC-3’; 

IL-4, sense 5’-GAGAGATCATCGGCATTTTGA-3’, 

IL-4, anti-sense 5’-TCTGTGGTGTTCTTCGTTGC-3’; 

GAPDH, sense 5’-AATGTGTCCGTCGTGGATCT-3’, 

GAPDH, anti-sense 5’- CCCAGCTCTCCCCATACATA-3’.
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2.9. Statistical analysis of results
Statistical analyses were carried out using GraphPad Prism 4 software.  Experimental 

groups were compared by 1-way ANOVA for the absence of significant variance 

prior to collation.  Student’s t-tests were employed where necessary to determine if 

there were any significant  differences between sample groups. (*) p<0.05, (**) 

p<0.01, (***) p<0.01.
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Table: 2.1 ELISA Antibodies

Table: 2.1. ELISA Antibodies
Specificity

Table: 2.1. ELISA Antibodies
Conjugation Clone Host Usage 

Conc.
Manufacturer

Primary Antibody (Purified)
IL-4
IL-5
IL-6
IL-10
IL-12p40
IL-12p70
IL-13
IL-23p19
IL-17
IFN-gamma
TNF-alpha
IgE

Recombinant Standard
IL-4
IL-5
IL-6
IL-10
IL-12
IL-13
IL-17
IL-23
IFN-gamma
TNF-alpha
Mouse IgE, k (b 
allotype)

Secondary Antibody (Biotinylated)
IL-4
IL-5
IL-6
IL-10
IL-12/IL-23p40
IL-13
IL-17
IFN-gamma
TNF-alpha
IgE

Serum antibody detection antibodies (Goat anti-mouse )
IgM
IgG1
IgG2c

Primary Antibody (Purified)
Purified 11B11 Rat 2ug/ml Homegrown
Purified TRFK5 Rat 1.5ug/ml Homegrown
Purified MP5-20F3 Rat 2ug/ml Homegrown
Purified JES5-2A5 Rat 2ug/ml BD Pharmingen
Purified C15.6 Rat 2ug/ml eBioscience
Purified 9A5 Rat 2ug/ml BD Pharmingen
Purified 38213.11 Rat 2ug/ml R&D
Purified G23-8 Rat 4ug/ml eBioscience
Purified TC11-18H10 Rat 0.5ug/ml BD Pharmingen
Purified R4-6A2 Rat 2ug/ml Homegrown
Purified Duoset DY410 0.8ug/ml R&D
Purified R35-72 Rat 1ug/ml BD Pharmingen

Recombinant Standard
Recombinant 20ng/ml BD Pharmingen
Recombinant 20ng/ml BD Pharmingen
Recombinant 20ng/ml Peprotech
Recombinant 50ng/ml Peprotech
Recombinant 20ng/ml Peprotech
Recombinant 20ng/ml Peprotech
Recombinant 20ng/ml eBioscience
Recombinant 20ng/ml Peprotech
Recombinant 50ng/ml Peprotech
Recombinant 4000pg/ml R&D
Purified C48-2 2ug/ml BD Pharmingen

Secondary Antibody (Biotinylated)
Biotin BVD6-24G2 Rat 0.25ug/ml BD Pharmingen
Biotin TRFK4 Rat 0.17ug/ml eBioscience
Biotin MP5-32C11 Rat 0.5ug/ml eBioscience
Biotin SXC-1 Rat 0.2ug/ml BD Pharmingen
Biotin C17.8 Rat 0.2ug/ml eBioscience
Biotin Polyclonal Sera Rabbit 0.1ug/ml Peprotech
Biotin TC11-8H4.1 Rat 0.25ug/ml BD Pharmingen
Biotin XMG1.2 Rat 0.2ug/ml BD Pharmingen
Biotin Duoset DY410 0.15ug/ml R&D
Biotin R35-118 Rat 0.5ug/ml BD Pharmingen

Serum antibody detection antibodies (Goat anti-mouse )Serum antibody detection antibodies (Goat anti-mouse )Serum antibody detection antibodies (Goat anti-mouse ) Dilution
Alkaline Phosphatase Polyclonal Sera Goat 1 in 2000 Southern Biotech
Alkaline Phosphatase Polyclonal Sera Goat 1 in 2000 Southern Biotech
Alkaline Phosphatase Polyclonal Sera Goat 1 in 1000 Southern Biotech
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Table: 2.1 Flow cytometry Antibodies

Table 2.2 Flow antibody clones, manufacturer and titrations
Antigen Name

Table 2.2 Flow antibody clones, manufacturer and titrationsTable 2.2 Flow antibody clones, manufacturer and titrationsTable 2.2 Flow antibody clones, manufacturer and titrationsTable 2.2 Flow antibody clones, manufacturer and titrations
Clone Isotype Host Fluorochrome Titrati

on
Manufacturer

Annexin V 
Live/Dead Aqua
CD4
CD8
CD11b 
CD11c
CD19
CD21
CD23
CD25
CD40
CD45R (B220) 
CD80
CD86
CD117 (c-kit)
CD197 (CCR7)
CD252 (OX40L)

CD317 (PDCA-1)
F4/80
FC-εRI alpha
Foxp3
Gr1 (Ly6G+6C)
MHC class II (I-A/I-
E)
MHC class II (I-A/I-
E)
NK1.1
Siglec F
TSLPR
IL-4
IFN-γ

FITC BD Pharmingen
Aqua Invitrogen

RM4-5 IgG2a k Rat APC/eFluor780 1/800 eBioscience
53-6.7 IgG2a k Rat PE/Cy7 1/800 Biolegend
M1/70 IgG2b k Rat PE 1/600 Biolegend
N418 IgG Ar Ham Alexa-647 1/200 eBioscience
1D3 IgG2a, k Rat Alexa-700 1/200 Biolegend
7G6 IgG2b k Rat FITC 1/200 BD Pharmingen
B3B4 IgG2a, k Rat PE 1/200 BD Pharmingen
7D4 IgM k Rat PerCP/Cy5.5 1/100 eBioscience
3/23 IgG2a k Rat PE 1/200 BD Pharmingen
RA3-6B2 IgG2a, k Rat APC/eFluor780 1/400 eBioscience
16-10A1 IgG2 k Ar Ham PE 1/200 BD Pharmingen
GL-1 IgG2a, k Rat PE 1/200 BD Pharmingen
2B8 IgG2b, k Rat PerCP/Cy5.5 1/400 Biolegend
4B12 IgG2a k Rat PE 1/200 eBioscience
RM134L IgG2b k Rat Bio-PerCP/

Cy5.5
1/50 BD Pharmingen

JF05-1C2.4.1 IgG2b Rat PE 1/25 Miltenyi Biotec
BM8 IgG2a Rat FITC 1/200 Biolegend
Mar-1 IgG Ar Ham Alexa-488 1/100 eBioscience
FJK-16s IgG2a k Rat APC 1/100 eBioscience
RB6-8C5 IgG2b k Rat FITC 1/200 BD Pharmingen
M5114 IgG2b, k Rat FITC 1/200 eBioscience

M5114 IgG2b, k Rat PerCP/Cy5.5 1/1600 eBioscience

PK136 IgG2a k Mouse APC 1/200 BD Pharmingen
E50-2440 IgG2a, k Rat PE 1/200 BD Pharmingen
PAb IgG Goat PE 1/25 R&D Systems
11B11 IgG1 Rat APC 1/200 eBioscience
XMG1.2 IgG1 k Rat Alexa-488 1/200 eBioscience
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3. CD11c depletion severely 
disrupts Th2 induction and 
development in vivo

3.1. Abstract
Although dendritic cells (DCs) are adept initiators of CD4+ T cell responses, their 

fundamental importance in this regard in Th2 settings remains to be demonstrated. 

We have used CD11c–diphtheria toxin receptor mice to deplete CD11c+ cells during 

the priming stage of the CD4+ Th2 response against the parasitic helminth 

Schistosoma mansoni. Diphtheria toxin treatment  significantly depleted CD11c+ DCs 

from all tissues tested, with 70-80% efficacy. Even this incomplete depletion resulted 

in dramatically impaired CD4+ T cell production of Th2 cytokines, altering the 

balance of the immune response and causing a shift towards IFN-γ production. In 

contrast, basophil depletion using Mar-1 antibody had no measurable effect on Th2 

induction in this system.  These data underline the vital role that CD11c+ antigen 

presenting cells can play in orchestrating Th2 development against helminth 

infection in vivo, a response that is ordinarily balanced so as to prevent the 

potentially damaging production of inflammatory cytokines.
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3.2. Introduction
Dendritic cells (DCs) are the most capable APCs in the immune system, experts at 

recognising and responding to pathogens and inflammation, then efficiently priming 

and directing the function of T cells (Banchereau and Steinman, 1998, Kapsenberg, 

2003).  DCs are distributed throughout the body and are some of the first cells to be 

exposed to antigen during an infection.  Due to the ability of DCs to take up large 

quantities of antigen, either through phagocytosis, endocytosis or macropinocytosis, 

they  continuously survey their local tissue environment (Sallusto et al., 1995, Wykes 

et al., 1998).  In response to antigen exposure DCs undergo maturation, and prior to 

migration, release inflammatory mediators such as IL-6, TNF-α and IL-12p70 to 

recruit and activate other innate cells to the site of infection (Soehnlein and Lindbom, 

2010).  It is the ability of DCs to migrate to T cell zones in the secondary lymphatics 

that distinguishes them from ΜΦ; DC migration via the afferent lymphatics is 

constitutive (Randolph et al., 2008) and is increased in response to inflammation 

(MacPherson et al., 1995).  Some studies have shown that DC trafficking to the T 

cell zone of the LN is at least partly dependent on CCR7 (Förster et  al., 1999, 

Randolph et al., 2008).  Migratory DCs enter the LN through the sub-capsular sinus 

and migrate into the T cells zone (Jenkins et al., 2001).

3.2.1. Th2 induction by DCs
3.2.1.1. Selective induction of Th2 immune responses

Although the importance of DCs in orchestration of Th1 immune responses against 

viral and bacterial pathogens is clear, their activation and function in response to Th2 

inducing pathogens is much less well defined (Pearce and MacDonald, 2002, 

MacDonald and Maizels, 2008).  DCs activated by SEA do not display  a 

conventional activation phenotype, responding to antigen with only minor up-

regulation of MHCII and costimulatory makers CD80, CD86, CD40 and OX40L 

(MacDonald et  al., 2001).  This muted activation phenotype is not restricted to S. 

mansoni and is also seen during DC activation by  other helminth antigens (Balic et 

al., 2004, Whelan et al., 2000), suggesting that it may  be a common feature of 

helminth infection.  
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The muted activation phenotype of SEA stimulated DCs should not be mistaken for 

that found in descriptions of tolerogenic DCs (Lutz et al., 1999) as DC initiation of 

Th2 responses is a characteristically active process, which requires the involvement 

of multiple pathways to achieve Th2 differentiation (MacDonald and Maizels, 2008).  

Notably, a number of studies have shown that DCs are sufficient for Th2 priming 

against helminths.  MacDonald et al. demonstrated this using BMDC adoptive 

transfer models where BMDCs were cultured, exposed to S. mansoni soluble egg 

antigen (SEA), washed and injected i.p. into naive host  animals.  The transferred 

DCs were found to be sufficient to present antigen to naive T cells and initiate a Th2 

response and the response was shown to be dependent on MHCII expression by the 

BMDCs (MacDonald et al., 2001).  Helminth stimulated murine DCs do not 

stimulate Th2 responses by  a passive default pathway since they  are able to initiate 

Th2 responses in the presence of IL-12 and/or bacterial antigens (Whelan et al., 

2000, Cervi et al., 2004, Holland et al., 2000).  However, DCs exposed to SEA do 

not produce IL-4 or IL-10, which might be expected given their ability  to polarise 

Th2 response and suppress IL-12 mediate Th1 responses (MacDonald et al., 2001, 

Zaccone et al., 2003, Kane et al., 2004).  Further studies with SEA revealed that DC 

initiation of Th2 responses is independent of MyD88 signalling (Jankovic et al., 

2004), but is dependent on DC NF-κB expression and mitogen-activated protein 

(MAP) kinase activation (Agrawal et al., 2003, Artis et al., 2005).  This and other 

work has led to the suggestion that Th2 responses are initiated by receptors and 

signalling molecules separate to those that drive Th1 responses (MacDonald and 

Maizels, 2008).  By  a different mechanism sugars found in SEA have been shown to 

activate Th2 inducing DCs in a TLR4 dependent manner (Thomas et al., 2003).  This 

suggests that Th2 responses may be initiated by a mechanism that competes with and 

inhibits Th1 ’programming’ in DCs (MacDonald and Maizels, 2008).  

Omega-1, a glycoprotein component of SEA with ribonuclease activity, has recently 

been shown to be capable of conditioning PBMC derived human DCs to induce Th2 

responses in vitro.  Additionally, Omega-1 was found to be sufficient to drive murine 

Th2 responses in vivo (Everts et al., 2009).  Further work has suggested that 
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Omega-1 is able to suppress IL-12 production by DCs, similar to SEA, and it was 

observed that Omega-1 induces cytoskeletal changes that reduce the interaction of 

DCs and T cells (Steinfelder et al., 2009).  This work may support  the idea that weak 

TCR interactions lead to Th2 responses via a mechanism that induces GATA3 

transcription independent of IL-4, which results in early  IL-4 production by the 

activated T cells (Paul and Zhu, 2010).  This mechanism is proposed to be caused by 

either low antigen concentration or low affinity TCR interactions, and may be 

dependent on CD28 and weak ERK signalling to induce IL-2 to allow T cell survival 

and proliferation (Paul and Zhu, 2010).  In addition, strong Th1 related TCR 

stimulation must be absent as strong TCR signalling would induce strong ERK 

phosphorylation, which would block early  T cell production of IL-4 (Paul and Zhu, 

2010).  In the case of Omega-1, this mechanism may explain how Th2 responses are 

induced.  Although the apparent reduction in interactions is reminiscent of the 

passive default hypothesis, it  is important to remember that Omega-1 actively 

induces cytoskeletal changes (Steinfelder et al., 2009).  In support of a variation of 

the competition model where PRR ligands compete to stimulate DCs (MacDonald 

and Maizels, 2008), pre-treatment of DCs with Omega-1 has been shown to inhibit 

LPS mediated maturation (Steinfelder et al., 2009).  However, there are still 

outstanding questions such as can DCs stimulated simultaneously with Omega-1 and 

LPS still induce a Th2 response?  This seems plausible as we know that DCs co-

pulsed with SEA and Pa can still induce a Th2 response (Cervi et al., 2004).  If this is 

the case, Omega-1 might support the alternative pathway model of Th2 

differentiation.  Thus, the specific mechanism of DC driven Th2 differentiation is 

still poorly understood (Jankovic et al., 2006, MacDonald and Maizels, 2008), and its 

identification remains a major goal in the field.

3.2.1.2. Costimulation requirements

Work with a number of different costimulatory molecule deficient transgenic mice 

has yielded insight into the signals that are required to be provided by DCs to allow 

them to effectively initiate a Th2 response (MacDonald et al., 2002, Jenkins et al., 

2007).  There is an absolute requirement for CD40 expression; in its absence, murine 
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DCs cannot stimulate a Th2 responses to SEA (MacDonald et al., 2002).  Further, 

SEA DCs stimulated with agonistic anti-CD40 antibody significantly up-regulate 

OX40L expression, implicating this costimulatory molecule in the process of Th2 

priming by these DCs (Jenkins et al., 2007).  During allergic inflammation OX40L 

has been found to be a requirement for the polarisation of Th2 response induced by 

TSLP (Ito et al., 2005, Seshasayee et al., 2007).  In the context of stimulation by 

helminth antigens, DC OX40L has been found to promote Th2 expansion or survival, 

but was not a fundamental requirement for Th2 initiation per se. (Jenkins et al., 

2007).  This suggests that more than one mechanism for DC Th2 induction exists, a 

likely scenario given the diversity of Th2 systems that there are (MacDonald and 

Maizels, 2008).  Some of the possible mechanisms for the initiation of Th2 responses 

are discussed in the introduction.  The importance of the Th2 response in some 

settings to limit immunopathology (with schistosomiasis being a prime example) 

would also provide the evolutionary drive for development of layers of contingency 

to ensure that Th2 responses are achieved when necessary.  In this context, reliance 

on a single mechanism seems highly unlikely (MacDonald and Maizels, 2008).

3.2.2. DCs are sufficient for Th2 induction but are they 
necessary?

Mechanisms of Th2 polarisation aside, multiple studies have demonstrated the ability 

of DCs to induce potent ‘appropriate’ Th2 responses to pathogens such as helminths 

that have evolved with their hosts (Maizels and Yazdanbakhsh, 2003, MacDonald 

and Maizels, 2008).  This work, along with parallel studies into ‘aberrant’ Th2 

response development against allergens (Lambrecht and Hammad, 2009), has 

established beyond doubt that DCs are sufficient to prime Th2 responses in multiple 

systems both in vitro and in vivo. However, when the research contained in this thesis 

was undertaken, it had not yet been shown whether DCs were actually necessary for 

Th2 response induction.

Innate cells can also act as accessory cells, producing cytokines such as IL-4 early in 

the immune response to influence DC activation and polarisation of T cell responses.  

Possible sources of innate, early  IL-4 that could aid Th2 polarisation by DCs include 
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NKT cells, and basophils (Paul and Zhu, 2010, Pulendran et al., 2010).  Basophils 

can produce IL-4 in response to cytokine stimulation, IgE cross-linking and cysteine 

proteases (Seder et al., 1991, Sokol et al., 2008). In combination with this IL-4, the 

rapid production of other putative Th2 polarising and promoting cytokines such as 

IL-9, TSLP and IL-25 by basophils is thought to aid Th2 differentiation once T cells 

are activated by DCs (Finkelman, 2009).  A model of Th2 differentiation using the 

cysteine protease papain has shown that polarisation in this setting is independent of 

mast cells, MyD88 and TLR2 and 4, but inhibited by depletion of anti-FcεR1α 

positive cells, antagonism of IL-4R or the absence of TSLP (Sokol et al., 2008).  

Sokol et al. also demonstrated that basophils are capable of migrating to the LN to 

support DC polarisation of Th2 responses following papain injection, though DCs 

migrate to the LN two days faster than basophils and CD4 T cells start producing 

IL-4 three days after the arrival of DCs (Sokol et al., 2008).

Several recent studies have also suggested that, under certain immunological 

conditions, basophils, and not DCs, may be the key innate cell type for initiation of 

antigen specific Th2 responses.  These conditions include established nematode 

infections with IgE/anti-IgE antibody  complexes present (Yoshimoto et al., 2009) or 

during Trichuris muris infections when the immune system is finely balanced 

between Th1 and Th2 responses (Perrigoue et  al., 2009).  The mechanism by which 

Th2 responses are thought to be initiated in this setting are linked to the proposed 

ability  of basophils to express MHCII and costimulatory  markers and endocytose 

soluble antigen (Finkelman, 2009).  The requirement for basophils as APCs for the 

induction of Th2 response to papain and T. muris may be linked to the need for one 

cell to present antigen, provide costimulation and polarise the response by producing 

IL-4 (Finkelman, 2009).  During T. muris infection there is a critical balance between 

Th1 and Th2 initiating antigens and basophils appear to be required to bias the 

response towards Th2 for successful worm expulsion (Perrigoue et al., 2009).  In the 

absence of basophils, a Th1 response is induced, but the requirement for basophils 

can be overcome using anti-IFN-γ treatment (Perrigoue et al., 2009).  Therefore, the 

role that basophils may  be fulfilling in this setting is the suppression of IL-12p40 via 
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the production of TSLP (Zaph et al., 2007, Perrigoue et al., 2009), rather than antigen 

processing, presentation and CD4+ T cell priming (Finkelman, 2009).

Although IL-4 production by basophils can potentiate Th2 development in some of 

the settings described above, a general role for basophils as APCs seems unlikely 

given their questionable ability to process and present complex antigens, their 

relatively low level of expression of MHCII and other molecules required for 

efficient naïve T cell priming and the apparently transient nature of their recruitment 

to lymphoid tissues (Lambrecht and Hammad, 2009, Voehringer, 2009, Paul and 

Zhu, 2010, Finkelman, 2009). 

3.2.3. Inducible depletion of CD11c+ cells
Inducible depletion of cells allows functional studies of cells with specific markers in 

fully  mature adult animals.  Previous methods of depleting dendritic cells lacked 

specificity and were not effective.  Dendritic cells are resistant  to antibody mediated 

phagocytosis and cytotoxicity and thus, only circulating populations in the blood, for 

example plasmacytoid dendritic cells (pDCs), are depleted.  Depletion of phagocytic 

cells using clodronate lipsomes targets highly phagocytic cells most effectively, and 

therefore, tends to target monocytes and MΦ more that DCs, which have a lower rate 

of phagocytosis (Bennett and Clausen, 2007).  Constitutive ablation strategies in 

which particular subsets are targeted from the early  stages of development are not 

ideal due the potential impact of a leaky transgenic and the unintended induction of 

compensation mechanisms, both of which may  impact the immune response (Bennett 

and Clausen, 2007).

Conditional ablation can be achieved with the transgenic insertion of primate or 

human diphtheria toxin receptors under the control of a target gene found specifically 

in the cell of interest, or with high levels of expression by the cell of interest.  

Internalisation of diphtheria toxin (DTx) is strictly receptor dependent, and wildtype 

mice are resistant because a mutation has made the murine diphtheria toxin receptor 

(DTR) low affinity.  Primate and human DTR are high affinity, and transgenic 

expression in a particular cell type makes it susceptible to depletion (Bennett and 

Clausen, 2007, Hochweller et  al., 2008).  DTx from Corynebacterium diphtheriae is 
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a powerful two-subunit toxin.  The B subunit (DTx-B) mediates the receptor 

mediated endocytosis of the toxin into the cytoplasm of the cell.  Once in the 

cytoplasm, the A subunit (DTx-A) cleaves from DTx-B and terminates protein 

synthesis by ADP ribosylation of elongation factor 2 (Bar-On and Jung, 2010b).  

Cells die by  apoptosis and thus, do not cause inflammation, and for this reason are 

thought to leave the immunological steady state of the organism largely  unaltered.  

One molecule of DTx-A has been found to be sufficient to mediate cell death 

(Bennett and Clausen, 2007, Bar-On and Jung, 2010b).

In the first generation of CD11c-DTR mice (Jung et al., 2002), animals could be 

effectively depleted for short periods of time without side-effects.  However, DTx 

mediated side-effects thought to be caused by expression of the DTR in non-

haematopoietic cells was found to result in death from around 5 days after initial 

treatment.  Although this major pitfall could be circumvented by generation of bone-

marrow (BM) chimeras, other mouse models have since been created that do not 

have this problem (Bar-On and Jung, 2010a, Hochweller et al., 2008).  The animals 

used in the work presented in this thesis (called CD11c.DOG mice) have a 200 base-

pair BAC fusion construct containing the human DTR, an ovalbumin 140-386 

fragment and a nonfunctional eGFP inserted under the control of the CD11c 

promoter (Hochweller et al., 2008).  DTx treatment of CD11c.DOG causes no toxic 

effects and animals treated once with 8ng/g of DTx are 80% depleted within 12 

hours of treatment and remain depleted for 48 hours. After 72 hours, CD11cHi cells 

start to repopulate the animals (Hochweller et al., 2008).  Effective depletion is 

possible for a period of 11 to 12 days, after which point  neutralising antibody is 

thought to mediate decreasing effectiveness of depletion, which falls to ~60% on day 

13 and ~0% on day 21 (Hochweller et al., 2008).

These animals have allowed us to design studies around depletion for a period of up 

to 11 days, which has given us the opportunity to investigate the functional 

importance of DCs in the initiation of egg induced Th2 responses, during the 

maintenance of the Th2 response and into chronic infection.
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3.2.4. Study rationale
The fundamental role of CD11c+ DCs in Th2 response initiation in vivo was 

addressed using murine infection with the parasitic helminth S. mansoni.  This intra-

vascular trematode is an important cause of chronic human disease and a prime 

example of a helminth that provokes a strong Th2 response intricately linked to the 

pathology that develops in infection of both mice and humans(section 1.5. chapter 1)

(Pearce and MacDonald, 2002, Wynn et al., 2004). In addition, studies using S. 

mansoni have been instrumental in revealing the ability of helminths to confer on 

DCs Th2 inductive ability in vitro and on adoptive transfer in vivo (as introduced in 

section 1.4.2.)(Perona-Wright et al., 2006b).  

To assess the importance of CD11c+ DCs in Th2 priming in a relevant infection 

system, it was necessary to use a model the allowed their inducible depletion.  

Murine DCs are characterised by high-level expression of the integrin CD11c, which 

has allowed the development of inducible models of depletion in vivo (as introduced 

in section above 3.2.1.)(Bar-On and Jung, 2010a).  A recently  developed BAC 

transgenic mouse model with the human diphtheria toxin receptor (DTR) under 

control of the CD11c promoter (CD11c.DOG mice)(Hochweller et al., 2008), 

allowing long term depletion of CD11c+ DCs by administration of diphtheria toxin 

(DTx)(see above section 3.2.1.) was used to directly  address their importance during 

CD4+ cell priming in the chronic Th2 infection induced by S. mansoni.  In contrast to 

previously  published CD11c.DTR mice, where repeat injections of DTx are lethal 

after several days unless BM chimeras are used (Bar-On and Jung, 2010a), 

CD11c.DOG mice allow depletion for up to 11 days without toxicity (Hochweller et 

al., 2008).

While focusing on CD11c+ DCs during Th2 induction in vivo, the possible role of 

basophils in this process has also been addressed due to the recent work described 

above that has suggested that  Th2 responses may be initiated by these granulocytes 

rather than by DCs (Perrigoue et  al., 2009, Sokol et al., 2009, Yoshimoto et al., 

2009).
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3.3. Results
3.3.1. Are DCs necessary for initiation of the Th2 response 

against S. mansoni in vivo?
3.3.1.1. Efficiency of DC depletion in CD11c.DOG mice

CD11cHiMHCII+ DCs were depleted by daily injection of DTx from day -2 to day 6 

and the impact  of depletion was measured on day 7.  In preliminary  experiments, due 

to the technical difficulty of measuring CD11c+ cells in the LN, efficiency  of DC 

depletion was assessed in the spleen.  Treatment with DTx significantly  reduced the 

percentage of splenic CD11cHiMHCII+ DCs in naive and egg injected animals in 

comparison to animals not treated with DTx (Fig. 3.1A and B).  Although only  a 

small percentage of DCs remained after DTx treatment, depletion was not  absolute, 

with the percentage depletion of splenic DCs being between 75 and 85% (Fig. 3.1C).

3.3.1.2. CD11c depletion impairs antigen specific Th2 induction

S. mansoni eggs are the major stimulus for Th2 cytokines during infection (Pearce 

and MacDonald, 2002), and their injection provides a controlled system for Th2 

induction in the draining LN without the additional complexities of active infection. 

The production of cytokines by popliteal LN (pLN) cells, harvested on day 7 after 

egg injection and restimulated for 72 hours with SEA, was measured by  ELISA. 

Even incomplete (75-80%) depletion of CD11cHiMHCII+ DCs severely impaired the 

generation of a Th2 immune response following S. mansoni egg injection (Fig. 3.2A 

and B).  The antigen specific production of IL-4, IL-5, IL-13 and IL-10 by pLN cells 

was significantly  reduced (Fig. 3.2A).  In contrast to this, IFN-γ production was 

significantly increased in depleted animals, but production of IL-17 did not appear to 

be affected although further repeats would have been necessary to demonstrate this 

(Fig. 3.2A).  After 72 hours of culture with SEA, pLN cells were stimulated with 

PMA and ionomycin for 2 hours and then surface stained with CD4 and 

intracellularly stained for IL-4 and IFN-γ, followed by data acquisition on a flow 

cytometer.  The percentage of IL-4+ or IFN-γ+ CD4+ T cells was significantly  reduced 

in LN cultures from animals depleted of DCs, compared with non-depleted animals 

(Fig. 3.2B to E).  
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Together, these data suggest that CD11c+ DCs are critical for Th2 priming against S. 

mansoni eggs in vivo.

3.3.2. Are basophils involved in initiation of the Th2 
response against S. mansoni in vivo?

Although these initial experiments indicated the vital importance of CD11cHiMHCII+ 

DCs in the initiation of the Th2 immune response (Figs. 3.1 and 3.2) other data was 

emerging in the literature suggesting that basophils, not DCs, were required for the 

initiation of Th2 immune responses to both helminth antigens and allergic disease 

associate proteases (Perrigoue et al., 2009, Sokol et al., 2009).

To directly address whether basophils might play an important role in priming of S. 

mansoni egg induced Th2 responses, we designed an experiment to compare DC and 

basophil depletion separately, and the impact of simultaneous depletion, on Th2 

induction.  Depletion of basophils was achieved using Mar-1 hamster anti-mouse 

FcεR1α antibody, which binds to the IgE receptor on the cells targeting them for 

antibody mediated phagocytosis and cytotoxicity.  For the accurate measurement of 

basophil depletion, the experiment was carried out using IL-4 reporter mice (Mohrs 

et al., 2001) crossed with the CD11c.DOG animals (Hochweller et al., 2008) 

(CD11c.DOG x4get mice).  This heterozygous mouse displayed IL-4-eGFP positive 

cells readily  detectable by  flow cytometry.  The depletion of CD11cHiMHCII+ DCs 

was still possible in these animals because the CD11c.DOG transgenic mouse model 

is designed for depletion experiments to be carried out in F1 heterozygous offspring 

of two mouse strains (Hochweller et al., 2008).

3.3.2.1. Efficacy of basophil and DC depletion in CD11c.DOG x 4get 
mice

To address the relative importance of CD11c+ DCs and basophils for Th2 induction 

against schistosome challenge, DTx or Mar-1 anti-FcεR1α antibody was 

administered, alone or in combination, to CD11c.DOG x 4get (IL-4-eGFP) reporter 

mice that were then immunised with S. mansoni eggs.  Basophils are a relatively rare 

innate population and to identify them accurately, work carried out by Perona-Wright 

et al. was capitalised on, in which they were identified in peripheral blood as being 

IL-4-eGFP+CCR3-CD4-B220- (Perona-Wright et al., 2008).  At the same time, 
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depletion of CD11cHiMHCII+ DCs from pLN cells was measured as by  this time the 

LN digestion technique to enable efficient recovery of DCs had been optimised 

(2.5.2.2.).   

In this experiment, basophils were depleted with anti-FcεR1α antibody on day -1 

prior to egg injection, on day +1 and day  +3, with the efficiency of depletion of 

basophils from the peripheral blood being measured on day +4.   This treatment 

regime was used to specifically address the role of basophils in Th2 priming and was 

based on a previous report that had stated that basophils are transiently  recruited to 

the draining pLN following S. mansoni egg injection, where they are only seen on 

day 2 after injection (Perrigoue et al., 2009).  DCs were depleted by DTx treatment 

daily from day -2 to day 6, as in section 3.3.1. 

3.3.2.2. Basophil depletion does not affect antigen specific Th2 
induction

Treatment with DTx significantly  depleted CD11cHiMHCII+ DCs from animals 

treated with anti-FcεR1α or isotype control antibody when compared to PBS injected 

animals (~80% efficacy, Fig. 3.3A and B).  Treatment with anti-FcεR1α antibody had 

no measurable impact on CD11cHiMHCII+ DCs (Fig. 3.3A and B), but  significantly 

depleted the percentage of IL-4-eGFP+CCR3-CD4-B220-CD117- basophils in the 

peripheral blood on day 4 after egg injection in both PBS and DTx treated animals 

(~90% efficacy, Fig. 3.3C and D).  DTx treatment did not decrease, but slightly 

increased, basophil numbers in this system (Fig. 3.3C and D).  Although it is likely 

basophils numbers recovered between day 4 and 7 basophils were depleted during 

the key initiation phase of the immune response which probably  occurs between day 

0 and 2.

On day 7 after egg injection, pLN cells were restimulated with SEA for 72 hours and 

cytokine was measured by ELISA.  The antigen specific production of IL-4 and 

IL-10 was significantly  reduced in animals treated with DTx, whilst there was no 

measurable effect  on cytokine production caused by  basophil depletion (Fig. 3.3E).  

Similar to initial experiments (section 3.3.1), there was a significant increase in 

antigen specific IFN-γ production in animals depleted of CD11cHiMHCII+ DCs.  

However, basophil depletion did not have any affect on this Th1 cytokine (Fig. 3.3F).
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To specifically gauge the impact  of CD11c or basophil depletion on CD4+ T cells, the 

level of IL-4-eGFP in pLN CD4+ T cells was assessed on day 7 following egg 

injection.  In keeping with impaired IL-4 secretion following LN cell culture (Fig. 

3.3E) only CD4+ T cells from CD11c depleted mice displayed significantly reduced 

eGFP expression, with basophil depletion having no obvious effect on this, either 

alone or in combination with DTx administration (Fig. 3.3G and H).

Together this provides strong evidence that it is DCs, not basophils, that are vital for 

Th2 induction against S. mansoni eggs in vivo.  Since basophil depletion had no 

measurable impact on Th2 response induction in any of the experiments, the Th2 

priming ability of DCs was studied.

3.3.3. Are DCs necessary for Th2 priming during S. mansoni 
infection?

Having established that depletion of CD11c+ cells has a major impact on Th2 

induction in vivo using the egg injection model, it remained to be determined 

whether this was also the case in the more relevant, but more complex, setting of 

active S. mansoni infection.  In this well-characterised model, production of the Th2-

driving egg stage of the parasite starts around 28d post infection (as introduced in 

section 1.3.1.).  Until this point, the immune response against developing worms 

consists of a low level mixed Th1/Th2 profile, with the eggs being the main trigger 

for induction of a Th2 dominated cytokine response (Pearce and MacDonald, 2002).  

Since the intention was to address the role of DCs in Th2 priming rather than 

maintenance or regulation, depletion of CD11c+ cells to the earliest possible onset of 

egg production was targeted (4wk post infection).

Daily  administration of DTx to both naive and infected animals from d28 to d39 

resulted in a significant reduction in the percentage of CD11cHiMHCII+ DCs in the 

spleen on d40 post infection (Fig. 3.4A and B), with efficacy of approximately 70%, 

which was similar to that seen following egg injection (Fig. 3.1).  Splenocytes were 

cultured with SEA for 72 hours and cytokine production measured by ELISA.  

Infected animals treated with DTx produced significantly less antigen specific IL-4, 

IL-5 and IL-13 than animals treated with PBS (Fig. 3.4C). In contrast, the production 
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of IFN-γ by  splenocytes from infected animals was not affected by  CD11c depletion 

(Fig. 3.4D).  No IL-17 was detected, in keeping with reports suggesting that C57BL/

6 mice make little of this cytokine in response to S. mansoni (Rutitzky et al., 2005).

To specifically assess the impact of CD11c depletion on Th2 cells, splenic CD4+ T 

cells were purified from infected mice and stimulated for 72 hours in medium alone 

or with SEA in the presence of irradiated splenocytes from naive mice.  Similar to 

the pattern observed in bulk splenocyte cultures (Fig. 3.4C), purified CD4+ T cells 

displayed severely impaired IL-4, IL-5, IL-10 and IL-13 production (Fig. 3.4E).  This 

impairment was not restricted to the Th2 cytokines, but also affected CD4+ cell 

secretion of the Th1 cytokine IFN-γ (Figs. 3.4F, I and J), suggesting a non-CD4+ T 

cell source for a proportion of the IFN-γ detected after stimulation of splenocytes 

from infected DTx treated mice (Fig. 3.4D).

To further investigate the ramifications of CD11c depletion on the CD4+ T cell 

response in infected mice, ex vivo cytokine production by CD4+ T cells, and their 

activation phenotype, was assessed by flow cytometry. CD11c depletion significantly 

reduced IL-4 production by splenic CD4+ T cells from infected mice (Fig. 3.4G and 

H), whereas the percentage of IFN-γ+ CD4+ T cells was only  marginally  reduced 

(Fig. 3.4I and J).

As an additional way to analyse the defect in cytokine production seen in splenocytes 

and CD4+ T cells, the expression of IL-4 and IFN-γ by  spleen samples was assessed 

by quantitative real-time RT-PCR.  The expression of IL-4 (Fig. 3.5A) and IFN-γ 

(Fig. 3.5B) mRNA was significantly  reduced in both naive and infected animals 

treated with DTx. 

The impact of the depletion of CD11c+ cells on Th2 induction could not be attributed 

to differences in Ag load or pathology, since DTx treated mice showed no significant 

alteration in parasitaemia (adult worm numbers, or eggs in liver or gut tissue), weight 

loss, splenomegaly  or hepatomegaly (Data not shown).  At this time point, pathology 

and granuloma formation was minimal in both control and CD11c depleted mice, as 

fibrotic disease takes several more weeks of egg exposure to develop. 
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These data support and extend the results obtained using the egg injection system, 

indicating that CD11c depletion dramatically impairs CD4+ T cell polarisation even 

during active infection with S. mansoni.  

3.3.4. Does DC depletion impact the liver Th2 response 
during S. mansoni infection?

Not unlike the pLN following egg injection (Fig. 3.1 and 3.3), or spleens during 

infection (Fig. 3.4), DTx treatment  significantly  depleted CD11cHiMHCII+ DCs in 

the liver (Fig. 3.6A and B) (efficacy  ~70%), one of the main sites of egg exposure 

during infection.  Depletion caused a decrease in the secretion of IL-4, IL-5, IL-10 

and IL-13 by infected liver cells cultured with SEA for 72 hours (Fig. 3.6C), whereas 

IFN-γ production was not significantly affected (Fig. 3.6D).  Similar to what was 

seen in the spleen (Fig. 3.4G and H), IL-4 production ex vivo was also impaired in 

effector CD4+ T cells from livers of infected, DTx treated mice, as measured by  flow 

cytometry  (Fig. 3.6E and F).  Inline with splenic expression of IL-4 and IFN-γ (Fig. 

3.5 A and B), infection caused an increase in IL-4 and IFN-γ mRNA expression in 

livers tissue (Fig. 3.7A and B), whilst  animals treated with DTx expressed 

significantly less IL-4 (Fig. 3.7A) and IFN-γ (Fig. 3.7B).  Thus, CD11c depletion 

resulted in impaired T cell polarisation in multiple tissue sites during infection.

3.3.5. What impact does CD11c depletion have on T cell 
populations during infection?

Based on these results, it was important to assess the impact of DC depletion on T 

cell populations in more detail.  In addition to dramatically  reducing T cell cytokine 

production, CD11c depletion altered proportions of both effector and regulatory T 

cells in naive or infected mice.  The percentage of splenic CD4+ or CD8+ T cells was 

significantly reduced in naive or S. mansoni infected mice following DTx treatment 

(Fig. 3.8A and B).  This proportional decrease was also reflected in effector T cell 

activation, with a reduced proportion of total cells expressing CD4 along with CD25, 

CD69 or CD44 (data not shown).  Regulatory T cell activity  was also impaired as  a 

result of depletion, there was a reduced proportion of total (not shown) and gated 
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CD4+ T cells expressing CD25 and FoxP3, and lower levels of FoxP3 per CD4+ cell 

(Fig. 3.84C).

3.3.6. What impact does CD11c depletion have on B cells and 
antibody production during infection? 

To assess the impact of CD11cHiMHCII+ cell depletion on the activation of B cells in 

responses to S. mansoni infection, splenic B cell populations were assessed.  There 

was a decrease in the percentage of marginal zone (B220HiCD21HiCD23Lo to Int) B 

cells during infection, and the level of this decrease was reduced in infected animals 

treated with DTx (Fig. 3.9A).  In addition, infection caused a marked increase in the 

percentage of follicular (B220HiCD23HiCD21Lo to Int) B cells in the spleen, but this 

increase was significantly impaired in DTx treated animals (Fig. 3.9B).  The small, 

but significant, increase in the portion of splenic B220+ B cells in infected animals 

was not evident in infected, DTx treated, animals (Fig. 3.9C).  Finally, there was a 

decrease in the percentage of splenic transitional (B220HiCD21-CD23-) B cells as a 

result of infection, and treatment with DTx had no significant impact on this (Fig. 

3.9D).

The level and type of antibody production is indicative of the class of immune 

response and its magnitude.  Indicative of impaired Th2 development, there was a 

significant decrease in the production of IgE by infected DTx animals compared to 

PBS controls (Fig. 3.9E).  However, this was not associated with any significant 

effect of depletion on either IgM, IgG1 or IgG2c (Fig. 3.9F to H).

3.3.7. What impact does CD11c depletion have on different 
DC subsets?

In some cases, different subsets of DCs have been attributed different roles in T cell 

polarisation (Maldonado-López et al., 1999, Pulendran et  al., 1999, Soares et  al., 

2007).  To address whether CD11c depletion had a variable effect on distinct DC 

types, CD11b+CD8- cDC, CD11b-CD8+ cDC and CD11cIntB220IntMHCII+CD11b- 

pDC subsets were assessed by  flow cytometry. All of these subsets were effectively 

depleted as a result of treatment with DTx (Fig. 3.10A to C).  CD11c depletion was 

also measured in the spleen by qPCR, as well as in the liver and gut, the major sites 
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of egg deposition during S. mansoni infection.  DTx treatment caused a significant 

decrease in expression of CD11c mRNA in all three tissues (Fig. 3.10D).

3.3.8. How does CD11c depletion affect other innate 
populations during infection?

The impact of CD11c depletion on several other innate cell types that could be 

involved in the Th2 induction process during schistosome infection was also studied. 

The proportion of CD11b+F4/80+CD11c-/Dim macrophages was not reduced, and 

indeed increased, following DTx treatment of CD11c.DOG mice (Fig. 3.11A). 

