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Abstract 

The clinically relevant gammaherpesviruses, Epstein -Barr virus (EBV) and Kaposi's 

Sarcoma- associated herpesvirus (KSHV), are the subject of intensive research as both 

are associated with fatal neoplastic disorders. Due to the species specificity and 

inefficient replication in vitro of EBV and KSHV, several animal models have been 

proposed to allow analysis of viral pathogenicity in vivo. Murine gammaherpesvirus -68 

(MHV -68) represents a tractable animal model of gammaherpesvirus pathogenesis as it 

is able to infect numerous murid rodent species, including laboratory mice, and replicate 

productively in a wide range of cell types in vitro, permitting efficient manipulation of 

the viral genome. MHV -76, a related gammaherpesvirus, is a deletion- mutant of MHV - 

68 and lacks 4 MHV -68- specific genes (M1 -M4) and 8 viral tRNA -like sequences at the 

5' -end of the genome. These genes are implicated in latency and /or immune evasion. 

Consequently, MHV -76 is attenuated during productive infection and the early stages of 

splenic latency, with respect to MHV -68. The aim of the project was the characterisation 

of the M4 gene of MHV -68. There is little data describing the properties of the M4 gene 

product; sequence analysis predicted an open- reading frame of 1376óp in length, 

encoding a -45kDa product. Thus far, M4 expression has been detected during lytic 

infection, but not during latent infection. Recently, it has been demonstrated that M4 is 

expressed as an immediate -early /early transcript during lytic replication of MHV -68 in 

vitro. 

To elucidate the contribution M4 makes to in vivo pathogenesis, a novel MHV -76 

mutant (MHV- 76inM4), in which the region of MHV -68 coding for M4 and 

accompanying putative promoter elements was inserted into the 5'- region of the MHV - 

76 genome, was created. A revertant virus was subsequently generated (MHV- 76.Rev) 

which restored the 5'- region of the MHV- 76inM4 genome to that of MHV -76. Genomic 

rearrangements were confirmed by Southern analysis and sequencing. The growth of 
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MHV- 76inM4 in vitro was indistinguishable from that of MHV -76 and MHV -68. 

However, viral titres from MHV- 76inM4- infected BALB /c mice were significantly 

increased with respect to MHV -76 at early times in the lung, suggesting an important 

role for M4 during productive infection. Additionally, at days 17 and 21 post- infection, 

there was a significant elevation in latent viral load in splenocytes of MHV- 76inM4- 

infected mice compared to MHV -76, as measured by ex vivo reactivation assay and real - 

time PCR. Like MHV -76, MHV- 76inM4 displays no evidence of overt splenomegaly, 

characteristic of MHV -68 infection at this time. M4 expression in vivo was detectable by 

RT -PCR during productive infection in the lung and during the establishment of latency 

in the spleen, but in general was not detectable during long -term latency. The data 

demonstrate that M4 modulates both productive and latent infection, and suggest that 

M4 has a role in subversion of the innate immune response. 
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1.1 The Herpesviridae 

The Herpesviridae represents a diverse family of viruses with members isolated from 

a varied array of animal hosts, comprising both vertebrates and invertebrates (Arzul 

et al., 2002). In general, herpesviruses are well adapted to their natural hosts, 

resulting in a very restricted host range with few herpesviruses able to naturally 

infect more than one species. Consequently, the true number of herpesviruses present 

in nature almost certainly surpasses the approximately 130 members identified thus 

far (Minson et al., 2000). The evolutionary success of herpesviruses can be chiefly 

attributed to their ability to persist for the lifetime of the host and their propensity to 

persist endemically within a specific host species. For example, over 80% of people 

are seropositive for the human herpesvirus herpes simplex virus 1 (HSV -1) by the 

fifth decade of life (Whitley & Gnann, 1993). Similarly, Epstein -Barr virus (EBV) 

infection is widespread, with in excess of 90% of adults having serum antibody 

against the virus. Despite such high prevalence within a population, herpesviruses 

rarely cause overt disease in immunocompetent hosts, further signifying that 

herpesviruses are exquisitely adapted to lifelong, quiescent infection. However, overt 

disease manifests under specific circumstances, particularly following the infection 

of an immunocompromised host or an alternative host species. Serious illness, and 

often death, is common following infection of a heterologous host, indicating the 

specificity of the herpesvirus -host relationship. For example, malignant catarrhal 

fever (MCF), a disease of ruminants characterised by lymphoproliferation and tissue 

necrosis, involves an asymptomatic carrier as the reservoir of the disease. Depending 

on geographic location, this carrier can be blue wildebeest (wildebeest- associated 

MCF, WA -MCF) or sheep (sheep- associated MCF, SA -MCF). Blue wildebeest are 

natural hosts for Alcelaphine Herpesvirus 1 (A1HV -1), whereas sheep are natural 

hosts for Ovine Herpesvirus 2 (OvHV -2). MCF occurs when either A1HV -1 or 

OvHV -2 infects certain heterologous hosts (typically cattle and deer). Animals 

affected with MCF are not believed to be infectious under natural conditions (i.e. are 

dead -end hosts) and frequently succumb to the infection. Following primary 

infection of a natural host with a herpesvirus, a self -limiting phase of lytic replication 

normally ensues, followed by the establishment of latency within particular cell 

types, dependent on the infecting herpesvirus. The ability to establish a latent 
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infection is a property of all known herpesviruses. During the latent phase of 

infection, the viral genome typically persists in the infected cell in an episomal 

(circular) form (Sugden et al., 1979). During this phase, gene expression is highly 

restricted in comparison to lytic gene expression. Notably, latent virus is capable of 

periodic reactivation, with subsequent viral replication and production of infectious 

virus. This is a fundamental step in the herpesvirus life cycle as it permits continued 

transmission of the virus to naïve hosts over the lifetime of the infected host. All 

characterised herpesviruses share four key biological properties (Roizman & Pellet, 

2001): they encode several enzymes involved in nucleic acid metabolism (e.g. 

thymidine kinase, dUTPase), DNA replication (e.g. DNA polymerase, primase) and 

protein processing (e.g. protein kinases); viral DNA synthesis and capsid assembly 

occurs within the nucleus; the release of infectious progeny is accompanied by the 

destruction of the infected cell and; all members are capable of establishing a latent 

infection in their natural hosts, with genomes adopting a closed circular 

conformation. 

1.1.1 Properties of Herpesvirions 

Herpesvirions vary in size between 120 -300nm and generally contain linear, double - 

stranded DNA genomes, enclosed in icosahedral capsids, measuring approximately 

100 -110nm in diameter; each capsid is comprised of 162 capsomeres. Surrounding 

the capsid is the tegument, an amorphous layer containing numerous viral proteins. 

The viral envelope encapsidates the tegument /capsid complex and is derived from 

host cell membranes. Numerous viral glycoproteins protrude from the envelope, 

several of which have been demonstrated to be important for cell adhesion and virus 

entry. For example, the HSV -1 glycoproteins gB, gC, gD, gH and gL are involved in 

mediating cell attachment and entry (WuDunn & Spear, 1989). Additionally, the gE- 

gI glycoprotein complex is thought to be important for cell -cell spread of virus, but 

not for infection by extracellular virus (Dingwell & Johnson, 1998). Herpesvirus 

genomes range from 120- 250kb, although variations in genome size are evident 

between virions of the same virus strain. The principal reason for polymorphism 

within individual viruses is variation in the copy number of reiterated terminal and 

internal repeat sequences (Brown et al., 1986). Diversity in repeat copy number can 
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result in variations in genome length of 10kb or more. Herpesviruses can be grouped 

into one of six subtypes (A -F), depending on the arrangement of terminal and 

internal repeat sequences within the viral genome (see Figure 1.1). Furthermore, 

variations in genome size may occur due to spontaneous deletions; these appear to be 

a common event, particularly in herpesviral strains of high -passage number (Cha et 

al., 1996). 

1.1.2 Herpesvirus Classification 

Inclusion within the family Herpesviridae was originally based upon virion structure 

and biological properties, although more recently, inclusion within the family has 

relied upon DNA sequence conservation; sequence analysis was used to aid 

classification of porcine lymphotropic herpesvirus -1 (PLHV -1) as a 

gammaherpesvirus (Goltz et al., 2002). Members of the Herpesviridae can be 

categorised into three subfamilies, the Alphaherpesvirinae, Betaherpesvirinae and 

Gammaherpesvirinae (see table 1.1). In addition to genomic similarities, members 

within a subfamily typically have biological characteristics representative of most 

members of the subfamily. 

1.1.2.1 Alphaherpesvirinae 

Members of the Alphaherpesvirinae subfamily demonstrate a variable host range, a 

relatively rapid reproductive cycle and rapid growth in tissue culture. Further 

characteristics of alphaherpesviruses include the efficient destruction of infected 

cells and the ability to establish latent infection within sensory ganglia. Members of 

this subfamily include the genera Simplexvirus (e.g. HSV -1), Varicellovirus (e.g. 

Varicella Zoster virus, VZV), Marek's disease virus and Infectious laryngotracheitis 

virus. 

1.1.2.2 Betaherpesvirinae 

Unlike alphaherpesviruses, betaherpesviruses exhibit a relatively narrow host range, 

a long reproductive cycle and slow growth in tissue culture; infected cells often 

become enlarged (cytomegalia). Latent infection can be maintained in several cell 

and tissue types including secretory glands, leukocytes, epithelia, kidneys and other 
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Figure 1.1: The repeat regions that differentiate herpesvirus genomes into six 
distinct classes are illustrated. In Group A genomes (e.g. Channel catfish 
herpesvirus), the repeat sequence at one terminus is directly repeated at the other. 
In Group B genomes (e.g. Herpesvirus saimiri), the terminal repeat sequence (TR) 
is present in multiple copies at each terminus. In Group C genomes (e.g. Epstein 
Barr virus), the genome contains unrelated repeat sequences ( >100bp) within the 
unique region of the genome, termed internal repeats (IRs), in addition to TRs. In 

Group D genomes (e.g. Varicella Zoster Virus), the repeat sequence at one 
terminus is repeated internally in an inverted orientation. In Group E genomes, (e.g. 

Herpes simplex virus and Human cytomegalovirus), one terminus has numerous 
copies of a reiterated sequence, A, next to a longer repeat sequence, B. The other 
terminus has one copy of the repeat sequence, A, next to a repeat sequence, C. 

The terminal repeat sequences from both termini are repeated in an inverted form 
within the unique region of the genome (B'- A'N -C'). The unique long and unique 
short regions of the genome, UL and Us respectively, are able to invert, allowing viral 

genomes to adopt one of four isomers. Within Group F genomes, no obvious repeat 

sequences have been identified. Illustration adapted from Roizman, 2001). 
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Table 1.1: Examples of known herpesviruses and their disease associations 

HERPESVIRUS HOST DISEASE(S) 

Alphaherpesvirinae 
Herpes simplex virus - I 

Herpes simplex virus -2 
Bovine herpesvirus- I 

Marek's disease virus 

(Simplexvirus 
I-íuman 

I-Iuman 
Cow 

Chicken 

and Varicelovirus genera) 
Cold sores, Keratitis, 
Ocular Disease 
Genital Lesions 
Infectious Rhinotracheitis, 
Spontaneous Abortion? 
Marek's Disease 

Equine herpesvirus- 1 

Varicella zoster virus 

Porcine herpesvirus- I 

I-iorse 
I-íuman 

Pig 

Spontaneous Abortion 
Chicken Pox, Shingles 

Aujzesky's Disease 

Betaherpesvirinae (Cytomegalovirus and Roseolavirus genera ) 

I-íuman cytomegalovlrus 

Murine cytomegalovirus 
Human herpesvirus-6 
I-Iuman herpesvirus-7 

Gammaherpesvirinae 
Epstein Barr Virus 

herpesvirus pan 
I-lerpesvirus pap io 
Herpesvius saimiri 

Kaposi's sarcoma 
associated herpesvirus 
I-Ierpesvirus ateles 
Equine herpesvirus -2 
Bovine herpesvirus -4 
Rhesus diadinovirus 

I-Iuman 

Mice 
I-Iuman 
Human 

Mononucleosis , Congenital 
Deformities, Ocular Disease 

Fever, Rash in infants 
,, 

(Lym phocrypto virus and Rha d'novirus genera) 

Human Infectious Mononucleosis, 

Mutine gammaherpesvirus 
68 

Alcelaphine herpesvirus- I 

Ovine herpesvirus -2 

Chimpanzee 
Baboon 
Squirrel Monkey 

Human 

Spider Monkey 
Home 
Cow 
Rhesus monkey 

Wood mouse 

Wildebeest 

Sheep 

6 

Burkitt's Lymphoma, 
Nasopharyngeal Carcinoma, 
PTLD, I- Iodgkin's Disease 
r) 

Lymphoproliferation in 

heterologous hosts 
Kaposi's Sarcoma, Body 
Cavi ty Lym MCD 

Respiratory Illness? 
Conjunctivitis, Mastitis? 
Lymphoproliferation in 

immunosuppressed hosts 

Lymphoma 

Malignant Catarrhal Fever 

in Ungulates 
Malignant Catarrhal Fever 
in Ungulates 
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tissues. This subfamily contains the genera Cytomegalovirus (e.g. Human 
Cytomegalovirus, HCMV), Muromegalovirus (e.g. Murine cytomegalovirus, 
MCMV) and Roseolovirus (e.g. Human herpesvirus -6, -7, HHV -6, HHV -7) 

(Gompels et al., 1995; Nicholas, 1996). 

1.1.2.3 Gammaherpesvirinae 

Members of the Gammaherpesvirinae generally have a very narrow host range, 

normally limited to the family or order to which the natural host belongs. 

Characteristics of growth in tissue culture depend on the individual 
gammaherpesvirus, but only certain gammaherpesviruses are capable of lytic 

infections in cells of epithelioid or fibroblastic origin in vitro. Members of the 

Gammaherpesvirinae are characteristically lymphotrophic, typically residing latently 

within, but not restricted to, B- and T- lymphocytes. For example, EBV is B -cell 

tropic, whereas Herpesvirus saimiri (HVS) is T -cell tropic. Latent virus is commonly 

detectable within lymphoid tissue of infected hosts. This subfamily contains the 

genera Lymphocryptovirus (e.g. Epstein -Barr virus, EBV) and Rhadinovirus (e.g. 

Kaposi's Sarcoma -associated herpesvirus, KSHV). 

1.1.3 Herpesvirus Gene Arrangement 

Depending on genome size, herpesviruses encode between 70 -200 genes. Gene 

arrangement is efficient: open- reading frames (ORFs) are typically situated close to 

one another, and frequently overlap. Genes may be transcribed in either a leftward or 

rightward direction, with certain ORFs situated entirely antisense to each other (HSV 

7134.5 and ORFs P, O) (Lagunoff & Roizman, 1994). In addition, examples of 

additional transcriptional units located within the coding region of ORFs exist 

(giving rise to an alternative internal ATG- initiated ORF), resulting in two proteins 

that share a functional domain but have differing functions (HSV UL26 and U,26.5) 

(Liu & Roizman, 1991). To further maximise the functionality of ORFs, several 

herpesvirus genes encode multifunctional proteins (e.g. KSHV LANA), and it seems 

probable that many more herpesvirus genes than have been identified encode 

proteins with multiple functions. Within the Herpesviridae, approximately 26 genes 

are conserved amongst the majority of members (Davison & Taylor, 1987; Chee & 
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Barrell, 1990). These are termed herpesvirus core genes and primarily encode 
proteins found in the capsid, envelope and tegument, in addition to several proteins 
required for DNA replication and nucleotide metabolism. These conserved genes are 

found within seven core gene blocks. Within the Herpesviridae, genes present within 

a specific core gene block preserve their order and polarity. However, core gene 

block order and orientation is only conserved at the subfamily level. Aside from 

these core gene blocks, herpesviruses encode several gene products conserved at the 

subfamily level, some of which are necessary for immune evasion and the 

maintenance of latent infection. Furthermore, genes have been identified that are 

believed to be virus -specific, and thus are likely important for infection specifically 

within their natural host. 

1.1.4 Herpesvirus Replication 

As mentioned, the herpesvirus life cycle comprises both lytic and latent phases of 

infection. In general, following the induction of lytic replication within an infected 

cell, infectious virus is produced with subsequent destruction of the host cell. 

Alternatively, infection of a host cell may result in the establishment of a latent 

infection, with herpesvirus genomes adopting a circular episomal form within the 

nucleus. The latent viral genome retains the ability to undergo reactivation, leading 

to lytic replication with the subsequent production of infectious virions. Upon 

reactivation, the restricted gene expression characteristic of latent infection is 

replaced by the full spectrum of gene expression typically accompanying lytic 

replication. The precise mechanisms governing the control of latency and 

reactivation are not fully understood, although for HSV at least, stimuli such as 

stress, tissue damage and immunosuppression can induce reactivation (Wagner & 

Bloom, 1997). 

1.1.4.1 Attachment and Entry 

The majority of information concerning herpesvirus replication has been amassed 

from studies with HSV -1, particularly HSV -1 recombinants. Thus, a brief description 

of herpesvirus replication is described here as it occurs for HSV -1, although 

examples for other herpesviruses are given where indicated. Nevertheless, since 
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many of the genes necessary for lytic replication are conserved between 
herpesviruses of different subfamilies, it can be predicted that the mechanism of 
replication is likely to be similar for all herpesviruses. A prerequisite for herpesvirus 
infection of a host cell is attachment to the cell surface. Most herpesviruses obtain 

entry to a host cell following multiple receptor -ligand interactions at the cell surface 

that trigger fusion between the viral envelope and the plasma membrane. The cellular 

receptors for a particular herpesvirus therefore partially determine tropism, 

pathogenicity and spread. For example, the in vitro host range restriction of EBV is 

partly due to the specificity of the EBV glycoprotein gp340/220 for CD21, the 

receptor for the C3d component of complement (Fingeroth et al., 1984; Prota et al., 

2002); the efficiency of B -cell infection correlates with CD21 expression. As 

mentioned, the HSV -1 glycoproteins gB, gD, gH and gL are essential for viral entry, 

and most herpesviruses encode homologs of gB, gH, and gL. HSV -1 initially 

attaches to cell surface -associated heparan sulphate (or similar glycosaminoglycan) 

via the glycoproteins gC and gB (Shieh et al., 1992; Spear et al., 1992). Absence of 

the gC glycoprotein typically results in a reduced rate of infection, but not complete 

inhibition. KSHV contains at least one KSHV -specific gene that contributes to 

heparan sulphate binding, glycoprotein K8.1A, and is believed to be involved in cell 

attachment (Wang et al., 2001). In HSV -1, this initial interaction is followed by the 

interaction of the glycoprotein gD with one of several co- receptors, which include 

members of the tumour necrosis factor (TNF) receptor family and immunoglobulin 

superfamily (Montgomery et al., 1996; Cocchi et al., 1998; Warner et al., 1998). 

Next, fusion of the viral envelope with the host plasma membrane occurs, requiring 

the concerted actions of gB, gD and a gH -gL heterodimer. Once fusion has occurred, 

the capsid is transported to the nuclear pore; transport is mediated by the 

microtubular network, resulting in the release of viral DNA into the nucleus, where it 

immediately circularises (Dohner et al., 2002; Mabit et al., 2002). Tegument proteins 

may remain in the cytoplasm, be transported to the nucleus, or remain capsid- 

associated. 

The process by which EBV mediates cell attachment and entry in vitro has been the 

subject of considerable study. EBV attaches to B- lymphocytes via an interaction 
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between the viral envelope glycoprotein gp350/220 and the cellular receptor for the 
C3d component of complement (CD21). CD21 remains the only characterised ligand 
for gp350/220. Two additional glycoprotein complexes have been demonstrated to 

be necessary for fusion to host cells, permitting nucleocapsid exocytosis into the 

cytoplasm. One heterodimeric complex comprises the EBV homologue of gH (gp85) 

dimerised with the gL homologue (gp25). Evidence suggests that epithelial cell 

infection is dependent on the heterodimeric gp85 /gp25 complex (Molesworth et al., 

2000; Oda et al., 2000). An additional heterotrimeric complex is formed from gp85, 

gp25 and gp42. The latter complex acts as a co- receptor for B- lymphocyte infection 

by interaction of gp42 with specific HLA class II alleles (Haan et al., 2000). In 

contrast to B -cell infection, epithelial cell infection does not appear to require gp42 - 

HLA class II interactions (Wang et al., 1998), although this is expected since 

epithelia do not generally express MHC class II. Thus, distinct differences exist in 

the mechanisms of infection of different cell types with EBV. 

1.1.4.2 DNA Replication 

In cells permissive for replication, entry of herpesvirus DNA into the nucleus results 

in a co- ordinately regulated cascade of viral gene expression. Host RNA polymerase 

II transcribes all the viral genes with viral protein synthesis occurring in the 

cytoplasm, akin to host cell transcription and translation. Herpesvirus genes can be 

differentiated by their temporal expression pattern during infection and are 

categorised into three kinetic classes: immediate -early, early and late genes. 

However, numerous genes overlap kinetic classes; for example, the M3 gene of 

MHV -68 is expressed as a predominantly late transcript, although a limited amount 

of expression is detectable as an early transcript (van Berkel et al., 1999). Thus, M3 

is termed an early -late, or leaky -late, transcript. Immediate -early genes, or alpha 

genes, are defined by their expression without the need for ongoing protein synthesis. 

Thus, they can be identified by their transcription in the presence of protein synthesis 

inhibitors, such as cycloheximide. Immediate -early genes are the first subset of viral 

genes expressed following infection, and are frequently involved in regulating 

subsequent gene expression. For example, the HSV VP16 protein transactivates the 

transcription of other alpha genes by host RNA polymerase II (Campbell et al., 
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1984). HSV has six immediate -early genes, which encode the viral proteins ICPO, 

ICP4, ICP22, ICP27, ICP47 and Us1.5. Early genes, or beta genes, are differentiated 

from immediate -early genes by their requirement for protein synthesis for 

expression. In HSV, early gene expression is dependent on ICP4, an immediate -early 

gene product. Thus, early gene expression generally cannot occur without prior 

immediate -early gene expression. The early genes encode a variety of gene products 

involved in viral DNA replication and nucleotide metabolism. The late genes, or 

gamma genes, require DNA replication for their expression, and typically encode 

viral structural proteins for the assembly of progeny virus particles. During the 

course of infection, host -cell transcription is typically repressed by degradation of 

mRNA (mediated by the HSV vhs protein) and inhibition of mRNA synthesis, 

splicing and processing (Kan & Read, 1999; Feng et al., 2001; Everly et al., 2002). 

Viral DNA replication in HSV requires seven gene products: the viral DNA 

polymerase (UL30); processivity factor (UL42); origin- binding protein (UL9); 

ssDNA- binding protein (UL29) and the helicase -primase complex (UL5, UL8 and 

ÚL52). Replication can occur from at least three origins of replication, although it has 

been demonstrated that neither origin is exquisitely required for viral DNA 

replication (Polvino- Bodnar et al., 1987; Igarashi et al., 1993). With the exception of 

the origin- binding protein, the remaining six HSV gene products required for DNA 

replication have homologues in all three subfamilies. Following circularisation of 

viral DNA in the nucleus, replication initiates via a theta form but rapidly switches to 

a rolling -circle mode of replication (Garber et al., 1993); rolling -circle replication 

gives rise to head -to -tail concatamers of progeny viral DNA, which undergo 

cleavage into monomers prior to packaging into mature capsids within the nucleus 

(Varmuza & Smiley, 1985). 

1.1.4.3 Maturation and Egress 

After encapsidation of viral DNA, nucleocapsids are able to exit the nucleus via 

budding through the inner nuclear membrane. The exact details of viral envelopment 

and egress remain unresolved, although two main pathways have been proposed. 

One pathway suggests that enveloped particles fuse with the outer nuclear 

membrane, resulting in de- envelopment of the nucleocapsids upon entering the 
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cytoplasm. Final envelopment occurs by budding into the Golgi network, with 

virions trafficking via vesicular movement to the exterior of the cell. The alternative 

theory suggests that virions bud through the outer nuclear membrane, without 

accompanying de- envelopment, thus entering the Golgi network already enveloped. 

Whilst in the Golgi network, final maturation of the viral glycoproteins occurs. 

Similarly, enveloped virions are transported to the cell surface by vesicular 

movement. Several recent studies support the latter hypothesis. Firstly, retention of 

the HSV glycoproteins gH and gD within the ER precludes their incorporation into 

the viral envelope of mature virions (Browne et al., 1996; Whiteley et al., 1999). 

Secondly, differential ultracentrifugation demonstrated that enveloped virions are 

located within the Golgi apparatus, but not within other cellular compartments 

(Harley et al., 2001). 

1.1.5 Herpesvirus Latency 

Latent herpesvirus infection is characterised by stable, lifelong carriage of the virus 

in a limited range of cell types. The pattern of latent gene expression is dependent on 

the particular herpesvirus and is not conserved across subfamilies. This is not 

unexpected as herpesviruses from different subfamilies generally establish latency in 

different cell types; presumably, different gene products are required for the 

establishment and maintenance of latency in different cell types. The molecular basis 

of latency in alpha- and betaherpesviruses remains poorly characterised in 

comparison to gammaherpesviruses (namely EBV), therefore a comprehensive 

review of EBV latency will follow. 

1.1.5.1 Alphaherpesvirus Latency 

Members of the Alphaherpesvirinae are typically neurotropic. HSV -1 establishes 

latent infection within neuronal cells, during which time HSV -1 gene expression is 

believed to be restricted to the production of a sole mRNA, termed the latency - 

associated transcript (LAT). The primary LAT mRNA is 8.3kb in size and overlaps 

two viral genes, ICPO and ICP34.5, with the mature spliced LAT approximately 2kb 

in size. It has been proposed that the LAT may permit latent infection by suppressing 

ICPO (and possibly ICP4) expression via an anti -sense mechanism, resulting in 
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inhibition of lytic replication. However, one study suggests this is not the case 

(Burton et al., 2003). In addition, LAT has been demonstrated to enhance 
reactivation efficiency in vitro and in vivo. This function has been localised to the 

initial 1.5kb of the primary LAT transcript, a region that does not overlap ICPO or 

ICP4 (Perng et al., 1996); it has been proposed that this region encodes an anti - 

apoptotic function that is important for efficient reactivation from latency (Perng et 

al., 2000; Perng et al., 2002). Nevertheless, the exact alterations in cell physiology 

that increase the permissiveness of neurons for lytic replication, thus leading to 

reactivation, remain uncharacterised. With regards to Varicella Zoster Virus (VZV), 

latent infection is established in trigeminal and dorsal root ganglia, with the pattern 

of gene expression less restrictive than that of HSV -1. VZV remains latent in 

neurons, although several studies report identification of latent VZV in non -neuronal 

cells of sensory ganglia (Meier et al., 1993; Lungu et al., 1995; Kennedy et al., 

1998). At least five ORFs are transcribed during latency (ORFs 4, 21, 29, 62, 63), 

encoding numerous immediate -early gene products involved in the transactivation of 

viral genes during lytic replication. Cytoplasmic localisation of these proteins during 

latency may suggest that VZV suppresses lytic replication by excluding these 

proteins from the nucleus (Lungu et al., 1998). 

1.1.5.2 Betaherpesvirus Latency 

Several studies have confirmed that CMV is capable of maintaining latency in 

various cells of myeloid lineage, including granulocytes, macrophages and dendritic 

cells, with the pattern of latent gene expression differing depending on the 

differentiation stage of the infected cell. Thus, the differentiation state of the infected 

cell in part governs the maintenance of latency. Precursors of monocytic peripheral 

blood cells, present in bone marrow, are believed to be the main reservoir of latent 

CMV. Furthermore, latently infected, undifferentiated peripheral blood monocytes 

are presumably important for the dissemination of latent virus throughout the 

periphery. As infected monocytes mature into macrophages and dendritic cells, they 

become significantly more permissive, permitting viral reactivation and 

commencement of lytic replication. Thus, reactivation of latent CMV may occur 
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following monocyte differentiation, possibly resulting from induction of 
proinflammatory cytokines during an unrelated immune challenge. 

1.1.5.3 Transcriptional Control of Gammaherpesvirus Latent Gene 
Expression 

Following B- lymphocyte infection and circularisation of viral DNA in the nucleus, a 

limited number of genes are transcribed. The Wp promoter initiates the transcription 

of the first EBV RNAs, which through differential splicing, give rise to the EBNA- 

LP and EBNA -2 proteins. Both these proteins are capable of enhancing transcription 

from both viral (e.g. Wp and Cp) and cellular promoters. Wp thus initiates 

transcription of messages encoding the six nuclear antigens (EBNAs 1, 2, 3A, 3B, 

3C, -LP) as a polycistronic transcript, with differential splicing producing the 

individual mRNAs. Shortly after infection, transcription of the EBNA proteins from 

the Wp promoter switches to the Cp promoter in many cells, presumably due to the 

effect of EBNA -2 on a response element within the EBV Barn HI C fragment 

(Woisetschlaeger et al., 1991). In addition, EBNA -2 transactivates the promoters for 

three latent membrane proteins (LMP1, 2A and 2B), resulting in up- regulation of 

their expression (Abbot et al., 1990). EBV small non -polyadenylated RNAs 

( EBERs) are also transcribed during latency, as are numerous spliced polyadenylated 

transcripts arising from the BarHI A fragment (BARTs). The significance of 

BARTs during latency remains unclear, since no protein product has been 

definitively associated with them. 

Expression of all the above latency- associated transcripts can be observed during the 

latency III gene expression program in vitro, although more restricted patterns of 

gene expression are evident, specifically the latency I and latency II programs. In 

latency I, the EBERs and BARTs are expressed, although unlike latency III, 

transcription of the EBNA genes is restricted to EBNA -1. This occurs via silencing 

of the Wp /Cp promoters and subsequent activation of the downstream Qp promoter, 

which initiates transcription of an EBNA -1 RNA with a different splice structure to 

that transcribed by Wp /Cp (Schaefer et al., 1991). In addition, the LMP promoters 

are silenced during latency I, making EBNA -1 the only characterised virus -encoded 
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protein expressed during type I latency. The latency I and II programs differ only in 

their LMP promoter activity, as latency II is comparable to latency I but for the 

expression of LMP1 and varying levels of LMP2A and LMP2B. 

1.1.5.4 EBV Latent Gene Expression in vitro 

EBNA -1 is required for the replication and maintenance of the EBV DNA episome, 

and is expressed in all EBV- infected cell lines. The principal role of EBNA -1 is to 

bind the latent origin of replication (oriP), resulting in stability of the viral episome 

and segregation into daughter cells during cell division (Lee et al., 1999). The viral 

episome is replicated early in S -phase by the cellular DNA polymerase, so that 

latently- infected cells contain several copies of the viral episome. With KSHV, the 

latency- associated nuclear antigen (LANA) performs a comparable role to EBNA -1. 

LANA tethers the KSHV episome to the chromosome via interaction with specific 

elements in the terminal repeat units of the KSHV genome, ensuring segregation of 

the viral episome to chromosomes during mitosis. In addition to transactivating the 

viral genes LMP1, 2A and 2B, EBNA -2 is capable of transactivating numerous 

cellular genes, such as CD23 and c -myc (Wang et al., 1990; Kaiser et al., 1999). 

Furthermore, EBNA -2 interaction with RBP -Jx protein allows EBNA -2 to activate 

some of the same targets as Notch signalling (Henkel et al., 1994; Gordadze et al., 

2001). The EBNA -3 proteins are encoded by three ORFs adjacent to one another on 

the EBV genome. EBNA3A and EBNA3C are believed to be important for B- 

lymphocyte transformation, whereas EBNA3B is dispensable (Tomkinson & Kieff, 

1992). In addition, EBNA 3A, 3B and 3C are able to interact with CBF/RBP-JK to 

negatively regulate gene expression via the Notch pathway (Cludts & Farrell, 1998). 

Like EBNA -3A and 3C, LMP1 is a viral oncogene essential for EBV- induced B- 

lymphocyte immortalisation. LMP 1 interacts with TRAF signalling proteins and 

TRADD, with the subsequent activation of NF -KB and the JNK/SAP -K pathway 

(Mosialos et al., 1995; Kaye et al., 1996; Devergne et al., 1998). In this respect, 

LMP1 signalling is comparable to that of TNF receptor or CD40. Furthermore, 

LMP1 expression in B- lymphocytes induces the expression of Bc1-2 and A20, 

proteins with anti -apoptotic function, the expression of which could confer a survival 

advantage on such cells (Fries et al., 1996). LMP2A is speculated to provide the 

15 



ONE INTRODUCTION TROD UCrI':IC7N 

tonic signal, mimicking B -cell receptor signalling, that permits continued B -cell 

survival. Additionally, LMP2A may prevent activation of the virus lytic cycle that 

could occur upon B -cell activation. These effects are mediated by LMP2A 
interaction with the tyrosine kinases Lyn and Fyn, interfering with intracellular 

signal transduction and thus preventing B -cell activation (Miller et al., 1995). An 

overview of EBV latency in vivo is presented in section 1.2.2. 

1.1.6 Gammaherpesviruses 

The Gammaherpesvirinae subfamily includes numerous herpesviruses of medical 

and veterinary importance. As stated previously, the Gammaherpesvirinae contains 

the Lymphocryptovirus (LCV) and Rhadinovirus (RDV) genera. EBV is the only 

known human LCV, and KSHV the only known human RDV. The remaining 

lymphocryptoviruses identified to date have all been isolated from primates, and 

until recently, exclusively Old World primates. However, the discovery of a New 

World LCV in a common marmoset with lymphoproliferative disease demonstrated 

their existence within New World primates. Since then, novel LCVs have been 

identified within several New World primates, including the golden- handed tamarin 

and squirrel monkey (de Thoisy et al., 2003). In contrast, RDVs have been isolated 

from a wide range of species, spanning both primates and non -primates. Thus, with 

notable exception of EBV, gammaherpesvirus infections of both medical and 

veterinary importance are exclusively Rhadinoviruses. Veterinary- important 

gammaherpesviruses include Equine herpesvirus 2 (EHV -2), Bovine herpesvirus 4 

(BHV -4) and Alcelaphine herpesvirus 1 (A1HV -1). The similarities between the 

genomes of LCVs and RDVs, and the apparent restriction of LCVs to the primate 

lineage, suggests that LCVs evolved from an early primate RDV. Although it cannot 

be ruled out that LCVs do not exist in any other non -primate host, this seems 

unlikely given the current data. 

One common feature of gammaherpesvirus genomes is the presence of small non - 

polyadenylated RNAs, which are generally transcribed by RNA polymerase III 

(Howe & Shu, 1993; Bowden et al., 1997). However, the Herpesvirus saimiri unique 

RNAs (HSURS) are transcribed by RNA polymerase II, and Epstein -Barr virus 
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encoded RNA 1 (EBER -1) is transcribed by both RNA polymerase II and III (Howe 

& Shu, 1989). MHV -68 also encodes small non -polyadenylated RNAs. MHV -68 

encodes 8 viral tRNA -like molecules that adopt secondary structures similar to 

cellular tRNA molecules, but are not believed to be aminoacylated (Bowden et al., 

1997). The function of these viral tRNA -like molecules in MHV -68 infection 

remains unclear. In EBV however, evidence suggests that EBERs may be important 

for evasion of the interferon response; in vitro, EBER -1 is capable of inhibiting the 

PKR- dependent phosphorylation of eIF -2a (Clarke et al., 1991). Moreover, EBER -1 

and 2 show extensive sequence similarity to the adenovirus gene products VA1 and 

VA2, of which VAl has been demonstrated to inhibit the activation of PKR (Sharp 

et al., 1993). Another study suggested that the EBERs are important for cell 

transformation and oncogenesis (Yamamoto et al., 2000). Another characteristic of 

gammaherpesvirus genomes is the relative abundance of cellular homologues. For 

example, KSHV encodes numerous genes of obvious host origin. These include an 

IL -6 homologue, an OX2 homologue, a D -type cyclin and several chemokine 

homologues. 

1.2 Epstein -Barr Virus 

1.2.1 EBV Molecular Biology 

EBV, the prototypical Lymphocryptovirus (yl), was initially isolated from 

lymphoblastoid cell lines derived from an endemic Burkitt's lymphoma biopsy. EBV 

is now accepted to be ubiquitous amongst human populations, with in excess of 90% 

of adults seropositive for the virus. Akin to other herpesviruses, primary infection 

with EBV results in lifelong carriage of the virus. Primary infection typically occurs 

during early childhood and gives rise to an asymptomatic infection in the vast 

majority of cases. In underdeveloped countries, the proportion of those infected in 

early childhood is considerably greater in comparison to the developed world 

( -100% vs. -50% at age ten). A consequence of this reduced rate of childhood 

infection in the developed world is an increased incidence of primary infection 

amongst older age groups. A proportion of young adults undergoing delayed primary 

infection with EBV develop a self -limiting lymphoproliferative illness, termed 
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infectious mononucleosis (IM). However, EBV is associated with more serious 
disease outcomes, such as Burkitt's lymphoma, nasopharyngeal carcinoma, post - 
transplant lymphoproliferative disease (Tanner & Alfieri, 2001), Hodgkin's disease 

and oral hairy leukoplakia. 

A feature of EBV infection in vitro is that efficient infection requires primary human 

B- lymphocytes (Calender et al., 1987). This restricted host range coupled with poor 

lytic infection in vitro necessitated the cloning of viral genome fragments into 

Escherichia coli to allow a comprehensive analysis of the viral genome (Arrand et 

al., 1981). Thus, the entire EBV genome was sequenced from a BamHI library, with 

the resulting gene nomenclature commonly referencing specific BamHI fragments. 

The EBV genome is a linear, double stranded DNA, of approximately 184kb in 

length with a base composition of 60% guanine or cytosine. The genome contains a 

unique region bounded by 0.5kb terminal repeat sequences and within this unique 

region lie four reiterated 3kb internal repeat sequences. Two subtypes of EBV have 

been classified, termed EBV -1 and EBV -2. EBV -1 and EBV -2 exhibit differences in 

their geographical and ethnic distributions. The only notable differences between the 

genomes of the two types are in the genes encoding the EBNA antigens (EBNA LP, 

2, 3A, 3B, 3C) (Sample et al., 1990). EBV -1 strains generally transform lymphocytes 

in vitro more readily than EBV -2 (Rickinson et al., 1987), although no differences in 

disease association or pathogenicity in vivo have been observed between EBV -1 and 

EBV -2. Persistent co- infection with multiple EBV strains is often observed amongst 

HIV -positive and immunosuppressed individuals (Yao et al., 1996). 

1.2.2 EBV Latency in vivo 

As mentioned, EBV infects B- lymphocytes in vitro, giving rise to a latent infection 

characterised by highly restricted gene expression; several patterns of latent gene 

expression have been identified in vitro, and are termed Latency I, II and III. Latency 

III (growth program) is evident during latent infection in immortalised LCLs in vitro, 

and is characterised by the expression of all the major latent transcripts. Latency III 

is detectable in vivo during the IM phase of EBV infection (Joseph et al., 2000), 

although it has not been observed during long -term infection. Latency II (default 
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program) is also thought to exist in vivo, as EBV- positive memory tonsillar B- cells, 

Hodgkin's lymphoma and NPC cells exhibit latent transcription patterns similar to 

latency II (Brooks et al., 1992; Karran et al., 1992; Deacon et al., 1993; Babcock & 

Thorley- Lawson, 2000). In contrast, BL cells display a latency I phenotype in vitro, 

characterised by the limited expression of EBNA -1, EBERs and BARTs. The exact 

functions of the different growth programs during the EBV life cycle in vivo are still 

not unambiguously defined, although it is predicted that EBV utilises different 

latency programs to manipulate the normal B -cell activation and maturation 

pathways, resulting in lifelong quiescence within the memory B -cell compartment 

(see Figure 1.2). It is proposed that the latency III, or the growth program, is initiated 

following primary infection of naïve B -cells in vivo; latency III induction is believed 

to activate resting, naïve B -cells to become activated B- lymphoblasts. Subsequently, 

the latency II program provides the signalling capability to rescue an activated B -cell 

blast into the memory B -cell pool, without requiring the normal, and often apoptotic, 

pathway of proliferation, somatic hypermutation and germinal centre selection 

(Babcock et al., 1998; Babcock & Thorley- Lawson, 2000). One discrepancy between 

the patterns of latent gene expression observed in vitro and in vivo concerns the 

latency I phenotype; latency I is suggested to be important for the long -term 

maintenance of latency. As EBNA -1 is the only viral protein expressed, EBV - 

infected cells exhibiting a latency I phenotype would evade the adaptive immune 

response, since the internal alanine -glycine repeat region of EBNA -1 interferes with 

antigen processing, and thus CTL recognition (Levitskaya et al., 1997). However, 

analysis of latently infected PBMCs in peripheral blood, although suggested to 

display a latency I phenotype, have been reported to exhibit viral gene expression 

limited to the EBERs and BARTs, with occasional expression of LMP2A (Babcock 

et al., 1998). Nevertheless, the outcome is roughly equivalent in that restriction of 

viral gene expression would reduce CTL recognition of latently infected memory B- 

cells. 
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Figure 1.2. Manipulation of the host B -cell differentiation pathway by EBV. 
Viral infection of naïve B -cells results in their activation and proliferation, in a 
similar manner to that induced by B -cell interaction with cognate antigen. 
Activated B -cell blasts then migrate to lymphoid follicles to initiate germinal 
centre formation (GCs). GC selection, and thus cell survival, requires both 
antigen- mediated signalling and antigen- specific T -cell help. EBV encodes 
latent proteins believed to mimic this process. EBV infected B -cells are then 
able to exit follicles as resting memory B -cells and persist in the periphery. 
The limited (or absence of) gene expression evident during the latency 
program likely aids in persistence by circumventing immune recognition of 
latently infected cells. Illustration adapted from Thorley- Lawson, 2001. 
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lymphoblasts, with smaller proportions of CD4+ T -cells and NK -like cells. There is 

convincing evidence to suggest that a large percentage of the expanded CD8+ T cells 

are specific for EBV lytic cycle immunodominant epitopes (Callan et al., 1996; 

Callan et al., 1998). Some of these immunodominant epitope specific responses 

show highly restricted TCR usage, which may explain the skewed V(3 subset 

distribution commonly seen in CD8+ T cells during IM. In certain individuals, IM 

can be fatal, specifically in those with the genetic defect, X- linked 

lymphoproliferative syndrome (XLP). XLP affects young males and is due to a 

mutation in the gene encoding the signalling lymphocytic activation molecule - 

associated protein (SAP) (Howie et al., 2000). Following primary EBV infection, an 

IM -like syndrome frequently presents, characterised by CD8+ T cell, macrophage 

and EBV- infected B lymphoblast infiltration into numerous sites such as liver and 

bone marrow. Although primary EBV infection in XLP individuals is fatal in 75% of 

cases, survivors typically have immune dysfunction of varying severity, ranging 

from hypogammaglobulinaemia to B -cell lymphoma. It has been proposed that XLP 

results in a failure to effectively limit the CD8+ T cell response (Coffey et al., 1998; 

Sayos et al., 1998), or a failure to efficiently signal EBV- infected B- lymphoblasts to 

enter the memory compartment, causing EBV- infected B- lymphoblasts to 

persistently express latency III, resulting in a massive expansion of CD8+ T 

lymphocytes (Thorley- Lawson, 2001). 

1.2.3.2 Burkitt's Lymphoma 

Burkitt's lymphoma (BL) can be differentiated into endemic, sporadic and 

HIV /AIDS -related BL. The endemic form is the most closely linked to EBV 

infection, with virtually every tumour analysed positive for EBV. Endemic BL is a 

B- lymphocyte malignancy typically presenting in childhood, rarely occurring in 

individuals over fourteen years old. Notably, endemic BL displays a distinct 

geographic distribution, which has been attributed to climatic factors and 

holoendemic Plasmodium falciparum malaria (Magrath, 1990). Childhood 

lymphomas resembling BL occur worldwide at low -levels, and are termed sporadic 

BL. Sporadic BL is associated with EBV, although not as convincingly as endemic 

BL; 15 -25% of sporadic BL tumours are EBV positive. HIV /AIDS -related BL 
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generally presents as one of the earliest symptoms in AIDS, with 30 -40% of tumours 

being genome -positive for EBV. 

BL malignancies commonly present around the jaw, but can also be found in the 

CNS and in the abdomen in some cases. BL malignancies are composed primarily of 

germinal centre -like B -cells (BL cells). A distinct feature of BL cells is the 

juxtaposition of the c -myc locus, via a chromosomal translocation, to the IgH 

enhancer [t(8;14)] or more rarely, to the Igx [t(2;8)] or Ig?. [t(8;22)] loci. The 

principal effect of this chromosomal translocation is the constitutive expression of c- 

myc, leading to uncontrolled cell proliferation. Interestingly, P. falicparum infection 

hyperstimulates germinal centre proliferation, resulting in somatic mutation of 

immunoglobulin genes. Perhaps the combination of immunoglobulin gene 

rearrangement, enhanced germinal centre proliferation and the transforming ability 

of EBV is responsible for the selection of cells carrying c -myc translocations. 

Moreover, the growth- transforming properties of several EBV proteins expressed 

during Latency III makes it tempting to speculate that the Latency III program may 

have an initiating role in BL development. However, one study has demonstrated that 

in BL cells, EBV is important for continued tumour maintenance due to the induction 

of high -level expression of Bc1-2, inhibiting c -myc- induced apoptosis (Ruf et al., 

1999; Takada, 2001). Whether the EBER genes of EBV are important for this 

resistance to apoptosis, possibly via interaction with PKR, is still the subject of 

debate (Ruf et al., 2000; Nanbo et al., 2002). Immune control of BL cells in vivo is 

inefficient, due in part to decreased antigen presentation and reduced expression of 

costimulatory molecules by BL cells. Furthermore, BL cells display an EBV Latency 

I phenotype, which presumably reduces EBV- specific CD8+ T cell killing due to 

inefficient presentation of EBNA -1 antigens. 

1.2.3.3 Nasopharyngeal Carcinoma 

Nasopharyngeal carcinoma (NPC) is a squamous epithelial cell tumour of the 

nasopharynx, and can be classified as differentiated (DNPC) or undifferentiated 

(UNPC), depending on the differentiation stage of the malignant epithelial cells. 

With sporadic NPC in Europe and the USA, both classes of NPC are observed. 
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immunotherapy using CTL lines specific for EBV antigens have been used with 

some success for PTLD treatment, whilst avoiding the risk of graft rejection (Rooney 

et al., 1998). 

1.2.3.5 Hodgkin's Disease 

Another malignancy associated with EBV infection is Hodgkin's lymphoma (HL), 

where approximately 50% of cases have EBV DNA present within lymphoma cells 

(Brocksmith et al., 1991). The mechanism of oncogenesis is not fully established but 

may be partially induced by EBV via expression of LMP1 and LMP2A (Kuppers & 

Rajewsky, 1998). Expression of these latent proteins enables the survival of germinal 

centre B -cells that, in view of their genomic rearrangements, should have apoptosed 

during affinity maturation. Thus, the inappropriate survival of germinal centre B 

cells may provide a pool of cells from which accumulated cellular changes can 

promote oncogenesis. 

1.3 Kaposi's Sarcoma -associated Herpesvirus 

KSHV, the eighth and most recently identified human herpesvirus, was discovered 

following representational difference analysis to search for DNA specific to KS 

lesions yet absent from surrounding skin cells (Chang et al., 1994). KSHV is 

unambiguously implicated in the generation of KS lesions, but is also associated with 

primary effusion lymphoma (PEL) and a plasmablastic variant of multicentric 

Castleman's disease (MCD). 