Similarly, in the infection setting, the proportion of eosinophils (Siglec-F+Gr1Int) 

(Fig. 3.11B) or basophils (CD19-Siglec-F-CD117-FcεR1α+) (Fig. 3.11C) observed in 

CD11c.DOG mice that  had received DTx was not adversely affected, even though 

Th2 cytokines were markedly impaired (Fig. 3.2, 3.3 and 3.4). 
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3.4. Discussion
The results demonstrate that, following depletion of CD11c+ cells, Th2 responses are 

severely impaired either following S. mansoni egg injection or during active S. 

mansoni infection. In contrast, depletion of basophils using Mar-1 anti-FcεR1α 

antibody had no significant effect on the Th2 response in this system. This suggests 

that in this strong Th2 setting CD11c+ DCs are critical for Th2 induction and 

development and that other CD11c- APC types, such as basophils, cannot fulfil this 

role.

3.4.1. The impact of CD11c or basophil depletion on Th2 
induction in response to S. mansoni eggs 

The initial egg injection experiments revealed that, even though DC depletion was 

not 100% effective (Fig. 3.1A to C) pLN cells produced significantly  less Th2 

cytokines in response to egg injection, whilst the production of IFN-γ increased 

significantly (Fig. 3.2A).  These results indicated that DCs are essential for the 

induction of schistosome egg driven Th2 responses in vivo.  

Use of intracellular cytokine staining showed that, as might  have been expected from 

the ELISA results, CD4+ T cell IL-4 production was significantly  decreased 

following CD11c depletion.  What was unexpected was that CD4+ T cell production 

of IFN-γ was also reduced following DC depletion, in contrast to the strikingly 

elevated amounts of this cytokine seen in culture supernatants after restimulation.  

This suggests that, as might be expected, DC depletion impacts the priming of all 

CD4+ T cells responding to schistosome egg challenge (Fig. 3.2).  However, it should 

be noted that the polyclonal stimulation of cultures with PMA and ionomycin may be 

a less accurate technique for measurement of T cell cytokine production than proteins 

measured by ELISA in SEA specific cultures, since it  reflects the total capability of 

the cell to produce cytokine, but does not necessarily reflect the how much cytokine 

was being produced in vivo.  Antigen specific intracellular staining would be a better 

method, but the technique was not working for experiments using helminth antigens 

at the time of this experiment.

87



The increased production of IFN-γ after depletion of CD11c+ cells is therefore not 

likely to be due to CD4+ T cells.  It is possible that during priming, the small number 

of DCs remaining following DTx treatment, or another APC population such as B 

cells or MΦ, are capable of initiating a CD8+ T cells mediated IFN-γ response.   A 

more likely  explanation is that the increased IFN-γ seen following culture of pLN 

cells from S. mansoni egg injected DTx treated mice, originated from non-T cell 

populations, for example innate cell populations such as granulocytes, NK cells, or 

NK T cells (Fig. 3.2A).

Depletion of DCs and basophils, either alone or in combination, was successful (Fig. 

3.3A to D), and enabled the comparison of the contributions of each to Th2 priming 

against schistosome eggs.  CD11c.DOG x 4get (IL-4-eGFP) reporter mice that were 

treated with DTx and then immunised with S. mansoni eggs were significantly 

depleted of DCs in the pLN (Fig. 3.3A and B).  Whilst  anti-FcεR1α treatment had no 

impact on LN DCs (Fig. 3.3A and B), basophils were significantly depleted from the 

blood on day 4 (Fig. 3.3C and D).  In theory it would have been better to also assess 

the impact of anti-FcεR1α treatment on CD11c+ DC populations in the blood on day 

4, but unfortunately it  was not possible to acquire sufficient CD11c+ events during 

flow analysis to make this comparison.  It was observed that DTx treatment mediated 

basophil recruitment (Fig. 3.3C and D).  This may have been caused by the apoptosis 

of CD11c+ DC populations and precursors in the blood although it is not clear what 

mechanism would mediate the recruitment of basophils or indeed cause their 

enhanced survival in the blood.  

Consistent with initial experiments, the depletion of DCs severely impaired the Th2 

response to injected eggs both in terms of the production of Th2 cytokines in LN 

cultures (Fig. 3.3E) and the expression of IL-4eGFP by CD4 T cells (Fig. 3.3G and 

H).  However, it was somewhat surprising to find that depletion of basophils had no 

measurable impact on the Th2 response either alone or in combination with DTx 

administration (Fig. 3.3E, G and H).  The increase in antigen specific IFN-γ 

production in LN cultures seen in this experiment following DTx treatment was 

expected, based on the initial experiments, (Fig. 3.2A) and, similar to the Th2 

88



response, basophil depletion had no effect  on IFN-γ production (Fig. 3.3F).  In these 

experiments all FcεR1α+ cells would be susceptible to depletion with Mar-1 antibody, 

including mast cells and eosinophils.  However, since depletion of FcεR1α+ cells had 

no measurable effect  on the cytokine response, the lack of specificity of this antibody 

was not an issue (Fig. 3.3E, G and H).

These data, which clearly  show no measurable contribution of basophils in Th2 

priming, are surprising only because they are in direct contrast to the recent trio of 

high profile papers that suggested the controversial idea that basophils, not DCs, are 

the key  APC during Th2 priming against nematode infection or in the context of the 

cysteine protease papain (Sokol et  al., 2009, Yoshimoto et al., 2009, Perrigoue et al., 

2009).  This discrepancy may simply be due to key differences in the experimental 

systems used, with basophils only becoming important for Th2 induction in certain 

situations.  Antigens from S. mansoni eggs, induce a robust Th2 response and are 

capable of suppressing IL-12 without TSLP (Paul and Zhu, 2010, Ramalingam et al., 

2009), whilst T. muris antigens induce responses that are more finely balanced 

between Th1 and Th2 and thus, may require the production of TSLP by basophils to 

suppress IL-12 production (Perrigoue et al., 2009, Finkelman, 2009).  Irrespective of 

whether this is the explanation, the data presented here clearly indicate that the 

proposal that basophils are the major Th2 priming APC in all Th2 settings is 

incorrect. 

Indeed, the inability of basophils to fulfil the role of APCs in the absence of DCs was 

unsurprising given the doubtful ability of these granulocytes to process complex 

antigen and their transient passage through the LN (Paul and Zhu, 2010, Perrigoue et 

al., 2009, Finkelman, 2009).  The data instead suggested what might have been 

anticipated, given the decades of research that have shown the ability of DCs to 

prime Th1 responses: that  CD11c+ DCs, not basophils, are the critical APC for Th2 

induction in response to the potent stimulus provided by  S. mansoni eggs.  Defective 

Th2 cytokine production was evident despite incomplete depletion (~80%), with 

residual DCs likely explaining the minor Th2 response remaining following DTx 

treatment.  The data additionally suggested that  CD11c depletion alters the balance 
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of the immune response, causing an increased ratio of IFN-γ to IL-4, a pattern 

associated with damaging immunopathology  during active S. mansoni infection 

(Stadecker et  al., 2004).  This did not reflect a switch from Th2 to Th1, as CD4+ T 

cell IFN-γ production was also impaired following CD11c depletion (Fig. 3.2A and 

3.3F), and could simply indicate decreased counter-regulation of non-CD4+ T cell 

IFN-γ when Th2 cytokine production (particularly IL-10) is impaired. 

3.4.2. The impact of CD11c depletion on Th2 induction during 
S. mansoni infection

Validating and extending the work using the somewhat artificial egg injection 

system, CD11c depletion also had a dramatic effect on Th2 priming in the much 

more relevant, but also more complex, immune setting of active schistosome 

infection.  Impaired Th2 cytokine secretion or expression was apparent in bulk 

spleen (Fig. 3.4C) and liver (Fig. 3.6C) cultures, or by intracellular flow cytometry  of 

splenocytes (Fig. 3.4G and H) or liver cells (Fig. 3.6E and F), or following culture of 

purified spleen CD4+ T cells (Fig. 3.4E).

Interestingly, CD4+ cell IFN-γ was also impaired following CD11c depletion of S. 

mansoni infected mice (Fig. 3.4F).  However, in stark contrast to reduced production 

of Th2 cytokines in bulk LN (Fig. 3.2A and 3.3F) or splenocyte (Fig. 3.4) cultures in 

either egg injection or infection systems, IFN-γ levels following CD11c depletion 

were not impaired and were instead either elevated (egg injection – Fig. 3.2A and 

3.3F) or remained intact (infection – Fig. 3.4D).  The different levels of IFN-γ 

observed in the two models may  be due to regulatory  networks in place by week 4 of 

active infection having not yet  developed in the acute egg injection system, or it  may 

be that eggs alone provide a more robust  stimulus for IFN-γ than infection.  Whether 

or not this is the case, the cumulative effect in both models was a shift in the 

cytokine balance from Th2 to IFN-γ, a profile previously shown to be associated 

with increased pathology  and mortality during murine schistosome infection 

(Stadecker et  al., 2004).  The identity  of the putative non-CD4+ IFN-γ producers 

evident following CD11c depletion of egg injected or infected mice remains to be 
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determined, but is likely  to be an innate cell type less reliant on DCs for activation 

than T cells.

DC depletion was also associated with a reduction in the percentage of CD4+ and 

CD8+ T cells (Fig. 3.8A and B).  This may be due to the proposed role of DC in the 

positive selection of naive and memory T cells for homeostatic survival (Chapter 1 

section 1.2.5.)(Boyman et al., 2009).   Similar to previous studies, an increase in the 

percentage of splenic CD4+Foxp3+ cells ‘natural’ regulatory  T cells during infection 

was demonstrated (Fig. 3.8C) (Baumgart et al., 2006).  CD4+Foxp3+ T regs increase 

in line with effector T cells and are thought to control the magnitude of the immune 

response (Wilson et al., 2007b).  Depletion of CD25+ T regs has been used to show 

that during an immune response to S. mansoni eggs T regs suppress Th1 and Th2 

responses in an IL-10 independent manner (Baumgart et al., 2006).  The data 

presented here supports the hypothesis that CD4+Foxp3+ T reg populations mirror 

effector T cell populations since along with effector CD4+ T cells (Fig. 3.8A and B), 

they  are also decreased in infected depleted animals (Fig. 3.8C).  Importantly, the 

decreased percentage of CD4+Foxp3+ cells as a result of DTx treatment suggested 

that the impairment in Th2 cytokine production was unlikely to be due to the activity 

of natural T regs (Fig. 3.8C).

The lack of an increase in IL-10 in both egg injection (Fig. 3.2A, 3.3E) and infection 

(Fig. 3.4C and E, 3.6C) experiments suggested that the severe impairment of the Th2 

response was unlikely to have been caused by ‘inducible’ CD4+CD25+Foxp3- T regs 

producing increased IL-10 as a result of CD11c depletion (Hesse et al., 2004).  

Although it is possible that the lack of IL-10 was partially responsible for the 

increased IFN-γ in the egg injection experiments (Fig. 3.2A and 3.3F) and the 

sustained production of IFN-γ during infection (Fig. 3.4D and 3.6D) (McKee and 

Pearce, 2004).

As well as having a dramatic impact on T cell activation, CD11c depletion reduced 

the proportional decrease in marginal zone B cells (Fig. 3.9A) and increase in 

follicular B cells (Fig. 3.9B) seen in infection. There was little effect of CD11c 

depletion on the proportions of total or transitional splenic B cells (Fig. 3.9C and D).  

91



On antigen binding, B cells migrate from the marginal zone to the edge of the T cell 

zone to obtain help from activated T cells.  Once B cells receive help and become 

activated, they either migrate to follicles to initiate a germinal centre, which results 

in affinity  maturation and the formation of high affinity  memory B cells and long-

lived plasma cells, or they become short lived low affinity  plasma cells (Vinuesa et 

al., 2005).  This work supports a role for CD11c+ cells in the co-ordination of B cell 

migration from the marginal zone to the follicles, although this capacity is likely to 

be indirect and mediated by T cells activated by  DCs.  Reduced activation and 

polarisation of Th2 cells likely decreases the help available for B cells, which could 

result in a decreased percentage of B cells entering the follicles (Fig. 3.9B).  

The reduced levels of serum IgE evident following CD11c depletion (Fig. 3.9E) is 

likely to be linked to a decrease in B cells receiving help at the T cell zone interface, 

as described above, as well as the reduced levels of IL-4 in the system available to 

mediate B cell class switch to IgE production.  However, neither IgM, nor IgG1 nor 

IgG2c were significantly altered (Fig. 3.9F-H).  This suggests that CD11c+ DCs are 

not critical for IgM or IgG production, or could reflect a longer half-life of IgM and 

IgG versus IgE in serum, with 11 days of depletion not being sufficient to see a 

difference in IgM  or IgG profiles.  In addition, the antibodies produced in response to 

the cercariae, schistosomulae and adult worms prior to depletion on day 28 are likely 

to have been cross-reactive with egg antigens (Kariuki et al., 2008), in which case 

there may be no effect of depletion on the production of these antibodies or any 

effect may have been masked (Fig. 3.9F-H).

The impact of CD11c depletion on several other innate cell types that could be 

involved in the Th2 initiation process during schistosome infection were also studied.  

A clear role for MΦ in the regulation of Th2 immunity has been described (Martinez 

et al., 2009), not least during S. mansoni infection (chapter 1 section 1.5.2) (Herbert 

et al., 2004), but evidence to support an important role for MΦ in Th2 priming 

remains to be provided.  Similarly, while eosinophils can express MHCII, process 

and present Ag (Spencer and Weller, 2010), and are a major innate cell type 

associated with Th2 settings, eosinophil ablated mice develop expected pathology 
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and intact Th2 responses during S. mansoni infection (Swartz et al., 2006).  Finally, 

although basophils are transiently recruited to the dLN following injection of S. 

mansoni eggs (Perrigoue et al., 2009), and may be involved in Th2 promotion during 

nematode infection or in response to proteases (Perrigoue et al., 2009, Sokol et  al., 

2009, Yoshimoto et al., 2009), it is not yet clear whether they are a key player in this 

process (Lambrecht and Hammad, 2009, Voehringer, 2009, Kim et al., 2010, Paul 

and Zhu, 2010).  In schistosomiasis this seems unlikely, given the results in Figure 

3.3 showing that administration of Mar-1 antibody to deplete FcεR1α+ cells has no 

significant effect on the Th2 response induced by schistosome eggs (Fig. 3.3).

The proportion of MΦ was not decreased, but rather increased (Fig. 3.11A), 

following DTx treatment of CD11c.DOG mice in the infection setting, which 

suggests that MΦ are not able to fill as Th2 inducing APCs in the absence of DCs.  

This might be because they have different migrational profiles and are unable to 

move into the T cell zones to present antigen.  The increase in MΦ proportions in 

CD11c depleted naive and infected animals is probably caused by an influx of MΦ 

into the spleen to phagocytose DCs undergoing apoptosis following DTx treatment.  

Future work assessing cell populations in the tissues sites by immunohistochemisty 

should reveal if this is the case.  Whether apoptosis impacted the magnitude of the 

Th2 response, as well as CD11c depletion, is difficult to dissect in this system.  

The percentage of eosinophils increased during infection and increased further after 

DTx treatment (Fig. 3.11B), which is perhaps surprising given the suggestion that 

IL-5 is required for their recruitment.   However, the fact that eosinophils were 

clearly  not depleted by DTx treatment indicates that it is unlikely  they are key 

players in Th2 priming. 

Given the results in Figure 3.3 showing that basophils are not involved in Th2 

induction against schistosome eggs (Fig. 3.3E, G and H), it is perhaps not surprising 

that the percentage of basophils was unaffected by DTx treatment during infection 

(Fig. 3.11C).  In relation to this, previous work has demonstrated unimpaired Th2 

development in S. mansoni infected basophil (FcRγ chain) deficient mice (Jankovic 

et al., 1998) and more specifically in FcεR1 deficient mice (Jankovic et al., 1997).  
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Similarly  Th2 development is unimpaired in Nippostrongylus brasiliensis infected 

anti-FcεR1α treated or IL-3 deficient mice (Kim et al., 2010).  Together this suggests 

that the lack of requirement for basophils that was observed is neither a peculiarity  of 

this lab, nor restricted to schistosome infection.  It  is possible that basophils may 

only be important for Th2 development in unusual settings such as protease alone 

driven responses, or in the case of helminths that they are relatively poor inducers of 

Th2 immunity (Finkelman, 2009).  So, although a contribution by these or other 

innate cell types in amplifying the Th2 response to S. mansoni infection cannot be 

excluded, a major role during induction is unlikely.

3.5. Conclusion
The data in this chapter demonstrate that CD11c+ DCs are the key  initiators of the 

CD4+ T cell response to S. mansoni and that their depletion results in a strikingly 

impaired Th2 cytokine profile and a shift towards IFN-γ production by non-CD4+ 

cells. Remarkably, even in the complex setting of schistosome infection, this was 

apparent despite incomplete depletion of DCs, suggesting that other APCs are unable 

to substitute for them in the Th2 priming role.  It will be interesting to see if CD11c 

depletion has a similar impact on CD4+ T cell effector function at later stages of 

infection, where APCs such as B cells might be expected to take on a more dominant 

role. 

Although CD11c depletion had a major effect on Th2 response induction in both egg 

injection and infection experiments, it was not completely ablated in either setting.  It 

is likely that the low level Th2 response remaining following DTx treatment of egg 

injected or infected mice will have been primed by residual DCs, and could be 

further enhanced during infection by cross-reactive CD4+ T cell responses generated 

against larval and adult parasites prior to the start of CD11c depletion.

It is probable that there will be variability in the level of requirement for CD11c+ 

APCs for Th2 induction depending upon the system in study, to reflect the 

multiplicity of Th2 environments that can be generated, a consequence of which may 

be equal diversity in inductive processes. However, the data presented in this chapter 

support previous reports using similar depletion strategies that indicate that CD11c+ 
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cells are important for Th2 antibody production in allergy (Kool et al., 2008) and for 

expulsion of N. brasiliensis (Ohnmacht et al., 2009).  Further, CD11c depletion using 

the CD11c.DOG mice also dramatically reduces Th2 induction against both N. 

brasiliensis and Heligmosomoides polygyrus nematode infections (K. Smith and R. 

Maizels, unpublished data).

The data presented in this chapter demonstrate that CD11c+ DCs are not redundant 

during initiation of Th2 immune responses, supporting the wide literature available 

illustrating the ability  of murine or human DCs to prime Th2 responses against 

helminth Ag or allergens.  Thus DCs, as well as being sufficient for Th2 induction in 

many systems, can also be a fundamental requirement for the same.  
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3.6. Figures
Figure 3.1:

Fig. 3.1. Splenic CD11cHiMHCII+ DC depleted by DTx treatement

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from d-2 

to d6, challenged with S. mansoni eggs or PBS on d0.  On d7 splenic CD11cHiMHCII
+ cell depletion was assessed on d7 (A and B), depletion had an efficacy of ~80% 

(C). 1 of 3 experiments. Bars are mean +/- SEM of 5 to 7 mice/group.
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Figure 3.2:

Fig. 3.2. CD11c depletion severely disrupts Th2 induction in 
schistosome egg challenged mice.

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from d-2 

to d6, challenged with S. mansoni eggs or PBS on d0.  On d7 pLN cells from naïve 

or egg injected, PBS (white or black bars) or DTx (gray bars), treated mice were 

cultured for 72hrs with SEA or medium alone, supernatants collected, and SEA-
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specific cytokine production (medium alone values subtracted) assessed by ELISA 

(A).  pLN CD4+ T cell IL-4 (Fig. 3.2B and C) and IFN-γ (Fig. 3.2D and E) 

production by naïve (black symbols) or egg injected (gray symbols) mice were also 

assessed by intracellular cytokine staining and measured by  flow cytometry after the 

72 hour restimulation assay  was completed. 1 of 3 (A) or 2 (B to E) experiments.  

Bars are mean +/- SEM of 5 to 7 mice/group.
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Figure 3.3:

Fig. 3.3. CD11c, not basophil, depletion disrupts Th2 induction in 
schistosome egg challenged mice. 

CD11c.DOG x 4get mice were treated daily  with PBS (squares) or DTx (triangles) 

from d-2 to d6. On d-1, d1 and d3 mice were also treated with IgG (black symbols) 

or Mar-1 (gray  symbols). On d0 mice were challenged with S. mansoni eggs or PBS. 

pLN CD11cHiMHCII+ cell depletion was assessed on d7 (A and B), and IL-4-eGFP
+B220-CD4-CCR3-CD117- basophil depletion in the blood on d4 (C and D), after egg 

injection. On d7 pLN cells from naïve or egg injected, PBS (white or black bars) or 

DTx (gray bars), IgG or Mar-1, treated mice were cultured for 72h with SEA or 
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medium alone, supernatants collected, and SEA-specific cytokine production 

(medium alone values subtracted) assessed by ELISA (E and F). pLN cells were also 

assessed on d7 for IL-4-eGFP expression by CD4+ T cells(G and H). 1 of 3 

experiments. Bars are mean +/- SEM of 4 to 7 mice/group. 
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Figure 3.4:

Fig. 3.4. CD11c depletion compromises Th2 induction and development 
during schistosome infection. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to d39 of S. mansoni infection. Naïve (black symbols) and infected (gray 

symbols) mice were assessed for splenic CD11cHiMHCII+ cell depletion on d40 (A 

and B) and splenocytes (C and D) from naïve or infected PBS (white or black bars) 

or DTx (gray  bars) treated mice, or purified CD4+ T cells and irradiated splenocytes 
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(E and F), were cultured for 72hrs with SEA or medium alone, supernatants 

collected, and cytokine production assessed by ELISA. Splenic CD4+ T cell IL-4 (G 

and H) and IFN-γ (I and J) production by naïve (black symbols) or infected (gray 

symbols) mice was also assessed by  intracellular cytokine staining of splenocytes ex 

vivo.  1 of 6 (A and B), 3 (C and D) or 2 (E-J) experiments.  Bars are mean +/- SEM 

of 4 to 7 mice/group (B and H) or SEA-specific cytokine production (medium alone 

values subtracted) by 4 to 7 naïve or infected mice/group (C and D) or 6 technical 

replicates for each group of pooled purified CD4+ T cells from infected mice, 

cultured in medium or SEA (E and F), or intra-cellular cytokine production by 4 to 7 

naïve or infected mice/group (G to J).  
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Figure 3.5:

Fig. 3.5. CD11c depletion impairs IL-4 and IFN-γ mRNA expression in 
spleen. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to d39 of S. mansoni infection. On d40 IL-4 (A) and IFN-γ (B) expression by 

spleen samples from naïve (black symbols) or infected (gray symbols) mice was 

assessed by qPCR. 1 of 3 experiments. Bars are mean +/- SEM of 4 to 7 mice/group.
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Figure 3.6:

Fig. 3.6. CD11c depletion during schistosome infection impairs the liver 
Th2 response. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to d39 of S. mansoni infection. Naïve (black symbols) and infected (gray 

symbols) mice were assessed for liver CD11cHiMHCII+ cell depletion on d40 (A and 

B) and liver cells from naïve or infected PBS (white or black bars) or DTx (gray 

bars) treated mice cultured for 72hrs with SEA or medium alone, supernatants 

collected, and cytokine production assessed by ELISA (C and D).  Liver CD4+ T cell 

IL-4 production by naïve (black symbols) or infected (gray symbols) mice was also 

assessed by intracellular cytokine staining (E and F). 1 of 3 (A, C to F) experiments, 

or combined data from 3 experiments (B). Bars are mean +/- SEM of 4 to 7 mice/

group, with liver cells combined in groups where cell numbers were restrictive. 
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Figure 3.7:

Fig. 3.7. CD11c depletion impairs IL-4 and IFN-γ mRNA expression in 
liver. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to d39 of S. mansoni infection. On d40 IL-4 (A) and IFN-γ (B) expression by 

liver samples from naïve (black symbols) or infected (gray  symbols) mice was 

assessed by qPCR. 1 of 3 experiments. Bars are mean +/- SEM of 4 to 7 mice/group.
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Figure 3.8:

Fig. 3.8. CD11c depletion impairs induction of both effector and 
regulatory T cells. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to d39 of S. mansoni infection. On d40 splenocytes from naïve (black symbols) 

or infected (gray symbols) mice were assessed by flow cytometry. The % of CD4+ 

and CD8+ T cells was reduced in mice depleted of CD11c+ cells (A and B). 1 of 4 
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experiments. This defect in the T cell compartment also impacted the percentage of 

CD25+FoxP3+ T regulatory cells, and their level of expression of CD25 and FoxP3 

(C). 1 of 2 experiments. Bars are mean +/- SEM of 4 to 7 mice/group.
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Figure 3.9:

Fig. 3.9. The impact of CD11c depletion on B cells and antibody 
production. 

CD11c.DOG mice were treated daily with PBS or DTx from d28 to d39 of S. 

mansoni infection. On d40 splenocytes from naïve or infected PBS (white or black 

bars) or DTx (gray bars) injected mice were assessed by flow cytometry. Marginal 
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zone B cells were defined as B220HiCD21HiCD23Lo to Int (A), follicular B cells as 

B220HiCD23HiCD21Lo to Int (B), total B cells as B220Hi (C) and transitional B cells 

as B220HiCD21-CD23- (D). 1 of 2 independent experiments. Bars indicate mean +/- 

SEM of 4 to 7 mice/group. Serum was collected on d39 from PBS (squares) or DTx 

(triangles) injected, naïve (black symbols) or infected (gray symbols), mice and total 

IgE (E), or SEA-specific IgM  (F), IgG1 (G) and IgG2c (H) titres using endpoint 

dilutions, by ELISA. Data are collated from 3 experiments, each with 4 to 7 mice/

group. Groups were compared by 1-way ANOVA for the absence of significant 

variance prior to collation. Bars are mean +/- SEM.
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Figure 3.10:

Fig. 3.10. The impact of CD11c depletion on DC subsets. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to d39 of S. mansoni infection. Naive (black symbols) or infected (gray  symbols) 

mice were assessed for depletion of splenic DC subsets on d40. CD11cHiMHCII+ 

cells divide into two subsets, CD11b+CD8- and CD11b-CD8+ (A), and both were 

depleted with DTx (C). After gating out MHCII+CD11c-CD11b+ cells we measured 

CD11cIntB220Int cells (B) and CD11cIntB220IntMHCII+ pDCs (C). CD11c expression 

was assessed by qPCR on spleen, liver and gut (D). 1 of 5 (A-C) or 3 (D) 

experiments.  Bars are mean +/- SEM of 4 to 7 mice/group. 
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Figure 3.11:

Fig. 3.11. The impact of CD11c depletion on other innate cell 
populations. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to d39 of S. mansoni infection. On d40 splenocytes from naïve (black symbols) 

or infected (gray symbols) mice were assessed by flow cytometry. Macrophages 

were defined as CD11b+F4/80+CD11c-/Dim (A), eosinophils as Siglec F+Gr-1Int (B) 

and basophils as CD19-Siglec F-CD117-FcεR1α+(C). 1 of 2 experiments.  Bars are 

mean +/- SEM of 4 to 7 mice/group.

111



4. CD11c+ cells are critical for Th2 
maintenance and host survival 
during schistosomiasis

4.1. Abstract
Infection with the helminth parasite Schistosoma mansoni leads to chronic 

inflammation and Th2 mediated fibrosis, which results in severe pathology 

characterised by hepatosplenomegaly.  We have shown that CD11c+ dendritic cells, 

but not basophils, play  a vital role in the initiation and development of Th2 immune 

responses in vivo (chapter 3).  To further these studies, we used CD11c–diphtheria 

toxin receptor (CD11c.DOG) mice to deplete CD11c+ cells at different stages of 

infection with S. mansoni – prior to infection, at  the initiation of egg induced Th2 

immune responses (4 to 6 wks) and during the later stages of disease (6 to 8 wks, 12 

to 14 wks).  We found that CD11c depletion prior to infection resulted in increased 

parasite survival, but did not impair the development of CD4+ T cell Th2 response 

later in infection.  In contrast, depletion of CD11c+ cells during the initiation (4 to 6 

wks) or maintenance (6 to 8 wks or 12 to 14 wks) of Th2 response to eggs, resulted 

in severely impaired Th2 cytokine production.  Interestingly, depletion during the 

later stages of infection led to dramatic weight loss and mortality, coincident with 

impaired CD4+ T cell responses. These data suggest that CD11c+ antigen presenting 

cells, in addition to being important in the early priming phase, also play a vital role 

in the maintenance and homeostasis of chronic CD4+ T cell responses in a Th2 

infection setting, the disruption of which can have lethal consequences.
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4.2. Introduction
Infection with S. mansoni can last for many years in humans and takes place over 

many months in mice; the course of infection involves multiple life cycle stages 

(Pearce and MacDonald, 2002).  The data presented in chapter 3 illustrated the 

necessity of DCs for the initiation of T cell responses against S. mansoni.  This 

chapter assesses the importance of DCs at other stages of the immune response 

against the parasite; in particular, whether CD11c+ depletion prior to infection with 

the cercarial stage of S. mansoni influences the survival and development of the 

parasite, and the subsequent development of egg specific Th2 immune responses.  

Later in the infection, the requirement of DCs for the maintenance of the antigen 

specific CD4+ T cell response that develops in the face of long term exposure to 

schistosome antigens was also investigated. 

4.2.1. CD11c+ cell involvement in the response to invading 
cercariae

The primary  interaction of the mammalian host with schistosomes occurs when the 

free swimming cercariae burrow across the epidermis into the dermis and shed their 

tails, after which they  are called schistosomulae (Pearce and MacDonald, 2002).  To 

facilitate skin penetration through the epidermal barrier, cercariae release excretory/

secretory molecules (ES), which not only digest the epidermal barrier, but also 

modulate the inflammatory response initiated by  skin resident immune cells (Paveley 

et al., 2009).  The parasite has been proposed to modulate the immune system at 

several stages during skin penetration; by suppressing Langerhans cell migration, 

causing mast cell degranulation, inducing CD4+ T cell apoptosis and by altering the 

activation state of ΜΦ and DCs (Paveley et al., 2009).  Such interactions are thought 

to modify the immune reaction by reducing the production of inflammatory 

mediators like IL-12 and increasing the expression of regulatory cytokines like IL-10 

(Jenkins et al., 2005).  Interestingly, in settings where cercariae fail to induce the 

production of IL-10, such as when irradiated, protective immunity is enhanced, 

possibly due to the reduced rate of parasite migration through the skin, resulting in 

an enhanced inflammatory response (Ramaswamy et al., 2000).  The innate immune 
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system is critically placed to restrain the ability of the parasite to infect its host.  

When parasite immunomodulatory factors are impaired, for example, following 

cercarial irradiation, ΜΦ and DCs play a key role in responding to the parasite, 

generating a classic inflammatory  response (as described in section 1.2.11, chapter 1) 

(Hogg et  al., 2003, Soehnlein and Lindbom, 2010). Innate cell involvement in the 

response to non-irradiated cercariae is, somewhat bizarrely, less well studied.  Past 

emphasis on the irradiated larvae as an attenuated vaccine candidate likely explains 

this discrepancy.

The ability of cercarial antigens to modulate DCs in vitro has been studied by using 

the ES products released by the cercariae within in the first 3 hours of the 

transformation to schistosomulae (0-3hRP).  DCs exposed to 0-3hRP up-regulate the 

expression of surface markers MHCII, CD40 and CD86 and produce increased levels 

of IL-12p40 and IL-6, although not to the same extent as ‘classical’ activation stimuli 

for DC maturation such as bacteria or their products. Despite low level production of 

IL-12, 0-3hRP DCs do not induce a Th1 response, but rather a Th2 response, 

characterised by IL-4 production.  If the DCs are CD40 deficient, they fail to induce 

a Th2, and switch towards a Th1, response (Jenkins and Mountford, 2005).  Thus, the 

ability  of cercariae to modulate the immune system seems to be finely balanced, even 

more so than the egg stage of the parasite, and appears to be influenced by  the 

functional capability of the DCs (Ramaswamy et al., 2000, Hogg et al., 2003, Jenkins 

et al., 2005, Jenkins and Mountford, 2005).

In experimental infection with a single dose of parasites, the contribution of the 

adaptive immune system to the immune response in the first few hours after cercarial 

skin penetration is thought to be minimal. However, both DCs and MΦ migrate to 

the LN in response to cercarial antigens and a comparison of the ability  of the two 

cell types to present  antigens related to skin penetration has been studied (Paveley  et 

al., 2009).  When exposed to the 0-3hRP, DCs process greater amounts of antigen 

and do so faster than MΦ, and the 0-3hRP is not thought to enter the same 

phagocytic pathways used by bacteria. In response to uptake of 0-3hRP, the 

maturation of the phagolysosome is much slower and the separation of phagosome 
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pathways non-conventional (Paveley  et al., 2009), in a situation reminiscent of what 

has previously  also been noted following simultaneous exposure of BMDCs to heat 

killed bacteria and egg antigens (Pa and SEA) (Cervi et al., 2004).  In a schistosome  

infection setting, DCs appear to respond to the large quantity of antigen they are 

exposed to by becoming partially activated and producing some level of 

inflammatory mediators like IL-6, TNF-α, IL-12p40 and nitric oxide synthase 

(iNOS).  In contrast ΜΦ, typically  thought to be inflammatory cells, produce IL-10 

and Arg-1, perhaps in response to parasite-derived prostaglandin E2 released with the 

cercarial ES products (Paveley et al., 2009). The production of Arg-1 rather than 

iNOS is strongly linked to alternative activation and wound healing (Gordon and 

Martinez, 2010).  Paveley et al. proposed that it is the production of IL-10 by ΜΦ in 

this setting that is key to influencing DCs to induce a Th2 response, rather than the 

Th1 response that is linked to immunity to initial infection (Paveley et al., 2009).

4.2.2. Parasite development
Certainly, the immune response to the parasite is thought to be key to the 

development of the parasite itself, with growth and development of schistosomes 

being severely  impaired in its absence (Pearce and MacDonald, 2002).  The 

fecundity of the parasite is significantly  reduced in animals lacking an intact adaptive 

immune system, such as athymic (NUDE), severe combined immuno deficiency 

(SCID) and recombinase activating gene-1 deficient (RAG-/-) mice (Amiri et al., 

1992, Phillips et al., 1977, Davies et  al., 2001).  In the case of RAG-/- mice, the 

parasites do not undergo the brisk maturation and growth normally seen in wild-type 

animals; they are short  and stunted at day  26 post infection and fail to fully mature 

by day 42. In addition, counts of eggs sequestered in the liver at day 42 and 56 post 

infection revealed that the poor maturation phenotype of the parasites results in 

delayed and reduced egg production (Davies et al., 2001).  Parasite development is 

also stunted in lymphopenic IL-7 deficient mice, which some have suggested may 

mean that the parasite’s development is directly  cued by IL-7 (Wolowczuk et al., 

1999).  However, since parasite development is also suppressed in RAG-/- and IL-7R 

deficient animals, others have suggested that this is unlikely (Davies et al., 2001).  
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Davies et al. asked whether the impairment in parasite development was caused by a 

deficiency in B cells or T cells.  They reported that, similar to previous studies, a 

specific deficiency in B cells had no impact on parasite development (Davies et al., 

2001, Jankovic et al., 1998). In contrast, they found that a deficiency in the β subunit 

of the TCR reduced egg production and not worm maturation, but specific 

reconstitution of RAG-/- animals with only  CD4+ TCRβ+ T cells restored the 

development and fecundity  of the parasite (Davies et  al., 2001).  This led to the 

suggestion that the parasite has evolved to respond to signals from the immune 

system, and that  the levels of parasite growth, development and fecundity  may be 

adjusted to match the immunocompetency of the host to increase the likelihood of 

survival in less competent animals (Davies et al., 2001).  

The absence of specific CD4+ T cell populations leading to impaired parasite 

development does not necessarily mean that the parasite receives signals directly 

from CD4+ T cells, as the effect of these cells on parasite development could be 

indirect (Lamb et al., 2010).  Indeed Lamb et al. recently proposed that the 

relationship between CD4+ T cells and APCs may be key to interpreting the 

interaction of parasite and host.  In their study, the role of CD4+ T cells was shown 

not to be direct, but through TCR and MHCII interactions of naive CD4+ T cells and 

APCs that may be important  for the maintenance of naive T cells (Lamb et al., 2010, 

Boyman et al., 2009, Link et al., 2007).  However, it is the significance of this 

interaction for the APCs that appears to be more important for parasite development 

(Lamb et al., 2010).  The maturation of APCs prior to infection relies at least in part 

on the homeostatic interactions APCs have with CD4+ T cells and for this reason are 

impaired in T cell deficient mice; restoration of function can by  achieved by 

reconstitution with naive CD4+ T cells (Shreedhar et al., 1999).  Based on this, Lamb 

et al. proposed that schistosome development was dependent on interactions with 

APCs and not CD4+ T cells directly, and showed that parasite development could be 

restored when APCs in RAG-/- mice are directly activated and matured by  TLR 

ligation with LPS (Lamb et al., 2010).  They suggested that the function of innate 

APCs in schistosome development may be through direct developmental cues 
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provided by  DC and ΜΦ in the form of cytokine and chemokine production during 

inflammation (Lamb et al., 2010). Another possible mechanism that was suggested 

was that the release of inflammatory mediators like iNOS may enhance blood flow 

and vascular permeability  to aid parasite site transit to the vasculature, as well as 

mediating enhanced APC depletion from the site of infection (Lamb et al., 2010).  

However, this suggestion seems unlike given the slow migration of the parasite to the 

blood supply in inflammatory situations and the requirement for ΜΦ to down-

regulate neutrophilia and inflammation (Ramaswamy et  al., 2000, Hogg et al., 2003, 

Soehnlein and Lindbom, 2010).  A more plausible explanation is that  alternative 

activation of ΜΦ and DCs is required to mediate wound repair and reduce 

inflammation at  the site of infection and that aaΜΦ are also required for tissue 

remodelling once the parasite matures in the portal vasculature.  Perhaps mediators 

of alternative activation, tissue repair and angiogenesis are the cues the parasite 

needs to develop (Lamb et al., 2010).  In the absence of an adaptive immune 

response, MΦ would not necessarily receive sufficient IL-4 signalling to become 

alternatively activated (Gordon and Martinez, 2010).  If this is the case in RAG-/- 

animals, then Lamb et al. suggested it is possible that the impaired worm 

development seen in the absence of CD4+ T cells (and so reduced aaΜΦ) may 

involve persistent damage of both the host and the parasite caused by ongoing 

reactive oxygen intermediate production by ΜΦ (Lamb et al., 2010).  

Given these studies indicating impaired parasite development when the adaptive 

immune system is compromised, the importance of CD11c+ cells for the provision of 

immunological cues for parasite survival and development were investigated in this 

study.  

4.2.3. Cross reactive antigens from different life-cycle stages
The different life-cycle stages of schistosomes to which mammals are exposed are 

known to produce cross-reactive antigens, although the relative amounts of antigen 

contributed by each stage varies; cercariae produce small amounts of antigen over a 

short period, whilst eggs produce a large amount of antigen over a prolonged period 

(Kariuki et al., 2008).  Both cercarial and egg secretions contain proteases and 
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multiple glycosylated components (Ashton et  al., 2001, Jang-Lee et al., 2007).   

Proteomic analysis of the cercarial and egg secretions has identified multiple proteins 

that are shared between the two parasite stages (Curwen et  al., 2004).  Antibodies 

produced in response to SEA recognise glycan components found on the membranes 

(Omer-Ali et al., 1986, Omer Ali et al., 1988) and in secretions of cercariae (Eberl et 

al., 2001).  A debate has been going on for some time within the field of 

schistosomiasis as to whether cross-reactive glycans make good vaccine candidates 

because they are highly immunogenic, or whether they in fact would make bad 

vaccine candidates because they  may be immunomodulatory  molecules produced by 

the parasite to prevent the generation of effective immunity (Curwen et al., 2004, 

Kariuki et al., 2008).  Eberl et al. studied reactivity  to both glycan and peptide 

epitopes in separation by using periodate treatment to remove the glycans.  During 

infection the immune system is exposed to many parasite glycosylated proteins 

secreted by  cercariae and eggs, but  when these are periodate treated they lose 

antibody reactivity, pointing to glycans as the dominant epitopes (Eberl et al., 2001).  

Further, Kariuki et al. showed that cercariae and eggs share the majority  of their 

glycan epitopes, which means that there is a significant increase in reactivity to 

cercariae and eggs once adult worm pairs are sufficiently mature to produce eggs.  In 

addition, they showed that reactivity to cytosolic proteins lagged behind glycan 

reactivity, which suggested that the immune system was only primed to produce anti-

cytoplasmic protein responses once eggs start  to die (Kariuki et al., 2008).  

Administration of live eggs to mice prior to infection provided significant 

stimulation for the initiation of cross-reactive glycan responses, but anti-glycan 

antibodies generated by this process failed to provide significant protection (Kariuki 

et al., 2008).  

4.2.3.1. Pre-depletion study rationale

Together, these studies suggest that cross-reactive glycans produced by cercariae and 

the eggs have significant immunomodulatory capacity, but do not generate protective 

immunity.  It is not yet clear, however, whether the contribution of cercariae to the 

immunomodulation of the adaptive immune system influences the survival and 
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fecundity of the parasite as it  matures.   Thus, the question asked by  this study was: 

what impact does CD11c+ depletion immediately prior to cercarial exposure have on 

parasite survival and the subsequent development of the Th2 immune response 

against later stages of infection?

4.2.4. The immune response after egg production
S. mansoni eggs are constantly produced from approximately 28d post infection and 

thus, chronically  infected animals are exposed to egg antigens over a long period of 

time, in contrast to the 7 day period of our egg injection experiments or even the 2 

week period of our 28 to 39 day depletion experiments.  The presence of persistent 

antigen leads to a chronic immune response that develops over many weeks from the 

start of egg production and leads to the “immunomodulation” of the Th2 response.  

Immunomodulation is characterised by an initial peak in the Th2 response in the first 

weeks following egg deposition, after which there is a gradual decrease in the 

cytokine response over an extended period of months, despite the presence of 

ongoing infection (Pearce and MacDonald, 2002).  Based on Grzych et al. 1991, it is 

understood that the initial phase of the immune response is predominantly  triggered 

by egg production from week 4 until the peak of the Th2 response at some point 

around week 8. In the schistosomiasis literature, this phase of the response is often 

called the ‘acute’ phase of infection.  From approximately  8 weeks onwards, the Th2 

response levels out  then gradually decrease, and this has been labelled the ‘chronic’ 

phase of infection.  The terms ‘acute’ and ‘chronic’ are therefore used to describe the 

pattern of the Th2 cytokine response in murine schistosome infection, with the acute 

stage equating to peak Th2 and the chronic stage referring to when this response is 

down-modulated (Diagram 4.1) (Grzych et al., 1991, Pearce and MacDonald, 2002).  

This terminology is somewhat unfortunate, as it can be confusing for immunologists 

outside the schistosome field who would not describe several weeks of antigen 

exposure to be an ‘acute’ challenge.

This characteristic response of an initial peak in Th2 cytokines that is then gradually 

down-modulated over time is strongly  linked to the development of a granulomatous 

response to eggs.  Granuloma size also peaks early  and decreases in concert with the 
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Th2 cytokine response (Wynn et al., 2004).  Down-modulation in the chronic stage 

of infection is thought to be an evolved mechanism, which has developed to prevent 

the damaging pathology that develops from an excessive Th2 mediated 

granulomatous response (Wynn 2004, Wilson 2007). In a seminal study of S. 

mansoni infection, Taylor et al. studied the development of T cell 

hyporesponsiveness over the course of infection and in response to S. mansoni eggs 

to build on previous immunomodulation data from the field, and incorporating ideas 

from the study of chronic viral infection (Taylor et al., 2009b, Pearce and 

MacDonald, 2002).  As mentioned above, the initial ‘acute’ stage of the immune 

response is thought to take place from 4 to 8 weeks and is characterised by an 

increasing level of Th2 response (Pearce and MacDonald, 2002).  This leads to a 

peak at 8 weeks where 25% of the spleen and 50% of liver CD4+ T cell population 

consists of Th2 cells (Taylor et al., 2009b).  However, despite the increasing level of 

the Th2 response characterised by  increased production of cytokine up to week 8, the 

number of proliferating Th2 cells falls steadily as the infection progresses.  To 

measure the proliferation of Th2 cells, Taylor et al. used BrdU incorporation assays 

over weekly periods during infection and showed that 69% of splenic Th2 cells (as 

defined by IL-4eGFP positivity) were proliferating between 5 and 6 weeks, 59% 

between 7 and 8 weeks and 29% between 15 and 16 weeks, which was close to the 

background naive level of 20%.  This was matched by a similar drop in Th2 

proliferation in the liver (Taylor et al., 2009b).  The drop in proliferation, however, 

was not thought to be due to the apoptosis of cells over the course of the Th2 

response, as has been considered previously (Stadecker et al., 1990), since after the 

peak response at 8 weeks, the number and the percentage of Th2 cells in the spleen 

remained unchanged until at least 37 weeks.  In line with the proliferation assay 

results, the expression of Ki67 (a marker expressed by  cells undergoing active cell-

cycle) by splenocytes dropped from 12% at 8 weeks to 3% by 16 weeks (Taylor et 

al., 2009b).  

To gain finer control over the initiation of the Th2 responses in their experiments and 

to further study the development of T cell hyporesponsiveness Taylor et al. used an 
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egg injection model (similar to that  used in chapter 3).  A single injection of eggs 

induced a Th2 response that peaked at day 5 with almost all Th2 cells undergoing 

proliferation between day 1 and 5. T cell contraction took place from day  5 in the 

absence of further antigen stimulation (Taylor et  al., 2009b).  These data are in line 

with our understanding of a ‘classic’ T cell response (as introduced in section 1.2.6, 

to 1.2.12, chapter 1), which starts with a few activated antigen specific cells and 

moves to rapid clonal expansion, ultimately  leading to T cell contraction in the 

absence of continued antigen stimulation (McKinstry et  al., 2010a).  To induce 

hyporesponsiveness, Taylor et al. repeatedly challenged the animals with eggs which 

resulted in a similar profile of T cell hyporesponsiveness to that seen during 

infection, with T cell proliferation on day 5 of 98% dropping to 33% by  day 20, 

whilst the Th2 cytokine response peaked at day 5 and was maintain thereafter.  These 

data suggest that T cells start to become hyporesponsive or anergic from day  10 of 

exposure to eggs (Taylor et al., 2009b).

T cell anergy has been studied in a number of settings. It can be induced in vitro by 

TCR activation in the absence of costimulation (signal 1 without signal 2), and 

overcome by the addition of IL-2.  During in vivo viral infection, a similar state can 

be reached in an IL-10 and PD-1 dependent manner, and use of anti-IL-10 and PD-1 

antagonistic antibodies can restore responsiveness (Shin and Wherry, 2007).  Anergy 

in vivo is also called ‘adaptive tolerance’, caused by  antigen persistence, and is the 

state most similar to that described as hyporesponsiveness by Taylor et al. (Chiodetti 

et al., 2006).  In contrast to anergy in vitro, adaptive tolerance in vivo cannot be 

recovered by IL-2 treatment (Chiodetti et al., 2006).  Once cells are removed from a 

source of antigen, they should recover from adaptive tolerance if the cause of their 

hyporesponsive state is cell extrinsic, for example suppression by  co-inhibitory 

molecules. However, if the state of hyporesponsiveness is established and is 

maintained by cell intrinsic mechanisms, then removal of the source of antigen will 

not restore responsiveness (Yi et al., 2010).

In an S. mansoni infection, T cells continue to be exposed to and stimulated by  egg 

antigens, since adult  female worms produce around 300 eggs per day (Pearce and 
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MacDonald, 2002).  When the level of activation of CD4+IL-4eGFP+ Th2 cells was 

measured in 8 and 16 week animals it was found to be very  similar, with T cells 

expressing high levels of CD69 (associated with recent activation) and low levels of 

CD62L (associated with naive and central memory T cells) (Taylor et al., 2009b, 

Ziegler et al., 1994, Sallusto et  al., 2004), suggesting that DCs continue to play  a role 

in presenting fresh antigen to stimulate the antigen specific Th2 CD4+ T cell 

population (Taylor et al., 2009b).

If CD4+IL-4eGFP+ Th2 cells are purified from a 7 week S. mansoni infection and 

transferred to animals at week 15 post infection, the 7 week Th2 cells continue to 

proliferate to a level similar to that seen in 7 week animals.  Similarly, if 15 week 

Th2 cells are purified and transferred to 7 week infected animals, they continue to 

proliferate at the low level seen in a 15 week animal.  If either 7 or 15 week Th2 cells 

are transferred to a naive animal, they  cease to proliferate (Taylor et  al., 2009b).  This 

experiment suggested that it  is likely that, although proliferation is antigen 

dependent, the state of hyporesponsiveness is cell intrinsic and develops 

progressively after repeated antigen exposure.  

To ask if there was a maximal state of T cell hyporesponsiveness in response to S. 

mansoni in this setting, CD4+IL-4eGFP+ T cell were purified from a 16 week 

infection and then repeatedly restimulated in vitro with SEA stimulated BMDCs, 

following which the percentage of proliferating Th2 cells no longer decreased, 

suggesting they  were maximally hyporesponsive (Taylor et  al., 2009b).  However, 

Th2 cells purified from an 8 week infected animal could be driven to a maximally 

hyporesponsive state by repeated in vitro restimulation with SEA stimulated 

BMDCs, and the addition of IL-2 to ex vivo 8 or 16 week cells could not recover the 

cells from this state (Taylor et al., 2009b).  Further, ruling out the development of 

anergy through cell extrinsic pathways, 8 and 16 week Th2 cells were shown to have 

similar lower levels of expression of cell markers associated with receptor mediated 

hyporesponsiveness such as CTLA-4, LAG3, BTLA-4 and CD5.  In addition, 

purified CD4+IL-4eGFP+ cells polyclonally  stimulated in the absence of antigen did 

not recover proliferative or cytokine producing capacity, with 16 week remaining 
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less responsive than 8 week Th2 cells (Taylor et al., 2009b).  In contrast to S. 

mansoni, chronic infection with the filarial nematode Litomosoides sigmodontis 

induces hyporesponsive CD4+ T cells that  are regulated by expression of high levels 

of GITR, CTLA-4 and PD-1, and blockade of CTLA-4 or co-stimulation via GITR 

reactivates previously hyporesponsive cells (findings of Nienke van der Werf and 

Matthew Taylor published in (Maizels et al., 2009)).

The expression of gene related to anergy in lymphocytes (GRAIL), an E3-ubiquitin 

ligase, was shown to increase progressively during S. mansoni infection from 6 

weeks of infection onwards (Taylor et  al., 2009b).  In addition, the expression of 

GRAIL was shown to increase as cells become progressively  hyporesponsive after 

repeated egg administration or during in vitro assays where T cells were stimulated 

with SEA exposed BMDC.  Inhibition of GRAIL using retrovirally  administered 

siRNA prevented the development of hyporesponsiveness by Th2 cells from an 8 

week infected animal repeatedly  stimulated with SEA exposed DCs.  This work 

strongly implicates GRAIL in the development of hyporesponsiveness by Th2 cells 

after repeated S. mansoni egg antigen exposure (Taylor et al., 2009b).

A possible mechanism for the suppression of Th2 cells by GRAIL could be via 

ubiquitination of Rho GDP-dissociation inhibitor, which in turn is responsible for the 

regulation of multiple cellular processes, but most importantly controls entry into G1 

of the cell cycle and thus, regulates T cell proliferation.  The progressive build up of 

GRAIL could therefore be responsible for inhibiting cells exiting G0 arrest when 

they  are stimulated.  The mechanism that drives the build-up of GRAIL is currently 

not known (Taylor et al., 2009b).

Apart from potentially  being responsible for inducing T cell hyporesponsiveness by 

mediating repeated antigen exposure, DCs may play  another role.  The most 

commonly understood T cell response involves the rapid expansion of T cells as a 

result of antigen specific proliferation, which is rapidly  followed by T cell 

contraction, which mirrors the decrease in available antigen presented by DCs 

(McKinstry et al., 2010a).  In the chronic Th2 setting studied in this chapter, CD4+ T 

cells continue to experience antigen (presumably presented by DCs), and start to 
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become hyporesponsive after 10 days of antigen exposure. However, despite ceasing 

to proliferate, they do not undergo apoptosis because antigen continues to be present 

(Taylor et al., 2009b).  So, what are the mechanisms that  maintain the survival 

signals, which the T cells continue to require in order to avoid apoptosis?  In 

addition, what homeostatic mechanisms are in place that are effective at maintaining 

the size of the T cell population in the face of reduced proliferation, since from 8 

weeks onwards the Th2 population neither decreases nor increases?

Perhaps a parallel can be drawn to naive and memory  T cell homeostasis in an 

uninfected individual, in which the size of the naive and memory T cell pool remains 

constant, but is actually  in a state of dynamic equilibrium, rather than being a static 

population of the same immortal cells (Marrack and Kappler, 2004).  The 

equilibrium is constantly renewed by a number of factors; the addition of new clones 

from the thymus, survival and homeostatic proliferation of existing naive and 

memory T cells, and apoptosis (Marrack and Kappler, 2004).  To survive and 

undergo homeostatic proliferation, naive and memory CD4+ T cells must continue to 

be positively selected by non random interactions with self-MHCII molecules, which 

probably  slightly activates the cells and maintains their metabolic activity.  The 

competition for these interactions is thought to control population size (Boyman et 

al., 2009).  Besides this, CD4+ T cells must also receive maintenance and survival 

signals from a cytokine like IL-7 via IL-7Rα.  IL-7 signalling up-regulates the 

expression of anti-apoptotic factor Bcl-2, which is thought to prevent pro-apoptotic 

factors interrupting cell metabolism by inducing caspase mediate cell death 

(McKinstry et al., 2010a).  The major role of DCs in the homeostasis of CD4+ T cells 

is thought to be through the provision of TCR signalling via MHCII.  In a resting 

immune system, the level of MHCII expression on IL-7Rα+ DCs is thought to be 

controlled by the availability  of IL-7 (Guimond et al., 2009).  Increased IL-7 signals 

lead to decreased MHCII expression by IL-7Rα+ DCs, which decreases the 

availability of MHCII and limits the number of CD4+ T cells that undergo 

homeostatic proliferation.  This links the number of DCs to the CD4+ T cell niche 

size. Increasing the number of DCs in the system through Flt3L treatment induces 
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substantial proliferation of CD4+ T cells in the absence of antigen stimulation 

(Guimond et al., 2009).

In S. mansoni infection, the antigen specific CD4+ Th2 cells receive abundant TCR 

signals to maintain their activation and therefore, metabolic rate. However, in the 

absence of responsiveness to IL-2, the hyporesponsive T cells must be receiving 

other survival signals (Taylor et al., 2009b).  During priming, at the start of the 

response the T cell clones would have been activated with a balance of pro- and anti-

apoptotic factors originally induced via CD25 (IL-2R). Importantly, one of the pro-

survival signals that is induced is the expression of IL-7Rα.  The ability of T cells to 

respond to IL-7 is one of the factors that controls which cells survive to become 

memory cells during T cell contraction (McKinstry et al., 2010a).  

Together this suggests a possible mechanism by which the antigen specific Th2 

response to S. mansoni infection is maintained.  Although DCs continue to present 

antigen, which can make T cells hyporesponsive to proliferative signals from IL-2, 

these signals also maintain the activation of T cells and therefore, the metabolism of 

the cell, which is crucial to allow them to survive.  In addition, the initiation of Th2 

responses will render many of the activated antigen specific clones responsive to 

IL-7, and signalling from IL-7 maintains the balance of pro and anti-apoptotic factors 

in the cell in favour of survival (Strasser et al., 1991, Kondrack et al., 2003, Marrack 

and Kappler, 2004).  Removal of either MHCII signalling by DCs (or other APCs), 

or the absence or reduction of IL-7 in the system, may therefore lead to a rapid 

contraction in both the antigen specific and polyclonal T cell populations.

If DCs are crucial to the maintenance of the antigen specific CD4+ T cell response to 

S. mansoni infection their removal would result in antigen specific T contraction.  

However, B cells are also activated at the start of egg production and undergo clonal 

expansion (Hernandez et al., 1997).  Thus antigen specific B cells should provide 

another source of TCR stimulation during infection and therefore DCs should not be 

required for the maintenance of the antigen specific T cell pool.  
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4.2.4.1. ʻAcuteʼ and ʻChronicʼ CD11c depletion study rationale

Having demonstrated that DCs are required for the Th2 priming at the start  of egg 

production (chapter 3), it was important to look at how long into the immune 

response they  were required.  When these experiments began, the seminal study by 

Taylor et al. about T cell exhaustion during infection had not been published.  

Therefore the timings of this study were based on Grzych et al. 1991 to look at the 

role DCs might play  in maintenance of the ‘acute’, peak Th2 response (42 to 56 

days) and in downmodulation of the late ‘chronic’ Th2 response (82 to 95 days).  
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4.3. Results
4.3.1. Does CD11c depletion prior to infection have a  long-

term influence over DC populations?
4.3.1.1. CD11c pre-depletion did not impact DC subsets at day d56 

of infection

Remarkably, the percentage of CD11cHiMHCII+ cDCs in the spleens of naive mice 

was still significantly reduced 56 days after DTx treatment (Fig. 4.1A and B).  

Infection also affected the percentage of cDCs in the spleen, which was reduced 

compared to naive animals, but the percentage of cDCs was not still further reduced 

as a result of DTx treatment 56 days earlier (Fig. 4.1A and B).  A gating scheme to 

look at  pDCs given limited detectors that involves gating out MHCII+CD11c-

CD11bHi cells and selecting the remaining CD11blo to - cells for B220IntCD11cInt 

gating. Unfortunately, this experiment was carried out before optimisation of this 

protocol.  Instead in this experiment, CD19 was used to further gate out B cells, but 

this cannot exclude contamination of the cells in the B220IntCD11cInt gate with some 

CD11bHi granulocytes and macrophages.  Thus, the percentages for the pDC 

population shown here have a greater degree of uncertainty attached to them than in 

other experiments in this thesis.  Taking this into account, there was no significant 

difference in the percentage of splenic pDCs in any  of the groups at d56 (Fig. 4.1C 

and D).

4.3.2. Does CD11c depletion prior to infection have a long-
term influence on the Th2 response?

4.3.2.1. CD11c pre-depletion did not impact the antigen specific Th2 
immune response at day d56 of infection

Depletion of CD11c+ cells prior to infection had no significant effect on the antigen 

specific production of Th2 cytokines by splenocytes isolated from d56 post infection 

(Fig. 4.1E).  The percentage of CD4+CD8- T cells in the spleen was also unaffected 

by depletion (Fig. 4.1F). However, as noted in chapter 3, infection itself caused a 

reduction in the proportion of splenic CD4+CD8- T cells in comparison to uninfected 

controls (Fig. 4.1F).  To determine if an impact of CD11c depletion on the CD4+ T 
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cell compartment was not being masked through compensation by other innate cells, 

splenic CD4+ T cells were purified and an antigen specific restimulation in the 

presence of irradiated splenocytes from naive mice as a source of APCs was carried 

out.  There was no defect in the antigen specific secretion of Th2 cytokines by  these 

purified CD4+ T cells (Fig. 4.1G).  CD4+ T cells were purified to between 80 and 

85% purity (Fig. 4.1H).

4.3.3. Does CD11c depletion prior to infection alter parasite 
development or pathology?

4.3.3.1. Pathology associated with infection was unaffected by 
CD11c pre-depletion

There was no significant difference in the total body weights of age-matched infected 

and naive animals at d56, and pre-depletion did not impact the body  weight of either 

naive or infected animals (Fig. 4.2A).  As expected, S. mansoni infection caused 

dramatic hepatosplenic pathology, with spleens increasing from ~7.5% of total body 

weight in naive to ~15% in infected animals (Fig. 4.2B) and livers from ~5% in 

naive to ~15% in infected animals (Fig. 4.2C).  DTx treatment 8 weeks before 

infection had no significant effect on either splenomegaly (Fig. 4.2B) or 

hepatomegaly (Fig. 4.2C). 

4.3.3.2. Parasite survival or fecundity was unaffected by CD11c pre-
depletion

Although there was a trend towards an increase in the number of adult worm pairs 

found in pre-depleted animals, there was no significant  effect compared to PBS 

treated controls (Fig. 4.2D).  No difference between infected, PBS and DTx mice 

was observed in the egg burden in either liver (Fig. 4.2E) or gut (Fig. 4.2F) tissue, 

which followed through into there being no significant difference in eggs produced 

per worm pair in liver (Fig. 4.2G) and gut (Fig. 4.2H) tissue.  However, associated 

with the trend towards an increase in adult worm pairs in pre-depleted animals (Fig. 

4.2D), there was a trend suggesting a decrease in fecundity (the number of eggs in 

the liver and gut associated with each worm pair)(Fig. 4.G and H).
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4.3.4. What effect does CD11c depletion have on the 
maintenance of long term Th2 responses?

The data in chapter 3 revealed the importance of CD11c+ DCs for priming of the Th2 

response in the early phase of Th2 induction during S. mansoni infection, in the first 

2 weeks of production of the main Th2 stimulus, the eggs (week 4 to 6 post 

infection). The experiments in this chapter address whether DCs also play a role in 

maintenance or down modulation of the Th2 response after more prolonged host 

exposure to the egg stage of the parasite (from week 6 to 8 or week 12-14 post 

infection, in an attempt to target the acute, peak Th2 and chronic, down-modulated 

Th2 stages of the response).  Some of the data presented in chapter 3 is also included 

here to allow better interpretation of the data from the d42 to 51 and d86 to 95 

depletion studies and to aid comparison with other time-course studies.

4.3.4.1. Splenic cDCs and pDCs were depleted efficiently at all 
stages of infection

The percentage of splenic CD11cHiMHCII+ cDCs was significantly  reduced by DTx 

treatment between d28 to 39, d42 to 51 and d86 to 95 of infection, when depleted 

animals were compared to similar infected animals treated with PBS alone on d40 

(efficacy ~60%), 52 (efficacy ~65%) and 96 (efficacy ~60%) (Fig. 4.3A and C).  The 

identification of pDCs was based on the following gating scheme: MHCII+CD11c-

CD11bHi cells were gated out, and the remaining CD11blo to - cells were then plotted 

and a B220IntCD11cInt gate established.  Cells within the B220IntCD11cInt gate were 

found to be MHCII+ and 70% PDCA-1+ when the gating scheme was validated (Data 

not shown).  In line with the CD11cHiMHCII+ cDC subset, the same groups of DTx 

treated infected animals had a significantly reduced percentage of splenic pDCs on 

d40 (efficacy  ~60%), 52 (efficacy  ~90%) and 96 (efficacy ~60%) in comparison to 

infected animals treated with PBS alone (Fig. 4.3B and D). 

4.3.4.2. Splenic cDCs and pDCs exhibit different proportional 
changes over the course of infection

There was an apparent decrease in the percentage of cDCs in the spleen at d52 in 

comparison to d40 of infection and a subsequent recovery in the percentages of cDCs 

by d96 (Fig. 4.3C).  This was in contrast to the percentage of splenic pDCs, which 
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appeared to have increased as result of infection by d40 compared to naive animals 

and remained at an increased level until d52.  Between d52 and 96 of infection the 

percentage of pDCs in the spleen returned to naive levels (Fig. 4.3D).  The 

consistency of flow staining carried out at different time points of infection 

introduced significant variability in baseline percentages of cDC and pDC, which can 

be observed in the flow plots particularly for animals depleted between d42 and 51 

(Fig. 4.3A and B).  To reduce the impact of this variability and to better allow 

comparison of the data between time points, the percentages of DC subsets and the 

GMFI values for MHCII of the DC subsets were normalised to the naive+PBS 

control animals (Fig. 4.3 and 4.4 C to F).  This may make it slightly  inaccurate to 

compare percentages between time points, but since all time points had equivalent 

naive cells to compare to, the inaccuracy is arguably  lower than displaying the data 

without normalisation.  However, the impact of this must be taken into account when 

interpreting the percentage and GMFI data shown in Figures 4.3 and 4.4, and this is 

discussed further later.

4.3.4.3. MHCII expression by cDCs and pDCs was reduced by CD11c 
depletion

There was a significant decrease in the level of MHCII expression on residual cDCs 

as measured by  flow cytometry and assessed by GMFI in naive and infected animals 

depleted from d28 to 39 (Fig. 4.3E).  However, depletion had no affect on MHCII 

expression between d42 and 51 or d86 and 96 (Fig. 4.3E).  The expression of MHCII 

on pDCs was significantly  reduced as a result of DTx treatment in naive animals and 

in infected animals depleted from d29 to 39, d42 to 51 and d86 to 95 (Fig. 4.3F).  

cDCs from infected animals expressed similar levels of MHCII expression at d40 to 

naive animals, but by d52 cDCs expressed significantly  less.  Similar to the recovery 

in the percentage of cDCs at  d96 compared to d52, there was a slight recovery in the 

expression of MHCII by d96 (Fig. 4.3E).  In contrast, the expression of MHCII on 

pDCs was increased on d52 and 96 compared to naive controls (Fig. 4.3F). 
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4.3.4.4. Mesenteric lymph node and liver cDCs were effectively 
depleted by diphtheria toxin treatment

To further assess the efficacy  of depletion and the activation state of residual DCs, in 

other tissues sites, the percentage of CD11cHiMHCII+ cDCs and their expression of 

MHCII, was measured by flow cytometry.  The percentage of CD11cHiMHCII+ cDCs 

in the mLN was significantly reduced in CD11c depleted naive and infected animals 

on d40 (efficacy ~ 60%), 52 (efficacy ~ 50%) and d96 (efficacy ~ 50%) (Fig. 4.4A 

and C).  Similarly, DTx treatment significantly reduced the percentage of 

CD11cHiMHCII+ cDCs in the livers of naive and infected animals on d40 (efficacy ~ 

60%) and 52 (efficacy ~ 70%).  Unfortunately, depletion was not measured in the 

liver on d96 (Fig. 4.4B and D).  MHCII expression was measured by  flow cytometry 

and assessed in terms of the GMFI values.  The expression of MHCII by cDC in the 

mLN was reduced on residual DCs in depleted naive and infected animals, apart 

from on d52; expression was slightly  increased between naive and infected PBS 

treated animals on d40, but decreased on d52, only recovering to naive levels by d96 

(Fig. 4.4E).  In the liver, the expression of MHCII on residual cDCs was reduced in 

depleted naive and infected animals on d52.  However, there was no impact of 

depletion on d40 animals.  Overall, the expression levels of MHCII on cDCs was 

generally  lower in infected than naive animals (Fig. 4.4E).  Data were normalised to 

naive+PBS controls as in Fig 4.3.

4.3.5. What impact does depletion of CD11c+ cells have on 
the pathology that develops in acute and chronic 
phases of infection?

4.3.5.1. CD11c depletion after day 42 caused increased morbidity 
and mortality

Surprisingly, CD11c depletion had a striking impact on the weight and mortality  of 

the depleted animals.  DTx treatment of infected animals between d42 and 51 caused 

progressive weight loss culminating with an average ~15% weight loss by d51 and 

caused the unexpected death of one animal on d46 and another on d50 (mortality 2/6) 

(Fig. 4.5A).  Similarly, infected animals depleted from d86 to 95 gradually lost 

weight reaching ~12.5% loss by d95 (mortality 0/6) (Fig. 4.5A).  To prevent animal 
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suffering the limit on weight loss in these moderate severity experiments is 20%.  

Due to the unexpected severity of the phenotype that developed, the endpoints of 

both the d42 to 52 and d86 to 96 experiments were brought forward from the 

originally  planned dates of d56 and d98.  In addition, animals were given mashed 

liquid food to prevent them rapidly losing weight from dehydration.  Depletion of 

naive animals had no impact on the weight of the animals (data not shown).  None of 

the infected animals treated with PBS gained or lost a significant amount of weight 

and merely fluctuated about the daily average (Fig. 4.5A).

4.3.5.2. The impact of CD11c depletion on splenomegaly and 
hepatomegaly in acute and chronic phases of infection.

The pathology associated with infection is a key indicator of inflammation and, 

potentially, the severity  of fibrosis and tissue remodelling associated with the Th2 

response.  Splenomegaly increased over the course of infection from just noticeable 

at d40 to over ~2% of body weight at  d52 and 96 (Fig. 4.5B).  Treatment of naive 

mice with DTx for 11 days, or infected animals from d28 to 39, did not cause any 

measurable change in splenomegaly (Fig. 4.5B). However, depletion from d42 to 51 

significantly decreased the extent of splenomegaly associated with infection, with a 

similar trend from d86 to 95, although this was not significant (Fig. 4.5B).  In the 

liver, hepatomegaly was just noticeable above naive background on d40, 

dramatically increased on d52 and further increased to ~17% of body  weight by d96 

(Fig. 4.5C).  Treatment with DTx had no impact on naive or d28 to 39 infected mice, 

but there was a suggestion of a decrease in hepatomegaly in infected animals 

depleted from d42 to 51, or d86 and 95 (Fig. 4.5C), although this did not reach 

significance.

4.3.6. What impact does depletion of CD11c+ cells in acute 
and chronic phases of infection have on the 
development and fecundity of the parasite?

4.3.6.1. CD11c depletion did not significantly alter parasite burden in 
acute and chronic stages of infection

Depletion of CD11c cells between d28 and 39 had no significant impact on the total 

number of adult  worms recovered by perfusion on d40 (data shown were compiled 
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from multiple experiments after 1-way ANOVA demonstrated there was no 

significant variance between experiments) (Fig. 4.5D).  Similarly, the adult worm 

counts were not significantly different in animals depleted from d42 to 51, although 

there was a trend for increased overall worm counts at this time-point (Fig. 4.5D).  

Unfortunately, worms were not obtained from the d86 to 95 depletion time-point.  

There was no statistical difference in the number of eggs per gram of liver in animals 

infected until d52 depleted or not, although there may have been a slight decrease in 

the depleted group (Fig. 4.5E).  The number of eggs per gram of gut was not affected 

significantly by  depletion from d28 to 39 (Fig. 4.5E).  Unfortunately, egg counts for 

the other tissues from d42 to 51 and d86 to 95 time-points remain to be carried out.

4.3.7. How does CD11c depletion impact the on-going Th2 
immune response?

To aid comparison of the Th2 responses in different tissues, the cytokine data has 

been shown in a single figure containing spleen, mLN and liver.  However, each 

tissue will be described in column sequence (1) spleen, (2) mLN and (3) liver to aid 

clarity  and understanding in the text format. Thus, figure 4.6A1 depicts splenocyte 

SEA specific IL-4 production, figure 4.6B3 liver cell SEA specific IL-5 production, 

and so on.

4.3.7.1. CD11c depletion significantly reduced antigen specific 
production of Th2 cytokine by splenocytes across all time-
points

Splenocytes were cultured with SEA for 72 hours and cytokine production measured 

by ELISA.  As expected, production of Th2 cytokines IL-4, IL-5 and IL-13 was 

increased in infected animals at d40 compared to naive animals, and the overall trend 

was for an increase in Th2 cytokine production between d40 and d96, although IL-13 

was lower at d52 than at  d40 (Fig. 4.6A1, B1 and D1).  There was a divergence in 

the kinetic of IL-10 production and the production of Th2 cytokines IL-4, IL-5 and 

IL-13.  The production of IL-10 in these experiments highest  at d40 of infection and 

decreased thereafter to the point  where at  d96 it was equivalent to naive animals 

(Fig. 4.6C1).  The production of IFN-γ appeared to peak in these experiments at d40, 

fall to a little above naive levels on d52 and increase again on d96 (Fig. 4.6E1).  
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Production of IL-17 was measured but was not detected at any  time-point (data not 

shown).

4.3.7.2. Variable impact of CD11c depletion on Th2 cytokine 
production by mLN cells

Mesenteric LN cells were cultured with SEA for 72 hours and cytokine production 

measured by ELISA.  The trend in cytokine production over the course of infection 

was similar to that seen in the spleen; IL-10 was highest at  d40 and below naive 

levels on d96 (Fig. 4.6C2), whilst  IL-4 and IL-5 were highest at d96 (Fig. 4.6A2 and 

B2).  The levels of IL-13 and IFN-γ were about equivalent at  d40 and d96 (Fig. 

4.6D2 and E2).  No IL-17 was detectable at any time point.  Surprisingly, there was 

no significant effect of depletion from d28 to 39 of infection on the secretion of IL-4, 

IL-5, IL-10, IL-13 or IFN-γ (Fig. 4.6A2 to E2). However, treatment with DTx from 

d86 to 95 significantly impaired the production of IL-4, IL-5, IL-10, IL-13 or IFN-γ 

by mLN cells (Fig. 4.6A2 to E2).  Unfortunately, mLN cytokine data for depletion 

from d42 to 51 was not obtained.  

4.3.7.3. Variable impact of CD11c depletion on Th2 cytokine 
production by liver cells 

Liver cells were isolated and cultured with SEA for 72 hours and cytokine 

production measured by ELISA.  The production of IL-4, IL-5 and IL-13 by liver 

cells from infected animals on d40 was increased in comparison to naive controls, 

but there was no significant difference in absolute levels between d40 and d52 (Fig. 

4.6A3, B3 and D3).  The trend in IL-10 production was the opposite to that seen in 

the spleen and mLN, as it  was lower at d40 than at d52 of infection (Fig. 4.6C3). 

Production of IFN-γ by  liver cells showed a similar trend to spleen cells, being the 

greatest at d40 and least at d52 (Fig. 4.6E3).  In line with the spleen, depletion in the 

priming phase of the Th2 response, from d28 to 39, caused a decrease in IL-4, IL-5, 

IL-10 and IL-13 production (Fig. 4.6A3 to D3), but there was no affect on IFN-γ 

(Fig. 4.6E3).  Depletion later during infection, from d42 to 51 caused a trend for 

decreased secretion of IL-4 and IL-10 (Fig. 4.6A3 and C3), but there was no 

significant effect on these cytokines, or IL-5, IL-13 or IFN-γ (Fig. 4.6B3, D3 and 
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E3).  Regrettably, liver cells were not collected for the d86 to 95 depletion 

experiment.  No IL-17 was detected in the liver at either of the time-points.

4.3.8. What affect does CD11c depletion have on T cell 
populations?

4.3.8.1. Proportions of splenic CD4+ and CD8+ T cells are reduced by 
infection, and further reduced by CD11c depletion

CD11c depletion not only  affected DC populations, but also impacted cell 

populations reliant on DCs for their homeostasis.  Notable among these are thought 

to be CD4+ T cells (Guimond et al. 2009).  The percentages shown in Figure 4.7 are 

the population of interest as a percentage of all the cells in the tissue of interest, as 

measured ex vivo by flow cytometry.  Infection with S. mansoni caused a decrease in 

the proportions of CD4+ and CD8+ T cells in the spleen, which was characterised by 

a drop in the mean percentage of both populations by ~5% from naive levels to d40, 

and cause it to fall another ~5% to less than ~10% of total cells in the spleen on d51 

and d96 post infection (Fig. 4.7A, B and C).  Depletion of CD11c+ cells between d28 

and 39, d42 and 51 and d86 to 95 significantly  reduced the percentage of CD4+ and 

CD8+ T cells in the spleen, as did depletion of naive mice for 11days (Fig. 4.7B and 

C).  Notably, depletion between d42 and 51 caused the percentage of CD4+ and 

CD8+ T cells to drop to only ~2% of all the cells in the spleen (Fig. 4.7B and C).   

4.3.8.2. Proportions of mLN CD4+ and CD8+ T cells are less 
dramatically affected by infection or CD11c depletion than 
the spleen

Infection up to d40 did not alter the percentage of CD4+ and CD8+ T cells in the 

mLN compared to naive animals.  However, by d52 of infection the percentage of 

both T cell populations had decreased and remained reduced at d96 (Fig. 4.7A, D and 

E).  The proportions of CD4+ and CD8+ T cells in the mLN of naive animals were 

largely unaffected by depletion, as were the percentages of the T cell subsets in 

infected animals depleted from d28 to 39 (Fig. 4.7D and E).  DTx treatment from 

d42 to 51 reduced the percentage of CD4+ and CD8+ T cells in the mLN of infected 

animals, but did not  affect the percentages of the same populations in animals 

depleted from d86 to 95 (Fig. 4.7D and E).
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4.3.8.3. Variable impact of CD11c depletion on proportions of liver 
CD4+ and CD8+ T cells

The proportions of CD4+ and CD8+ T cells in the liver of infected animals on d40 

was not significantly  different from naive controls.  However, the percentage of both 

CD4+ and CD8+ T cells decreased significantly  as a result of infection at d52 

compared to d40, which supports the trend for a decrease in the proportion of T cells 

in comparison to other cell populations in the spleen and mLN.  Treatment of naive 

animals with DTx caused a decrease in the proportion of CD4+ and CD8+ T cells in 

the liver.  However, depletion did not similarly affect infected animals depleted from 

d28 to 39 (Fig. 4.7F and G).  Depletion from d42 to 51 resulted in a decrease in the 

percentage of CD4+ and CD8+ T cells in the liver (Fig. 4.7F and G). Unfortunately, 

this data was not collected for the d86 to 95 infection depletion time-point.

4.3.8.4. Splenic CD4+Foxp3+ T regulatory cell populations are not 
dramatically altered by infection or CD11c depletion

Despite the effects seen on the CD4+ T cell population as a whole caused by infection 

and depletion, the proportion of Foxp3+ cells within the splenic CD4+ T cell 

compartment was unaltered by  either (Fig. 4.8A and B).  Data for Foxp3 expression 

had to be normalised to the naive control to prevent the appearance of a change in 

expression between time-points caused by variation in GMFI, and to allow for 

greater ease of comparison between time-points, as discussed earlier.  The expression 

of Foxp3 by  Foxp3+CD4+ T cells was marginally, but not significantly, increased as 

result on infection on d40, d52 and d96 in comparison to naive control animals (Fig. 

4.8C).  Depletion from d28 to 39 significantly decreased the expression of Foxp3 by 

Foxp3+CD4+ T cells, with changes in expression in animals depleted from d42 to 51 

and d86 to 95, failing to reach significance (Fig. 4.8C). 

4.3.8.5. Proportions of liver CD4+Foxp3+ T regulatory cells increase 
dramatically during infection and are reduced by CD11c 
depletion

In spite of the overall decrease in the percentage of CD4+ T cells of total cells in the 

liver, the percentage of Foxp3+ cells within the CD4+ T cell compartment in the liver 

was increased in infected animals on d40 compared to naive controls, and the 

increase was still apparent on d52 of infection (Fig. 4.8D).  Although CD11c 
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depletion did not affect the percentage of Foxp3+ cells in naive animals, depletion 

from d28 to 39 and d42 to 51 of infection significantly reduced the percentage of 

these cells (Fig. 4.8D).  The increase in the proportion of Foxp3+CD4+ T cells in 

infection was reflected by a significant increase in the expression of Foxp3+ by  this 

population on d40 and d52, compared to naive animals.  The decreased proportion of 

Foxp3+CD4+ T cells in the livers of animals depleted from d28 to 39 was associated 

with a decrease in the expression of Foxp3+ and, in a like manner, expression was 

significantly decreased in animals depleted from d42 to 51.  No data has been 

collected for the liver for the d86 to 95 infection time-point yet.

4.3.9. What impact does depletion of CD11c+ cells in acute 
and chronic phases of infection affect the polyclonal T 
cell response in different tissues?

The trend in cytokine production after spleen, mLN and liver cells were polyclonally 

stimulated with anti-CD3 was generally similar to that seen with the antigen specific 

stimulation, with a few exceptions. However, the reasoning behind carrying out this 

assay was to gain some more specific insight into responses of the T cell populations 

in each tissue as whole.  A more useful assay  would have been to purify CD4 T cells 

and culture them with SEA and irradiated APCs, but unfortunately, this was not 

possible in all experiments due to time and resource constraints.  The layout of figure 

4.9 is similar to that described for Figure 4.6.

4.3.9.1. CD11c depletion significantly reduced splenic Th2 cytokines 
in response to aCD3 across all time-points

Splenocytes were polyclonally stimulated with anti-CD3 mAb for 72 hours and 

cytokine production was measured by ELISA.  The production of IL-4, IL-5 and 

IL-13 by splenocytes from infected animals on d40 was increased in comparison to 

naive controls (Fig. 4.9A1, B1, D1).  The production of IL-4 by  polyclonally 

stimulated splenocytes was increased on d52 and further increased on d96 compared 

to d40 (Fig. 4.9A1).  However, levels of production of IL-5 and IL-13 were similar 

between d40 and d52 and only increased on d96 compared to d52 (Fig. 4.9B1 and 

D1).  The production of IL-10 by splenocytes from naive animals was similar to that 

in infected animals on d40 and d52; by comparison, levels of secreted IL-10 were 
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much lower by  d96, falling by ~8 ng/ml (Fig. 4.9C1).  In infected animals that 

received DTx treatment from d28 to 39, d42 to 51 and d86 to 95, the production of 

IL-4, IL-5, IL-10, IL-13 and IFN-γ was decreased (Fig. 4.9A1 to E1).  Naive animals 

were similarly  affected, with the exception of IL-4 and IL-5.  There was no 

detectable production of IL-17.

As might be expected, the polyclonally  stimulated levels of cytokine in splenocytes 

from infected animals tended to exceed the levels measured in response to SEA 

(compare Fig. 4.6.1 to Fig. 4.9.1).  The interesting exception to this was IL-10 

(compare Fig. 4.6C1 to Fig. 4.9C1), the levels of which were much higher in 

supernatants from cells stimulated with SEA rather than anti-CD3.  This would 

suggest that the majority of the SEA-specific IL-10 measured in splenocyte cultures 

was produced by a non-T cell, for example a macrophage or NK cell.

4.3.9.2. Variable impact of CD11c depletion on mLN production of 
Th2 cytokines in response to aCD3 stimulation

Mesenteric LN cells were polyclonally stimulated with anti-CD3 for 72 hours and 

cytokine production was measured by ELISA.  In mLN cells from infected animals, 

the trend was for the production of more IL-4, IL-5, IL-10, IL-13 and IFN-γ on d40 

than naive controls (Fig. 4.9A2 to E2). By d96, the response to polyclonal 

stimulation had increased and mLN cells secreted larger amounts of IL-4, IL-5, 

IL-13 and IFN-γ compared to d40 and naive controls (Fig. 4.9A2, B2, D2 and E2).  

In contrast to the other cytokines measured, on d96 the secretion of IL-10 was lower 

than d40 and naive controls (Fig. 4.9C2).  Depletion decreased the section of 

cytokine in response to anti-CD3 stimulation of mLN cells across all time-points, 

with the exception of IFN-γ secreted by mLN cells from infected animals depleted 

from d28 to 39 and naive controls, where DTx treatment had no impact (Fig. 4.9A2 

to E2).  IL-17 production was not detected, and no data have yet been collected for 

the d42 to 51 time-point.

Similar to polyclonal splenocyte stimulation, the levels of cytokine in mLN cultures 

from infected animals tended to exceed the levels measured in response to SEA 

(compare Fig. 4.6.2 to Fig. 4.9.2).  However, in contrast to the spleen, where the 

levels of IL-10 were much higher in supernatants from cells stimulated with SEA 
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rather than anti-CD3, no major difference was noted in the levels of IL-10 detected in 

supernatants from mLN cells stimulated with SEA or anti-CD3.  This might reflect 

the different cellular makeup of the mLN in comparison to the spleen, indicating that 

the SEA responsive IL-10 producing non-T cells evident in the spleen may not be 

present in the mLN.