1.3.1 KSHV Molecular Biology 

KSHV is classified as a Rhadinovirus (y2) and appears to have close homologues in 

numerous primate species, such as chimpanzees and African green monkeys 

(Greensill et al., 2000; Lacoste et al., 2000). As with EBV, KSHV replicates poorly 

in vitro as no tissue culture system is available to support efficient lytic replication. 

The complete genome was sequenced from genomic phage and cosmid libraries, 

generated from the PEL cell line BC -1 (Russo et al., 1996). However, a second 

isolate, from a KS specimen, has also been sequenced. The KSHV genome consists 

of a 140.5kb unique coding region flanked by multiple GC -rich -800bp terminal 
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apoptosis (Friborg et al., 1999). LANA can also bind pRb in vitro, inhibiting the 

induction of cell -cycle arrest by pRb. It is proposed that LANA -pRb interaction 

excludes cellular E2F interaction with pRb, resulting in the transcription of genes 

required for cell -cycle progression (Radkov et al., 2000). Thus, LANA -pRb binding 

would allow cell -cycle progression whilst LANA -p53 binding would inhibit 

apoptosis triggered by E2F, the net effect being unchecked cell -cycle progression. In 

addition, it has been demonstrated that LANA interacts with the cellular proteins 

mSin3A, SAP30 and CIR; these proteins form a co- repressor complex used to recruit 

histone deacetylases to promoters (Krithivas et al., 2000). Since histone 

deacetylation is associated with transcriptional repression, it is feasible that LANA 

maintains a steady state of latency by repressing ORF50 expression, a transactivator 

of lytic replication (Chen et al., 2001). KSHV encoded v- cyclin, a cellular cyclin D2 

homologue, is able to interact with cellular cyclin dependant kinase (CDK) 6 to 

mediate phosphorylation of pRb. This results in transcription of S -phase genes that 

stimulate progression of the cell cycle from G1 -phase to S- phase, deregulating the 

cell cycle (Godden -Kent et al., 1997). Thus, LANA and v- cyclin are cooperatively 

able to induce cell cycle progression. KSHV v -FLIP is believed to protect infected 

cells from CD95, tumour necrosis factor receptor 1 (TNFR1) and TNF- related 

apoptosis- inducing ligand receptor (TRAIL -R) - mediated apoptosis. Evidence that 

v -FLIP may protect from CTLs comes from vFLIP- expressing B -cells that develop 

into tumours in mice by inhibition of CTL- induced apoptosis (Djerbi et al., 1999). 

KSHV v -FLIP is expressed from an internal ribosome entry site (IRES) located 

within the v- cyclin ORF which would enable translation to proceed despite the 

general inhibition of cap- dependent translation in G2M- phase -arrested cells (Bieleski 

& Talbot, 2001). Thus, v -FLIP could potentially protect infected cells from apoptosis 

throughout the cell cycle. Several other KSHV ORFs have been suggested as 

candidate latency- associated genes, although expression profiling has demonstrated 

that all the candidate genes have expression patterns distinct from LANA, v- cyclin 

and v -FLIP (Jenner et al., 2001). It seems probable these genes are regulated by 

different mechanisms during latency than LANA/v- cyclin/v -FLIP. 
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both haematopoietic and endothelial cells (Jenner & Boshoff, 2002). A central issue 

in KS biology is whether KS is a monoclonal neoplasm (resulting from cellular 

transformation), or a polyclonal hyperplasia (expansion of polyclonal cells driven by 

cytokine production). Several reports suggest a monoclonal origin for KS (Russo et 

al., 1996; Rabkin et al., 1997), whereas others suggest a polyclonal origin, although 

it has been proposed that KS may initiate as a polyclonal malignancy (Delabesse et 

al. , 1997), before developing into a monoclonal malignancy once a malignant clone 

achieves a growth advantage (Gallo, 1998). In early KS, only 10% of 

spindle /endothelial cells are KSHV -positive; however, in late -stage KS, 

approximately 90% of spindle cells are KSHV -positive, suggestive of a polyclonal 

origin (Boshoff et al., 1995). One explanation for this change is that KSHV viral 

proteins are providing a growth advantage to infected cells. In contrast, an opposing 

theory states that KS spindle cell proliferation is primarily due to inflammatory 

cytokine production, which attracts KSHV infected cells to the KS lesion. In western 

populations, KS is principally found in HIV -positive individuals, although HIV - 

induced immunosuppression is not the only condition in which KS is evident. Four 

clinically distinct variants of KS are identifiable, dependent on the degree of 

immunosuppression and severity of infection, and are as follows: (1) Classic KS, 

predominantly affecting elderly Mediterranean men; (2) Endemic KS, prevalent in 

sub -saharan Africa and being more aggressive than classic KS; (3) latrogenic /post- 

transplant KS, which develops in patients undergoing immunosuppressive therapy to 

inhibit graft rejection; (4) AIDS -associated KS, the most aggressive form of KS. 

With the continuing AIDS epidemic, AIDS -associated KS has become the most 

common form of KS. 

1.3.4.2 Primary Effusion Lymphoma 

PEL is an uncommon, typically fatal, lymphoma associated with KSHV infection. 

PEL normally manifests in HIV patients with advanced immunosuppression. Most 

cases of PEL are thought to have arisen from post -germinal centre B- cells, due to the 

combined presence of hypermutated immunoglobulin genes and markers of B -cell 

differentiation (e.g. CD138 /syndecan -1) (Gaidano et al., 1997; Matolcsy et al., 

1998). PEL is most likely a monoclonal malignancy due to clonal immunoglobulin 
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productively in vitro, permitting uncomplicated study of this virus. Due to the 

transforming potential of HVS, it is regarded as a comparable model for other 

gammaherpesvirus -induced malignancies. Moreover, recent interest in HVS has 

focused on the potential of HVS as a gene therapy vector, as HVS can infect a wide 

range of human cell lines (Frolova -Jones et al., 2000; Stevenson et al., 2000). The 

HVS viral genome does not integrate into the cellular genome, but persists as a high 

copy number, circular, non -integrated episome segregating to daughter cells upon 

cell division. This allows the virus to stably transduce a dividing cell population, 

potentially providing sustained transgene expression for an extended period of time. 

The HVS genome has been sequenced in full and consists of a 112.9kb unique 

region, flanked by reiterated 1.4kb terminal repeat sequences (Albrecht et al., 1992). 

Seven U -RNA genes (HSURs) are present at the left end of the genome and thus far 

have only been associated with productive infection. The HSURs can assemble into 

ribonucleoprotein complexes and can interact with cellular factors involved in 

mRNA destabilisation. These complexes bind AU -rich elements within 3' UTRs of 

cellular mRNAs, leading to rapid degradation. The importance of the HSURs to in 

vivo infection remains uncertain, as one study proposed a role for HSURs in cell 

transformation whereas another reported no role for HSURs in cellular 

transformation (Chou et al., 1995; Ensser et al., 1999). Like KSHV, HVS encodes 

numerous cellular homologues, including vFLIP, v- cyclin, v -GPCR and v- Bc1-2. 

ORF73 of HVS is proposed to fulfil a similar function to KSHV LANA, as HVS 

ORF73 (a homologue of LANA) is essential for episome maintenance and is able to 

regulate viral gene expression to suppress lytic replication in permissive cells 

(Schafer et al., 2003). A further parallel with KSHV may be the pattern of HVS gene 

expression during latency. Utilising a human lung carcinoma cell line transduced 

with HVS DNA, the HVS homologues of v- cyclin, v -FLIP and LANA were 

transcribed from a polycistronic mRNA, akin to KSHV. This polycistronic message 

was determined to be a latency- associated transcript, as it was expressed in the 

absence of detectable lytic gene expression (Hall et al., 2000; Collins et al., 2002). 
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HVS isolates are classified into three subgroups (A, B and C), depending on 

sequence divergence at the left end of the unique region of the genome (Medveczky 

et al., 1984). Subgroups A and C are highly oncogenic and are capable of 

immortalisation in vitro and lymphoma generation in vivo. The first ORF in all three 

HVS subgroups encodes STPs (saimiri transformation -associated protein); STP in 

subgroup A is functional, but non -functional in subgroup B (Choi et al., 2000). In 

addition to a functional STP, subgroup C encodes an additional transforming protein 

at the left end of the genome, termed Tip (tyrosine kinase interacting protein). In 

subgroup C, STP and Tip are transcribed from a bicistronic mRNA. The STP -A 

protein interacts with a cellular src kinase, whereas STP -C interacts with cellular ras 

(Jung & Desrosiers, 1995). Consequently, STP -A is less potent than STP -C in its 

transforming ability. Tip has been demonstrated to associate with a major T -cell 

tyrosine kinase, Lck, and this interaction inhibits the TCR- mediated signal 

transduction pathway (Jung et al., 1995). Both STP and Tip are dispensable for 

replication in vitro and in vivo, but are required for transformation and oncogenesis 

in vitro and in vivo. 

1.4.2 Other Gammaherpesviruses 

A number of other animal rhadinovirus (y2) genomes have been fully sequenced, 

several of which are of particular relevance in a veterinary context. One such 

example is Bovine Herpesvirus 4 (BoHV -4). A definitive disease association does 

not yet exist for BoHV -4, although it has been isolated from cattle presenting with 

pneumonia, diarrhoea and abortion. Originally classified as a betaherpesvirus, 

sequence analysis has since identified BoHV -4 as a gammaherpesvirus (Bublot et al., 

1992). Unlike many other gammaherpesviruses, BoHV -4 has never been associated 

with lymphoproliferative disease. BoHV -4 is thought to persist in vivo within cells of 

the macrophage /monocyte lineage, however the mechanisms of latency 

establishment and maintenance remain poorly characterised. BoHV -4 differs from 

the majority of characterised gammaherpesviruses genomes in that it appears to 

encode few accessory genes involved in transformation, maintenance of latency and 

immune evasion (Zimmermann et al., 2001). However, it does encode a few 

potentially anti -apoptotic proteins (v -Bc1-2 and v- FLIP). Interestingly, BoHV -4 is 
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to the authenticity of certain models with regard to natural infection. EBV 

inoculation of heterologous hosts, such as rhesus macaques, has recapitulated some 

aspects of natural EBV infection. However, these experiments were of limited value 

due to potential cross -reacting immunity to rhesus LCVs. In addition, primate 

species have been used as models for EBV- induced malignancies; marmosets 

(Callithrix jacchus) and cottontop tamarins (Saguinus oedipus oedipus) infected with 

EBV commonly develop B -cell lymphomas (Wedderburn et al., 1984; Moghaddam 

et al., 1997). Although EBV is oncogenic is these primates, several factors limit the 

usefulness of these models for analysing EBV oncogenesis in vivo. Firstly, within its 

natural host, EBV is oncogenic in only a minority of infections, whereas the 

converse is true of infection in marmosets and cottontop tamarins. Secondly, EBV - 

associated malignancies are strongly associated with latent infection. In cottontop 

tamarins, EBV induces B -cell lymphoma 2 -3 weeks post- infection, resulting in 

extremely high mortality rates; remaining survivors recover without a persistent or 

latent EBV infection, establishing that the course of infection is very different from 

natural EBV infection. Moreover, these lymphomas do not exhibit the characteristic 

gene expression patterns associated with human EBV tumours (Young et al., 1989). 

EBV and KSHV infection of mice with severe combined immunodeficiency (SCID) 

have also been used as models for pathogenesis and oncogenesis. Transfer of EBV - 

infected peripheral blood lymphocytes to SCID mice results in monoclonal or 

oligoclonal lymphomas expressing a latency III gene expression pattern, similar to 

those observed in transplant recipients with PTLD (Johannessen et al., 2002). 

However, the unnatural route of inoculation and cross -species transfer are obvious 

drawbacks of this model. Implantation of KSHV -inoculated foetal thymus or liver 

tissue into SCID mice has been performed to analyse tropism and viral gene 

expression in vivo. Gene expression analysis suggested an initial lytic phase followed 

by persistent, latent infection within CD19+ B- cells, although no disease symptoms 

were detectable in these mice (Dittmer et al., 1999). Alternative animal models, 

which perhaps are more comparable to natural EBV infection, involve the study of 

primate LCVs within their natural hosts, such as rhesus monkey LCV and baboon 

LCV. Most identified LCVs of Old World and New World primates are equivalent to 

EBV, with respect to genome organisation, gene function, and acute and persistent 
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infection in vivo (Moghaddam et al., 1998; Rivailler et al., 2002). Like EBV, rhesus 

LCV can immortalise natural host lymphocytes in vitro. Furthermore, SIV /LCV -co- 

infected rhesus monkeys develop lymphomas analogous to AIDS -associated B -cell 

lymphomas. The isolation of primate rhadinoviruses closely related to KSHV could 

thus allow a similar model for investigating KSHV pathogenesis and 

tumourogenesis, however experimental primate infection suggests that they do not 

develop KS -like lesions (Mansfield et al., 1999; Alexander et al., 2000). Although 

these primate models show great promise, the prohibitive cost and restrictions on 

primate research are obvious disadvantages. Thus, a natural gammaherpesvirus 

infection within laboratory mice would allow for a comprehensive analysis of 

gammaherpesvirus pathogenesis in vivo, without many of the prohibitive aspects of 

primate research. In addition, various facets of the host immune system may be 

manipulated through the use of transgenic mice, and the specific contribution of 

individual viral genes to pathogenesis could be assessed. MHV -68 provides an 

amenable small animal model for the study of gammaherpesvirus pathogenesis in a 

natural host, with acute and persistent infection closely resembling that of natural 

EBV infection. Furthermore, unlike EBV and KSHV, MHV -68 is capable of 

productive infection within a variety of cell lines, with high viral titres achievable. 

Therefore, MHV -68 represents a unique opportunity to study gammaherpesvirus 

pathogenesis, as both host and viral genomes can be manipulated to assess precisely 

what factors contribute to pathogenicity in vivo. 

1.5 Murine Gammaherpesvirus 68 

MHV -68 was originally isolated from the bank vole (Clethrionomys glareolus) 

during field studies in Slovakia (Blaskovic et al., 1980). At the time, four additional 

murid herpesviruses were isolated, two from bank voles (MHV -60 and MHV -72), 

and two (MHV -76 and MHV -78) from wood mice (Apodemus flavicollis). Following 

intracranial passage, these five viruses were predicted to be alphaherpesviruses due 

to their cytopathic effects on cells of endothelial and fibroblastic origin in vitro. 

Recent immunochemical and virus neutralisation assays have demonstrated a close 

antigenic relatedness between four of these isolates (MHV -68, MHV -72, MHV -76, 

MHV -78). It appears that the wood mouse is the natural host for MHV -68, as one 
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study has demonstrated endemic MHV -68 infection within the wood mouse 

population in the UK, but not within two species of voles (Clethrionomys glareolus, 

Microtus agrestis); however, MHV -68 was detectable in a small number of voles 

studied. Initial genome analysis established MHV -68 to be a gammaherpesvirus, due 

to protein sequence similarities with EBV and HVS, and the genomic structure of 
MHV -68 was deemed to be generally collinear with EBV and HVS (Efstathiou et al., 

1990). Subsequent sequencing of the MHV -68 genome has confirmed its 

classification within the Gammaherpesvirinae, and predicted approximately 73 

putative ORFs (see Figure 1.3), of which 63 have homologues in HVS or KSHV 

(Virgin et al., 1997; Nash et al., 2001). Comparisons of the gene arrangements of 

MHV -68, HVS, KSHV and EBV revealed a strong conservation of specific gene 

blocks, separated by virus -specific genes. In MHV -68, the virus -specific genes are 

termed M1 -M14, although a revised sequence analysis of these unique genes has 

downgraded several M -genes to elements unlikely to encode proteins. The sequenced 

MHV -68 genome contains 118.2kb of unique sequence, flanked by reiterated 1.23kb 

terminal repeat sequences. In addition to the terminal repeat, the MHV -68 genome 

possesses two G/C -rich internal repeats, a 40óp repeat and a 100bp repeat. Like HVS 

and KSHV, the G/C content of the unique region of the MHV -68 genome is 

significantly lower than that of EBV (46% vs. 60 %) (Virgin et al., 1997). 

Homologues of viral and cellular genes that may be important for pathogenesis 

include a complement regulatory protein (ORF4), a D -type cyclin (ORF72), a Bc1-2 

homolog (M11) and a vGPCR (ORF74) (Stewart et al., 1999). 

1.5.1 Pathogenesis of MHV -68 Infection 

MHV -68 is able to infect both inbred and outbred mice, although the natural route of 

infection remains unresolved. Experimental infection of laboratory mice is generally 

via the intranasal or intraperitoneal route, although gastric instillation has been 

shown to result in viral replication within intestinal epithelia and the establishment of 

latency within splenic B- lymphocytes (Peacock & Bost, 2000). However, current 

experimental data suggests that intranasal infection most likely represents the natural 

route of infection. For example, in one study, all wood mice and the majority of 
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Figure 1.3. Diagrammatic representation of the MHV -68 genome. A single 
black line represents the unique region of the genome, with co- ordinates 
marked at 10kb intervals. The position of internal and terminal repeats are 
indicated by dark green boxes. Open reading frames (ORFs) are illustrated 
as arrows, pointing in the direction of initiation of transcription. Pink arrows 
signify ORFs specific to MHV -68, whereas remaining ORFs are coloured 
according to function: crp, complement regulatory protein; ssDP, single - 
stranded DNA binding protein; gB, glycoprotein B; dpol, DNA polymerase; 
K3, homologue of KSHV immediate early gene product; TK, thymidine 
kinase; gH, glycoprotein H; AE, alkaline exonuclease; gM, glycoprotein M; 
ug, uracil DNA glycosylase; gL, glycoprotein L; rta, immediate -early 
transcriptional activator; gp 150, homologue of EBV gp340/220; dut, 
dUTPase; mta, M transcriptional transactivator homologue; rr2, 
ribonucleotide reductase (small); rr1, ribonucleotide reductase (large); cycD, 
homologue of mammalian cyclin D; Bcl -2, homologue of mammalian Bcl -2; 
GPCR, homologue of mammalian CXCR2. Genes with unknown function are 
labelled numerically. The M4 gene is situated close the left- terminus of the 
genome. Illustration adapted from Stewart et al., (1999). 
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MHV- 68- positive voles harboured MHV -68 DNA within the respiratory tract 

(Blasdell et al., 2003). Furthermore, in vivo studies on an M2- deficient mutant virus 

has demonstrated a role for M2 following intranasal, but not intraperitoneal, 

infection (Jacoby et al., 2002). Therefore, a description of MHV -68 pathogenesis 

following intranasal infection will follow. Subsequent to intranasal instillation, a 

productive infection ensues within alveolar lung epithelia, although infection of 

mononuclear cells is also detectable during this phase (Sunil- Chandra et al., 1992). 

Peak lung titres are evident at approximately five days post- infection, and infected 

mice typically develop bronchiolitis and an interstitial pneumonia. An initial 

inflammatory infiltrate consisting primarily of macrophages is followed by an 

infiltrate of CD8+ T- lymphocytes, the latter serving to limit viral replication. 

Consequently, viral replication is undetectable by conventional plaque assay in lung 

epithelia by 14 days post- infection. MHV -68 persists in the lung indefinitely, as both 

viral DNA and gene expression are detectable many months post- infection (Roy et 

al., 2000; Wakeling et al., 2001). However, the cell type in which MHV -68 persists 

is the subject of debate; one study reported long -term persistence exclusively within 

resident alveolar B- lymphocytes whereas another report suggested alveolar epithelial 

cells harboured MHV -68 (Stewart et al., 1998; Flano et al., 2003). The latter study 

was performed in B -cell- deficient mice, predicting B- lymphocytes are not a 

prerequisite for long -term persistence in the lung. 

Following productive replication within the lung, virus is believed to infect dendritic 

cells, monocytes and B- lymphocytes within the mediastinal lymph node (MLN). 

Infected B- lymphocytes undergo rapid expansion, giving rise to a transient increase 

in the number of latently infected B- cells. From the MLN, infected B -cells are 

believed to traffic to other lymphoid tissues, such as the spleen. During the 

establishment of splenic latency, an amplification of latently infected B -cells occurs 

as in the MLN, contributing to splenomegaly. Splenic latency has been identified 

within dendritic cells, macrophages and activated B- lymphocytes (Flano et al., 

2000). Germinal centre B -cells are proposed to be the major cell type in which 

latency is initially established, although memory phenotype B- lymphocytes (surface 

IgD- negative) appear to be the major reservoirs of latent virus during long -term 
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latency (Flano et al., 2002; Willer & Speck, 2003). Thus, it appears that MHV -68 

may manipulate the natural B- lymphocyte life cycle to maintain latency, in a similar 

manner to EBV. The immune mechanisms regulating the pool of EBV- infected 

resting memory B -cells during latency (see Figure 1.4) may therefore also regulate 

MHV -68 persistence. The finding that long -term latency is maintained in CD40- 

positive, but not CD40- negative, B- lymphocytes is further evidence that MHV -68 

exploits the normal B -cell differentiation pathway (Kim et al., 2003). 

At present, it is not known how MHV -68 gains access to the resting memory B -cell 

pool, as it does not encode any obvious homologues of LMP1 or LMP2A. However, 

latency can be established and maintained within B -cell deficient mice within 

peritoneal macrophages, albeit at a significantly reduced level. Therefore, the 

possibility exists that MHV -68 possesses different latency programs for the 

maintenance of latency within different cell types (Weck et al., 1999). Splenomegaly 

peaks approximately two weeks post- infection, coinciding with the peak of latently 

infected splenocytes, when approximately 1 in 104 splenocytes harbour latent virus. 

Splenomegaly is dependent on both host (CD4+ T- cells) and viral factors, since 

CD4 -deficient mice fail to develop splenomegaly (Usherwood et al., 1996a), as do 

wild -type mice infected with a deletion mutant of MHV -68 (Macrae et al., 2001). 

Natural B- and T- lymphocyte interactions likely mediate splenomegaly, since both 

B -cells and CD4+ T -cells are necessary for its generation, and both B -cell and T -cell 

populations are expanded during splenomegaly. It is tempting to speculate that this 

virus - driven splenomegaly is a means for the virus to maximise the pool of latently - 

infected cells, however the evolutionary significance is unclear as the splenic latent 

load at late times post- infection is equivalent whether splenomegaly has transpired or 

not. Furthermore, deletion of the M2 gene of MHV -68 results in a dramatic decrease 

in latently- infected splenocytes, but without a significant reduction in splenomegaly, 

implying that the amplification of latent virus and splenic lymphocytosis are distinct 

processes during MHV -68 infection (Macrae et al., 2003). 
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Figure 1.4: The latently infected pool of resting EBV- positive memory B -cells 
is partly maintained through a balance between viral reactivation and 
immune control. Viral reactivation leads to the production of infectious virus 
able to infect new naïve B- cells, which subsequently expand under control of 
the growth program before differentiation into resting memory B- cells. 
Immune control at each stage, with the exception of quiescent memory B- 
cells expressing the latency program, prevents the uncontrolled expansion of 
EBV- infected memory cells. Thus, in an immunocompetent host, the pool of 
resting EBV -positive memory B -cells is relatively stable. Periodic reactivation 
of circulating memory B- cells, with accompanying lytic replication and cell 
death, negatively regulates the EBV- positive memory B -cell pool. 
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In immunocompetent mice, MHV -68 is associated with tumour development, as 

infected BALB /c mice developed lymphomas during long -term infection (Sunil- 
Chandra et al., 1994). Treatment with the immunosuppressant, cyclosporin A, further 

enhanced tumour formation. Similarly, BALB /c mice infected with a related murid 
herpesvirus, MHV -72, developed tumours with frequencies equalling MHV -68. Like 

MHV -68, immunosuppression (with FK -506) increased the frequency of tumour 

development (Mistrikova et al., 1996; Mistrikova et al., 1999). The S1l B- 

lymphocyte cell line was established from an MHV -68- positive tumour, and contains 

MHV -68 DNA in an episomal form (Usherwood et al., 1996b). Despite an 

association with malignancies, MHV -68 does not immortalise primary B- 

lymphocytes in vitro like EBV or HVS. Instead, MHV -68 induces a brief phase of 

cellular proliferation, followed by eventual cell death within weeks. Within B -cells 

infected in vitro, M2 transcription was undetectable, and only linear virus DNA was 

present, suggesting that MHV -68 does not establish latency or immortalise B -cells 

infected in vitro (Dutia et al., 1999b). However, MHV -68 does have several 

candidate genes that could contribute to transformation, such as a cyclin D 

homologue, a vGPCR and a Bc1-2 homologue. Although the vGPCR is able to 

immortalise transfected NIH 3T3 cells in vitro, and the Bc1-2 exhibits anti -apoptotic 

activity in vitro (Roy et al., 2000; Wakeling et al., 2001), no associations have been 

made with tumour induction in vivo. MHV -68 is also associated with fibrosing and 

atrophy of multiple organs, and arteritis and vasculitis, in IFN -y -R- deficient mice 

(Dutia et al., 1997; Weck et al., 1997; Ebrahimi et al., 2001). 

1.5.2 Viral Gene Expression 

During productive infection of the lung, the expression of numerous MHV -68 genes 

has been demonstrated. Moreover, recent microarray -based analyses of MHV -68 

gene expression have been undertaken to comprehensively determine gene 

expression profiles during lytic replication in vitro (Ebrahimi et al., 2003; Martinez - 

Guzman et al., 2003). In addition to genes necessary for viral replication in vitro, 

many other accessory genes are expressed during lytic replication, including v- 

cyclin, v -Bc1-2 (M11), vGPCR (ORF74), M3 and K3. Despite expression during 

lytic replication, mutant viruses with deletions of the aforementioned genes show no 
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obvious deficiencies during productive infection of the lung, the principal site of 
productive infection. However, M3, K3, v -Bc1-2 and vGPCR are also expressed 
during latent infection in the spleen and thus may be key to latency establishment or 

maintenance. Analysis of latent gene expression in vivo has also detected M2 and 

vtRNA transcription; M2 expression appears to be a transient event, as expression is 

only evident during the establishment of latency within lymphoid tissue and cannot 

be detected during long -term latency (Husain et al., 1999). ORF74 and M11 

expression have been detected 10 months post- infection in both spleen and lung 

tissue, although it is unsurprising that both transcripts are detectable as ORF74 and 

Ml 1 are both transcribed from the same bicistronic message (Wakeling et al., 2001). 

In addition, the MHV -68 ORF73 gene, a homologue of KSHV LANA, is expressed 

during long -term latency in both the lung and spleen. Interestingly, v- cyclin, v -Bc1-2 

and vGPCR have been implicated in the control of reactivation, as corresponding 

deletion- mutant viruses exhibit deficiencies in reactivation in comparison to wild - 

type MHV -68 (van Dyk et al., 2000; Lee et al., 2003; Moorman et al., 2003a). As all 

three genes are expressed during lytic replication, it is possible that they mediate 

their effect when expressed as lytic -cycle transcripts; this hypothesis is strengthened 

by the finding that the MHV -68 v- cyclin gene is expressed exclusively as a lytic- 

cycle transcript (van Dyk et al., 1999). The continued expression of v- cyclin, v -Bcl -2 

and vGPCR in lung tissue of long -term infected mice implies that the lung represents 

a major reservoir of latent MHV -68. Furthermore, in free -living wood mice, MHV - 

68 persistence was maintained more efficiently in the lung than in the spleen 

(Blasdell et al., 2003). 

1.5.3 Immune response to MHV -68 

The ability to perform in vivo experiments, paired with the flexibility of the 

laboratory mouse, has permitted a rapid and in -depth investigation of immunity to 

MHV -68. Through the use of transgenic mice and cellular depletion studies, it has 

been shown that CD4+ and CD8+ T- lymphocytes are the major effector cells 

controlling MHV -68 during lytic and latent infection. However, the nature of the 

immune response against MHV -68 must progress as MHV -68 tropism and gene 

expression changes during the transition from productive infection to latency. 
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Initially, acute infection of the lung results in an inflammatory infiltrate consisting 
principally of mononuclear phagocytes and lymphocytes. Clearance of infectious 
virus from the lung is mediated principally by CD8+ T- cells, as mice depleted of 
CD8+ T -cells with monoclonal antibody treatment fail to control productive 
infection (Sunil- Chandra et al., 1992). Furthermore, mice deficient in CD8+ T -cells 

exhibit significantly elevated lung titres in comparison to wild -type control and 

CD4+ T- cell -deficient mice following intranasal MHV -68 infection (Ehtisham et al., 

1993). Nevertheless, others report that mice depleted of CD8+ T -cells are capable of 

controlling productive replication yet mice depleted for both CD4+ and CD8+ 

subsets are unable to control infection, suggesting a role for CD4+ T -cells during 

acute infection (Stevenson et al., 1999b). The effector pathways employed by 

protective CD8+ T -cells have recently been investigated for MHV -68 infection, 

demonstrating that either perforin or Fas -FasL mediated cytotoxicity can control lytic 

infection, but an absence of both results in uncontrolled productive replication 

(Usherwood et al., 1997; Topham et al., 2001). Furthermore, it appears that IFN -y is 

key to the antiviral activity of the CD4+ subset (Christensen & Doherty, 1999). 

Several CD8+ T -cell lytic cycle epitopes have been identified, with the two dominant 

epitopes being p56 /Db (from ORF6) and P79 /Kb (from ORF61); CD8+ T -cells 

specific for the p56 and p79 epitopes have been identified in the lung during acute 

infection. Although p56- specific T -cells appear to dominate during acute lung 

infection, p79- specific T -cells appear to be dominant during the early stages of 

splenic latency. Thus, a reappearance of lytic cycle antigens is evident in the spleen 

following the resolution of productive infection in the lung (Stevenson & Doherty, 

1998; Liu et al., 1999; Stevenson et al., 1999a). 

In addition to their protective role during acute lung infection, CD4+ T cells have a 

major influence on splenic latency. CD4+ T -cells are essential for the generation of 

splenomegaly and for a transient increase in latently infected splenocytes. However, 

although MHV -68 infection of MHC class II- deficient mice results in a reduced 

incidence of latently infected B- cells, these mice frequently develop recurrent viral 

replication in the lung, which leads to a late -onset wasting disease (Cardin et al., 

1996). Although this recrudescence occurs in the face of an ongoing CD8+ T -cell 
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response, it is not believed to be due to an impairment of CD8+ T -cell cytotoxicity 

(Beiz et al., 2003), but may be due to a lack of CD4+ T- cell -generated IFN -y or an 

impaired class- switched antibody response. Support for the latter hypothesis comes 

from experiments demonstrating a role for antibody in controlling latent infection. 

MHV -68- infected µMT mice (B -cell deficient) doubly depleted for CD4 + /CD8+ T- 

cells exhibited viral recrudescence and lytic replication in the lung. In contrast, 

doubly depleted wild -type mice did not exhibit recrudescence (Stewart et al., 1998). 

As with acute infection, CD8+ T -cells are important for the control of latent 

infection, as evidenced by uncontrolled viral replication at late times post- infection 

in either CD8+ T -cell depleted, or CD8+ deficient, mice (Cardin et al., 1996; Weck 

et al., 1996). In addition, it appears that Fas -FasL mediated cytotoxicity may be 

important for controlling latent MHV -68 infection in the spleen (Topham et al., 

2001). Only one latency- associated CD8+ T -cell epitope has been identified thus far, 

M291 -99, which is derived from the M2 protein. M2 is transiently expressed during 

the establishment of latency, and M2- specific CD8+ T -cells have been isolated from 

the spleen at day 18 post- infection (Husain et al., 1999). Thus, it appears that 

immune surveillance of latently infected cells occurs during latency establishment; it 

is possible that this immune mechanism is responsible for the reduction in latently - 

infected cells following day 14 post- infection. Aside from the adaptive immune 

response, it is very clear that type I interferons (IFN -a(3) are essential, early 

mediators of MHV -68 resistance. Lung titres in IFN -a(3- receptor knockout mice 

were between two and three orders of magnitude higher than wild -type mice. 

Additionally, significant differences were evident during latent infection, with IFN - 

an- receptor knockout mice exhibiting an approximately ten -fold higher level of 

latently- infected cells (Dutia et al., 1999a). 

One interesting characteristic of MHV -68 infection is the considerable expansion of 

a diverse, CD62L1 °, CD8+ T -cell population expressing the V134 T -cell receptor 

(TCR) chain, but with a diverse array of TCR -a chains (Doherty et al., 1997; Hardy 

et al., 2000). This expansion is most evident following the resolution of acute 

infection, and persists for weeks to months. Originally proposed as an equivalent 
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model to the IM syndrome following primary EBV infection, it now seems unlikely 
that the two processes are directly comparable. The expansion of activated CD8+ T- 

cells during IM represents EBV -specific, MHC -I restricted lymphocytes. In contrast, 
the V(34 +CD8+ T -cell expansion during MHV -68 infection occurs in mouse strains 

with different MHC haplotypes, and the expanded T -cells do not appear to be 

specific for MHV -68 epitopes (Coppola et al., 1999; Stevenson et al., 1999a). 

However, although this expansion does not mimic a classical superantigen- driven 

response, it is dependent on other immune mediators, namely CD4+ T -cells and B- 

cells (Brooks et al., 1999; Flano et al., 1999). 

1.5.4 Murine Gamrnaherpesvirus 76 

Murine gammaherpesvirus 76 (MHV -76) was isolated at the same time as MHV -68, 

although from a different host species, the wood mouse (Apodemus flavicollis). Thus, 

it was proposed that MHV -76 represented a novel murid herpesvirus, which may 

possess unique biological characteristics. However, sequence and restriction 

fragment analysis revealed that the MHV -76 genome is essentially identical to that of 

MHV -68, except for a 9538bp deletion at the left end of the unique region of the 

genome. Aside from this deletion, the left -termini (up to nt 26842, MHV -68 

sequence according to Virgin et al., 1997) of the MHV -76 and MHV -68 genomes are 

effectively identical, but for one amino acid substitution and a trivial discrepancy 

between terminal repeats. This 9538bp deletion results in the abolition of 4 unique 

genes and 8 viral tRNA -like sequences (vtRNAs). M1 -M4 and the vtRNAs are 

dispensible for in vitro replication, as MHV -76 and MHV -68 replicate equivalently 

during single -step and multi -step growth in vitro. This suggests that these 4 

accessory genes and 8vtRNAs are important for pathogenicity in vivo (Macrae et al., 

2001). Following intranasal infection of immunocompetent mice, MHV -76 is 

phenotypically distinguishable from MHV -68 (see Figure 1.5). MHV -76 exhibits 

accelerated clearance from the lung during productive infection, and also induces a 

more rapid and substantial inflammatory response than that of MHV -68, consisting 

of perivascular lymphoid infiltrates and oedema at day 4 post- infection. In contrast, 

MHV -68- infected mice exhibit no detectable inflammatory infiltrate at day 4 post - 

infection. During the establishment of splenic latency, MHV -76- induced 
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splenomegaly is significantly reduced with respect to MHV -68. Although MHV -76 
is capable of establishing splenic latency, it does so at considerably reduced levels in 

comparison to MHV -68. This defect in splenic latency does not appear to be the 
result of an altered cellular tropism, as the vast majority of latent MHV -68 and 
MHV -76 within the spleen has been detected in the CD19+ subset. Despite this 

major deficiency in the establishment of latency at early times post- infection, MHV - 
76 is able to persist in the lung and spleen till at least five months post- infection, 

with latent virus in the spleen capable of reactivation (Macrae et al., 2001) 

Thus, the 9538bp deletion in MHV -76 has a profound influence on the pathogenicity 

of MHV -76 in vivo, but not in vitro. Re- insertion of the initial 9538bp of MHV -68 

into MHV -76 restored the in vivo phenotype to that of MHV -68, confirming that the 

9538bp deletion in MHV -76 is responsible for the attenuated phenotype in vivo. Due 

to their position on the MHV -68 genome, and the attenuated phenotype of MHV -76 

in vivo, the cluster of MHV -68- specific elements at the left terminus (M1 -M4 and 

8vtRNAs) were predicted to encode latency- associated or immunoregulatory 

proteins. Data concerning function and involvement of these MHV -68- specific 

elements during in vivo infection remains incomplete; thus far, only one gene has 

been functionally characterised: the M3 gene encodes a broad -spectrum chemokine 

binding protein. However, recombinant MHV -68 mutants containing targeted loss - 

of- function mutations have generated valuable data on the contribution of these 

virus- specific genes to in vivo pathogenesis. Available data on the function of the 

unique elements in this region is summarised below. 

Ml. M1 expression is detectable during lytic replication in vitro and in vivo (Simas 

et al., 1999; Virgin et al., 1999), but has not been detected during latent infection. 

The Ml protein possesses significant homology with the poxvirus serpin SPI -1 and 

the M3 gene of MHV -68; SPI -1 of Rabbitpox virus partially determines tropism and 

may have anti -apoptotic function. However, M1 is not believed to function like SPI- 

1, as the functionally important hinge domain and reactive site loop do not appear to 

be conserved within M1 (Clambey et al., 2000). Two separate studies have 

determined that recombinant viruses deleted for the M1 ORF replicate comparably to 
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Figure 1.5: MHV -76 (0) is phenotypically distinguishable from MHV -68 ( ) 
following in vivo infection, but not in vitro infection. MHV -76 and MHV -68 
replicate indistinguishably during single -step growth in vitro (B), although 
MHV -76 is attenuated during productive infection of the lung in BALB /c mice 
(A). In addition, MHV -76 has a severe defect in splenic latency at early times 
post- infection (C) and splenomegaly is markedly reduced in comparison to 

MHV -68 (D). Illustrations are adapted from Macrae et al, 2001. 
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phenotype (Bridgeman et al., 2001). However, a conflicting study utilising an M3- 

deficient MHV -68 mutant virus reported no reduction in peak latent load during 

acute splenic latency, but did demonstrate a role for M3 in the modulation of the 

inflammatory response following intracranial infection (van Berkel et al., 2002). 

M4. M4 transcription has been detected as an immediate -early transcript during lytic 

replication in vitro by microarray analysis (Ebrahimi et al., 2003). Moreover, M4 

expression has been detected during lytic replication in vivo, but not during long- 

term persistence (Virgin et al., 1999). By sequence analysis, M4 is predicted to 

encode a -45kDa protein with a putative heparan sulphate- binding domain. Heparan 

sulphate binding is a property of several cytokines and immunomodulatory proteins. 

Moreover, as M4 is unique to MHV -68 and is dispensible for in vitro replication 

(Macrae et al., 2001; Clambey et al., 2002), it is feasible that M4 encodes a protein 

involved in immunoregulation, or latency establishment and /or maintenance. 

vtRNAs. The 8vtRNAs are interspersed between the unique ORFs at the left 

terminus of the MHV -68 genome, and by sequence analysis are predicted to share 

cellular tRNA -like secondary structures and RNA polymerase III promoter 

sequences. All eight vtRNAs are expressed abundantly during lytic replication, 

where they have been shown to be processed into mature tRNAs, with post - 

transcriptionally added 3' CCA termini, allowing their recognition by cellular 

proteins. However, the vtRNAs do not appear to be aminoacylated by cellular 

aminoacyl -tRNA synthetases in infected cells (Bowden et al., 1997). Thus, the 

functions of the vtRNAs remain unresolved. In addition to expression during 

productive infection, the vtRNA -like sequences are abundantly expressed within 

splenic germinal centres of latently- infected mice and represent a useful marker of 

latent infection (Bridgeman et al., 2001). 

1.6 Viral Mechanisms of Immune Evasion 

Herpesviruses have a distinct advantage in comparison to many other viral species 

with regards to persistence, in that they are able to persist as intracellular genomes 

exhibiting only minimal gene expression necessary for episomal maintenance. It is 
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assumed that during latency, herpesviruses are able to exist in a quiescent state 

undetected by the immune system; this seems likely for EBV, as EBNA -1 has been 

suggested to be the only protein expressed during long -term latency in circulating 

peripheral memory B- cells; as noted, EBNA -1 is inefficiently presented on MHC 

class I. Alternatively, it has been proposed that EBV does not even express EBNA -1 

during long -term latency (Thorley- Lawson, 2001). The capability of latently- infected 

cells to become immunologically silent is critical to continued persistence within the 

host. However, before the establishment of latency, a replicative phase typically 

ensues, during which time herpesviruses are acutely susceptible to immune attack. 

Similarly, herpesviruses are vulnerable to immune attack during reactivation from 

latency, as up- regulation of gene expression gives rise to an increase in viral antigen 

presentation. Lastly, herpesviruses are subject to immune clearance during less 

restrictive forms of latency, where antigenic peptides are presented on MHC class I. 

This appears to be important during MHV -68 infection, as the antigenic M2 protein 

is a target for cytotoxic lymphocytes during the establishment of latency. As noted, 

herpesviruses encode numerous gene products with sequence similarity to host - 

encoded proteins, most of which exhibit functional relatedness to, and an ability to 

engage with, host proteins. Most of these viral proteins are dispensable for lytic 

replication in vitro, suggesting they are important during infection in vivo. A vast 

number of these gene products are concerned with the evasion of the host immune 

response, whilst others appear to favour leukocyte engagement, resulting in enhanced 

replication, dissemination, latency or reactivation. Conversely, numerous proteins 

with immunomodulatory properties have no detectable sequence homology with 

cellular proteins. The immunomodulatory roles of numerous herpesvirus gene 

products have been elucidated by direct characterisation, or have been predicted from 

studies utilising homologous or orthologous proteins in related herpesviruses. 

Herpesviruses are susceptible to attack from several arms of the host immune 

system, as extracellular virions, productively infected cells or latently infected cells. 

Innate immune mechanisms are critically important for the prompt control of viral 

infection, as the adaptive immune response is largely undeveloped at early times 

post- infection. Key innate effector mechanisms include type I interferons, 

complement, apoptosis, cytokine /chemokine production and innate effector cells, 
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such as NK cells and phagocytes. Additionally, the adaptive immune response has a 

critical role during viral infection, as the expansion of large numbers of cytotoxic 

CD8+ T -cells and CD4+ T- cells, the latter capable of direct cytotoxicity, or cytokine 

production to enhance CD8+ T -cell and macrophage function, provide a potent 

defence able to drive herpesviruses into a quiescent state and curb subsequent 

recrudescence. An overview of the different strategies used by viruses to evade the 

host immune response is given below, with preference given to herpesviral 

immunomodulatory proteins. 

1.6.1 Evasion of the Complement System 

Complement has a protective role in the host response against several viruses, 

therefore it is unsurprising that viruses encode gene products able to modulate the 

effects of complement activation. The host utilises a family of proteins termed 

regulators of complement activation (RCA) to prevent unnecessary damage to 

healthy host cells by activated complement. Several strategies of viral evasion of 

complement have been identified, based on homologues of host RCA proteins. One 

mechanism involves the inhibition of soluble complement components; HVS, KSHV 

and MHV -68 all encode a regulator of complement activation (ORF4), presumed to 

be homologues of cellular RCA proteins (Tortorella et al., 2000). The MHV -68 and 

HVS ORF4 proteins are found as both secreted and membrane -bound isoforms, 

potentially protecting virions and virally- infected cells from complement lysis 

(Kapadia et al., 1999). Although a recombinant MHV -68 virus expressing a 

truncated, non -functional ORF4 protein exhibited only minor attenuation following 

intraperitoneal infection of immunocompetent mice, the MHV -68 ORF4 protein was 

demonstrated to be a critical virulence factor following intracranial infection of 

immunocompetent mice and for persistent replication in IFN- y -R1" mice (Kapadia et 

al., 2002). Although the exact mechanism of action of the MHV -68 ORF4 protein 

remains undetermined, the attenuation of an ORF4- deletion mutant during acute 

intracranial infection was reversed by deletion of the host C3 complement 

component, demonstrating that the MHV -68 ORF4 protein targets the complement 

cascade in vivo. The HVS ORF4 protein inhibits complement activation by inhibiting 

C3 convertase activity and consequent deposition of C3 on the cell surface, 
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IRFs, but is able to interact with cellular IRF -7. As a consequence, IRF -7 

phosphorylation is blocked, with a resultant inhibition of IRF -7 accumulation within 

the nucleus. The end result is an effective inhibition of IFN -a(3 gene expression (Zhu 

et al., 2002). Alternatively, some viral proteins target other signal transducers 

involved in interferon signalling: HSV -1 and HCMV are able to inhibit IFN 

signalling by interfering with Jak/STAT phosphorylation and downregulating Jakl 

and IRF -9 expression, respectively. 

An additional strategy employed by herpesviruses is the targeting of IFN effector 

pathways responsible for producing an antiviral state in cells, limiting viral 

replication. Evasion of these effector pathways generally involves the inhibition of 

double stranded RNA -dependent protein kinase (PKR) activation, inhibition or 

reversal of eIF -2a phosphorylation, and the subversion of RNAseL; RNAseL is able 

to degrade viral RNA and halt translation. Notably, HSV -1 is able to inhibit each of 

these effector mechanisms by different means. The US 11 gene product is able to 

bind to PKR, preventing further phosphorylation of eIF -2a (Poppers et al., 2000). In 

addition, HSV is able to de- phosphorylate eIF -2a, via ÚL34.5- mediated 

manipulation of cellular protein phosphatase -1 (He et al., 1997). Lastly, HSV -1 is 

believed to inhibit 2- 5- oligoadenylate synthetase (2 -50A) activated RNAseL by the 

production of 2 -50A antagonists (Goodbourn et al., 2000). As mentioned previously, 

the EBERs of EBV are implicated in evasion of the PKR response by binding to, but 

not activating, PKR. 

1.6.3 Viral Evasion of Apoptosis 

Apoptosis results from a failure of cellular infrastructure brought about by internal 

proteolytic digestion, resulting in disaggregation of the cytoskeleton and genomic 

fragmentation. The apoptotic machinery is responsive to both internal (mitochondria - 

dependent) and external (death receptor- mediated) stimuli. Internal signals are 

delivered to the mitochondria via pro -apoptotic Bc1-2 subfamily members, such as 

Bid, which promote the oligomerisation of the outer mitochondrial membrane 

proteins, Bax and Bak, promoting the release of cytochrome c. Cytochrome c 
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interaction with Apafl and pro -caspase -9 (forming the apoptosome) results in 

proteolytic conversion of pro -caspase -9 to an active enzyme. Caspase -9 subsequently 

cleaves pro -caspase -3, which, in concert with other caspases (e.g. caspase -7), cleaves 

specific substrates within the cell to produce cell death. In contrast, the extrinsic 

pathway initiates with members of the TNF superfamily of death receptors 

transmitting external signals provided by immune effector cells to the virus -infected 

cell. Innate effector cells (e.g. NK cells, dendritic cells) can exhibit antiviral activity 

following detection of viral products by pattern recognition receptors (e.g. Toll -like 

receptor 3 binding dsRNA) with subsequent up- regulation of death receptor ligands 

(e.g. FasL, TRAIL, TNF). During the adaptive immune response, FasL- bearing T- 

lymphocytes are able to initiate the extrinsic pathway. Like the intrinsic pathway, a 

cascade of caspase activation culminates in caspase -3 (and other caspases) cleavage 

of cellular substrates to promote genomic fragmentation and loss of cellular 

architecture. Given that all of the key pro -apoptotic components are preformed 

within a cell, and that the cellular regulatory proteins typically require new gene 

expression, apoptosis is generally the default outcome once viral infection has 

compromised a host cell. Thus, virus -encoded proteins have been identified that 

mimic key cellular regulatory proteins, and are therefore anti -apoptotic. Key 

regulatory steps in the apoptosis pathway targeted by viral proteins include: control 

of expression of internal sensors; inhibition of cytochrome c release by Bc1-2 family 

members; caspase inhibition and modulation of death receptor signalling. 

The p53 protein, a cellular tumour suppressor protein that limits cellular proliferation 

by inducing apoptosis or cell -cycle arrest, up- regulates expression of genes involved 

in death signal propagation through the mitochondria (Miyashita et al., 1994). 