4.3.9.3. Variable impact of CD11c depletion on liver cell production 
of Th2 cytokines in response to aCD3 stimulation

Liver cells were polyclonally  stimulated with anti-CD3 for 72 hours and cytokine 

production measured by ELISA.  Similar to what was observed with splenocytes and 

mLN cells, polyclonally stimulated liver cells produced more IL-4, IL-5, IL-10, 

IL-13 and IFN-γ on d40 of infection than naive controls (Fig 4.9A3 to E3).  The 

production of IL-4 and IL-5 was higher on d52 than d40 (Fig 4.9A3 and B3), 

however production of IL-10, IL-13 and IFN-γ was decreased from d40 to d52 in 

response to restimulation (Fig 4.9C3 to E3).  The depletion of CD11c+ cells from the 

liver from d28 to 39 caused an impairment in the production of IL-4, IL-5, IL-10, 

IL-13 and IFN-γ in response to infection (Fig 4.9A3 to E3).  However, apart from 

IL-4 and IFN-γ, cytokine production did not follow the same trend when animals 

were depleted from d42 to 51.

As in the spleen and mLN, the polyclonally  stimulated levels of cytokine in liver 

cells from infected animals tended to exceed the levels measured in response to SEA 

(compare Fig. 4.6.3 to Fig. 4.9.3).  In common with the spleen, and in contrast to the 

mLN, the interesting exception to this general pattern was IL-10 (compare Fig. 

4.6C3 to Fig. 4.9C3), the levels of which were much higher in supernatants from 

cells stimulated with SEA rather than anti-CD3.  This would suggest  that, like in the 

spleen, the majority of the SEA-specific IL-10 measured in liver cell cultures was 

produced by a cell type not responsive to anti-CD3.

4.3.10.How does CD11c depletion  impact the production of 
cytokines by CD4 T cells?

Spleen or liver cell CD4+ T cells were intracellularly stained for IL-4 and IFN-γ and 

cytokine production was measured by flow cytometry.  No data of this kind have yet 

been collected for the mLN, or for the spleen and liver d86 to 95 time-points.
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4.3.10.1. The impact of CD11c+ cell depletion on IL-4 production by 
spleen and liver CD4+ T cells

The production of IL-4 by spleen and liver CD4+ T cells in response to stimulation 

with PMA and Ionomycin was increased on d40 of infection compared to naive 

controls and was further increased by  d52 (Fig. 4.10A to C).  The depletion of CD11c
+ cells from the spleen and liver from d28 to 39 caused a significant decrease in the 

production of IL-4 compared to non-depleted animals (Fig. 4.10A to C).  Depletion 

from d42 to 51 caused a marginal decrease in IL-4 production by  spleen and liver 

cells, but this was not significant (Fig. 4.10A to C).  Infection caused an increase in 

the expression of IL-4 by  CD4+ T cells in the spleen and liver, as denoted by  an 

increase in the GMFI of IL-4 for theses cells (Fig. 4.10D and E).  Similar to previous 

GMFI data, the infection data was normalised to the naive controls.  In the spleen 

and liver, the increased level of IL-4 expression by CD4+ T cells did not increase 

further between d40 and d52 of infection (Fig. 4.10D and E).  Depletion of CD11c+ 

cells from the spleen and liver from d28 to 39 or d42 to 51 caused a decrease in the 

expression of IL-4 by CD4+ T cells, except for liver depleted from d42 to 51(Fig. 

4.10D and E).

4.3.10.2. The impact of CD11c+ cell depletion on IFN-γ production by 
spleen and liver CD4+ T cells

The stimulation of spleen and liver cells ex vivo with PMA and ionomycin also 

demonstrated that the production of IFN-γ by  CD4+ T cells was increased on d40 of 

infection compared to naive controls and, like IL-4, production was increased further 

by d52, particularly  in the spleen (Fig. 4.11A to C).  However, depletion of CD11c+ 

cells from d28 to 39 or d42 to 51 did not cause a significant decrease in IFN-γ 

production by CD4+ T cells (Fig. 4.11A to C).  Mirroring the increase in the 

proportions of CD4+IFN-γ+ cells, the per-cell expression of IFN-γ by  CD4+ T cells 

(GMFI) in the spleen and liver was increased by d40 of infection compared to naive 

CD4+ T cells and did not increase further by  d52 (Fig. 4.11D to E).  Depletion did not 

cause a decrease in IFN-γ expression by CD4+ T cells at either of the time-points 

(Fig. 4.11D to E).  
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4.3.11.What effect does CD11c depletion have on B cells?
Due to the notable impact of CD11c depletion on T cell populations, the impact of 

depletion on other cells in the adaptive immune system was assessed.  Infection with 

S. mansoni did not  alter the percentage of B220+ B cells in the spleen on d40 of 

infection compared to naive controls.  However, there was a decrease in the 

percentage of B220+ cells on d52, which appeared to recover by d96 (Fig. 4.12A and 

B).  Depletion between d28 and 39 and d42 and 51 caused a significant decrease in 

the percentage of splenic B220+ cells, whilst there was only a slight decrease in 

animals animals depleted from d86 to 95 (Fig. 4.12B).  To assess the level of 

activation of the B cells, the expression of MHCII by B220+ cells, indicated by the 

GMFI values (normalised to naive controls), was measured by flow cytometry (Fig. 

4.12C).  The expression of MHCII by  B220+ cells was only marginally increased on 

d40, d52 and d96 of infection (Fig. 4.12C).  Depletion from d28 to 39 and d86 to 95 

very slightly  altered MHCII expression. However, depletion from d42 to 51 caused a 

more notable increase in MHCII expression (Fig. 4.12C).

Infection did not affect the proportion of B220+ cells in the mLN on d40 of infection 

compared to naive animals, but the percentage of B cells was significantly increased 

on d52 compared to d40, and by d96 the percentage of B220+ cells in the mLN was 

decreased compared to d52 (Fig. 4.12A and D).  Depletion had no significant impact 

on the proportion of B cells in the mLN (Fig. 4.12D).  Surprisingly, there was no 

significant difference in the expression of MHCII by  B220+ cells in the mLN caused 

by infection or depletion until d96, when MHCII expression was three times greater 

than naive levels, and this was not significantly affected as a result  of depletion from 

d86 to 95 (Fig. 4.12E). GMFI values were normalised to naive controls.

The percentage of B220+ cells in the liver was similar between naive and d40 

infected animals, but was significantly  decreased by  d52 of infection (Fig. 4.12A and 

F).  Depletion had no apparent impact in either naive or infected animals (Fig. 

4.12F).  The expression of MHCII by B220+ cells in the liver (GMFI values 

normalised to naive controls) was not affected by either infection or depletion. No 

liver data was collected for the d86 to 96 depletion time-point.
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4.4. Discussion

4.4.1. Pre-depletion did not alter DC subsets later in 
infection

In naive animals, the percentage of CD11cHiMHCII+ cDCs in the spleen was still 

significantly affected (Fig. 4.1A and B) and the percentage of CD11cintB220int pDCs 

was also affected (Fig. 4.1C and D), even 56 days after depletion had ceased.  This 

indicates that the immune system when it is in a resting state is not able to fully 

reconstitute the DCs in the spleen, perhaps because key precursor populations are 

also depleted. Then again, this may  indicate that  depletion alters the niche size of 

cDCs and pDCs in the spleen.  The mechanisms that control DC niche size are not 

clear (Naik, 2008), however in the spleen differentiation of DCs from precursors may 

be regulated by Flt3L (Hochweller et al., 2009).  The percentage of cDC (Fig. 4.1A 

and B) and, to some extent, pDCs (Fig. 4.1C and D) in the spleen on d56 of infection 

was lower in infected than naive animals, which could have been a direct result of 

the difficulty of extracting DCs from highly fibrotic tissues rather than a real effect.  

Alternatively, the drop in the percentage of DCs in the spleen could be real and an 

effect of infection perhaps linked to the staggering increase in the size of the spleen 

later in infection (Fig. 4.2B).  

During infection, the percentage of cDCs (Fig. 4.1A and B) and pDCs (Fig. 4.1C and 

D) in the spleen was lower than in naive animals.  Animals depleted prior to infection 

did not have a greater reduction in the percentage of cDCs (Fig. 4.1A and B) or pDCs 

(Fig. 4.1C and D) in the spleen. Hence, if the repopulation of the spleen in infected 

animals was similarly impaired, as it appeared to be in naive animals on d56 after 

depletion, any sign of that impairment appears to be masked by either; further 

reductions in the percentage of DCs caused by infection; or there might be a 

divergence in the mechanisms that govern the repopulation of DCs during the 

immunological steady state (Hochweller et al., 2009) and during infection.
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4.4.2. The Th2 response was unimpaired by pre-depletion of 
CD11c cells

Any continuing functional impairment in the DC populations at the start of egg 

production around d28 was expected to be measured as a reduced or altered ability to 

prime the immune response to eggs.  There was no apparent impediment caused by 

pre-depletion to the splenocyte CD4+ T cell Th2 response (Fig. 4.1E and G), which 

suggests that DC populations were sufficiently recovered by the onset of egg 

production to induce a functional Th2 immune response.  Since DCs were depleted 

from the immune system immediately prior to exposure to cercarial antigens, the 

CD4+ T cells in depleted animals were likely to have had greatly reduced priming by 

DCs with cercarial antigens.  This suggests that any  contribution to the Th2 response 

from cross-reactive glycans and peptides released by cercariae during skin 

penetration may not significantly contribute to the Th2 response by d56.  This is not 

to suggest the initial Th2 response is not impaired, but simply  that any deficit in the 

Th2 response appears to have been compensated for by egg secretions and egg death 

in granulomas by d56.  Further work could be carried out to look at the very  early 

initiation phase of the egg response (around d28) to assess whether Th2 responses are 

delayed by  pre-depletion. Additionally, it would be interesting to determine what 

impact pre-depletion of CD11c+ cells has on the early response against the cercariae 

themselves in the skin draining LNs following infection.

4.4.3. Interactions of DCs and T cells are pivotal to 
controlling antigen specific T cell niche size

It is worth noting that the results of this study show that the proportion of CD4+ T 

cells falls during the course of infection, from ~22% in naive animals to ~5% in 

infected animals (Fig. 4.1F).  Taken together with the reduced percentages of DC 

populations in the spleen during infection, this suggests that any increase in the size 

of both the DC and CD4+ T cell populations is slower than the increase in other cell 

populations.  In this setting, it is possible that any  increase in the number of DCs and 

CD4+ T cells may be overtaken by the increase or influx of other cell populations 

disrupting the architecture of the spleen and limiting DC:T cell interactions.  
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Alternatively, the architecture of the T cell zones and B cell follicles may  remain 

intact providing the cells with a focused area to interact, whilst the spleen expands 

around them.  The key  point is neither the number nor the percentage of DCs and 

CD4+ T cells per se; it is whether changes during infection have an effect on the 

ability  of DCs and T cells to interact.  To determine whether splenomegaly  impacts 

the interaction of DCs with CD4+ T cells would require further work and would 

ideally  include an assessment of the co-localisation of DCs and CD4+ T cells by 

immunohistochemistry.  However, it  is interesting to speculate that if the number of 

DC:CD4+ T cell interactions does fall in vivo that this might be one of the 

mechanisms that controls the maximum niche size of the antigen specific CD4+ T 

cell clones, since the limited availability of DCs presenting antigen could reduce the 

number of T cells receiving adequate TCR stimulation, which is one of the signals 

most associated with CD4+ T cell survival during an antigen specific response 

(McKinstry et al., 2010a).

4.4.4. Infection associated pathology is unaltered by pre-
depletion

Pre-depletion of DCs did not impact the development of pathology later in infection, 

as body  weight (Fig. 4.2A), splenomegaly (Fig. 4.2B) and hepatomegaly  (Fig. 4.2C) 

were all unaffected by  any changes in cercarial antigen exposure that might have 

occurred as a consequence of pre-depletion. This might suggest that cross reactive 

antigens from cercariae have little or no impact on the development of egg mediated 

pathology.  Indeed, since Th2 immune responses were intact in pre-depleted animals 

(Fig. 4.1E and G), unaltered hepatosplenomegaly (Fig. 4.2B and C) was expected as 

the processes associated with the build up of fibrosis in the liver and spleen are 

closely associated with the Th2 responses to eggs, in particular the production of 

IL-4 and IL-13 (Wilson et al., 2007b).  

4.4.5. CD11c pre-depletion may have an affect on parasite numbers 
and fecundity

Remarkably, the absence of DCs during cercarial penetration of the skin and transit 

into the dermis caused a slight increase the number of adult worms (Fig. 4.2D), an 

increase that may  have been due to alteration in the composition of cells entering the 
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site of infection.  Although this is a preliminary  study that must be repeated, these 

data are intriguing.  Paveley et al. reported that during infection it is DCs that 

produce inflammatory mediator such a iNOS, IL-6, IL-12p40 and TNF-α at the site 

of infection, whilst in contrast MΦ produce anti-inflammatory mediators such as 

IL-10 and Arg-1 (Paveley et al., 2009).  Others have shown that it is the regulatory 

responses mediated by IL-10 that aid the parasite’s ability to transit  across the 

epidermis into the vasculature and that, in contrast, inflammatory  responses which 

are associated with influx of granulocytes, inhibit  parasite migration and enhance 

immunity  to further infection (Hogg et al., 2003, Ramaswamy et al., 2000).  Placed 

in the context of these studies, the results of this study suggest that DC induced 

inflammatory responses in the skin may contribute significantly  to limiting the 

number of cercariae that successfully leave the skin site.

The slight increase in the number of adult worm pairs in pre-depleted animals (Fig. 

4.2D) did not have any impact on the gross number of eggs per gram of either liver 

(Fig. 4.2E) or gut (Fig. 4.2F), which suggested that individual worm pairs were 

producing less eggs per pair (Fig. 4.2G and H).  This was a surprising result because, 

although greater numbers of parasites appeared to be successful in leaving the skin 

and forming adult worm pairs, they  may have a lower level of fecundity.  Studies of 

the immune system and schistosome development initially indicated that the adaptive 

immune system (specifically  CD4+ T cells) was required for schistosomes to 

successfully  develop in the host (Davies et al., 2001).  However, recent work by 

Lamb et al. has clarified the situation further by demonstrating that, rather than 

parasite development being directed by  CD4+ T cells, it is in fact regulated by APCs 

like DCs and MΦ (Lamb et al., 2010).  Though the precise mechanism is not yet 

known, the results presented here may suggest that part of the requirement for DCs is 

mediated by experiencing cercarial antigen.  Since cercarial antigens are thought to 

induce a regulatory phenotype associated with IL-10 production by MΦ, which also 

produce Arg-1, a possible mechanism mediated by aaΜΦ is attractive (Ramaswamy 

et al., 2000, Paveley et al., 2009, Lamb et al., 2010).  DCs are known to induce a 

CD4+ T cell Th2 response to cercarial antigen (Jenkins and Mountford, 2005) and 
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thus, perhaps the production of Th2 cytokines by CD4+ T cells is key to inducing 

more aaΜΦ, which could have multiple functions in parasite development and host 

pathology (Gordon and Martinez, 2010).  Parasite transit through the body is 

damaging and aaMΦ could mediate rapid wound repair and down-regulate the 

inflammatory response, which if uncontrolled, might be damaging to parasite and 

host.  Coupled with this, aaΜΦ production of mediators of wound repair and 

angiogenesis in response to parasite damage may  also provide the parasite with 

developmental cues (Lamb et al., 2010).  Given the lack of a strong impairment in 

parasite fecundity  in this study, it  is possible that  either a low level Th2 response was 

initiated once DC populations recovered, leading to the induction of aaMΦ later in 

the response, or aaMΦ may also be induced by another less efficient route in this 

system, but that the delay was sufficient to impair parasite development.  Perhaps 

other APC populations are able to provide parasite developmental cues in the 

absence of DC priming of cercarial antigen specific Th2 responses, in what is likely 

to be a system with multiple layers of contingency.  Alternatively, parasite 

development partly  depends on signals from DCs directly during parasite transit 

though the skin (Lamb et al., 2010).  Whatever the mechanism, it appears from this 

preliminary experiment that DCs may have some influence on parasite development 

in the first 48 hours after infection, but it remains to be seen whether this is a direct 

or indirect role.

4.4.6. DC depletion after egg production
The cross reactive antigens in cercarial secretions may not contribute significantly to 

the Th2 response generated by d56, however the glycans and peptides they produce 

are similar to those secreted by the S. mansoni eggs, and both induce Th2 responses 

(Wilson and Coulson, 2009).  The major difference between these life cycle stages is 

persistence; the egg antigens start to be released into the system ~28 days after 

infection and potently induce a Th2 response. As discussed in chapter 3, the 

establishment of this response was found to be largely  dependent on the presentation 

of egg antigens by DCs.  However, the Th2 response is maintained long after this 

initial priming event and is thought to be a major component of the mechanism that 
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allows S. mansoni to down-modulate the host immune system, and so 

immunopatholgy, later in infection (Pearce and MacDonald, 2002, Wilson et al., 

2007b).  To address whether the presentation of parasite antigens by DCs is 

necessary  for the maintenance of this chronic CD4+ mediated Th2 immune response, 

DC depletion was attempted at two stages in the Th2 immune response.  The first 

prior to the putative peak in the Th2 cytokine response (at around d56  post infection) 

and the second after the peak in the Th2 response.  The planning of the depletions 

was based on the time-points for the acute (peak) and chronic (down-modulated) 

phases of the Th2 response reported in the literature (Grzych et al., 1991).

The animals were successfully depleted of their DCs from d28 to 39, d42 to 51 and 

d86 to 95.  However, depletion was not complete at any these time-points and thus, a 

sizable number of DCs may have still been in the system to carry out antigen 

presentation.  Animals were depleted of DC populations in the spleen, mLN and liver 

(Fig 4.3 and 4.4).  The percentage of cDCs in the infected liver and spleen was not 

greatly increased above that found in naive animals, although there was a notable dip 

in the percentage of cDCs on d52 (Fig 4.3C and 4.4D).  In contrast, the percentage of 

cDCs in the mLN was largely unchanged as a result  infection (Fig. 4.4C).  This 

potentially suggests some level of divergence in the maintenance or migration of this 

subset in different tissues, although the confounding factors introduced by 

experiment variation cannot be ruled out and all results in this set of experiments 

need to be rigorously repeated.  There was little notable increase in the expression of 

MHCII by cDCs during infection, and this might well reflect the low activation 

phenotype associated with in vitro and in vivo BMDC and infection studies (Fig 

4.3E, 4.4E and F) (MacDonald et al., 2001, Perona-Wright et al., 2006b, Straw et al., 

2003).  It is also of interest that the percentage of pDCs in the spleen during infection 

was roughly double that in naive mice and this was coupled with an increase in the 

expression of MHCII by  these cells (Fig. 4.3D and F).  This might indicate that pDCs 

and not cDCs play the major role in continuing to present antigen to antigen specific 

T cells after immune responses are initiated at the start of egg production around d28.
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4.4.7. Marked changes in pathology are associated with DC 
depletion after the start of egg production

Perhaps the most  notable result of this set of experiments was the severe weight loss 

and mortality associated with CD11c depletion after the initiation of egg induced Th2 

responses (Fig. 4.5A).  Weight loss did not affect animals depleted from d28 to 39, 

perhaps because large numbers of eggs were yet to be produced by  the parasite, and 

of the few that had been produced, not many  had reached the point of exiting across 

the gut endothelium into the lumen by d39.  Thus the importance of the Th2 response 

in protecting against pathology was yet to make its effect  felt  (Fig. 4.5A).  In stark 

contrast, animals depleted from either d42 to 51 or d86 to 95 gradually lost weight to 

the extent that, after 9 days, some animals had lost  close to 20% of their body weight 

and others had unexpectedly died.  This represents a very clear phenotype associated 

with DC depletion.  A similar phenotype is seen in IL-4 and IL-10 deficient and, 

most severely, in IL-4/IL-10 doubly  deficient animals and is thought to be caused by 

a failure to sufficiently  rapidly repair wounds associated with egg transit  into the gut 

lumen (Hoffmann et al., 2000).  This failure probably leads to the gradual ingress of 

bacteria into the peritoneum from where bacteria and associated toxins ultimately 

enter the blood supply causing sepsis and death by  septic shock (or cytokine shock) 

(Wynn et al., 2004).  The cause of this lack of wound repair is probably the 

generation of a Th1 rather than a Th2 immune response, which leads to the 

production of IFN-γ instead of IL-4 and IL-13, that  induces the generation of cΜΦ 

that mediate inflammation rather than aaΜΦ, which would normally mediate the 

rapid wound repair necessary to avoid death by septic shock.  Associated with this 

phenotype, is liver damage caused by egg toxins leaking from poorly formed 

granulomas that lack CD4+ Th2 cytokine producing cells and aaMΦ. However, this is 

only a contributing factor in the pathology as sepsis causes a much more rapid loss of 

weight and death than has been observed in the CD11c depleted mice (Pearce and 

MacDonald, 2002, Wynn et al., 2004, Herbert  et al., 2004).  It has yet to be directly 

tested whether CD11c depleted mice that suffered from weight loss and mortality 

also exhibited evidence of either hepatotoxic damage or sepsis.
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The paradigm of aaMΦ involvement in wound repair during schistosome infection 

was further elucidated in a study using LysMCreIL-4Rα-/flox mice that lack aaMΦ 

specifically and thus, cannot mediate normal wound healing.  These animals also 

developed a severe pathology  phenotype associated with death after the onset of egg 

production during infection, which is linked to hepatic damage due to egg toxins 

leaking from the granulomas and the entry  of endotoxins into the blood supply 

causing sepsis, weight loss and death.  The phenotype could be partly mitigated by 

treatment with antibiotics, pointing to the bacterial ingress leading to release of large 

quantities of Th1 inflammatory cytokines and septic shock as the main cause of death 

(Herbert et al., 2004).

The decrease in hepatosplenomegaly  in infected DTx treated animals seen in the  

data set presented here may be linked to toxic affects in the spleen and liver caused 

by bacterial and egg toxins released as a result of a breakdown in effective wound 

healing (Fig. 4.5B and C) (Wilson et al., 2007b).  

It is difficult to know why  depletion from d42 to 51 caused an increase in adult worm 

numbers, but this result should not be over-interpreted as the increase was not 

statistically  significant (Fig. 4.5D).  However, assuming that this trend may be real, it 

could have been caused by  experimental error, such as different perfusion techniques 

between operators, or it may indicate that  maturation of adult worms from 

schistosomulae is accelerated in animals experiencing immunological distress (Fig. 

4.5D).  The increase in the number of adult worms between the two time-points is 

unlikely to have been caused by a difference in the infective dose since at least some 

of the data compiled into the plot  for d28 to 39 infection came from animals infected 

at the same time as the d42 to 51 experiment.  A more plausible explanation is that 

schistosomulae were still undergoing maturation into adult worms on d40 of 

infection and that this continued, leading to more worms on d52 (Fig. 4.5D) (Wilson 

et al., 1978).  Liver and gut egg counts were not significantly affected by depletion 

from d28 to 39 and further work needs to be done to determine the impact on 

fecundity at the later time-points.
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4.4.8. CD11c depletion is associated with a striking drop in 
Th2 cytokines across infection time-points

The severe reduction in Th2 cytokines as a result of depletion in the early  priming 

phase of the Th2 response was discussed in chapter three and is thought to be due to 

the absence of DCs leading to a failure to initiate Th2 responses as shown by the d28 

to 39 depletions shown figure 4.6 and throughout this chapter.  However, it  was 

surprising that depletion also reduced antigen specific Th2 cytokine production later 

in infection, as shown by depletion from d42 to 51 and d86 to 95 in the spleen and 

other tissues (Fig. 4.6), when the expectation might be that other APCs such as B 

cells might take on more of a dominant role in maintenance of the CD4+ T cell 

response.  However, on the basis of the study of S. mansoni induced 

hyporesponsiveness by Taylor et al., it seems plausible to suggest that antigen 

specific CD4+ T cells during a S. mansoni infection are regulated in part by a 

homeostatic mechanism driven by the continuous provision of TCR signals by DCs 

after the initial priming event. (Taylor et al., 2009b, Guimond et al., 2009).  Taylor et 

al. demonstrated that the S. mansoni egg specific CD4+ T cells Th2 response has 

certain interesting characteristics; the T cell pool is maintained at a constant size for 

prolonged periods without a large amount of apoptosis occurring, proliferation of 

CD4+ T cells drops off as GRAIL expression increases with repeated APC mediated 

restimulation and the Th2 cytokine response is maintained by hyporesponsive cells 

(Taylor et  al., 2009b).  Taylor et al. did not propose a hypothesis for how such a huge 

CD4+ T cell population is maintained for what are extremely  prolonged periods for 

an antigen specific response, but perhaps a consideration of their data and the data 

collected in this study provides some insight into this.

Although homeostatic mechanisms are usually used to describe the maintenance of 

naive and memory T cell pools (see chapter 1), it  is applicable here due to the long 

lived nature of the response and the associated parallels.  Homeostasis of a T cell 

pool of a consistent size for prolonged periods requires control over a number of 

factors; the generation or entry of new cells into the pool, the maintenance and 

survival of the T cells already in the pool and death of a small number of the cells in 

the pool (McKinstry et al., 2010a).  During S. mansoni infection the maintenance of 
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antigen specific CD4+ T cells in the pool could be mediated by  continued positive 

selection by DCs presenting S. mansoni egg specific MHCII peptide complexes to 

the T cells, similar to how MHCII interactions are required to positively  select naive 

CD4+ T cell in the T cell pool for survival (McKinstry et al., 2010a, Guimond et al., 

2009).  In the same way  that the size of the naive T cell pool is probably controlled 

by the availability  of TCR signals from APCs, during infection the size of the antigen 

specific Th2 CD4+ T cell response appears to be maintained by  signals from DCs, 

since when DCs are depleted either from d42 to 51 or from d86 to 95 (Fig. 4.3 and 

4.4) the Th2 response is abrogated (Fig. 4.6).  The other factors required for the 

survival of the antigen specific Th2 CD4+ T cell pool in this setting are survival 

signals like IL-7, since the pool is known to contain a decreasing number of 

proliferating T cells and to be unresponsive to IL-2, but it is not undergoing large 

scale apoptosis (Taylor et al., 2009b).  This might suggest that a low rate of IL-7 or 

IL-15 mediated homeostatic proliferation maintains the size of the antigen specific 

Th2 CD4+ T cell pool relative to the availability  of positive selection by  DC 

mediated TCR signals (Marrack and Kappler, 2004).  

Is the decrease in the Th2 response due to a drop in the Th2 cytokine response alone 

or a coincident drop in Th2 polarised antigen specific CD4+ T cells?  Further work is 

required to determine the exact effect on antigen specific CD4+ T cells. Use of IL-4 

reporter mice would allow the more accurate identification of the Th2 polarised 

antigen specific CD4+ T cells and help track changes in this population specifically.  

It would also be worth stimulating purified CD4+ T cells from d53 and d96 post 

depletion with irradiated APCs and SEA, to better define the impairment in the 

response to the CD4+ T cell pool.  The idea that Th2 cytokine responses are 

decreased after DC depletion without a decrease in CD4+ T cells is attractive when 

considered in terms of the gradually reduced Th2 response seen during infection over 

the course of many  months (Taylor et al., 2009b).  Perhaps as a result of depletion the 

mechanism driving the gradual reduction in Th2 responses is sped up and CD4 T 

cells become hyporesponsive more rapidly.  However, on further consideration this 

hypothesis is extremely unattractive as, if hyporesponsiveness in S. mansoni 
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infection is mediated via repeated stimulation by APCs and the induction of GRAIL, 

it is difficult to imagine how this mechanism could possibly be sped up in the 

absence of DCs when reduced stimulation of T cells is more likely (Taylor et al., 

2009b).  When DCs are depleted, other homeostatic mechanisms would be required 

to maintain the T cell population, and it is not clear what these mechanisms are or 

how they would be mediated.

Some appreciation of what is going on is available from the data in this chapter.  

There is a persistent drop in the proportions of CD4+ T cells in the spleen during the 

course of infection (Fig. 4.7D and E).  This perhaps indicates a greater break-down in 

the homeostatic mechanisms maintaining non-antigen specific T cell pools in this site 

than in other secondary lymphatic tissues, as a similar effect was not seen in the 

mLN (Fig. 4.7D and E).  It  could also be attributed to the expansion in the size of the 

spleen, as discussed earlier.  The remarkable result was the drop in the percentage of 

splenic CD4+ T cells associated with depletion from d42 to 51, which occurred in 

addition to any infection mediated effects on the spleen (Fig. 4.7B).  There is also a 

drop in the mLN and liver CD4+ T cell population on d52 as a result of depletion 

(Fig. 4.7D and F).  This may indicate that the egg antigen specific CD4+ T cell 

populations undergo a dramatic contraction in size when DCs are depleted, which 

would be consistent with a requirement for egg specific antigen presentation by 

MHCII on DCs, and would be consistent with what is seen in other infections when 

antigen stimulation is removed (McKinstry et al., 2010a).  The concurrent drop in 

CD8+ T cells may indicate that they also generate a significant antigen specific T cell 

response to egg antigen in the spleen, and also require continue TCR stimulation by 

DCs (Fig. 4.7C).  However, it is also worth considering that the drop may  be 

associated with poor cell recovery from highly fibrotic tissues, again emphasising the 

need to study the CD4+ T cell population specifically.

It seems unlikely that any drop in the Th2 response was caused by an increase in 

CD4+Foxp3+ T regs, primarily because they are also likely  to require antigen 

stimulation and survival signals (Grainger et al., 2010), secondarily because there 

was no increase in the percentage of CD4+Foxp3+ T regs in the spleen or liver on 
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d40, d52 or d96 after DC depletion (Fig. 4.8B and D).  There was also no increase in 

the expression of Foxp3 by CD4+Foxp3+ T regs, again suggesting that they  do not 

respond to depletion by suddenly becoming more effective regulators (Fig. 4.8C and 

E).  In addition, in the liver, the percentage of CD4+Foxp3+ T regs actually decreased 

as a result of depletion from d28 to 39 and d42 to 52, suggesting that CD4+Foxp3+ T 

regs are indeed partly  dependent on DCs in that setting for either their survival and/

or maintenance.

The argument that DCs are required for the survival of the antigen specific CD4+ T 

cell pool takes a new turn when polyclonal T cell responses are considered.  Data 

from naive splenocytes and liver cells polyclonally stimulated with anti-CD3 

suggests that T cell responses in general are affected by the depletion of CD11c+ cells 

(Fig. 4.9C1 to E1 and C3 to E3).  Correspondingly, the reduced polyclonal responses 

by cells from the spleen, mLN and liver of infected depleted animals closely 

mirrored the patterns seen during antigen specific restimulation (Fig. 4.9 and 4.6).  

The polyclonal stimulation of T cells via CD3 mediated signalling is thought to 

reveal the overall potential of T cells to produce cytokine in response to stimulation.  

Thus, the reduction in polyclonal responses in infected animals on d40, d52 and d96 

supports the idea that there has been a recent T cell contraction caused by the 

cessation of antigen stimulation by  DCs (Fig. 4.9).  During infection, 25% of spleen 

and 50% of liver CD4+ T cell populations consist of antigen specific Th2 cells 

(Taylor et  al., 2009b).  If the depletion of DCs does cause a rapid contraction in these 

antigen specific T cell populations, then it is perhaps not surprising that  the 

remaining T cells left after the contraction do not respond to polyclonal restimulation 

(Fig. 4.9).  It  is interesting to note that  when splenocytes and liver cells were 

polyclonally stimulated ex vivo from animals that had been depleted between d42 

and 51 of an ongoing Th2 response, there was no significant reduction in the 

percentage of CD4+IL-4+ T cells or their expression of IL-4, unlike when DCs are 

depleted prior to the start  of egg production (Fig. 4.10A to E).  This might suggest 

that the CD4+ T cell compartment is unaltered by the removal of DCs. However, 

based on the discussion above and the severe drop in secreted Th2 cytokines during 
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culture, this does not seem likely.  A more plausible suggestion is that antigen 

specific T cell contraction has occurred within the first five days of DC depletion, 

which is supported by  data from other settings where the removal of antigen lead to 

antigen specific T cell contraction (McKinstry et al., 2010a).  This may suggest that, 

although the percentage of CD4+IL-4+ Th2 polarised T cells did not  drop, there was 

in fact a significant drop in the number of CD4+ T cells producing IL-4, and that 

what was being measured in the ex vivo intracellular staining was the last antigen 

specific CD4+ T cells competing for the remaining antigen being presented by the 

DCs left over from the incomplete depletion of the tissues (Fig. 4.10, 4.3 and 4.4).  

A similar argument can be extended to the lack of a direct switch over to Th1, 

supported by the lack of an increase in the antigen specific (Fig. 4.6E) and polyclonal 

(Fig. 4.9E and 4.11) production of IFN-γ by cells in spleen, mLN and liver in 

response to a decrease in the Th2 response.  An increase in IFN-γ production would 

also probably require antigen presentation since the T cell clones that produce IFN-γ 

would not be being stimulated fresh from the naive T pool when DCs are depleted, 

but would have been primed at the same time as clones producing Th2 cytokines.  

This is supported by the decrease in IFN-γ production in the spleen that is most clear 

in antigen specific stimulations as a result of depletion from d86 to 95, but is also 

apparent as a result of depletion at other points in infection (Fig. 4.6E1).  The 

decrease in IFN-γ production after polyclonal stimulation in all tissues (Fig. 4.9E) 

also supports the idea that  all T cell responses triggered by infection with S. mansoni 

decrease in response to depletion of DCs, because depletion causes a reduction in the 

availability of antigen specific TCR stimulation and leading to a contraction in the 

size of the T cell pool responding to S. mansoni.  The lack of any apparent defect  in 

IFN-γ production by CD4+ T cell from the spleens or livers of infected depleted 

animals after ex vivo intracellular staining does not seem to tally  with this idea (Fig. 

4.11).  However, if the idea of T cell contraction as a result of a lack of TCR 

stimulation caused by  DC depletion is considered, T cell contraction would cause a 

decrease in the size of the antigen specific T cell pool and this would be reflected by 

a decrease in the overall production of cytokine (Fig. 4.6E and 4.9E), whilst 
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contraction of the T cell pool might at least initially lead to the same percentage of T 

cells producing IFN-γ (Fig. 4.11) (McKinstry et al., 2010a).

It is interesting that the decrease in the proportion of B cells in the spleen (Fig. 

4.12B) and, to some extent in the liver (Fig. 4.12F), appeared to mirror similar 

decreases in the T cell populations (Fig. 4.7), at least in response to infection at d52 

and in the spleen as a result of DC depletion from d42 to 51.  This may suggest that 

the cause of the decrease in both populations is linked in some way at that time point.  

The most plausible explanation, if the former is discounted, is that pathology 

associated with the stark weight loss may be the cause.  If B cells are a key source of 

TCR mediate survival signals it may suggest that the significant reduction in the 

splenic B220+ B cell in depleted animals on d52 (Fig. 4.12B) may be linked to the 

reduction in the Th2 responses (Fig. 4.6) measured in the spleen at that time point.  

Overall it  is surprising antigen specific B cells do not appear to play  a greater role in 

maintenance the T cell response in the absence of DCs.  Particularly  as in response to 

infection antigen specific B cells undergo clonal expansion (Hernandez et al., 1997) 

and should be available to restimulate T cells during the chronic phase of infection.

If T cell contraction does take place in the manner suggested previously as a result of 

DC depletion, this would lead to a rapid decrease in the Th2 response.  Based on the 

weight loss observed, perhaps the T cell contraction is complete within 48 hours, but 

the effects of decreased Th2 cytokine might start  to have an impact sooner.  

Alternative activation of MΦ and other cells is thought to rely  on the continuous 

presence of Th2 cytokines, specifically  IL-4 and IL-13 (Gordon and Martinez, 2010).  

Thus, the rapidly decreasing quantity  of Th2 cytokine present in CD11c depleted 

animals would probably  lead to a breakdown in this response.  Loss of alternative 

activation may lead to a reduction in the fibrosis and wound healing pathways, which 

could lead to a progressive increase in egg toxins leaking from the granulomas, 

causing hepatotoxic damage and, more importantly, increasing entry of bacteria and 

bacterial toxins across the gut wall and into the blood supply (Herbert et al., 2004).  
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The toxic shock associated with this would be expected to kill the mice rapidly and, 

in our experiments, perhaps some animals experience a faster breakdown of 

alternative activation and therefore, more rapid sepsis and death with the result that 

they  unexpectedly die early (Fig. 4.5A).  The increase in the percentage of B cells in 

the mLN may  reflect the increasing level of the immune response in this area as 

more eggs transit  through the mesentery, although it is not clear why they are 

increased on d52 or why mLN B cells are considerably more activated on d96.

To be able to draw more definite conclusions further experiments are needed to 

measure the antigen specific T cell response more specifically, to assess the rate of 

turnover within the antigen specific T cell pool and test whether they respond to 

homeostatic proliferation cues like IL-7.  On DC depletion, measurement of the size 

of the antigen specific T cell pool is required and it would be useful to assess this 

over several time-points immediately after depletion, for example 24, 48 and 72 

hours later.  For animals depleted over a period of 9 days, either from d42 to 51 or 

d86 to 95, it is important now to determine the cause of death.  The factors to 

measure include; assessment of liver enzyme and endotoxin concentration in the 

blood sera of the mice and; faecal egg counts to determine if egg transit  to the lumen 

is interrupted; alternative activation, in particular of MΦ populations, via 

intracellular staining for YM-1 and Relm-α, and the assessment of alternative 

activation of sorted cells by qPCR for Arg-1, Relm-α and YM-1.  It  would also be of 

interest to test  if the inhibition of IL-7 signalling during similar stages of infection 

leads to a similar phenotype as this would support the idea that homeostasis of the 

antigen specific T cell pool is mediated by DCs and IL-7 signals and if this is key to 

surviving infection.
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4.5. Conclusions
The data presented at the start of this chapter suggests that when DCs are depleted 

prior to infection they are sufficiently reconstituted by the start of egg production to 

induce a Th2 response and thereby prevent the development of pathology associated 

with the lack of a Th2 response.  In addition, the data suggest that DCs are partially 

required for the development of S. mansoni in the murine model used here, although 

it is yet to be resolved whether this is an effect directly mediated by DCs or via 

indirect pathways mediated by other cells.

The depletion experiments conducted after egg production commenced have 

revealed that  animals infected with S. mansoni continue to rely on DC mediated 

responses to survive.  In the context of developing data in the field studying chronic 

infection, antigen specific T cell contraction and hyporesponsiveness in response to 

S. mansoni infection, it is tempting to suggest that DCs are indirectly responsible for 

the maintenance of internal homeostasis during infection through the perpetuation of 

the Th2 response.  It is possible that the severe weight loss and death associated with 

DC depletion later in infection may  be caused by the contraction of the antigen 

specific CD4+ T cells in the absence of TCR stimulation, leading to a failure to 

maintain alternative activation and wound healing and ultimately  leading to death by 

sepsis. 
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4.5.1.Figures
Diagram 4.1:
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Digram 4.1: Development of the immune response to infection

The immune response to S. mansoni infection has been described to proceed through 

three phases.  After initial infection with cercariae the parasite migrates through 

various tissue sites for the first 21 to 35 weeks during which time the immune 

response is dominant by  a Th1 response.  At around 21 days after infection the adult 

worms pair with the male worm inducing the maturation of the female.  From ~28 

days after infection eggs start to be produced.  This marks the switch from a mixed 

Th1/Th2 response to one dominated by Th2 this stage is called the ‘acute’ phase of 

infection.  After the Th2 response peaks at around 56 days, despited the continued 

production of ~300 eggs per worm per day, the response is described as ‘chronic’. In 

this phase the Th2 response is gradually  down-modulated despite the persistence of 

antigen.  This figure is adaptive from Pearce and MacDonald (Pearce and 

MacDonald, 2002).
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Figure 4.1:

Figure 4.1: CD11c depletion before schistosome infection does not alter 
the Th2 immune response generated in response to egg antigens

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) on d-2 

and d-1 prior to infection on day  0. Naive (white and light gray) and infected (black 

and dark gray) mice were assessed for depletion of splenic DCs subsets on d56. 

CD11cHiMHCII+ cDCs (A and B) were still significantly depleted in naive, but not 

infected animals.  After gating out MHCII+CD11c-CD11b+ cells we measured 

CD11cIntB220Int pDCs (C and D) there were no significant difference between 

different groups.  Splenocytes (E) or purified CD4+ T cells (G) from naive PBS 

(white), naive DTx (light gray), infected PBS (black) or infected DTx (dark gray) 

mice were cultured for 72h with SEA or medium alone, supernatants collected, and 
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cytokine production assessed by  ELISA.  The percentage of CD4+CD8- T cells in the 

spleen (F) or preparation of purified CD4+ T cells (H) were assessed by flow 

cytometry. 1 of 1 (A to H) experiments. Bars are mean +/- SEM of 4 to 7 mice/group 

(B, D, F) or SEA-specific cytokine production (medium alone values subtracted) by 

4 to 7 naive or infected mice (E) or 3 technical replicates for each group of pooled 

purified CD4+ T cells from naive or infected mice.
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Figure 4.2:

Figure 4.2: The impact of CD11c depletion prior to schistosome 
infection on the development of pathology and parasitology

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) on d-2 

and d-1 prior to infection on day 0.  Naive (white and light gray) and infected (black 

and dark gray) mice were assessed for body  (A), spleen and liver weight on d56 from 

which splenomegaly (B) and hepatomegaly  (C) were determined (tissue weight/body 

weight x 100). Animals were perfused via the left ventricle and exiting the hepatic 

portal vein to collect adult worms prior to dissection.  The adult worm pairs (D) 

counted.  Liver and gut tissue was dissolved with 4% KOH and schistosome eggs 

counted.  The number of eggs per gram of liver (E) or gut (F), or per worm pair liver 

(G) or gut (H) was determined.  1 of 1 (A to H) experiments. Bars are mean +/- SEM 

of 4 to 7 mice/group (A to H).
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Figure 4.3:

Figure 4.3: Splenic CD11c depletion during schistosome infection
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Naive (white or light gray) or infected (black or dark gray) CD11c.DOG mice were 

treated daily with PBS (squares) or DTx (triangles) from d28 to 39, d42 to 51 or d86 

to 95 after infection.  Naive and infected animals were assessed for depletion of 

splenic DCs. CD11cHiMHCII+ cDCs (A and C) were significantly depleted in naive 

and infected animals at d40, d52 and d96.  After gating out MHCII+CD11c-CD11b+ 

cells we measured CD11cIntB220Int pDCs (B and D), which were significantly 

depleted at d40, d52 and d96.  The geometric mean fluorescence intensity (GMFI) of 

MHCII on cDC (E) and pDC (F) was assessed. The percentages of DC subsets and 

the GMFI of MHCII values for both subsets were normalised to the naive PBS 

controls to reduce the impact of variability  in flow staining between experiments (C-

F).  1 of 6 (d28 to 39), 1 (d42 to 51) or 1 (d86 to 95) experiments.  Results for naive 

animals were compiled from all time-points to form a representative control.  Bars 

are mean +/- SEM of 3 to 7 naive or infected mice/group (C to F).
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Figure 4.4:

Figure 4.4: Mesenteric lymph node (mLN) and liver CD11c depletion 
during schistosome infection
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Naive (white or light gray) or infected (black or dark gray) CD11c.DOG mice were 

treated daily with PBS (squares) or DTx (triangles) from d28 to 39, d42 to 51 or d86 

to 95 after infection.  Naive and infected animals were assessed for depletion of 

mLN (A, C, E) and liver (B, D, F) DCs. CD11cHiMHCII+ cDCs (A and C) were 

significantly depleted in naive and infected animals, in the mLN at d40, d52 and d96 

and in the liver at d40 and d52.   Depletion impaired the GMFI of MHCII on surface 

of cDCs in mLN in naive animals and infected animals on d40 and d96.  Depletion 

impacted the GMFI of MHCII on the surface of cDC in the liver in naive animals 

and in infected animals on 42.  The percentages of cDCs and the GMFI of MHCII 

values for both subsets were normalised to the naive PBS controls to reduce the 

impact of variability in flow staining between experiments (C to F). 1 of 6 (d28 to 

39), 1 (d42 to 51) or 1 (d86 to 95) experiments.  Results for naive animals were 

compiled from all time-points to form a representative control.  Bars are mean +/- 

SEM of 3 to 7 naive or infected mice/group (C to F).
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Figure 4.5:

Figure 4.5: The impact of CD11c depletion during schistosome infection 
on the development of pathology and parasitology

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39, d42 to 51 or d86 to 95 after infection.  Infected mice were weighed prior 

to the start of treatment with PBS or DTx, animals weighed again prior to each 

subsequent treatment and % weight change (A) determined.  Naive (white or light 

gray) or infected (black or dark gray) mice were assessed for body, spleen and liver 

weight on d40, d52 and d96 from which splenomegaly  (B) and hepatomegaly (C) 

were determined (tissue weight/body weight  x 100).  Animals were perfused prior to 

dissection and adult worms (D) counted.  Liver and gut tissue was dissolved with 4% 

KOH and schistosome eggs counted.  The number of eggs per gram of liver (E) or 
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gut (F) was determined.  1 of 3 (d28 to 39), 1 (d42 to 51) or 1 (d86 to 95) 

experiments.  Results for naive animals were compiled from all time-points to form a 

representative control.  Bars are mean +/- SEM  of 3 to 7 naive or infected mice/

group (C to F).  For (D) d28 to 39 data are collated from 3 experiments, each with 5 

to 7 mice/group. Groups were compared by 1-way ANOVA for the absence of 

significant variance prior to collation.
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Figure 4.6:

Figure 4.6: CD11c depletion during schistosome infection reduces 
production of antigen specific Th2 cytokines.

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39, d42 to 51 or d86 to 95 after infection.  Splenocytes (1), mLN cells (2) or 

liver cells (3) from naive (white or light gray) or infected (black or dark gray), were 

cultured for 72h with SEA or medium alone, supernatants collected, and cytokine 

production assessed by ELISA.  1 of 6 (d28 to 39), 1 (d42 to 51) or 1 (d86 to 95) 
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experiments.  Results for naive animals were compiled from all time-points to form a 

representative control.  Bars are mean +/- SEM of 3 to 7 mice/group (A-E).
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Figure 4.7:
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Figure 4.7: The impact of CD11c depletion on CD4+ and CD8+ T cells in 
spleen, mLN and liver during schistosome infection.

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39, d42 to 51 or d86 to 95 after infection.  The percentage of CD4+CD8- (A, 

B, D and F) and CD4-CD8+ (A, C, E and F) T cells from naive (white or light gray) 

or infected (black or dark gray) mice was assessed on d40, 52 or 96.  The percentage 

of splenic CD4+ (B) and CD8+ (C) T cells was significantly  reduced by depletion at 

all time-points.  The percentage CD4+ T cells (D) in the mLN was reduce in animals 

depleted from d42 to 51 of infection, but  unaltered at other time-points and in control 

animals. CD8+ T cells (E) from the mLN were unaffected by depletion.  The 

percentage of CD4+ (F) and CD8+ (G) T cells in the liver was reduced in naive 

animals and infected animals depleted from d42 to 51. 1 of 6 (d28 to 39), 1 (d42 to 

51) or 1 (d86 to 95) experiments.  Results for naive animals were compiled from all 

time-points to form a representative control.  Bars are mean +/- SEM of 3 to 7 mice/

group (B to G).
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Figure 4.8:

Figure 4.8: The impact of CD11c depletion on CD4+Foxp3+ T regulatory 
cells in spleen and liver during schistosome infection. 

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39, d42 to 51 or d86 to 95 after infection.  CD4+Foxp3+ T regulatory cells (T 

regs) from naive (white or light gray) or infected (black or dark gray) mice were 

assessed on d40, 52 or 96.  The percentage of splenic CD4+Foxp3+ T regs was 

unaltered by depletion at all time-points (A and B). The GMFI of intracellular Foxp3 

in splenic T regs was slightly  reduced as a result  of depletion in animals depleted 

from d28 to 39 (C). The percentage of CD4+Foxp3+ liver cells, increased as a result 
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of infection, was significantly  reduced in animals depleted from d28 to 39 and d42 to 

51 (D). 1 of 6 (d28 to 39), 1 (d42 to 51) or 1 (d86 to 95) experiments.  Results for 

naive animals were compiled from all time-points to form a representative control.  

Bars are mean +/- SEM of 3 to 7 mice/group (B to E).
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Figure 4.9:

Figure 4.9: CD11c depletion during schistosome infection reduces 
production of Th2 cytokines in response to polyclonal restimulation.

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39, d42 to 51 or d86 to 95 after infection.  Splenocytes (1), mLN cells (2) or 

liver cells (3) from naive (white or light gray) or infected (black or dark gray), were 

cultured for 72h with anti-CD3 or medium alone, supernatants collected, and 

cytokine production assessed by ELISA on d40, 52 or 96.  1 of 6 (d28 to 39), 1 (d42 

to 51) or 1 (d86 to 95) experiments.  Results for naive animals were compiled from 
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all time-points to form a representative control.  Bars are mean +/- SEM  of 3 to 7 

mice/group (A to E).
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Figure 4.10:

Figure 4.10: CD11c depletion after initiation of egg response did not 
impair Th2 cytokine production by individual CD4+ T cells.

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39 or d42 to 51 after infection.  CD4+ effector T cell production of IL-4 in the 

spleen (A, B and D) and liver (A, C and E) from naive (white or light gray) or 

infected (black or dark gray) mice were assessed on d40 or 52 by intracellular 
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staining.  Splenic (B) and hepatic (C) CD4 T cell IL-4 production was significantly 

reduced in animals depleted from d28 to 39, but not in animals depleted from d42 to 

51.  The GMFI of intracellular IL-4 in CD4+IL-4+ splenocytes (D) was slightly 

reduced as a result of depletion at both time-points, the GMFI of IL-4 in CD4+IL-4+ 

liver cells (E) was unaffected by depletion.  The GMFI values for IL-4 were 

normalised to the naive PBS controls to reduce the impact of variability  between 

experiments.  1 of 3 (d28 to 39) or 1 (d42 to 51) experiments.  Results for naive 

animals were compiled from all time-points to form a representative control.  Bars 

are mean +/- SEM of 3 to 7 mice/group (B to E), with liver cells combined in groups 

where cell numbers were restrictive.

177



Figure 4.11:

Figure 4.11: CD11c depletion after initiation of egg response did not 
impair Th1 cytokine production by individual CD4+ T cells.

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39 or d42 to 51 after infection.  CD4+ effector T cell production of IFN-γ in 

the spleen (A, B and D) and liver (A, C and E) from naive (white or light gray) or 

infected (black or dark gray) mice were assessed on d40 or 52 by intracellular 
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staining.  Splenic (B) and hepatic (C) CD4 T cell IFN-γ production was unaltered in 

animals depleted from d28 to 39 and d42 to 51.  The GMFI of intracellular IFN-γ in 

CD4+IFN-γ+ splenocytes (D) or liver cells (E) was not impacted by depletion at 

either time-points.  The GMFI values for IFN-γ were normalised to the naive PBS 

controls to reduce the impact of variability  between experiments.  1 of 3 (d28 to 39) 

or 1 (d42 to 51) experiments.  Results for naive animals were compiled from all 

time-points to form a representative control.  Bars are mean +/- SEM of 3 to 7 mice/

group (B to E), with liver cells combined in groups where cell numbers were 

restrictive.
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Figure 4.12:
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Figure 4.12: CD11c depletion reduced the number of B cells in the 
spleen, but not the MLN or liver.

CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

d28 to 39, d42 to 51 or d86 to 95 after infection.  The percentage of B220+ (A, B, D 

and F) from naive (white or light gray) or infected (black or dark gray) mice was 

assessed on d40, 52 or 96.  The percentage of splenic B220+ B cells (B) was 

significantly reduced by  depletion from d28 to 39 and d42 to 51, but  not d86 to 91.  

The percentage B220+ B cells in the mLN (D) and liver (F) was not affected by 

CD11c depletion at any of the time-points.  The GMFI of B220 on the surface of B 

cells in the spleen (C), mLN (E) and liver (G) was unaltered as a result of depletion. 

The GMFI values for B220 were normalised to the naive PBS controls to reduce the 

impact of variability  between experiments.  1 of 6 (d28 to 39), 1 (d42 to 51) or 1 

(d86 to 95) experiments.  Results for naive animals were compiled from all time-

points to form a representative control.  Bars are mean +/- SEM of 3 to 7 mice/group 

(B to G).
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5. Thymic stromal lymphopoietin 
alters T helper cell response 
primed by murine DCs in vivo

5.1. Abstract
It has been suggested that thymic stromal lymphopoietin (TSLP) can condition 

human DCs to generate inflammatory  Th2 responses in vitro via up-regulation of the 

costimulatory molecule OX40L.  Whether this is also the case in the murine setting 

has been studied here by assessing the impact of TSLP treatment on the activation 

and function of bone marrow derived DCs. In contrast to what has been reported in 

other settings, the phenotypic response of murine GM-CSF derived DCs to TSLP in 

vitro was unaltered, either alone, over a range of different concentrations and time-

points, or in combination with a panel of toll-like receptor ligands and other antigens.  

In particular, TSLP did not affect DC expression of OX40L or other conventional 

activation markers as measured by flow cytometry.  Further, exposure to TSLP had 

no impact on DC cytokine production or survival.  Irrespective of this unaltered 

profile in vitro, TSLP exposed DCs transferred in vivo induced the production of 

significantly more T cell cytokines from polyclonally  restimulated splenocytes than 

DCs exposed to medium alone.  In addition to this, TSLP altered the kinetic of the 

immune response induced by  DCs stimulated with Schistosoma mansoni soluble egg 

antigen (SEA).  This was characterised by antigen specific production of T cell 

cytokines starting earlier in the response than with non-TSLP treated control DCs.  

The alteration in the kinetics of the immune response was not restricted to Th2 

antigens and was also seen to some extent in or Propionibacterium acnes (Pa) 

stimulated DCs.  This suggests a possible role for TSLP in either inducing faster DC 

migration or greater production of T cell chemoattractants, and thus, enhancing the 

rate of DC interaction with T cells.
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5.2. Introduction
During an infection, pathogens interact with many  different types of cell in multiple 

tissue sites.  These interactions trigger innate responses, including the release of 

cytokines known as tissue factors, from the tissues themselves (Paul and Zhu, 2010).  

Tissue factors are thought to be involved in mediating the recruitment of innate 

immune cells like granulocytes, monocytes, DCs and ΜΦ and modulating their 

response to stimulation (Paul and Zhu, 2010).  DCs that are either resident in the 

infected tissues or recruited to them during infection are essential to the generation of 

an appropriate adaptive immune response (Kapsenberg, 2003).  Several tissue factors 

are thought to play a role in modulating the response that DCs generate including 

IL-25, IL-33 and TSLP, which are discussed in (chapter 1, section 1.6 ).  

During infection with intra-vascular parasites like S. mansoni, the endothelium of the 

blood vessels is particularly  exposed to helminth antigens and the damage associated 

with the passage of cercariae, schistosomulae, adult worms and eggs (Pearce and 

MacDonald, 2002).  These interactions are likely to cause the release of multiple 

tissue factors including TSLP.  S. mansoni parasitic products such as SEA are 

correlated with an immunomodulatory capacity  and are known to influence many 

aspects of the innate and adaptive immune systems during infection (Wilson et al., 

2007b).  The parasites’ eggs are credited with the switch from a mixed Th1/Th2 

response during the first  four weeks of infection to a highly polarised Th2 response 

starting shortly after the start of egg production (Pearce and MacDonald, 2002, Wynn 

et al., 2004).  Parasites like S. mansoni have evolved with their hosts for millions of 

years, it is therefore, not implausible that parasite products act in a synergistic 

manner with tissues factors to modulate the immune response (Massacand et al., 

2009).

Soumelis et al. first linked the production of TSLP by  human epithelial cells with the 

initiation of a DC induced Th2 response (Soumelis et al., 2002).  They showed that 

human TSLP can activate DCs, which can then be used to stimulate naive allogeneic 

CD4+ T cells to produce Th2 cytokines (Soumelis et al., 2002).  TSLP has been 
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shown to be important for the induction of human allergy and Th2 inflammation in 

murine allergy models (Comeau and Ziegler, 2010). 

This chapter concentrates on the ability  of TSLP stimulated BMDCs to initiate Th2 

responses in vivo and considers whether TSLP enhances Th2 responses initiated by 

SEA, which stimulates DCs to initiate a robust Th2 responses (MacDonald et al., 

2001). 

5.2.1. Sources of TSLP
TSLP is mainly produced by  epithelial cells, although it  also produced by other cell 

types including mast cells and basophils (Table 5.1) (Paul and Zhu, 2010).  Murine 

TSLP is a 140 amino acid protein, the sequence for which is found on chromosome 

18 shares, 43% amino acid identity  with human TSLP (Sims et al., 2000, Reche et 

al., 2001).  Several different cell types produce TSLP constitutively and further up-

regulate their expression in response to allergic inflammation, TLR ligands, bacteria 

and helminths (Table 1) (Soumelis et al., 2002).  Basophils are only known to 

produce TSLP in response to activation (Sokol et al., 2008)(table 1).

5.2.2. TSLP and TSLP signalling
TSLP was first identified as a tissue factor produced by thymic stromal cells, which 

could support the growth of murine B cells and differentiation of IgM+ B cells 

(Friend et al., 1994).  Use of blocking antibodies showed that TSLP could replace 

IL-7 in the support of B cell development.  In addition, a deficiency  in IL-7 receptor 

α (IL-7Rα) could inhibit the ability  of TSLP to promote B cell development.  

However, the common gamma chain (γc) was not required for the action of TSLP, 

suggesting a role for an unknown receptor (Ray et al., 1996, Levin et al., 1999).  The 

γc-like TSLP-R was identified and cloned, and human TSLP-R was shown to share 

24% homology with the γc, with TSLP-R being the driver and IL-7Rα the trigger for 

the high affinity heterodimeric TSLP receptor (Pandey et al., 2000, Park et al., 2000, 

Fujio et  al., 2000, Hiroyama et  al., 2000).  Murine TSLP-R shares 39% amino acid 

identity with human TSLP-R (Reche et al., 2001).  

The divergent evolution of a receptor from the γc is not unprecedented.  IL-13Rα also 

shares homology with the γc, which has led to pleiotropic interactions between IL-4 
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and IL-13 (LaPorte et al., 2008).  The γc, IL-4Rα and IL-13Rα all interact on the  

same cell, resulting a complex pattern of cellular responses in the presence of both 

cytokines (LaPorte et al., 2008).  Adding to this complex array of different receptor 

combinations, and similar to IL-13, a soluble form of the IL-7Rα was also shown to 

exist (Goodwin et al., 1990).  The pleiotropic interactions of IL-7 and TSLP follow a 

similar pattern to those of IL-4 and IL-13.  Although IL-7 only appears to activate 

Stat5 signalling through its own heterodimeric high affinity receptor (Isaksen et al., 

1999), TSLP can activate Stat5 through its heterodimeric receptor (TSLP-R and 

IL-7Rα) as well as the heterodimeric receptor for IL-7 (IL-7Rα and γc) (Isaksen et 

al., 1999).  There is, for example, some overlap between IL-7 and TSLP in the 

maintenance of T cell homeostasis. Whilst IL-7 mediates strong proliferation via 

STAT1, 3 and 5, TSLP is able to mediate a marginal improvement in survival and 

proliferation of naive T cells via STAT5 (Lu et al., 2009).

The binding affinity of TSLP for its receptor has proved difficult to ascertain with a 

variety of figures suggested (Ozaki and Leonard, 2002).  It is therefore, difficult to 

predict how TSLP and IL-7 might interact in different situations (Ozaki and Leonard, 

2002).  Further adding to this complexity are the four different isoforms of the IL-7R 

in human populations, with different haplotypes producing different ratios of soluble 

and membrane bound IL-7Rα (Hoe et al., 2010).  Given the link between IL-7Rα and 

diseases like multiple sclerosis, the ability  to predict disease susceptibility in some 

settings may depend on our understanding of the interaction between TSLP and IL-7 

(Hoe et al., 2010).  

The main targets of TSLP in the initiation of Th2 responses are DCs (Soumelis et  al., 

2002, Ito et al., 2005, Lu et al., 2009), T cells (Al-Shami et al., 2004, Lu et al., 2009), 

basophils (Perrigoue et al., 2009) and mast cells (Allakhverdi et al., 2007).  DCs 

derived from human peripheral blood mononucleocytes (PBMCs) constitutively 

express TSLP-R and IL-7Rα at  low levels (Reche et al., 2001).  Expression of TSLP-

R and IL-7Rα by human DCs is up-regulated by treatment with TSLP (Reche et al., 

2001), anti-CD40 (Lu et al., 2009) and TLR ligands (Tanaka et al., 2009).  Bone 

marrow (BM) derived murine BMDCs also constitutively express TSLP-R and 
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IL-7Rα (Kamekura et  al., 2010), and they  are up-regulated by TSLP treatment (Zhou 

et al., 2005).  Both human (Table 5.2) and murine (Table 5.3) DCs express TSLP-R 

and IL-7Rα and thus, are able to respond to TSLP treatment (Reche et al., 2001, 

Zhou et al., 2005).

5.2.3. The functional affect of TSLP on TSLP-R+ cells
Many of the tissue sites that have high constitutive expression of TSLP are also sites 

closely linked with allergic disease, helminth or bacterial infection (Blázquez and 

Berin, 2008, Zhou et al., 2005, Soumelis et al., 2002, Zaph et  al., 2007, Taylor et al., 

2009a, Rimoldi et al., 2005).  Increased expression and production of TSLP is 

particularly associated with Th2 immune responses, notably  during the induction of 

atopic dermatitis and asthma (Soumelis et al., 2002, Jessup et al., 2008, Zhou et al., 

2005, Kato et al., 2007).  In fact, TSLP is also induced during responses to other non-

Th2 dominated settings such as infection with HIV or Salmonella typhimurium, 

where the manipulation of CD4+ T cells or intestinal homeostasis may  be useful 

either to the invading organism or to host survival (Fontenot et al., 2009, Rimoldi et 

al., 2005).  

CD4 T cell homeostasis is mainly  driven by IL-7 (Chapter 1 section 1.2.5)(Marrack 

and Kappler, 2004).  However, TSLP stimulated DCs can drive the homeostatic 

expansion of naive autologous CD4+ T cells (Watanabe et  al., 2004).  In addition, 

TSLP can directly  drive the proliferation and survival of murine CD4+ thymocytes 

(Al-Shami et al., 2004) and improve the survival and proliferation of human CD4+ T 

cells (Lu et al., 2009), in both cases, via the activation of STAT5.  The survival of 

murine CD8+ T cells within the naive and memory T cells pool is thought to be 

mediated by TSLP induction of STAT5 and Akt, which induce the expression of the 

survival factor Bcl-2 (Rochman and Leonard, 2008).  The same group have also 

shown that TSLP induces the expression of STAT5 by activated murine CD4+ T cells.  

Thus, TSLP plays an important role in addition to IL-7 in the mediation of T cells 

survival and homeostasis (Lu et al., 2009).

In humans, TSLP has also been found to induce the production of Th2 cytokines by 

mast cells (Allakhverdi et al., 2007), eosinophil survival and chemoattraction (Wong 
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et al., 2010) and bronchial epithelial cell proliferation and production of IL-13 

(Semlali et al., 2010).  In mice, TSLP has been shown to induce the proliferation of 

basophils (Perrigoue et al., 2009), induce B cell development and differentiation 

(Friend et al., 1994), cause eosinophilia, mast cell migration and goblet cell 

hyperplasia (Yoo et al., 2005, Miyata et al., 2009).  Apart from minor differences, 

and despite the lack of a high level of homology  between human and murine TSLP 

and TSLP-R, there appears to be a high degree of overlap in function in both species.

5.2.4. A role for TSLP in the differentiation of T regs
Watanabe et al. reported that Hassall’s corpuscles (thymic epithelial cells) produce 

TSLP and that DCs conditioned with TSLP can induce the differentiation of 

CD4+CD25-Foxp3- thymocytes to CD4+CD25+Foxp3+ T regs (Watanabe et  al., 

2005).  However, this study focussed on the ability  of DCs to drive T reg 

differentiation in the thymus, which is not relevant to the periphery.  The production 

of TSLP by epithelial cells in the gut may condition mesenteric LN CD103+ DCs to 

induce CD4+ T cells to express Foxp3 (Coombes and Powrie, 2008).  However, 

TSLP treatment of human DCs cannot induce the expression of Foxp3 by  peripheral 

CD4+ T cells in vitro and TSLP-R deficient lamina propria DC are still able to induce 

CD4+Foxp3+ T regs (Coombes and Powrie, 2008).  Therefore, TSLP mediated DC 

induction of peripheral CD4+CD25+Foxp3+ T regs may be restricted to the mLN and 

TSLP is unlikely to be an absolute requirement for the induction of peripheral 

CD4+CD25+Foxp3+ T regs by DCs (Coombes and Powrie, 2008).

5.2.5. Role of TSLP in the initiation of Th2 immune responses
5.2.5.1. The initiation of Th2 mediated allergic inflammation by 

human DCs

When human DCs are exposed to TSLP, they  have been shown to be able to drive 

allogeneic CD4 T cells to proliferate and initiate a characteristic Th2 immune 

response (Soumelis et al., 2002).  Similar to the Th2 response initiated by helminths, 

the allogeneic T cells in these co-cultures produce IL-4, IL-5, IL-13 and no IFN-γ, 

but in stark contrast, they  produce TNF-α instead of IL-10 (Soumelis et al., 2002).  

The production of TNF-α with Th2 cytokines, but no IL-10 or IFN-γ has been termed 
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‘inflammatory Th2’ (Ito et al., 2005, Liu, 2006).  Human PBMC derived DCs 

responding to TSLP have been shown to up-regulate MHCII, CD80, CD86, CD40 

and OX40L and produce CCL17 (TARC) and CCL22 (MDC), but not IL-12p70 

(Reche et al., 2001, Soumelis et al., 2002, Rimoldi et al., 2005, Ito et al., 2005).  

The polarisation of allogeneic CD4+ T cells toward inflammatory Th2 by DCs is 

thought to be dependent on OX40L expression by DCs and has been shown to be 

inhibited by IL-12 (Ito et al., 2005).  Inflammatory Th2 responses cannot be initiated 

by TSLP treated DCs co-cultured with naive autologous CD4+ T cells.  In this setting 

DCs only  initiate homeostatic expansion and not Th2 differentiation (Watanabe et al., 

2004).  Thus, DC polarisation of allogeneic CD4+ T cells towards Th2 phenotype in 

mixed leucocyte reactions appears to be dependent on the presentation of non-self 

MHCII and the up-regulation of OX40L in response to TSLP (Ito et al., 2005, 

Janeway et al., 2005).  In the presence of a polarising signal like IL-12, Th2 

polarisation is inhibited and T cells instead differentiate towards a Th1 phenotype 

(Ito et  al., 2005).  Are Th2 responses by CD4+ T cells initiated by  TSLP stimulated 

allogeneic DCs merely an aberration of mixed leukocyte reactions, or linked to a 

more important mechanism driving allergy in humans?

In atopic individuals CD4+ memory  T cells that express the prostaglandin D2 

receptor have been shown to have a Th2 differentiated phenotype (Wang et al., 

2006).  When these Th2 CD4+ memory T cells are sorted from atopic patients, their 

homeostatic expansion and Th2 differentiation is thought to only be maintained by 

TSLP treated autologous PBMC derived DCs (Wang et al., 2006).  Therefore, it 

seems plausible that  Th2 memory generated during an allergic response is 

maintained by TSLP stimulated DCs.

5.2.5.2. The initiation of Th2 mediated allergic inflammation by 
murine DCs

In a murine setting, splenic DCs stimulated with TSLP responded to TSLP by 

expressing marginally  more MHCII, CD80 and CD86 (Al-Shami et al., 2004).  

Wildtype splenic DCs stimulated with TSLP and OVA323-339 peptide can drive 

enhanced proliferation of purified DO11.10 RAG2-/- CD4+ T cells when compared to 

DCs stimulated with OVA323-339 peptide alone (Al-Shami et al., 2004).  In contrast, 
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TSLP-R deficient splenic DCs are not able to drive proliferation by DO11.10 

RAG2-/- CD4+ T cells (Al-Shami et  al., 2004).  Despite the greater proliferation 

induced by DCs stimulated with TSLP and OVA323-339 peptide, the DO11.10 RAG2-/- 

CD4+ T cells produced less IFN-γ than when stimulated with OVA323-339 peptide 

alone.  The production of IL-4 was not stimulated in the absence of IFN-γ (Al-Shami 

et al., 2004).  These initial results in mice indicated that TSLP probably had a similar 

role in the initiation of allergic Th2 responses in mice and in humans.

Two transgenic models were devised where particular cell types could be induced to 

express TSLP (Zhou et al., 2005, Yoo et al., 2005).  The over expression of TSLP by 

keratinocytes induced skin inflammation, high serum IgE and differentiation of CD4+ 

T cells, which produced IL-4, IL-5 and IL-13 (Yoo et al., 2005).  Similarly, the over 

expression of TSLP by airway epithelial cells causes lung inflammation, increased 

serum IgE and Th2 differentiated CD4+ T cells (Zhou et al., 2005).  The same group 

showed that  Flt3L derived BMDCs grown in a 10 day culture responded to human 

TSLP by up-regulating MHCII, CD40, CD80 and CD86 and by producing CCL17 

(Zhou et al., 2005).  

The administration of murine recombinant TSLP either by injection into the skin or 

intranasal administration has been shown to induce Th2 mediated inflammation, 

increased serum IgE and the production of IL-4, IL-5 and IL-13 by CD4+ T cells 

(Seshasayee et al., 2007).  This inflammatory Th2 response can be blocked by 

simultaneous administration of anti-OX40L (Seshasayee et  al., 2007).  In a model 

where Th2 mediated airway  inflammation is initiated by intra-nasal administration of 

OVA/alum to mice (sensitisation) and the animals are later challenged with OVA, the 

Th2 response to the challenge can be blocked by anti-OX40L (Seshasayee et al., 

2007).  In a similar set-up, TSLP and labelled OVA were administered intra-nasally 

and labelled DCs were recovered from the animals.  DCs recovered from animals 

that received both TSLP and OVA were 40 to 80% OX40L+, DCs from animals that 

received just OVA were OX40L- (Seshasayee et  al., 2007).  Administration of anti-

OX40L effectively depleted the animals of OX40L+ DCs (Seshasayee et  al., 2007).  

Taken together, the results suggest that the lack of a Th2 response after challenge in 
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the TSLP administration system and the OVA/alum sensitisation model was due to 

the depletion of OX40L+ DCs (Seshasayee et al., 2007).

Based on this data, it  is plausible to suggest that OX40L may  be a requirement for 

Th2 initiation by  both the human and murine DCs as Ito et al. had already 

demonstrated the requirement for DC mediated signals through OX40L:OX40 to 

allow Th2 polarisation by  allogeneic CD4+ T cells (Ito et al., 2005).  However, the 

murine study by Seshasayee et al. failed to demonstrate conclusively that the absence 

of DCs expressing OX40L was the cause of the impairment in the Th2 response 

generated in response to TSLP administration (Seshasayee et al., 2007).  This is 

because using anti-OX40L treatment of the whole animal will also deplete other 

OX40L+ cells and thus, it is not possible to eliminate a role for other OX40L+ cells in 

Th2 initiation using this system (Seshasayee et al., 2007).  Can murine DCs be used 

to induce a Th2 response from naive T cells in vitro in a similar way to human DCs?

5.2.5.3. Can TSLP stimulated murine DCs induce naive CD4+ T cells 
to produce Th2 cytokines?

Murine day 7 GM-CSF+IL-4 derived BMDCs stimulated with murine TSLP become 

activated and express increased levels of MHCII, CD80, CD86 and OX40L (Besin et 

al., 2008).  To determine if these murine BMDCs initiated a Th2 response, Besin et 

al. purified splenic naive CD4+ T cells, which were then stimulated with autologous 

TSLP treated BMDCs, anti-CD3 and IL-2 (Besin et al., 2008).  The CD4+ T cells 

proliferated and produced IL-4, IL-10, but not IFN-γ suggesting that under these 

conditions TSLP treated murine DCs can induce a Th2 response (Besin et al., 2008).  

In human studies, autologous CD4+ T cells do not produce Th2 cytokines in response 

to stimulation with TSLP treated BMDCs, but only undergo homeostatic 

proliferation (Watanabe et  al., 2004).  However, the experiment by  Besin et al. 

bypasses the need for TCR stimulation by non-self MHCII by stimulating the T cells 

with anti-CD3 (Besin et al., 2008).

In a different study, Shi et al. demonstrated that murine BMDCs treated with OVA 

and TSLP overnight and then cultured with DO11.10 CD4+ T cells induce a Th2 

response, which is abrogated by the administration of anti-TSLP-R antagonistic 

antibody (Shi et al., 2008), suggesting that murine BMDCs can initiate a Th2 

190



responses by antigen specific CD4+ T cells in response to TSLP stimulation in vitro.  

The same groups also demonstrated that anti-TSLP-R can inhibit the development of 

allergic airway inflammation in an in vivo OVA sensitisation and challenge model 

(Shi et  al., 2008), thereby hinting that  BMDCs stimulated by  TSLP may be 

responsible for the airway inflammation induced in OVA.

Together, these studies indicate that under specific condition murine DCs may be 

able to initiate a Th2 response after stimulation with TSLP.

5.2.5.4. Can TSLP suppress TLR mediated DC activation?

Is the lack of IL-12 production by DCs in response to TSLP stimulation key  to the 

induction of inflammatory Th2?  When human PBMC derived DCs are activated 

simultaneously  with TSLP and Bacillus Calmette-Guérin (BCG) derived from 

Mycobacterium bovis, the DCs produce IL-12 and do not up-regulate OX40L (Yokoi 

et al., 2008).  If BCG+TSLP stimulated DCs are used to activate naive allogeneic 

CD4+ T cells in vitro, they induce the production of the Th1 cytokine IFN-γ, but  not 

Th2 cytokines (Yokoi et al., 2008).  However, the inflammatory  Th2 response can be 

restored if the cultures are treated with anti-IL-12 and recombinant OX40L, but not 

anti-IL-12 alone (Yokoi et al., 2008).  This work supported previous findings using 

anti-OX40L and recombinant IL-12; however, in those experiments Ito et al. also 

suggested that TSLP induced OX40L expression enhanced the Th1 response 

produced by allogeneic CD4+ human T cells (Ito et al., 2005).  

TSLP is thought to suppress the production of IL-12p40 by murine GM-CSF derived 

BMDCs activated by LPS (Zaph et al., 2007, Taylor et al., 2009a).  The same group 

showed that DCs purified from the MLN of TSLP-R deficient mice infected with the 

parasitic helminth T. muris and restimulated ex vivo with T. muris antigens produce 

more IL-12p40 than wildtype animals.  This suggested that IL-12p40 is inhibited 

during T. muris infection by signalling induced by TSLP (Taylor et al., 2009a).

Tanaka et al. carried out a study of human DC activation by defined TLR ligands in 

the presence or absence of TSLP (Tanaka et al., 2009).  In their study, when DCs 

were simultaneous treated with TSLP and TLR3 ligand polyI:C or TLR4 ligand LPS, 

they  still produced TSLP associated CCL17 and CCL22, but also produced TLR 
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ligand associated IL-12p70, IL-23, IL-6 and IL-1β without inhibition (Tanaka et al., 

2009).  Thus, the available data in human and murine settings are currently 

conflicting. Is it possible that TSLP does not inhibit the expression of TLR ligand 

induced cytokines by human DCs, but it does in murine setting? 

5.2.5.5. How do TSLP stimulated DCs initiate Th2 responses?

What aspects of TSLP activated DCs enables them to induce a Th2 responses?  

Certainly, the ability of TSLP to activate DCs to induce a Th2 immune response has 

been shown to be dependent on OX40L:OX40 interactions using human in vitro co-

culture of DCs and allogeneic CD4+ T cells (Ito et al., 2005), and in vivo in mice, 

through the use of anti-OX40L (Seshasayee et al., 2007), though it  is not clear how 

OX40L polarises the Th2 response (Ito et al., 2005).  Murine work has shown that in 

a helminth setting OX40L is an important costimulatory molecule, but it is not 

required for Th2 polarisation per se (Jenkins et al., 2007).  In humans, OX40L 

independent pathways for Th2 induction in atopic patients also exist.  Indeed, it  has 

recently  been demonstrated that when DCs are co-primed with TSLP and cat allergen 

H22-Fel d 1, they can initiate an OX40L independent Th2 response by CD4+ T cells 

from atopic patients mediated by FcγR1 (Hulse et al., 2010).  

In contrast to OX40L mediated Th2 polarisation, Zaph et al. have suggested that 

TSLP is important to favour Th2 response induction in a mixed Th1/Th2 

environment through the inhibition of IL-12p40, although the study failed to address 

whether inhibition of IL-12p40 inhibits the expression of bioactive IL-12p70 or 

IL-23 (Zaph et al., 2007).  In addition, experiments with human DCs have shown that 

TSLP does not suppress IL-12p70 production in response to LPS stimulation (Tanaka 

et al., 2009).  Thus, it is not yet clear that TSLP mediated inhibition of LPS is key to 

Th2 polarisation.  

It is likely that the importance of the various methods for Th2 initiation by TSLP 

treated DCs are highly dependent on the experimental set-up or the infection setting 

in which they are tested and it is important to remember that in vivo other cells will 

also be exposed to TSLP directly.
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5.2.5.6. Role of TSLP in the tissues 

The role of TSLP has been most studied in the context of allergy  (Comeau and 

Ziegler, 2010), whilst relatively little is known about TSLP in the context of 

helminths (Zaph et al., 2007, Ramalingam et al., 2009, Massacand et al., 2009).  The 

ability  of TSLP to condition DCs to initiate a Th2 immune response by CD4 T cells 

in humans (Soumelis et al., 2002) and mice (Seshasayee et al., 2007) has been 

discussed above.  In addition to the role of DCs, Sokol et al. have shown that during 

allergen challenge, basophils are activated and migrate to the LN perhaps acting as 

an accessory cell for the induction and differentiation of Th2 cells through the 

production of IL-4 and TSLP (Sokol et al., 2008).  

The production of chemokines CCL17 and CCL22 by DCs during initial activation 

in the tissue site may be key as CCR4, the receptor for these ligands, is expressed 

preferentially  by Th2 polarised CD4+ T cells (Bonecchi et al., 1998, Sallusto et al., 

1998).  Perhaps, DCs activated at the site of infection in the presence of TSLP 

produce chemokines, which attract Th2 polarised CD4+ T cells primed by other DCs 

earlier in the immune response (Paul and Zhu, 2010).

In tissue sites, epithelial cells may  be involved in a Th2 amplification loop (Paul and 

Zhu, 2010).  Epithelial cells that are activated by allergic inflammation or helminth 

infection release TSLP (Kouzaki et al., 2009, Zaph et al., 2007).  DCs and basophils 

are activated in the presence of TSLP leading to the activation and polarisation of 

naive CD4+ T cells into Th2 cytokine producing effector cells (Soumelis et al., 2002, 

Seshasayee et al., 2007, Sokol et  al., 2008).  These CD4+ Th2 polarised T cells 

migrate back to the tissue, possibly in response to chemokines generated by DCs in 

the periphery and produce IL-4 and IL-13, which in turn further activate epithelial 

cells, completing the amplification loop (Paul and Zhu, 2010). 

After the Th2 response has been initiated this amplification loop may be important 

for the establishment of aberrant Th2 response such as asthma (Medoff et al., 2008) 

or for the formation of granulomas during S. mansoni infection (Burke et al., 2009, 

Ramalingam et al., 2009).  
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5.2.5.7. Importance of TSLP for helminth driven immune responses

In concert with current thinking of how TSLP promotes Th2 responses in human DC: 

T cell coculture in vitro, murine infection with the helminth T. muris has been shown 

to polarise CD4 T cells towards a Th2 immune response, which is in part due to a 

TSLP dependent mechanism (Zaph et  al., 2007, Massacand et al., 2009, Taylor et al., 

2009a).  However, in contrast to what has been indicated in human studies, murine 

recombinant TSLP, or supernatants of intestinal epithelial cells from T. muris 

infected mice, has been shown to suppress the production of IL-12p40 by day 10 

GM-CSF derived BMDCs (Taylor et  al., 2009a).  To successfully initiate a Th2 

immune response and expel T. muris the intestinal epithelial cells of the animals must 

be able to produce TSLP induced via a pathway involving the transcription factor 

NF-κB (Zaph et  al., 2007).  MLN DCs taken from T. muris infected TSLP-R 

deficient mice have defective induction of NF-κB and produce more IL-12p40.  Due 

to their inability to suppress TSLP-R, deficient mice fail to produce a protective Th2 

response but rather develop Th1 mediated inflammation and thus, do not clear the 

worms (Taylor et al., 2009a).  The treatment of T. muris infected TSLP-R deficient 

animals with anti-IL-12p40 restores their ability to expel the parasite .  During T. 

muris infection, the immune response is finely balance between Th1 and Th2 and 

TSLP is thought to be critical to allow the induction of protective Th2 response .

However, T. muris is not characteristic of helminth infections in this regard, as the 

products of the nematode parasites H. polygyrus and N. brasiliensis are able to 

suppress LPS induced DC production of IL-12p40 in the absence of TSLP 

(Massacand et al., 2009).  Similarly, SEA is able to suppress LPS activation of DCs 

and the production of IL-12p40 (Kane et al., 2004).  In addition to this, use of TSLP-

R knock-out mice has shown that TSLP signalling via TSLP-R does not play a major 

role in the development of pathology during infection with H. polygyrus, N. 

brasiliensis or S. mansoni and only  has a minor impact on CD4+ T cell cytokine 

production during N. brasiliensis and S. mansoni infection (Massacand et al., 2009, 

Ramalingam et al., 2009).  Given the ability of TSLP to signal via the IL-7 high 

affinity receptor, IL-7Rα and γc (Isaksen et  al., 1999), it  is possible that any key 
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effects of TSLP produced in response to infection are initiated via this route, which 

would mitigate the impact of TSLP-R deficiency.  Thus, it is not yet possible to 

completely exclude a critical role for TSLP activated DCs in host-parasite 

interactions, suggesting the need to simultaneously induce DC specific knock out of 

TSLP-R and IL-7Rα to address this issue.

5.2.6. Study rationale
In the absence of such a ground-breaking and difficult to make mouse model, this 

study is designed to address this issue from a different direction.  The ability  of 

TSLP-DCs to induce Th2 responses from human and murine CD4+ T cells has been 

described in a limited number of studies from a narrow range of research groups 

(Soumelis et al., 2002, Ito et al., 2005, Yokoi et al., 2008, Al-Shami et al., 2005, 

Seshasayee et al., 2007, Besin et al., 2008).  It has not yet been demonstrated that 

TSLP has any direct effect on the ability of DCs to initiate Th2 responses to helminth 

antigens, which are able to suppress IL-12p40 in the absence of TSLP.  In this study, 

the soluble egg antigen (SEA) of S. mansoni has been used to stimulate DCs, to 

induce an acute Th2 response by autologous CD4 T cells in vivo.  To address whether 

the impact of TSLP on DC activation of CD4 T cells is restricted to Th2 responses, 

the heat-killed bacteria Propionibacterium acnes was used to stimulate DCs to 

induce Th1/17 cells.  The data in this study suggests that, contrary to previous 

studies, TSLP is not able to phenotypically  activate GM-CSF derived BMDCs and 

has no effect  on the ability of DCs to respond to TLR ligands, but can potentiate DC 

driven Th2 and Th1/17 responses via an unknown mechanism.
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5.3. Results
5.3.1. The response of DCs to TSLP treatment
5.3.1.1. TSLP failed to induce murine BMDC up-regulation of OX40L

In the human (PBMC DCs) setting, the primary  measurement of TSLP activation of 

DCs has been the up-regulation of surface expression of OX40L (Ito et al., 2005).  