Viruses are able to inhibit apoptosis by inactivating p53. Examples include the SV40 

large T antigen, which binds p53, rendering it inactive (Benedict et al., 2002). In 

contrast, the human papillomavirus E6 protein inactivates p53 by a different 

mechanism - the ubiquitination of p53, resulting in its degradation. Herpesviruses 

frequently utilise Bc1-2 homologues to block mitochondrial release of cytochrome c; 

EBV and KSHV both encode Bc1-2 homologues, as does MHV -68 (encoded by the 

Mil gene). Similarly, numerous herpesviruses encode cellular FLIP homologues 
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(e.g. KSHV, EHV -2, BHV -4), which are believed to inhibit caspase activation and 

apoptosis induced by the extrinsic death receptor pathway. The HCMV pUL36 gene 

product (vICA) inhibits caspase -8 activation resulting from apoptosis induced via 

TNFR, Fas or TRAIL; the pUL36 gene product blocks pro -caspase -8 cleavage by 

interaction with the caspase pro- domain (Skaletskaya et al., 2001). Thus, vICA 

exhibits features of both viral and cellular FLIPs, but shares no amino acid sequence 

homology or death effector domains with either. Moreover, HCMV encodes another 

anti -apoptotic protein; the UL37 gene product encodes a novel mitochondrial 

inhibitor of apoptosis (vMIA). This protein inhibits mitochondrial megapore 

activation in a similar manner to Bel family members. Consequently, vMIA is able to 

protect cells from a variety of intrinsic and extrinsic inducers of apoptosis. The key 

cellular target of vMIA is a mitochondrial family of adenine nucleotide translocases 

(ANTs); ANTs reside within the mitochondrial permeability transition pore complex 

that controls the release of cytochrome c during apoptosis. Although sharing 

functional similarities with Bc1 -2 family members, vMIA does not interact with pro - 

apoptotic Bcl family members and lacks a candidate BH domain (Goldmacher et al., 

1999). An alternative anti -apoptotic strategy utilised by several viruses is to encode 

caspase inhibitors that are homologues of cellular inhibitors of apoptosis proteins 

(IAPs). As mentioned, several members of the TNF receptor superfamily (e.g. Fas, 

TNFR1, TRAILR2) are potent inducers of apoptosis, and as a consequence, many 

viruses specifically target these cytokine receptors. Numerous TNFR homologues 

have been identified in poxviral genomes, for example, the T2 protein expressed by 

myxoma virus binds TNF with high affinity and a deletion mutant for T2 shows 

attenuation in vivo (Upton et al., 1991). The E3 region of the adenovirus genome 

encodes several proteins able to cooperatively clear the cell surface of Fas, 

TRAILR1 and TRAILR2, thus preventing apoptosis induced via their respective 

ligands. The E3 proteins function cooperatively to accumulate apoptosis- inducing 

receptors in late endocytic compartments, precluding their expression on the cell 

surface (Benedict et al., 2001). An interesting observation is that specific viruses 

selectively induce expression of TRAIL, and this has been observed for HCMV- 

infected cells. Furthermore, FasL induction has been demonstrated by HSV in T- 

cells, and by HCMV in dendritic cells (DCs). It has been proposed that this 
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represents another viral immune evasion tactic, through the killing of infiltrating host 

CTLs and DCs ( Raftery et al., 1999; Raftery et al., 2001). 

1.6.4 Modulation of the Cytokine /Chemokine Network 
Viral infection stimulates the production of various cytokines and chemokines, 

which have critical roles in inducing the migration of immune cells to sites of viral 

infection, in immunoregulation and in antiviral defence. In addition, certain 

cytokines can mediate killing of infected cells directly (TNF, IFN -a(3), or by 

enhancing NK cell or cytotoxic T -cell function. Thus, viral modulation of cytokine 

and chemokine signalling and function, a strategy employed by numerous viruses, is 

unsurprising. One of the most common mechanisms identified is the mimicry of 

cytokines and their receptors. For example, EBV encodes an IL -10 homologue that 

functions to down -regulate cellular immune responses by suppressing both the 

synthesis of pro- inflammatory cytokines, and macrophage antigen presentation and 

co- stimulatory ability (de Waal Malefyt et al., 1991). EBV vIL -10 differs from 

cellular IL -10 in that it does not possess immunostimulatory activity, suggesting it 

has evolved to selectively suppress immune responses. Similarly, HCMV encodes a 

vIL -10 with immunosuppressive properties that is able to inhibit proliferation and 

cytokine synthesis by lymphocytes (Spencer et al., 2002). Furthermore, HCMV vIL - 

10 reduces cell- surface expression of MHC class I and II. Other cytokine 

homologues that have been identified within herpesviruses include an IL -17 

homologue in HVS and an IL -6 homologue in KSHV. Although these two cytokine 

homologues exhibit some degree of immunomodulatory activity (vIL -6 is able to 

inhibit IFN -a (3 production), it is tempting to speculate that they function to 

specifically increase the proliferation of immune cells that are targets for viral 

replication. Another mechanism utilised by viruses to manipulate the cytokine 

network is the secretion of soluble cytokine receptors from infected cells. These viral 

proteins typically show amino acid similarity with the extracellular binding domains 

of host cytokine receptors, but lack any homology with transmembrane and 

signalling domains. Examples include the soluble TNF -a receptor encoded by the 

UL144 gene of HCMV, and the poxviral soluble receptors for IFN -y and IL -1. Such 
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receptors bind their target cytokine with high affinity and effectively neutralise their 

activity. A notable characteristic of virus -encoded cytokine receptors is the unique 

binding properties they exhibit in comparison to their cellular equivalents. For 

instance, the vaccinia vIFN -a(3 -R and vIFN -y-R are able to bind interferons from 

different host species, whereas the cellular receptors cannot (Alcami & Smith, 1995; 

Symons et al., 1995). In addition, the Orf virus vGM- CSF /IL -2 receptor is able to 

bind two cytokines that do not share the same cellular receptor. Several genes with 

cytokine- binding activity have been characterised, but show no homology to cellular 

receptors, and are termed cytokine- binding proteins. The vast majority of 

characterised cytokine- binding proteins have been identified within poxviruses (e.g. 

IL -18BP in vaccinia virus, GM- CSF/IL -2BP in Orf virus), although an EBV- encoded 

macrophage colony -stimulating factor (CSF1) binding protein has been identified, 

which may be important for modulating the macrophage response during infection 

(Strockbine et al., 1998). 

Viral modulation of the chemokine system employs analogous strategies to those 

used for modulation of the cytokine system, namely virus -encoded chemokine 

homologues and chemokine- binding receptors /proteins. Chemokines induce 

chemoattraction, modulating the trafficking and effector functions of immune cells. 

Consequently, chemokines are central to the regulation of inflammation and immune 

surveillance. Chemokines comprise a family of related small proteins that are 

categorised into four classes (CC -, CXC -, C- and CX3C), depending on the 

positioning of internal cysteine residues. The expression of particular combinations 

of chemokines, combined with the differential expression of chemokine receptors by 

distinct immune cells, dictates the types of migrating leukocytes. Viral chemokine 

homologues are encoded by several herpesviruses and potentially function as either 

agonists or antagonists. In contrast to subversion of the inflammatory response, viral 

chemokines may enhance chemoattraction to facilitate viral infection of immune 

cells. For example, HCMV encodes an agonistic, neutrophil- attracting chemokine 

homologue, vCXCL -1. In addition to chemotaxic activity, vCXCL -1 can induce 

neutrophil degranulation and other specific effector functions (Penfold et al., 1999). 

Thus, vCXCL -1 modulates the chemotaxis of certain mononuclear cells and 
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progenitors, which are potentially important cells for virus dissemination and /or 
latency. Similarly, the m131 ORF of MCMV encodes a CXC agonist able to induce 
chemoattraction of monocytes, resulting in an enhancement of monocyte- associated 

viraemia and increased viral dissemination (Fleming et al., 1999; Saederup et al., 
1999). KSHV encodes several chemokine homologues, such as vMIP1, vMIP -2 and 

vMIP -3, which are chemoattractants for Th2 T- cells. These may play a substantial 

role in modulating the immune response and may be important for virus 

dissemination. Thus, virus -encoded chemokines are of great consequence if they 

enhance leukocyte chemoattraction, as this potentially augments viral dissemination. 

Viral chemokine- receptor homologues are encoded by numerous herpesviruses, the 

most evident being the 7- transmembrane G- protein coupled receptors (GPCRs). 

Within rhadinoviruses, the conserved GPCRs are encoded by ORF74 and show 

extensive homology to the cellular CXCR2 receptor (Lee et al., 2003); their 

conservation amongst all sequenced rhadinoviruses predicts an important role in 

viral growth or immune evasion. The ORF74 gene products of MHV -68, HVS and 

KSHV exhibit broad -spectrum recognition of both CC and CXC chemokines. Data 

concerning the KSHV vGPCR suggests an important role in tumourogenesis, with 

vGPCR signalling able to activate MAP -kinases and NF -KB, resulting in VEGF 

secretion and angiogenesis (Rosenkilde et al., 2001). Moreover, the signalling 

activity of the KSHV vGPCR is up- regulated by CXC chemokine binding. The 

vGPCR of MHV -68 has the ability to enhance viral replication in vitro following 

CXC chemokine binding. In contrast, the CC chemokines RANTES and MCP -1 

have no obvious effect on MHV -68 replication in vitro. Thus, only chemokines with 

ELR motifs are predicted to be sufficient for binding and /or signalling through the 

MHV -68 vGPCR. Interestingly, two MHV -68 deletion mutants with non -functional 

vGPCRs exhibit a substantial deficiency in reactivation from latency, predicting a 

significant role for ORF74 in reactivation during in vivo infection (Lee et al., 2003; 

Moorman et al., 2003a). In addition to membrane -bound chemokine receptors with 

signalling capability, numerous secreted viral chemokine- binding proteins, with no 

homology to cellular receptors, have been characterised. Such proteins are common 

amongst poxviruses, where they typically bind CC chemokines, presumably 

sequestering the CC chemokine pool. Another example is the M3 protein of MHV- 
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68, which exhibits broad -spectrum chemokine- binding activity and has been 

demonstrated to reduce inflammation following intracranial administration of MHV- 

68 and inhibit CCL19 and CCL21 chemotaxis in vitro (van Berkel et al., 2002; 

Jensen et al., 2003). 

1.6.5 Evasion of CTL and NK Function 

Despite a vast array of viral proteins specifically targeting innate immune defences, 

viral persistence is dependent on subversion of the adaptive immune response. For 

presentation on MHC class I, cytosolic proteins are initially degraded by the 

proteasome, and the resulting peptides are transported into the lumen of the ER via 

the transporter for antigen processing (TAP), where they bind and stabilise nascent 

class I molecules. Peptide /class I complexes then traffic to the cell surface for 

presentation to CD8+ T- cells. Herpesviruses target antigen presentation on MHC 

class I by precluding cell surface expression of MHC class I /peptide complexes. 

Recent studies have characterised several distinct mechanisms whereby viral proteins 

block class I /peptide expression. These mechanisms include (1) interference with 

antigen processing, (2) blocking peptide transport into the ER, (3) displacement of 

assembled class I from the ER and (4) retention of class I within the ER. Examples 

of interference with antigen processing include the EBV EBNA -1 protein, which by 

the presence of numerous internal glycine -alanine repeats, is able to prevent 

degradation by the proteasome. In addition, class I presentation of the major 

immediate -early protein IE1 of HCMV is selectively inhibited following 

phosphorylation by a HCMV matrix protein with kinase activity (pp65) (Fruh et al., 

1999). In contrast, several viral proteins have been identified that specifically inhibit 

peptide transport into the ER, typically by interference with TAP. Examples include 

the US6 protein of HCMV, which interacts with TAP inside the ER lumen, impairing 

TAP -mediated peptide translocation into the ER, but not TAP -peptide binding (Ahn 

et al., 1997). Similarly, the HSV immediate -early gene product, ICP47, binds to TAP 

to prevent peptide translocation into the ER, resulting in class I retention in the ER 

(Hill et al., 1995). An alternative mechanism of inhibiting class I- peptide 

presentation is to displace class I molecules from the ER, with redirection to the 

proteasome a common outcome. The US2 protein of HCMV targets MHC class I 
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heavy chains for proteasomal degradation through the Sec61 complex, possibly by 
reversal of the pathway used for transportation of nascent class I heavy chains from 
the cytosol to the ER (Wiertz et al., 1996b). Similarly, the HCMV US 11 

glycoprotein localises to the ER membrane where it is able to displace recently 
synthesised class I molecules to the cytosol for proteasomal degradation (Wiertz et 

al., 1996a). In contrast to the US2 and US 11 proteins, the HCMV US3 protein does 
not target class I molecules to the proteasome, but instead retains them within the 

ER; US3 binds to beta -2- microglobulin associated with class I heavy chains, 
impairing egress of MHC class I heavy chains from the ER. 

Interestingly, the MHC I down -regulating genes found in KSHV and MHV -68 have 

similar primary and secondary structures, and thus probably arose from a common 

ancestral gene. The K3 and K5 proteins of KSHV down- regulate cell surface class I 

by a novel mechanism; K3 and K5 do not influence assembly or transport of class I 

molecules, but instead induce rapid endocytosis of cell- surface associated class I, 

culminating in lysosomal degradation (Fruh et al., 2002; Lorenzo et al., 2002). 

However, the mechanism of action of MHV -68 K3 differs from KSHV K3, in that 

MHV -68 K3 binds the cytoplasmic tail of newly synthesised class I molecules within 

the ER prior to ubiquitination of the bound class I molecule. Thus, MHV -68 K3- 

bound class I molecules do not traffic to the cell surface, but are degraded by the 

proteasome following dislocation from the ER. It appears that the plant horneo 

domain/leukaemia associated protein (PHD /LAP) -finger type domain present within 

MHV -68 K3 and KSHV K3 /K5 is essential for ubiquitination (Boname & Stevenson, 

2001). A role for MHV -68 K3 during latent infection has been proposed, as mice 

infected with K3- deficient viruses exhibit a reduction in the number of latently - 

infected splenocytes with an associated increase in the frequency of virus -specific 

cytotoxic CD8+ T -cells (Stevenson et al., 2002). 

Natural killer (NK) cells are lymphocytes that are unable to undergo recombination 

events to increase their affinity for a particular antigen, and thus are considered 

innate immune cells. NK cells can mediate lysis via the perforin/granzyme pathway 

or by binding to apoptosis- inducing ligands on target cells. Furthermore, NK cells 
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can secrete different cytokines, such as IFN -y and TNF -a. Several activating 
receptors have been identified on human and murine NK cells, some of which 
directly recognise viral products (influenza haemagglutinin, MCMV ml57 protein) 
(Mandelboim et al., 2001; Arase et al., 2002). Other activating receptors recognise 
cellular proteins, such as leukocyte function -associated antigen 1 (LFA -1) and CD2- 
family molecules. However, the potent cytotoxic ability of NK cells means their 
activation must be strictly regulated. To this end, NK cells express an array of 
inhibitory receptors, which bind to various host molecules, such as MHC class I. 

Following interaction with an inhibitory ligand, these receptors signal through 

intracellular tyrosine -based inhibitory motifs (ITIMs) in their cytoplasmic domains. 

The trigger for NK cell activation is believed to be a shift in the normal equilibrium 

of inhibitory versus stimulatory signalling, such that an up- regulation of stimulatory 

ligands, or a down- regulation of inhibitory ligands, could potentially induce NK cell 

activation. This is of obvious importance for herpesviruses, given their propensity to 

inhibit antigen presentation by prevention of cell surface expression of MHC class I, 

a major NK cell inhibitory ligand. Thus, expression of proteins that interfere with 

class I presentation would be predicted to increase the susceptibility of infected cells 

to NK cell lysis. The importance of NK cells to immune control of herpesviruses is 

evidenced by the fact that mice depleted of NK cells are acutely susceptible to 

herpesvirus infections, as are humans with inherited deficiencies in NK -cell function. 

Various mechanisms of NK -cell evasion have been characterised, and can be 

differentiated into the following categories: virally- encoded MHC class I 

homologues; selective MHC class I expression; inhibition of activating receptor 

function and; viral infection of NK cells. MCMV is predicted to encode several 

proteins with NK -cell inhibitory activity. For example, the MHC class I homologue, 

m144, is able to partially protect transfected cells from NK- mediated lysis. 

Furthermore, an m144 deletion mutant of MCMV is attenuated in vivo, but the 

phenotype is reversed following depletion of NK cells (Farrell et al., 1997). The 

ml57 gene product of MCMV, a recently identified MHC class I homologue, shows 

NK -cell activating activity in MCMV- resistant C57BL /6 mice, but binds to a 

putative inhibitory receptor on NK cells in MCMV -susceptible 129/J mice. Thus, in 
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specific strains of inbred mice, ml57 efficiently inhibits NK -cell- mediated lysis 
(Arase et al., 2002). The evolutionary significance of this is unclear, as the 
importance of ml57 during infection of outbred mice is not known. As mentioned 
previously, many viral proteins interfere with the normal pathway of class I 

trafficking from the ER to the cell surface. The HCMV US2 and US11 proteins, 
although able to down -regulate cell surface expression of MHC class I, only inhibit 
specific class I alleles. Two key NK -cell inhibitory ligands, HLA -C and HLA -E, are 

resistant to degradation by either HCMV protein (Schust et al., 1998). Notably, 
HLA -C and HLA -E are ineffective with regards to peptide presentation in 

comparison to HLA -A or HLA -B, which are efficiently degraded by US2 and US 11. 

An alternative viral strategy is to selectively up- regulate expression of certain class I 

alleles. HCMV is able to up- regulate cell surface expression of HLA -E, a ligand for 

the inhibitory CD94 -NKG2A receptor complex on NK- cells; the ÚL40 protein 

possesses a nonamer peptide able to bind and stabilise HLA -E (Ulbrecht et al., 

2000). 

A further strategy for inhibiting NK -cell cytotoxicity is to prevent NK cell activation 

by the suppression of activating receptor expression. The MCMV m152 gene is 

thought to encode a protein able to inhibit cell- surface expression of the NKG2D (an 

activating receptor) ligand, H -60. Cells infected with m152 deletion mutants of 

MCMV exhibit elevated H -60 expression and increased susceptibility to NK -cell 

lysis (Krmpotic et al., 2002). Similarly, an alternative function of the K5 gene of 

KSHV may be the down -regulation of NK -cell activating ligands; K5 expression 

results in enhanced endocytosis of ICAM -1 and B7.2, both of which are ligands for 

NK -cell activating receptors (Coscoy & Ganem, 2001). Nevertheless, many 

activating ligands down -regulated by viral proteins presumably have functions in 

vivo unrelated to NK -cell engagement, so these viral proteins may have other roles in 

immunoregulation besides NK cell evasion. A further example of inhibition of NK- 

cell activation is through the modification of NK -cell activating ligands. Both HIV 

and human T -cell lymphotropic virus I (HTLV -1) are able to sialylate cell- surface 

activating ligands, resulting in resistance to NK -cell lysis; de- sialylation restores the 

sensitivity of infected cells to NK -cell lysis (Zheng & Zucker -Franklin, 1992). 
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Interestingly, the function of the UL 16 gene product of HCMV represents a novel 

mechanism for inhibiting NK -cell activation. UL 16 is able to selectively bind to 

activating ligands, preventing NKG2D activating receptor interaction, resulting in 

failure to activate the NK cell (Cosman et al., 2001). Direct viral infection of NK 

cells by HSV in vitro has been reported to inhibit NK cell cytotoxicity, although it 

has yet to be established whether any specific gene products are responsible for this 

inhibition (York & Johnson, 1993). Moreover, the functional significance of such 

interactions during in vivo infection is unknown. 

1.7 Project Outline 

As stated previously, only limited data is available concerning the properties of the 

M4 gene. Microarray analysis has determined M4 to be expressed as an immediate - 

early transcript in vitro, and several other studies report M4 expression during lytic 

replication both in vitro and in vivo, although expression has never been definitively 

detected during latency. However, as no intensive characterisation of M4 has been 

performed, its function remains unknown. The core objective of the project was to 

determine the contribution the M4 gene product makes to pathogenesis in vivo, by 

generation of recombinant MHV -76 mutant viruses. This was to be achieved by 

insertion of the M4 ORF and putative promoter elements into the left -end of the 

MHV -76 genome, in the position equivalent to which M4 occupies in the MHV -68 

genome. The behaviour of this recombinant virus was to be characterised during in 

vitro and in vivo infection, with the intention that this would provide data on the 

contribution of M4 to MHV -68 pathogenesis in vivo. 
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2.1 Molecular Cloning 
:MATERIALS ANI:) . I`HODS 

2.1.1 DNA Digestion with Restriction Endonucleases 

Restriction enzymes were purchased from either Invitrogen or New England Biolabs, 

and were used in conjunction with the manufacturers buffer. Digests were typically 

performed for 3 hours in a 20 -54.1 final volume, at a temperature recommended by 

the manufacturer (normally 37 °C). For small quantities of target DNA (i.e., 5µg or 

less), 10 units of restriction endonuclease were used per reaction. For all reactions, 

the volume of enzyme was always less than 10% of the final reaction volume. 

2.1.2 DNA Purification 

Following enzymatic reactions, DNA was routinely purified by phenol:chloroform 

extraction before further manipulation. A phenol:chloroform:iso -amyl alcohol 

mixture (25:24:1 ratio, respectively) equilibrated to pH 7.8 was added to an 

equivalent volume of DNA solution and vortexed thoroughly. Following 

centrifugation at >15,000 x g for 5 minutes, the aqueous phase was removed whilst 

avoiding contamination with either the organic phase or interphase. The aqueous 

phase was dispensed to a fresh tube, and the entire process was repeated until no 

protein debris was visible at the interphase following centrifugation. At this stage, 

the sample was subject to one round of chloroform extraction to remove any 

contaminating phenol from the sample. DNA was subsequently concentrated by 

ethanol precipitation. 

2.1.3 Ethanol Precipitation 

DNA was precipitated by the addition of 0.1 volumes of 3M sodium acetate (pH 

5.2), and 2.5 volumes of ice -cold 96% ethanol (v /v) directly to the sample. The 

sample was thoroughly vortexed before incubation at -20 °C for 1 hour to enhance 

DNA precipitation. DNA was recovered by centrifugation for 10 minutes at 4 °C 

( >15,000 x g). The supernatant was discarded and 5 -10 volumes of 70% ethanol 

(v /v) were added to the sample before a further centrifugation step (2 minutes, 4 °C, 

>15,000 x g). The resulting supernatant was removed, and the open tube was stored 
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at room temperature to allow evaporation of remaining ethanol. The DNA pellet was 
then re- suspended in the desired volume of TE buffer (pH 8) or dH2O. 

2.1.4 Agarose Gel Electrophoresis 

DNA was electrophoresed on gels consisting of 0.5 -1.5% agarose (SeaKem ©, 

Flowgen, UK), depending on the sizes of DNA fragments to be separated. Gels were 

cast with TAE buffer containing 0.5µg /ml (w /v) ethidium bromide (Sigma, UK). 

DNA samples were diluted to a final volume of 10 -2O111 with dH2O, prior to the 

addition of 0.1 volumes of loading buffer per sample (15% [w /v] Ficoll type 400, 

0.25% [w /v] orange G, 0.25% [w /v] bromophenol blue and 0.25% [w /v] xylene 

cyanol in dH2O). Electrophoresis was performed at 70 -80V in horizontal 

electrophoresis apparatus containing TAE buffer. DNA fragment sizes were 

estimated by comparison to known DNA molecular weight standards (1kb or lkb 

plus ladder, Invitrogen, UK). Following electrophoresis, agarose gels were visualised 

with a short wave UV transilluminator. 

2.1.5 Isolation of DNA Fragments from Agarose by Electro- elution 

DNA fragments of interest were excised with a sterile scalpel blade under short-wave 

UV light. The gel fragment was inserted into a length of sterile dialysis tubing 

(Visking size 2- 18/32 ", Medicell), sealed at one end with a clip. 3000 of TAE was 

dispensed into the dialysis tubing, air bubbles were removed, and the tubing was 

sealed at the other end. The dialysis tubing was then immersed in TAE within a mini - 

gel apparatus, and electrophoresis was performed for 1 hour at 65V. Following this, 

the current was briefly reversed for 1 minute to remove adherent DNA from the 

dialysis tubing. The TAE solution within the dialysis tubing was dispensed into a 

fresh microfuge tube and the DNA was subsequently purified by phenol:chloroform 

extraction and concentrated by ethanol precipitation. 
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2.1.6 Isolation of DNA Fragments from Agarose with a QlAquick Gel 

Extraction Kit (QIAGEN) 

This procedure was performed according to the manufacturers directions. DNA 
fragments of interest were excised with a sterile scalpel blade under short-wave UV 

light, and were subsequently weighed. Three volumes of buffer QG were added to 

one volume of gel, with the assumption that 100mg of gel is equivalent to 100µl. The 

gel fragment (immersed in buffer QG) was then incubated for 10 minutes at 50 °C, 

with frequent vortexing throughout the incubation. Once the gel fragment had 

dissolved completely, one gel volume of isopropanol was added and the mixture was 

thoroughly mixed by inversion. The entire sample was then added to a QlAquick 

column, prior to centrifugation at >15,000 x g for 1 minute to bind the DNA to the 

silica membrane. The bound DNA was then washed once with 0.5ml of buffer QG 

and once with 0.75m1 of buffer PE. 30µl of buffer EB (10mM Tris -Cl, pH 8.5) or 

dH2O was added to the column and incubated for 1 minute, before centrifugation at 

>15,000 x g for 1 minute to elute the DNA. Eluted DNA was stored at -20 °C. 

2.1.7 Quantification of DNA 

DNA concentration was assessed either by fluorometry (DyNAQUANT 200, Hoefer, 

Amersham Biosciences) or by spectrophotometry (CE 2041, Cecil Instruments), 

depending on DNA fragment size. For fluorometric analysis, DNA was diluted 1 in 

1000 in the presence of 0.2M HC1, 10mM Tris (pH 7.4), 1mM EDTA and 0.1µg /m1 

bis- benzimide (Hoeschst H33258, Amersham Pharmacia). Non -intercalative binding 

of the fluorescent dye to double- stranded DNA results in a detectable shift in the 

emission spectrum, which is used to quantify dsDNA concentration. The DNA 

concentration of unknown samples was determined by reference to the signal 

generated with a 100ng /ml standard. For spectrophotometric analysis, DNA was 

diluted 1 in 50 in dH2O, and readings taken at wavelengths of 260nm and 280nm. 

The concentrations of unknown samples were calculated by the following equation: 

OD260 x 50 x 50= concentration in ng /µl. 
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2.1.8 Ligation of DNA Fragments 

Ligations were performed with approximately 100ng of vector DNA, with variable 
concentrations of insert DNA, such that the insert to vector ratio was typically 3:1. 

Reactions contained 50mM Tris -HC1 (pH 7.6), 10mM MgC12, 1mM ATP, 1mM 

dithiothreitol, 5% (w /v) polyethylene glycol -8000, 1 Weiss unit of T4 DNA ligase 
(Invitrogen, UK), and dH2O to a final volume of 204 Ligation reactions were 

incubated overnight at 16 °C. Ligation reactions always incorporated negative 

controls, including a vector minus insert control, to determine the contribution of 
plasmid re- ligation to transformation efficiency. 

2.1.9 Transformation of Competent Bacteria with Vector DNA 

Escherichia coli (XL -10 Gold Ultracompetent cells, Stratagene, UK) were 

transformed with plasmid DNA according to the manufacturers directions. 100µ1 of 

ultracompetent cell suspension was transferred to a pre -chilled 15ml polypropylene 

tube, to which 41Al of (3- mercaptoethanol mix was added to a final concentration of 

25mM. The cell suspension was gently mixed prior to incubation on ice for 10 

minutes, with gentle agitation every 2 minutes during the incubation. Subsequent to 

this, a 21,tl aliquot of ligation reaction was transferred to the competent cell 

suspension and incubated on ice for 30 minutes. The cells were then heat -shocked by 

incubation at 42 °C for 30 seconds before immediate chilling of the tubes in ice - 

water. 0.9ml of NZY+ broth, pre- heated to 42 °C, was added to the cell suspension 

before incubation for 1hr at 37 °C with orbital shaking. A l001-1,1 aliquot of the 

transformation mixture was then plated onto an LB agar plate containing the 

appropriate antibiotic (100µg /ml ampicillin or 50µg /ml kanamycin, Sigma, UK). The 

remaining transformation mixture was subsequently concentrated by centrifugation 

for 2 minutes at 4000 x g and re- suspension of the pellet in 1001A1 fresh NZY+ broth. 

The concentrated transformation suspension was then plated onto a fresh agar plate. 

Plates were incubated in an inverted orientation overnight at 37 °C, before long -term 

storage at 4 °C (up to six weeks). 
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2.1.10 Small Scale Isolation of Plasmid DNA (Miniprep) 
For crude isolation of plasmid DNA from transformants, the boiling miniprep 
method was commonly used. A single, isolated bacterial colony was transferred to 

5ml of sterile LB broth containing the appropriate antibiotic, before overnight 
incubation at 37 °C with orbital shaking. The overnight culture was then pelleted by 

centrifugation at 3000 x g for 5 minutes. The supernatant was discarded, and 35O11,1 

of boiling buffer (8% [w /v] saccharose, 0.5% [v /v] Triton X -100, 50mM EDTA [pH 

8], 10mM Tris -HCl [pH 8] and lmg /ml lysozyme) was added to the pellet prior to 

gentle vortexing. Following vortexing, the cell suspension was incubated at room 

temperature for 10 minutes, heated at 100 °C for 40 seconds, and immediately 

transferred to ice for 5 minutes. The lysed bacterial suspension was then clarified by 

centrifugation for 20 minutes at >15,000 x g (4 °C). The resulting pellet was 

removed, and 40µl 3M sodium acetate and 400µ1 isopropanol were added to the 

supernatant and mixed by inversion to precipitate the plasmid DNA. The plasmid 

DNA was recovered by centrifugation for 10 minutes at >15,000 x g (4 °C), and the 

supernatant discarded. Subsequently, lml of 70% ethanol was added to the pellet, the 

tube inverted 10 -20 times, and then centrifuged for 5 minutes at >15,000 x g (4 °C). 

The supernatant was decanted and the pellet air -dried before re- suspension in 40111 of 

TE buffer (pH 8). Purified plasmid DNA was then subject to restriction endonuclease 

digestion and agarose gel electrophoresis. 

2.1.11 Preparation of Plasmid DNA for Sequencing (Alkaline Lysis 

Method) 

Plasmid DNA to be used for sequencing or further manipulation was purified using a 

QlAprep spin miniprep kit (QIAGEN, UK) according to the manufacturers 

directions. A single, isolated colony was used to inoculate 5m1 of LB broth 

containing the appropriate antibiotic and incubated overnight at 37 °C within an 

orbital shaker. The bacterial suspension was centrifuged for 5 minutes at 1,500 x g, 

and the pellet was re- suspended in 250µ1 of buffer P1 before transfer to a microfuge 

tube. A 250µ1 aliquot of buffer P2 was subsequently added to the suspension, mixed 

by inversion, and incubated for 5 minutes at room temperature. Buffer P3 (350111) 
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was then added, and the sample was mixed by inversion prior to centrifugation for 10 

minutes at >15,000 x g. The resulting supernatant was transferred to a QlAprep spin 
column and the DNA bound to the silica membrane by centrifugation ( >15,000 x g, 1 

minute). The membrane was then successively washed with 5001Al of buffer PB 

( >15,000 x g, 1 minute) and 7501x1 of buffer PE (15,000 x g, 1 minute) before elution 

of the plasmid DNA in 50111 Tris -Cl (pH 8.5). 

2.1.12 Large Scale Preparation of Plasmid DNA (Maxiprep) 

Large scale preparation of plasmid DNA was performed using an Endofree Plasmid 

Maxi Kit (QIAGEN, UK), which employs columns that bind plasmid DNA through 

an anion -exchange resin under low salt and low pH conditions, before elution under 

high -salt conditions and subsequent purification and concentration by isopropanol 

precipitation. A single, isolated colony was used to inoculate a starter culture of 5ml 

LB broth containing the appropriate antibiotic. Following overnight incubation at 

37 °C with orbital shaking, the overnight culture was diluted 1 in 500 with fresh LB 

medium (plus the appropriate antibiotic) to a final volume of 250m1. This culture was 

then incubated at 37 °C for 16 hours with shaking. The bacterial cells were harvested 

by centrifugation at 6,000 x g for 15 minutes at 4 °C, and the pellet subsequently re- 

suspended in 10 ml of buffer P1 (50mM Tris [pH 8], 10mM EDTA, 100µg /m1 

RNase A). To this, 10m1 of buffer P2 (200mM NaOH, 1% [w /v] SDS) was added, 

mixed by inversion, and incubated at room temperature for 5 minutes. Following this 

incubation, 10m1 of pre -chilled buffer P3 was added to the cell lysate, mixed by 

inversion, and transferred to a QIAfilter cartridge for incubation at room temperature 

for 10 minutes. The lysate was filtered and 2.5ml of endotoxin removal buffer 

(buffer ER) was added to the sample and incubated on ice for 30 minutes. 

Equilibration of an anion -exchange column was achieved by addition of 10m1 of 

buffer QBT (750mM NaC1, 50mM MOPS [pH 7], 15% isopropanol, 0.15% Triton 

X -100) to the column before addition of the filtered cell lysate. The column was 

washed successively with two 30m1 aliquots of buffer QC (1M NaC1, 50mM MOPS 

[pH 7], 15% isopropanol) before the bound DNA was eluted in 15ml of buffer QN 

(1.6M NaC1, 50mM MOPS [pH 7], 15% isopropanol). Precipitation of the eluted 
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DNA was accomplished by addition of 10.5m1 of room -temperature isopropanol. 
Following thorough mixing, the sample was centrifuged at >15,000 x g for 30 

minutes and the resulting supernatant was discarded. The pellet was then washed 
with 5m1 of room -temperature 70% ethanol before re- suspension of the DNA in 

200µ1 of TE buffer. 

2.1.13 Preparation of Glycerol Stocks of Transformants 

For the preparation of glycerol stocks of bacterial cultures, 0.5ml of sterile 60% 

glycerol was added to 1.5ml of a log -phase bacterial culture. The culture was 

vortexed to ensure uniform dispersion of the glycerol before rapid freezing on dry - 

ice. After the culture was fully frozen, it was transferred to long -term storage at - 

70°C. For recovery of frozen cultures, the frozen surface of the glycerol stock was 

scraped with a sterile wire loop, and used to streak an LB -agar plate containing the 

appropriate antibiotic. The plate was then incubated at 37 °C overnight. 

2.1.14 Automated Sequencing of DNA 

For sequencing of DNA less than 5kb in length (e.g. plasmid DNA), DNA was 

diluted to a final concentration of 72ng /1.11, of which 71Al was used per sequencing 

reaction. For high -molecular weight DNA (i.e. intact viral DNA), the following 

adaptation was made. For each sequencing reaction, 5µg of high -molecular weight 

DNA was diluted to a final volume of 200µ1 with dH2O. The DNA was subsequently 

fragmented by repeatedly passing the sample through a 20 -gauge hypodermic needle. 

Following fragmentation, 500111 of 100% ethanol and 20µl of 3M sodium acetate 

(pH 5.2) were added to each sample. The sample was briefly vortexed and held on 

ice for 1 hour. The precipitated DNA was pelleted by centrifugation for 20 minutes 

at 15,000 x g at 4 °C. The resulting supernatant was decanted and 50011l of 70% 

ethanol added to the pellet, briefly vortexed, and centrifuged for 10 minutes at 

15,000 x g at 4 °C. The DNA pellet was then re- suspended in 10µ1 of dH2O, with 71Al 

used per sequencing reaction. All DNA sequencing reactions were performed using 

IRD -800 modified primers on a Li -cor automated DNA sequencer. All sequencing 
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reactions were performed by Ian Bennet (Dept. of Veterinary Pathology, University 
of Edinburgh). 

2.2 DNA Extraction 

2.2.1 Extraction of High -Molecular Weight Viral DNA 

Initially, Baby Hamster Kidney (BHK -21) cells were infected with virus at a 

multiplicity of infection (MOI) of 0.1. Cells were incubated with virus at 37 °C for 

1.5 hours on an orbital shaker (225 rpm). Succeeding this, Tc175cm2 tissue culture 

flasks (Nunc) were seeded with 5 x 106 BHK cells, in a 40m1 final volume. Once 

infected monolayers exhibited complete cytopathic effect (CPE), cells were removed 

with a cell scraper (Nunc) and the cell suspensions were pooled into 250m1 

polypropylene conical centrifuge flasks. The cells were pelleted by centrifugation at 

450 x g for 20 minutes at 4 °C before re- suspension in 4m1 of sterile PBS. The cell 

suspension was subsequently homogenised with 40 strokes of a chilled Dounce 

homogeniser. The homogenate was then transferred to a sterile plastic 20m1 tube and 

centrifuged at 2000 x g for 20 minutes at 4 °C. The resulting supernatant was 

decanted to a fresh tube and held on ice, whereas the pellet was re- suspended in lml 

of sterile PBS and re- homogenised 40 times on ice. Subsequently, the homogenate 

was centrifuged at 2000 x g for 20 minutes at 4 °C. The resulting supernatant was 

pooled with the retained supernatant from the earlier homogenisation/centrifugation 

and held on ice. Virions were purified by layering the pooled supernatants onto a 

20% (w /v) D- sorbitol gradient followed by centrifugation at 141,000 x g for 1 hour 

and 20 minutes (Sw28 rotor, Beckman). The supernatant was discarded and the viral 

pellet was re- suspended in 5001x1 of 50mM Tris (pH 8), before the addition of 5m1 of 

high -molecular weight DNA extraction buffer (0.1M EDTA [pH 8], 0.5% [w /v] 

SDS, 0.2M Tris [pH 8] and 1041,g /ml proteinase K). The resulting suspension was 

incubated overnight at 53 °C. Following proteinase K digestion, the lysate was 

transferred to a sterile 15ml polypropylene tube (Nunc). From this stage onwards, all 

pipetting was performed with wide -bore tips, to prevent shearing of high -molecular 

weight DNA. An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was 
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transferred to the lysate, and mixed gently on a tilting platform for 30 minutes. The 

resulting mixture was then centrifuged at 450 x g for 5 minutes before the aqueous 

phase was transferred to a new 15ml polypropylene tube. Phenol:chloroform:isoamyl 

alcohol extraction was repeated a further three times. To remove any contaminating 

phenol, the sample was subject to two rounds of chloroform extraction. Following 

the final chloroform extraction, the aqueous phase was transferred to a 20m1 plastic 

universal tube, to which 0.3 volumes of 7.5M ammonium acetate and 3 volumes of 

96% ethanol (v /v) were added to precipitate the viral DNA. Gentle inversion of the 

tube formed a DNA precipitate that was spooled out with a sealed glass Pasteur 

pipette. The viral DNA was then washed 3 times with 70% ethanol (v /v) and was 

recovered each time by centrifugation at 8,000 x g. The DNA pellet was air -dried 

before re- suspension in lml of TE buffer (pH 8). All purified viral DNA was stored 

at 4 °C. 

2.2.2 Extraction of Eukaryotic DNA from 96 -well Plates 

Eukaryotic and viral DNA was isolated from cell monolayers within 96 -well plates 

for PCR analysis of mutant virus isolates. BHK -21 cells were seeded into 96 -well 

plates, at a density of 2 x 104 cells per well and incubated overnight. The following 

day, wells were infected with dilutions of mutant virus plaque picks. Once complete 

CPE was apparent, the medium was decanted from the wells with a Gilson pipette, 

before the infected cell monolayers were washed twice with l00µ1 of PBS. 

Subsequent to this, 501A1 of cell lysis buffer (10mM Tris -Cl [pH 7.5], 10mM NaCl, 

10mM EDTA [pH 8], 0.5% [w /v] SDS and lmg /ml proteinase K) was added to each 

well of the microtiter plate, the lid replaced, and sealed with saran wrap. The 

microtiter plate was then incubated at 60 °C overnight. Following overnight lysis, the 

microtiter plate was allowed to cool briefly before the addition of 1000 of 

NaCl /ethanol solution (75mM NaC1, 96% [v /v] ethanol) to each well. The plate was 

incubated at room temperature for 30 minutes before removal of the ethanolic 

solution. Wells were subsequently washed with 70% ethanol [v /v] three times before 

DNA precipitates were allowed to air -dry. The DNA precipitates were re- suspended 

by the addition of 50µ1 of TE buffer (pH 8) to each well, before the microtiter plate 
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was placed on the heating block of a thermal cycler (Omnigene, Hybaid, UK) 
programmed to cycle 10 times between 80 °C and 50 °C. The DNA solutions from 
individual wells were then transferred to separate microfuge tubes and stored at - 

20°C. 

2.2.3 Extraction of DNA from splenocytes 

DNA was extracted from splenocytes using a DNeasy tissue kit (QIAGEN, UK). 

Approximately 1 x 10' splenocytes were centrifuged for 5 minutes at 300 x g, before 

re- suspension in 200µ1 of sterile PBS. To this cell suspension, 4O111 of 19mg /ml 

proteinase K and 400µl of buffer AL were added and the suspension briefly 

vortexed. The cell suspension was then digested overnight at 56 °C, or until no cell 

debris was visible in the sample. Following proteinase K digestion, 400µ1 of 96% 

ethanol was added to the sample and was thoroughly mixed by vortexing. The 

resulting mixture was transferred to a DNeasy Mini Spin Column, before 

centrifugation at 6000 x g for 1 minute. The bound DNA was then washed 

successively with 504t1 of buffer AW1 (6000 x g, 1 minute) and 5001A1 of buffer 

AW2 ( >15,000 x g, 1 minute). The DNA was subsequently eluted in 100111 of buffer 

AE and stored at 4 °C. 

2.3 Southern Analysis 

2.3.1 Digestion of High -Molecular Weight DNA 

Digestion of high -molecular weight DNA differed from that of smaller DNA 

fragments, with respect to reaction volume, incubation time and amount of enzyme. 

Reactions were setup in a final volume of at least 60µ1, with the DNA, dHZO and 

restriction endonuclease buffer incubated for 1 hour at 4 °C before the addition of 

enzyme. Once restriction enzyme was added (5 units /µg DNA), the reactions were 

gently stirred for 1 -2 minutes before incubation at the appropriate temperature for 2 

hours. Following this incubation, a further aliquot of restriction enzyme was added to 

each reaction (5 units /µg DNA) and gently stirred before incubation for 3 hours. 
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Lastly, after the 3 hour incubation, a final aliquot of enzyme (5 units /µg DNA) was 

added to each reaction before incubation for 4 -8 hours. 

2.3.2 Electrophoresis and Transfer 

2µg -1011g of each digested DNA sample was used per lane, depending on the 

expected abundance of the target sequence. Loading buffer was added to each 
digested DNA sample before loading the gel. Samples were subsequently loaded into 

a 0.8% agarose -TAE gel (SeaKem ©, Flowgen, UK), containing 0.5µg /ml (w /v) 

ethidium bromide (Sigma, UK). Additionally, a 1 kb plus DNA ladder (Invitrogen, 

UK) was loaded alongside the digested DNA samples before electrophoresis. Once 

all DNA samples were loaded, each sample -containing well was filled completely 

with TE buffer (pH 8). Following this, electrophoresis apparatus (Biorad, UK) was 

filled with enough TAE buffer to touch the ends of the gel, without complete 

immersion of the gel (dry -loading). Electrophoresis was allowed to continue for 30 

minutes at 40V. After 30 minutes of electrophoresis in this manner, the gel was 

completely immersed in TAE buffer, and electrophoresis continued for a further 7 -8 

hours at 70V. Once electrophoresis was complete, the gel was viewed under short 

wave UV light and photographed. The gel was then briefly rinsing in dH2O before 

immersion in excess denaturation solution (0.5M NaOH, 1.5M NaC1) for 45 minutes 

with constant agitation. The gel was then briefly rinsed in dH2O before immersion in 

excess neutralisation buffer (1M Tris -HC1 [pH7.5], 1.5M NaC1). After 25 minutes 

incubation with agitation, the neutralisation buffer was replaced with fresh buffer and 

the gel was soaked for a further 20 minutes. Transfer apparatus consisted of a large 

electrophoresis tank (Biorad, UK), partially filled with 10xSSC. Two long strips of 

chromatography paper (3MM Chr, Whatman, UK), trimmed to the width of the gel 

were soaked in 10xSSC and laid on the raised portion of the electrophoresis 

apparatus, with the ends of the chromatography paper submerged in 10xSSC. The gel 

was placed face -down on the chromatography paper, and air bubbles were removed. 

One sheet of uncharged nylon transfer membrane (Hybond N +, Amersham 

Biosciences, UK) was wetted briefly in dH2O prior to immersion in 10xSSC for 5 

minutes to ensure uniform wetness before assembly of the blot. The nylon membrane 

was then placed onto the gel, followed by three sheets of chromatography paper 
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(soaked in 10xSSC), cut to the size of the gel. Lastly, a stack of paper towels was 
placed on top of the membrane. A glass plate, with a weight positioned on top, was 
placed on top of the blotting paper to provide uniform pressure, ensuring even 
transfer of DNA to the nylon membrane. Parafilm (American National Can, Chicago, 
USA) was placed round the edges of the gel to prevent direct transfer of 10xSSC to 

the stack of paper towels, bypassing the gel and nylon membrane. Blotting was 

allowed to proceed for a maximum of 16 hours at room temperature. Following 
transfer, the nylon membrane was removed from the apparatus and the nucleic acid 

cross -linked to the membrane with a Stratalinker 1200 (Stratagene, UK). The 

membrane was then wrapped in saran wrap and stored at -70 °C until hybridisation. 

2.3.3 Staining of Molecular Weight Standards 

Following transfer, the lane containing the molecular weight standards was excised 

from the membrane once cross- linking was complete, and was immersed in 1M 

acetic acid for 10 minutes at room temperature. The acetic acid solution was then 

decanted and replaced with a methylene blue stain (0.2% [w /v] methylene blue, 

0.4M acetic acid, 0.4M sodium acetate). After 10 minutes incubation in staining 

solution, the nylon strip was rinsed, with agitation, in dH2O until the DNA standards 

were visible. 

2.3.4 Radiolabelling of double- stranded DNA Probes 

For creation of dsDNA probes, DNA was radiolabelled using the Ready -to -go DNA 

labelling kit (Amersham Biosciences, UK as follows. Briefly, 25 -50ng of denatured 

DNA and 5011Ci of32P-dCTP were added to the provided reaction mix, consisting of 

random nonamers, Klenow enzyme and dNTPs. The labelling reaction was then 

allowed to proceed for 45 minutes at 37 °C. Unincorporated radionucleotides were 

separated from the labelled probe with a Sephadex G50 Nick Column (Amersham 

Biosciences, UK). The column was rinsed with 2m1 of TE buffer (pH8), before the 

addition of 3ml of TE buffer to equilibrate the column. Subsequently, the labelled 

probe was added to the column, immediately followed by 400111 of TE buffer. The 

flow through was discarded and a further 400µ1 of TE buffer was added to the 

column. The flow through from this elution (containing the radiolabelled DNA 
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probe) was retained. The purified radiolabelled probe was denatured by incubation at 

100 °C for 5 minutes. 