Murine DCs generated from bone marrow (BMDCs) by ten day culture with GM-

CSF were not activated by treatment with murine TSLP.  There was no change in the 

percentage (Fig. 5.1A and B) or expression (Fig. 5.1C) of MHCII, CD80, CD86, 

CD40 or OX40L by DCs after treatment with TSLP for 24 hours.  

To determine if the lack of phenotypic activation, in particular the failure to up-

regulate OX40L, was due to exposure to a sub-optimal dose of TSLP, BMDCs were 

cultured with TSLP at a wide range of concentrations: 10, 20, 50 and 100 ng/ml.  

OX40L, the proposed measure of responsiveness of DCs to TSLP (Ito et al., 2005), 

was not up-regulated by  murine BMDCs at any of the doses tested.  Indeed, the 

percentage of CD11c+MHCIIHiOX40L+ cells appeared to be slightly, but not 

significantly decreased (Fig. 5.1B) in response to the higher concentrations of TSLP.  

There was also an apparent drop in the percentage of cells (Fig. 5.1B), but not the 

expression of CD40 (Fig. 5.1C) in TSLP treated DCs.  However, the staining of 

CD40 in this particular experiment was not  very good, further repeats of this 

experiment are required to confirm this result.  The lack of phenotypic activation of 

the DCs was accompanied by  a lack of cytokine production and there was no 

significant increase in the production of IL-6, IL-10, IL-12p40, IL-12p70, IL-23 or 

TNF-α (Fig.5.1D).  In addition, there was no increase in the production of NO2 in 

response TSLP (Fig.5.1D).

To test whether OX40L was up-regulated by DCs after 24 hours, DCs were exposed 

to 10 ng/ml TSLP for 24, 48, 72 or 96 hours (Fig. 5.2).  The decrease in the 

percentage of CD11c+MHCIIHiOX40L+ cells in the cultures was measured (Fig. 

5.2A and B), but no change in the expression of OX40L by  positive cells was 

detected (Fig. 5.2C).  This experiment was confounded by increased levels of death 

as shown by the decreased number of CD11c+ that were negative for the apoptosis 
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marker Annexin V and the necrosis marker PI (Fig. 5.2D).  To accurately repeat  this 

experiment,  a method to sustain a consistent level of DC survival over the whole 

course of the experiment would be required such as the periodic provision of 

additional GM-CSF to the culture wells.

5.3.1.2. TSLP does not impact DC activation in response to TLR 
ligands

Murine TSLP is known to inhibit  the expression of IL-12p40 in response to TSLP 

treatment (Zaph et al., 2007).  To test if day 10 GM-CSF derived BMDCs treated 

with TSLP had suppressed responses to TLR ligation, DCs were stimulated with 5 

µg/ml CpG, 0.25 µg/ml LPS and 10 µg/ml Pa in the presence or absence of 10 ng/ml 

TSLP for 24 hours.  TSLP treatment did not alter the activation of CD11c+MHCIIHi 

cells in response to stimulation with TLR ligand or bacterial antigen (Fig. 5.3A to C).  

TSLP treatment altered neither the percentage of cells (Fig. 5.3A) positive for 

MHCII, CD80, CD86, CD40 or OX40L, nor the expression (GMFI) of these markers 

(Fig. 5.3B) as measured by flow cytometry.  The treatment of BMDCs 

simultaneously  with TSLP and TLR ligands did not lead to TSLP mediated 

suppression of the production of any cytokines in response to either CpG, LPS or Pa 

(Fig. 5.3C).  In addition, the production of NO2 by  BMDCs in response to TLR 

ligands was not affected by TSLP treatment (Fig. 5.3C).  These data suggest that 

under these experimental conditions, TSLP did not suppress the production of 

IL-12p40 or IL-12p70 in response to either CpG, LPS or Pa (Fig. 5.3C).    

5.3.1.3. TSLP treatment altered the expression of TSLP-R and CCR7

The expression of TSLP-R and IL-7Rα by  murine DCs has previously been shown to 

be either induced by TSLP treatment (Zhou et al., 2005), or to be a constitutive 

feature of the cells (Kamekura et al., 2010).  To test if GMCSF derived DCs are 

responsive to TSLP treatment, BMDCs were treated with 10 ng/ml of TSLP for 24 

hours.  Unexpectedly, the treatment of DCs with TSLP reduced the percentage of 

CD11c+MHCIIHiTSLP-R+ cells (Fig. 5.4A) and their expression of TSLP-R (Fig. 

5.4B).  However, this has only been tested on two occasions with a limited number 

of repeats and thus, the result is not very  reliable and further testing is required.  The 
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ability  of BMDCs to migrate to the correct part  of the LN and interact with CD4+ T 

cells is thought to be partially dependent on their ability to express CCR7 (Randolph 

et al., 2005).  Treatment with TSLP caused a significant increase in the percentage of 

CD11c+MHCIIHiCCR7+ cells (Fig. 5.4C), but not in the expression of CCR7 by 

CD11c+MHCIIHi cells (Fig. 5.4D).

5.3.1.4. TSLP treatment did not alter DC activation in response to 
SEA or Pa

TSLP is closely associated with Th2 immune response polarisation during allergic 

inflammation (Soumelis et al., 2002, Sokol et al., 2008, Zhou et al., 2005) and in 

response to some less robust Th2 inducing helminths (Zaph et al., 2007).  To test 

whether TSLP treatment enhanced DC responses to SEA, a more robust inducer of 

Th2, we stimulated d10 GMCSF BMDCs for 24 hours with 30 µg/ml SEA with or 

without 10 ng/ml TSLP.  To test whether the effect of TSLP on DCs was limited to 

the Th2 responses we also stimulated the DCs with 10 µg/ml of Pa in the presence or 

absence of 10 ng/ml TSLP.  

TSLP treatment of BMDCs had no effect on the activation phenotype of the DCs in 

response to SEA or Pa (Fig 5.5).  Treatment with TSLP changed neither the 

percentage of CD11c+ cells expressing MHCII (Fig 5.5A), CD80 (Fig 5.5B), CD86 

(Fig 5.5C), CD40 (Fig 5.5D) nor OX40L (Fig 5.5E).  The production of BMDC 

cytokines by SEA-DCs (Fig 5.5F) and Pa-DCs (Fig 5.5G) was unaltered by exposure 

to TSLP.

Therefore, in this setting, TSLP treatment had no effect on the response of BMDCs 

to either a robust  Th2 stimulus (SEA) or bacterial antigen stimulation with Pa.  In 

contrast to BMDC stimulation with the excretory/secretory (E/S) antigens of T. muris 

(Zaph et al., 2007), stimulation with SEA and TSLP simultaneously did not cause the 

suppression of IL-12p40 or indeed IL-12p70 production by BMDCs in comparison 

to stimulation with SEA alone (Fig. 5.5F).

5.3.2. The impact of TSLP on immune response induction by 
DCs

The data gathered to test whether day 10 GM-CSF derived BMDCs are activated by 

TSLP suggested that, contrary  to the available literature, murine DCs are not 
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activated by TSLP (Fig. 5.1 to 5.5), except for a slight up-regulation of CCR7 (Fig. 

5.4C and D).  Particularly of note was that OX40L was not up-regulated in response 

to TSLP in any of the conditions measured (Fig. 5.1 to 5.3 and 5.5).

Some parameters known to be up-regulated by TSLP treated human (Ito et al., 2005) 

and murine (Zhou et al., 2005) DCs were not measured in this study, for example, the 

chemokines like CCL17 and CCL22.  Besides these known markers of activation in 

response to TSLP, there are likely to be others that  define the TSLP activation 

phenotype that are not yet known.  Another key point is that the lack of obvious 

phenotypic activation does not necessarily  mean that the DCs will not initiate an 

immune response.  A good example of where this has occurred is the ability of SEA 

exposed DCs to induce CD4+ T cells to produce Th2 cytokines, even though the DCs 

themselves are not measurably altered by SEA stimulation (MacDonald et al., 2001).  

On the basis that an alteration in the DCs caused by TSLP might become clear 

indirectly through the T cell response that they initiate, mice were immunised with 

different DC preparations.  Animals were stimulated with either medium-DCs, SEA-

DCs or Pa-DCs that had been stimulated simultaneously  with TSLP or medium 

alone.  To assess whether TSLP altered the time-period over which the immune 

response to DCs occurred, popliteal lymph nodes (pLNs) were harvested on day 2, 4 

and 7 after immunisation.  To evaluate the impact on cytokine production, lymph 

node cells were restimulated either with medium alone, SEA, Pa or anti-CD3.

5.3.2.1. TSLP-DC stimulate an increased polyclonal cytokine 
response on day 4

Previous studies suggested that TSLP treated DCs could polarise naive autologous 

CD4+ T cells to produce Th2 cytokine in the presence of polyclonal stimulation 

(Besin et al., 2008).  However, it  was unclear whether immunisation with TSLP 

treated BMDCs could condition CD4+ T cells in vivo to produce Th2 cytokines after 

polyclonal stimulation.  

To determine if TSLP treated BMDCs (TSLP-DCs) increased the polyclonal Th2 

immune response in comparison to DCs stimulated with medium alone (medium-

DCs), animals were immunised with medium-DCs or TSLP-DCs.  On day 4 and 7 

after immunisation with pLN cells from recipients, medium-DCs or TSLP-DC were 
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polyclonally restimulated with anti-CD3 or restimulated with medium alone for 72 

hours (Fig. 5.6).  

Immunisation with TSLP-DC caused an increase in the polyclonal cytokine response 

on day 4, compared to medium-DC controls (Fig 5.6A, C to F), including the 

production of significantly more IL-4, IL-10, TNF-α, IFN-γ (Fig. 5.6A, C, E, F) and 

more IL-13 (Fig. 5.6D).  In contrast, on day 7 after immunisation with TSLP-DCs, 

the production of only  IL-4 was still slightly increased (Fig 5.6A), the production of 

IL-5, IL-10, IL-13 was reduced (Fig. 5.6B, C, D), and the production of TNF-α and 

IFN-γ was level (Fig. 5.6E and F) compared to medium-DCs.  

The production of all the cytokines measured in response to immunisation was 

greater on day 7 that day 4 (Fig. 5.6).  However, the recipients of TSLP-DC appeared 

to start generating an immune response to immunisation on day  4 (Fig. 5.6A, C to F), 

whilst in these experiments medium-DCs did not produce a clear response on day 4, 

apart from the production of small quantities of TNF-α and IFN-γ (Fig. 5.6E and F).  

These data suggested that TSLP-DCs potentiate the ability of pLN cells to generate 

an immune response to polyclonal restimulation, but this effect was limited in 

duration, perhaps suggesting that the CD4+ T cells response to immunisation 

occurred over a shorter time-period (Fig. 5.6).  This effect on the immune response 

occurred despite the absence of any change in the activation profile measured for 

TSLP-DCs prior to immunisation (Fig. 5.5). 

5.3.2.2. TSLP treated SEA-DCs induce antigen specific response 
with alter kinetic

Given the enhancement in the polyclonal response to TSLP alone on day 4 after 

immunisation, did TSLP treatment of SEA stimulated DCs (SEA-DCs) enhance the 

SEA specific production of Th2 cytokines?  To test this, animals were immunised 

with medium-DC+/-TSLP and SEA-DCs+/-TSLP on day 2, 4 and 7 after 

immunisation pLN cells were restimulated with SEA for 72 hours (Fig 5.7A to F).  

On day 2, there was no measurable SEA specific cytokine production by pLN cells 

(Fig 5.7A to F).  However, immunisation with TSLP treated SEA-DC initiated an 

increased SEA specific cytokine response on day 4, compared to SEA-DC controls 

(Fig 5.7A to F), including the production of significantly more IL-4 and IL-13 (Fig. 
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5.7A and D) and more IL-5, IL-10, TNF-α and IFN-γ (Fig. 5.7D).  By  day 7 after 

immunisation, SEA-specific production of all cytokines measured was significantly 

reduced in response to immunisation with TSLP treated SEA-DCs compared to SEA-

DCs alone (Fig 5.7A to F).  There was no measurable production of IL-17 (data not 

shown). 

Similar to the polyclonal response to TSLP-DC (Fig. 5.6), SEA specific cytokine 

production on day 7 in response to immunisation with SEA-DCs was apparently 

higher than the response measured on day 4 (Fig. 5.7A to F).  In contrast, the 

production of cytokines in response to immunisation with TSLP treated SEA-DCs on 

day 7 was level with or low than the response on day 4 (Fig. 5.7B to F), with the 

exception of IL-4, the production of which was slightly higher on day 7 (Fig. 5.7A).

These data suggested that TSLP treatment of SEA-DCs did not enhance Th2 

responses preferentially.  Inline with the polyclonal responses to TSLP-DCs (Fig. 

5.6), these data appear to suggest that TSLP treatment of DCs alters the time-period 

over which the immune response to SEA-DCs takes place.  

Perhaps given the earlier start to the SEA specific response to TSLP treated SEA-

DCs, the immune response to these cells peaked on day 5 or 6 and thus, appeared to 

be lower on day 7, than that in SEA-DCs alone.  Alternatively, the data may indicate 

that immune response to immunisation with TSLP treated SEA-DCs starts earlier, 

but is of a lower magnitude than the response to SEA-DCs alone.

5.3.2.3. TSLP treatment of Pa-DCs altered the Pa specific production 
of cytokines by pLN cells over the whole course of the 
response measured

Were TSLP mediated changes to the immune response to immunisation with SEA-

DCs specific to helminth antigens?  Did TSLP suppress the Th1 immune response 

initiated by  Pa stimulated DCs (Pa-DCs)?  To test whether TSLP treatment altered 

the immune response to Pa-DCs, mice were immunised with medium-DC+/-TSLP 

and Pa-DCs+/-TSLP on day  2, 4 and 7 after immunisation pLN cells were 

restimulated with Pa for 72 hours (Fig 5.8A to F).

On day 2 after immunisation with TSLP treated Pa-DCs, there was a trend towards 

decrease in the production of Pa specific cytokines IFN-γ, ΙL-17 and TNF-α (Fig 
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5.8A, B and D) compared to immunisation with Pa-DCs.  On day 4 after 

immunisation with TSLP treated Pa-DCs, there was a trend toward a very slight 

increase in Pa specific cytokine production compared to immunisation with Pa-DCs; 

specifically the production of IFN-γ, IL-17, IL-10 and TNF-α (Fig 5.8A to D) were 

increased compared to immunisation with Pa-DCs.  However this trend did not reach 

significance.  By day 7 after immunisation with TSLP treated Pa-DCs, the production 

of Pa specific cytokines IFN-γ, IL-17, TNF-α and IL-13 was significantly reduced 

(Fig 5.8A,  B, D and F) and there was a trend suggesting a decrease in IL-10 (Fig 

5.8C) compared to immunisation with Pa-DCs.  The production of IL-4 and IL-13 

(Fig. 5.8E and F) was very low and thus, probably did not make a significant impact 

on the immune response.

Surprisingly the Pa specific response to PaDC immunisation was highest on day 7 

only for IFN-γ (Fig. 5.8A) and was level for IL-17, IL-10 and TNF-α between day 4 

and 7. (Fig. 5.8B to D).  The production of cytokines in response to immunisation 

with TSLP-treated PaDCs was highest on day 4 in these experiments (Fig. 5.8A to 

D).  The data in Figure 5.8 mirror the polyclonal response to TSLP-DC (Fig. 5.6) and 

the SEA specific response to TSLP treated SEA-DC (Fig. 5.7), hinting that the peak 

in the immune response to TSLP treated Pa-DC may be earlier than that induced by 

Pa-DC (Fig. 5.8).

5.3.2.4. TSLP treatment of SEA-DCs altered the polyclonal IL-4 
response of pLN cells on day 4 after immunisation

To assess whether immunisation with TSLP treated SEA-DC enhanced the 

polyclonal cytokine response by pLN cells compared to SEA-DC, mice were 

immunised with medium-DC+/-TSLP and SEA-DC+/-TSLP on day 4 and 7 after 

immunisation pLN cells were restimulated with anti-CD3 for 72 hours.  

On day 4 after immunisation TSLP treated SEA-DCs, the production of polyclonally 

induced cytokines was increased compared to that in SEA-DCs (Fig. 5.9A, C to F).  

In fact, both immunisation with TSLP-DCs or TSLP treated SEA-DC caused a 

significant increase the polyclonally induced production of IL-4, IL-10, IL-13, TNF-

α and IFN-γ (Fig. 5.9A, C to F).  This suggested that the enhanced polyclonal 

response induced by TSLP treated DCs was not linked to DC stimulation with a Th2 
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biased antigen like SEA, apart from the polyclonal production of IL-4, which was 

slightly increased in response to immunisation with TSLP treated SEA-DCs in 

comparison to TSLP-DCs (Fig. 5.9A).  By day 7, the polyclonal IL-4 (Fig. 5.9A) and 

IL-13 (Fig. 5.9D) response induced by TSLP treated SEA-DCs was significantly less 

than that induced by SEA-DCs.  There was no difference in the other cytokine 

responses induced by  either TSLP treated or medium treated medium-DCs or SEA-

DCs (Fig. 5.9B, C, E and F). 

Similar to the earlier analysis of polyclonal responses induced by  to TSLP-DCs and 

antigen specific responses to TSLP treated SEA-DC and Pa-DCs, the impact of 

TSLP on polyclonal immune responses to immunisation with SEA-DCs was time-

point dependent.  This again suggested that TSLP treatment of DCs alters the kinetics 

of the immune response after immunisation. 

5.3.2.5. TSLP treatment of Pa-DCs did not alter the polyclonal Th1/
Th17 responses of pLN cells after immunisation

A previous report suggested that TSLP treated DCs stimulated a Th2 immune 

response by  autologous murine CD4+ T cells treated with anti-CD3 and IL-2 in vitro 

(Besin et al., 2008).  However, it was not  clear in the murine setting whether DCs 

stimulated with a strong TLR stimulus like Pa and TSLP could simultaneously 

induce a polyclonal Th2 response by CD4+ T cells.  To test whether TSLP treatment 

altered the polyclonal immune response to Pa-DCs, mice were immunised with 

medium-DC+/-TSLP and Pa-DCs+/-TSLP on day 2, 4 and 7 after immunisation pLN 

cells were restimulated with anti-CD3 for 72 hours (Fig 5.10A to F).

On day 4 after immunisation, TSLP treatment did not  alter the polyclonal cytokines 

response of pLN cells (Fig. 5.10A, B D to F), except for IL-10 (Fig. 5.10C), which 

was significantly enhanced in response to TSLP treated PaDCs compared to PaDCs.  

By day  7, the polyclonal pLN responses induced by Pa-DCs were not significantly 

altered by treatment with TSLP (Fig. 5.10A to F).  TSLP treatment did not appear to 

alter the polyclonal cytokine response produced by pLN cells in response to Pa-DCs.  

Indeed the polyclonal production of Th2 cytokines IL-4 and IL-13 (Fig. 5.10E and F) 

and regulatory  cytokine IL-10 (Fig. 5.10C) induced by  immunisation with TSLP-

DCs were lower when animals where immunised with TSLP treated Pa-DC. 
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The polyclonal cytokine responses induced by Pa-DC and TSLP treated Pa-DCs 

were comparable on days 4 and 7 (Fig. 5.10A, B, D to F), apart from IL-10 that was 

marginally  higher response to Pa-DC and TSLP treated Pa-DCs on day  7 compared  

to day 4 after immunisation (Fig. 5.10C).  

These data suggest that the polyclonal cytokine responses induced by PaDCs are not 

affected by TSLP treatment, whilst  the polyclonal production of IL-4, IL-13 and 

IL-10 by pLN cells induced by immunisation with TSLP-DCs appears to be inhibited 

when DCs are also treated with Pa (Fig. 5.10C, E and F).

5.3.2.6. TSLP treatment of medium, SEA-DC or Pa-DCs did not alter 
the population of CD4+CD25+Foxp3+ T regs in the pLN

At the start  of the DC immunisation experiments, data was collected exclusively on 

day 7 after immunisation.  The initial data showed that the immune responses 

induced by both SEA-DCs and Pa-DCs were reduced on day 7 as a result  of TSLP 

treatment.  Thus, it was suggested that TSLP-DC induced the preferential expansion 

of CD4+CD25+Foxp3+ T regs, which in turn induced greater suppression of the 

immune responses induce by  TSLP-DCs leading to decreased production of 

cytokines on day 7.

To test whether TSLP treatment enhanced the proliferation or activation of 

CD4+CD25+Foxp3+ T regs mice were immunised with medium-DCs+/-TSLP, SEA-

DCs+/-TSLP and Pa-DCs+/-TSLP, on day 2, 4 and 7 after immunisation pLN cells 

were stained ex vivo for CD4+CD25+Foxp3+ and analysed by flow cytometry.  The 

representative plots of CD4+ T cells showing Foxp3 versus CD25 expression show 

that there was no effect of TSLP treatment of DCs on the population of 

CD4+CD25+Foxp3+  by day 7 after immunisation (Fig. 5.11A).  

On day  2, 4, and 7 after immunisation TSLP treatment of neither medium-DCs (Fig. 

5.11B and C), SEA-DCs (Fig. 5.11B) nor Pa-DCs (Fig. 5.11C) altered the  

percentage of CD4+CD25+Foxp3+ T regs in the pLN in comparison to equivalent 

groups not treated with TSLP.  Further, the expression of Foxp3 by 

CD4+CD25+Foxp3+ T regs was also unaltered (Fig. 5.11D and E).  In addition, 

neither the percentage CD4+CD25+Foxp3+ T regs nor the expression of Foxp3 by 
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CD4+CD25+Foxp3+ T regs changed in any  of the groups between time-points (Fig. 

5.11B and E).

These data suggest that changes in the immune responses assessed above were not 

due to changes in CD4+CD25+Foxp3+ T reg populations.

The time-course experiment would ideally have been carried out with one set of 

BMDCs to ensure consistency and create a valid time-course dataset.  However, in 

the data shown, day 7 data was from a separate immunisation experiment to the day 

2 and 4 data, which were from the same experiment.  For this reason, comparisons 

drawn between day  4 and 7 are not very accurate and could not be statistically  tested.  

The data was compiled into a single set of graphs to allow easy  comparison of the 

differences induced by  TSLP treatment at different time-points.  To compare data 

between time-points, a contiguous time-course experiment would be required using 

BMDCs grown in the same batch and injected at the same time, to more accurately 

assess the impact of TSLP treatment on immune response initiation.  In addition, 

including additional time-points would be valuable to ascertain whether TSLP 

treatment of DCs leads to an earlier peak in the immune responses they generate, 

which is discussed later.
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5.4. Discussion
5.4.1. Summary
In contrast to PBMC derived human DCs (Ito et al., 2005) and bone marrow derived 

murine BMDCs (Besin et al., 2008) grown by others, d10 GMCSF derived BMDCs 

did not become activated in response to TSLP over a variety of doses (Fig. 5.1) and 

time-periods (Fig. 5.2).  In contrast to others (Zaph et al., 2007), TSLP did not alter 

the ability of DCs to produce IL-12p40 in response to LPS (Fig. 5.3C), or indeed 

bioactive IL-12p70 (Fig. 5.3C).  In fact, TSLP did not  alter activation of BMDCs by 

LPS, CpG or Pa (Fig. 5.3) in respect of any of the parameters measured.  Again, 

contrary to others (Zhou et  al., 2005), TSLP did not further induce the expression of 

TSLP-R (Fig. 5.4A and B).  However, TSLP did induce an increase in the percentage 

of CD11c+MHCII+ cells in culture expressing CCR7 (Fig. 5.4C and D).  Treatment 

with TSLP did not alter the activation profile (Fig. 5.5A to E) or cytokine (Fig. 5.5F 

and G) production of BMDCs in response to SEA or Pa.  Mice immunised with 

TSLP treated BMDCs had increased immune responses on day  4 (Fig. 5.6, 5.7, 5.8, 

5.9 and 5.10) and in the case of antigen specific response to SEA (Fig. 5.7) and Pa  

(Fig. 5.8), decreased immune responses on day 7.  There was no impact  of TSLP 

treatment of BMDCs on the population of CD4+CD25+Foxp3+ T reg in the pLN (Fig. 

5.10).

5.4.2. TSLP treatment did not stimulate DC expression of 
OX40L

Contrary  to previous data with other types of DCs (Ito et  al., 2005, Besin et al., 

2008), TSLP did not activate day 10 GM-CSF derived BMDCs (Fig. 5.1A to D), 

either over a range of concentrations (Fig. 5.1B to D) or over different time-periods 

(Fig. 5.2).  The lack of up-regulation of OX40L is of particular importance since 

studies of allergic inflammation in both humans (Ito et al., 2005) and mice 

(Seshasayee et al., 2007) have indicated that it is key to the polarisation of Th2 

inflammatory immune responses.  

The lack of a dose dependent increase in any markers, including OX40L, in response 

to TSLP may suggest that the recombinant TSLP that was used was inactive (Fig. 
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5.1).  Further work is needed to establish whether the TSLP used was biologically 

functional. One method to test the activity of TSLP is to induce the differentiation of 

B220+ bone marrow B cell precursors into IgM+B220+ B cells (Levin et  al., 1999).  

However, since the TSLP supplied by R&D systems is used in their own bioassay  for 

functional activity, it is unlikely to have been supplied inactive.  In addition, more 

than one batch of recombinant murine TSLP was tested and the protein was correctly 

reconstituted, aliquoted and stored.  Thus, it is not very likely  that the lack of DC 

activity in Figures 5.1 to 5.5 was due to a problem with the recombinant used.

The lack of any  phenotypic activation in response to TSLP (Fig. 5.1 to 5.5) in this 

study is in contrast to other studies (Table 5.2 and 5.3) and might be due to 

differences between the experimental systems used.  In humans, due to obvious 

constraints on the availability of experimental material, the activation of DCs by 

TSLP has been demonstrated mainly through the use of PBMC derived DCs (Table 

5.2), but has also been shown using thymic DCs (Watanabe et al., 2005, Hanabuchi 

et al., 2010).  In most of these studies, the activation of human DCs was denoted by 

up-regulation of CD40, CD80, CD86 and the production or expression of CCL17 and 

CCL22, but not IL-12p70 or IL-10 (Table 5.2).  Only two studies have shown the up-

regulation of OX40L by human DCs in response to TSLP (Ito et al., 2005, Yokoi et 

al., 2008).  In the murine setting, four studies have linked the up-regulation of CD80 

and CD86 to TSLP activation of DCs (Table 5.3). Of these studies, only two have 

shown the up-regulation of OX40L in response to TSLP (Seshasayee et al., 2007, 

Besin et al., 2008), and only one has shown the production of CCL17 in response to 

TSLP (Zhou et al., 2005).  Therefore, there is not a lot of evidence that OX40L is 

expressed by DCs in response to TSLP across experimental systems and in mice, 

there is not a great deal of evidence that  DCs are activated by TSLP at  all (Table 5.2 

and 5.3).  Therefore, it is possible that the results from this study (Fig. 5.1 to 5.5) are 

correct and TSLP does not activate murine BMDCs or induce the expression of 

OX40L.

Certainly  the importance of OX40L for the polarisation of helminth initiated Th2 

responses is open to question.  Jenkins et al. demonstrated that signalling via 
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OX40L is not required for the initiation of Th2 responses by BMDCs stimulated with 

SEA (Jenkins et al., 2007).  However, the Th2 responses initiated by OX40L 

deficient BMDCs were reduced, which they suggested might have been due to the 

need for DC mediated OX40L:OX40 signalling to stimulate the expansion and/or 

survival of CD4+ T cells (Jenkins et al., 2007).  Therefore, the importance of 

OX40L:OX40 interactions in the generation of a T cell response may  vary between 

systems depending on the other proliferative and survival signals that the activated 

CD4+ T cells receive.

5.4.3. A difference between murine models?
Why do the published murine studies of BMDCs show activation in response to 

TSLP, while this study  did not (Fig. 5.1 to 5.5)?  An important difference between the 

murine studies is the culture system used to grow the BMDCs.  In fact, in murine 

studies of TSLP, the DCs were derived from bone marrow in at least three different 

ways; with Flt3L for 10 days (Zhou et al., 2005), with IL-4 and GM-CSF to 7 days 

(Besin et al., 2008) or GM-CSF for 9 days (Zaph et al., 2007, Taylor et al., 2009a) 

(Table 5.3).  BMDC derived from bone marrow (BM) with Flt3L DCs are made up 

of both plasmacytoid and conventional DCs (Brasel et al., 2000, Naik et al., 2005), 

whilst culture of murine BM  with GM-CSF for less than ten days can lead to 

significant contamination with non-DCs (Lutz et  al., 1999).  The addition of IL-4 

after day 6 or 8 of BM culture with GM-CSF further activates the cultured cells, 

including increasing expression of MHCII and CD40 (Sallusto and Lanzavecchia, 

1994).  For purposes of studying helminth products, the minimum level of activation 

of DCs is required (MacDonald et al., 2001).  Hence, the use of IL-4 in the culture 

system was not desirable for this study.

In this study, DCs were generated using a 10 day culture of murine BM with GM-

CSF using the protocol originally devised by Lutz et al. that is designed to give a 

high level of purity  and yield, as well as a mixture of immature and mature DCs 

(Lutz et al., 1999) (Chapter 2, section 2.3.4.1.).  GM-CSF derived DCs and Flt3L 

derived DCs are characteristically different.  Whilst GM-CSF derived DCs are 

thought to be most similar to inflammatory monocyte derived DCs found during 
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inflammation (Naik, 2008), Flt3L derived DCs have been shown to be the 

equivalents of steady state splenic CD8- cDC, CD8+ cDC and pDCs (Naik et al., 

2005).  Therefore, it is possible that cells derived from these two culture systems 

have quite different responses to TSLP.  This may explain why in this study GM-CSF 

derived DCs are not activated (Fig. 5.1 to 5.5) and Flt3L derived DC in the study by 

Zhou et al. are activated by TSLP (Zhou et al., 2005).

Interestingly, in the only murine in vitro study to show the up-regulation of OX40L 

in responses to TSLP, DCs derived from BM with GM-CSF and IL-4 were used 

(Besin et al., 2008).  Perhaps the additional activation and differentiation induced by 

IL-4 was important to enable responsiveness to TSLP.  A hypothesis that might 

explain this involves the expression of TSLP-R, which has only been shown to be 

expressed constitutively in the murine lung DCs (Rochman and Leonard, 2008) and 

to be up-regulated in Flt3L derived BMDCs in response to TSLP (Zhou et al., 2005).  

Perhaps BMDCs cultured with GM-CSF and IL-4 express more TSLP-R after culture 

than BMDCs derived with GM-CSF alone, which may increase the strength of signal 

the cells receive from the TSLP ligation of the receptor, resulting in the increased 

expression of OX40L.  In future work, it would be useful to test this hypothesis in 

side-by-side/parallel cultures of each type of murine BM derived DCs.  

Unfortunately, it not clear at the moment how this fits with this study  since the 

expression of TSLP-R actually decreased when BMDCs were treated with TSLP 

(Fig. 5.4).

5.4.4. TSLP did not suppress BMDC IL-12 production in 
response to activation by TLR ligands

When BMDCs are stimulated with the TLR ligands CpG and LPS, they become 

activated with a distinction phenotype, including the increased expression of CD86, 

CD40 and OX40L (Fig. 5.3A and B) and the production of IL-6, IL-10, IL-12p40, 

IL-12p70 and IL-23 (Fig. 5.3C).  Previous studies have suggested that treatment of 

day 9 GM-CSF derived BMDCs with TSLP suppresses the production of IL-12p40  

in response to LPS (Zaph et al., 2007, Taylor et al., 2009a).  However, in contrast  to 

the study  by Taylor et al., the data in this study (Fig. 5.3) clearly shows that the 

209



activation of BMDCs by CpG or LPS was not inhibited by  TSLP.  TSLP suppressed 

neither the expression of activation markers (Fig. 5.3A and B) nor the production 

cytokines (Fig. 5.3) normally associated with the activation by CpG or LPS.  

The apparent discrepancy between the results in Figure 5.3 and the study by Taylor et 

al., may be explained by  differences in the doses of antigen used.  In the experiments 

shown in figure 5.3, 250 ng/ml LPS were used to stimulate DCs,  whereas 10 ng/ml 

was used in other reports (Zaph et al., 2007, Taylor et al., 2009a).  These results 

might suggest that the ability of TSLP to suppress IL-12p40 may be dependent on the 

strength of the signal (in this case the dose of LPS) used to activate the DCs, with 

TSLP suppression of IL-12p40 being overridden when the signalling pathways 

driving DC TLR mediated activation become more dominant than the finely 

balanced inhibitory  pathways induced by TSLP.  This possibility  could be addressed 

by carrying out a dose response experiment.  However, if the suppression of LPS 

activation of DCs by TSLP is found to be dependent on the dose of LPS, then TSLP 

mediated inhibition of IL-12 may not be important  in situations of overt DC 

activation by inflammatory stimuli, for example, LPS rich tissue sites such as the gut.  

However, current evidence does suggest that the expulsion of T. muris is highly 

dependent on the ability  to suppress IL-12p40 via an NF-κB dependent pathway 

(Zaph et al., 2007, Taylor et al., 2009a).  Data from Taylor et al. showed that animals 

with a TSLP-R deficiency  are unable to generate a Th2 response and cannot expel T. 

muris (Taylor et al., 2009a).  mLN DCs extracted from these mice do have an 

extremely marginal increase in IL-12p40 production by  intracellular cytokine 

staining and an increase in the expression of IL-12p40 in the colon (Taylor et al., 

2009a).  However, it remains open to question whether TSLP-R mediated 

suppression of IL-12p40 via NF-κΒ is the key interaction that suppresses Th1 during 

T. muris infection, or whether in fact TSLP is just one of the many cytokines that 

contribute to maintaining Th2 polarisation (Finkelman, 2009).  Indeed, a deficiency 

in several other cytokines during infection with T. muris has been shown to lead to a 

switch from a Th2 to a Th1 response (Finkelman, 2009).
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Massacand et al. nicely demonstrated the fine balance between the expression of 

IL-12p40 by DCs stimulated with T. muris antigens and the absence of expression 

(Massacand et  al., 2009).  They showed that DCs stimulated with T. muris antigens 

and 0.1 ng/ml LPS had a similar level of IL-12p40 expression to medium 

(Massacand et al., 2009).  However, if the dose was increased to 1 ng/ml or 10 ng/ml 

of LPS there was a dose dependent increase in IL-12p40 expression (Massacand et 

al., 2009).  The same group showed that antigens from H. polygyrus and N. 

brasiliensis are able to completely suppress the expression of IL-12p40 in the same 

setting (Massacand et al., 2009).  They  went on to demonstrate that TSLP-R 

signalling was not required for the establishment of a Th2 response during infection 

with H. polygyrus and N. brasiliensis (Massacand et al., 2009). Similarly, 

Ramalingam et al. have demonstrated that TSLP-R signalling does not play a major 

role in the Th2 response to infection with S. mansoni (Ramalingam et al., 2009).

Together, these data suggest that TSLP may  be a contributing factor in the 

suppression of IL-12p40 to allow the generation of a Th2 response in settings where 

there is a fine balance between Th1 and Th2, but may not be important once signals 

polarising either a Th1 or a Th2 become too strong.

5.4.5. TSLP did not induce the up-regulation of TSLP-R
TSLP-R was expressed by CD11c+MHCIIHi BMDCs (Fig. 5.4A and B), suggesting 

that the cells in this study  were able to respond to TSLP.  Further work is needed to 

determine whether or not TSLP-R expression does decrease in response to TSLP 

ligation as this result is contrary to both human (Reche et al., 2001) and murine 

(Zhou et al., 2005) work where TSLP-R expression has been shown to increase in 

response to TSLP (Table 5.2 and 5.3).  This might suggest that in the two 

experiments (Fig. 5.4A and B) where TSLP-R expression was measured, some other 

unknown factors influenced the result.  Further work to establish the expression of 

IL-7Rα in this system would also be useful, since the absence of either TSLP-R or 

IL-7Rα would preclude the ability  of DCs to receive signals from recombinant TSLP.  

Currently available data suggest that IL-7Rα is constitutively expressed by Ftl3L 

derived BMDCs, DCs purified from murine LNs and a DC-line (Table 5.3) (Zhou et 
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al., 2005, Rochman and Leonard, 2008, Kamekura et al., 2010).  Thus, although it is 

likely that day 10 BMDCs can respond to TSLP, this still needs to be conclusively 

demonstrated.

5.4.6. TSLP up-regulated the expression of CCR7
It is interesting that  TSLP activation of BMDCs caused an increase in the percentage 

of CD11c+MHCIIHI cell that expressed the chemokine receptor CCR7 (Fig. 5.4C and 

D) as this receptor is thought be important for the migration of DCs to the T cell zone 

of the lymph node (Randolph et al., 2008).  Therefore, an increase in the expression 

of CCR7 by DCs might be expected to allow them to more efficiently  migrate to the 

LN and initiate T cells responses.

5.4.7. The activation of BMDCs by SEA or Pa was not 
affected by TSLP

Given the lack of activation of DCs treated with TSLP (Fig. 5.1 and 5.2), it is 

perhaps not surprising that TSLP mediates but does not change the activation of 

BMDCs in response to SEA or Pa (Fig. 5.5).  At the beginning of this study, there 

was no clear evidence as to whether TSLP was required for the polarisation of Th2 

response during infection with robust Th2 inducing parasites like S. mansoni that are   

likely able to suppress the expression of the key signal 3 for Th1 induction IL-12p70 

(Kane et al., 2004).  However, it  is now clear the TSLP-R signalling is not required 

for the generation of Th2 responses to H. polygyrus (Massacand et al., 2009), N. 

brasiliensis (Massacand et al., 2009) or S. mansoni (Ramalingam et al., 2009).  In 

this context, it is perhaps not surprising that there were no overt effects on the 

activation phenotype SEA stimulated BMDCs when they were simultaneously 

treated with TSLP (Fig. 5.5A to F).  

The absence of any clear effect of TSLP on Pa activation of BMDCs (Fig. 5.4 and 

5.5) may have a similar explanation to that  proposed above for the similar 

unresponsiveness of LPS stimulation to TSLP treatment (Fig. 5.4).  Heat-killed P. 

acnes is a mix of bacterial components and at the 10 µg/ml dose used is likely to 

have induced multiple strong TLR signals. For this reason, signalling via TSLP-R 

may have been insufficient to suppress any effects mediated by Pa.
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5.4.8. The impact of TSLP stimulation of DCs on the initiation 
of T cell responses

Despite all the previous data suggesting that TSLP has no effect on DCs (Fig. 5.1 to 

5.5), when mice were immunised with TSLP treated BMDCs and pLN cells were 

restimulated on day 4 after immunisation, there was a slight enhancement in the 

production of polyclonally induced cytokines (Fig. 5.6).  An enhancement in the 

production of IL-4 and a reduction in the production of IFN-γ was seen by Besin et 

al. when they  stimulated murine naive CD4+ T cells with autologous TSLP treated 

BMDCs, anti-CD3 and IL-2 in vitro (Besin et al., 2008).  Human mixed lymphocyte 

reactions (MLRs), where TSLP treated PMDC derived DCs are used to stimulate 

allogeneic CD4+ T cells, have shown that the CD4+ T cells also generate Th2, but not 

Th1, cytokines in this setting (Soumelis et al., 2002).  

In contrast, in previous studies the enhancement in response measured has been 

specific to the Th2 response (Besin et al., 2008, Soumelis et al., 2002). In this study, 

stimulation of the CD4+ T cells in vivo with TSLP treated BMDCs followed by 

polyclonal restimulation of the pLN cells on day 4 caused a significant increase in 

the production of Th1 and Th2 cytokines (Fig. 5.6).  It  is clear, based on this, that 

TSLP treated BMDCs transferred in vivo do not stimulate T cells in the same way as 

seen previously  using in vitro co-culture systems.  In addition, the response seen on 

day 4 was transient in nature since any clear enhancement of the polyclonal cytokine 

response was lost by day 7 after immunisation (Fig. 5.6).  This suggests that TSLP 

treated DCs have a brief advantage over untreated DCs, but this advantage is lost 

later in the response.  This may  indicate that exposure of DCs to TSLP in vivo may 

have a different role to that seen when TSLP treated DCs are exposed to CD4+ T 

cells in vitro.  It remains to be explained how TSLP treated DCs are able to enhance 

the immune response in a manner not polarised towards a particular response. 

Similar to TSLP-DCs and polyclonally  restimulated T cells, when DCs were exposed 

to TSLP and SEA simultaneously  and then used to immunise mice, the SEA specific 

immune response was also enhanced on day  4 (Fig. 5.7).  This lends weight to the 

hypothesis that TSLP stimulation of DCs in vivo does not polarise T cell response, 

but enhances T cells responses in a manner not linked to T cell polarisation.  There 
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was a significant decrease in the SEA specific T cell responses on day 7 after 

immunisation with TSLP treated SEA-DCs compared to SEA-DCs (Fig. 5.7).  Taken 

together with the day 4 data, this may suggest that TSLP treatment of SEA-DCs 

causes a change in how the SEA specific immune response develops. The decreased 

immune response on day 7 may be due to antigen specific T cell contraction 

occurring earlier in responses initiated by  TSLP treated SEA-DCs and this is 

discussed in the next section (section 5.4.9).

The initiation of immune responses to Pa-DC was also altered by TSLP in this study.  

Interestingly, the early peak in Th1/17 linked cytokines IFN-γ, IL-17 and TNF-α, 

which is seen on day 2 after Pa-DC immunisation, is largely  abrogated by TSLP 

treatment.  Due to the early nature of these responses, they are likely to be innate in 

origin since the DC initiated antigen specific adaptive immune response to Pa would 

not yet have developed (Fig. 5.8A, B and D).  It  is not clear how TSLP treatment of 

DCs would alter this response, although it  is possible that  TSLP treatment of Pa-DCs 

alters the expression of chemokines associated with the recruitment and/or activation 

of cells that produce early innate IFN-γ, IL-17 and TNF-α to the lymph node.  For 

example, γδ T cells have been proposed as an early innate source of IFN-γ and IL-17 

during early response mediated by the production of IL-12 (Bonneville et al., 2010, 

Cua and Tato, 2010).

By day  4 after immunisation, the Pa specific immune response generated by TSLP 

treated Pa-DCs was slightly  enhanced compared to Pa-DCs (Fig. 5.8).  This is similar 

to the enhancement in the polyclonal immune responses generated by TSLP-DCs and 

the SEA specific immune response initiated by TSLP treated SEA-DCs.  However, 

the increase in the response to Pa-DCs caused by TSLP treatment is less clear 

possibly because Pa mediate activation of DCs already causes initiation of the 

immune response by day 4 (Fig. 5.8).  In contrast, SEA activated DCs do not 

generate a clear immune response till after day  4 (Fig. 5.7).  Thus, is it is plausible 

that some of the factors that are involved with Pa-DCs initiating an immune response 

on day  4 after immunisation (Fig. 5.8) may be overlapped with the factors that TSLP 

up-regulates on SEA-DCs, which leads to the induction of clear SEA specific 
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responses on day  4 (Fig. 5.7). These factors might include the up-regulation of 

chemokine receptors such as CCR7 (Randolph et al., 2008).

On day 7 after immunisation, the Pa specific immune response generated by TSLP 

treated Pa-DCs was reduced compared to Pa-DCs (Fig. 5.8), which is similar to the 

reduced SEA specific response to TSLP treated SEA-DCs on day 7 (Fig. 5.7).  This 

might indicate the immune response initiated by Pa-DCs treated with TSLP starts and 

ends earlier or the immune response is of a lower magnitude overall and this is 

discussed in the next section.

Polyclonal restimulation of pLN with anti-CD3 activates all the T cells in the assay 

and gives an indication of the overall potential of the T cells to produce cytokine.  

These assays revealed that on day 4 after immunisation with TSLP-DCs and TSLP 

treatment of SEA-DCs, both enhanced the polyclonal ability of all T cells to produce 

cytokine to a similar extent (Fig. 5.9).  This potentially supports the idea that 

immunisation with TSLP treated DCs enhanced immune responses in a non-antigen 

specific manner.  

On day 7, due to the initiation of IL-4 production in response to SEA, the polyclonal 

IL-4 induced by  SEA-DCs and TSLP treated SEA-DCs was greater than that induced 

by medium-DCs and TSLP-DCs (Fig. 5.9).  However, the polyclonal IL-4 produced 

in response to TSLP treated SEA-DC on day 7 was lower than that produced by 

SEA-DCs (Fig. 5.9).  Other polyclonal responses on day 7 were unaffected by 

immunisation with TSLP or SEA treated DCs and were similar to the medium-DC 

background (Fig. 5.9).  The IL-4 data supports the idea that TSLP treatment of DCs 

causes an earlier immune response that  is undergoing contraction by day 7. This data 

also suggests that the increase in the polyclonal immune response on day 4 caused by 

TSLP treatment was not inhibited by DC stimulation with SEA (Fig. 5.9). 

Apart from a slight enhancement in polyclonal IL-10 production, TSLP treatment of 

Pa-DCs did not alter the immune response generated on day 4 or 7 after 

immunisation (Fig. 5.10).  However, it was clear that on day 4 after immunisation, 

the increased polyclonal production of IL-10, IL-4 and IL-13 caused by  TSLP-DCs 

was inhibited when DCs were also treated with Pa. (Fig. 5.10).  This suggests that Pa 
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induced TLR mediated signals can override signals initiated by TSLP.  Perhaps, this 

relationship is similar to that suggested for LPS and TSLP and future work 

comparing different doses of Pa and TSLP might reveal if this is the case.

Overall, both polyclonal and antigen specific responses to immunisation with DCs 

were altered by TSLP; some possible explanations for these changes are discussed in 

section 5.4.9.

5.4.9. Does TSLP treatment of DC alter the rate or magnitude 
of the immune response?

 The data clearly indicate that TSLP treated SEA-DCs initiate T cell responses of a 

greater magnitude on day 4 than untreated DCs (Fig. 5.7).  The polyclonal response 

to TSLP-DCs mirrors this response (Fig. 5.6), although the Pa specific responses 

initiated by TSLP treated Pa-DCs differs slightly  in that TSLP treatment only  slightly 

increased the magnitude of Pa response on day 4 (Fig. 5.8).  However, it is not clear 

whether the immune responses initiated are of the same magnitude initiated earlier, 

or of a reduced magnitude with the same kinetics (Fig. 5.6, 5.7 and 5.8).

Further work is required to answer this question and would require analysis of time-

point 5, 6 and 8 days after immunisation as well as the current time-points.  Based on 

the current data, any earlier peak in the immune response to TSLP treated DCs may 

be on day 5 or 6 after immunisation (Fig. 5.7).  If the early peak hypothesis is 

correct, then decreases in the polyclonal and antigen specific immune responses seen 

on day 7 in response to TSLP treated DCs may  be due to the earlier initiation of the 

antigen specific contraction phase of the T cell response following an earlier 

expansion phase (Chapter 1, section 1.2.12) (McKinstry et al., 2010a). 

If the early  initiation but reduced magnitude of response hypothesis is correct, then 

TSLP treatment of DCs may cause the modulation of the proliferation and survival 

signals the DCs provide to T cells during the initiation of the immune response.  It is 

not clear what signals from the DC to the T cell might be altered, however if TSLP 

treatment interfered with the CD80:CD28 interaction between the DCs and the T 

cells, the T cells might be primed to respond less to IL-2 due the lack of IL-2R up-

regulation (Jenkins et al., 2001).  This would lead to a reduced level of clonal 
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expansion and might lead to a reduction in the overall response (Jenkins et  al., 2001).  

Jenkins et al. showed a reduced magnitude immune response is initiated in the spleen 

in response to OX40L deficient SEA stimulated DCs, and the lack of OX40L 

signalling was hypothesised to reduce proliferation and/or survival of the activated T 

cells (Jenkins et al., 2007).  If TSLP causes decreased costimulatory signals to be 

received by the T cells, then pro- and anti-apoptotic factors may  be imbalanced, for 

example, through the reduced up-regulation of the anti-apoptotic factor Bcl-2, which 

might lead to the T cells having an increased susceptibility to activation induced cell 

death (AICD)(chapter 1: section: 1.2.12).  Together, reduced proliferation and 

increased susceptibility  to AICD would reduce the magnitude of the immune 

response (McKinstry et al., 2010a).

The early initiation of the immune response could be explained by either faster 

migration of TSLP treated DCs from the immunisation site to the T cell zone of the 

LN or faster and more effective interactions of DCs with T cells.  The up-regulation 

of CCR7 by BMDCs treated with TSLP (Fig. 5.4) might suggest that TSLP alters 

DCs by inducing the expression of chemokine receptors and integrins that aid faster 

migration of DCs to the T cell zone of the LN after immunisation (Randolph et al., 

2005).  The chemokine receptor CCR7 is thought to mediate migration of DCs from 

the periphery to the LN in response to chemokines CCL19 and CCL21, which are 

secreted by cells in the lymph node (Randolph et al., 2005).  Although CCR7 is 

expressed by DCs outside sites of inflammation it is thought to exist in an insensitive 

state (Randolph et al., 2005).  Mediators found at sites of inflammation such as 

prostaglandin E2 are required to sensitise DCs to signals through CCR7 (Randolph et 

al., 2005).  Perhaps, TSLP has a previously  unrecognised role in sensitising and 

further up-regulating CCR7 responsiveness during infection or inflammation.  If this 

is the case, TSLP driven sensitisation of DCs to signals through CCR7 might explain 

why TSLP-DC and TSLP treated SEA-DCs initiate earlier responses.

TSLP has been shown to drive the expression of chemokines CCL17 and CCL22 in a 

number of human studies (Ito et al., 2005, Fontenot  et al., 2009)(Table 5.2). The dose 

dependent production of CCL17 in response to TSLP has been shown by one murine 

217



study (Zhou et al., 2005) (Table 5.3).  It would be useful to measure these cytokines 

in future studies as another possible indicator of TSLP activation of DCs.  Work by 

some groups has suggested that  Th1 and Th2 polarised CD4+ T cell clones express 

disparate chemokine receptors and thus, respond to different chemokine gradients 

(Bonecchi et al., 1998, Siveke and Hamann, 1998).  Bonnecchi et al. used human T 

cell lines that had been differentiated into either IFN-γ producing Th1 or IL-4 

producing Th2 cells and reported that human Th1 cells expressed more CXCR3 and 

CCR5, whereas Th2 cell preferentially expressed CCR4 and CCR3 (Bonecchi et al., 

1998).  Focusing on CCR4, the group noted that CCR4 is the receptor for CCL17 

(TARC) and CCL22 (MDC) (Bonecchi et al., 1998). 

Therefore, the expression of CCL17 and CCL22 by DCs may be of particular 

importance after the initial priming of T cells when T cells have already been 

polarised (Medoff et  al., 2008, Burke et al., 2009), for example, the recruitment of 

Th2 polarised CD4+ T cells during of granuloma formation in response to S. mansoni 

infection (Burke et al., 2009), or restimulation and recruitment T cells during 

aberrant Th2 response such as asthma (Medoff et al., 2008).  In this study, the 

animals were naive and not sensitised with SEA and therefore, recruitment of SEA 

specific Th2 polarised cells to amplify the immune response could not occur.  

However, in future work it would be interesting to test if sensitisation of animals 

with SEA prior to challenge with TSLP treated SEA-DCs results in an enhanced Th2 

immune response over SEA-DCs alone.  

How could TSLP stimulation of BMDCs in vivo enhance the primary immune 

response?  A mechanism by which TSLP stimulated DCs might generally enhance 

polyclonal T cell responses may be via the induction of increased local production of 

a chemokine such as CXCL12 by stromal cells.  CXCL12 attracts both Th1 and Th2 

cells equally, as they express similar amounts of CXCR4 (Bonecchi et al., 1998).  

Together, these studies indicate that future work in this area should include the 

measurement of CCL17 and CCL22, and other chemokines that might be induced by 

TSLP treatment of DCs that could influence the recruitment of T cells to the LN.
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TSLP treatment of both SEA-DCs and Pa-DCs appears to enhance their ability  to 

potentiate both antigen specific and polyclonal immune responses.  Thus, there does 

not appear to be a role for CD4+CD25+Foxp3+ T regulatory cells in this system.  This 

is supported the data in figure 5.11 that shows the percentage of CD4+CD25+Foxp3+ 

T regs (Fig. 5.11B and C) and their level of expression of Foxp3 (Fig. 5.11D and E) 

in the pLN ex vivo was not altered as a result of any effect driven by  TSLP treatment 

of medium-DCs, SEA-DCs or Pa-DCs.  This suggests that in this experimental 

setting, TSLP is not able to condition BMDCs to induce the differentiation of 

CD4+CD25+Foxp3+ T regs.  Therefore, a role for CD4+CD25+Foxp3+ T regs in this 

system is unlikely.

5.5. Conclusion
This study  clearly shows that GM-CSF derived murine BMDCs are not 

phenotypically activated by  TSLP.  In particular, murine BMDCs in this study failed 

to up-regulate the expression of OX40L in response to TSLP, which is thought to be 

a key  marker of activation in response to TSLP (Ito et al., 2005).  The reported ability 

of murine TSLP to suppress the expression of IL-12p40 by DCs (Zaph et al., 2007), 

could not be repeated in this study, although it is possible that there is a dose 

relationship of TSLP and LPS and this could be the subject of further work.  TSLP 

treatment of BMDCs does not appear to alter the activation phenotype of DCs in 

response to either SEA or heat killed P. acnes.  It remains to be rigorously 

demonstrated how BMDCs respond to TSLP signalling via TSLP-R and future work 

should address this using a TSLP dose curve.  There was an interesting possible 

relationship between BMDC expression of CCR7 and stimulation with TSLP that 

should be investigated further, including analysis of whether TSLP can sensitise DCs 

to signals received via CCR7.  In addition, analysis of chemokines released by  DCs 

in response to TSLP may reveal relationships between DCs and T cells that may  be 

important to the ability of DCs to generate immune responses.

Data from immunisation studies clearly indicate that TSLP may have an important 

unrecognised ability to potentiate immune responses initiated by DCs.  Current data 

strongly suggests that TSLP-DCs and TSLP treated SEA-DCs initiate immune 
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responses earlier than DCs not treated with TSLP.  Further work should include a 

detailed time-course on day  3, 4, 5, 6, 7 and 8 after immunisation to identify whether 

the immune responses initiated start earlier and have an early peak and contraction or 

start early and have a reduced magnitude.

It is clear from these studies that the role of TSLP activated DCs in vivo may  be 

different from that proposed based on in vitro studies, antibody depletion studies and 

studies using TSLP-R deficient mice.
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6. Figures and Tables
Table 5.1: Sources of TSLP

Source
Table 5.1: Sources of TSLP

Induced By Receptor Mediated By Enhanced by/ 
Synergistic 

with

Species

Epithelial cells Constitutive expression Human (Soumelis 
et al., 2002)

IL-1α/β or TNF-α IL-1R or TNFR NF-κB Th2 cytokine Human (Soumelis 
et al., 2002, 
Bogiatzi et al., 
2007, Lee et al., 
2008, Allakhverdi 
et al., 2007, 
Fontenot et al., 
2009, Lee and 
Ziegler, 2007) /
Mouse (Zaph et 
al., 2007, Lee and 
Ziegler, 2007)

IL-4 or IL-13 + Poly
(I:C)

IL-4Rα, 
IL-13Rα, TLR3

NF-κB and 
IRF-3

Human (Kato et 
al., 2007)

IL-4 + TNF-α IL-4Rα, TNFR Human (Tanaka 
et al., 2010)

IL-13 IL-13Rα Stat6 Human (Semlali 
et al., 2010) /
Mouse (Miyata et 
al., 2009)

IL-4 or IL-13 and TNF-
α

IL-4Rα, 
IL-13Rα, TNFR

Stat6, IκB 
Kinase 
induction of 
NF-κB

Human (Kato et 
al., 2007, 
Soumelis et al., 
2002) 

IL-33 IL-33R Mouse 
(Humphreys et 
al., 2008)

Lipoteichoic acid, 
peptidoglycan

TLR2 NF-κB IL-4+TNF-α Human 
(Allakhverdi et 
al., 2007, Lee and 
Ziegler, 2007) /
Mouse (Lee and 
Ziegler, 2007)

poly(I:C) (dsRNA) TLR3 NF-κB IL-4, or 
IL-4+TNF-α

Human 
(Allakhverdi et 
al., 2007, 
Kouzaki et al., 
2009, Tanaka et 
al., 2010, 
Fontenot et al., 
2009)

LPS TLR4 IκB Kinase 
induction of 
NF-κB

IL-4+TNF-α Human (Tanaka 
et al., 2010) /
Mouse (Zaph et 
al., 2007)

Flagellin TLR5 IL-4+TNF-α Human (Tanaka 
et al., 2010)

poly(CpG) TLR8 NF-κB IL-4+TNF-α Human (Lee and 
Ziegler, 2007) /
Mouse (Lee and 
Ziegler, 2007)
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Source
Table 5.1: Sources of TSLP

Induced By Receptor Mediated By Enhanced by/ 
Synergistic 

with

Species

Keratinocytes

Mast cells

Basophils

Bronchial 
smooth 
muscle

Lung 
fibroblasts

CpG-B, CpG-ODN TLR9 NF-κB IL-4+TNF-α Human (Tanaka 
et al., 2010, Lee 
and Ziegler, 
2007) /Mouse 
(Lee and Ziegler, 
2007)

Proteases Protease-
activated 
receptor 
(PAR)-2,

PAR-2 via ??? IL-4 Human (Kouzaki 
et al., 2009)

Proteases ROS mediated 
oxidised 
phospho lipids 
via TLR4

TLR4 via TRIF Mouse (Tang et 
al., 2010) 

T. muris infection or 
products

IκB Kinase 
induction of 
NF-κB

Mouse (Zaph et 
al., 2007, Taylor 
et al., 2009a, 
Massacand et al., 
2009)

H.pylori Human (Kido et 
al., 2010)

S.typhimurium Human (Rimoldi 
et al., 2005)

HIV NF-κB Human (Fontenot 
et al., 2009)

High constitutive 
expression

Human (Soumelis 
et al., 2002)

IL-1α or TNF-α IL-1R or TNFR Th2 cytokine Human 
(Allakhverdi et 
al., 2007)

Calcitriol (Vitamin D3 
receptor ligand)

RXR NF-κB Mouse (Li et al., 
2006)

Constitutive expression Human (Soumelis 
et al., 2002)

IgE cross-linking FcεR1α Human (Soumelis 
et al., 2002, 
Okayama et al., 
2009)

Protease: Papain Mouse (Sokol et 
al., 2008)

IgE cross-linking FcεR1α Mouse (Sokol et 
al., 2008)

Constitutive expression Human (Soumelis 
et al., 2002)

IL-4, IL-13, TNF-α IL-4Rα, 
IL-13Rα, TNFR

Human (Soumelis 
et al., 2002)

High level constitutive 
expression

Human (Soumelis 
et al., 2002)
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Table 5.2 Activation of human DCs in response to TSLP and TLR 
ligands
Table 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligands

DC origin Treatment TSLP-R 
expression

IL-7Ra 
expression

Cell 
phenotype

Cytokine/ 
Chemokine 
produced

Authors

Human 
PBMC 
derived DCs

DCs+TSLP Constitutive, 
increased by 
activation

constitutive, 
increased by 
activation

Up-reg: 
CD80, CD86, 
CD40

CCL17, CCL19 
and CCL22. No 
IL-10 or 
IL-12p70

(Reche et al., 
2001)

Human 
PBMC 
derived DCs

DCs+TSLP Constitutive, 
but up-
regulated

N/S Up-reg: 
MHCII, 
CD40, CD80, 
CD86

CCL17 and 
CCL22. No 
IL-10 or 
IL-12p70

(Soumelis et 
al., 2002)

Human 
PBMC 
derived DCs

DCs+TSLP N/S N/S Up-reg: CD80 
and CD86

N/S (Gilliet et al., 
2003)

Human 
PBMC 
derived DCs

DCs+TSLP
+poly(I:C)

N/S N/S Up-reg: 
MHCII, 
CD40, CD80, 
CD83 and 
CD86

N/S (Watanabe et 
al., 2004)

Human 
PBMC 
derived DCs  
or colon DCs

DCs
+epithelial 
cell 
supernatants 
containing 
TSLP

Constitutive N/S Up-reg: 
MHCII and 
CD80

No IL-10 or 
IL-12p70

(Rimoldi et 
al., 2005)

Human 
PBMC 
derived DCs

DCs+TSLP N/S N/S Up-reg: 
CD80, CD86, 
CD40 and 
high levels of 
OX40L 
increasing to 
96 hrs

CCL17 and 
CCL22. No 
IL-10 or 
IL-12p70

(Ito et al., 
2005)

Human 
PBMC 
derived DCs

DCs+TSLP N/S N/S Up-reg: 
MHCII, 
CD80, CD86,

CCL17 and 
CCL22. No 
IL-12p70 or 
TNF-α

(Watanabe et 
al., 2005)

Thymic DCs DCs+TSLP N/S N/S Up-reg: 
MHCII, 
CD80, CD86,

CCL17 and 
CCL22. No 
IL-12p70 or 
TNF-α

(Watanabe et 
al., 2005)

Human 
PBMC 
derived DCs

DCs+TSLP or 
Skin cultures

N/S N/S CD40, CD80 N/S (Bogiatzi et 
al., 2007)

Human 
PBMC 
derived DCs

DCs+TSLP N/S N/S Up-reg: 
CD40, CD80, 
CD86 and 
high levels of 
OX40L 
increasing to 
72 hours

No IL-12p70 (Yokoi et al., 
2008)

Human 
PBMC 
derived DCs

DCs+TSLP
+BCG

N/S N/S CD40, CD80, 
CD86 not 
suppressed by 
BCG. OX40L 
suppressed by 
BCG

IL-12p70 (Yokoi et al., 
2008)

Human 
PBMC 
derived DCs

DCs+TSLP N/S N/S Up-reg: 
CD40, CD80, 
CD86

CCL17 and 
CCL22

(Fontenot et 
al., 2009)
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Table 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligandsTable 5.2: Activation of human DC in response to TSLP and TLR ligands
DC origin Treatment TSLP-R 

expression
IL-7Ra 

expression
Cell 

phenotype
Cytokine/ 

Chemokine 
produced

Authors

Human 
PBMC 
derived DCs

DCs+TSLP Low 
constitutive 
and up-
regulated by 
TSLP

Low 
constitutive 
and up-
regulated by 
TSLP

Up-reg: CD80 CCL17 and 
CCL22. Not 
IL-6, IL12p70, 
TNF-α or IL-23

(Tanaka et al., 
2009)

Human 
PBMC 
derived DCs`

DCs+TSLP
+poly(I:C) or 
LPS

Up-regulated 
by TSLP and 
further by 
addition of  
poly(I:C), and 
LPS

Up-regulated 
by TSLP and 
further by 
addition of  
poly(I:C), and 
LPS

Up-reg: CD80 CCL17 and 
CCL22 not 
suppressed by 
poly (I:C) or 
LPS. Up-reg: 
IL-6, IL-12p70, 
IL23, TNF-α

(Tanaka et al., 
2009)

Human 
PBMC 
derived DCs

DCs+TSLP N/S N/S Up-reg: CD80 N/S (Kido et al., 
2010)

Human 
PBMC 
derived DCs

DCs+TSLP Up-regulated 
by TSLP and 
further by 
Feline antigen 
H22-Fel d1

N/S OX40L 
independent

N/S (Hulse et al., 
2010)

Human 
PBMC 
derived DCs

DCs+TSLP V. low, 
increased by 
TSLP

V. low, 
increased by 
TSLP

Up-reg: 
CD86.

No IL-6, 
IL-12p70 or 
TNF-α

(Sugimoto et 
al., 2010)

Human 
PBMC 
derived DCs

DCs+TSLP
+BCG+/-
CD40

V. low, 
increased by 
TSLP and 
BCG

V. low, 
increased by 
TSLP and 
BCG

Plus BCG no 
increase in 
CD86. Plus 
BCG+CD40L 
further up-reg 
CD86.

Plus BCG 
prod.: TNF-α 
and IL-6. Plus 
BCG and 
CD40L prod.: 
more TNF-α 
and IL-6 as well 
as IL-12p70

(Sugimoto et 
al., 2010)

Human 
Thymic pDC

DCs+TSLP Not expressed Constitutive Low 
constitutive 
CD80 and 
CD86

No cytokines or 
chemokines

(Hanabuchi et 
al., 2010)

Human 
Thymic pDC

DCs+TSLP
+CpG B

High Equal to 
constitutive

Up-reg: 
CD80, CD86

CCL17, 
CCL22, IFN-α 
no IL-12p70

(Hanabuchi et 
al., 2010)

Human 
Thymic pDC

DCs+TSLP
+R848

High Equal to 
constitutive

Up-reg: 
CD80, CD86

CCL17, 
CCL22, IFN-α 
no IL-12p70

(Hanabuchi et 
al., 2010)
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Table 5.3: Activation of murine DCs in response to TSLP, TLR ligands 
and helminth antigens
Table 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigens

DC origin Treatment/
Model

TSLP-R 
expression

IL-7Ra 
expression

Cell 
phenotype

Cytokine/ 
Chemokine 
produced

Authors

Ex vivo splenic 
murine DCs

DCs+TSLP N/S N/S Up-reg: 
MHCII, 
CD80, CD86

N/S (Al-Shami et 
al., 2005)

Murine DCs 
BM derived 
using 10 day 
Flt3L culture

DCs+TSLP Expressed by 
TSLP 
activated cells

Expressed by 
TSLP 
activated cells

Up-reg: 
MHCII, 
CD40, CD80, 
CD86

TSLP dose 
dependent 
increase in 
CCL17

(Zhou et al., 
2005)

In vivo murine 
mediastinal 
LN DCs

Intranasal 
admin. with 
TSLP and 
OVA-APC

N/S N/S Constitutive 
MHCII+. Up-
reg: OX40L+

N/S (Seshasayee et 
al., 2007)

In vivo mLN 
DCs from T. 
muris 
infection

Epithelial cell 
specific 
deficient NF-
κΒ signalling 
and therefore 
TSLP 
production 
deficient

N/S N/S N/S Increased 
IL-12p40

(Zaph et al., 
2007)

DCs BMDCs 
(culture tech. 
not shown)

DCs+TSLP
+LPS

N/S N/S Up-
reg:MHCII 
and CD86

TSLP 
suppressed 
IL-12p40

(Zaph et al., 
2007)

DCs BMDCs 
(culture tech. 
not shown)

DCs + 
epithelial cell 
supernatants 
containing 
TSLP+LPS

N/S N/S Up-
reg:MHCII 
and CD86

Epithelial cell 
supernatants 
suppressed 
IL-12p40

(Zaph et al., 
2007)

Murine 
BMDCs 
(derived 7d 
GM-CSF
+IL-4)

DC+TSLP N/S N/S Up-reg: 
MHCII, 
CD80, CD86 
and OX40L

No TNF-α, 
IL-10 or 
IL-12p70 

(Besin et al., 
2008)

Ex vivo LN 
DCs

Naive DCs 
untreated

Constitutive Constitutive N/S N/S (Rochman et 
al., 2009)

In vivo 
Murine Lung 
DCs

OVA+Anti-
TSLPR 
antagonistic 
antibody

N/S N/S Reduced 
CD40, CD80, 
CD86

N/S (Shi et al., 
2008)

In vivo mLN 
DCs from T. 
muris 
infection

TSLP-R 
deficient mice. 

N/S N/S N/S Increased 
IL-12p40, 
TNF-α

(Taylor et al., 
2009a)

Murine 
BMDCs 
(derived 10d 
GM-CSF)

DC+LPS N/S N/S Upreg: 
MHCII, 
CD80, CD86

Produce large 
amounts of 
IL-12p40 and 
IL-12p70

(Kane et al., 
2004)

Murine 
BMDCs 
(derived 9d 
GM-CSF)

DC+TSLP
+LPS

N/S N/S N/S TSLP 
suppressed 
IL-12p40

(Taylor et al., 
2009a)

Murine 
BMDCs 
(derived 10d 
GM-CSF)

DCs+T. muris 
antigens+LPS

N/S N/S N/S Expression of 
IL-12p40 up-
regulated

(Massacand et 
al., 2009)

225



Table 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigensTable 5.3: Activation of murine DCs in response to TSLP, TLR ligands and helminth antigens
DC origin Treatment/

Model
TSLP-R 

expression
IL-7Ra 

expression
Cell 

phenotype
Cytokine/ 

Chemokine 
produced

Authors

Murine 
BMDCs 
(derived 10d 
GM-CSF)

DCs+ N. 
brasiliensis 
antigens+LPS

N/S N/S N/S Expression of 
IL-12p40 
suppressed

(Massacand et 
al., 2009)

Murine 
BMDCs 
(derived 10d 
GM-CSF)

DCs+ H. 
polygyrus 
antigens+LPS

N/S N/S N/S Expression of 
IL-12p40 
suppressed

(Massacand et 
al., 2009)

Murine 
BMDCs 
(derived 10d 
GM-CSF)

DCs+ S. 
mansoni 
antigens+LPS

N/S N/S Not up-reg: 
MHCII, 
CD80, CD86

Production of 
IL-12p40 and 
IL-12p70 
suppressed

(Kane et al., 
2004)

Mature DC 
cell line XS52

DCs+TSLP Constitutive 
and up-
regulated by 
TSLP

Constitutive N/S N/S (Kamekura et 
al., 2010)
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Figure 5.1: 

Figure 5.1: Dendritic cell activation phenotype in response to different 
doses of TSLP.

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were treated with medium alone or 10 ng/ml TSLP for 24 hours.  The percentage of 

BMDCs that expressed MHCII, CD80, CD86, CD40 and OX40L was measured by 
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flow cytometry  as shown in these representative plots stained (blue) and isotype (red) 

(A).  In a separate experiment BMDCs were treated with medium alone (white), 10 

ng/ml (light gray), 20 ng/ml, 50 ng/ml (dark gray striped) or 100 ng/ml (black) of 

TSLP for 24 hours.  The percentage (B) and GMFI (C) of the same markers on 

CD11c+MHCIIHi cells was assessed.  Supernatants were collected and the 

production of BMDC cytokines was assessed by  ELISA, or the secretion of NO2 was 

measured using the greiss reaction. 1 of 6 (A) or 1 (B to D) independent experiments 

with bar indicating +/- SEM of 3 technical repeats.
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Figure 5.2: 

Figure 5.2: Changes in BMDC expression of OX40L in response to 
TSLP overtime.

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were treated with  medium alone or 10 ng/ml TSLP for 24, 48, 72 or 96 hours.  The 

percentage CD11c+MHCIIHiOX40L+ cells (A and B) and GMFI of OX40L (C) on 

CD11c+MHCIIHi cells was assessed by flow cytometry.  The percentage of live cells 

was assessed using Annexin V and PI to assess the level of apoptosis and necrosis in 

the cultures (D).  1 of 1 (A to D) independent experiments with bar indicating +/- 

SEM of 3 technical repeats.
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Figure 5.3:

Figure 5.3: Treatment with TSLP did not alter activation phenotype of 
BMDCs in response to defined TLR ligands or bacterial stimulation

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were stimulated with medium (white), CpG 5 µg/ml (black), 0.25 µg/ml LPS (light 

gray) or 10 µg/ml Pa (black) in presence or absence of 10 ng/ml TSLP for 24 hours.  
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The percentage (A) and GMFI (B) of surface markers MHCII, CD80, CD86, CD40 

and OX40L on CD11c+MHCIIHi was measured by flow cytometry.  Supernatants 

collected and the production of BMDC cytokines was assessed by  ELISA (C) and 

using the Greiss reaction for NO2 secretion (C). 1 of 1 (A to D) independent 

experiments with bar indicating +/- SEM of 3 technical repeats..
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Figure 5.4:

Figure 5.4: BMDC expression of TSLPR and CCR7 was altered by TSLP 
stimulation

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were treated with medium alone or 10 ng/ml TSLP for 24 hours.  The expression of 

TSLPR (A and B) and CCR7 (C and D) by  CD11c+MHCIIHi cells was assessed by 

flow cytometry (blue dots) stained cells (red dots) isotype control staining. 1 of 2 (A 

and B) or 1 (C and D) independent experiments with bar indicating +/- SEM of 3 

technical repeats.
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Figure 5.5:

Figure 5.5: BMDC activation by SEA and Pa was not altered by TSLP

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were treated with medium alone, 30 µg/ml SEA or 10 µg/ml Pa in the presence or 

absence of 10 ng/ml TSLP for 24 hours, before transfer to C57BL/7 recipients.  The 

percentage of surface markers MHCII (A), CD80 (B), CD86 (C), CD40 (D) and 
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OX40L (E) on CD11c+MHCIIHi was measured by flow cytometry.  1 of 6 (A to G) 

independent experiments with bar indicating +/- SEM of 2 technical repeats.
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Figure 5.6. 

Figure 5.6: TSLP treated BMDCs induced an altered cytokine response 
by pLN cells reflected by changes in response to polyclonal 
restimulation.

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were treated with 10 ng/ml TSLP (gray symbols) or media (black symbols) alone for 

24 hours.  The BMDCs were then injected s.c. into the footpad of C57BL/6 

recipients.  After 4 or 7 days cells from pLN of recipient mice were restimulated with 

media alone or anti-CD3 for 72 hours, supernatants collected and the polyclonal 

(triangles) and medium alone (squares) responses were assessed by ELISA.  Day 4: 1 

of 2, day 7: 1 of 5 (with the exclusion of TNF-α which was 1 of 1) independent 
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experiments, with bar indicating +/- SEM of 4 to 5 animals per group, groups were 

pooled on day 2.
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Figure 5.7:

Figure 5.7: The rate of SEA specific Th2 response induction was altered 
when BMDC were treated with TSLP

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were stimulated with medium (square symbols) or 30 µg/ml SEA (triangular 

symbols) and exposed to 10 ng/ml TSLP (gray symbols) or medium alone (black 

symbols) for 24 hours.  The BMDCs were then injected subcutaneously into the 

footpad of C57BL/6 recipients.  After 2, 4 or 7 days cells from pLN of recipient mice 

were restimulated with 15 µg/ml SEA or medium alone for 72 hours and supernatants 

collected.  SEA specific cytokine production was assessed by ELISA and medium 

alone restimulation values were subtracted (A and F).  Day  2: 1 of 1, day 4: 1 of 2, 

day 7: 1 of 5 (with the exclusion of TNF-α which was 1 of 1) independent 

experiments, with bar indicating +/- SEM of 4 to 5 animals per group, some groups 

were pooled on day 2.
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Figure 5.8: 

Figure 5.8: The rate of Pa specific Th1/17 response induction was 
altered when BMDC were treated with TSLP

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were stimulated with medium (square symbols) or 10 µg/ml Pa (triangular symbols) 

and exposed to 10 ng/ml TSLP (gray symbols) or medium alone (black symbols) for 

24 hours.  The BMDCs were then injected subcutaneously into the footpad of 

C57BL/6 recipients.  After 2, 4 or 7 days cells from pLN of recipient mice were 

restimulated with 1 µg/ml Pa or medium alone for 72 hours and supernatants 

collected.  Pa specific cytokine production was assessed by ELISA and medium 

alone restimulation values were subtracted (A and F).  Day  2: 1 of 1, day 4: 1 of 2, 

day 7: 1 of 5 (with the exclusion of TNF-α which was 1 of 1) independent 

experiments, with bar indicating +/- SEM of 4 to 5 animals per group, some groups 

were pooled on day 2.
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Figure 5.9:

Figure 5.9: TSLP treatment of SEA stimulated BMDC altered the 
polyclonal pLN cell response on day 4 and 7 

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were stimulated with medium (square symbols) or 30 µg/ml SEA (triangular 

symbols) and exposed to 10 ng/ml TSLP (gray symbols) or medium alone (black 

symbols) for 24 hours.  The BMDCs were then injected subcutaneously into the 

footpad of C57BL/6 recipients.  After 4 or 7 days cells from pLN of recipient mice 

were polyclonally restimulated with anti-CD3 or medium alone for 72 hours and 

supernatants collected.   Polyclonal cytokine production was assessed by ELISA and 

medium alone restimulation values were subtracted (A and F).  Day 4: 1 of 2, day 7: 
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1 of 5 (with the exclusion of TNF-α which was 1 of 1) independent experiments, 

with bar indicating +/- SEM of 4 to 5 animals per group, some groups were pooled 

on day 2.
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Figure 5.10:

Figure 5.10: TSLP treatment of Pa stimulated BMDC did not alter the 
polyclonal pLN cell response on day 4 and 7

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were stimulated with medium (square symbols) or 1 µg/ml Pa (triangular symbols) 

and exposed to 10 ng/ml TSLP (gray symbols) or medium alone (black symbols) for 

24 hours.  The BMDCs were then injected subcutaneously into the footpad of 

C57BL/6 recipients.  After 4 or 7 days cells from pLN of recipient mice were 

polyclonally restimulated with anti-CD3 or medium alone for 72 hours and 

supernatants collected.   Polyclonal cytokine production was assessed by ELISA and 

medium alone restimulation values were subtracted (A and F).  Day 4: 1 of 2, day 7: 
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1 of 5 (with the exclusion of TNF-α which was 1 of 1) independent experiments, 

with bar indicating +/- SEM of 4 to 5 animals per group, some groups were pooled 

on day 2.
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Figure 5.11:

Figure 5.11: TSLP treatment of medium, SEA or Pa stimulated BMDC 
did not affect CD4+CD25+Foxp3+ T regs in the pLN.

BMDCs were grown in the presence of GM-CSF for 10 days.  On day 10 BMDCs 

were stimulated with medium (square symbols), 30 µg/ml SEA (triangular symbols) 

or 10 µg/ml Pa (triangular symbols) and exposed to 10 ng/ml TSLP (gray symbols) 

or medium alone (black symbols) for 24 hours. The BMDCs were then injected 

subcutaneously into the footpad of C57BL/6 recipients.  After 2, 4 or 7 days cells 

from pLN of recipient mice were prepared for in ex vivo assays.  The representative 

plots show the expression of CD25 and Foxp3 by CD4+ T cells in the pLN (A).  The 

percentage (B and C) of CD4+CD25+Foxp3+ T regs and their expression of Foxp3 (D 

and E) was assessed by flow cytometry.  Day  2: 1 of 1, day 4: 1 of 2, day 7: 1 of 5 

independent experiments, with bar indicating +/- SEM of 4 to 5 animals per group.
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7. General Discussion
The first aim of this thesis was to establish the involvement and importance of DCs 

during Th2 response induction and development against the parasitic helminth S. 

mansoni.  Beyond addressing the role of DCs in schistosome infection, an additional 

aim of the work detailed in this thesis was to ask whether DCs played a part  in Th2 

induction at all.  Although many studies over the past decade have highlighted the 

ability  of DCs to provoke a Th2 fate in CD4+ T cells, at the time of this work it had 

not yet been formally demonstrated whether DCs were critical players in this 

process.  

The data in chapter 1 demonstrated that CD11c+ DCs are a fundamental requirement 

for the initiation of a Th2 response to both challenge with S. mansoni eggs and 

during parasitic infection with S. mansoni.  In contrast, basophils, which have been 

suggested to be the key APC for the induction of Th2 responses in others settings 

(Yoshimoto et al., 2009, Perrigoue et al., 2009), do not appear to play a measurable 

role in the initiation of Th2 responses to S. mansoni.  

A recently generated line of mice, wherein CD11c+ DCs could be specifically 

depleted following administration of DTx, was used in this study.  The targeted 

depletion of CD11c+ DCs severely impaired the Th2 response against schistosome 

eggs or during infection, and caused the balance of the immune response to become 

altered such that it was more IFN-γ dominated.  The severe impairment in the Th2 

response apparently  following CD11c depletion suggests that  there is little 

redundancy for CD11c+ DCs as APCs in the initiation of Th2 immune responses to S. 

mansoni.  

Although the Th2 response was not completely ablated in either the egg injection or 

the infection models following DTx treatment of the CD11c.DOG mice, this is likely 

explained by the lack of complete depletion of CD11c+ DCs and/or cross-reactive 

Th2 immune responses primed by other parasite antigens at an earlier stage of 

infection.  The data in chapter 1 are the first to demonstrate a critical role for CD11c+ 
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DCs in the initiation of Th2 responses and supports previous work by  others, which 

has shown that DCs are important for the generation of Th2 antibodies in allergy 

(Kool et al., 2008) and the expulsion of the N. brasiliensis (Ohnmacht and 

Voehringer, 2009).

The second aim of this thesis was to assess whether the depletion of DCs prior to 

exposure to the cercarial stage of the parasite altered either parasite survival or the 

subsequent development of the Th2 immune response against later stages of 

infection.  Data in chapter 2 showed that  the recovery of CD11c+ DCs following pre-

depletion was sufficient, by  the onset of egg production, to enable the generation of 

an intact Th2 immune response and avoid the damaging immunopathology 

associated with the absence of a Th2 response.  Further, the data indicate that  there 

may be a partial requirement for DCs in the survival or development of the parasite.  

However, further work is required to determine if the effect of CD11c+ DCs on 

parasite survival or development is directly mediated by CD11c+ DCs or mediated by 

other cells modulated by signals from CD11c+ DCs at the start of infection.

The third aim of this thesis was to determine if DCs continue to be necessary for the 

maintenance of the chronic immune response during infection with S. mansoni.  The 

data in the second half of chapter 3 showed that animals infected with S. mansoni 

continue to rely  on CD11c+ DC mediated effects for survival several weeks after the 

start of egg production.  The depletion of CD11c+ DCs resulted in severe weight loss 

by mice infected with S. mansoni and, also, the unexpected death of some animals.  

Despite the fact that Th2 immune responses are primed from the start of egg 

production around week 4, the depletion of CD11c+ DCs from week 6 or 12 after 

infection caused the collapse of the Th2 immune response.  

These surprising results raised a number of questions, not least why animals depleted 

of CD11c+ cells at these later time-points following infection still rely on DCs for 
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Th2 maintenance and their survival.  It is surprising that other APCs, particularly 

clonally  expanded B cells, cannot maintain the Th2 response later in infection.  It is 

possible, therefore, that DCs are not only  the pre-eminent APC type for initiation of 

CD4+ T cell responses, as demonstrated in chapter 1, but are also required for 

maintenance and survival of these cells in chronic antigen stimulation settings.  How 

this occurs mechanistically  requires further work to unravel.  It  could be through 

their direct interaction with memory or effector Th2 cells, through a requirement to 

continually activate fresh naive T cells in the face of chronically  exhausted effector 

cells, or through indirect affects such as interaction with B cells or co-ordination of 

lymphoid organisation.  