2.3.5 Pre -hybridisation and Hybridisation 

Prior to probing, the membrane was pre- hybridised in a buffer comprising of 50 x 

Denhardt's solution diluted ten -fold into 6 x SSC and 1% SDS. 100µg /ml of sheared 

salmon sperm DNA was denatured by incubation at 100 °C for 10 minutes and 

immediately chilled in ice -water before addition to the pre- hybridisation buffer. Pre - 

hybridisation was performed in a roller bottle for 4 hours at 68 °C. For hybridisation 

with the radiolabelled probe, the pre- hybridisation solution was replaced with a fresh 

aliquot of hybridisation buffer, to which the labelled probe was added. Hybridisation 

was performed for 12 -16 hours at 68 °C. Several high- stringency washes were 

performed to remove probe bound non -specifically to the membrane. The first 

washes comprised of 2 x 5 minutes (25 °C) with a 2 x SSC, 0.5% SDS solution. The 

second round of washes comprised of 2 x 15 minutes (37 °C) with a 2 x SSC, 0.1% 

SDS solution. The final round of washes consisted of 3 x 15 minutes (65 °C) with a 

0.1 x SSC, 0.1% SDS solution. Finally, the membrane was rinsed briefly in 0.1 x 

SSC. For detection of the radiolabelled probe, the membrane was wrapped in saran 

wrap and placed in a cassette alongside an intensifier screen and a sheet of Kodak 

Xomat film (Sigma, UK) or Hyperfilm ECL film (Amersham Biosciences, UK). The 

cassette was stored overnight at -80 °C, and the film developed in an X -ray developer. 

2.3.6 Use of Ultrahyb Ultrasensitive Hybridisation Buffer 

For Southern analysis requiring high sensitivity, Ultrahyb hybridisation buffer 

(Ambion, UK) containing 50% formamide was utilised for both pre- hybridisation 

and hybridisation. A 10 -15ml volume was used depending on the dimensions of the 

membrane. Pre -hybridisation and hybridisation was performed at 42 °C with the same 

aliquot of Ultrahyb. Due to the increased sensitivity of Ultrahyb, between 1/5 to 1/2 

of the radiolabelled probe was used for hybridisation, depending upon the estimated 

abundance of the target sequence. Hybridisation was performed at 42 °C overnight. 

Membranes were washed at 42 °C twice for 5 minutes in a 2 x SSC, 0.1% SDS 
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solution followed by two washes for 25 minutes each in a 0.1 x SSC, 0.1% SDS 

solution. The membrane was exposed to X -ray film as described above. 

2.3.7 Removal of Radioactive probes from Southern Blot Membranes 
Bound radiolabelled probes were removed from nylon membranes by immersion of 

the membrane within 0.4M NaOH for 30 minutes at 42 °C with constant agitation. 

The membrane was subsequently washed with a 0.1 x SSC, 0.1% [w /v] SDS, 0.2M 

Tris -Cl [pH 7.6] solution for 30 minutes at 42 °C. Stripped membranes were exposed 

to X -ray film overnight to assess the efficiency of probe removal. 

2.4 Polymerase Chain Reaction 

2.4.1 Components of Standard PCR reactions 

Standard PCR reactions were typically performed in a 500 final volume, and 

consisted of PCR reaction buffer (20mM Tris [pH 8.4], 50mM KC1, Invitrogen, UK), 

3mM MgC12 (Invitrogen, UK), 100µM each of dATP, dCTP, dGTP and dTTP 

(Ultrapure dNTP set, Amersham Biosciences, UK), 50pmol of each primer (MWG 

Biotech, Germany), 100 -500ng of template DNA and 5U of Taq DNA polymerase 

(Invitrogen, UK). All PCR primers were purchased from MWG- biotech, and are 

shown in Appendix 1. PCR reactions were performed in thin -walled 0.5ml PCR 

tubes (Thermohybaid) in an Omnigene thermal cycler (Thermohybaid). Negative 

control reactions omitting template DNA were always performed in parallel. A 

modified hot -start procedure was routinely performed, to increase the specificity of 

amplification. Reactions (minus Taq polymerase) were overlaid with mineral oil 

(Sigma, UK) before heating at 94 °C for 3 minutes. Reactions were then held at 75 °C 

before the addition of Taq DNA polymerase. PCR programs typically consisted of 45 

seconds denaturing at 94 °C, 45 seconds annealing time at a primer -pair specific 

temperature and extension for 1 minute per kilobase of product length. Following 25- 

35 cycles, reactions were incubated at 72 °C for 7 minutes before cooling to room 

temperature. PCR reactions were subsequently stored at -20 °C. DNA amplified by 

polymerase chain reaction to be used for further manipulation (i.e. cloning, 
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sequencing), was amplified with PfuTurbo DNA polymerase (Stratagene, UK). PCR 

reactions were performed using the manufacturers reaction buffer (20mM Tris 

[pH8.8], 10mM KC1, 10mM (NH4)2SO4, 0.1% Triton X -100, 0.1mg /m1 BSA), in the 

presence of 50pmol each primer, 100 -500ng template DNA, 100µM each of dATP, 

dCTP, dGTP and dTTP (Ultrapure dNTP set, Amersham Biosciences, UK) and 5U 

of PfuTurbo DNA polymerase. Reaction conditions were equivalent to those used for 

amplification with Taq DNA polymerase. 

2.4.2 Multiplex PCR 

Multiplex PCR was performed for the isolation and purification of a revertant virus. 

PCR reactions were typically performed in a 50µ1 final volume, and consisted of 

PCR reaction buffer (20mM Tris [pH 8.4], 50mM KC1, Invitrogen, UK), 4mM 

MgC12, 100µM each of dATP, dCTP, dGTP and dTTP (Ultrapure dNTP set, 

Amersham Biosciences, UK), 100pmol of each primer pair, 100 -500ng of template 

DNA and 5U of Taq DNA polymerase (Invitrogen, UK). Reaction conditions were 

equivalent to those of standard PCR, except that a limiting number of cycles was 

performed, usually 25 -30, to ensure neither product reached saturation. 

2.4.3 PCR from Crude Lysates 

On several occasions, PCR amplification from crude tissue /cell culture lysates and 

viral stocks was required. For this, a modified PCR protocol was used. Reactions 

were setup in a similar manner to those of standard PCR (minus Taq polymerase), 

but with the addition of proteinase K (Sigma, UK) to a final concentration of 

0.411g /µ1. Reactions were overlaid with mineral oil (Sigma, UK) and were incubated 

at 65 °C for 15 minutes, followed by 95 °C for 5 minutes, to denature the proteinase 

K. Following this, the modified hot -start protocol was used as described above for 

standard PCR. 

2.4.4 Purification of PCR products 

PCR products were purified using the QlAquick PCR Purification Kit (QIAGEN, 

UK). The PCR reaction was mixed with 2501A1 of buffer PB before transfer to a 
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QlAquick column. PCR products were bound to the column following centrifugation 

at >15,000 x g for 1 minute at room temperature. The column was washed by the 

addition of 750µ1 of buffer PE and centrifugation at >15,000 x g for 1 minute. The 

bound DNA was subsequently eluted in 30111 of buffer EB (10mM Tris -Cl, pH 8.5) 

by centrifugation at >15,000 x g for 1 minute, following incubation of the column 

with buffer EB for 1 minute. 

2.4.5 Cloning of PCR Products 

PCR products produced from primers with restriction endonuclease sites at their 5'- 

ends were digested with the appropriate restriction endonucleases, before directional 

cloning into the desired vector. Alternatively, PCR products without restriction 

endonuclease sites at the ends of the product were cloned using a pCR 2.1 -TOPO TA 

cloning kit (Invitrogen, UK). The kit utilises a linearised plasmid vector with single 

3'- thymidine overhangs, to which Vaccinia virus -encoded Topoisomerase I is 

covalently bound. However, PCR products generated with Tag polymerase have 3'- 

adenosine overhangs, which base pair with the 3'- thymidine overhangs on pCR 2.1, 

resulting in release of Topoisomerase I and re- circulisation of the vector. TOPO 

cloning reactions contained 200mM NaC1, 10mM MgC12, 3111 of PCR product, l Ong 

pCR 2.1 and dH2O to a final volume of 6µ1. The reaction mixture was mixed gently 

and incubated for 30 minutes at room temperature prior to transformation of One 

Shot TOP 10 chemically competent cells (Invitrogen, UK). 

2.4.6 Transformation of One Shot TOP 10 Chemically Competent E. coli 

One Shot TOP 10 chemically competent cells (Invitrogen, UK) were transformed 

according to the manufacturers directions. A 5O0 aliquot of competent cells was 

thawed on ice prior to the addition of 2µl of the TOPO cloning reaction. The sample 

was mixed gently and incubated on ice for 5 minutes before incubation at 42 °C for 

30 seconds. The sample was then immediately chilled on ice before the addition of 

2541,1 SOC medium and incubation for 1 hour at 37 °C with agitation. 2O0 and 5011l 

aliquots, and the remainder of the sample, were spread onto separate LB- ampicillin 

plates and incubated in an inverted orientation overnight at 37 °C. Colonies were 
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subsequently picked and analysed further by miniprep and restriction endonuclease 

digestion. 

2.4.7 Real -time PCR Analysis 

Real -time PCR analysis for the quantification of viral genome load was performed 

on a Lightcycler (Roche, UK), using the intercalating dye SYBR green to determine 

levels of dsDNA product. Reactions contained 20 of FastStart DNA Master SYBR 

Green I mix (Roche, UK), 1.61x1 of 25mM MgC12 and l2.4111 of dH2O. 50ng of 

template DNA was added per reaction, and the volume increased to 180 with dH2O. 

Negative reactions were performed in parallel with dH2O used in place of template 

DNA. All reactions included a 10 minute incubation at 95 °C before amplification. 

Amplification conditions consisted of denaturation at 95 °C for 10 seconds, annealing 

at 62 °C for 8 seconds and extension at 72 °C for 12 seconds. The amplification 

efficiencies of unknown samples were compared to a standard curve prepared with 

homologous standards, generated using the Second Derivative Maximum method. 

Several standards of known copy number were utilised during each run to allow 

accurate calculation of unknown samples from an imported standard curve. 

Subsequently, all products were analysed by melting analysis to determine the 

specificity of individual amplification reactions. Standards were spiked with DNA 

isolated from the spleens of uninfected BALB /c mice, demonstrating that 

amplification efficiencies of unknown samples were comparable to that of the 

samples used for construction of the standard curve. 

2.5 RNA Extraction and Manipulation 

2.5.1 RNA Isolation from Cells Cultured In Vitro using RNAwiz 

In some circumstances, RNA was isolated from cells cultured in vitro by the use of 

RNAwiz (Ambion, UK). Approximately 1 -2 x 10' C127 cells were harvested by 

trypsinisation, before homogenisation in 1 -2ml of RNAwiz by repeatedly passing the 

sample through a 20 -gauge hypodermic needle. Following this, the homogenate was 

incubated at room temperature for 5 minutes to dissociate the nucleoproteins from 
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nucleic acids. 0.2 starting volumes of chloroform was added to the homogenate and 

vigorously shaken for 30 seconds before incubation at room temperature for an 

additional 10 minutes. The mixture was then centrifuged at >10,000 x g for 15 

minutes at 4 °C. The resulting aqueous phase was transferred to a fresh RNAse -free 

microfuge tube containing 0.5 starting volumes of RNAse -free dH2O and thoroughly 

mixed. One starting volume of isopropanol was then added, mixed well, and 

incubated at room temperature for 10 minutes. The RNA was recovered by 

centrifugation at >10,000 x g for 15 minutes at 4 °C. The resulting supernatant was 

discarded, and the pellet washed with 1 starting volume of chilled 75% ethanol by 

vortexing. The RNA was subsequently pelleted by centrifugation at >10,000 x g for 

5 minutes at 4 °C. The supernatant was then discarded, and the RNA pellet air -dried 

for 10 minutes before re- suspension in 3Oµ1 of RNAse -free dH2O. RNA was stored 

at -70 °C. 

2.5.2 RNA Isolation from Cells Cultured In Vitro using an RNeasy Mini 

Kit (QIAGEN) 

Isolation of total RNA from cells cultured in vitro using the RNeasy Mini Kit 

(QIAGEN, UK) was performed for some applications. A total of 1 x 106 cells were 

used per RNA extraction, and were pelleted by centrifugation at 300 x g for 5 

minutes prior to RNA extraction. The resulting supernatant was discarded before the 

addition of 35O1A1 of buffer RLT. The cell pellet was then re- suspended by vortexing. 

The cell suspension was homogenised by repeatedly passing the lysate through a 20- 

gauge hypodermic needle. Following homogenisation, 35O11,1 of 70% ethanol was 

added to the cell lysate and mixed by repeated pipetting. The entire mixture was then 

transferred to an RNeasy mini column and centrifuged for 15 seconds at >8,000 x g 

at room temperature. Subsequently, the RNA was washed by addition of 7O01,1 of 

buffer RW1 to the column before centrifugation at >8,000 x g for 15 seconds. The 

RNA was then subject to a further wash with 500µ1 of buffer RPE. A second 5001,1 

aliquot of buffer RPE was added to the column before centrifugation for 2 minutes at 

>8,000 x g. The RNA was eluted in 3Oµ1 of RNAse -free dH2O and stored at -70 °C. 
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2.5.3 RNA Isolation from Tissues 

For isolation of total RNA from animal tissue, the RNeasy Mini Kit (QIAGEN, UK) 

was used. Upon harvesting, animal tissues were snap frozen within cryovials (Nunc) 

in liquid nitrogen, before transfer to long -term storage at -80 °C. Prior to RNA 

extraction, a 10 -20mg sized piece of tissue was removed and disrupted on ice in 

6001a1 of buffer RLT with a pellet pestle (Sigma, UK). The disrupted tissue was then 

homogenised by transfer of the mixture to a QlAshredder (QIAGEN, UK) with 

subsequent centrifugation at >15,000 x g for 2 minutes. The lysate was clarified by 

centrifugation for 3 minutes at >15,000 x g, and the resulting supernatant was 

transferred to a fresh microfuge tube. Following this, 600µ1 of 70% ethanol was 

added to the sample and mixed by repeated pipetting. The entire mixture was then 

transferred to an RNeasy mini column and centrifuged for 15 seconds at >8,000 x g 

at room temperature. Subsequently, the RNA was washed by addition of 700µl of 

buffer RW1 to the column before centrifugation at >8,000 x g for 15 seconds. The 

RNA was then subject to a further wash with 500µ1 of buffer RPE. A second 50011,1 

aliquot of buffer RPE was added to the column before centrifugation for 2 minutes at 

>8,000 x g. The RNA was eluted in 301A1 of RNAse -free dH2O and stored at -70 °C. 

2.5.4 Reverse Transcription of RNA 

For reverse transcription, 24,1,g of total RNA was used. RNA was initially incubated 

with 4U of Dnase I in the presence of 10mM Tris -Cl (pH 7.5), 2.5mM MgC12 and 

0.1mM CaC12 (DNA -free, Ambion, UK) for 45 minutes at 37 °C. Inactivation reagent 

(DNA -free, Ambion, UK) was then added to the RNA and incubated for 2 minutes at 

room temperature. The inactivation reagent was pelleted by brief centrifugation, and 

2µg of the treated RNA was transferred to a fresh tube. To the RNA, 200ng random 

primers (Amersham Biosciences, UK) and 1 111 of 10mM dNTP mix was added, in 

addition to dH2O to a final volume of 124 This mixture was incubated at 65° for 5 

minutes before immediate transfer to ice. To this, 41,1,l of 5 x First - Strand buffer 

(250mM Tris -HC1 [pH 8.3], 375mM KC1, 15mM MgC12, Invitrogen, UK), 2111 of 

0.1M dithiothreitol and 40U of RNaseOUT ( Invitrogen, UK) were added and gently 

mixed before incubation at 42 °C for 2 minutes. Following this incubation, 200U of 
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RnaseH- Superscript II Reverse Transcriptase was added to the mixture, mixed by 

pipetting, and incubated at 25 °C for 10 minutes, followed by 42 °C for 50 minutes. 

The reaction was terminated by incubation of the sample at 70 °C for 15 minutes. The 

resulting cDNA was stored at -20 °C until use. For RT -PCR, 20 of RT reaction was 

used per PCR reaction. 

2.5.5 Rapid Amplification of cDNA Ends (RACE) 

For mapping of the M4 transcript using both 5' -RACE and 3' -RACE, the Firstchoice 

RLM -RACE kit (Ambion, UK) was utilised. For 5' -RACE, 10µg of total RNA was 

added to a microfuge tube containing 20 of 10 x CIP buffer and 20 of provided 

Calf Intestinal Phosphatase (CIP). Nuclease -free water was added to a final volume 

of 200 before incubation at 37 °C for 1 hour. The de- phosphorylation reaction was 

terminated and the RNA precipitated by the addition of 150 of provided ammonium 

acetate solution, 1150 dHZO and 1500 of acid phenol:chloroform. The resulting 

mixture was vortexed, and the RNA pelleted by centrifugation (5 minutes at >10,000 

x g). The aqueous phase was transferred to a fresh tube, to which 1500 of 

chloroform was added. Following chloroform extraction, the RNA was precipitated 

by the addition of 1500 of isopropanol followed by incubation on ice for 10 

minutes. Subsequently, the RNA was pelleted by centrifugation at >10,000 x g for 20 

minutes at 4 °C. The pellet was washed with 0.5ml chilled 70% ethanol, the 

supernatant discarded, and the RNA pellet air -dried. The RNA was re- suspended in 

111Al of nuclease -free water and held on ice. In a fresh microfuge tube, the following 

components were added: 50 of treated RNA, 10 10 x ToAP buffer, 21,1,l Tobacco 

Acid Pyrophosphatase and 21,l of nuclease -free water. The mixture was incubated at 

37 °C for 1 hour before 5' -RACE adapter ligation. For the ligation reaction, 2µl of the 

resulting RNA was added to 111,1 of provided 5' -RACE adapter, 1R1 of 10 x RNA 

Ligase buffer, SU (20) of T4 RNA Ligase and 40 of nuclease -free water. The 

mixture was then incubated at 37 °C for 1 hour. The treated RNA was subsequently 

reverse transcribed into cDNA before nested PCR was performed. PCR was 

performed as described previously, with the outer PCR utilising a 5' -RACE adapter - 

specific primer and an M4 specific primer. For the inner PCR, 20 of the outer PCR 
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reaction was used as template for a PCR using internal primers. The inner PCR 

reaction was analysed by agarose gel electrophoresis, and the PCR reaction was used 

for subsequent cloning reactions using a pCR 2.1 TOPO -TA cloning kit (Invitrogen, 

UK). 

For 3' -RACE, 1µg of total RNA was reverse transcribed to cDNA using a poly -T 

primer to prime the reverse transcription reaction. The reaction conditions were 

otherwise identical to that of 5' -RACE. PCR was subsequently performed on the 

cDNA using a primer internal to the M4 gene, and a poly -T primer. The PCR 

reaction was analysed by agarose gel electrophoresis and used for subsequent cloning 

reactions using a pCR 2.1 TOPO -TA cloning kit (Invitrogen, UK). 

2.6 Northern Analysis 

2.6.1 Electrophoresis and Blotting 

Ten micrograms of total RNA was used per lane, and was initially diluted to a 20µl 

final volume with RNAse -free dH2O. 5µl of loading buffer (per 10m1: 161,L1 saturated 

aqueous bromophenol blue, 80µ10.5M EDTA [pH 8], 72Oµ137% formaldehyde, 2m1 

100% glycerol, 3.084ml formamide, 4m1 10x MOPS buffer [200mM MOPS, 50mM 

sodium acetate, 10mM EDTA, NaOH to pH 7], l00111 dH2O) was added to each 

sample and incubated at 65 °C for 5 minutes. Following this, the RNA samples were 

immediately chilled on ice. Molten agarose (200m1, 1.2 %) was cooled to 65 °C 

before the addition of 3.6ml of 37% formaldehyde and 20 10mg /1.11 ethidium 

bromide (Sigma, UK). The gel was subsequently set and run at 30V for 30 minutes 

with re- circulating running buffer (per litre: 100m1 10x MOPS buffer, 20m1 37% 

formaldehyde, 880m1 RNAse -free d12O) prior to sample loading. Samples were then 

loaded into the gel, and electrophoresed at 5 -7V /cm for 8 -12 hours. 5µg of an RNA 

molecular weight marker (0.24 -9.5kb RNA ladder, Invitrogen, UK) was loaded 

alongside RNA samples as a reference. Following electrophoresis, the gel was briefly 

visualised and photographed under short-wave UV light. The gel was then rinsed in 

RNAse -free dH2O before soaking in excess 0.05M NaOH for 20 minutes. The gel 
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was subsequently transferred to an excess of 20 x SSC and soaked for 40 minutes 

with agitation. The blot was assembled as described for Southern blotting, with the 

following modifications: transfer occurred in the presence of 20 x SSC; transfer of 

RNA was allowed to occur for no more than 4 hours and; the stack of paper towels 

was replaced every 30 minutes to enhance transfer. Following transfer, the 

membrane was soaked in 6 x SSC for 5 minutes with gentle agitation. The RNA was 

cross -linked to the membrane with a Stratalinker 1200 (Stratagene, UK) and stored at 

-70 °C until hybridisation. 

2.6.2 Pre- hybridisation /Hybridisation 

Northern blots were hybridised with dsDNA probes, generated as described for 

Southern hybridisation. Pre -hybridisation and hybridisation was performed at 42 °C 

with Ultrahyb (Ambion, UK). For Northern analysis, 1/2 of the radiolabelled probe 

was used for overnight hybridisation. Membranes were washed at 42 °C twice for 5 

minutes in a 2 x SSC, 0.1% SDS solution followed by two washes for 10 minutes 

each in a 0.1 x SSC, 0.1% SDS solution. The membrane was exposed to X -ray film 

as described above. 

2.6.3 Removal of Radioactive probes from Southern Blot Membranes 

Double- stranded DNA probes were removed from Northern blots by incubation of 

the nylon membrane with boiling dH2O containing 0.1% SDS for 15 minutes with 

gentle agitation. The process was repeated before incubation of the membrane in 6 x 

SSC for 15 minutes with agitation. The membrane was then exposed to 

autoradio graphic film to verify complete removal of the labelled probe. 

2.7 Cell Culture 

2.7.1 Maintenance of Cell Cultures 

All cell lines were cultured in sterile plastic -ware (Nunc) and incubated at 37 °C with 

humidified 5% CO2. Baby Hamster Kidney fibroblast cells (BHK -21) were cultured 

in Glasgow's Modified Eagles Medium, supplemented with 10% (v /v) tryptose 
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phosphate broth (Invitrogen, UK), 10% new -born calf serum (NBCS, Invitrogen, 

UK), 2mM L- glutamine (Merck BDH), 100U /ml penicillin (Merck BDH) and 
100U /ml streptomycin (Merck, BDH). Murine C127 cells, of epithelial fibroblastic 

origin, were maintained in Dulbecco's Modified Eagles Medium supplemented with 

10% foetal calf serum (Invitrogen, UK), 2mM L- glutamine (Merck BDH), 100U /ml 

penicillin (Merck BDH) and 100U /ml streptomycin (Merck, BDH). 

2.7.2 Harvesting and Counting of Cells 

Adherent cell lines were maintained in sub -confluent growth, and were removed 

from tissue- culture flasks by trypsinisation. Growth medium was decanted before 

brief washing of the cell monolayer in 0.02% versene. The monolayer was then 

incubated with 0.25% trypsin (Invitrogen, UK) until the cells detached by moderate 

agitation. Trypsin was inactivated by the addition of an equal volume of fresh growth 

medium prior to centrifugation at 450 x g for 5 minutes at room temperature. The 

resulting cell pellet was re- suspended in the desired volume of fresh growth medium. 

An aliquot was then diluted 1:1 with 0.1% trypan blue (w /v). The number of 

unstained cells was determined to calculate the viable cell count, before re- seeding of 

the cells in fresh cell culture flasks. 

2.7.3 Treatment of Cells with Inhibitors of Protein Synthesis and Viral 

DNA Replication 

To determine the kinetic class of M4 transcription, C127 cells were treated with 

cycloheximide (CHX, a protein synthesis inhibitor) and phosphonoacetic acid (PAA, 

a herpesviral DNA polymerase inhibitor). Cells were treated with 1041,g /ml of either 

CHX or PAA for 1 hour prior to viral infection. For viral infection, 1 x 10' cells 

were infected at an MOI of 10 with shaking for 1.5 hours in the presence of the 

appropriate inhibitor. Following this, the cells were seeded into Tc 175 tissue culture 

flasks (Nunc) and fresh medium containing either CHX or PAA was added. The cells 

were then incubated at 37 °C for 8 hours before trypsinisation and subsequent RNA 

extraction. 
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2.7.4 Preparation of Viral Stocks 

Viral stocks were produced in BHK -21 cells. BHK -21 cells were harvested and 

counted as described. Cells were subsequently re- suspended in growth medium at a 

concentration of 1 x 10' cells /ml, and infected with virus at an MOI of 0.001. The 

cells were incubated at 37 °C for 1.5 hours with shaking to enhance infection. The 

resulting cell suspension was transferred to Tc175 flasks at a seeding density of 3 x 

106 cells per flask. Infected monolayers were generally incubated for 5 -6 days, or 

until complete cytopathic effect was evident. Once complete CPE was observed, the 

cells were removed from the flasks with a cell scraper (Nunc) and the cell suspension 

centrifuged at 2000 x g for 20 minutes at 4 °C. The cell pellet was re- suspended in a 

minimal volume of sterile PBS before homogenisation with 40 strokes of a chilled 

Dounce homogeniser. The homogenate was then transferred to a glass universal tube 

and sonicated in a sonicating water -bath for 15 minutes at 4 °C. Following 

centrifugation (2000 x g for 20 minutes at 4 °C), the supernatant was transferred to a 

fresh sterile universal tube and held on ice. The cell pellet was re- suspended in lml 

of sterile PBS, re- homogenised, and centrifuged at 2000 x g for 20 minutes at 4 °C. 

The supernatants were pooled and stored in aliquots at -70 °C. 

2.8 In Vitro Assays 

2.8.1 Titration of Virus Stocks and Infectious Virus in Tissues 

For the titration of infectious virus within tissues, tissues were homogenised in a 

minimal volume of medium (1.8m1) before subjection to one freeze -thaw cycle (- 

80°C) to disrupt cellular membranes. The frozen homogenate was thawed on ice 

before centrifugation at 2000 x g for 5 minutes at 4 °C to clarify the homogenate. 

Subsequently, 440µl of supernatant was transferred into 3.96m1 of fresh growth 

medium and mixed thoroughly to produce a 1:10 dilution. This process was repeated 

to generate a serial ten -fold dilution series. To each dilution, 2 x 106 BHK -21 cells 

were added (in 0.2ml of medium) and shaken at 225rpm for 1 hour at 37 °C. 2m1 of 

each dilution was added to a 60mm Petri dish, to which 3m1 of growth medium had 

been dispensed. Each dilution was plated in duplicate. For each experiment, mock- 
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infected BHK -21 cells were plated out as negative controls. The plates were 

incubated for four days at 37 °C in the presence of 5% CO2. Following incubation, 

plates were fixed with 10% neutral -buffered formaldehyde before staining with 0.1% 

toluidine blue. Plaques were scored microscopically, and the titre determined by the 

following calculation: viral titre = (plaque count x dilution) / 2. For determining the 

titre of viral stocks, a similar procedure was undertaken, except that a 4411l aliquot of 

viral stock was added to 4m1 of medium, from which a serial ten -fold dilution series 

was created. 

2.8.2 One Step /Multi -Step Growth Curves 

Single -step and multi -step growth in vitro was analysed by infecting BHK -21 cells in 

suspension for 90 minutes at a multiplicity of infection (MOI) of 5 (single -step 

growth) or 0.05 (multi -step growth). Cells were pelleted by centrifugation at 450 x g 

for 5 minutes and re- suspended in fresh complete Glasgow's medium four times to 

remove unbound virus before the seeding of 1 x 106 BHK cells (multi -step) or 2 x 

106 BHK cells (one -step) into each well of a 24 -well plate. At specific times post - 

infection, adherent cells were harvested by scraping with a Gilson pipette, subject to 

three freeze -thaw cycles, and infectious virus was determined by plaque assay as 

described. All infections were performed in duplicate, with each infection titrated in 

duplicate. 

2.8.3 Infective Centre Assay (ex vivo reactivation assay) 

The infective centre assay was used to determine the frequency of ex vivo 

reactivation from latently infected splenocytes. Upon organ harvesting, spleens were 

stored in 5m1 of RPMI medium supplemented with 10% foetal calf serum, 2mM L- 

glutamine, 100U/ml penicillin, 100U/ml streptomycin and 5011M 2- mercaptoethanol. 

Spleen cells were isolated from the spleen casing with a scalpel blade, producing a 

single -cell suspension in 5m1 of RPMI. The cell suspension was transferred to a pre - 

rinsed 20m1 universal tube and was centrifuged at 450 x g for 5 minutes at 4 °C. The 

supernatant was decanted and the pellet was re- suspended in the remaining liquid. 

Erythrocytes were lysed by the addition of 1ml of sterile dHZO to the cell suspension, 
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and equilibrium was restored by the addition of 9m1 of sterile PBS. Following 

thorough mixing, cell debris was allowed to settle before transfer of the splenocyte 

suspension to a fresh pre- rinsed universal tube. The sample was then spun at 450 x g 

for 5 minutes at 4 °C. The supernatant was discarded and the cell pellet re- suspended 

in 5m1 of supplemented RPMI. The viable cell count of the suspension was 

determined, and 10 -fold dilutions of splenocytes were added with 1 x 106 BHK cells 

(in 5m1 RPMI medium) to 60mm Petri dishes (Nunc). Each dilution was plated in 

duplicate. The contents of the plates were thoroughly mixed before incubation at 

37 °C with 5% CO2 for 5 days. Plates were fixed and counted as described for the 

titration of infectious virus. The contribution of pre- formed infectious virus was 

determined by subjecting splenocytes to one freeze -thaw cycle before titration 

according to the titration of infectious virus protocol. 

2.8.4 Transfection of Cells by Electroporation 

BHK -21 cells were grown to 60 -70% confluency before trypsinisation and re- 

suspension to a final concentration of 2.5 x 106 cells /ml in supplemented Glasgow's 

medium. 8001x1 of this cell suspension was added to an electroporation cuvette 

(Equibio, UK), prior to the addition of 10µg vector DNA and 51.1g viral DNA. The 

mixture was gently pipetted before the cells were electroporated with an Easyject 

electroporator (Equibio, UK). A double pulse was used and the conditions were as 

follows: 1St pulse, 600V, 25µF, 99m52; 0.1 second delay; 2nd pulse, 250V, 1050µF, 

99m52. Following electroporation, the cell suspension was mixed briefly with a 

Pasteur pipette before transfer to 10m1 of pre- warmed supplemented Glasgow's 

medium. The cuvette was subsequently washed with an aliquot of medium to remove 

any remaining transfected cells. The transfected cells were then seeded into 96 -well 

microtiter plates, or 6 -well plates, depending on the application. 

2.8.5 Isolation of Single Plaques following Transfection 

For isolating single plaques following transfection, two approaches were taken. The 

first approach seeded transfected cells at different dilutions into 96 -well microtiter 

plates. Assuming a 50% survival rate, the transfected cells were added to varying 
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concentrations of untransfected BHK -21 cells, such that transfected cells were 

diluted 1:2, 1:5, 1:10 and 1:20 in a background of untransfected BHK -21 cells with a 

total of 1 x 104 cells added per well. This permitted efficient isolation of single 

plaques within a single well of a microtiter plate. An alternative method involved 

seeding 6 -well plates with undiluted transfected cell suspension. Additional medium 

was added to the wells, to a final volume of 5m1. The 6 -well plates were then 

incubated overnight at 37 °C with 5% CO2. After 24 hours, the medium was removed 

with a Pasteur pipette and the adherent cells were overlayed with 1% agarose. The 

agarose was produced by addition of 10m1 supplemented Glasgow's medium to 10m1 

of 2% PBS -agarose (Seaplaque, Flowgen, UK). After 3 days incubation at 37 °C with 

5% CO2, plaques were viewed microscopically, and the plaque (and overlaying agar 

plug) removed with a pasteur pipette containing a small volume of medium. With 

both methods, after single plaque harvesting, virus was released from infected cells 

by two freeze -thaw cycles. 

2.8.6 Limiting Dilution Assay and PCR for Viral Mutant Purification 

Following single plaque isolation from transfected cells, plaques were subject to 

PCR analysis. Wells containing single plaques were scraped with a Gilson pipette to 

detach adherent cells from the microtiter plate. The resulting cell suspension was 

thoroughly mixed by pipetting, before transfer of half the suspension to a cryovial for 

storage at -80 °C. The remaining cell suspension was pelleted by centrifugation at 

2000 x g for 7 minutes and the resulting supernatant decanted. The cell pellet was 

washed with 500µl 20mM Tris (pH 8), 1mM EDTA before a further centrifugation 

step at 2000 x g for 7 minutes. The supernatant was discarded and the cell pellet re- 

suspended in 501.11 20mM Tris (pH 8), 1mM EDTA. The cell suspension was then 

subject to one freeze thaw cycle to disrupt cell membranes before overnight 

incubation at 56 °C in the presence of 0.4µg /µl proteinase K (Sigma, UK). Proteinase 

K was inactivated by incubation of the sample at 90 °C for 15 minutes. 1011l of this 

crude DNA preparation was used per PCR reaction. Single plaques were further 

purified by limiting dilution assay as follows: an aliquot of frozen plaque pick was 

added to a sub -confluent BHK -21 cell monolayer within one well of a 96 -well 

92 



CHAPTER TWO MATERIALS AND METHODS 

microtiter plate. The volume of medium was adjusted to 2O00, and mixed by 

pipetting. A serial two -fold dilution series was then generated in adjacent wells, with 

each in the dilution series also containing a sub -confluent BHK -21 cell monolayer. 

The plates were then incubated at 37 °C with 5% CO2 for five days. Following this 

incubation, wells were examined for the presence of viral plaques. Wells containing 

single viral plaques were harvested and subject to DNA extraction and PCR analysis 

as before. This process was repeated at least four times to ensure homogeneity. 

2.8.7 Animal Infections 

Female BALB /c mice were purchased from B &K Universal (Hull, UK) and were 

infected at 3 -4 weeks of age. Type I IFN receptor "i" mice on a 129 /Sv background 

(Muller et al., 1994), purchased from B &K Universal and subsequently bred in- 

house, were infected at 1 -3 months of age. Mice were maintained in specific- 

pathogen free conditions and were infected by the intranasal administration of 4 x 

105 plaque forming units (pfu) of virus in 400 of chilled sterile PBS. Mice were 

infected intranasally under halothane anaesthesia. At specific times post- infection, 

mice were euthanised by CO2 asphyxiation, and specific organs were harvested for 

further analysis. 

2.9 Sequence analysis 

DNA sequence analysis was performed using GCG version 10.3 (Wisconsin 

package, Accelrys, USA) and BLASTn, available at 

http: / /www.ncbi.nlm.nih.gov:80 /BLAST. In addition, protein sequence analysis was 

performed using BLASTp ( http: //www.ncbi.nlm.nih.gov:80 /BLAST). Prediction of 

secretory signal sequences was performed using SignalP 

(http://www.cbs.dtu.dk/services/Signa1P-2.0/). 

2.10 Statistical analysis 

All data were analysed by Graphpad Prism software (Graphpad, San Diego, CA). 

Titre data and real -time PCR data were assessed for statistical significance using the 

non -parametric Mann- Whitney test. 
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Appendix t Oligonucleotides utilised in this study. 

Sense (S) 
Antisense (A) 

Primer Pair Anneal 
Temp 

Amplified 
ion Region 

RtaIN -S 

RtaIN-A 

5'- ATGGCACATTTGCTGCAGAAC -3' 

5'- ACGGCGCCTGTGTACTCAA -3' 
57 °C 

MHV -68 ORF50 
Nt 68483-68838 
355bp product 

RtaOUT -S 

RtaOUT -A 

5'- GGGTAATGTTCAGAAACCAG -3' 

5'- CACCGTTTATGACTCCAGGC -3' 
55 °C 

MHV -68 
ORF50 frag. 
Nt 67903 -69383 
1480óp product 

M4IN -S 

M4IN-A 

BamHI 
5'- GCGCGGATCCGACACCTGGAGAAGATG 

57 °C 

MHV -68 
M4 frag. 
Nt 8616 -9176 
560óp product 

ATGATATTC-3' 

EcoRI 
5'- CGCGAATTCGGCAGTCGCATAACCATG 

TCCACG -3' 

M4OUT -S 

M4OUT -A 

BamHl 
5'- GCGCGCATCCCATGTGCTACCTCTGTG 

55 °C 

MHV -68 
Spans entire M4 
ORF, 
Nt7414 -10914 
3500bp product 

G -3' 

EcoRI 
5'- GCGCGAATTCGTACCGTCTGAGTGACT 

G -3' 

Ml1IN-S 

M11IN-A 

5'- TTAGAAGGCACTATGACAGC -3' 

5'- TGTGTCATGCAATCGTTCAA -3' 
57 °C 

MHV -68 
Mil frag. 
Nt103560- 

103779 
219óp product 

Ml1OUT -S 

M11OUT -A 

5'- GCGGGACTTATTGGGCAACCCTG -3' 

5'- GGGCATGCAACAAGAATGTAAAGCCA 
G -3' 

55 °C 
MHV -68 
Mll frag. 
Nt 103535- 

103984 
449bp product 

ActIN -S 

ActIN-A 

5'- TGTGATGGTGGGAATGGGTCA -3' 

5'- TTTGATGTCACGCACGATTTC -3' 
57 °C 

Murine 
ß -actin 
514bp product 

ActOUT -S 

ActOUT -A 

5'- CGAGCACAGCTTCTTTGCAG -3' 

5'- GCCAATAGTGATGACCTGGC -3' 
58 °C 

Murine 
(3-actin 

810bp product 

TRPT -S 

M4B -A 

5'- GTTTTGGCCCTCAGCAGGGTC -3' 

5'- CGCGGAATrCGGTTCTAGAAAGTC 
ATAAATCTC -3' 

56 °C 

MHV -76 
Left -end frag. 
Nt 119382 -9786 
315bp product 
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M4IN -S 

ORF4R -A 

BamHI 
5'- GCGCGGATCCGACACCTGGAGAAGATG 

ATGATATTC -3' 

5'-GCGCGACGCGACTAGCATGAGGA 

55 °C 

MHV -68 
M4 /ORF4 
frag. 
nt 8616 - 
11192 
2576bp 
product 

RC5KTOU -S 

RC5M4OU -A 

5'- GCTGATGGCGATGAATGAACACTG -3' 

5'- GAGGTTGGCGAATGACTTCCAGAT -3' 
59 °C 

5' RACE 
OUTER PCR 
Reverse 
primer 
binding site 
nt 8962 -8985 

RC5KTIN -S 

RC5M4IN -A 

BamHI 
5'CGCGGATCCGAACACTGCGTTTGCTG 

59 °C 

5' RACE 
INNER PCR 

Reverse 
primer 
binding site 
nt 8805 -8780 

GCTTTGATG -3' 

EcoRI 
5'- GTGGAATTCGCATACCTGGTTCAAGGT 

TTCAGAGT -3' 
RC3KTOU -S 

RC3M4OU -A 

5'- GCGAGCACAGAATTAATACGACT -3' 

5'- GTGGACACTTGTTCCTCGGCAT -3' 
59 °C 

3' RACE 
OUTER PCR 
Forward 
primer 
binding site 
nt 9327 -9348 

RC3TKIN -S 

RC3M4IN -A 

BamHI 
5'- CGCGGATCCGAATTAATACGACTCAC 

59 °C 

3' RACE 
INNER PCR 

Forward 
primer 
binding site 
nt 9497 -9519 

TATAGG -3' 

EcoRI 
5'- GTGGAATTCGTTCGCCAGTACCAGAG 

ATTGTC -3' 
5'RCEadpt 5'- GCUGAUGGCGAUGAAUGAACACUGC 

GUUUGCUGGCUUUGAUGAAA -3' 
Adapter for 
5' -RACE 

3'RCERTpr 5'- 
GCGAGCACAGAATTAATACGACTCACTATAG 
GT12VN -3' 

Oligo- 
deoxythymidi 
ne primer for 
3'RACE RT 

5'RCERTpr p(DN)6 Random 
hexamer for 
5'RACE RT 
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Appendix 2. Cloning vectors utilised in this study. 

lacZa ATG 

M13 Reverse Primer 

CAG GAA ACA GCT ATG AC 
GTC CTT TGT CGA TAC TG 

Hind III Kpn I Sac! t3amH I Spe I 

I 1 l I I 

C ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA 
G TAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT 

BstX I EcoR I EcoR I 

I I I 

GTA ACG GCC GCC AGT GTG CTG GAA TTC GGC TT PCR Product A GCC GAA TTC TGC 
CAT TGC CGG CGG TCA CAC GAC CTT AAG CCG T T CGG CTT AAG ACG 

Aval 
PaeR7I 

EcoRV BstX I Not I 
Xho I Nsi I Xba I Apa I 

AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCAITlcT AGA GGG CCC AAT TCG CCC TAT 
TCT ATA GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC GGG ATA 

t 

T7 Promoter 

AGT GAG TCG TAT TA C AAT TCA 
TCA CTC AGC ATA AT GITA AGT 

A 
A 

M13 Forward ( -20) Primer 

CTG GCC GTC GTT TTA C 
GAC CGG CAG CAA AAT G 

AA CGT CGT GAC TGG GAA AAC 
TT GCA GCA CTG ACC CTT TTG 

Vector pCR 2.1. Vector pCR 2.1, 3929bp in size, was obtained from 

Invitrogen. 
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A 

Nall 2294 

Bcgl 2215 

Seal 2177 

Gsul 1784 

Cfi10i 1779 

Eco3i I 1766 

Eam11O51 1694 

B 

399 
Hinxllll Pael 

Eco01091 2674 

,9at1I 2617 

SSpI 2501 

Psn 

seta] &G1a11 

2486 146 
236 

pUC18/19 
2686 bp 

1626 

1466 

H i r x I I 

Sall 
Xmil Xlr.t I 

MATERIA f..,S AND METHODS 

BsìAPI 179 

Ndel 183 

Ehel 235 

469 

852 

o4g1 
Call 1217 

MCS 

Sap! 683 

Cfr91 
Eco681 Acc651 

Ham HI Slllal KPF/1 

Aillll, BspLU11I 806 

Ec113611 
Eco241 
Sacl 

ECOn I 455 
Xapl 

cAA GCT TGC ATG CCT GCA GGT CGA CTC TAG AGG ATC CCC GGG TAC CGA GCT CGA ATT CGT 

GTT CGA ACG TAC GGA CGT CCA GCT GAG ATC TCC TAG GGG CCC ATG GCT CGA GCT TAA GCA 

Leu Ser Ala His Arg Cys Thr Ser Glu Leu Pro Asp Gly Pro Val Ser Ser Ser Asn Thr 

Vector pUC18. Vector pUC18 (A) and its polylinker region (B) are shown. 
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Appendix 3. Stock solutions used this study. 

TE buffer 10mM Tris-HC1 (pH 8.0) 
1mM EDTA 

TAE buffer 0.04M Tris -acetate 
1mM EDTA 

Luria -Bertani (LB) medium 1% (w /v) tryptone 
0.5% (w /v) yeast extract 
1% (w /v) NaC1 

LB agar 1 x LB broth, 1.5% (w /v) bacto -agar 

SOC medium 1 x LB broth, 20mM glucose, 
20mM MgC12 

20 x SSC 3M NaC1, 300mM sodium citrate (pH 7) 

Phosphate- buffered saline (PBS) 150mM NaC1, 2.5mM KC1, 

10mM Na2H2PO4, 1mM KH2PO4 (pH 
7.4) 

50 x Denhardt's buffer 

Rnase-free H20 
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1% (w /v) Ficoll 400 
1% (w /v) Polyvinylpyrrolidone 
1% (w /v) Bovine Serum Albumin, 

Fract. V 

dH2O, 0.1% Diethylpyrocarbonate, 
autoclave 
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Appendix 4. Commercial suppliers of reagents and equipment used in this 

study. 

Ambion Inc., Ambion (Europe) Ltd., Ermine Business Park, Spitfire Close, 

Huntingdon, Cambridgeshire, PE29 6XY, UK. www.ambion.com 

Amersham Biosciences UK Ltd., Amersham Place, Little Chalfont, 

Buckinghamshire, HP7 9NA, UK. www.aznershambiosciences.com 

Bio -Rad Laboratories Ltd., Bio -Rad House, Maylands Avenue, Hemel Hempstead, 

Hertfordshire, HP2 7TD, UK. www.bio- rad.com 

Equibio, Action Court, Ashford Road, Middlesex, TW15 1XB, UK. 

www.equibio.com 

Flowgen, Findel House, Excelsior Road, Ashby Park, Ashby de la Zouch, 

Leicestershire, LE65 1NG, UK. www.flowgen.co.uk 

Invitrogen Ltd., 3 Fountain Drive, Inchinnan Business Park, Paisley, PA4 9RF, UK. 

www.invitrogen.com 

Millipore, 80 Ashby Road, Bedford, Massachusetts, USA. www.millipore.com 

MWG Biotech (UK) Ltd., Mill Court, Featherstone Road, Wolverton Mill South, 

Milton Keynes, MK12 5RD, UK. www.mwgbiotech.com 

Nalgenunc International, 75 Panorama Creek Drive, Rochester, NY, 14625, USA. 

www.nalgenunc.com 

New England Biolabs (UK) Ltd., 73 Knowl Piece, Wilbury Way, Hitchin, 

Hertfordshire, SG4 OTY, UK. www.neb.com 
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Promega UK Ltd., Delta House, Chilworth Research Centre, Southampton, S016 

7NS, UK. www.promega.com 

Roche Diagnostics Ltd., Bell Lane, Lewes, East Sussex, BN7 1LG, UK. 

www.roche.com 

QIAGEN Ltd., Boundary Court, Gatwick Road, Crawley, West Sussex, RH10 9AX, 

UK. www.qiagen.com 

Sigma -Aldrich Company Ltd., Dorset, UK. www.sigmaaldrich.com 

Stratagene Europe, Gebouw California, Hogehilweg 15, 1101 CB Amsterdam, 

Zuidoost, The Netherlands. www.stratagene.com 

Thermohybaid, Action Court, Ashford Road, Ashford, Middlesex, TW15 1XB, UK. 

www.thermohybaid.com 

UVP Ultraviolet Products Ltd., Unit 1, Trinity Hall Farm Estate, Nuffield Road, 

Cambridge CB4 1TG. www.uvp.com 
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3.1 In vivo Characterisation of MHV- 76inM4GFP 

3.1.1 Aims 

The generation and characterisation of MHV -68 mutants has been of considerable 

value for elucidating the possible functions of several uncharacterised MHV -68- 

specific genes (Clambey et al., 2000; Jacoby et al., 2002). Moreover, recombinant 

MHV -68 viruses have been of use for determining the roles of numerous 

characterised gene products during in vivo infection (Stevenson et al., 2002; Lee et 

al., 2003; Moorman et al., 2003a). Characterised MHV -68 mutants have exclusively 

been generated through the targeted disruption of specific ORFs, either via the 

insertion of large expression cassettes (e.g. lacZ) (Clambey et al., 2000; Bridgeman 

et al., 2001), or through more subtle mutations, such as the insertion of premature 

stop codons (Jacoby et al., 2002). However, a novel approach for evaluating murine 

gammaherpesvirus gene function in vivo is via the insertion of a specific ORF into a 

related virus, in this context, MHV -76. This approach has previously been adopted in 

our laboratory through the generation of a recombinant MHV -76 virus, expressing 

the M4 gene of MHV -68. As MHV -76 is believed to be a deletion mutant of MHV - 

68, containing a substantial deletion at the left- terminus of the genome (figure 3.1.1), 

it was predicted that insertion of the M4 gene in a position equivalent to that in the 

MHV -68 genome would provide a useful gain -of- function mutant virus to aid in the 

assessment of the in vivo role of M4, without compromising the ability of the virus to 

replicate or establish latency. 