One hypothesis, based on the data in chapter 3 and previous studies by others in 

different systems that might explain the weight loss and mortality seen is as follows: 

the removal of the Th2 response may lead to a failure to maintain the alternative 

activation of ΜΦ, the loss of which would result  in a failure in the initiation of 

wound healing responses as eggs transit through the gut wall into the lumen, leading 

to the influx of bacterial toxins into the blood supply, which would ultimately cause 

death by  sepsis (Herbert  et al., 2004).  Contributing to the weight loss, the failure of 

CD4+ T cell activation and alternative ΜΦ activation could also lead to a breakdown 

in granuloma integrity and the leakage of egg toxins from granulomas, which could 

damage toxin sensitive hepatocytes, leading to liver failure (Wilson et  al., 2007b).  

The contribution of these two factors may be the cause of the severe phenotype that 

is observed when DCs are depleted after egg production.  These possibilities remain 

to be demonstrated.

The final aim of this thesis was to establish whether the tissue factor TSLP is able to 

enhance or modulate the Th2 responses initiated by DCs in response to SEA.  Murine 

TSLP was not found to be able to activate BMDCs in the same way as has been 

reported for human TSLP and human DCs and, in particular, failed to cause up-

regulation of the TNF superfamily member OX40L.  In addition to this, TSLP 
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treatment of BMDCs failed to inhibit the production of IL-12p40 or IL-12p70 by 

DCs in response to LPS, CpG or Pa stimulation.  Coupled with this, TSLP did not 

alter the activation phenotype associated with DC stimulation with SEA.  Murine 

BMDCs do express TSLP-R but, surprisingly, in the context of research by others 

(Zhou et al., 2005, Rochman and Leonard, 2008), this was down-regulated by 

treatment with TSLP.  TSLP may  mediate the up-regulation of CCR7 by BMDCs, 

but further work is required to confirm this.  

Immunisation of mice with DCs that had been stimulated with medium alone, SEA 

or Pa in the presence or absence of TSLP showed that in all three cases the immune 

response generated by DCs was altered by exposure to TSLP.  These data indicate 

that the TSLP treatment of DCs may alter the kinetics of T cell activation, leading to 

a more rapid initiation of T cell immune responses by medium-DCs or SEA-DCs.  

However, the data did not support previous studies, which have suggested that DCs 

activated with TSLP are able to activate Th2 polarised immune responses 

specifically.  Further analysis of different time-points after immunisation will be 

required to determine whether the hypothesis that TSLP treated DCs initiate earlier 

T cell immune responses is indeed, correct.  This future work should confirm 

whether an early  start in the immune response leads to an early  peak and contraction 

of the T cells response, or if in fact the immune response is initiated earlier, but is of 

a lower magnitude.

Together the work in this thesis has revealed that DCs are key to the generation and 

maintenance of a successful and protective Th2 response to S. mansoni infection. 

However, the exact  mechanism employed by DCs to generate Th2 responses, and the 

precise role of tissue factors like TSLP in DC initiated immune responses against 

parasitic helminths remains unclear.  Further work is required to address the impact 

of the many other tissue factors likely  to be involved in Th2 induction and 

maintenance in vivo, as well as their sources, on DCs.  With an ever-expanding list of 

Th2 related candidate cytokines, including IL-4, IL-10, IL-13, IL-21, IL-25 and 
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IL-33, and potential innate cell sources such as NK cells, epithelial cells, basophils 

and nuocytes, perhaps the best way forward is to focus as much as possible on 

methods to address the complexity of tissue environments in vivo.  New mouse 

models enabling better identification and tracking of cytokine producing cells, and 

ever more refined targeted depletion of specific cell types, will certainly facilitate 

this future work.

Whether DCs are critical for Th2 induction and maintenance in all Th2 settings, 

remains to be shown.  Given the diversity in Th2 responses both within the realms of 

helminth infection and outside it, in allergy and atopy, it seems likely that there are 

equally diverse mechanisms to generate Th2 immunity  depending upon context.  

Conceivably, DCs may be critical in other settings, particularly for Th2 maintenance 

- one of the surprising findings of the work detailed in this thesis.  Intuitively, 

however, a general major role for DCs during at least Th2 induction is attractive, 

given the proven ability of DCs to activate naive T cells in multiple settings.
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DCs are the most capable APCs in the immune 
system, experts at recognizing and respond-
ing to pathogens and inflammation, and then 
efficiently priming and directing the function 
of T cells (Banchereau and Steinman, 1998; 
Kapsenberg, 2003). Although the importance 
of DCs in orchestration of Th1 immune re-
sponses against viral and bacterial pathogens is 
clear, their activation and function in response 
to Th2-inducing pathogens is less well defined 
(Pearce and MacDonald, 2002; MacDonald 
and Maizels, 2008). Notably, it is evident from 
a large body of work that conventional DCs 
are sufficient for Th2 priming against helminths 
(Perona-Wright et al., 2006; MacDonald and 
Maizels, 2008), pathogens that have evolved 
with their hosts to generate potent “appropri-
ate” Th2 responses (Maizels and Yazdanbakhsh, 
2003). However, it has not yet been shown 
whether they are actually necessary for this 
process. This work, along with parallel stud-
ies into aberrant Th2 response development 
against allergens (Lambrecht and Hammad, 
2009), has established the ability of DCs to 
prime Th2 responses, although the actual mech-
anism of DC Th2 induction is still poorly 

understood (Jankovic et al., 2006; MacDonald 
and Maizels, 2008).

We have addressed the fundamental role of 
CD11c+ DCs in Th2 response initiation in 
vivo using murine infection with the parasitic 
helminth Schistosoma mansoni. This intravascu-
lar trematode is an important cause of chronic 
human disease and a prime example of a hel-
minth that provokes a strong Th2 response in-
tricately linked to the pathology that develops 
in infection of both mice and humans (Pearce 
and MacDonald, 2002; Wynn et al., 2004). In 
addition, studies using S. mansoni have been 
instrumental in revealing the ability of hel-
minths to confer on DCs Th2 inductive ability 
in vitro and after adoptive transfer in vivo 
(Perona-Wright et al., 2006).

Murine DCs are characterized by high-level 
expression of the integrin CD11c, which has 
allowed the development of inducible models 
of depletion in vivo (Bar-On and Jung, 2010). 
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Although dendritic cells (DCs) are adept initiators of CD4+ T cell responses, their funda-
mental importance in this regard in Th2 settings remains to be demonstrated. We have 
used CD11c–diphtheria toxin (DTx) receptor mice to deplete CD11c+ cells during the prim-
ing stage of the CD4+ Th2 response against the parasitic helminth Schistosoma mansoni. 
DTx treatment significantly depleted CD11c+ DCs from all tissues tested, with 70–80% 
efficacy. Even this incomplete depletion resulted in dramatically impaired CD4+ T cell 
production of Th2 cytokines, altering the balance of the immune response and causing a 
shift toward IFN- production. In contrast, basophil depletion using Mar-1 antibody had 
no measurable effect on Th2 induction in this system. These data underline the vital role 
that CD11c+ antigen-presenting cells can play in orchestrating Th2 development against 
helminth infection in vivo, a response that is ordinarily balanced so as to prevent the 
potentially damaging production of inflammatory cytokines.
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Ab–treated animals (90% efficacy; Fig. 1, C and D). Nota-
bly, DTx caused no measurable decrease in basophils and 
Mar-1 caused no measurable decrease in DCs in this system.

To evaluate the impact of CD11c or basophil depletion 
on Th2 initiation, we harvested pLN 7 d after schistosome 
egg injection and cultured the LN cells with S. mansoni–soluble 
egg Ag (SEA). CD11c depletion dramatically impaired pro-
duction of the Th2 cytokines IL-4 and IL-10, coincident 
with increased IFN- secretion (Fig. 1, E and F). In contrast, 
basophil depletion did not significantly alter levels of any cyto-
kines measured, and concurrent depletion of basophils and 
CD11c+ cells failed to further reduce the Th2 response re-
maining after CD11c depletion alone (Fig. 1 E).

To specifically gauge the impact of CD11c or basophil 
depletion on CD4+ T cells, we assessed IL-4-eGFP levels in 
pLN CD4+ T cells. In keeping with impaired IL-4 secretion 
after LN cell culture (Fig. 1 E), only CD4+ T cells from 
CD11c-depleted mice displayed significantly reduced eGFP 
expression, with basophil depletion having no obvious effect 
on this, either alone or in combination with DTx administra-
tion (Fig. 1, G and H).

These data suggest that CD11c+ DCs, not basophils, play 
a major role in Th2 induction in response to the potent stim-
ulus provided by S. mansoni eggs. Defective Th2 cytokine 
production was evident despite incomplete depletion (80%), 
with residual DCs likely explaining the minor Th2 response 
remaining after DTx treatment. The data additionally suggest 
that CD11c depletion alters the balance of the immune re-
sponse, causing an increased ratio of IFN- to IL-4, a pattern 
associated with damaging immunopathology during active 
S. mansoni infection (Stadecker et al., 2004). This did not re-
flect a switch from Th2 to Th1, as CD4+ T cell IFN- pro-
duction was also impaired after CD11c depletion (Fig. S1 A), 
and could simply indicate decreased counter-regulation of 
non-CD4+ T cell IFN- when Th2 cytokine production 
(particularly IL-10) is impaired.

The impact of CD11c depletion on Th2 induction during  
S. mansoni infection
Having established that CD11c depletion has a major impact 
on Th2 induction in vivo using the egg injection model, we 
next asked whether this was also the case in the more rele-
vant, but more complex, setting of active S. mansoni infec-
tion. In this well-characterized model, production of the 
Th2-driving egg stage of the parasite starts 28 d after infec-
tion. Until this point, the immune response against develop-
ing worms consists of a low-level mixed Th1/Th2 profile, 
with the eggs being the main trigger for induction of a Th2-
dominated cytokine response (Pearce and MacDonald, 2002). 
Because our intention was to address the role of DCs in Th2 
priming rather than maintenance or regulation, we targeted 
depletion of CD11c+ cells to the earliest possible onset of egg 
production (4 wk after infection).

Daily administration of DTx from day 28 to 39 signifi-
cantly depleted splenic CD11cHiMHCII+ DCs in naive or 
S. mansoni–infected mice (Fig. 2, A and B; 70% efficacy). 

We have used mice that allow long-term depletion of CD11c+ 
DCs (Hochweller et al., 2008) to directly address their im-
portance during CD4+ T cell priming in the chronic Th2  
infection setting induced by S. mansoni. While focusing on 
CD11c+ DCs during Th2 induction in vivo, we have also 
addressed the possible role of basophils in this process, as re-
cent work has suggested that Th2 responses may be initiated 
by these granulocytes rather than by DCs (Perrigoue et al., 
2009; Sokol et al., 2009; Yoshimoto et al., 2009). Although 
IL-4 production by basophils can potentiate Th2 development 
in some settings, a general role for these cells as APCs seems 
unlikely given their questionable ability to process and pres-
ent complex antigens, their relatively low level of expression 
of MHCII and other molecules required for efficient naive  
T cell priming, and the apparently transient nature of their re-
cruitment to lymphoid tissues (Finkelman, 2009; Lambrecht 
and Hammad, 2009; Voehringer, 2009; Paul and Zhu, 2010).

Our results demonstrate for the first time that, after de-
pletion of CD11c+ cells, Th2 responses are severely impaired 
either after S. mansoni egg injection or during active S. man-
soni infection. In contrast, depletion of basophils using Mar-1 
anti-FcR1 antibody (Ab) has no significant effect on the 
Th2 response in this system. This suggests that, in this strong 
Th2 setting, CD11c+ DCs are critical for Th2 induction and 
development and that other CD11c APC types, such as  
basophils, cannot fulfill this role.

RESULTS AND DISCUSSION
To assess the importance of CD11c+ DCs in Th2 priming in 
a relevant infection system, we required a model capable of 
their inducible depletion. We used a recently developed 
BAC transgenic mouse model with the human diphtheria 
toxin (DTx) receptor (DTR) under control of the CD11c 
promoter (CD11c.DOG mice; Hochweller et al., 2008), al-
lowing depletion of CD11c+ DCs by administration of DTx. 
In contrast to previously published CD11c.DTR mice, where 
repeat injections of DTx are lethal after several days unless BM 
chimeras are used (Bar-On and Jung, 2010), CD11c.DOG mice 
allow depletion for up to 11 d without toxicity (Hochweller  
et al., 2008).

The impact of CD11c or basophil depletion on Th2 induction 
in response to S. mansoni eggs
S. mansoni eggs are the major stimulus for Th2 cytokines dur-
ing infection (Pearce and MacDonald, 2002), and their injec-
tion provides a controlled system for Th2 induction in the 
draining LN without the additional complexities of active 
infection. To address the relative importance of CD11c+ 
DCs and basophils for Th2 induction against this challenge, 
we administered DTx or Mar-1 anti-FcR1 Ab, alone or in 
combination, to CD11c.DOG x 4get (IL-4-eGFP) reporter 
mice that were then immunized with S. mansoni eggs.  
CD11cHiMHCII+ DCs were strikingly depleted in the popliteal 
LNs (pLN) of mice receiving DTx (80% efficacy; Fig. 1,  
A and B). Similarly, eGFP+B220CD4CCR3CD117 
basophils (Perona-Wright et al., 2008) were depleted in Mar-1 
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(Fig. 2 C). In contrast to what was seen with the eggs alone 
(Fig. 1 F), this reduced Th2 response did not result in a com-
pensatory increase in IFN- secretion, with this cytokine  
being maintained at a similar level to PBS controls (Fig. 2 D). 
No IL-17 was detected, in keeping with studies suggesting 
that C57BL/6 mice make little of this cytokine in response to 
S. mansoni (Rutitzky et al., 2005).

Thus, in stark contrast to reduced production of Th2 cyto-
kines in both egg injection and infection systems, IFN- secre-
tion after CD11c depletion was not impaired and was instead 
either elevated (egg injection; Fig. 1 F) or remained intact 

DCs from the CD11b+CD8, CD11bCD8+ and CD11cInt

B220IntMHCII+CD11b subsets were all effectively depleted 
(Fig. S2, A–C). CD11c depletion was also measured in the 
spleen by quantitative PCR (qPCR), as well as in the liver 
and gut, the major sites of egg deposition during S. mansoni 
infection (Fig. S2 D).

To explore whether CD11c depletion affected the cyto-
kine balance during infection, we assessed splenocyte re-
sponses after DTx administration. Similar to the egg injection 
model (Fig. 1), production of IL-4, as well as IL-5 and IL-13, 
was significantly reduced in CD11c-depleted infected mice 

Figure 1. CD11c, not basophil, depletion disrupts Th2 induction in schistosome egg-challenged mice. CD11c.DOG x 4get mice were treated daily 
with PBS (squares) or DTx (triangles) from day  2 to 6. On day 1, 1, and 3 mice were also treated with IgG (black symbols) or Mar-1 (gray symbols).  
On day 0, mice were challenged with S. mansoni eggs or PBS. pLN CD11cHiMHCII+ cell depletion was assessed on day 7 (A and B), and IL-4-eGFP+B220CD4 
CCR3CD117 basophil depletion in the blood on day 4 (C and D), after egg injection. On day 7, pLN cells from naive or egg-injected, PBS (white or black 
bars) or DTx (gray bars), IgG or Mar-1–treated mice were cultured for 72 h with SEA or medium alone. The supernatants were collected, and SEA-specific 
cytokine production (medium alone values subtracted) was assessed by ELISA (E and F). pLN cells were also assessed on day 7 for IL-4-eGFP expression  
(G and H). One of three experiments. Error bars are mean ± SEM of four to seven mice/group.
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pattern observed in bulk splenocyte cultures (Fig. 2 C), purified 
CD4+ T cells displayed severely impaired IL-4, IL-5, IL-10, 
and IL-13 production (Fig. 2 E). This impairment was not re-
stricted to the Th2 cytokines, but also affected CD4+ cell secre-
tion of the Th1 cytokine IFN- (Fig. 2 F and Fig. S1 B), 
suggesting a non-CD4+ T cell source for a proportion of the 
IFN- detected after stimulation of splenocytes from infected 
DTx-treated mice (Fig. 2 D). The identity of the non-CD4+ 
IFN- producers evident after CD11c depletion of egg injected 
or infected mice remains to be determined, but is likely an in-
nate cell type less reliant on DCs for activation than T cells.

To further investigate the ramifications of CD11c de-
pletion on the CD4+ T cell response in infected mice, we 

(infection; Fig. 2 D). The different levels of IFN- observed in 
the two models may be caused by regulatory networks in place 
by week 4 of active infection not being developed in the acute 
egg injection system, or it may be that eggs alone provide a 
more robust stimulus for IFN- than infection. Irrespective of 
this, the cumulative effect in both models was a shift in the cyto-
kine balance from Th2 to IFN-, a profile previously shown 
to result in increased pathology and mortality during murine 
schistosome infection (Stadecker et al., 2004).

To specifically assess the impact of CD11c depletion on 
Th2 cells, splenic CD4+ T cells were purified from infected 
mice and stimulated in medium alone or with SEA in the pres-
ence of irradiated splenocytes from naive mice. Similar to the 

Figure 2. CD11c depletion compromises Th2 induction and development during schistosome infection. CD11c.DOG mice were treated daily with 
PBS (squares) or DTx (triangles) from day 28 to 39 of S. mansoni infection. Naive (black symbols) and infected (gray symbols) mice were assessed for 
splenic CD11cHiMHCII+ cell depletion on day 40 (A and B) and splenocytes (C and D) from naive or infected PBS (white or black bars)- or DTx (gray bars)-
treated mice, or purified CD4+ T cells and irradiated splenocytes (E and F), were cultured for 72 h with SEA or medium alone. The supernatants were col-
lected, and cytokine production was assessed by ELISA. Splenic CD4+ T cell IL-4 production by naive (black symbols) or infected (gray symbols) mice was 
also assessed by intracellular cytokine staining (G and H). One out of six (A and B), three (C and D), or two (E–H) experiments. Error bars are mean ± SEM 
of four to seven mice/group (B and H) or SEA-specific cytokine production (medium alone values subtracted) by 4 to 7 naive or infected mice/group  
(C and D) or 6 technical replicates for each group of pooled purified CD4+ T cells from infected mice, cultured in medium or SEA (E and F).
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and regulatory T cells in naive or infected mice. The per-
centage of splenic CD4+ or CD8+ T cells was significantly 
reduced in naive or S. mansoni–infected mice after DTx 
treatment (Fig. S4, A and B). This proportional decrease was 
also reflected in effector T cell activation, with a reduced 
proportion of total cells expressing CD4 along with CD25, 
CD69, or CD44 (unpublished data). Importantly, the lower 
Th2 response after DTx treatment was likely not caused by 
increased regulatory T cell activity because these cells were 
also impaired in CD11c-depleted mice, with a reduced pro-
portion of total (not depicted) and gated CD4+ T cells ex-
pressing CD25 and FoxP3, and lower levels of FoxP3 per 
CD4+ cell (Fig. S4 C). Together, this suggests that CD11c 
depletion impairs induction of both effector and regulatory 
CD4+ T cells during the initiation of the response against 
S. mansoni infection.

As well as having a dramatic impact on T cell activa-
tion, CD11c depletion reduced the proportional decrease in 
marginal zone B cells (Fig. S5 A) and increase in follicular  
B cells (Fig. S5 B) seen in infection, while having little ef-
fect on the proportions of total or transitional splenic B cells 
(Fig. S5, C and D). This supports a role for CD11c+ cells 

assessed ex vivo cytokine production by CD4+ T cells, and 
their activation phenotype, by flow cytometry. CD11c 
depletion significantly reduced IL-4 production by splenic 
CD4+ T cells from infected mice (Fig. 2 G and H), with a 
similar result also seen for IL-13 (not depicted). Impaired 
expression of IL-4 mRNA was also evident in spleen tissue 
isolated from infected, DTx-treated mice, as determined 
by qPCR (Fig. S3 A).

Not unlike the pLN after egg injection (Fig. 1), or spleens 
during infection (Fig. 2), DTx treatment significantly depleted 
CD11cHiMHCII+ DCs in the liver, one of the main sites of 
egg exposure during S. mansoni infection (Fig. 3, A and B; 
70% efficacy). Consequently, secretion of IL-4, IL-5, IL-10, 
and IL-13 by cultured liver cells was reduced in CD11c- 
depleted mice (Fig. 3 C), whereas IFN- was not significantly 
affected (Fig. 3 D). IL-4 production ex vivo was also im-
paired in effector CD4+ T cells from livers of infected, DTx-
treated mice, as measured by flow cytometry (Fig. 3, E and F), 
and in liver tissue, as determined by qPCR (Fig. S3 B).  
Similar results were seen for IL-13 (unpublished data).

In addition to dramatically reducing T cell cytokine pro-
duction, CD11c depletion altered proportions of both effector 

Figure 3. CD11c depletion during schistosome infection impairs the liver Th2 response. CD11c.DOG mice were treated daily with PBS (squares) or 
DTx (triangles) from day 28 to 39 of S. mansoni infection. Naive (black symbols) and infected (gray symbols) mice were assessed for liver CD11cHiMHCII+ 
cell depletion on day 40 (A and B), and liver cells from naive or infected PBS (white or black bars)- or DTx (gray bars)-treated mice cultured for 72 h with 
SEA or medium alone. The supernatants were collected, and cytokine production was assessed by ELISA (C and D). Liver CD4+ T cell IL-4 production by 
naive (black symbols) or infected (gray symbols) mice was also assessed by intracellular cytokine staining (E and F). One of three (A and C–F) experiments, 
or combined data from three experiments (B). Error bars are mean ± SEM of four to seven mice/group, with liver cells combined in groups where cell 
numbers were restrictive.
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cannot exclude a contribution by these cell types in the Th2 
process, a major role during induction is unlikely.

In relation to this, previous work has demonstrated un-
impaired Th2 development in S. mansoni–infected basophil 
(FcR chain)-deficient mice (Jankovic et al., 1998) or in 
Nippostrongylus brasiliensis–infected Mar-1-treated or IL-3 de-
ficient mice (Kim et al., 2010), suggesting that the lack of re-
quirement for basophils that we have observed is neither a 
peculiarity of our laboratory, nor restricted to schistosome 
infection. It is possible that basophils may only be important 
for Th2 development in unusual settings, such as protease-
driven responses, or in the case of helminths that are rela-
tively poor inducers of Th2 immunity (Finkelman, 2009).

Concluding remarks
Our data strongly indicate that CD11c+ DCs are the key ini-
tiators of the CD4+ T cell response to S. mansoni and that 
their depletion results in a strikingly impaired Th2 cytokine 
profile and a shift toward IFN- production by non-CD4+ 
cells. Remarkably, even in the complex setting of schisto-
some infection, this was apparent despite incomplete de-
pletion of DCs, suggesting that other APCs are unable to 
substitute for them in the Th2 priming role. It will be inter-
esting to see if CD11c depletion has a similar impact on 
CD4+ T cell effector function at later stages of infection, 
where APCs such as B cells might be expected to take on a 
more dominant role.

Although CD11c depletion had a major effect on Th2 
response induction in both egg injection and infection ex-
periments, it was not completely ablated in either setting. It 
is likely that the low level Th2 response remaining after DTx 
treatment of egg-injected or infected mice will have been 
primed by residual DCs, and could be further enhanced dur-
ing infection by cross-reactive CD4+ T cell responses gen-
erated against larval and adult parasites before the start of 
CD11c depletion.

It is probable that there will be variability in the level of 
requirement for CD11c+ APCs for Th2 induction depend-
ing on the system in study, to reflect the multiplicity of Th2 
environments that can be generated, a consequence of which 
may be equal diversity in inductive processes. However, 
our data support previous studies using similar depletion 
strategies that indicate that CD11c+ cells are important for 
Th2 Ab in allergy (Kool et al., 2008) and for expulsion of  
N. brasiliensis (Ohnmacht et al., 2009). Further, we have  
established that CD11c depletion using the CD11c.DOG 
mice also dramatically reduces Th2 induction against both 
N. brasiliensis and Heligmosomoides polygyrus nematode infec-
tions (unpublished data).

The data presented in this report demonstrate that 
CD11c+ DCs are not redundant during initiation of Th2  
immune responses, supporting the wide literature available 
illustrating the ability of murine or human DCs to prime Th2 
responses against helminth Ag or allergens. Thus DCs, in ad-
dition to being sufficient for Th2 induction in many systems, 
can also be a fundamental requirement for it.

in the coordination of B cell migration from the marginal zone 
to the follicles, likely via their activation of CD4+ Th cells.

In terms of Ab production, and indicative of altered Th2 
development, serum levels of IgE were significantly reduced in 
infected DTx-treated mice (Fig. S5 E). However, IgM, IgG1, 
and IgG2c were not significantly altered (Fig. S5, F–H). This 
suggests that CD11c+ DCs are not critical for IgM or IgG pro-
duction, or could reflect a longer half-life of IgM and IgG ver-
sus IgE in serum, with 11-d depletion not being sufficient to 
see a difference in IgM or IgG profiles. Additionally, the Ab 
response against larvae and adult worms in the 4 wk preceding 
DTx treatment is likely to cross-react against egg Ag.

The impact of CD11c depletion on Th2 induction could 
not be attributed to differences in Ag load or pathology, as 
DTx-treated mice showed no significant alteration in parasi-
taemia (adult worm numbers, or eggs in liver or gut tissue), 
weight loss, splenomegaly, or hepatomegaly (unpublished 
data). At this time point, pathology and granuloma formation 
was minimal in both control and CD11c-depleted mice, as  
fibrotic disease takes several more weeks of egg exposure to 
develop. However, we predict that the eventual outcome of 
impaired Th2 function, reduced regulation, and less restrained 
innate cell IFN- production in DC-depleted infected ani-
mals would be inflammatory pathology later in infection.

We also assessed the impact of CD11c depletion on sev-
eral other innate cell types that could be involved in the Th2 
induction process during schistosome infection. A clear role 
for macrophages in regulation of Th2 immunity has been 
described (Martinez et al., 2009), not least during S. mansoni 
infection (Herbert et al., 2004), but evidence to support an 
important role for macrophages in Th2 priming remains  
to be provided. Similarly, although eosinophils can express 
MHCII, process and present Ag (Spencer and Weller, 2010), 
and are a major innate cell type associated with Th2 settings, 
eosinophil-ablated mice develop expected pathology and in-
tact Th2 responses during S. mansoni infection (Swartz et al., 
2006). Finally, although basophils are transiently recruited to 
the dLN after injection of S. mansoni eggs (Perrigoue et al., 
2009), and may be involved in Th2 promotion during nem-
atode infection or in response to proteases (Perrigoue et al., 
2009; Sokol et al., 2009; Yoshimoto et al., 2009), it is not 
yet clear whether they are a key player in this process 
(Finkelman, 2009; Lambrecht and Hammad, 2009; Voehringer, 
2009; Kim et al., 2010; Paul and Zhu, 2010). In schistoso-
miasis this seems unlikely, given our results showing that  
administration of Mar-1 Ab to deplete FcR1+ cells has no 
significant effect on the Th2 response induced by schisto-
some eggs (Fig. 1).

The proportion of CD11b+F4/80+CD11c/Dim macro-
phages was not reduced, and indeed increased, after DTx 
treatment of CD11c.DOG mice (Fig. S6). Similarly, in  
the infection setting, the proportion of eosinophils (Siglec 
F+Gr1Int) or basophils (CD19Siglec FCD117FcR1+) 
observed in CD11c.DOG mice that had received DTx was 
not adversely affected (Fig. S6), although Th2 cytokines were 
markedly impaired (Fig. 2 and Fig. 3). So, although we  
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up as follows: cells were rested overnight, stimulated with 10 ng/ml PMA and 
1 µg/ml Ionomycin (Sigma-Aldrich) for 2 h, and then stimulated with Golgi 
Stop (BD) for an additional 3 h. After restimulation, intracellular cytokine 
staining was set-up as follows: after 72 h, 10 ng/ml murine rIL-2 (Peprotech) 
was added to pLN cell cultures. After an additional 18 h, cells were stimulated 
with PMA and ionomycin and treated with GolgiStop. After FcR-Block, 
cells were stained with CD4-FITC or CD4-APC/eFluor780, fixed with 1% 
isotonic formaldehyde, permeabilized with BD Perm/Wash buffer (BD), and 
stained with IL-4-APC, IFN--Alexa Fluor 488, or IFN--APC in BD 
Perm/Wash buffer. Identification of intracellular cytokine–positive cells was 
determined using appropriate isotype controls. All Abs for flow cytometry 
were purchased from BD, eBioscience, or BioLegend. Samples were acquired 
using a FACS LSR II or FACSCanto II flow cytometer using BD FACSDiva 
software and analyzed with FlowJo v.8 software (Tree Star, Inc.).

Cytokine and serum Ab analysis. Cytokines and serum antibodies were 
measured by ELISA. Paired capture and detection Abs (produced from hy-
bridomas in-house or purchased from R&D Systems, BD, or eBioscience) 
were used for analysis of murine IL-4, IL-5, IL-10, IL-13, and IFN-. Plates 
(NUNC Maxisorp) were washed with 0.05% Tween 20 in PBS and blocked 
with 10% NCS/PBS. Recombinant cytokine standards (Peprotech or BD) 
were used to determine quantity using a standard curve. Plates were devel-
oped by incubation with 50 µl 1:1,000 HR-peroxidase–labeled streptavidin 
(KPL), and absorbance was read at 450 nm after addition of 100 µl TMB 
substrate solution (Sigma-Aldrich) and 100 µl 0.18 M H2SO4 using a Labora-
tory Systems Multiskan Ascent plate reader. Serum was collected 1 d before 
the end of infection experiments. Total IgE was measured using paired cap-
ture and detection antibodies (BD) and recombinant murine IgE (BD) to 
assess quantity using a standard curve. Plates were blocked, washed, devel-
oped, and read as above. SEA-specific IgG1, IgG2c, and IgM Ab titers were 
determined using endpoint dilutions measured by ELISA. Plates were coated 
with 0.25 µg/well of SEA in 0.1 M, pH 9.6, Carbonate/Bicarbonate buffer, 
washed, and blocked with 1% BSA/PBS. Serum samples were analyzed  
using serial twofold dilutions. SEA-specific isotypes were detected using  
alkaline phosphatase–conjugated goat anti–mouse IgG1, IgG2c, or IgM anti-
bodies (SouthernBiotech). Absorbance at 405 nm was determined as above 
after addition of 50 µl PNPP substrate (SouthernBiotech).

Real-time RT-PCR. Total RNA was extracted from spleen, liver, or gut 
(illeal) tissue samples that had been snap frozen individually in 0.5 ml of 
TRIzol reagent (Invitrogen). Samples were defrosted, homogenized using a 
QIAGEN TissueLyser, and total RNA was extracted as per manufacturer 
instructions. cDNA was then generated from individual RNA samples using 
Superscript III Reverse Transcriptase and Oligo (dT) (Invitrogen). Quanti-
tative RT-PCR was performed using a Light Cycler 480 II Real-Time 
PCR machine and software 1.5.0 SP3 (Roche). The relative concentra-
tion of mRNA for the genes of interest was assessed using LightCycler-
DNA master SYBR Green I (Roche) and by comparison to a serially diluted 
standard of pooled cDNA. The mean concentration for each sample was de-
termined from two technical repeats, with mRNA levels for each sample 
normalized to GAPDH to give a value for the gene of interest in arbi-
trary units. Primers used for the detection of gene expression were as  
follows: CD11c, sense 5-ATGGAGCCTCAAGACAGGAC-3, antisense 
5-GGATCTGGGATGCTGAAATC-3; IL-4, sense 5-GAGAGATC-
ATCGGCATTTTGA-3, anti-sense 5-TCTGTGGTGTTCTTCGT-
TGC-3; GAPDH, sense 5-AATGTGTCCGTCGTGGATCT-3, anti-
sense 5-CCCAGCTCTCCCCATACATA-3.

Statistical analysis. Statistical analyses were performed using GraphPad 
Prism 4 software. Experimental groups were compared by one-way ANOVA 
for the absence of significant variance before collation. Student’s t tests were 
used where necessary to determine if there were any significant differences 
between sample groups. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Online supplemental material. Fig. S1 shows reduced CD4+ T cell IFN- 
production after CD11c depletion of schistosome egg-injected or infected 

MATERIALS AND METHODS
Animals, infections, and immunizations. Experiments were performed 
using CD11c.DOG (Hochweller et al., 2008) x C57BL/6 or CD11c.DOG 
x 4get IL-4-eGFP (Mohrs et al., 2001) F1 mice, which were maintained  
under specific pathogen–free conditions at the University of Edinburgh Animal 
Facilities and used at 8–12 wk of age. Biomphalaria glabrata snails infected 
with S. mansoni were obtained from F. Lewis (Biomedical Research Insti-
tute, Rockville, MD). Experimental mice were infected percutaneously 
with 80 cercariae. S. mansoni eggs were isolated from C57BL/6 mouse 
livers and stored at 80°C. Mice were immunized s.c. in each rear footpad 
with 2,500 eggs in 50 µl PBS. For CD11c depletion, mice were injected i.p. 
daily with 8 ng/g diptheria toxin (Sigma-Aldrich) in PBS or with PBS alone. 
For basophil depletion, mice were injected i.p. on days 1, 1, and 3 with 10 µg 
hamster IgG or anti-FcR1 (Mar-1; eBioscience) Ab. Endotoxin-free 
soluble egg Ag (SEA) from S. mansoni was prepared in-house as previously 
described (MacDonald et al., 2001). All experiments were approved under a 
Project License granted by the Home Office (UK) and conducted in accor-
dance with local guidelines.

Cell isolation and culture. Single-cell suspensions were prepared using 
the following methods. Spleens and LNs were diced and digested at 37°C for 
15 min with 1.75 Wunsch Units/ml Liberase CI (Roche) and 80 Kunitz 
Units/ml DNase I type VI (Sigma-Aldrich) in HBSS (Sigma-Aldrich) con-
taining 50 U/ml penicillin and 50 µg/ml streptomycin (Invitrogen). 100 µl 
0.1 M, pH 7.3, EDTA (Ambion) stop solution per milliliter was then added, 
and the tube was topped off with DME containing 50 U/ml penicillin and 
50 µg/ml streptomycin. The resulting suspension was then passed through a 
70-µm cell strainer to obtain a single-cell suspension. For splenocytes, RBCs 
were lysed and cells counted and resuspended for use. Livers were perfused, 
diced, and digested at 37°C for 30 min using the aforementioned method. 
The digested liver was then passed through a 100-µm cell strainer with the 
aid of a syringe plunger. Leukocytes were separated from other liver cells by 
resuspension in 33% isotonic Percoll (GE Healthcare) and centrifugated at 
700 g. Pelleted cells were resuspended and passed through a 40-µm cell 
strainer to obtain a single-cell suspension and remove S. mansoni eggs. RBCs 
were lysed and cells were counted and resuspended for use. Single-cell sus-
pensions of splenocytes (2 × 106 cell/ml) or LN or liver cells (106 cell/ml) 
were cultured in X-vivo 15 medium (BioWhittaker) containing 2 mM 
L-Glutamine and 50 µM 2-ME (Invitrogen) in 96-well plates at 37°C in a 
humidified atmosphere of 5% CO2 with or without 15 µg/ml SEA. Super-
natants were harvested from the cultures after 72 h. Purified CD4+ T cell 
were restimulated with irradiated splenocytes (1 CD4+ T:10 splenocytes). 
Purifications were performed using Miltenyi Biotec CD4 beads and LS col-
umns according to the manufacturer’s instructions (> 90% purity).

Flow cytometry. After FcR-Block (2.4G2), cell surface markers for several 
different cell populations were analyzed. Staining for CD11c+ subsets was 
performed using the following mAb conjugations: CD11c-APC, MHCII-
PerCP/Cy5.5, B220-APC/eFluor780, CD11b-PE, and CD8-PE/Cy7. In 
pLN and spleen, DCs were defined as CD11cHiMHCII+, and in the liver as 
CD11cHiMHCII+CD11bLo. For egg injection experiments, IL-4-eGFP+  
basophils were identified by exclusion of cells expressing CD4-APC,  
CCR3-PE, CD117-PerCP/Cy5.5, or B220-APC/eFluor780. For infection 
experiments, FcR1-FITC+ basophils were identified after surface stain-
ing to exclude cells expressing Siglec-F-PE, CD19-Alexa Fluor 700 or 
eFluor450, and CD117-PerCP/Cy5.5. Macrophages were identified using 
F4/80-FITC, CD11b-PE, and CD11c-APC, and eosinophils with Siglec-
F-PE and Gr-1-APC. T cells were stained with CD4-APC/eFluor780, 
CD8-PE/Cy7, CD25-PerCP/Cy5.5, and FoxP3-APC. FoxP3 staining 
was performed as per manufacturer instructions (eBioscience). B cells were 
stained with B220-APC/eFluor780, CD21-FITC, and CD23-PE. IL-4-
eGFP was measured on LN cells directly ex vivo, with naive mice expressing 
negligible levels of eGFP (0.5–1.5% of CD4+ T cells). Intracellular cytokine 
production was measured either directly ex vivo or after restimulation. Intra-
cellular cytokine staining of splenocytes or liver leukocytes ex vivo was set 
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  Figure S1.   CD4 +  T cell IFN- �  production after CD11c depletion.  (A) CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from 

day  � 2 to 6, challenged with  S. mansoni  eggs (gray symbols) or PBS (black symbols) on day 0, and pLN cells were stained after restimulation for intracel-

lular IFN- �  (A and B). CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from day 28 to 39 of  S. mansoni  infection. On day 40 IFN- �  

production by spleen CD4 +  T cells from naive (black symbols) or infected (gray symbols) mice was assessed (C and D). One of two experiments. Error bars 

are mean ± SEM of three to seven mice/group with LN cells combined in groups where cell numbers were restrictive.   
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  Figure S2.   The impact of CD11c depletion on DC subsets.  CD11c.DOG mice were treated daily with PBS (squares) or DTx (triangles) from day 28 to 

39 of  S. mansoni  infection. Naive (black symbols) or infected (gray symbols) mice were assessed for depletion of splenic DC subsets on day 40. CD-

11c Hi MHCII +  cells divide into two subsets, CD11b + CD8  �   and CD11b  �  CD8 +  (A), and both were depleted with DTx (C). After gating out MHCII + CD11c  �  CD11b +  

cells, we measured CD11c Int B220 Int  cells (B) and CD11c Int B220 Int MHCII +  pDCs (C). CD11c expression was assessed by qPCR on spleen, liver, and gut (D). One 

of fi ve (A-C) or three (D) experiments. Error bars are mean ± SEM of four to seven mice/group.   
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  Figure S3.   CD11c depletion impairs IL-4 mRNA expression in spleen and liver.  CD11c.DOG mice were treated daily with PBS (squares) or DTx (tri-

angles) from day 28 to 39 of  S. mansoni  infection. On day 40, IL-4 expression by spleen or liver samples from naive (black symbols) or infected (gray sym-

bols) mice was assessed by qPCR. One of three experiments. Error bars are mean ± SEM of four to seven mice/group.   

  Figure S4.   CD11c depletion impairs induction of both effector and regulatory T cells.  CD11c.DOG mice were treated daily with PBS (squares) or 

DTx (triangles) from day 28 to 39 of  S. mansoni  infection. On day 40, splenocytes from naive (black symbols) or infected (gray symbols) mice were as-

sessed by fl ow cytometry. The percentage of CD4 +  and CD8 +  T cells was reduced in mice depleted of CD11c +  cells (A and B). One of four experiments. This 

defect in the T cell compartment also impacted the percentage of CD25 + FoxP3 +  T regulatory cells, and their level of expression of CD25 and FoxP3 (C). 

One of two experiments. Error bars are mean ± SEM of four to seven mice/group.   
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  Figure S5.   The impact of CD11c depletion on B cells and Ab production.  CD11c.DOG mice were treated daily with PBS or DTx from day 28 to 39 of 

 S. mansoni  infection. On day 40, splenocytes from naive or infected PBS (white or black bars) or DTx (gray bars) injected mice were assessed by fl ow cy-

tometry. Marginal zone B cells were defi ned as B220 Hi CD21 Hi CD23 Lo to Int  (A), follicular B cells as B220 Hi CD23 Hi CD21 Lo to Int  (B), total B cells as B220 Hi  (C), and 

transitional B cells as B220 Hi CD21  �  CD23  �   (D). One of two independent experiments. Error bars are mean ± SEM of four to seven mice/group. Serum was 

collected on day 39 from PBS (squares) or DTx (triangles) injected, naive (black symbols), or infected (gray symbols) mice and total IgE (E), or SEA-specifi c 

IgM (F), IgG1 (G), and IgG2c (H) titers determined using endpoint dilutions, by ELISA. Data are collated from three experiments, each with four to seven 

mice/group. Groups were compared by one-way ANOVA for the absence of signifi cant variance before collation. Error bars are mean ± SEM.   
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  Figure S6.   The impact of CD11c depletion on other innate cell populations.  CD11c.DOG mice were treated daily with PBS (squares) or DTx (tri-

angles) from day 28 to 39 of  S. mansoni  infection. On day 40, splenocytes from naive (black symbols) or infected (gray symbols) mice were assessed by 

fl ow cytometry. Macrophages were defi ned as CD11b + F4/80 + CD11c  � /Dim  (A), eosinophils as Siglec F + Gr-1 Int  (B), and basophils as CD19  �  Siglec 

F  �  CD117  �  Fc � R1 �  + (C). One of two experiments. Error bars are mean ± SEM of four to seven mice /group.   

 on N
ovem

ber 11, 2010
jem

.rupress.org
D

ow
nloaded from

 
Published September 6, 2010

http://jem.rupress.org/

	0_Thesis_v1_4_corrected.pdf
	Journal of Experimental Medicine 2010 Phythian-Adams.pdf