3.1.2 Construction of MHV- 76inM4GFP 

To allow efficient isolation of an M4 expressing recombinant virus, the Aequorea 

victoria green fluorescent protein (GFP), expressed via the Human Cytomegalovirus 

Major Immediate -early Promoter (HCMV IE), was inserted upstream of the 

M4INSRT -A insert within pUC 18 -TR (pUC 18 plus a cloned PstI terminal repeat 

fragment), to create pUC18/M4GFP. The M4INSRT -A insert consisted of a 3.5kb 

region of the MHV -68 genome, which was amplified by PCR for 25 cycles with 

PfuTurbo DNA polymerase (Stratagene, UK), using the M4OUT primer pair (nt 

7414 -10914). The resultant 3.5kb product comprised the entire predicted M4 ORF 

(nt 8409 -9785) (Virgin et al., 1997), downstream sequence to facilitate homologous 
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_____ M1 - M2 _ 

12345 6 7 8 
vtRNAs 

060 7277 8409 9785 9873 11036 

MHV-76 

9539 9873 11036 

TR 
ORF4 

Figure 3.1.1. Schematic diagram of the structures of the left- termini of the 
unique region of the MHV -68 (A) and MHV -76 (B) genomes. The unique 
regions of both genomes, spanning from the terminal repeats to 
approximately 11 kb are shown. M4 is labelled in green for differentiation. The 
arrow designated ORF4 represents a gene with homologues in several other 
herpesviruses. The 8 vtRNA -like sequences are labelled as ( -) within MHV - 
68. The green rectangle in MHV -76 denotes the remaining M4 sequence 
present in the MHV -76 genome. The genomic co- ordinates of specific 
positions are labelled in black above the relevant position, according to Virgin 
et al., (1997). 
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recombination (nt 9786 -10914), and an additional 995bp upstream from the predicted 

translational start site of M4 for the inclusion of putative promoter elements (nt 

7414- 8409). The regulatory elements present within this 995bp remain undefined, 

although characterisation of other herpesvirus transcriptional control elements, such 

as the HCMV IE promoter, enhancer and modulatory elements (Meier & Stinski, 

1996), the KSHV LANA -1 promoter (Jeong et al., 2001) and the Rta promoter of 

MHV -68 (Liu et al., 2000) has shown these elements to be present up to lkb 

upstream of the transcriptional start site. Therefore, the inclusion of 995bp upstream 

from the translation start site of M4 was believed to be sufficient for M4 

transcription. This 3.5kb region of the MHV -68 genome has not been demonstrated 

to encode any additional gene products other than the M4 gene. The sequence at the 

3' -end of the M4INSRT -A insert includes the majority of the ORF4 gene, which 

provides sequence homologous to MHV -76 to facilitate recombination. The M4OUT 

primer pair generated additional restriction endonuclease recognition sites (BamHI 

and EcoRI) within the PCR product to permit directional cloning (see Appendix 1); 

the PCR product was subsequently digested with BamHI and EcoRI before 

directional cloning into pUC 18 -TR (see Figure 3.1.2). Subsequently, the GFP 

cassette was inserted adjacent to the M4INSRT -A insert within pUC18 -TR. To 

achieve this, the HCMV -IE /GFP insert was digested with BamHI and BglII prior to 

ligation. Ligation of the HCMV -IE /GFP insert into pUC18 -TR, to create 

pUC18 /M4GFP, resulted in ligation of the BamHI overhang of the M4INSRT -A 

insert to the BglII overhang of the HCMV -IE /GFP insert, abolishing recognition of 

this region by BamHI or BglII restriction endonucleases. An overview of the cloning 

strategy is shown in Figure 3.1.2. For creation of MHV- 76inM4GFP, 

pUC18 /M4GFP was digested with EcoRI and HindIll, to excise the region 

encompassing the terminal repeat fragment and the entire HCMV -IE /GFP and 

M4INSRT -A inserts. This was performed to preclude undesirable recombination 

events that may incorporate plasmid DNA into MHV -76, during generation of MHV - 

76inM4GFP. Purified MHV -76 DNA and excised vector DNA were electroporated 

into BHK -21 cells, and GFP -positive viral plaques were harvested. Illustrations of 

the predicted homologous recombination event and the expected genomic structure 

of the left -terminus of the MHV- 76inM4 genome are shown in figure 3.1.3. 
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M4 INSRT-A 

Pstl Pstl BamHI EcoRl 

TR M4 INSRT -A 

BamHI Bg/11 ,- TR 
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GFP M4 INS RT -A 
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Figure 3.1.2. Cloning strategy for production of pUC18 /M4GFP. The entire 
M4 ORF and flanking sequences (M4INSRT -A) were amplified by PCR with 
PfuTurbo DNA polymerase (Stratagene, UK). The PCR product was 
subsequently cloned into the polylinker site (between BamHI and EcoRl 
sites) of pUC18, with a 1.2kb terminal repeat fragment (TR) cloned within the 
Pstl site. A green fluorescent protein (GFP) fragment was subsequently 
inserted between the TR and M4 insert, using the BamHl and Bg /II sites (B). 
Following EcoRI and Hindlll digestion, the excised cassette was transfected 
with MHV -76 DNA into BHK -21 cells. Following homologous recombination, 
the GFP /M4INSRT -A cassette was incorporated into the left- terminus of 
MHV -76 to generate MHV- 76inM4GFP. 
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1414 ' 409 9785 9873 11036 

GFP MHV-76inM4GFP 

Figure 3.1.3. Schematic diagrams of the generation and expected structure 
of MHV- 76inM4GFP. Following a double crossover homologous 
recombination event, the GFP /M4INSRT -A cassette was incorporated into 
the left- terminus of MHV -76 to generate MHV- 76inM4GFP (A). The unique 
region of the MHV- 76inM4 genome, spanning from the terminal repeats to 
approximately 11 kb (MHV -68 nomenclature) is shown (B). The blue arrow 
represents ORF4, a gene with homologues in several other herpesviruses. 
The M4 gene is labelled in light green, with the GFP gene inserted upstream 
of the M4 ORF labelled in dark green. The genomic co- ordinates of specific 
positions are labelled in black above the relevant position, according to Virgin 
et al., (1997). 
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Following numerous rounds of single -plaque selection, the resultant purified mutant 

virus was analysed by Southern analysis and judged to have the desired genomic 

rearrangements with no detectable MHV -76 contamination. Generation and 

purification of MHV- 76inM4GFP was performed by Ms F. Wan. In addition, Ms F. 

Wan has previously demonstrated that MHV- 76inM4GFP replicates equivalently to 

MHV -76 and MHV -68 during single -step growth in vitro in BHK -21 cells (Wan, 

2002). However, following infection of immunocompetent BALB /c mice, MHV - 

76inM4GFP exhibited significant attenuation during the establishment of splenic 

latency, with respect to both MHV -76 and MHV -68 (Wan, 2002). 

3.1.3 Infection of Type I IFN receptor mice 

Following initial molecular and biological characterisation of MHV- 76inM4GFP, 

replication in vivo was analysed by infection of Type I IFN receptor "" mice, as it was 

speculated that the acute susceptibility of these mice to murine gammaherpesvirus 

infection would permit further assessment of the attenuation of MHV- 76inM4GFP 

observed following infection of BALB /c mice. Type I IFN receptor " mice infected 

with MHV -68 exhibit an enhanced productive infection, with lung titres 100 -1000- 

fold higher than those observed in immunocompetent mice. Moreover, the splenic 

latent load within Type I IFN receptor mice, as measured by ex vivo reactivation, is 

approximately 10 -fold higher than in immunocompetent mice (Dutia et al., 1999a). 

Therefore, it was surmised that infection of Type I IFN receptor " mice with MHV - 

76inM4GFP would be key to determining the nature of the profound deficit in 

splenic latency exhibited by MHV- 76inM4GFP. The defect in splenic latency could 

have been the result of latency establishment at a reduced level in comparison to 

MHV -76, or the result of MHV- 76inM4GFP being incapable of latency 

establishment or reactivation. To this end, Type I IFN receptor "i" mice were infected 

intranasally with 4 x 105 pfu of either MHV -68, MHV -76 or MHV- 76inM4GFP, 

with four mice infected per timepoint per virus. Organs were harvested at days 4 and 

11 post- infection, with infectious virus in the lung and latent, reactivatable virus in 

the spleen determined as described (sections 2.8.1 & 2.8.3). The data in figure 3.1.4C 

suggest that MHV- 76inM4GFP is attenuated during latency, as splenic latency is 

reduced in comparison to MHV -76 at day 4 post- infection. 
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Figure 3.1.4. Intranasal infection of Type I IFN receptor -'- mice with MHV -68, 
MHV -76 and MHV- 76inM4GFP (inM4GFP). Infectious virus in the lungs of 
infected mice at day 4 (A) and day 11 (B) post- infection was determined. 
Additionally, infective centre assays to determine levels of latent virus were 
performed on the spleens of infected mice at day 4 (C) and day 11 (D) post - 
infection. Infectious centre data excludes the contribution from preformed 
infectious virus. Each point represents the virus titre from an individual 
mouse. * denotes statistical significance with the non -parametric Mann - 
Whitney Test. The dashed line represents the limit of detection of the assay 
(10 PFU). 
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A defect in splenic latency is also evident at day 11 post- infection (figure 3.1.4D). At 

day 4, the difference was statistically significant with respect to MHV -76 (p= 0.0285, 

Mann - Whitney Test). Similarly, the level of MHV -76 infective centres was 

significantly increased with respect to MHV -68 (p= 0.0286, Mann- Whitney Test). In 

addition, lung titres from MHV- 76inM4GFP- infected mice at day 11 post- infection 

are reduced in comparison to MHV -76 (Figure 3.1.4B), suggesting that MHV - 

76inM4GFP is attenuated during both productive infection and splenic latency. 

However, at day 4 post- infection, lung titres from MHV- 76inM4GFP- infected mice 

were equivalent to MHV -76 and MHV -68. Notably, a caveat to the use of Type I 

IFN receptor "" mice in this experiment was the high mortality rate observed 

following intranasal inoculation with MHV -76; prior to day 11 post- infection, 2/8 

MHV -76- infected mice had succumbed to the infection. Consequently, it is not 

possible to draw firm conclusions from the available data. 

Nevertheless, the reactivation assay data from day 4 and day 11 post- infection 

suggest that MHV- 76inM4GFP is markedly attenuated with respect to MHV -76, in 

good agreement with previous data from infection of BALB /c mice (Wan, 2002). 

The increase in infective centres observed with MHV -76 infection at day 4 post - 

infection, with respect to MHV -68, is of note as it implies that MHV -76 is more 

virulent than MHV -68 at early times post- infection in Type I IFN receptor " "" mice 

(figure 3.1.4C). This is further supported by the observation that MHV -76- infected 

Type I IFN receptor " mice appear visibly less healthy than MHV -68- infected Type 

I IFN receptor "i" mice, and possibly exhibit an increased mortality rate. Importantly, 

in contrast to infection in immunocompetent mice, MHV- 76inM4GFP is clearly able 

to establish splenic latency in Type I IFN receptor " mice, as measured by ex vivo 

reactivation assay. This argues that the absence of reactivatable virus in the spleens 

of BALB /c mice is not the result of a deleterious mutation in MHV- 76inM4GFP that 

abrogates its ability to establish, or reactivate from, splenic latency. 
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3.1.4 Elucidation of the nature of attenuation of MHV- 76inM4GFP 

As noted, MHV- 76inM4GFP replicates equivalently to MHV -76 and MHV -68 

during single -step growth in vitro, establishing that M4 has no detectable influence 

on in vitro replication. Furthermore, in view of the genomic location of M4 within 

MHV -68, it is predicted that M4 is important for pathogenesis in vivo. Thus, it was 

feasible that the attenuation of MHV- 76inM4GFP was the result of M4 expression, 

as the function of M4 is unknown. However, concerns have been raised over the 

insertion of large expression cassettes under the control of strong foreign promoters 

(e.g. HCMV IE) within MHV -68, as evidence suggests they may have a detrimental 

effect on viral replication in vivo, but not in vitro. For example, mutant viruses with 

disruptions in the M1 ORF, generated through different mutagenesis strategies, have 

implicated bulky expression cassettes in influencing viral replication in vivo, but not 

in vitro; an Ml- deletion mutant of MHV -68, created through the insertion of a lacZ 

cassette, exhibited decreased viral titres in the spleen at days 4 and 9 post- infection. 

This is in contrast to an M1- deletion mutant of MHV -68 that did not possess a lacZ 

cassette, which replicated comparably to MHV -68 in vitro (Clambey et al., 2000). 

Similarly, an MHV -68 isolate cloned as an infectious bacterial chromosome (BAC), 

containing BAC vector sequences, was attenuated in vivo but not in vitro; this mutant 

was attenuated during both productive infection of the lung and splenic latency. The 

BAC vector sequence contained a GFP cassette to facilitate mutant virus selection. 

However, removal of the BAC vector sequences by Cre recombinase (as BAC vector 

sequences were flanked by loxP sites) led to the isolation of a mutant virus that 

behaved identically to MHV -68 in vivo (Adler et al., 2001). Moreover, an MHV -68 

mutant with a targeted disruption of the M3 ORF, via insertion of a lacZ cassette, 

exhibited a significant deficit in splenic latency, whereas a mutant virus employing a 

more subtle mutation did not exhibit this phenotype (Bridgeman et al., 2001; van 

Berkel et al., 2002). 

Thus, a further explanation was that the attenuated phenotype of MHV- 76inM4GFP 

was principally due to the activity of the HCMV immediate -early promoter driving 

GFP expression, or due to immune recognition of the GFP gene product. 

Alternatively, the phenotype of MHV- 76inM4GFP may have resulted from a distal 
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mutation undetectable by Southern analysis of the left- terminus of the MHV - 

76inM4GFP genome. To address this issue, two novel mutant viruses were 

generated, MHV -76M4A and MHV- M4AREV. 

3.1.5 Design of the recombination cassette for the generation of 

MHV -76M4A 

MHV -76M4A was created to assess whether the presence of the GFP cassette 

significantly influenced viral replication in vivo. Homologous recombination through 

a double crossover event with the pUC18 /76M4A cassette would remove the HCMV 

IE promoter and downstream GFP cassette from MHV- 76inM4GFP. Thus, the 

resulting virus (MHV -76M4A) would possess the M4 gene of MHV -68, expressed 

via its native promoter, on an MHV -76 background. The pUC18 -TR vector, 

containing the cloned PstI terminal repeat fragment, had the M4INSRT -A insert 

(figure 3.1.2) ligated between the BamHI and EcoRI sites in pUC18 as described 

previously. Following ligation, restriction endonuclease digestion confirmed that the 

M4 fragment was present in the correct orientation within pUC18-TR, with no 

undesirable insertions or deletions. Moreover, the entire cloned 76M4A insert was 

sequenced, and no base -pair substitutions were detected. 

3.1.6 Design of recombination cassette for the generation of 

MHV- M4AREV 

In addition, the left terminus of the MHV- 76inM4GFP genome was to be restored to 

that of MHV -76 through the construction of MHV- M4AREV, which would reveal 

whether the attenuation of MHV- 76inM4GFP was the result of a distal mutation in 

the viral genome. For generation of the MHV- M4AREV mutant virus, a pUC18- 

based construct, pUC18 /REV (provided by Dr T. Heckel [Dept. Veterinary 

Pathology, University of Edinburgh]) was utilised. In addition to the 1.2kb TR 

fragment inserted within the Pstl site, this construct contained a region of the MHV - 

68 genome (nt 9539- 10914) inserted between the BamHI and EcoRI sites, to 

facilitate homologous recombination. Both constructs were propagated with an 
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Endofree Maxiprep Kit (QIAGEN, UK) to provide adequate concentrations of 

plasmid DNA for transfection. 

3.1.7 Construction of MHV -76M4A and MHV- M4AREV 

As with the generation of MHV- 76inM4GFP, a homologous recombination strategy, 

utilising a double crossover event, was used for the generation of MHV -76M4A and 

MHV- M4AREV (figures 3.1.5 and 3.1.6). Prior to electroporation, both constructs 

were digested with HindIII and EcoRI to excise the recombination cassette from the 

plasmid, avoiding any recombination events that may lead to incorporation of 

plasmid DNA into the virus. BHK -21 cells were subsequently electroporated with 

5µg MHV- 76inM4GFP DNA and 10µg of digested vector DNA. Electroporated cells 

were overlayed with agar 24 hours post -transfection and GFP- negative plaques were 

harvested at 4 days post -transfection as described (section 2.8.5). As the MHV - 

76inM4GFP stock represented a pure population, viral plaques negative for GFP 

expression were assumed to be recombinants. Both mutant viruses were purified by a 

limiting dilution assay, as described (see section 2.8.6). Single plaques per well of a 

96 -well plate were harvested 5 days post- infection, with an aliquot of this viral 

plaque used to generate the next limiting dilution assay. Viral stocks were judged to 

be homogenous following four rounds of single plaque selection, and once no GFP - 

positive cells were visible by UV microscopy. 

3.1.8 Southern Analysis of MHV -76M4A and MHV- M4AREV 

Following purification of MHV -76M4A and MHV- M4AREV, both viral genomes 

were assessed by Southern analysis to confirm genomic rearrangements and to 

establish that both viral stocks represented a homogenous population, free of 

contaminating wild -type MHV- 76inM4GFP or genetically distinct subpopulations. 

MHV -76M4A and MI-IV-M4AREV were propagated in BHK -21 cells, from which 

viral DNA was extracted as described (see section 2.2.1). Purified viral DNA was 

subject to BamHI and EcoRI digestion before agarose gel electrophoresis and 

Southern analysis. Membranes were successively hybridised with an M4 sequence- 
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Figure 3.1.5. Cloning strategy for the generation of MHV -76M4A and MHV - 
M4AREV. The entire M4 ORF and flanking sequences were amplified by 
PCR with PfuTurbo DNA polymerase (Stratagene, UK) and cloned into the 
polylinker site (between BamHI and EcoRl sites) of pUC18-TR. Following 
homologous recombination, the M4INSRT -A cassette was incorporated into 
the left- terminus of MHV- 76inM4GFP, with a resultant loss of the GFP 
cassette (A). The left- terminus of the MHV- 76inM4GFP genome was reverted 
to that of MHV -76 following homologous recombination with an appropriate 
construct, creating MHV- M4AREV (B). 
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Figure 3.1.6. Overview of the structures of the left- termini of the MHV - 
76inM4GFP (A), MHV -76M4A (B) and MHV- M4AREV (C) genomes. The left- 
termini of the unique regions of the mutant virus genomes, spanning from the 
terminal repeats to approximately 11 kb (MHV -68 nomenclature) is shown. 
The blue arrow represents ORF4, a gene with homologues in several other 
herpesviruses. The M4 gene is labelled in light green, with the GFP gene 
inserted upstream of the M4 ORF in MHV- 76inM4GFP (B) labelled in dark 
green. In MHV- M4AREV (C), the light green box denotes a portion of non - 
coding M4 sequence (nt 9539 -9785). The genomic co- ordinates of specific 
positions are labelled in black above the relevant position, according to Virgin 
et al., (1997). 
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specific [a32P]dCTP- labelled probe (nt 8616 -9176) and a [a32P]dCTP- labelled probe 

generated from the HindIIIG fragment of MHV -68 (nt 11099 -16237) (Virgin et al., 

1997). Restriction endonuclease profiles of the left- termini of mutant virus genomes, 

in addition to the predicted fragment sizes hybridising to each probe, are shown in 

figure 3.1.7. Hybridisation data from the M4- sequence specific probe are shown in 

figure 3.1.8. Figure 3.1.8 demonstrates that the MHV -76 and MHV- M4AREV 

genomes do not possess any sequence able to hybridise with the M4 probe, as 

predicted. The M4 probe is specific for a region internal to M4, since a probe 

encompassing the entire M4 ORF would hybridise to the 246bp fragment of the 3' 

region of M4 present within MHV -76, and presumably within MHV- M4AREV. 

Southern analysis of the MHV- 76inM4GFP genome utilising the M4 probe yielded 

the expected result with the EcoRI digest, hybridising to a -9.5kb fragment bound to 

terminal repeats, as evidenced by a ladder of closely spaced high molecular weight 

bands. Notably, hybridisation to a single -11kb fragment from the BamHI digest 

indicates that the diagnostic BamHI restriction site, deriving from the polylinker 

region of pUC18, is present within the MHV- 76inM4GFP genome. However, figure 

3.1.8 demonstrates that the M4 probe hybridises with a - 9.5kb fragment of the 

MHV -76M4A BamHI digest bound to terminal repeats, since a ladder of closely 

spaced high molecular weight bands is evident in this sample. This indicates that the 

diagnostic BamHI site is absent, as its presence would result in detachment of 

terminal repeat units from the unique region of the viral genome upon BamHI 

digestion. This result was unexpected, as the homologous recombination event 

generating MHV -76M4A was predicted to incorporate a diagnostic BamHI 

restriction site derived from the pUC 18 polylinker region. However, as the M4 probe 

hybridised with a -8kb fragment of the MHV -76M4A EcoRI digest that is bound to 

terminal repeats, as predicted, it was surmised that MHV -76M4A contained a small 

insertion or deletion at the left terminus, with respect to the expected genomic 

structure. PCR analysis of the MHV -76M4A genome confirmed that no overt 

insertion or deletion had occurred immediately downstream of position 8616, as PCR 

amplification of MHV -76M4A DNA with the M4IN primer pair generated a distinct 

product of expected size. However, sequencing of MHV -76M4A DNA revealed that 

the unique region of the MHV -76M4A genome commenced at position 7882, in 
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Figure 3.1.7. Restriction endonuclease profiles for MHV -76 and mutant 
viruses. The predicted fragment sizes following digestion with BamHl and 
EcoRI, and the position of M4 and HindlIIG probe binding are labelled. +TRN 
denotes that hybridisation to this fragment will produce a laddering effect 
upon Southern analysis, due to hybridisation to fragments with variable 
numbers of a reiterated TR unit. The positions of restriction endonuclease 
sites (Bm, BamHI; Ec, EcoRl) used to evaluate mutant virus DNA are shown 
above. *This restriction site derives from a small region of the polylinker site 
of pUC18 introduced into mutant viruses following recombination. 
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Figure 3.1.8. Southern analysis of mutant virus genomes utilising an M4 
sequence- specific probe. Purified viral DNA was digested with BamHI and 
EcoRI, electrophoresed and blotted, prior to Southern hybridisation (see 
section 2.3). A [a32P]dCTP- labelled fragment of MHV -68, comprising a region 
internal to the M4 ORF (8616- 9176), was used for probing. A 1kb ladder was 
electrophoresed in parallel for estimation of fragment size. 
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contrast to the predicted position of 7414 (MHV -68 sequence) (Virgin et al., 1997). 

Thus, the recombination event had excised 468bp of MHV -68 sequence, in addition 

to the GFP cassette. Nevertheless, as the MHV-76M4A genome contained the entire 

predicted M4 ORF, with more than 500bp upstream, it was possible that MHV - 

76M4A would be capable of M4 expression. 

Hybridisation with a [a32P]dCTP- labelled probe generated from the HindIIIG 

fragment of MHV -68 was performed to further confirm the genomic rearrangements 

at the left- termini of the mutant virus. The results from HindIIIG probing are shown 

in figure 3.1.9. The results for MHV -76 and MHV- 76inM4GFP match those 

expected, whilst HindIIIG probing of MHV-76M4A DNA gave results consistent 

with those obtained by M4 probing; the absence of the diagnostic BamHI site is 

apparent upon HindIIIG probing of the BamHI digest. However, as observed with 

MHV- 76M4A, the expected diagnostic BamHI restriction site appears to be absent 

from MHV- M4AREV. Akin to MHV- 76M4A, no obvious inconsistencies are 

evident following HindIIIG probing of the EcoRI digest, suggestive of a minor 

insertion/deletion with respect to the expected genomic structure at the left -terminus. 

This was of particular concern due to the proximity of ORF4, which has been 

demonstrated to encode a protein with homology to host regulator of complement 

activation (RCA) proteins. The ORF4 gene product is able to inhibit complement 

activation and is found in both secreted and membrane -bound forms, potentially 

protecting virions and virally- infected cells from complement- mediated lysis 

(Kapadia et al., 1999). A deletion in this region could have a deleterious effect on 

ORF4 expression, possibly resulting in an alteration in viral pathogenesis in vivo. 

Clearly, this would complicate further analysis of the nature of MHV- 76inM4GFP 

attenuation. However, sequencing of the left -terminus of the MHV- M4AREV 

genome revealed that the absence of the diagnostic BamHI restriction site was the 

result of additional MHV -68 sequence upstream of position 9539. Sequencing of 

MHV- M4AREV DNA established that additional sequence similarity with MHV -68 

extended several hundred nucleotides upstream, to at least position 9341. However, 

failure of MHV- M4AREV DNA to hybridise with the M4 probe suggests that the 
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Figure 3.1.9. Southern analysis of mutant virus genomes utilising an MHV - 
68 HindIIIG- fragment probe. Purified viral DNA was digested with BamHI and 
EcoRI, electrophoresed and blotted, prior to Southern hybridisation (see 
section 2.3). A [a32P]dCTP- labelled fragment of MHV -68 (HindIIIG fragment), 
comprising an extensive region at the left terminus of the MHV -76 genome 
(nt 11099- 16237), was used for probing. A 1kb ladder was electrophoresed 
in parallel for estimation of fragment size. 
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sequence similarity does not extend significantly beyond position 9176. Thus, the 

sequencing and Southern analysis data suggested that the additional sequence at the 

left- terminus of the MHV- M4AREV genome would not significantly influence viral 

replication in vivo, since the M4 ORF had been disrupted, whilst leaving ORF4 

unaffected. 

3.1.9 Northern Analysis 

Considering the unexpected genomic structure of MHV-76M4A revealed by 

Southern analysis, it was paramount to establish that MHV -76M4A was capable of 

M4 expression, as the promoter elements of M4 are uncharacterised, and may have 

been deleted upon generation of MHV -76M4A; the homologous recombination 

event generating MHV -76M4A was predicted to retain a 995bp stretch of DNA 

directly preceding the M4 ORF, to incorporate putative promoter elements necessary 

for M4 transcription. However, the inclusion of 995bp was a generous estimate in 

comparison to many characterised herpesviral promoters, thus, there remained a 

strong possibility that M4 expression would be unaffected by the absence of the 

initial 468bp of the 995bp region. To analyse M4 expression by MHV -76M4A, 

Northern analysis was performed. To this end, 1 x 107 C127 cells were infected with 

either MHV -68, MHV -76, MHV- 76inM4GFP, MHV -76M4A or MHV- M4AREV at 

an MOI of 10 for 16 hours, before the infected cells were harvested and total RNA 

extracted using RNAwiz (Ambion, UK) (see section 2.5.1). Total cellular RNA was 

electrophoresed, blotted onto nylon membranes and subsequently hybridised with a 

[a32P]dCTP- labelled double -stranded DNA probe, corresponding to a region internal 

to the M4 ORF (nt 8616- 9176). The results of Northern analysis are shown in figure 

3.1.10. Figure 3.1.10 demonstrates hybridisation of the M4 sequence- specific probe 

to a distinct -4.5kb transcript in the MHV -68, MHV- 76inM4GFP and MHV -76M4A 

samples. Thus, MHV -76M4A expresses an M4 transcript of equivalent size to MHV - 

68 in vitro. The observed M4 transcript size of -1.5kb is in good agreement with the 

predicted size of the unspliced M4 ORF (1376bp in length) (Virgin et al., 1997), 

strongly suggesting that the mature M4 transcript is indeed unspliced. Although this 

assay is not quantitative, there is a suggestion that M4 expression by MHV - 

76inM4GFP is reduced in comparison to MHV -68 or MHV -76M4A, as the 
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Figure 3.1.10. Northern analysis of RNA (10[1g /lane) harvested from infected 
C127 cells harvested at 16 hours post- infection. Following blotting, the 
membrane was hybridised with a [a3 P]dCTP- labelled probe specific for the 
M4 ORF and exposed to X -ray film for 24 hours. The rRNA was visualised 
prior to Northern blotting to control for RNA loading and RNA integrity. 
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hybridisation signal from this sample is significantly less intense. This observation is 

supported by transcriptoine analysis of MHV- 76inM4GFP through microarray 

analysis, which suggested M4 expression is significantly reduced in comparison to 

that of MHV -68 (Ebrahimi, B., personal communication). Notably, the possibility 

exists that the M4 probe hybridises to an additional MHV- 76inM4GFP transcript, as 

a band of -2.4kb is evident which appears to be of equivalent density to the band 

corresponding to the ' 1.5kb transcript. However, whether this additional 

hybridisation signal represents a bona -fide transcript, is debatable. As expected, 

figure 3.1.10 demonstrates that no hybridisation was detectable in the mock -infected, 

MHV -76 and MHV- M4AREV samples, confirming that these two viruses do not 

express the M4 transcript. Subsequently, the membrane was hybridised with a 

[a32P]dCTP- labelled probe specific for chicken (3- actin, which has previously been 

demonstrated to hybridise efficiently to murine (3 -actin (Wakeling et al., 2001). 

However, the hybridisation results were inconsistent with the data generated with the 

M4 probe, with several samples positive for M4 transcription yet negative for 13 -actin 

expression. This is suggestive of virus -induced shutoff of host transcription, as has 

previously been observed with MHV -68 infection (Ebrahimi et al., 2003). Therefore, 

rRNA was used to control for RNA loading and integrity between samples. Northern 

analysis established that despite minor inconsistencies in genomic structure, the 

presence and absence of M4 transcription by MHV-76M4A and MHV- M4AREV, 

respectively, confirmed the usefulness of these mutant viruses in investigating the 

attenuation of MHV- 76inM4GFP. 

3.1.10 Analysis of MHV -76M4A and MHV- M4AREV in vivo 

Collectively, the data obtained from sequencing of viral DNA, Northern analysis and 

Southern analysis confirmed the suitability of MHV -76M4A and MHV- M4AREV 

for further investigation of the MHV- 76inM4GFP phenotype. Consequently, the 

replication of these mutant viruses was assessed in vivo via intranasal infection of 

Type I IFN receptor mice with 4 x 105 pfu of either MHV -68, MHV -76, MHV - 

76inM4GFP, MHV -76M4A or MHV- M4AREV, with five to six mice infected per 

timepoint per virus. Organs were harvested 9 days post- infection, as this timepoint 
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was speculated to be informative with regards to both productive infection and 

splenic latency. Infectious virus in the lung and latent, reactivatable virus in the 

spleen was determined as described (see sections 2.8.1 & 2.8.3). All in vivo 

infections and in vitro assays were performed in duplicate, although widespread 

bacterial contamination in one ex vivo reactivation assay precluded its use in the 

analysis of splenic latency. The results, shown in figures 3.1.11, are in agreement 

with previous data concerning the attenuation of MHV- 76inM4GFP; lung titres and 

infective centres from MHV- 76inM4GFP- infected mice are generally reduced in 

comparison to MHV -76 and MHV -68. Consistent with previous observations, MHV - 

76- infected mice exhibited a high mortality rate in comparison to mice infected with 

the other viruses, with a total of 4/11 mice succumbing to MHV -76 infection before 

day 9 post- infection. In contrast, all mice infected with MHV -68, MHV - 

76inM4GFP, MHV -76M4A or MHV- M4AREV survived until day 9 post- infection 

and appeared visibly healthier than the surviving MHV -76- infected mice. In this 

respect, there appeared to be an observable difference in virulence between MHV -76 

and MHV- M4AREV in Type I IFN receptor -I- mice. The ex vivo reactivation assay 

data also suggest that MHV- M4AREV is phenotypically distinguishable from MHV - 

76 following infection of Type I IFN receptor -I- mice, as MHV- M4AREV exhibits a 

>10 -fold decrease in infective centres in comparison to MHV -76 at day 9 post - 

infection (figure 3.1.11C),. Moreover, lung titre data (Figure 3.1.11A) suggests that 

MHV- M4AREV is attenuated in comparison to MHV -76 during productive 

infection. However, the increased mortality of MHV -76- infected mice, and the 

variability between lung titres from MHV -76- infected mice in the duplicate 

experiment (Figure 3.1.11B) hampers interpretation of the data, preventing statistical 

analysis. Nevertheless, the differences observed during productive infection, splenic 

latency and mortality imply that MHV- M4AREV does not recapitulate the 

phenotype of MHV -76 as expected. Thus, the most probable explanation for the 

attenuation of MHV- 76inM4GFP is that a distal mutation in the viral genome, 

undetectable by Southern analysis of the left- terminus of the genome, has a 

deleterious effect on viral replication and pathogenesis in vivo. The presence of this 

attenuating distal mutation in the MHV- M4AREV genome would explain the 

attenuation of MHV- M4AREV in comparison to MHV -76. The aforementioned 
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Figure 3.1.11. Intranasal infection of Type I IFN receptor 4" mice with MHV - 
68, MHV -76, MHV- 76inM4GFP (inM4GFP), MHV-76M4A (76M4A) and MHV - 
M4AREV (M4A -REV). Infectious virus in the lungs of infected mice at day 9 
(A) and in the repeat experiment (B) is shown. denotes these samples were 
obtained from infected mice that succumbed to infection shortly before 
sampling (within 24 hours). The dashed line represents the limit of detection 
of the assay (10 PFU). Infective centre assays to determine levels of latent 
virus were performed on the spleens of infected mice from the repeat 
experiment at day 9 (C), although the numbers of infective centres recovered 
from the spleens of MHV -68- infected mice were above the level of 
quantification in this assay. Infectious centre data excludes the contribution 
from preformed infectious virus. Each point represents the virus titre from an 
individual mouse. The solid line indicates the median virus titre of each 
group. 
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limitations of the experiment necessitate further study to unequivocally confirm this. 

Perhaps analysis of the mutant viruses within immunocompetent mice would more 

easily distinguish the phenotypes of MHV -76 and MHV- M4AREV. In addition, 

analysis of viral replication during multi -step growth in vitro would be of use to 

confirm that the phenotype of MHV- M4AREV was not solely due to a deficit in viral 

replication in vitro. 

Interestingly, the data in figure 3.1.11A and 3.1.11C suggest that MHV-76M4A is 

more pathogenic than MHV- 76inM4GFP in vivo, as infective centres from MHV - 

76M4A- infected mice are significantly elevated with respect to MHV- 76inM4GFP 

(p= 0.0043, Mann Whitney Test). This may imply that the HCMV IE promoter /GFP 

cassette may deleteriously influence viral replication in vivo. Moreover, assuming 

that a distal mutation is present within MHV- 76inM4GFP, and presumably MHV - 

76M4A and MHV- M4AREV, the data in figure 3.1.11A and 3.1.11C suggest that the 

M4 gene product may énhance viral replication in vivo, as MHV -76M4A infective 

centres are significantly increased with respect to MHV- M4AREV (p= 0.0022, 

Mann - Whitney Test). Given the data from Southern analysis and infection of Type I 

IFN receptor 4- mice, it was decided that the mutant viruses would be unsuitable for 

further study of the contribution the M4 gene product makes to pathogenesis in vivo. 
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3.2 Generation and molecular characterisation of MHV- 76inM4 

3.2.1 Aims 

Genomic and biological characterisation of MHV -76M4A and MHV- M4AREV 

strongly suggested that both these mutant viruses contained an attenuating mutation 

distal to the left- termini of the viral genomes. Moreover, the undesirable genomic 

rearrangements at the left- termini of both viral genomes could potentially be 

problematic for further analysis of the role of the M4 gene product in in vivo 

pathogenesis. Thus, it was decided that an additional mutant MHV -76 virus (MHV - 

76inM4), expressing the M4 gene of MHV -68, would be generated. A homologous 

recombination strategy would be employed as for the generation of MHV -76M4A. 

Moreover, as the entire M4INSRT -A sequence (nt 7414 -10914) had previously 

recombined into MHV -76 to generate MHV- 76inM4GFP, it was assumed that the 

undesirable genomic rearrangement producing the MHV -76M4A genotype was an 

indiscriminate recombinatorial event. Thus, by employing a more stringent screening 

process for the selection of mutant viruses, it was predicted that the purification of an 

M4- expressing recombinant MHV -76 virus, with the expected genomic structure, 

would be attainable. 

Standard techniques for the selection of recombinant viruses include the insertion of 

specific marker genes, such as lacZ (van Dyk et al., 2000; Jacoby et al., 2002), GFP 

(Vieira et al., 1998; Adler et al., 2000), or genes encoding antibiotic resistance, 

permitting the positive selection of mutant viruses (Herrold et al., 1996; Vieira et al., 

1998). However, in vivo data concerning MHV- 76inM4GFP and observations from 

previous studies (Clambey et al., 2000; Adler et al., 2001; Jacoby et al., 2002) 

suggest that the presence of foreign DNA at the left- terminus of the viral genome 

may result in alterations of viral transcription profiles due to the presence of the 

HCMV IE promoter (required for marker gene expression), detrimentally affecting 

the expression of neighbouring genes. Therefore, it was decided that only MHV -68 

viral sequences would be introduced into MHV -76 to generate MHV- 76inM4. As a 

consequence, a PCR -based screening method was employed to aid in purification of 
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MHV- 76inM4, since no marker genes were introduced to allow rapid selection of 

recombinant viruses. 

3.2.2 Design of the recombination cassette for the insertion of 

M4 into MHV -76 

The recombination cassette used for the generation of MHV- 76inM4 was derived 

from the pUC 18/M476A construct, which was used for the generation of MHV - 

76M4A. This construct contained the 1.2kb cloned terminal repeat fragment inserted 

within the Pstl site of pUC18, and the M4INSRT -A insert, comprising the entire 

predicted M4 ORF (nt 8409 -9785) (Virgin et al., 1997), downstream sequence to 

facilitate homologous recombination (nt 9786 -10914), and an additional 995bp 

upstream from the predicted translational start site of M4 for the inclusion of putative 

promoter elements (nt 7414 -8409) (see figure 3.1.5). The -4.7kb recombination 

cassette was then excised from the pUC 18/M476A construct by digestion with the 

restriction endonucleases Hindlll and EcoRI prior to transfection to avoid any 

recombination events leading to the incorporation of pUC18 plasmid sequence into 

MHV -76. 

3.2.3 Construction and purification of MHV- 76inM4 

To generate MHV- 76inM4, BHK -21 cells were transfected with 51.,tg of MHV -76 

DNA and 101kg of digested pUC18 /M476A construct DNA by electroporation as 

described (see section 2.8.4). Transfected cells were diluted in a background of 

untransfected BHK -21 cells to the following ratios: 1:2; 1:5; 1:10 and 1:20. The cell 

suspensions were then transferred to wells of 96 -well microtiter plates, with -1 x 104 

cells added per well (assuming 50% of transfected cells remained viable). Cells were 

incubated for five days before single viral plaques within individual wells were 

harvested. As no marker gene had been introduced into the left- terminus of the 

MHV- 76inM4 genome, a PCR -based screening method was necessary for efficient 

purification of MHV- 76inM4. To this end, single viral plaques were harvested, and 

DNA was extracted as described (see section 2.8.6). For detection of the M4 gene, 

the M4IN primer pair (nt 8616 -9176) was used. To ensure that viral DNA was 

present in the sample, PCR was performed with primers specific to the Rta (ORF50) 
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gene (RtaIN primer pair, nt 68483 -68838) of MHV -68. Single plaques positive for 

the M4 and Rta genes by PCR were subject to further PCR analysis to provide 

preliminary data about the genomic position of the recombination cassette. DNA 

from wells containing single plaques was subject to PCR analysis with the M4IN- 

S/ORF4R-A primer pair (nt 8616 -11192); the ORF4R -A primer corresponds to a 

region of the MHV -76 genome downstream of the predicted insertion site of the 

recombination cassette. Two independent isolates were chosen for evaluation 

(isolates 3 and 10), the results of which are shown in figure 3.2.1. The predicted 

genomic structure of MHV- 76inM4 would yield a 2559óp product with the M4IN- 

S/ORF4R-A primer pair. Figure 3.2.1 suggests that both isolates 3 and 10 contain the 

M4INSRT -A insert in the correct orientation and genomic location, as products of 

expected size are evident with both isolates. Both isolates were further purified 

through the use of a limiting dilution assay (LDA) on BHK -21 cells (see section 

2.8.4). This limiting dilution assay was performed five times to purify MHV - 

76inM4, by which time all viral plaques derived from LDA analysis of MHV - 

76inM4 stocks were uniformly positive for both M4 and Rta by PCR, suggesting that 

the candidate MHV- 76inM4 stocks did not contain obvious wild -type MHV -76 

contamination. However, as this approach would only detect overt MHV -76 

contamination, and since no marker gene had been incorporated into the MHV - 

76inM4 genome to permit visualisation of infected monolayers for MHV -76 

contamination, additional assays were necessary. Preliminary data from Southern 

analysis suggested that both the MHV- 76inM4 isolate 3 and isolate 10 stocks were 

free from wild -type MHV -76, as evidenced by overexposure of membranes 

hybridised with a [a32P]dCTP- labelled probe generated from the HindIIIG fragment 

of MHV -68. 

3.2.3.1 PCR amplification for the detection of MHV -76 contamination 

To further establish that the MHV- 76inM4 stocks (isolates 3 and 10) did not contain 

detectable wild -type MHV -76, purified MHV- 76inM4 viral DNA was subject to 

PCR analysis with the TRPT- S /M4B -A primer pair (nt 119382 -9786), which 

amplifies a 315bp product from genomic MHV -76 DNA spanning from the 
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Figure 3.2.1. PCR -based screening of single plaque isolates for preliminary 
analysis of mutant virus genomic structures. DNA extracted from two 
independent single plaque picks (isolates 3 and 10) was subjected to PCR 
with the M4IN- S /ORF4R -A primer pair. PCR products were analysed on a 
1% TAE -agarose gel. The sizes of molecular weight markers in bp are shown 
on the left. ( -), H2O negative control; ( +), MHV- 76inM4GFP control DNA; 
ISOL.3, MHV- 76inM4 isolate 3; ISOL.10, MHV- 76inM4 isolate 10. 
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innermost terminal repeat at the 5' -end of the genome to the 3' -end of the non - 

coding M4 fragment. It was surmised that this PCR -based screening method would 

be significantly more sensitive than Southern blot overexposure for detecting MHV - 

76 contamination. PCR amplification using the TRPT- S /M4B -A primer pair detects 

an insertion within the left- terminus of the MHV -76 genome as a product of 

increased molecular weight. Consequently, optimisation of PCR reaction conditions 

allows the detection of a single product corresponding specifically to MHV -76 

contamination. The results of PCR analysis of the MHV- 76inM4 stocks (isolates 3 

and 10) to detect MHV -76 contamination are shown in figure 3.2.2. Figure 3.2.2 

demonstrates that the MHV- 76inM4 (iso1.10) stock contained MHV -76 

contamination as a -315bp sized fragment was amplified from this sample, of 

equivalent size to that observed with PCR amplification of MHV -76 DNA. 

Therefore, the PCR -based assay exhibits increased sensitivity in comparison to 

Southern analysis, as no detectable MHV -76 contamination was evident in the 

MHV- 76inM4 (iso1.10) stock with the latter assay. Notably, the MHV- 76inM4 

(iso1.3) stock did not produce a detectable -315óp product following PCR 

amplification, establishing that MHV -76 contamination in this virus stock is 

negligible or absent. As a consequence, it was decided that MHV- 76inM4 (iso1.3), 

but not MHV- 76inM4 (iso1.10), would be suitable for use in subsequent experiments. 

Future references to MHV- 76inM4 therefore refer to the MHV- 76inM4 (iso1.3) 

mutant virus, unless otherwise stated. 

3.2.4 Generation of MHV- 76.Rev 

To confirm that any phenotype observed with MHV- 76inM4 is specifically the result 

of the M4 gene product, and not the result of a spurious mutation elsewhere in the 

viral genome, the left- terminus of the MHV- 76inM4 genome was to be restored to 

that of MHV -76, generating MHV- 76.Rev. Assuming that any phenotype of MHV - 

76inM4 is the result of the M4 gene product, then MHV -76 and MHV- 76.Rev would 

be predicted to replicate equivalently in vitro and in vivo. Notably, the generation of 

MHV- 76.Rev required that the MHV- 76inM4 stock be free of contaminating MHV - 

76, as wild -type MHV -76 present within the MHV- 76inM4 stock could feasibly be 
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Figure 3.2.2. PCR -based screening of MHV- 76inM4 stocks for wild -type 
MHV -76 contamination. DNA was extracted from two independent mutant 
virus stocks (isolates 3 and 10) and subjected to PCR with the TRPT- S /M4B- 
A primer pair. PCR products were analysed on a 1% TAE -agarose gel. The 
sizes of molecular weight markers in bp are shown on the left. ( -), H2O 
negative control; MHV -76 ( +), MHV -76 stock DNA; ISOL.3, MHV- 76inM4 
isolate 3; ISOL.10, MHV- 76inM4 isolate 10. 

131 



CHAPTER THREF RFSULT5 

purified in place of MHV- 76.Rev, as the genomic structures of MHV -76 and MHV - 

76.Rev should be identical. To circumvent this, one study analysed the number of 

reiterated internal repeats to determine whether rescuant viruses were derived from 

MHV -76 or wild -type MHV -68 (Macrae et al., 2001); internal repeat copy number is 

an established method for evaluating the clonality and origin of viral isolates 

(Bornkamm et al., 1980). However, as the mutant viruses utilised in this study all 

originate from MHV -76, it was believed that the copy number of reiterated internal 

repeats would not differ significantly between viruses, as the rescuant viruses 

generated by Macrae et al., (2001) contained copy numbers of the 100bp internal 

repeat equivalent to MHV -76. Thus, it seemed improbable that the origin of MHV - 

76.Rev could be elucidated by this method; it was therefore key to establish that the 

MHV- 76inM4 stock contained no detectable MHV -76 (figure 3.2.2). 

3.2.4.1 Design of the recombination cassette for the generation of 

MHV- 76.Rev 

The recombination cassette used for the generation of MHV- 76.Rev derived from a 

cosmid clone (clone cM 1), encompassing the left- terminus of the MHV -76 genome 

(nt 115165- 26842, MHV -68 sequence) (Macrae et al., 2001). The recombination 

cassette employed flanking sequences larger than those used for the generation of 

MHV- M4AREV, due to the unpredictable recombination events encountered during 

the generation of MHV- M4AREV. It has been demonstrated that equivalent -sized 

cosmid based recombination cassettes allow the efficient generation of recombinant 

murine gammaherpesviruses (Macrae et al., 2001; Macrae et al., 2003). 

3.2.4.2 Construction and purification of MHV- 76.Rev 

To generate MHV- 76.Rev, BHK -21 cells were transfected with 101Lig of MHV - 

76inM4 DNA and 10µg of cosmid clone cMl (Macrae et al., 2001) by 

electroporation as described (see section 2.8.4). Transfected cells were diluted in a 

background of untransfected BHK -21 cells to the following ratios: 1:2; 1:5; 1:10 and 

1:20. The cell suspensions were then transferred to wells of 96 -well microtiter plates, 

with -1 x 104 cells added per well (assuming 50% of transfected cells remained 

viable). Following incubation at 37 °C for five days, individual wells containing 
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single viral plaques were harvested and DNA extracted as described (see section 

2.8.6). As with MHV- 76inM4 purification, a PCR -based screening method was 

employed since no marker gene had been inserted or lost during the generation of 

MHV- 76.Rev. It was initially believed that this approach would readily yield single 

plaques negative for M4 by PCR, as high recombination frequencies were observed 

during MHV- 76inM4 generation. Unexpectedly, MHV- 76.Rev isolates analysed 

were uniformly positive for M4 and Rta (48/48); this was initially believed to have 

resulted from poor transfection efficiency. However, PCR amplification utilising the 

TRPT- S /M4B -A primer pair (for the detection of MHV -76) gave positive results for 

several isolates, suggesting that the transfection had been efficient. As demonstrated, 

the MHV- 76inM4 stock was negative for MHV -76 by PCR with the TRPT- S /M4B- 

A primer pair (figure 3.2.2), strongly suggesting that any purified MHV- 76.Rev virus 

would be derived from MHV- 76inM4. Thus, although conventional PCR 

demonstrated MHV- 76inM4 contamination in all isolates, it was unable to determine 

whether MHV- 76inM4 represented the major viral population. For this reason, a 

multiplex PCR assay was employed to assist in differentiating isolates with minor 

MHV- 76inM4 contamination from those with overt contamination (see section 

2.4.2). 

3.2.4.3 Multiplex PCR analysis of MHV- 76.Rev isolates 

The multiplex PCR assay utilised the M4IN and RtaIN primer pairs within the same 

reaction, generating two distinct products; the M4IN primer pair amplifies a 560bp 

product and the RtaIN primer pair amplifies a 355bp product. This approach was not 

expected to be problematic due to the distance between the primer pair binding sites 

on the MHV- 76inM4 genome ( >50kb separation). The assay was optimised such that 

the M4 and Rta PCR products were amplified with equivalent efficiency within the 

same PCR reaction, using the MHV- 76inM4 stock DNA as a control; the MHV - 

76inM4 stock has been demonstrated to be free of MHV -76 by PCR, thus both 

primer pairs should have an equal target sequence copy number. To ensure that the 

M4 /Rta PCR products did not reach saturation during amplification, which could 

reduce the sensitivity of the assay, a limiting number of cycles were performed. The 

48 candidate MHV- 76.Rev isolates positive for M4 by conventional PCR were 
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subsequently analysed using the multiplex PCR assay. Figure 3.2.3A shows the 

results for 21/48 isolates screened by M4 /Rta multiplex PCR, and includes those 

selected for further purification. Figure 3.2.3A implies that isolates 4, 5, 10, 12, 16 

and 18 have an increased target sequence copy number for the RtaIN primer pair in 

comparison to the M4IN primer pair, indicating that MHV- 76.Rev may represent the 

major viral population in these isolates. Consequently, isolates 4, 5, 10, 12, 16 and 18 

were purified further by limiting dilution assay (see section 2.8.6). Following one 

round of single plaque selection by LDA assay, only isolates 5, 16 and 18 gave 

multiplex PCR results consistent with a reduction in MHV- 76inM4 contamination; 

single plaques analysed from the remaining isolates consistently produced M4 and 

Rta PCR products of similar intensity when visualised by gel electrophoresis, 

signifying purification of MHV- 76inM4 (figure 3.2.3B). Therefore, only isolates 5, 

16 and 18 were chosen for further purification. Following three further rounds of 

single plaque selection by LDA assay, all viral plaques deriving from MHV- 76.Rev 

isolates 16 and 18 had no detectable MHV- 76inM4, as determined by PCR (figure 

3.2.3B). Subsequently, isolates 16 and 18 were purified a further 3 times by LDA 

assay to ensure a homogenous population, as it was feasible that a genetically - 

distinct subpopulation not detectable by multiplex PCR could be present. 

3.2.5 Molecular characterisation of MHV- 76inM4 and MHV- 76.Rev 

3.2.5.1 Restriction endonuclease profiles of MHV- 76inM4 

and MHV- 76.Rev 

Viral DNA was extracted from infected BHK -21 cells (see section 2.2.1) prior to 

diagnostic BamHI, EcoRI and BglII digestions. Restriction endonuclease digestion of 

the mutant virus DNA would provide data concerning extensive genomic 

rearrangements and viral DNA integrity. Digested viral DNA (see section 2.3.1) was 

electrophoresed through a 0.8% TAE -agarose gel containing 0.51A,g /m1 ethidium 

bromide and visualised under short -wave ultraviolet light. In addition to MHV -76 

and MHV- 76inM4 (isolate 3), the restriction fragment profiles of both purified 

MHV- 76.Rev isolates (16 and 18) were determined (figure 3.2.4). Restriction 

fragment analysis produced similar results for MHV- 76inM4 and MHV -76 with the 
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Figure 3.2.3. Purification of MHV- 76.Rev by multiplex PCR analysis for the 
M4 and Rta genes of MHV -68. (A) Single viral plaques were harvested five 
days post- transfection, and analysed for the presence of M4 and Rta by 
multiplex PCR. Single plaque isolates are denoted numerically (1 -21). (B) 
Following 1 round (isolates 10, 4) or 4 rounds (isolates 5, 16, 18) of LDA 
purification, single plaque isolates were analysed for the presence of M4 and 
Rta by multiplex PCR. LDA -purified single plaques are denoted numerically 
(isol. 4, 5, 10, 16, 18) as in (A). Multiple single plaques derived from LDA 
purification are labelled in parenthesis [e.g. (1), (2), (3), etc.]. PCR products 
were analysed on a 1% TAE -agarose gel. The sizes of molecular weight 
markers in bp are shown on the left. 
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Figure 3.2.4. Restriction endonuclease profiles of MHV- 76inM4, MHV - 
76.Rev isolates 16 and 18 and MHV -76 virion DNAs. Digested virion DNAs 
were analysed by electrophoresis through a 0.8% agarose gel. Molecular 
size markers and their sizes in base pairs are indicated to the left. > denotes 
a restriction fragment unique to the MHV- 76.Rev isolate 16 genome. 
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BamHI, EcoRI and BglII digestions. However, the results from the BglII digests 

demonstrate that MHV- 76.Rev isolate 16 is genomically distinct from MHV -76; 

specifically, a -7kb fragment is evident in the MHV- 76.Rev isolate 16 BglII digest 

but not in the MHV -76 or MHV- 76.Rev isolate 18 BglII digests. Thus, it seems 

likely that an undesirable genomic rearrangement has occurred during the generation 

or purification of this mutant virus. The exact genomic rearrangement remains 

undefined, although Southern analysis of the MHV- 76.Rev isolate 16 genome 

suggested an insertion within the MHV -68 EcoRI C fragment (nt 14269- 25639) 

(Virgin et al., 1997). Nevertheless, as the MHV- 76inM4 and MHV- 76.Rev isolate 18 

restriction profiles matched those predicted by sequence analysis, these mutant 

viruses were selected for further study. Future references to MHV- 76.Rev therefore 

refer to the MHV- 76.Rev isolate 18 mutant virus, unless otherwise stated. 

3.2.5.2 Southern analysis of MHV- 76inM4 and MHV- 76.Rev 

Viral DNA was extracted from infected BHK -21 cells (see section 2.2.1) and 

Southern analysis was performed using the following diagnostic restriction 

endonuclease digestions. The genomic structure of MHV- 76inM4 at the left -terminus 

was determined by Southern analysis using purified viral DNA digested with BamHI, 

and a double digestion with NotI and BglII. Figure 3.2.5 details the restriction 

endonuclease map of the left -terminus of the MHV- 76inM4 genome for the enzymes 

BamHI, NotI and BglII. Hybridisation with a [a32P]dCTP- labelled M4 sequence - 

specific probe (nt 8616 -9176) yielded the expected 9.8kb fragment with the BamHI 

digest (figure 3.2.7). This fragment size matched that expected following an -2kb 

insertion in MHV -76. Moreover, hybridisation to one distinct fragment was 

consistent with an additional BamHI site present in MHV- 76inM4, as this would 

result in detachment of terminal repeat units from the unique region of the viral 

genome upon BamHI digestion. This was as predicted, as a small region of the 

polylinker site of pUC 18 (between the terminal repeat and M4 fragments) was 

expected to be present in MHV- 76inM4. Furthermore, the M4 probe hybridised to 

the expected 6.2kb fragment from the NotI / BglII digest (figure 3.2.7). To 

unequivocally confirm the positioning and orientation of the M4 insertion, and to 

assess whether any undesirable genomic rearrangements had occurred at the left- 
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terminus of the MHV- 76inM4 genome that may not have been detected with the M4 

probe, a [a32P]dCTP- labelled fragment of MHV -68 (HindIIIG fragment, nt 11099- 

16237) was used for probing. As expected, hybridisation to fragments of predicted 

size followed HindIIIG probing; the HindIIIG probe hybridised to a 9.8kb fragment 

from the BamHI digest, matching the results seen with the M4 probe. Furthermore, 

hybridisation to the predicted 5.3kb and 6.2kb fragments from the NotI /BglII digest 

confirmed the M4 fragment had recombined in the correct location. Results from 

Southern blot analysis matched those predicted by sequence analysis exactly, 

verifying that the genomic structure at the left- terminus of the MHV- 76inM4 

genome was as predicted. Moreover, sequencing of purified MHV- 76inM4 DNA 

established that the insert had recombined in precisely the correct position, with no 

undesirable insertions or deletions detected. Figure 3.2.6 details the restriction 

endonuclease map of the left -termini of the MHV -76 / MHV- 76.Rev genomes for the 

enzymes BamHI, NotI and Bg[II. MHV- 76.Rev viral DNA was subject to digestion 

with BamHI, and a double digestion with NotI and EcoRI, prior to Southern blot 

analysis. Probing with a [a32P]dCTP- labelled M4 sequence -specific probe yielded no 

detectable hybridisation to either digested MHV -76 or MHV- 76.Rev DNA, 

validating the multiplex PCR data. This further established that MHV- 76.Rev 

contained no detectable M4 sequence (with the exception of the 246bp fragment of 

the 3' region of M4 ,present within MHV -76), and that the stock was free of 

contaminating MHV- 76inM4. The HindIIIG probe hybridised to the predicted 8.9kb 

fragment from the BamHI digest, with terminal repeat laddering visible above this 

size (indicative of variable terminal repeat copy number) (figure 3.2.7). This banding 

pattern is consistent with the loss of the diagnostic BamHI site in MHV- 76inM4, and 

further establishes that MHV- 76inM4 contains a -2kb insertion at the left -end of the 

genome. Furthermore, the HindIIIG probe hybridised to the expected 5kb and 7.5kb 

fragments from the NotI/EcoRI digest. Southern analysis of digested MHV -76 and 

MHV- 76.Rev DNA gave indistinguishable results with both probes, indicating that 

MHV- 76.Rev had reverted to the MHV -76 genotype. 
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Figure 3.2.7. Southern analysis of mutant viruses. DNA was isolated from 
BHK -21 cells infected with either MHV -76, MHV- 76inM4 or MHV- 76.Rev. 
MHV- 76inM4 DNA was digested with either BamHl or Notl and Bg/II and 
MHV -76 and MHV- 76.Rev DNA was digested with either BamHl or Notl and 
EcoRI. Membranes were successively hybridised a [a32P]dCTP- labelled 
probe specific for the M4 gene of MHV -68 (nt 8616 -9176) and a probe 
generated from the HindlIIG fragment of the MHV -68 genome (nt 11099- 
16237). Probes used are indicated below the appropriate autoradiograph. 
The sizes of molecular weight markers in kb are shown to the right of 
autoradiographs. 
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3.2.6 Characterisation of M4 transcription by MHV -68 /MHV- 76inM4 

As mentioned, the promoter elements involved in M4 expression remain undefined. 

Despite the inclusion of 995bp of MHV -68 sequence upstream of the predicted M4 

translational initiation site, it was necessary to establish that this region contained the 

promoter elements sufficient for M4 transcription by MHV- 76inM4; it was believed 

that this 995bp region would possess the promoter elements necessary for MHV - 

76inM4 to express M4 in a similar fashion to MHV -68 in vitro and in vivo. Studies 

suggest that M4 is expressed in abundance during lytic replication in vitro (Virgin et 

al., 1999; Ebrahimi et al., 2003). Notably, Ebrahimi et al., (2003), have demonstrated 

that M4 transcription can proceed in the absence of ongoing protein synthesis in 

lytically- infected C127 cells; consequently, M4 has been proposed to be an 

immediate -early transcript. We sought to establish that there were no significant 

differences between the kinetic class of M4 transcription by MHV- 76inM4 and 

MHV -68. Although it is not known whether immediate -early expression of M4 is 

important for viral pathogenesis in vivo, this remains a distinct possibility. 

3.2.6.1 Northern analysis of M4 transcription by MHV -68 /MHV- 76inM4 

To exclude the possibility that the kinetic class or level of M4 transcription differed 

significantly between MHV- 76inM4 and MHV -68, Northern analysis was performed 

on RNA extracted from C127 cells infected in vitro at a multiplicity of infection 

(MOI) of 10 (see sections 2.6.1, 2.7.3). To select for immediate -early transcripts, 

cells were treated with cycloheximide (CHX), which suppresses protein synthesis by 

inhibition of peptidyl transferase activity of the 60S ribosomal subunit; early and late 

gene expression requires de novo protein synthesis. In addition, to inhibit late gene 

expression, cells were treated with phosphonoacetic acid (PAA), a potent inhibitor of 

herpesvirus DNA polymerases. For RNA isolation, 1 x 10 C 127 cells were infected 

with either MHV -68, MHV -76, MHV- 76inM4 or MHV- 76.Rev at an MOI of 10 for 

16 hours, before the infected cells were harvested and total RNA extracted using an 

Rneasy mini kit (Qiagen, UK) (see section 2.5.1). Total cellular RNA was 

electrophoresed, blotted onto nylon membranes and subsequently hybridised with a 

[a32P]dCTP- labelled double -stranded DNA probe, corresponding to a region internal 
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to the M4 ORF (nt 8616 -9176). The results of Northern analysis are shown in figure 

3.2.8. 

Hybridisation with a 32P- labelled M4 sequence -specific probe detected a dominant 

-1.5kb transcript from the MHV -68 and MHV- 76inM4 samples, in agreement with 

previous observations (see section 3.1.5). Importantly, no hybridisation was 

detectable from the MHV -76, MHV- 76.Rev and mock -infected samples. M4 

transcription from the CHX- treated MHV -68 /MHV- 76inM4 samples is approaching 

the limit of detection of Northern analysis, as only weak signals were detectable from 

these lanes following hybridisation with the M4 probe; this result has consistently 

been observed by Northern analysis (Dutia, B.M., personal communication). Thus, 

the presence of M4 expression in these samples is in agreement with previous 

observations that M4 can be transcribed in the absence of protein synthesis 

(Ebrahimi et al., 2003; Martinez - Guzman et al., 2003). However, figure 3.2.8 

demonstrates that the distinct ' 1.5kb transcript is significantly more abundant in the 

PAA- treated samples than the CHX- treated samples. Thus, despite limited 

transcription in the absence of protein synthesis, the majority of M4 transcription 

requires de novo protein synthesis; we therefore propose that M4 be classified as an 

immediate -early /early transcript. This is consistent with a recent analysis of the 

MHV -68 transcription program (Martinez- Guzman et al., 2003). A 32P- labelled 

ORF50 sequence -specific probe detected a distinct -2kb band of equivalent intensity 

in all samples, with the exception of the mock. Moreover, hybridisation to additional 

transcripts was evident from untreated samples but not CHX- or PAA- treated 

samples. This result is consistent with previous observations of ORF50 transcription 

in vitro (Liu et al., 2000; Wu et al., 2001). Ethidium bromide staining of the gel prior 

to blotting indicated that all lanes contained equivalent amounts of rRNA. However, 

probes specific for housekeeping genes (GAPDH, (3- actin) gave inconsistent results 

for RNA extracted from cells infected with virus overnight. This is likely due to 

virus -induced shutoff of host transcription as previously observed (Ebrahimi et al., 

2003). Therefore, ORF50 was used as a control for RNA loading when comparing 

MHV -68 with MHV -76 and mutant virus RNA. Hence, Northern analysis shows that 

M4 is expressed abundantly in vitro, and that no significant differences are detectable 
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Figure 3.2.8. Northern analysis of M4 transcription by MHV -68, MHV -76, 
MHV- 76inM4 and MHV- 76.Rev. C127 cells were infected at an MOI of 10 for 
1 hr (with or without inhibitors) before incubating at 37 °C for 8 (treated 
samples) or 18hr (untreated samples) prior to RNA extraction. Infected cells 
were either left untreated, or were treated with cycloheximide (100pg /ml) to 
inhibit protein synthesis or with phosphonoacetic acid (100pg /m1) to inhibit 
DNA synthesis. Total RNA was harvested at the desired time post- infection 
and analysed by Northern analysis. The blot was successively hybridised 
with a [a32P]dCTP- labelled probe spanning the M4 region (nt 8616 -9176), 
and with a [a32P]dCTP- labelled probe spanning the ORF50 region (nt 68483- 
68838) to assess RNA loading and integrity. 
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in the expression of M4 in vitro by MHV -68 and MHV- 76inM4, with respect to 

kinetic class and level of transcription. 

3.2.6.2 5'- and 3' -RACE of the M4 transcript 

The M4 ORF was originally designated following analysis of the sequenced MHV - 

68 genome and was predicted to span co- ordinates 8409 -9785 (Virgin et al., 1997). 

However, the analysis predicted putative ORFs and no studies to date have 

conclusively defined whether the co- ordinates of the predicted M4 ORF correspond 

to those of the actual M4 ORF. As several studies have amplified RT -PCR products 

using various primer pairs internal to the predicted M4 ORF (Virgin et al., 1999; 

Marques et al., 2003), and considering the data from Northern analysis (see section 

3.2.6.1), this prediction seems relatively accurate. Nevertheless, of interest was the 

possibility of an alternative translational start site downstream of that previously 

predicted. It was believed determination of the 5' -end of the M4 transcript would be 

informative with regard to elucidating the true M4 translational start site; this 

information would be useful for construction of a recombinant MHV -68 virus 

containing a disruption in the M4 gene and for expression of the M4 protein in vitro. 

To this end, the 5' -end of the M4 transcript was mapped by Rapid Amplification of 

cDNA Ends (RACE) using the Firstchoice RLM -RACE kit (Ambion, UK) (see 

section 2.5.5). Initially, total RNA from MHV -68 infected C127 cells was extracted 

and treated with calf intestinal phosphatase to dephosphorylate genomic DNA, 

rRNA, sheared mRNA and tRNA, but not full -length mRNA. The cap structures 

from full -length mRNAs were then removed with Tobacco Acid Pyrophosphatase 

(ToAP) before ligation of a 45bp RNA adapter oligonucleotide to the 5' -ends of 

uncapped mRNAs (5'RCEadpt, appendix 1); the RNA adapter oligonucleotide is 

unable to ligate to dephosphorylated RNA. Following a random -primed reverse - 

transcription reaction, the resultant cDNA was subject to PCR amplification with the 

RC5KTOU- S /RC5M4OU -A primer pair. The RC5KTOU -S primer is specific for the 

45bp RNA adapter oligonucleotide and the RC5M4OU -A primer is specific to a 

region internal to the predicted M4 ORF. Following PCR amplification, an aliquot of 

the resulting reaction was subject to nested PCR with an internal primer pair, 
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RC5KTIN- S /RC5M4IN -A; nested PCR generated a dominant fragment of 

approximately 400bp (figure 3.2.9A). 

Similarly, the 3' -end of the M4 transcript was mapped to determine whether the 

transcript size, as analysed by RACE analysis, was in agreement with that observed 

by Northern analysis. For 3' -RACE, total RNA was subject to reverse transcription 

with a poly -thymidine containing primer (3'RCERTpr, appendix 1) and the resultant 

cDNA was subject to PCR amplification with the RC3KTOU- S /RC3M4OU -A 

primer pair. The RC3KTOU -S primer is specific to a region internal to the predicted 

M4 ORF and the RC5M4OU -A primer is specific to the 3'RCERTpr primer. 

Following PCR amplification, a dominant fragment of approximately 700bp was 

evident (figure 3.2.9A). As is seen in figure 3.2.9A, four independent PCR reactions 

were performed for 5' -RACE and two independent reactions performed for 3' -RACE 

to preclude spurious PCR products from complicating further analysis. PCR products 

were cloned into pCR 2.1 using a TOPO -TA cloning kit (Invitrogen, UK) to allow 

efficient sequencing of the PCR products (see section 2.4.5). Plasmid DNA was 

extracted from transformants by the miniprep method (see section 2.1.10) prior to 

screening for the presence of the desired insert by EcoRI digestion followed by gel 

electrophoresis. As evidenced in figure 3.2.9B, four transformants for 5' -RACE and 

three transformants for 3' -RACE harboured plasmids containing an insert of 

appropriate size. The selected transformants were subsequently sequenced to 

determine the initiation and termination co- ordinates of the M4 transcript. 

Sequencing reactions yielded similar results for all the cloned PCR products 

analysed, in that the M4 transcript was determined to initiate at position 8526 and 

terminate at position 9866. This result is in disagreement with the co- ordinates of the 

predicted M4 ORF, which spans from position 8409 -9785 (Virgin et al., 1997) (see 

figure 3.2.10). Thus, RACE analysis strongly suggests that the true M4 translational 

start site is position 8538 rather than position 8409, as M4 transcription initiates 

117bp downstream of position 8409. Of note, the M4 translational start site at 

position 8538 possesses a stricter Kozak sequence than that of position 8409. 
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Figure 3.2.9. Preliminary analysis and cloning of PCR products generated by 
5'- and 3' -RACE analysis. (A) Products generated by nested PCR are shown, 
with four independent nested PCR reactions performed for 5'- and two 
independent reactions performed for 3 -RACE [labelled (1) -(4) and (1) -(2) 
respectively]. ( -) denotes dH2O negative controls. (B) Nested PCR products 
were ligated into pCR 2.1 using a TOPO -TA cloning kit (Invitrogen, UK), 
before transformation of TOP10 chemically competent E. coli. Plasmid DNA 
isolated from transformants was digested with EcoRI to excise the insert 
before visualisation by gel electrophoresis. * denotes transformants 
containing plasmids with appropriately sized inserts. 
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TCAAATCCGTTGTGTCGATGTATCATGCTATTTCCATGGTTACATTCATCTGGGAATATG 

CCCTACCCCGAATCTCTATTAAAGGGTT AATTACTCTCAAC " " 

A 

(MHV-68 seq.) 

8380 TCTACGTATGCAGCAAGTCAGATGAGTGT GTGGGCACCCAGCCTAGATTTTTAGTTA 

8440AAATTCACCAAAAATTCTATT000CAATCAGGGATGATCTAATTATCCATGGAGGCTATA 

8500 AAAGGTCCGGCCTCACATCATC 

8560 

8620 

TTTGCTCTTGTTGCGATGGGACCGTTAGGAAGACCCT 

GGGCTGCGTCCTTTGGTTTCTTTTTCCTGGCGGTCGTCAGCCTAGCCACACCCACCCCTG 

GAGAAGATGATGATATTCCTGTAAAAATCCATCGGCTGACCTTCGTGAAGGGACTAGTAC 

(MHV-68 seq.) 

9700 

9760 

9820 

GTATTGAGATTTATGACTTTCTAGAA;;, CTGTACCCTGTTAAGTTTCAATTCCTTGTGG 

TCATGGCCA 

9880ACTTCCACIIIIICTGCGCAGTATTGGTGGGGATTGTGGGTGTAAATGGTGACAACATGT 

9940GCCACCATCTTCCTCAAATGCCCACACTAACATCTCCTAAATTTACACCACCAGTCAAAA 

Figure 3.2.10. Sequence analysis of 5'- and 3' -RACE PCR products. (A) 
Sequence of a representative region of the 5' -RACE reaction. MHV -68 
sequence is shown (nt 8380 -8679) (Virgin et al., 1997), with genomic co- 
ordinates displayed to the left. Sequence of the PCR product with homology 
to MHV -68 sequence is highlighted in blue. The previously predicted M4 
translational initiation site (Virgin et al., 1997) is shown by green text, with the 
probable M4 translational start site shown by purple text. A putative TATA 
box is shown in red text. (B) Sequence of a representative region of the 3'- 
RACE reaction. The translational termination site is shown by purple text, 
and a putative polyadenylation consensus sequence is shown in green text. 
MHV -68 sequence is shown (nt 9700 -10000) (Virgin et al., 1997), with 
genomic co- ordinates displayed to the left. Sequence of the PCR product 
with homology to MHV -68 sequence is highlighted in blue. 
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Moreover, a putative TATA box is evident 27bp upstream ( -27bp) of the 

transcriptional start site, in agreement with position 8538 as the true M4 translational 

initiation site (figure 3.2.10). 3' -RACE analysis demonstrated that the M4 transcript 

terminates at position 9866, resulting in a predicted M4 transcript length of 1328bp 

(assuming an unspliced transcript, with transcriptional termination at position 9785). 

Accounting for polyadenylation, the transcript length calculated by RACE analysis is 

consistent with the transcript size observed by Northern analysis. 
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3.3 Biological characterisation of MHV- 76inM4 

3.3.1 Aims 

The molecular characterisation of MHV- 76inM4 and MHV- 76.Rev demonstrated 

that both mutant viruses exhibited the desired genomic structure. In addition, the 

suitability of these mutant viruses was confirmed by Northern analysis, which 

established that MHV- 76inM4 expresses M4 comparably to MHV -68, and that 

MHV- 76.Rev is not capable of M4 expression. The aim of the following experiments 

was the detailed biological characterisation of MHV- 76inM4 and MHV- 76.Rev, 

utilising both in vitro and in vivo assays, to determine the role of the M4 gene of 

MHV -68 in murine gammaherpesvirus pathogenesis. As mentioned, previous studies 

with mutant viruses lacking the M4 gene, amongst others, demonstrated no obvious 

deficiency in in vitro replication, establishing that the M4 gene is not required for in 

vitro replication per se. It was therefore hoped that MHV- 76inM4 would exhibit a 

specific phenotype during infection of immunocompetent mice, as MHV -76 exhibits 

profound deficiencies during both productive and latent infection (Macrae et al., 

2001). 

3.3.2 Viral replication in vitro 

MHV -76 has previously been shown to replicate indistinguishably from MHV -68 

during single -step in vitro growth, indicating that the Ml, M2, M3, M4 genes and 

8vtRNA -like sequences are dispensable for in vitro replication (Macrae et al., 2001). 

In addition, an independent deletion mutant of MHV -68, with a similar genomic 

structure to MHV -76, replicates equivalently to MHV -68 during a single round and 

during multiple rounds of replication in vitro (Clambey et al., 2002). As a result, it 

was predicted that the insertion of M4 into MHV -76 would not influence in vitro 

replication. However, the presence of a putative heparan sulphate binding domain 

within the M4 protein has led to speculation that M4 may be involved in cell 

attachment or cell to cell spread (Ebrahimi et al., 2003); several herpesvirus proteins 

containing heparan sulphate- binding domains have been shown to be important for 

cell attachment and infection (Skrinco sky et al., 2000; Wang et al., 2001). Thus, to 

investigate whether MHV- 76inM4 or MHV- 76.Rev displayed any alterations in in 
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vitro replication, MHV- 76inM4, MHV- 76.Rev, MHV -76 and MHV -68 were 

compared during a single round (MOI =5) (figure 3.3.1) and during multiple rounds 

(M01 =0.05) (figure 3.3.2) of replication in BHK -21 cells. The analysis of single and 

multiple rounds of replication demonstrated that all viruses replicated equivalently in 

BHK -21 cells, confirming that M4 is dispensable for in vitro replication and does not 

influence cell -cell spread in vitro. Consequently, MHV- 76inM4 and MHV- 76.Rev 

have no detectable differences in in vitro replication that could account for any 

change in phenotype in vivo. 

3.3.3 Viral replication in the lung 

To assess whether the MHV- 76inM4 mutant displayed any obvious phenotype 

during productive infection of the lung, BALB /c mice were infected intranasally with 

4 x 105 pfu of either MHV -68, MHV- 76inM4, MHV -76 or MHV- 76.Rev. Virus 

titres in the lungs were assessed at various timepoints post- infection by plaque assay 

on BHK -21 cells. Three independent animal experiments (Experiments. 1A, 2A, 3A) 

were performed to verify the phenotype of MHV- 76inM4 during productive 

infection in vivo (figures 3.3.3, 3.3.4 and 3.3.5). Figure 3.3.3 demonstrates that in 

experiment 1A, MHV- 76inM4 and MHV- 76.Rev replicated comparably to MHV -76 

and MHV -68 until day 5 post- infection. However, akin to MHV -76, MHV- 76inM4 

was cleared more rapidly from the lung than MHV -68, as evidenced by reduced lung 

titres at day 7 post -infection (p= 0.0286, Mann - Whitney test) (figure 3.3.3C). As the 

clearance of MHV -68 is delayed in comparison to MHV -76, it appears that some 

element(s) at the left- terminus of the MHV -68 genome mediate inhibition of viral 

clearance from the lung. Figure 3.3.3C strongly suggests that M4 is not involved in 

delaying viral clearance during productive infection of the lung. At day 3 post - 

infection (figure 3.3.3A), there is a suggestion of elevated viral titres in MHV - 

76inM4- infected mice, with respect to MHV -76- infected mice, although this 

difference is not statistically significant (p =0.2, Mann Whitney test). Due to the 

possibility of a distinct phenotype for MHV- 76inM4 at early times post -infection 

(prior to day 3), viral titres were assessed at day 1 post -infection (figure 3.3.4A). 
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Figure 3.3.1. Single -step replication of MHV -68, MHV- 76inM4, MHV -76 and 
MHV- 76.Rev in BHK-21 cells in vitro, using an MOI of 5. Values represent 
two independent experiments, with each sample titrated in duplicate. Data 
points shown represent the virus titre logio ± standard error of the mean 
(SEM). Hours p.i. denotes hours post- infection. 
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Figure 3.3.2. Multi -step replication of MHV -68, MHV- 76inM4, MHV -76 and 
MHV- 76.Rev in BHK -21 cells in vitro, using an MOI of 0.05. Values represent 
two independent experiments, with each sample titrated in duplicate. Data 
points shown represent the virus titre logio ± standard error of the mean 
(SEM). Hours p.i. denotes hours post -infection. 
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Figure 3.3.3. Experiment 1A: Viral titres in the lungs of BALB /c mice infected 
intranasally with 4 x 105 PFU of either MHV -68, MHV -76, MHV- 76inM4 or 
MHV- 76.Rev. Lungs were harvested at day 3 (A), day 5 (B), day 7 (C), day 
10 (D), day 14 (E) and day 31 (F) post- infection. Data shown are compiled 
from one experiment using four mice per virus per timepoint. Virus titres were 
determined by plaque assay on BHK -21 monolayers. Data points represent 
the viral titres from individual mice. The dashed line represents the limit of 
detection of the assay (10 PFU). * denotes statistical significance as 
determined by the non- parametric Mann -Whitney test. 
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Figure 3.3.4. Experiment 2A: Viral titres in the lungs of BALB /c mice infected 
intranasally with 4 x 105 PFU of either MHV -68, MHV -76, MHV- 76inM4 or 
MHV- 76.Rev. Lungs were harvested at day 1 (A), day 3 (B), day 4 (C), day 5 
(D), day 7 (E) and day 10 (F) post- infection. Data shown are compiled from 
one experiment using three to four mice per virus per timepoint. Virus titres 
were determined by plaque assay on BHK -21 monolayers. Data points 
represent the viral titres from individual mice. The dashed line represents the 
limit of detection of the assay (10 PFU). * denotes statistical significance as 
determined by the non -parametric Mann -Whitney test. 
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Figure 3.3.5. Experiment 3A: Viral titres in the lungs of BALB /c mice infected 
intranasally with 4 x 105 PFU of either MHV -68, MHV -76, MHV- 76inM4 or 
MHV- 76.Rev. Lungs were harvested at day 1 (A), day 3 (B), day 5 (C) and 
day 7 post- infection. Data shown are compiled from one experiment using 
four mice per virus per timepoint. Virus titres were determined by plaque 
assay on BHK -21 monolayers. Data points represent the viral titres from 
individual mice. The dashed line represents the limit of detection of the assay 
(10 PFU). * denotes statistical significance as determined by the non 
parametric Mann -Whitney test. 
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In experiment 2A, MHV- 76inM4 appeared to exhibit elevated lung titres at day 1 

post- infection, in comparison to MHV -76. The number of mice harvested at day 1 

post- infection precludes accurate statistical analysis. However, MHV- 76inM4- 

infected mice harboured significantly elevated lung titres at day 3 post- infection with 

respect to MHV -76- infected mice. The trend at day 7 post- infection in experiment 

lA is recapitulated in experiment 2A. To confirm the observations at day 1 post - 

infection in experiment 2A (figure 3.3.4A), further animal infections were 

performed, and viral titres in the lungs of infected mice were assessed at days 1, 3, 5 

and 7 post- infection (experiment 3A). Figure 3.3.5A demonstrates that MHV - 

76inM4 infection results in significantly higher lung titres at day 1 post- infection, in 

comparison to MHV -76 infection (p= 0.0286, Mann Whitney test). However, no 

difference was seen at day 3 post- infection in this experiment (figure 3.3.5B). These 

findings imply that M4 is important during the initial stages of productive infection 

with MHV -68. Moreover, lung titres were analysed between days 14 and 31 to 

exclude the possibility of viral recrudescence (figures 3.3.3E and 3.3.3F). This was 

not observed as viral titres from all mice from these time points were below the limit 

of detection. 

3.3.4 Virus -induced splenomegaly 

Previous studies have shown that splenomegaly, a characteristic of splenic MHV -68 

infection in wild -type mice, is markedly reduced with MHV -76 infection (Macrae et 

al. , 2001). Thus, it is proposed that at least one element at the left- terminus of the 

MHV -68 genome, but absent in the MHV -76 genome, mediates or enhances 

splenomegaly; M4 is therefore a candidate gene. To determine the effect of insertion 

of the M4 ORF into MHV -76 on splenomegaly during in vivo infection, BALB /c 

mice were infected intranasally with 4 x 105 pfu of either MHV -68, MHV- 76inM4, 

MHV -76 or MHV- 76.Rev. The extent of splenomegaly was determined using two 

independent measures, whole spleen weight (figure 3.3.6) and total splenocyte count 

(figure 3.3.7). Results from two independent experiments establish that the increase . 

in spleen weight accompanying MHV- 76inM4 infection is minor, and comparable to 
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Figure 3.3.6. Whole spleen weights of BALB /c mice infected intranasally with 
4 x 105 pfu of either MHV -68, MHV- 76inM4, MHV -76 or MHV- 76.Rev. Data 
derive from two independent experiments, exp. 1A (A) and exp. 2A (B). Data 
points represent the mean spleen weight (mg) for four mice ± the standard 
error of the mean (SEM). denotes statistical significance as determined by 
the non -parametric Mann -Whitney test. 
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Figure 3.3.7. Total splenocyte counts of BALB /c mice infected intranasally 
with 4 x 105 pfu of either MHV -68, MHV- 76inM4, MHV -76 or MHV- 76.Rev. 
Data derive from two independent experiments, exp. 1A (A) and exp. 2A (B). 
Data points represent the mean spleen splenocyte count for four mice ± the 
standard error of the mean (SEM). * denotes statistical significance as 
determined by the non -parametric Mann -Whitney test. 
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that following MHV -76 infection. In contrast, a significant increase in spleen weight 

was observed following MHV -68 infection, reaching a peak at day 14 post- infection 

(p= 0.0286, Mann Whitney test). Similarly, a significant increase in total splenocyte 

number was evident with MHV -68 infection (p =0.0286, Mann- Whitney test) peaking 

at day 14 post- infection. In contrast, MHV- 76inM4 infection resulted in no 

significant increase in total splenocyte number, akin to MHV -76 infection. 

Significantly, the results from MHV- 76.Rev infection were equivalent to those from 

MHV -76 infection. The data therefore demonstrate that the M4 ORF is not directly 

involved in the viral induction of splenomegaly. 

3.3.5 Viral latency within splenocytes 

To assess any role for M4 during the acute phase of splenic latency in vivo, BALB /c 

mice were infected intranasally with 4 x 10' pfu of virus in two independent 

experiments, and levels of latent virus were determined at specific times post - 

infection using an ex vivo reactivation (infective centre) assay. MHV -76 exhibits a 

profound deficit in acute -phase splenic latency, with M4 (absent from MHV -76) 

therefore a candidate gene for contributing to viral pathogenesis during this phase of 

infection. The ex vivo reactivation assay results are shown in Figure 3.3.8. MHV -68 

infective centres were detectable from day 5 post- infection onwards, with peak 

latency observed at day,14 post- infection in both experiments. In contrast, MHV -76 

infective centres peaked at day 10 post- infection, with peak latency markedly 

reduced with respect to MHV -68. MHV- 76inM4 infective centres peaked at day 14 

post- infection in experiment lA, but at day 21 post- infection in experiment 2A. In 

figure 3.3.8A (exp. 1A), the subsequent decline in infective centres observed with 

MHV -76 infection was not evident with MHV- 76inM4; the peak level of MHV - 

76inM4 infective centres was maintained throughout days 14 -21. Similarly, in 

experiment 2A (figure 3.3.8B), MHV- 76inM4 showed a significant elevation in 

infective centres in comparison to MHV -76 at day 21 post- infection (approximate 

10 -fold increase). However, by day 100 post- infection, infective centre data was 

equivalent for all viruses (close to the limit of detection), suggesting that long -term 

latency was established at similar levels (data not shown). Collectively, the data 

suggest that the M4 gene product is involved in augmenting the viral latent load 
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Figure 3.3.8. Latent virus in the spleens of BALB /c mice infected intranasally 
with 4 x 105 pfu of either MHV -68, MHV- 76inM4, MHV -76 or MHV- 76.Rev, as 
determined by ex vivo reactivation assay (infective centre assay). The data 
shown represent latent virus (as measured by infective centre assay) minus 
the infectious virus titre. The mean number of infective centres per 1 x 107 

splenocytes ± the standard error of the mean (SEM) for four mice per group 
is shown at each time point. The data derive from two independent 
experiments, exp. 1A (A) and exp. 2A (B). 
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during the acute phase of splenic latency. Nevertheless, as the ex vivo reactivation 

assay measures reactivation, it was critical to determine whether the MHV- 76inM4 

phenotype observed by ex vivo reactivation assay was the result of an increase in the 

number of latently- infected splenocytes, or an enhanced ability of MHV- 76inM4 to 

reactivate from splenic latency. 

3.3.6 Quantitative Real -time PCR to determine the splenic latent 
viral DNA load 

To confirm that the phenotype of MHV- 76inM4 during acute -phase latency (as 

observed by ex vivo reactivation assay) resulted from a difference in the level of 

latent virus, and not solely an alteration in reactivation efficiency, quantitative real - 

time PCR was performed utilising the intercalating dye SYBR green, to quantify the 

viral genome load in splenocytes at days 14, 17, 21 and 31 post- infection. The same 

splenocyte samples were used for both the reactivation assay (exp. lA, figure 

3.3.8A) and real -time PCR, to allow a meaningful analysis. A portion of ORF50 was 

selected for amplification (using the RtaIN -S /RtaIN -A primer pair) since it occupied 

a region distal to that affected by mutagenesis, and should therefore be conserved 

between viruses. Melting analysis showed a specific melting peak at -86°C with this 

primer pair (figure 3.3.9A), which corresponded to a distinct product of expected size 

upon agarose gel electrophoresis (Figure 3.3.9B). ORF50 standards were generated 

through conventional PCR, using the RtaOUT -S /RtaOUT -A primer pair. Template 

DNA for real -time PCR analysis was extracted from purified splenocytes as 

previously described (see section 2.2.3). To confirm that the ORF50 standards (10- 

fold serial dilutions of purified PCR product, of known copy number) were amplified 

with similar kinetics to the splenocyte DNA samples, ORF50 standards were spiked 

with splenocyte DNA extracted from mock -infected BALB /c mice. Figure 3.3.10A 

demonstrates that the ORF50 target sequence is amplified with equivalent efficiency 

from purified ORF50 PCR product target or when present in a background of high 

molecular weight genomic DNA. Furthermore, ORF50 standards reached the log 

phase of the PCR reaction in the correct sequence, predicted from ORF50 target 

sequence copy number, irrespective of the presence of genomic DNA extracted from 

splenocytes of mock -infected BALB /c mice (figure 3.3.10B). Thus, it was concluded 
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Figure 3.3.9. Real -time PCR amplification of a region internal to ORF50 
(Rta) (nt 68483- 68838). (A) Real -time PCR of a fragment of the Rta gene (nt 
67903 -69383) with the RtaIN- S /RtaIN -A primer pair (nt 68483- 68838) 
generated a distinct melting peak at -86 °C, with varying template 
concentrations. The copy numbers of the standards are indicated on the left. 
(B) When analysed by agarose gel electrophoresis, this melting peak 
corresponded to a fragment of expected size (ORF50 Standard = 355bp), of 
equivalent size to a product generated by conventional PCR (MHV -76 DNA 
lane) with the same primer pair. PCR products were analysed on a 1% TAE - 
agarose gel. The sizes of molecular weight markers in bp are shown on the 
left. 
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that the use of purified ORF50 PCR products to construct a dilution series of 

standards (of known copy number) would not discernably decrease the accuracy of 

quantification. Subsequently, DNA extracted from splenocytes was subject to real - 

time PCR analysis with the RtaIN -S /RtaIN -A primer pair. At all time points 

analysed, the spleens of MHV- 76inM4- infected mice contained greater levels of 

latent viral DNA than MHV -76 or MHV- 76.Rev (figure 3.3.11). Specifically, at days 

17 and 21 post- infection, the difference in MHV- 76inM4 viral genome load is 

statistically significant with respect to MHV -76 and MHV- 76.Rev (day 17, p <0.029; 

day 21, p <0.029, Mann - Whitney test). Melting analysis data confirming the 

specificity of PCR products are shown in appendix 5. Thus, a positive correlation 

between viral DNA copy number and reactivation assay data was observed at days 

14 -21 post- infection, in good agreement with the ex vivo reactivation data. Thus, 

MHV- 76inM4 exhibits an elevated latent viral load in the spleen during the acute - 

phase of splenic latency. In view of the reactivation assay data, MHV- 76inM4- 

infected mice most likely have an increased frequency of viral genome -positive cells 

in the spleen, compared to MHV -76. However, one limitation of the real -time PCR 

analysis is that it was unable to determine the frequency of genome -positive 

splenocytes to unequivocally confirm this. In conclusion, the data suggest that M4 

may be necessary for a maximal peak latent load during MHV -68 infection. 

Interestingly, at day 17 post- infection, MHV -68 and MHV- 76inM4 differ 

considerably by reactivation assay yet have equivalent viral genome copy number by 

real -time PCR analysis, which may suggest differences in reactivation efficiency 

between these two viruses. 

3.3.7 M4 expression in vivo 

To establish the pattern of M4 expression in vivo, and whether such expression is 

compatible with the in vivo phenotype of MHV- 76inM4, particularly during the 

acute phase of splenic latency, RT -PCR was performed on lung and spleen tissue 

from MHV -68, MHV- 76inM4 and MHV- 76.Rev- infected mice. RT -PCR products 

were subject to Southern analysis with gene -specific [a32P1dCTP- labelled probes to 

confirm specificity and enhance sensitivity. Expression in the lung was investigated 

at days 2, 4 and 14 post- infection, encompassing both the acute -phase and resolution 
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Figure 3.3.11. Determination of viral latent load in splenocytes of BALB /c 
mice infected intranasally with 4 x 105 pfu of either MHV -68, MHV- 76inM4, 
MHV -76 or MHV- 76.Rev. Total DNA was extracted from splenocytes 
harvested at specific times post -infection prior to quantification of viral 
genomes by real -time PCR analysis using a Lightcycler (Roche, UK), with 
primers specific for the MHV -68 ORF50 gene. The mean copy number of 
viral genomes ± the standard error of the mean (SEM) for four mice per 
group is shown for each time point. The results derive from one of two 
independent experiments, with comparable results obtained from both 
experiments. * denotes statistical significance as determined by the non - 
parametric Mann -Whitney test. 
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of productive infection. In addition, M4 expression in the spleen was analysed at 

days 14, 21 and 100 post- infection, covering both the acute phase of splenic latency 

and long -term persistence. Primers specific for the genes M4 (M4IN -S /M4IN -A 

primer pair), ORF50 (RtaIN -S /RtaIN -A primer pair), M1 1 (M11IN- S /M11IN -A 

primer pair) and murine (3 -actin (ActIN -S /ActIN -A primer pair) were used for 

analysis. ORF50 is only transcribed during lytic infection, whereas Ml l transcription 

has been detected during lytic infection and persistence (Roy et al., 2000; Wakeling 

et al., 2001). (3 -actin expression was abundant in all tissue samples (figure 3.3.12), 

and control reactions performed without reverse transcription were uniformly 

negative. The sensitivity was determined by limiting dilution of PCR products 

generated with external primers (M11, M 11 OUT primer pair; M4, M4OUT primer 

pair; ORF50, RtaOUT primer pair and; (3- actin, ActOUT primer pair, see appendix 

1) and was determined to be between one and ten copies in all cases. ORF50 

expression by MHV- 76inM4 at day 2 post- infection appeared more abundant in 

comparison to MHV -68 and MHV- 76.Rev, consistent with plaque assay results 

establishing that MHV- 76inM4- infected mice have elevated viral titres at this stage 

of infection. M4 was consistently detected during lytic infection in the lung from all 

MHV- 76inM4 and MHV -68- infected mice, but within the spleen, M4 expression 

was less consistent; M4 expression was detectable in only 1/2 MHV- 76inM4- 

infected mice at days 14 and 21 post- infection, and 2/2 MHV -68- infected mice at 

day 14 post- infection. However, no M4 expression was detectable within the spleen 

at day 21 post- infection in MHV -68- infected mice. Importantly, M4 expression was 

always accompanied with ORF50 expression, which is in agreement with previous 

data demonstrating that M4 is not a latency- associated transcript (Virgin et al., 

1999). The presence of M4 transcription at day 100 post- infection in one MHV - 

76inM4- infected mouse is presumably the result of spontaneous reactivation, or 

persistent low -level replication, since ORF50 expression is evident. Thus, M4 

expression by MHV- 76inM4 and MHV -68 is consistently expressed during 

productive infection of the lung, but is not consistently detectable during acute -phase 

splenic latency. In general, and contrary to previous data, significant latency - 

associated expression of Ml i was not detected in the spleen at late time points post- 
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infection. The only exception was one MHV -68- infected mouse at day 21 post - 

infection, where Mil expression was detected in the absence of M4 or ORF50 

expression. This is indicative of M l i being expressed as a latent transcript, although 

the absence of detectable Ml i expression in all mice at day 100 post- infection 

strongly suggests Mil is not a consistent marker of splenic latent infection. 

3.4 Sequence analysis of the M4 protein 

3.4.1 SignalP analysis of the predicted M4 protein sequence 

Sequence analysis was performed in an attempt to predict possible features of the M4 

protein that may be useful in determining the possible function of M4. As the cellular 

localisation of the M4 protein remains unknown, the M4 protein sequence (translated 

from nt 8538 -9785) was analysed with SignalP (http: / /www.cbs.dtu.dk /services /SignalP- 

2_0/), to determine whether M4 is likely to represent a secreted protein. SignalP 

analysis predicted a putative secretory signal peptide at the N- terminus of the M4 

protein sequence, with cleavage between amino acid positions 23 and 24 (figure 

3.4.1). Therefore, it is very possible that M4 is a secreted protein, and thus may 

function extracellularly. 

3.4.2 BlastP analysis of the predicted M4 protein sequence 

DNA sequence analysis of the predicted M4 ORF (nt 8538 -9785) revealed no 

significant homology with any known DNA sequence in available databases. 

However, to determine whether the M4 protein sequence contained any obvious 

homology with characterised proteins, which may detect more distant homologies, 

the predicted M4 protein sequence was analysed with BlastP 

( http : / /www.ncbi.nlm.nih.goy:80 /BLAST). Low but significant sequence similarity was 

observed between the M4 protein and (A) family C G- protein coupled receptors 

(GPCRs) (from Rattus Norvegicus and Mus musculus), and (B) a potassium - 

transporting ATPase (B chain) (from Leptospira interrogans). Known family C 

GPCRs include taste and pheromone receptors, calcium- sensing receptors and 

receptors for specific neurotransmitters, such as the glutamate, N- methyl- D- aspartate 

(NMDA) and gamma -aminobutyric acid (GABA) receptors. In addition, numerous 
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Figure 3.4.1. SignalP analysis (Hidden Markov model) of the N- terminal 
region of the predicted M4 protein sequence. The first 70 residues at the N- 
terminus of the predicted M4 protein sequence are displayed, with the 
putative secretory signal peptide cleavage site shown in red text. Cleavage is 
predicted to occur between residues 23 (A) and 24 (T), denoted by the 
vertical green line of greatest magnitude. 
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putative family C GPCRs of unknown specificity or function have been identified, 

and are therefore termed orphan GPCRs. 

3.4.2.1 M4 sequence similarity to family C GPCRs 

As shown in figure 3.4.2A, the homology with family C GPCRs spans from 

approximately M4 amino acid residues 95 -217; figure 3.4.2B shows this region 

displays low sequence similarity with a specific region of family C GPCRs. This 

region of the GPCR lies within a conserved domain (PSSM Id. 7903), identified as 

an extracellular receptor ligand- binding region. This ligand- binding domain is 

present in a wide range of mammalian receptors and shows significant homology to 

domains present in bacterial periplasmic amino acid binding proteins of known 

structure. In general, these receptors typically bind low molecular weight ligands, 

such as amino acids, neurotransmitters, and Cat +. It is therefore possible that the 

limited sequence similarity observed with the M4 protein represents a domain 

involved in ligand binding. Interestingly, the M4 protein sequence encodes no 

obvious transmembrane spanning regions characteristic of G- protein coupled 

receptors; the M4 protein sequence similarity with family C GPCRs is limited to the 

extracellular binding domain of family C GPCRs. Moreover, as the M4 protein 

contains a putative secretory signal sequence, it is tempting to speculate that the M4 

gene product is a secreted protein able to bind to extracellular ligand(s), preventing 

ligand interaction with host receptors. Viral proteins have been identified that show 

homology to the ligand binding domains of cellular receptors, but no homology to 

transmembrane or intracellular signalling domains. Examples include the poxviral 

TNF -a, IL -1(3 and IFN -y receptors (Smith et al., 1990; Alcami & Smith, 1992; 

Upton et al., 1992), which are able to inhibit cytokine binding to cellular receptors. 

BlastP analysis of a portion of the extracellular ligand- binding domain (the region 

sharing limited sequence similarity with the M4 protein) from the Rattus Norvegicus 

G protein -coupled receptor family C, group 6, member A homologue (Acc No. 

XP228164) predictably produced almost exclusively matches with family C GPCRs 

and bacterial amino -acid binding proteins, but also to guanylate cyclase proteins, 

which possess the extracellular receptor ligand- binding domain (PSSM Id. 7903). 
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Figure 3.4.2. Homology of a region of the M4 protein (residues 95 -217) to a 

defined region of family C G- protein coupled receptors ( GPCRs). The 
predicted M4 protein sequence is shown (A), with the sequence exhibiting 
homology to family C GPCRs denoted by red text. (B) Residues 95 -217 of 
the M4 protein sequence aligned against a putative Rattus Norvegicus G 

protein -coupled receptor (family C, group 6, member A, Acc No. XP228164). 
The M4 protein sequence (nt 95 -217) is shown in grey text (M4 PROTEIN), 
and the Rattus Norvegicus family C GPCR sequence is shown in black text 
(GPCR). M4 protein sequence highlighted in black (with white text) signifies 
identical residues and sequence highlighted in grey (with white text) denotes 
synonymous residues in the M4 sequence, as compared to the GPCR 
protein sequence. 
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Significantly, the MHV -68 M4 protein matched during this search, in addition to 

numerous putative murine family C GPCRs exhibiting weaker sequence similarity 

than M4. This suggests that this region of the extracellular receptor ligand- binding 

domain is poorly conserved amongst different family C GPCRs. This is unsurprising 

considering the array of ligands bound by family C GPCRs. In conclusion, despite 

the low sequence similarity of the M4 protein to the extracellular ligand- binding 

domain of a Rattus Norvegicus G protein- coupled receptor (family C, group 6, 

member A homologue, Acc No. XP228164), it is feasible that this region of the M4 

protein (residues 95 -217) may be important for ligand binding. However, the array of 

characterised family C GPCR ligands (amino acids, neurotransmitters, pheromones 

etc.) identified does not readily suggest a putative ligand for the M4 protein. 

3.4.2.2 M4 sequence similarity to potassium -translocating ATPases 

In addition to sequence similarity with family C GPCRs, BlastP analysis of the 

putative M4 protein showed low but significant homology to a region within the 

Leptospira interrogans potassium -translocating ATPase B chain (figure 3.4.3B). 

Interestingly, the majority of the M4 protein sequence with homology to the ATPase 

B chain overlaps with that showing homology to the family C GPCRs (figures 

3.4.2A, 3.4.3A). The significance of this is unclear, although it feasibly could signify 

an ability of the M4 protein to bind low -molecular weight charged molecules, as the 

potassium -translocating ATPase binds potassium cations, and specific family C 

GPCRs can bind calcium cations (Ca2 +- sensing receptors). Obviously this 

interpretation is speculative at best, considering that M4 shows the strongest 

sequence similarity to a prokaryotic ATPase. Nevertheless, BlastP analysis identified 

both prokaryotic and eukaryotic ion -transporting ATPases with weaker sequence 

similarity in this region in comparison to the M4 protein, which supports the 

possibility that this homology may be functionally significant. It is tempting to 

speculate that the overlapping regions of homology to family C GPCRs and ATPases 

is of significance, in that it may potentially indicate the nature of the M4 ligand. 
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Figure 3.4.3. Homology of a region of the M4 protein (residues 83 -208) to a 

defined region of a potassium -translocating ATPase B chain from Leptospira 
interrogans (Acc No. NP713291). The predicted M4 protein sequence is 

shown (A), with the sequence exhibiting homology to the potassium - 
translocating ATPase B chain denoted by red text. (B) Residues 83 -208 of 
the M4 protein sequence aligned against a potassium -translocating ATPase 
B chain from Leptospira interrogans (Acc No. NP713291). The M4 protein 
sequence (nt 83 -208) is shown in grey text (M4 Sequence), and the 
Leptospira interrogans potassium -translocating ATPase B chain sequence is 

shown in black text (GPCR). M4 protein sequence highlighted in black (with 
white text) signifies identical residues and sequence highlighted in grey (with 
white text) denotes synonymous residues in the M4 sequence, as compared 
to the GPCR protein sequence. 
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Appendix 5: Melting analysis of Real -time PCR products 
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Appendix 5. Real -time PCR amplification of splenocyte- derived DNA for a 

region internal to ORF50 (Rta) (nt 68483 -68838). Melting analysis of PCR 

products generated a distinct melting peak at -86 °C. DNA was extracted 

from splenocytes from four mice per virus at days 14 (A), 17 (B), 21 (C) and 

31 (D). Splenocyte DNA samples and copy numbers of standards are 

indicated on the left. 
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4.1 Attenuation of MHV-76inM4GFP 
DISCUSSION 

4.1.1 Phenotype of MHV- 76inM4GFP 

The generation of MHV- 76inM4GFP represents a novel method for mutant virus 

construction to assist in the study of viral genes of unknown function. At present, the 

generation of MHV -68 recombinants has relied exclusively upon targeted gene 

disruption, via homologous recombination with gene- specific constructs. This 

approach has been undertaken to determine the in vivo roles of several characterised 

MHV -68 genes, such as M11, M3, ORF73 and ORF74 (Bridgeman et al., 2001; 

Gangappa et al., 2002; van Berkel et al., 2002; Lee et al., 2003; Moorman et al., 

2003b). In addition, deletion mutants of MHV -68 have been of use for elucidating 

the possible functions of uncharacterised MHV -68 genes, including M1 and M2 

(Clambey et al., 2000; Jacoby et al., 2002). MHV- 76inM4GFP was generated by the 

insertion of the entire predicted M4 ORF (with additional upstream sequence to 

include native promoter elements), and the Aequorea victoria green fluorescent 

protein (GFP), expressed via the Human Cytomegalovirus Major Immediate -early 

Promoter (HCMV IE), into the left- terminus of the MHV -76 genome. Although 

MHV -76 contains a 9538bp deletion at the left- terminus of the genome with respect 

to MHV -68, MHV -76 is capable of productive replication and latency establishment 

in vivo; therefore, insertion of genes into the left- terminus of the MHV -76 genome 

was not predicted to abrogate the ability of MHV -76 to replicate or establish latency. 

Moreover, as the corresponding left- terminus of the MHV -68 genome is 

transcriptionally active, expression of M4 and GFP was not expected to be 

problematic. The function of the M1 -M4 genes and the 8vtRNA -like sequences of 

MHV -68 are of particular interest as MHV -76 (lacking all these elements) exhibits 

profound defects in both productive and latent infection, suggesting these deleted 

elements are important during MHV -68 infection in vivo. 

As MHV- 76inM4GFP replicates equivalently to MHV -76 and MHV -68 during 

single -step growth in vitro, the origin of the attenuated phenotype of MHV - 

76inM4GFP during infection of BALB /c mice and Type I IFN receptor mice was 

unknown; possibilities included (a) direct effects of the M4 gene product, (b) the 
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presence of an unrelated attenuating mutation, or (c) the presence of the HCMV 

IE /GFP cassette within the MHV- 76inM4GFP genome. As mentioned, the presence 

of large expression cassettes at the left- termini of MHV -68 genomes may have 

detrimental effects on viral replication in vivo, but not in vitro (see section 3.1.3). 

Evidence suggests such effects may be position- dependent; a lacZ cassette 

introduced into the left- terminus of the MHV -68 genome, disrupting the M1 ORF, 

resulted in reduced splenic viral titres in vivo whereas a mutant containing a lacZ 

cassette, disrupting ORF72, did not exhibit this phenotype (Clambey et al., 2000). 

The presence of introduced marker genes (and associated foreign promoter 

sequences) may feasibly result in altered transcription of neighbouring genes or 

immune recognition of introduced marker gene proteins. Therefore, the insertion of 

the M4 /GFP cassette into the left- terminus of the MHV -76 genome could potentially 

generate a mutant virus exhibiting an attenuated phenotype in vivo. To conclusively 

determine the nature of MHV- 76inM4GFP attenuation, two mutant viruses were 

generated from MHV- 76inM4GFP, MHV -76M4A and MHV- M4AREV. 

Interestingly, Southern analysis and sequencing demonstrated that the MHV -76M4A 

and MHV- M4AREV genomes contained undesired rearrangements at their left - 

termini, within the regions affected by targeted mutagenesis. Unexpected 

rearrangements may be, in part, a consequence of instability in this region, as it has 

been proposed that the left- terminus of the MHV -68 genome has a propensity to 

undergo recombination events in vitro (Simas et al., 1998). The generation of 

recombinant murine gammaherpesviruses with unpredicted rearrangements at the 

left -termini of their genomes has previously been observed; a recombinant MHV -68 

virus with a disruption in the M1 ORF exhibited an -100bp deletion in comparison 

to the genomic structure expected following targeted mutagenesis (Clambey et al., 

2000). Moreover, non -homologous recombination events have previously been 

observed at the left -terminus of the MHV -68 genome (Wakeling, 2001), further 

suggestive of a recombinatorial "hot- spot ". Akin to MHV -68, the left- terminus of the 

HVS genome exhibits a high frequency of rearrangements in vitro (Koomey et al., 

1984). It is possible that this region of the MHV -68 genome has evolved a propensity 

for recombination events, providing a means for achieving genetic diversity without 

the risk of disrupting core genes critical for viral replication or latency establishment. 
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This hypothesis is supported by the presence of a cluster of MHV- 68- specific genes 

in this region that are dispensible for productive replication and latency 

establishment (M1 -M4). In addition, the sequence similarity between the M1 and M3 

genes ( -25% amino acid homology) suggests that one gene arose from the other via 

a duplication event. The frequency of rearrangements at the left- terminus of the 

MHV -68 genome may be a consequence of the close proximity of terminal repeat 

sequences, or perhaps the presence of a putative origin of replication (Bowden et al., 

1997). In hindsight, due to the potential for undesirable genomic rearrangements 

within this locus, a more rigorous selection process (specifically a PCR -based assay) 

would have been advantageous for assessing the genomic structures of MHV - 

76M4A and MHV- M4AREV. Nevertheless, data from sequencing of mutant viral 

DNA and Northern analysis suggested that both mutant viruses would be suitable for 

in vivo analysis. The results of MHV -76M4A and MHV- M4AREV infection of Type 

I IFN receptor "i" mice strongly suggest that a mutation within the MHV- 76inM4GFP 

genome, distal to the region affected by targeted mutagenesis, is responsible for the 

attenuation observed during productive and latent infection in vivo. The position of 

this mutation is of obvious interest, as MHV- 76inM4GFP replicates 

indistinguishably to MHV -76 in vitro. Thus, the mutation appears to have disrupted a 

gene, or locus, important for viral replication in vivo, but not in vitro. Despite 

transcriptome analysis of MHV- 76inM4GFP yielding an equivalent transcription 

profile to MHV -76, this analysis exclusively analysed gene expression in vitro, 

which may differ from gene expression in vivo. Moreover, microarray analysis may 

not differentiate transcripts encoding non -functional or truncated proteins, produced 

from ORFs containing frame -shifts or minor deletions. 

Infection of Type I IFN receptor "i" mice with MHV -76M4A and MHV- M4AREV 

suggested that the M4 gene product augments viral pathogenesis in vivo, as MHV - 

M4AREV exhibited deficiencies during both productive and latent infection, in 

comparison to MHV -76M4A. Interestingly, MHV- 76inM4GFP replicated 

comparably to MHV- M4AREV during productive and latent infection in Type I IFN 

receptor mice, suggesting that the presence of the GFP cassette in MHV - 

76inM4GFP is detrimental to viral pathogenesis in vivo. One interpretation is that the 
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phenotype of MHV- 76inM4GFP results from down- regulation of M4 transcription, 

possibly due to the close proximity of the HCMV immediate -early promoter. 

Alternatively, the presence of the GFP cassette may detrimentally influence viral 

replication in vivo through a mechanism unrelated to down -regulation of M4 

transcription, possibly through alteration of transcription of other surrounding genes. 

Data from Northern analysis and microarray analysis support the former hypothesis, 

implying that M4 transcription by MHV- 76inM4GFP is diminished with respect to 

MHV -68 or MHV- 76M4A. However, quantitative RT -PCR would be useful to 

unequivocally confirm this. As previous studies suggest position- dependent effects 

of marker gene insertion within the MHV -68 genome, the possibility that the 

position of the GFP cassette within the MHV- 76inM4GFP genome influences in vivo 

pathogenicity, independent of an effect on M4 transcription, cannot be excluded. To 

assess this possibility, numerous attempts were made to introduce the Aequorea 

victoria green fluorescent protein (GFP), expressed via the Human Cytomegalovirus 

Major Immediate -early Promoter (HCMV IE), into the left- terminus of the MHV -76 

genome. Initially, numerous viral plaques following transfection were GFP -positive 

by UV microscopy, but subsequent efforts to isolate a homogenous population of 

GFP -positive virus always resulted in the accumulation of GFP- negative plaques 

(Dutia, B.M., unpublished observations). Thus, it was surmised that isolation of this 

mutant virus failed due to loss of the GFP insert during replication in vitro. It is 

feasible that high -level GFP expression presents some toxicity to the infected cell, 

leading to a selective disadvantage for GFP- expressing viruses. However, 

considering the unproblematic purification of MHV- 76inM4GFP using GFP as a 

selectable marker (Wan, 2002), and the fact that similar GFP- expressing recombinant 

MHV -76 viruses have been purified without complication in this manner (Brass, A., 

unpublished observations), it was unexpected that isolation of this mutant virus 

would be problematical; it is confusing why the GFP cassette should be detrimental 

to viral growth in vitro when inserted into the MHV -76 genome independently, but 

have no detectable effect on in vitro growth when inserted in conjunction with other 

ORFs. In general, the above findings are in agreement with previous studies 

suggesting that the insertion of large expression cassettes into the left- termini of 

murine gammaherpesvirus genomes can detrimentally influence viral pathogenicity 
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in vivo (Clambey et al., 2000; Adler et al., 2001). 

4.1.2 Phenotype of MHV -76 in Type I IFN receptor mice 

Although MHV- 76inM4GFP exhibited a major defect in the establishment of splenic 

latency following intranasal infection of immunocompetent BALB /c mice (Wan, 

2002), ex vivo reactivation assays were unable to determine the nature of this defect 

(i.e. whether MHV- 76inM4GFP established low -level latency, or was incapable of 

establishing splenic latency). Consequently, the acute susceptibility of Type I IFN 

receptor 4- mice to murine gammaherpesvirus infection was exploited to assess 

whether MHV- 76inM4GFP was capable of latency establishment. One disadvantage 

to their use in these experiments was the high variability observed between viral 

titres in mice infected with equal doses of virus; this variation was particularly 

evident in lung titres from MHV -76- infected mice. Additionally, Type I IFN receptor 

mice infected with MHV -76 frequently succumbed to infection prior to sampling. 

Considering these points, statistical analysis of the data is problematical unless 

substantial numbers of mice are used. In general, MHV -76- infected Type I IFN 

receptor 4- mice were visibly less healthy and appeared to exhibit a higher incidence 

of mortality than those infected with MHV -68, suggesting that MHV -76 is more 

pathogenic than MHV -68 in Type I IFN receptor 4- mice; although maintaining a 

healthy appearance and rarely succumbing to infection prior to sampling, MHV -68- 

infected Type I IFN receptor 4- mice exhibited significantly elevated lung titres and 

levels of splenic latency in comparison to MHV -76 infected mice. 

Therefore, it appears that elements present in MHV -68, but absent in MHV -76, 

augment productive and latent infection in vivo, in addition to decreasing morbidity 

and mortality. One obvious candidate is the M3 gene, encoding a high -affinity 

chemokine- binding protein. M3 expression in the lung would presumably result in a 

reduced inflammatory infiltrate; thus, the action of the M3 gene product may result 

in delayed viral clearance, which could account for the higher lung titres observed 

with MHV -68 infection in comparison to MHV -76. Moreover, the mortality and 

morbidity observed in MHV -76- infected Type I IFN receptor 4- mice may be 

directly related to the absence of M3; the M3 gene product may serve to inhibit a 
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detrimental inflammatory response during productive infection. Therefore, the 

mortality and morbidity may be immunopathological in nature, the result of an 

excessive, uncontrolled inflammatory response. Significantly, it has been shown that 

MHV -76 elicits a more rapid and substantial alveolar inflammatory infiltrate than 

MHV -68, following intranasal infection of BALB /c mice (Macrae et al., 2001). 

Furthermore, the inflammatory response in Type I IFN receptor "i" mice is likely to be 

more substantial than that in immunocompetent mice, due to the greater viral burden 

during productive infection (Dutia et al., 1999a). Thus, an immunopathological 

process may partly explain why MHV -76 infection is frequently lethal in Type I IFN 

receptor mice but not in immunocompetent mice. Infection of Type I IFN receptor 

mice with an M3- deletion mutant of MHV -68 would be useful for investigating 

this possibility. Nevertheless, a role for other elements present at the left- terminus of 

the MHV -68 genome, besides M3 (e.g. M1, M2, M4, vtRNAs), cannot be excluded. 

Perhaps intranasal administration of Type I IFN receptor "i" mice with reduced doses 

of virus would prevent the high incidence of mortality observed, and possibly 

produce more consistent results. 

4.2 Role of M4 in in vivo pathogenesis 

4.2.1 Generation and molecular characterisation of MHV- 76inM4 

Taking into account the attenuated phenotype of MHV- 76inM4GFP in vivo, it was 

decided to construct a novel MHV -76 mutant virus, expressing the M4 gene of 

MHV -68 (MHV- 76inM4). Moreover, as the presence of the GFP cassette at the left- 

terminus of the MHV- 76inM4GFP genome appeared to have a deleterious effect on 

viral pathogenicity in vivo, no selectable marker genes were incorporated into the 

MHV- 76inM4 virus genome. Therefore, the M4 gene was expressed under the 

control of its native promoter within MHV -76, to ensure that the level and timing of 

M4 expression would be equivalent to that of MHV -68. It was not believed that 

insertion of this region of MHV -68 DNA (nt 7414 -9538) encoding the M4 ORF and 

putative promoter elements would have an effect on ORF4 transcription, as the 

unique region of the MHV -76 genome initiates within the M4 ORF, strongly 

suggesting that the promoter elements required for ORF4 transcription are present 
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within MHV -76. In addition, transcriptome analysis of MHV- 76inM4GFP suggested 

that the insertion of MHV -68 DNA (nt 7414 -9538) into the left- terminus of the 

MHV -76 genome had no obvious effect on ORF4 transcription, or any other 

downstream gene (Ebrahimi, B., unpublished observations). However, an obvious 

drawback to this approach of recombinant virus construction is the lack of selectable 

marker. For this study, a PCR -based assay was employed to screen for the presence 

of the M4 gene. Although recent studies have generated MHV -68 mutants lacking 

large expression cassettes, their creation has typically relied on the creation of an 

intermediate recombinant virus containing a lacZ cassette (permitting positive 

selection), before a subsequent homologous recombination event to remove the lacZ 

cassette, allowing purification by negative selection for lacZ. This procedure was not 

employed due to time constraints, and the possibility that an increased number of 

recombination events could increase the likelihood of undesirable genomic 

rearrangements. Although the PCR -based assay for detection of the M4 gene could 

not detect the presence of wild -type MHV -76 as efficiently as visualisation of 

plaques for lack of marker gene expression, a PCR -based assay for detection of 

MHV -76 proved to be of use in purifying MHV- 76inM4 stocks. Previous attempts to 

successfully amplify a region spanning terminal repeat sequence and unique 

sequence at the left- terminus of the MHV -76 genome were unsuccessful, possibly 

due to the high G/C content and repetitive nature of the terminal repeat sequences 

(Macrae, A.I., unpublished observations). However, one primer pair tested (TRPT- 

S/M4B-A primer pair) successfully amplified a distinct 315bp product from MHV - 

76 DNA, sequencing of which confirmed the specificity of the product. Use of this 

PCR in conjunction with a sensitive multiplex -PCR assay proved an efficient method 

for the generation of revertant viruses without the requirement for a selective marker. 

As Southern analysis demonstrated that the MHV- 76inM4 and MHV- 76.Rev 

genomes possessed the desired genomic rearrangements, it was critical to determine 

that MHV- 76inM4 expressed M4 in a similar fashion to MHV -68, with respect to 

kinetics, transcript size, and level of transcription. Northern analysis with an M4- 

sequence specific probe detected a dominant -1.5kb transcript from the 

cycloheximide- treated MHV -68 and MHV- 76inM4 samples, in agreement with 
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previous observations that M4 transcription can occur in the absence of de novo 

protein synthesis (Ebrahimi et al., 2003). It is tempting to speculate that the kinetics 

of M4 transcription may have functional significance; as limited immediate -early 

transcription of M4 is evident, it may suggest an important role for M4 at early times 

following primary infection, or perhaps during the initial stages of viral reactivation 

from latency in vivo. The former hypothesis is supported by lung titre data from 

MHV- 76inM4- infected mice harvested 24 hours post -infection. Characterised MHV - 

68 immediate -early transcripts include that of the immunoregulatory K3 ORF, the 

transcriptional activators ORF50 and ORF57 and the KSHV LANA -1 homologue, 

ORF73 (Ebrahimi et al., 2003). Northern analysis suggested that M4 is expressed at 

greater levels in the presence of de novo protein synthesis, suggesting M4 be 

classified as an immediate -early /early transcript. This observation is consistent with 

data from a recent microarray -based analysis of MHV -68 transcription (Martinez - 

Guzman et al., 2003). However, the same microarray analysis suggested that M4 

transcription is elevated in the presence of PAA, as compared to untreated controls, 

implying negative regulation by late gene expression; this observation was not 

evident by Northern analysis in our analysis. In addition to M4, Martinez -Guzman et 

al., (2003) identified approximately 50 transcripts exhibiting an immediate - 

early /early transcription profile. Of note, M4 transcription in the absence of de novo 

protein synthesis was considerable in comparison to the majority of the genes 

exhibiting an immediate -early /early transcription profile, suggesting that the 

immediate -early expression of M4 may have functional relevance. 

The observations by Martinez -Guzman et al., (2003) are in agreement with previous 

microarray data clearly demonstrating that M4 is transcribed in significant quantities 

as an immediate -early transcript (Ebrahimi et al., 2003). However, in disagreement 

with Martinez- Guzman et al., (2003), Ebrahimi et al., (2003) demonstrated that the 

vast majority of MHV -68 genes (67/73) demonstrated no detectable transcription 

above background levels in the presence of cycloheximide. One explanation for this 

discrepancy could be differences in experimental procedure, data analysis, or 

possibly the cell type used for in vitro infection; the former study utilised BHK -21 

cells and the latter C127 cells. Significantly, our laboratory has previously detected 
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M4 as an immediate -early transcript by Northern analysis from infected C127 cells, 

but not from infected BHK -21 cells (Dutia, B.M., unpublished observations), 

demonstrating that the limited transcription of MHV -68 genes in the absence of de 

novo protein synthesis can vary depending on the cell -type infected. Moreover, as 

C127 cells are a BALB /c epithelial cell line, the analysis by Ebrahimi et al. (2003) 

may be more relevant to viral replication in vivo within the laboratory mouse model. 

The ' 1.5kb transcript detected by Northern analysis is in good agreement with the 

previously predicted M4 ORF 8409 -9785 (Virgin et al., 1997), although sequence 

analysis of the predicted M4 ORF revealed a candidate alternative translational start 

site downstream of that previously predicted, at position 8538; it was believed 

determination of the 5' -end of the M4 transcript would be informative with regard to 

elucidating the true M4 translational start site. RACE analysis predicted the M4 

transcript to span from position 8526 -9866, establishing that position 8538 most 

likely represents the true translational start site. Moreover, a putative TATA box is 

present 27bp upstream of the true 5' -end of the M4 transcript, and a putative 

polyadenylation sequence (AATAAA) is present 19bp upstream of the 3' -end of the 

M4 transcript, strongly suggesting that position 8526 -9866 represents the full- length 

M4 transcript. Including approximately 200bp to account for polyadenylation, this 

transcript size is calculated to be 1540bp, comparable to that observed by Northern 

analysis. 

4.2.2 M4 expression in vivo 

Although M4 expression by MHV- 76inM4 was readily detectable in vitro, it was 

important to establish that the patterns of M4 expression by MHV -68 and MHV - 

76inM4 were equivalent in vivo. M4 expression by MHV- 76inM4 and MHV -68 was 

consistently detectable during productive infection of the lung, but variably during 

the establishment of splenic latency. Notably, M4 was only detected co- expressed 

with ORF50, a marker of lytic replication, strongly suggesting that M4 is not a 

latency- associated transcript. Thus, the results in this study are consistent with 

previous observations that M4 transcription is detectable during lytic replication in 

vivo, but not during latent infection (Simas et al., 1999; Virgin et al., 1999). 

However, as cDNA samples used in RT -PCR were produced from heterogeneous 
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populations of splenocytes, the possibility that M4 is expressed as a latent transcript 

by specific cell populations during the acute -phase of splenic latency cannot be 

excluded. This is a realistic scenario, as recent data demonstrate M4 expression by 

several B- lymphocyte populations during the acute -phase of splenic latency (day 14 

post- infection), in the absence of ORF50 expression; in contrast, M4 expression by 

macrophages and dendritic cells was always accompanied by ORF50 expression 

(Marques et al., 2003). One explanation for this cell -specific difference in M4 

expression may be the efficiency with which MHV -68 reactivates from latency 

within different cell types; the same study demonstrated that latently- infected 

macrophages and dendritic cells exhibit a significantly elevated frequency of viral 

reactivation in comparison to latently- infected B- lymphocytes at day 14 post - 

infection. Therefore, a higher frequency of viral reactivation may account for the 

uniform presence of ORF50 expression in the splenic macrophage and dendritic cell 

populations at day 14 post -infection. Alternatively, the presence of lytic replication 

in dendritic cells and macrophages during the acute -phase of splenic latency may be 

the result of persistent lytic replication. It is tempting to speculate that the phenotype 

of MHV- 76inM4 in the spleen results from M4 expression as a latent transcript by B- 

lymphocytes, particularly as B- lymphocytes represent a major reservoir of latent 

virus in the spleen at this stage of infection (Marques et al., 2003; Willer & Speck, 

2003). Finally, as no expression of M4 was detectable at day 100 post- infection 

without ORF50 co- expressed, it can be predicted that M4 is not involved in the 

maintenance of long -term latency. 

It is interesting that the candidate latency transcript, M11, was readily detectable as a 

lytic -cycle transcript, but not as a latent transcript (day 100 post- infection). This 

finding suggests that Ml l is not a reliable marker of splenic latency. Contrary to this, 

previous studies have detected M11 expression in the spleens of MHV -68 infected 

mice at late times post- infection (in the absence of ORF50 expression), although not 

from every mouse analysed (Virgin et al., 1999; Roy et al., 2000; Wakeling et al., 

2001). The absence of Ml l expression during long -term persistence in the spleen 

could suggest a more significant role for Mil during viral persistence within other 

anatomical sites, such as the lung, particularly as Ml l expression is more readily 
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detectable at this site during long -term latency (Roy et al., 2000; Wakeling et al., 

2001). Importantly, the infrequent expression of M1 1 during splenic latency is 

supported by previous observations demonstrating Mll is dispensible for the 

establishment or maintenance of splenic latency, but may be important for viral 

reactivation from latency (Gangappa et al., 2002). It is of note that several other 

gammaherpesvirus Bc1-2 homologues (e.g. HVS, EBV, KSHV), also considered to 

be important during viral reactivation from latency, exhibit the expression profiles of 

lytic -cycle genes (Henderson et al., 1993; Sarid et al., 1997; Kraft et al., 1998). 

4.2.3 Phenotype of MHV- 76inM4 during productive infection in vivo 

MHV -76 exhibits significant attenuation during productive infection of the lung in 

comparison to MHV -68, as evidenced by decreased peak titres and enhanced 

clearance (Macrae et al., 2001). Furthermore, as M4 expression was readily 

detectable during productive infection of the lung, in agreement with previous 

observations (Simas et al., 1999; Virgin et al., 1999), it was surmised that the M4 

gene product may be important for augmenting viral pathogenesis during productive 

infection. The kinetics of MHV- 76inM4 clearance from the lung appear 

indistinguishable to those of MHV -76, arguing against a role for M4 in delaying viral 

clearance from this site. However, MHV- 76inM4 consistently exhibited -10 -fold 

higher lung titres at day 1 post- infection (and variably at day 3 post- infection) in 

comparison to MHV -76, demonstrating that the M4 gene product plays an important 

role shortly after intranasal infection. One interpretation is that the M4 gene product 

targets an innate immune effector mechanism involved in the early control of murine 

gammaherpesvirus infection; this is entirely possible, as a potent adaptive immune 

response would not be developed so soon after infection. Moreover, several innate 

immune effector mechanisms have been demonstrated to be important for the control 

of herpesvirus infections, such as Type I interferons, NK cells and Nitric oxide 

(iNOS) (Dutia et al., 1999a; Djeraba et al., 2000; Arase et al., 2002). It is interesting 

that MHV -68 does not exhibit an increase in viral titres 24 hours post- infection, 

compared to MHV- 76inM4, given that MHV -68 expresses M4 in a similar fashion to 

MHV- 76inM4 at this time. However, as M1, M2, M4 and the 8vtRNA -like 

sequences have not yet been functionally characterised, their influence on viral 
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pathogenesis is unknown, particularly if expressed independently of one other. Thus, 

it is possible that the combined effects of several gene products during the early 

phases of infection may explain the phenotypic differences between MHV -68 and 

MHV- 76inM4 at 24 hours post- infection, since MHV- 76inM4 lacks several elements 

present in MHV -68. Considering the intimate herpesvirus -host relationship, a more 

vigorous productive infection may not be advantageous, in evolutionary terms, to 

MHV -68; it may be detrimental to the host, jeopardising the long -term carriage of 

the virus. In addition to the vtRNAs, M3, a soluble chemokine- binding protein 

encoded by MHV -68 but not MHV- 76inM4, is expressed abundantly during 

productive infection and thus may have a role in influencing the early stages of 

productive infection. A recombinant vaccinia virus with a non -functional chemokine- 

binding protein exhibited significantly increased viral titres in vivo when compared 

to the wild -type strain, demonstrating that specific viral immunoregulatory elements 

are able to suppress maximal viral replication and virulence (Reading et al., 2003). 

An alternative explanation for the increased lung titres in MHV- 76inM4- infected 

mice at 24 hours post- infection, in comparison to MHV -68- infected mice, is that the 

MHV -68 sequence inserted into the left- terminus of the MHV -76 genome, 

generating MHV- 76inM4 (nt 7414 -9538), did not possess all the long -range control 

elements that modulate M4 expression in MHV -68. This could theoretically result in 

deregulation of M4 transcription, which could account for the phenotype of MHV - 

76inM4 at day 1 post- infection. However, data from Northern analysis and RT -PCR 

of infected tissues do not support this hypothesis. Moreover, although ORF50 

expression in the lungs of MHV- 76inM4- infected mice at day 2 post- infection 

appeared elevated in comparison to MHV -68, it seems unlikely that overexpression 

of ORF50 (which could enhance lytic replication) is responsible for the observed 

elevation in lung titres, since an accompanying elevation in M4 expression was also 

detectable, especially following gel electrophoresis of the RT -PCR products prior to 

blotting (data not shown). Importantly, in vitro replication was equivalent for all 

viruses, with no detectable enhancement of MHV- 76inM4 replication. Therefore, a 

simpler and more probable explanation is that the increased viral titres and increased 

ORF50 expression are both markers of an enhanced productive infection. 
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4.2.4 Phenotype of MHV- 76inM4 during acute -phase splenic latency 

As M4 was not readily detectable as a latent transcript, it was interesting that MHV - 

76inM4 exhibited a phenotype during the acute -phase of splenic latency (days 14 -21 

post- infection). An increase in infective centres from MHV- 76inM4- infected mice 

was evident between days 14 and 21 post- infection, with respect to MHV -76. This 

implies either an enhanced ability of MHV- 76inM4 to reactivate from splenic 

latency or an elevated frequency of latently infected splenocytes. As the increase in 

infective centres from MHV- 76inM4- infected mice correlates closely with viral 

genome copy number in the splenocyte population, the most likely explanation for 

the increased reactivation frequency is an increased frequency of latently infected 

splenocytes; an increase in viral DNA load would not be predicted if the phenotype 

of MHV- 76inM4 in the spleen resulted from an enhanced reactivation efficiency. 

Furthermore, if the increase in ex vivo reactivation frequency is solely the result of an 

increase in reactivation efficiency, then the corresponding 10 -fold increase in DNA 

load must represent a 10 -fold increase in copy number per latently infected cell, a 

highly unlikely scenario. Nevertheless, a limitation of the real -time PCR analysis is 

that it was incapable of determining the frequency of viral genome -positive 

splenocytes to unequivocally confirm these assumptions. Accurate determination of 

the frequency of viral genome -positive splenocytes could potentially provide 

information regarding subtle changes in reactivation efficiency, undetectable with the 

real -time PCR assay used in this study. 

Thus, the data strongly suggest that the absence of M4 is responsible, in part, for the 

attenuated phenotype of MHV -76 during splenic latency, implying that M4 may be 

necessary for a maximal peak latent load during MHV -68 infection. In addition to 

M4, recent studies have established a role for the M2 gene product in the generation 

of a maximal peak latent load in the spleen during intranasal infection with MHV -68, 

although the mechanism by which M2 mediates this effect is undetermined (Jacoby 

et al., 2002; Macrae et al., 2003). M2 has been implicated in the genesis of 

splenomegaly, due to its transient expression within the spleen during the onset of 

splenomegaly (Usherwood et al., 2000); this antigen non -specific amplification of B- 

and T- lymphocytes has been postulated to maximise the pool of viral genome- 
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positive splenocytes (Nash et al., 2001). However, although disruption of the M2 

ORF of MHV -68 results in a substantial decrease in peak splenic latency, no 

reduction in splenomegaly is evident (Macrae et al., 2003), demonstrating that peak 

splenic latency is largely independent of splenomegaly. Similarly, the in vivo 

phenotype of MHV- 76inM4 suggests that the mechanism of action of M4 is 

independent of splenomegaly, as no evidence of overt splenomegaly was detectable 

in MHV- 76inM4- infected mice, despite an obvious elevation in latent viral load. 

Although it is conceivable that the phenotype of MHV- 76inM4 in the spleen results 

from M4 actively contributing to the proliferation of latently infected cells, through 

either an infected cell- specific mechanism or via a general amplification of 

lymphocytes, this seems unlikely considering the phenotype of MHV- 76inM4 during 

productive infection of the lung. A more likely explanation for the phenotype of 

MHV- 76inM4 within the spleen is that a specific immune mechanism is responsible 

for the observed decline in MHV -76 infective centres following the peak of splenic 

latency at day 10 post- infection. If the M4 gene product inhibits the action of this 

immune mechanism, MHV- 76inM4 would exhibit delayed clearance from the 

spleen; if M4 does possess immunomodulatory properties, it may suggest that the 

control of both productive and latent infection share a common immune mediator. 

Considering the splenic phenotype of MHV- 76inM4, and that M4 was inconsistently 

expressed during the acute phase of splenic latency (whilst the phenotype was 

apparent), the stage of infection that the M4 gene product mediates its effect is 

unknown. One possibility is that the M4 protein is mediating its effect at the times 

the splenic phenotype is evident; M4 may be co- ordinately expressed with other 

latency- associated MHV -68 genes, as part of a specific latency program involved in 

expansion of the latently infected cell pool. This pattern of latent gene expression 

would be analogous to the EBV growth program (Latency III). In support of this, M4 

and M2 are not expressed during long -term splenic latency, yet are involved in the 

generation of a maximal peak latent load in the spleen.. As the splenic phenotype was 

observed in all MHV- 76inM4- infected mice, despite M4 expression being variable 

between mice during this phase of infection, it may suggest that the M4 protein is 

present in low amounts in the splenic environment. This would imply that the M4 
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protein would be biologically active in small quantities. Alternatively, M4 may be an 

inherently stable protein able to persist in the splenic environment, having been 

produced principally during the initial phases of splenic latency establishment, when 

lytic replication is more prevalent. Finally, it is feasible that the phenotype of MHV - 

76inM4 observed in the spleen is principally the result of M4 expression during 

productive infection, from an anatomical location distal to the spleen. For example, 

expression of M4 within the lung, or in the mediastinal lymph nodes (MLN) draining 

the lung, could result in an increased frequency of latently infected cells able to 

traffic to the spleen, giving rise to an elevation in viral latent load; assessment of M4 

transcription in numerous mice would more conclusively determine how prevalent 

M4 transcription is during acute -phase splenic latency. In addition, generation of a. 

recombinant MHV -68 virus, containing a disrupted M4 ORF, would be of assistance 

in validating the phenotype of MHV- 76inM4 during splenic latency. As this virus 

would retain a functional M2 ORF, it would establish whether the co- expression of 

M2 and M4 is necessary for a maximal peak latent load, or whether some degree of 

redundancy exists between the actions of these two genes. Importantly, although M4 

is capable of increasing the peak of splenic latency in MHV- 76inM4, it is not 

sufficient to generate a maximal peak latent load following intranasal infection with 

an M2- deficient MHV -68 mutant (Jacoby et al., 2002; Macrae et al., 2003). 

Therefore, M4 is unable to compensate for the loss of M2 with regard to the 

generation of a maximal peak latent load, although it remains to be determined 

whether the converse is true; as the peak latent load in MHV -68- infected mice is on 

average, greater than 10 -fold higher than that in MHV- 76inM4- infected mice, it is 

plausible that disruption of the M4 ORF in MHV -68 would only result in a 

diminutive reduction in peak latency ( <10% reduction) that may not be readily 

detectable or statistically significant by either ex vivo reactivation assay or real -time 

PCR. 

4.2.5 Control of viral reactivation during the acute phase of splenic latency 

At day 17 post -infection, the splenic viral latent loads of MHV -68 and MHV - 

76inM4 (as measured by quantitative real -time PCR analysis) were equivalent, 

whereas the reactivation frequencies (as measured by ex vivo reactivation assay) 
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differed by approximately 7 -fold. Considering the close correlation between the 

reactivation assay and real -time PCR data in general, one explanation for this 

discrepancy is that the difference in reactivation frequency between MHV -68 and 

MHV- 76inM4 reflects an inherent ability of MHV -68 to reactivate better than MHV - 

76inM4 during acute -phase splenic latency. As the left termini of the MHV- 76inM4 

and MHV -68 genomes differ considerably, it is plausible that some element at the 

left terminus of the MHV -68 genome, but absent in MHV- 76inM4, augments 

reactivation efficiency. In support of this, an MHV -68 mutant containing an 

extensive deletion at the left-end of the genome reactivates less efficiently from 

splenocytes during the acute -phase of splenic latency, in comparison to MHV -68 

(Clambey et al., 2002). Previous observations suggest that multiple factors influence . 

reactivation efficiency ex vivo. Virus -specific elements have been implicated in the 

control of ex vivo reactivation; deletion mutants of MHV -68 frequently exhibit 

altered reactivation efficiencies ex vivo, in comparison to wild -type MHV -68 

(Clambey et al., 2000; Jacoby et al., 2002; Moorman et al., 2003a). Furthermore, the 

observation that certain immune mechanisms (e.g. IFN -?, CD8+ T- lymphocytes) 

appear to influence ex vivo reactivation implies host factors play a role in 

determining reactivation phenotype (Tibbetts et al., 2002). 

Between days 14 and 21 post- infection, MHV -68 exhibits a steady decrease in viral 

latent load (as measured by real -time PCR) that mirrors the ex vivo reactivation data. 

This reduction in viral latent load and reactivation frequency presumably represents 

immune clearance of latent MHV -68, as has previously been described (Weck et al., 

1996). In contrast to MHV -68, MHV- 76inM4 exhibits a modest increase in viral 

latent load between days 14 and 17 post- infection. Similarly, as MHV -76 does not 

exhibit a significant decline in latent load akin to MHV -68, this rapid reduction in 

viral latent load appears to be specific to MHV -68 infection. It is possible that the 

higher viral latent load in MHV -68- infected mice elicits a greater immune response 

in comparison to MHV- 76inM4- infected mice, which could result in a more rapid 

eradication of latently infected splenocytes. In addition, MHV -68 infection results in 

the generation of gross splenomegaly, whereas MHV -76 and MHV- 76inM4 infection 

does not; it is not known if this substantial amplification and activation of B- and T- 
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lymphocytes influences the immune response towards MHV -68. Furthermore, the 

M2 gene of MHV -68, essential for the development of a maximal peak latent load, is 

expressed predominantly by B- lymphocytes during the acute -phase of splenic 

latency. Evidence suggests that CD8+ T- lymphocyte recognition of the M291 -99 

epitope may be important for the control of the initial peak in latently infected cells 

during the initial stages of splenic latency establishment (Usherwood et al., 2000). 

Thus, if the decline in viral latent load associated with MIIV -68 infection results 

from CTL recognition of M2- expressing B- lymphocytes, it would explain why 

MHV- 76inM4 does not display a reduction in viral load between days 14 and 17 

post- infection, akin to MHV -68. However, it seems unlikely that the splenic 

phenotype of MHV- 76inM4 is predominantly the result of latency establishment 

within a different splenocyte population to MHV -68, since it has previously been 

established that the vast majority of both latent MHV -68 and MHV -76 is present 

within the CD19+ B- lymphocyte population (Macrae et al., 2001). This strongly 

suggests that the unique elements at the left- terminus of the MHV -68 genome, but 

absent in MHV -76, do not play a significant role in determining cellular tropism in 

the spleen. 

Significantly, a substantial decrease in ex vivo reactivation frequency was observed 

with MHV -68 and MHV- 76inM4, between days 21 and 31 post- infection, without a 

corresponding decrease in viral latent load (as measured by real -time PCR). It was 

initially predicted that this decrease in reactivation frequency was the result of 

immune- mediated clearance of latently infected splenocytes, as several studies have 

demonstrated that the frequency of latently infected splenocytes decreases following 

the peak of splenic latency at 2 -3 weeks post- infection (Marques et al., 2003; Willer 

& Speck, 2003). However, the real -time PCR data suggest another mechanism is 

responsible for this reduction in reactivation frequency, as the viral latent loads of 

MHV -68 and MHV- 76inM4 remained relatively stable between days 21 and 31 post - 

infection, in comparison to the ex vivo reactivation data. As mentioned, studies 

suggest that specific immune mechanisms are capable of influencing ex vivo 

reactivation efficiency, and this is one explaination for the observed phenotype. 

Alternatively, the reduction in reactivation efficiency may simply reflect a transition 
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to a more stable latency compartment. In support of this, studies suggest that latent 

virus reactivates more efficiently during the acute -phase of splenic latency than 

latent virus from mice in which long -term latency is established (Weck et al., 1999). 

The possibility therefore exists that MHV -68 possesses multiple latency programs, 

akin to EBV, where distinct patterns of gene expression can be identified during 

different stages of latency. The finding that both MHV -68 and EBV preferentially 

maintain long -term quiescence in the surface -immunoglobulin D negative (sIgD ") 

subset of B- lymphocytes is in support of this; the expression of distinct latency 

programs at different stages of B -cell development are postulated to be key to the 

long -term persistence of EBV in sIgD" B- lymphocytes. However, the exact 

mechanisms that EBV and MHV -68 utilise to maintain long -term latency within the 

memory -phenotype B- lymphocyte pool appear to differ, at least in their requirement 

for CD40 signalling; EBV encodes a functional homologue of CD40, the expression 

of which is believed to bypass the need for native CD40 -CD40L signalling (Thorley - 

Lawson, 2001). In contrast, MHV -68 does not appear to encode any protein able to 

provide surrogate CD40 -CD40L signalling (Kim et al., 2003). Although no latency 

programs have been characterised for MHV -68 during latency in vitro or in vivo, it 

appears that multiple forms of latency exist in vivo (Usherwood et al., 2000; 

Usherwood et al., 2001). 

Considering that MHV -76 is able to replicate productively, in addition to 

establishing and maintaining long -term latency in vivo, the purpose of the rapid 

increase in the number of latently infected splenocytes evident with MHV -68 

infection (peaking at approximately 2 weeks post- infection) is unclear. However, the 

requirement for M2 and M4 in this process predicts that it is advantageous to MHV - 

68 persistence. Perhaps an initial amplification of latently infected splenocytes is key 

to the long -term establishment of latency following infection with low doses of virus; 

given the ubiquitous nature of herpesviruses in general (suggesting a high efficiency 

of natural infection), the dose of virus sufficient for latency establishment is 

predicted to be low. In agreement with this, the finding that MHV -68 can establish 

stable long -term latency following administration of very low amounts of virus ( <1 

pfu) suggests that MHV -68 has evolved to establish lifelong persistence upon 
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infection with even minute quantities of virus (Tibbetts et al., 2003). Although M4 is 

dispensible for productive replication and latency establishment and maintenance, 

both in vitro and in vivo, its presence within the genome of a related murine 

gammaherpesvirus, MHV- Brest, is further evidence that M4 is important for MHV - 

68 pathogenesis. In MHV- Brest, the M4 gene is very well conserved, significantly 

more so than the neighbouring M2 and M3 ORFs; the primary amino acid sequence 

of the M4 genes in MHV -68 and MHV -Brest are virtually identical (Davison, A.J., 

unpublished observations). Considering that M4 has a near -identical homologue in 

MHV- Brest, and that MHV -Brest was originally isolated from a shrew (Crocidura 

russula), a rodent species that is not closely related to the wood mouse or bank vole, 

it may suggest that the function of M4 is important for gammaherpesvirus 

pathogenesis in general. 

4.3 Possible Function of the M4 gene product 

The phenotype of MHV- 76inM4 during productive infection and the initial stages of 

splenic latency establishment in vivo demonstrates that the M4 gene product plays a 

key role in enhancing pathogenicity during the acute phase of murine 

gammaherpesvirus infection. Moreover, the data support the hypothesis that M4 has 

an immunomodulatory role during in vivo infection. However, previous protein 

expression studies using M4 have been largely unsuccessful, possibly due to toxicity 

resulting from M4 overexpression (Wan, 2002). Thus, the M4 protein remains poorly 

characterised, with data concerning the function of the M4 gene product deriving 

almost exclusively from the phenotype of a gain -of- function mutant virus, MHV - 

76inM4. In order to investigate the cellular localisation of the M4 protein in vitro, 

potentially providing data regarding M4 function, the production of an anti -M4 

antibody would be of use; this would conclusively determine whether M4 is a 

secreted protein, or whether it is likely to mediate its effect at the level of the 

infected cell. Furthermore, it may provide an insight into the mechanism by which 

the M4 protein influences productive infection and the early stages of splenic 

latency, and may reveal whether the M4 protein persists in the spleen in the absence 

of detectable M4 transcription. 
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The phenotype of MHV- 76inM4 in vivo, particularly during productive infection of 

the lung, strongly suggests that M4 may inhibit an innate immune effector 

mechanism. It is possible that M4 inhibits the Type I interferon pathway, as many 

other gammaherpesviruses (e.g. HVS, KSHV, EBV) encode inhibitors of this 

immune mechanism, and no specific inhibitor of the Type I interferon system has 

been identified within MHV -68. However, the phenotype of MHV -76M4A within 

Type I IFN receptor " mice argues against this possibility, as M4 appears to augment 

pathogenicity in these mice. Alternatively, M4 may inhibit the function of a specific 

innate immune effector cell, such as macrophages, NK cells, NKT cells or gamma - 

delta T- lymphocytes. It is of note that the MHV -68 K3 ORF encodes a protein 

capable of downregulating cell surface expression of MHC class I, preventing 

immune attack by cytotoxic CD8+ T- lymphocytes. Consequently, as MHC class I is 

a major inhibitory ligand for NK cells, expression of proteins that interfere with class 

I presentation would therefore be predicted to increase the susceptibility of infected 

cells to NK cell lysis. For this reason, it seems likely that MHV -68 encodes a protein 

able to inhibit NK cell cytotoxicity, counteracting the increased susceptibility of 

MHV -68- infected cells to NK -cell mediated lysis. At present, no MHV -68 ORF has 

been demonstrated to encode an inhibitor of NK -cell mediated cytotoxicity. Time 

constraints did not allow the infection of mice depleted of NK cells with an anti- 

asialo-GM1 antibody to determine whether MHV- 76inM4 replicates comparably to 

MHV -76 in vivo, in the absence of NK cells. 

Analysis of the putative M4 protein sequence suggests that the M4 protein may be 

secreted from infected cells, although obviously further studies are necessary to 

confirm this. In addition, regions of the putative M4 protein sequence demonstrated 

low sequence similarity to the extracellular receptor ligand- binding domain of 

mammalian family C GPCRs and a prokaryotic potassium -translocating ATPase. 

However, as no family C GPCR ligands appear to be directly involved in 

immunoregulation, or any other obvious processes involving host -viral interactions, 

the significance of this sequence similarity remains to be determined. In addition, the 

relevance of sequence similarity to a prokaryotic ATPase, but not a eukaryotic 

ATPase, is questionable. However, the possibility that this similarity evolved 
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through convergence cannot be excluded. Nevertheless, perhaps the true ligand for 

M4 shares some characteristics with family C GPCR ligands. This is possible as the 

region of homology within the GPCR protein sequence is poorly conserved, even 

amongst family C GPCRs from the same species. Determination of the ligand for the 

M4 protein would be of considerable value in elucidating the function of the M4 

protein; as the M4 protein sequence does not predict any obvious ligands, yeast -two- 

hybrid screening of murine lung and spleen- derived cDNA libraries could potentially 

reveal the ligand(s) for the M4 protein. 

4.4 Conclusions 

The results presented in this thesis demonstrate that although the M4 gene, a virus - 

specific gene present at the left -terminus of the MHV -68 genome, is dispensible for 

in vitro replication, and latency establishment and maintenance in vivo, it has a major 

role in enhancing pathogenicity during the acute phase of murine gammaherpesvirus 

infection in vivo. M4 is expressed as an immediate- early /early transcript during lytic 

replication in vitro. In vivo, M4 is expressed predominantly during productive 

infection. However, the detectable expression of M4 during splenic latency 

establishment, the splenic phenotype of MHV- 76inM4, and the identification of M4 

expression in the absence of ORF50 co- expression within specific B -cell subsets 

(Marques et al., 2003) preclude the definitive classification of M4 exclusively as a 

lytic cycle gene. Further studies are necessary to establish whether M4 is indeed a 

candidate latency- associated transcript. Significantly, several other MHV -68 genes 

transcribed abundantly during lytic replication are also latency -associated, such as 

the K3 and M3 genes (Bridgeman et al., 2001; Stevenson et al., 2002). 

The construction of MHV- 76inM4 represents a novel method for the study of murine 

gammaherpesvirus gene function. The M4 gene was expressed in an MHV -76 

genomic background to create a novel gain -of- function mutant, MHV- 76inM4. This 

approach to recombinant virus generation differs from the commonly used technique 

of targeted gene disruption to assess gene function. It is of particular interest as it 

offers an efficient way to generate recombinant murine gammaherpesviruses to assist 

in the study of the genes in the deleted region of MHV -76. Moreover, it offers a 
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potential means to insert foreign genes of interest into a gammaherpesvirus genome 

without disrupting functions essential for virus replication or latency establishment. 

The phenotype of MHV- 76inM4 in vivo demonstrates that M4 is able to modulate 

both productive infection in the lung at early times post- infection and levels of latent 

virus during the acute -phase of splenic latency. The data support a possible role for 

M4 in immunomodulation, perhaps via interaction with an innate immune effector 

mechanism. The nature of the splenic phenotype of MHV- 76inM4 is of much 

interest, especially given the expression profile of the M4 gene. One possibility is 

that M4 is a lytic -cycle gene, yet is able to influence the levels of latent virus within 

the spleen during the acute phase of infection. This is of obvious importance, as little 

is known about biological events occurring between productive infection of the lung 

and the establishment of splenic latency. An alternative possibility is that M4 is 

expressed as a lytic -cycle gene, yet exhibits limited expression as a latent transcript. 

Thus, the phenotypes in the lung and spleen would be predicted to be distinct 

processes, but may arise through similar mechanisms. 

The results in this study reveal the importance of the M4 gene to murine 

gammaherpesvirus pathogenesis and also provide new insights into 

gammaherpesvirus latency in vivo. If M4 does indeed interfere with an innate 

immune mechanism, this finding would be of potential interest due to the significant 

influence of this immune mechanism on murine gammaherpesvirus pathogenesis. 
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Murine gammaherpesvirus 68 (MHV -68) infection of mice represents a viable small -animal model for the 
study of gammaherpesvirus pathogenesis. MHV -76 is a deletion mutant of MHV -68, which lacks four MHV- 
68- specific genes (Ml to M4) and eight viral tRNA -like sequences at the 5' end of the genome. These genes are 
implicated in latency and /or immune evasion. Consequently, MHV -76 is attenuated in the acute phase of in vivo 
infection with respect to MHV -68. Little is known about the role of M4 in viral infection, except that it is 
expressed as an immediate -early /early transcript during lytic replication of MHV -68 in vitro. To elucidate the 
contribution M4 makes to in vivo pathogenesis, we created a novel MHV -76 mutant (MHV 76inM4), in which 
the region of MHV -68 coding for M4 and accompanying putative promoter elements were inserted into the 5' 
region of the MHV -76 genome. The growth of MHV- 76inM4 in vitro was indistinguishable from that of MHV -76 
and MHV -68. However, virus titers from MHV- 76inM4- infected BALB /c mice were significantly increased with 
respect to MHV -76 at early times in the lung. In addition, at days 17 and 21 postinfection, there was a 
significant elevation in latent viral load in splenocytes of MHV- 76inM4- infected mice compared to MHV -76. 
Like MHV- 76- infected mice, MHV- 76inM4- infected mice display no evidence of overt splenomegaly, a finding 
characteristic of MHV -68 infection. M4 expression in vivo was detectable during productive infection in the 
lung and during the establishment of latency in the spleen, but in general M4 was not detectable during 
long -term latency (day 100 postinfection). 

Murine gammaherpesvirus 68 (MHV -68) is a well- estab- 
lished small- animal model for the study of gammaherpesvirus 
pathogenesis. MHV -68 infects inbred and outbred mice and, 
after intranasal administration, undergoes productive infection 
within lung epithelia, followed by lifelong latent infection. 13 

lymphocytes within the spleen comprise the major reservoir of 
latent virus after intranasal infection (9, 27) although, like Kapo- 
si's sarcoma -associated herpesvirus, latent virus, is detectable 
within several other cell types, specifically dendritic cells, macro- 
phages/monocytes, and lung epithelia (8, 21, 35). After the initial 
detection of latently infected cells, the splenic viral latent load 
continues to increase and then begins to decrease after it reaches 
a peak at approximately 14 days postinfection (p.i.). We refer to 
this stage of infection as acute -phase latency. During acute -phase 
latency, overt splenomegaly is evident, a process dependent on 
host (CD4+ T cells) and viral factors (13, 25). 

A related and previously characterized murid herpesvirus, 
MHV -76, replicates equivalently to MHV -68 in vitro. How- 
ever, MHV -76 is phenotypically distinguishable from MHV -68 
after infection of immunocompetent mice. Lytic replication in 
the lung differs significantly from MHV -68, since MHV -76 
displays accelerated clearance and an increased inflammatory 
infiltrate. Acute -phase splenic latency is also affected, with 
peak latency reduced -50-fold with respect to MHV -68. Sig- 

nificantly, splenomegaly is profoundly reduced in MHV -76- 
infected mice. Macrae et al. (13) have confirmed this altered 
phenotype of MHV -76 is the result of a 9,538 -bp deletion at 
the left terminus of MHV -68. In MHV -68, this 9,538 -bp en- 
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compasses four open reading frames (ORFs; Ml to M4) and 
eight viral tRNA -like sequences. This locus represents a cluster 
of MHV -68- specific genes (possibly with latency- associated or 
immunoregulatory functions), a genomic structure akin to 
other characterized gammaherpesviruses, where virus- specific 
genes are interspersed between gene blocks conserved among 
gammaherpesviruses (31). Aside from this deletion, the left 
termini of the MHV -76 and MHV -68 genomes are effectively 
identical, but for one amino acid substitution and a trivial 
discrepancy between terminal repeats. Reinsertion of the de- 
leted 9,538 bp into MHV -76 restored the in vivo phenotype to 
that of MHV -68 (13). Furthermore, an independently isolated 
MHV -68 mutant, with a similar deletion to that of MHV -76, 

displays a similar defect in splenic latency (4), underscoring the 
contribution this locus at the left terminus of MHV -68 makes 
to in vivo pathogenesis. 

Data concerning the involvement of these MHV -68- specific 
elements during in vivo infection remains limited. Thus far, 
only one gene remains functionally characterized: M3 encodes 
a broad -spectrum chemokine -binding protein that is expressed 
during lytic replication and persistence (16, 30). Recombinant 
MHV -68 mutants containing targeted loss -of- function muta- 
tions provide data on the contribution of virus- specific ORFs 
to in vivo pathogenesis. A deletion mutant lacking the M3 gene 
suggests an important role for M3 in the maintenance of a 

normal splenic latent load (2), although another deletion mu- 
tant did not reproduce this phenotype but did demonstrate a 

role for M3 in the modulation of the inflammatory response 
after intracranial infection (29). Similarly, M1 has been impli- 
cated in the control of reactivation (5), and a virus deficient in 

functional M2 protein shows a major defect in splenic latency 
(11). 
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Little is known about the properties of the M4 gene except 
that it is expressed as an immediate -early transcript during lytic 
infection in vitro and that expression in vivo has been detected 
during lytic infection but not during long -term persistence (6, 
32). Considering the genomic location of M4 and that it is 
dispensable for in vitro replication (13), it is likely that the M4 
gene encodes a protein that is involved during latency or has 
some inununomodulatory role during infection in vivo. The 
current experiments used a novel approach to assess the con- 
tribution M4 makes to MHV -68 pathogenesis in vivo, utilizing 
a recombinant MHV -76 mutant expressing the M4 gene under 
the control of its native promoter. This recombinant virus 
demonstrates that M4 influences productive infection in the 
lung and acute -phase latency within the spleen. To our knowl- 
edge, this is the first report of a role for the M4 gene product 
in the pathogenesis of a MHV -68 infection. 

MATERIALS AND METHODS 

Virus stocks and mouse infections. Virus stocks of MHV-68 and MHV -76 
were prepared by infection of BHK -21 cells with MHV -68 clone g2.4 (1, 7) or 
MHV -76 (1, 13) at a low multiplicity of infection (MOI; 0.001 PFU /cell) as 
previously described (23). Viral DNA used for electroporation, sequencing, and 
Southern analysis was extracted from intact purified virions as described previ- 
ously (7). Female BALB /c mice were purchased from B &K Universal (Hull, 
United Kingdom) and were infected at 4 weeks of age. All mice were infected 
intranasally under halothane anesthesia by administration of 4 X 105 PFU of 
virus suspended in 40 pl of sterile phosphate- buffered saline. At specific times 
p.i., mice were euthanized by CO2 asphyxiation, and organs were harvested. Lung 
tissue was frozen at -70 °C until assays were performed. 

Analysis of infected tissues. For determining levels of preformed infectious 
virus, the method described by Sunil- Chandra et al. (23) was used. Briefly, tissues 
were homogenized in Glasgow medium, supplemented with 10% newborn calf 
serum, 100 U of penicillin/ml, 100 U of streptomycin/ml, 2 mM L- glutamine, and 
subjected to one freeze -thaw cycle. Plaque assays to detect preformed virus were 
performed as previously described (23) on BHK -21 monolayers. An ex vivo 
reactivation assay was utilized to detect latent virus within splenocytes, as de- 
scribed previously (23). Briefly, splenocytes were counted, and specific dilutions 
incubated with a susceptible monolayer (BHK -21 cells). Reactivating virus was 
calculated from the total number of countable plaques minus the contribution 
from preformed infectious virus. Preformed infectious virus was determined by 
subjecting splenocytes to one freeze -thaw cycle prior to titration by plaque assay. 
No preformed infectious virus was detectable from any splenocyte sample after 
day 5 p.i. 

Generation of recombinant viruses. MHV- 76inM4 was generated by cotrans- 
fection of BHK -21 cells with MHV -76 DNA and digested plasmid DNA. The 
appropriate plasmid was generated by subcloning an MHV -68 terminal repeat 
fragment (22) into the Pstl site in the polylinker region of pUC18. A defined 
region of the MHV -68 genome encompassing the M4 ORF (nucleotides [nt] 
7414 to 10914, accession no. U97553) was inserted downstream between the 
BamHI and EcoRI sites. To facilitate directional subcloning of the M4 fragment 
into pUC18, restriction endonuclease sites were added to the M4 fragment of 
MHV -68 during PCR amplification. PCR was performed by using MHV -68 
DNA as a template in the presence of 10 U of Pfu turbo polymerase (Strat- 
agene), Pfu Turbo polymerase buffer (Stratagene), 100 p.M deoxynucleoside 
triphosphate (dNTP), and 50 pmol of each of the following oligonucleotides: 
5'- GCGCGGATCCCATGTGCTACCTCTGTGG -3' (nt 7414 to 7432) and 5'- 
GCGCGAATTCGTACCGTCTGAGTGACTG-3' (nt 10914 to 10897). The for- 
ward primer introduced a BamHI site (underlined) within the PCR product, and 
the reverse primer introduced an EcoRI site (underlined). The italicized se- 
quence represents sequence not found in the MHV -68 template DNA being 
amplified. Before electroporation, the plasmid was digested with HindIII and 
EcoRI (excising both the terminal repeat and M4 insert on the same fragment) 
and purified by phenol -chlorophorm extraction and ethanol precipitation. After 
electroporation of BHK -21 cells with MHV -76 DNA and digested plasmid DNA, 
the transfected BHK -21 cells were seeded into 96 -well plates. Wells containing 
single plaques after 5 days of incubation were harvested, and half the volume of 
cell suspension was pelleted, resuspended in 100 µl of sterile phosphate -buffered 
saline, and subjected to overnight digestion with proteinase K at 56 °C. Proteinase 

K was heat inactivated at 95 °C for 10 min, and 10 µl of the sample was analyzed 
by PCR for the presence of M4 and ORF50. The M4 PCR utilized the primer 
pair M4AFor ( 5'- GCGCGGATCCGACACCTGGAGAAGATGATGATATT 
C-3'; nt 8616 to 8637) and M4ARev (5'- CGCGAATTCGGCAGTCGCATAAC 
CATGTCCACG -3'; nt 9176 to 9155). The ORF50 PCR utilized the primer pair 
ORF50For (5'- ATGGCACATTTGCTGCAGAAC -3 ; nt 68483 to 68503) and 
ORF50Rev (5'- ACGGCGCCTGTGTACTCAA -3 ; nt 68838 to 68820). PCRs 
were setup by using 5 U of Taq DNA polymerase (Invitrogen) per reaction in the 
presence of 100 p.M dNTP, 3 mM MgCl2, 50 pmol of each primer, and Tag DNA 
polymerase buffer (Invitrogen). The cycling parameters were the same for both 
primer pairs: 94 °C for 45 s, 56 °C for 45 s, and 72°C for 60 s for 40 cycles, with a 
final extension at 72 °C for 7 min. Single plaque isolates positive for M4 and 
ORF50 by PCR were diluted and reseeded onto BHK -21 monolayers within 
96 -well plates. After five rounds of single- plaque selection, isolates were 
screened for wild -type MHV -76 contamination by PCR. Genomic rearrange- 
ments were confirmed by sequencing of purified viral DNA, and Southern anal- 
ysis was performed according to established procedures (19) with 32P- labeled 
probes produced from a fragment of M4 (nt 8616 to 9176) and the HindIIIG 
fragment of MHV-68 (nt 11099 to 16237). Sequencing was carried out with 
IRD800- modified primers on a Li -Cor automated sequencer. 

A revertant virus of MHV- 76inM4 was produced by cotransfection of purified 
MHV- 76inM4 DNA with the cosmid clone cM1, containing a fragment of the left 
end of MHV -76 (13). DNA was produced from single plaques as described above 
and was analyzed by using a multiplex PCR for M4 (primer pair M4AFor and 
M4ARev) and ORF50 (primer pair ORF50For and ORF50Rev). Reactions 
contained 50 pmol of each primer, and the cycling parameters were 94 °C for 45 s, 
56 °C for 45 s, and 72 °C for 60 s for 30 cycles, with a final extension at 72 °C for 
7 min. Genomic rearrangements were confirmed by Southern analysis, with the 
same probes as those used to analyze MHV- 76inM4. 

In vitro infections. Single -step and multistep growth in vitro was analyzed by 
infecting BHK -21 cells in suspension for 90 min at an MOI of 5 (single -step 
growth) or 0.05 (multistep growth). Cells were pelleted and resuspended in fresh 
complete Glasgow medium four times to remove unbound virus before they were 
seeded into 24 -well plates. At specific times p.i., wells were harvested and infec- 
tious virus was determined by plaque assay, as described above. All infections 
were performed in duplicate, with each infection titrated in duplicate. 

Northern analysis. RNA for Northern analysis was harvested from C127 cells 
infected in suspension in vitro with an MOI of 10. To inhibit early gene expres- 
sion, C127 cells were treated with cycloheximide (CHX; 1001,4/m1) and to inhibit 
late gene expression, cells were treated with phosphonoacetic acid (PAA; 100 
µg/ml). CHX- and PAA- treated samples were harvested 8 h p.i. Untreated 
samples were harvested 18 h p.i. RNA was extracted by using an RNeasy Minikit 
(Qiagen) according to the manufacturer's directions and then resuspended in 
RNase -free water. A total of 10 µg of total RNA was loaded in each lane and 
fractionated through 1.2% agarose gels containing 6.6% formaldehyde, 40 mM 
MOPS [3 -(N- morpholino)propanesulfonic acid], 10 mM sodium acetate, and 1 

mM EDTA. Blotting onto Hybond N+ membranes was performed in the pres- 
ence of 20X SSC (lx SSC is 0.15 M NaCI plus 0.015 M sodium citrate). 
32P- labeled double -stranded DNA probes specific for M4 (nt 8616 to 9176) and 
ORF50 (nt 68483 to 68838) were generated from purified PCR products. Hy- 
bridization was performed in Ultrahyb (Ambion) according to the manufactur- 
er's directions. 

RT-PCR. Tissues used for RNA extraction were snap -frozen in liquid nitrogen 
at the time of harvesting. RNA was extracted from tissues of infected BALB /c 
mice by using an RNeasy Minikit (Qiagen). Briefly, after RNA isolation, RNA 
was resuspended in RNase -free water and treated with 10 U of DNase I (DNA - 
free; Ambion) for 1 h at 37 °C. Samples were repurified by using an RNeasy kit, 
and the resulting RNA was quantified by spectrophotometry (Cecil). RNA was 
analyzed by denaturing gel electrophoresis to determine RNA integrity. A total 
of 4µg of the resulting RNA was subjected to a final incubation with 10 U of 
DNase I (DNA -free; Ambion) for 1 h at 37 °C. A total of 2µg of RNA was 
reverse transcribed with RNase H- Superscript II ( Invitrogen) in a final volume 
of 20 pl according to the manufacturer's instructions. A total of 2µl of cDNA 
was used per PCR, with 5 U of Taq DNA polymerase ( Invitrogen) per reaction 
in the presence of 100 µM dNTP, 3 mM MgC12, 50 pmol of each primer, and Taq 
polymerase buffer. PCR primers used were as described by Wakeling et al. (33), 
with the exception of the M4 primer pair, for which the M4AFor and M4ARev 
primers were used. The cycling parameters were the same for each primer pair 
set used: 94 °C for 45 s, 57 °C for 45 s, and 72 °C for 40 s for 35 cycles, with a final 
extension at 72 °C for 7 min. Reverse transcription -PCR (RT -PCR) products 
were separated by agarose gel electrophoresis and blotted onto Hybond N+ 
membranes (Amersham) in the presence of 10x SSC prior to hybridization with 
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32P- labeled DNA probes in Ultrahyb (Ambion) according to the manufacturer's 
directions. 

Real -time PCR. Real -time PCR for the quantification of viral genome load 
was performed on a LightCycler (Roche), with the intercalating dye SYBR green 
to determine levels of double -stranded DNA product. A region of the ORF50 
gene was amplified with specific primers (ORF50For and ORF50Rev), and all 
products from real -time PCR were analyzed by melting temperature to confirm 
specificity. DNA was extracted from splenocytes by using a Qiagen tissue kit, and 
50 ng was used per PCR. Additional reactions were performed on a dilution 
series of a plasmid containing the entire ORF50 sequence, producing a standard 
curve to enable quantification of unknown samples. Standards were spiked with 
DNA isolated from the spleens of uninfected BALB /c mice, demonstrating that 
amplification efficiencies were comparable. 

5' and 3' RACE. Rapid amplification of cDNA ends was performed as follows. 
Briefly, C127 cells were infected in vitro at an MOI of 10, and harvested 18 h p.i. 
RNA was extracted by using an RNeasy Minikit (Qiagen) as per manufacturers 
directions, and resuspended in RNase -free water. A total of 5µg of the resulting 
RNA was treated with 10 U of DNase I (DNA -free; Ambion) for 1 h at 37°C. The 
resulting RNA was used directly in the First -Choice RLM -RACE (rapid ampli- 
fication of cDNA ends) kit (Ambion). RACE PCR products were purified by 
using a Qiagen PCR purification kit and subcloned by using the TOPO -TA 
cloning kit (Invitrogen). Four reactions were sequenced for 5' RACE, and three 
reactions sequenced for 3' RACE. Identical sequencing data was obtained for all 
of the 5' -RACE products and for all of the 3' -RACE products. Sequencing was 
carried out with IRD800- modified primers on a Li -Cor automated sequencer. 

Statistical analysis. Titer data and real -time PCR data were analyzed by using 
the nonparametric Mann -Whitney test. 

RESULTS 

Targeted insertion of the M4 gene. A fragment of MHV -68 
spanning the predicted M4 ORF (MHV -68 sequence, nt 7414 
to 10914) was selected for insertion into the left terminus of 
MHV -76, in the equivalent genomic location M4 occupies in 
MHV -68. This fragment contains an additional 995 bp up- 
stream of the predicted M4 ORF (31), for inclusion of pro- 
moter elements to allow the M4 gene to be expressed under 
the control of its native promoter within MHV -76. The 3.5 -kb 
insert has not been shown to encode any further transcripts in 
addition to M4 and does not include any sequence from the 
neighboring M3 ORF. The cloned M4 sequence was compared 
to the previously published sequence (31), and no base pair 
alterations were detected. To assess the involvement of the M4 
gene in viral pathogenesis, a recombinant MHV -76 virus ex- 
pressing M4 (MHV- 76inM4) was generated as described in 
Materials and Methods. This resulted in a 2,125 -bp insertion at 
the left end of MHV -76, containing the entire predicted M4 
ORF and putative promoter elements. M4 was expressed un- 
der the control of its native promoter, since it was anticipated 
that by this approach M4 expression by MHV- 76inM4 would 
reflect that of MHV -68. Furthermore, insertion of a foreign 
promoter (human cytomegalovirus major immediate -early pro- 
moter) has been suggested to cause inappropriate phenotypes. 
Thus, inclusion of the native promoter for M4 in MHV - 
76inM4 would allow for an accurate and uncomplicated anal- 
ysis of the M4 gene product in vivo. After transfection and five 
rounds of single- plaque selection, the MHV- 76inM4 stock was 
found by PCR to be homogeneous and negative for wild -type 
MHV -76 (data not shown). The genomic structure of MHV - 
76inM4 at the left terminus was determined by Southern anal- 
ysis with purified viral DNA digested with BamHI and a double 
digestion with Notl and BglII (Fig. 1). Hybridization with a 
32P-labeled M4 sequence -specific probe yielded the predicted 
9.8 -kb fragment after BamHI digest. This fragment size 
matched that expected after an --2 -kb insertion in MHV -76. 
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FIG. 1. Construction and verification of the genomic structures of 
MHV- 76inM4 and MHV- 76.Rev. (A) Structures of the left termini of 
the genomes of MHV -68, MHV- 76inM4, and MHV -76. MHV- 76inM4 
were generated by the insertion of the MHV -68 sequence from nt 7414 
to 10914 into the equivalent region in MHV -76. MHV- 76.Rev was 
generated by restoring the MHV -76 sequence to MHV- 76inM4, uti- 
lizing a cosmid clone containing a fragment of the left terminus of the 
MHV -76 genome. MHV -76 only contains the last 246 bp of the M4 
ORF, whereas MHV- 76inM4 contains the entire M4 ORF and puta- 
tive promoter regions. The positions of restriction endonuclease sites 
(Bm, BamHI; Nt, NotI; Ec, EcoRI; Bg, BgIII) used to evaluate mutant 
virus DNA are shown. *, restriction site that derives from a small 
region of the polylinker site of pUC18 present within MHV- 76inM4 
(see Materials and Methods). (B) Southern analysis of the MHV -76, 
MHV- 76inM4, and MHV- 76.Rev genomes. Purified MHV -76 and 
MHV- 76.Rev viral DNA was digested with either BamHI or 
EcoRI +NotI, and MHV- 76inM4 viral DNA was digested with either 
BamHI or BglII +NotI. After electrophoresis and transfer, blots were 
hybridized with a 32P- labeled probe spanning the M4 region (nt 8616 
to 9176) and subsequently with a probe specific for a region conserved 
between each virus (nt 11099 to 16237). The results produced from 
Southern hybridization matched those predicted by sequence analysis 
(see Results). 
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Moreover, hybridization to one distinct fragment was consis- 
tent with an additional BamHI site present in MHV- 76inM4. 
This was as predicted, since a small region of the polylinker site 
of pUC18 (between the terminal repeat and M4 fragments) 
was expected to be present in MHV- 76inM4. Furthermore, the 
M4 probe hybridized to the expected 6.2 -kb fragment from the 
NotI -BglII digest. To conclusively determine the positioning of 
the M4 insertion and to assess whether any undesirable 
genomic rearrangements had occurred near the left terminus 
of MHV- 76inM4 that may not have been detected with the M4 
probe, a 32P- labeled fragment of MHV -68 (HindIIIG frag- 
ment, bp 11099 to 16237, MHV -68 sequence) was used for 
probing. As expected, hybridization to fragments of predicted 
size followed HindIIIG probing. The HindIIIG probe hybrid- 
ized to a 9.8 -kb fragment from the BamHI digest, matching the 
results seen with the M4 probe. Furthermore, hybridization to 
the predicted 5.3- and 6.2 -kb fragments from the NotI-BglII 
digest confirmed the M4 fragment had recombined in the cor- 
rect location. The results obtained from Southern blot analysis 
matched those predicted by sequence analysis exactly, verifying 
that the genomic structure at the left terminus of MHV - 
76inM4 was as anticipated. Finally, PCR and sequencing of 
purified MHV- 76inM4 DNA further demonstrated that the 
insert had recombined in precisely the correct position, with no 
undesirable insertions or deletions detected. Overexposure of 
the blots did not indicate that any residual wild -type MHV -76 
or genomically distinct subpopulation was present (data not 
shown). 

To exclude the possibility that any phenotype of MHV - 
76inM4 was the result of a spurious mutation elsewhere in the 
genome and not a direct result of the insertion of M4, a 
revertant virus was generated (MHV- 76.Rev). The genomic 
structure at the left end of MHV- 76inM4 was restored to that 
of MHV -76 after cotransfection of purified MHV- 76inM4 
DNA with a cosmid fragment of MHV -76 (see Materials and 
Methods) änd subsequent selection for single plaques negative 
for M4 by PCR. After transfection, a multiplex PCR -based 
screening method (M4 and ORF50) was used to select for 
MHV- 76.Rev. Once single- plaque isolates were determined to 
be negative for M4 by PCR, they were subjected to a further 
three rounds of single -plaque selection to ensure homogeneity. 
The viral DNA was then subject to digestion with BamHI and 
a double digestion with NotI and EcoRI prior to Southern blot 
analysis. Probing with a 32P- labeled M4 sequence -specific 
probe yielded no detectable hybridization to either digested 
MHV -76 or MHV- 76.Rev DNA, validating the multiplex PCR 
data. This confirmed that MHV- 76.Rev contained no detect- 
able M4 sequence and that the stock was free of contaminating 
MHV- 76inM4. The HindIIIG probe hybridized to the pre- 
dicted 8.9 -kb fragment from the BamHI digest, with terminal 
repeat laddering visible above this size (indicative of variable 
terminal repeat copy number). This banding pattern is consis- 
tent with the loss of the diagnostic BamHI site in MHV - 
76inM4 and further establishes that MHV- 76inM4 contains an 
-2 -kb insertion at the left end of the genome. Furthermore, 
the HindIIIG probe hybridized to the expected 5- and 7.5 -kb 
fragments from the NotI EcoRI digest (Fig. 1). Southern anal- 
ysis of digested MHV -76 and MHV- 76.Rev DNA gave indis- 
tinguishable results with both probes, indicating that MHV - 
76.Rev had reverted to the MHV -76 genotype. 
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FIG. 2. MHV -76, MHV -68, MHV- 76inM4, and MHV- 76.Rev rep- 

licate equivalently in vitro. (A and B) Single -step growth curves (5 
PFU /cell) (A) and multistep growth curves (0.05 PFU /cell) (B) were 
performed to determine any growth deficiencies or enhancements in 
vitro. Infected BHK -21 monolayers were harvested at specific times p.i. 
and freeze -thawed three times before titers were determined by plaque 
assay. The data represent the means ± the standard error of the mean 
(SEM), with the experiment performed in duplicate. The dashed line 
represents the limit of detection of the assay (5 PFU). 

MHV- 76inM4 and MHV- 76.Rev replicate equivalently in 
vitro to MHV -76 and MHV -68. MHV -76 replicates indistin- 
guishably from MHV -68 during single -step in vitro growth 
(13), indicating that the Ml, M2, M3, and M4 genes and 
8vtRNA -like sequences are dispensable for in vitro replication. 
As a result, it was predicted that the insertion of M4 into 
MHV -76 would not influence in vitro replication. Studies on a 
similar deletion mutant of MHV -68 have further established 
that M4 is not essential for in vitro growth (4). Nevertheless, to 
investigate whether MHV- 76inM4 or MHV- 76.Rev displayed 
any alterations in in vitro replication, we compared MHV - 
76inM4, MHV- 76.Rev, MHV -76, and MHV -68 during a single 
round and during multiple rounds of replication in BHK -21 
cells. In our study, analysis of single and multiple rounds of 
replication demonstrated that all viruses replicated equiva- 
lently (Fig. 2), confirming that M4 is dispensable for in vitro 
replication and does not influence cell-cell spread in vitro. 
Consequently, MHV- 76inM4 and MHV- 76.Rev have no de- 
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tectable differences in in vitro replication that could account 
for any change in phenotype in vivo. 

Characterization of M4 transcription by MHV -68 and 
MHV- 76inM4. The M4 ORF was originally assigned after anal- 
ysis of the sequenced MHV -68 genome (31) and was predicted 
to span coordinates 8409 to 9785. However, the analysis pre- 
dicted putative ORFs and no studies to date have defined 
whether the predicted M4 ORF corresponds to the actual M4 
ORF. Of interest was the possibility of an alternative transla- 
tional start site downstream of that previously predicted. By 
RACE analysis, we determined the M4 transcript to initiate at 
sequence 8526 and terminate at sequence 9866. Therefore, 
position 8538 most likely represents the true translational start 
site, since the predicted translational start site of 8409 is absent 
from the transcript. This alternative ATG- initiated ORF at 
position 8538 has a putative TATA box 27 bp upstream of the 
beginning of the M4 transcript (position 8526). Furthermore, 
this translational start site has a stricter Kozak sequence than 
the previously predicted translational start site of position 
8409. The above results demonstrate that the true M4 ORF 
spans from positions 8538 to 9785, differing from that pre- 
dicted by Virgin et al. (31). 

Ebrahimi et al. (6) have previously characterized M4 as an 
immediate -early transcript, expressed abundantly during lytic 
replication in vitro. We sought to establish that MHV- 76inM4 
is capable of M4 expression and that the pattern of M4 expres- 
sion from MHV- 76inM4 after in vitro infection is comparable 
to MHV -68. The promoter regions for M4 remain uncharac- 
terized, and our inclusion of 1112 bp upstream from the tran- 
scriptional start site cannot definitively ensure M4 expression 
equivalent to MHV -68. Furthermore, the influence of neigh- 
boring genes within MHV -68 (M1 to M3) on the regulation of 
M4 expression is unknown. To exclude the possibility that the 
kinetic class or level of M4 transcription differed significantly 
between MHV- 76inM4 and MHV -68, Northern analysis was 
performed ön RNA extracted from C127 cells infected in vitro 
(MOI = 10) (Fig. 3). CHX- and PAA- treated samples were 
included to determine the kinetic class of the M4 transcripts 
expressed from MHV- 76inM4 and MHV -68. Hybridization 
with a 32P- labeled M4 sequence -specific probe detected a dom- 
inant --- 1.4 -kb transcript from MHV -68 and MHV- 76inM4 
samples, but not from the MHV -76 -, MHV- 76.Rev -, and 
mock -infected samples. M4 transcription from the CHX- 
treated MHV -68 and MHV- 76inM4 samples is approaching 
the limit of detection of Northern analysis, since only weak 
signals were detectable from these lanes after hybridization 
with the M4 probe. Nevertheless, the presence of M4 expres- 
sion in these samples is in agreement with previous observa- 
tions that M4 can be transcribed in the absence of protein 
synthesis (6). However, the distinct -1.4 -kb transcript is more 
abundant in the PAA- treated samples than in the CHX- 
treated samples. Thus, despite limited transcription in the ab- 
sence of protein synthesis, the majority of M4 transcription 
requires de novo protein synthesis; we therefore propose that 
M4 be classified as an immediate -early /early transcript. A 32P- 
labeled ORF50 sequence -specific probe detected a distinct 
-2 -kb band of equivalent intensity in all samples, with the 
exception of the mock. This result is consistent with previous 
observations of ORF50 transcription in vitro (12). Ethidium 
bromide staining of the gel prior to blotting indicated that all 
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FIG. 3. Northern analysis of M4 transcription demonstrates that 
M4 encodes an immediate -early mRNA. C127 cells were infected in 
suspension at an MOI of 10 for 1 h (with or without inhibitors) before 
incubation at 37 °C for 8 h (treated samples) or 18 h (untreated sam- 
ples) prior to RNA extraction. Infected cells were either left untreated, 
treated with CHX (100 µg/m1) to inhibit protein synthesis, or treated 
with PAA (100 µg/ml) to inhibit DNA synthesis. Total RNA was 
harvested at the desired time p.i. and analyzed by Northern analysis. 
The blot was hybridized with a 32P- labeled probe spanning the M4 
region (nt 8616 to 9176), and with a 32P- labeled probe spanning the 
ORF50 region (nt 68483 to 68838) to assess RNA loading and integrity 
(see Results). 

lanes contained equivalent amounts of rRNA (data not 
shown). Probes specific for housekeeping genes (GAPDH 
[glyceraldehyde -3- phosphate dehydrogenase] and f3-actin) 
gave inconsistent results for RNA extracted from cells infected 
with virus overnight. This is likely due to virus- induced shutoff 
of host transcription as previously observed (6). Therefore, 
ORF50 was used as a control for RNA loading when MHV -68 
is compared with MHV -76 and mutant virus RNA. Hence, 
Northern analysis shows that M4 is expressed abundantly in 
vitro and that no significant differences are detectable in the 
expression of M4 in vitro by MHV -68 and MHV- 76inM4 with 
respect to kinetic class and level of transcription. 

MHV- 76inM4 has increased lung titers at early times after 
intranasal infection. After intranasal infection of immunocom- 
petent mice, MHV -76 is cleared more rapidly from the lung 
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FIG. 4. MHV- 76inM4 has a distinct phenotype during productive infection of the lung. BALB /c mice were infected intranasally with 4 x 105 
PFU of virus, and lungs were harvested at day 1 (A), day 5 (B), and day 7 (C) p.i. The data shown are compiled from two (day 1) or three (days 
5 and 7) independent experiments with three to four mice each. Virus titers were determined by plaque assay on BHK -21 monolayers. The data 
represent the viral titers from individual mice. The dashed line represents the limit of detection of the assay (10 PFU). 

than MHV -68, suggesting that at least one element at the left 
terminus of MHV -68 contributes to delaying viral clearance. 
To assess any role for the M4 gene product during acute 
infection, BALB /c mice were infected intranasally with 4 x 105 

PFU of virus, and viral titers were quantified by plaque assay 
from lungs harvested at specific times p.i. (days 1, 5, and 7). 
Figure 4 demonstrates that MHV- 76inM4 was cleared from 
the lungs of infected mice with kinetics similar to those of 
MHV -76, as evidenced by reduced lung titers at day 7 p.i. in 
comparison to MHV -68. Thus, M4 does not appear to be 
involved in delaying viral clearance during productive infection 
of the lung. Lung titers at day 5 pi. were equivalent for all 
viruses, establishing that MHV- 76inM4 and MHV- 76.Rev 
were capable of producing viral titers comparable to MHV -76 
and MHV -68 during the peak of productive infection (Fig. 4). 
In contrast, at day 1 pi., lung titers from MHV- 76inM4 -in- 
fected mice were significantly elevated with respect to 
MHV -76 (P = 0.0006), MHV- 76.Rev (P = 0.0006), and 
MHV -68 (P = 0.0006). These findings imply that M4 is impor- 
tant during the initial stages of productive infection with 
MHV -68. Lung titers were analyzed between days 14 and 31 to 
exclude the possibility of viral recrudescence. This was not 
observed since viral titers from all mice from these time points 
were below the limit of detection. 

MHV- 76inM4 exhibits a prolonged peak of infective centers 
during acute -phase splenic latency. To assess any role for M4 
during latency in vivo, we infected BALB /c mice intranasally 
with 4 x 105 PFU of virus, and the levels of latent virus were 
determined at specific times pi. by using an ex vivo reactivation 
assay. MHV -76 has a profound deficit in acute -phase splenic 
latency, with M4 (absent from MHV -76) therefore a candidate 
gene for contributing to viral pathogenesis during this phase of 
infection. The ex vivo reactivation assay results are shown in 
Fig. 5. MHV -68 infective centers were detectable from day 
5 p.i. onward, with peak latency observed at day 14 p.i. In 
contrast, MHV -76 infective centers peaked at day 10 p.i., with 
peak latency markedly reduced with respect to MHV -68. 
MHV- 76inM4 infective centers peaked at day 14 p.i., although 
the subsequent decline in infective centers observed with 
MHV -76 infection was not evident with MHV- 76inM4; the 
peak level of MHV- 76inM4 infective centers was maintained 
throughout days 14 to 21. However, by day 100 p.i., infective 
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FIG. 5. M4 regulates acute -phase latency in vivo. BALB /c mice 
were infected intranasally with 4 x 105 PFU of virus, and latent virus 
was determined at specific times p.i. (A) The data shown represent 
latent virus (as measured by infective center assay) minus the infec- 
tious virus titer. The mean number of infective centers per 107 spleno- 
cytes (± the SEM) for four mice per group is shown at each time point. 
(B) The mean spleen weight (-!- the SEM) for four mice per group is 
shown for each time point. The data for both panels are from one of 
two independent experiments, with similar results obtained from both 
experiments. 
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FIG. 6. MHV- 76inM4 has an increased latent viral DNA load in 
the spleen in comparison to MHV -76. BALB /c mice were infected 
intranasally with 4 x 105 PFU of virus, and total DNA was extracted 
from splenocytes harvested at specific times p.i. Quantification of viral 
genomes was performed by real -time PCR analysis by using a Light - 
Cycler (Roche), with primers specific for the MHV -68 ORF50 gene. 
The mean copy number of viral genomes (± the SEM) for four mice 
per group is shown for each time point. 

center data was equivalent for all viruses, suggesting that long- 
term latency was established at similar levels (data not shown). 
Overt splenomegaly during acute -phase latency is a well-doc- 
umented phenotype accompanying MHV -68 infection (3, 8, 
23), and this process has been demonstrated to increase the 
peak level of infective centres following MHV -68 infection 
(25). Splenomegaly is significantly reduced with MHV -76 in- 
fection in comparison to MHV -68 infection. Despite obvious 
differences in the patterns of acute -phase latency associated 
with MHV -76 and MHV- 76inM4 infection, no evidence of 
significant splenomegaly was detectable with either virus, pre- 
dicting little or no role for M4 in enhancing splenomegaly (Fig. 
4). 

MHV- 76ipM4 has an increased latent viral DNA load in the 
spleen. To confirm that the phenotype of MHV- 76inM4 during 
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acute -phase latency (as observed by reactivation assay) was the 
result of a difference in the level of latent virus and not solely 
due to an alteration in reactivation efficiency, real -time PCR 
was performed to quantify the viral genome load in splenocytes 
at days 14, 17, 21, and 31 p.i. The same splenocyte samples 
were used for both the reactivation assay and real -time PCR to 
allow a meaningful analysis. A portion of ORF50 was selected 
for amplification since it occupied a region distal to that af- 
fected by mutagenesis. The results are shown in Fig. 6. Melting 
analysis showed a specific melting peak for each sample at 
-86 °C, which corresponded to a distinct product of expected 
size after agarose gel electrophoresis (data not shown). At all 
time points analyzed, the spleens of MHV- 76inM4- infected 
mice contained greater levels of latent viral DNA than 
MHV -76 or MHV- 76.Rev. Specifically, at days 17 and 21 p.i., 
the difference in MHV- 76inM4 viral genome load is statisti- 
cally significant with respect to MHV -76 and MHV- 76.Rev 
(day 17, P < 0.029; day 21, P < 0.029). Thus, a positive 
correlation between viral DNA copy number and reactivation 
assay data was observed at days 14 to 21 p.i. However, it is 
interesting that at day 17 p.i. MHV -68 and MHV- 76inM4 
differ considerably by reactivation assay and yet have equiva- 
lent viral genome copy numbers as determined by real -time 
PCR analysis. 

M4 expression in vivo is detectable during lytic infection but 
not during persistence. To establish the pattern of M4 expres- 
sion in vivo and whether such expression is compatible with the 
in vivo phenotype of MHV- 76inM4, RT -PCR was performed 
on lung and spleen tissues from MHV -68 -, MHV- 76inM4 -, and 
MHV- 76.Rev- infected mice (Fig. 7). Expression in the lung 
was investigated at days 2, 4, and 14 p.i., encompassing both 
the acute -phase and resolution of productive infection. M4 
expression in the spleen was analyzed at days 14, 21, and 
100 p.i., covering both acute -phase latency and long -term per- 
sistence. Primers specific for the genes M4, ORF50, Mll, and 
murine [3-actin were used for analysis. ORF50 is only tran- 
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FIG. 7. In vivo transcription of M4. RNA was extracted from the lungs and spleens of BALB /c mice (two mice per virus per time point) at 
specific times p.i. RT -PCR was performed with primer sets specific for viral genes (M4, ORF50, and M11), in addition to murine 13- actin. To 
confirm specificity, RT -PCR products were electrophoresed and subject to Southern blot analysis with 32P- labeled gene -specific probes. For each 
RNA sample, reverse transcriptase was omitted in one case to control for the carryover of DNA (M11, no RT) prior to PCR and Southern blot 
analysis. 
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scribed during lytic infection, whereas M11 transcription has 
been detected during lytic infection and persistence (18, 33). 
13 -Actin expression was abundant in all tissue samples, and 
control reactions performed without RT were uniformly neg- 
ative. The sensitivity was determined by limiting dilution of 
PCR products generated with external primers and was deter- 
mined to be between 1 and 10 copies in all cases. ORF50 
expression by MHV- 76inM4 at day 2 p.i. appeared more abun- 
dant in comparison to MHV -68 and MHV- 76.Rev. This find- 
ing is consistent with plaque assay results establishing that 
MHV- 76inM4- infected mice have elevated viral titers at this 
stage of infection. M4 was consistently detected during lytic 
infection in the lung from all MHV- 76inM4 and MHV -68- 
infected mice but, within the spleen, M4 expression was less 
consistent; M4 expression was detectable in only one of two 
MHV- 76inM4- infected mice at days 14 and 21 and in two of 
two MHV -68- infected mice at day 14. However, no M4 expres- 
sion was detectable within the spleen at day 21 in MHV -68- 
infected mice. Importantly, M4 expression was always accom- 
panied with ORF50 expression, which is in agreement with 
previous data demonstrating that M4 is not a latency- associ- 
ated transcript (32). The presence of M4 transcription at day 
100 p.i. in one MHV- 76inM4- infected mouse is presumably the 
result of spontaneous reactivation or persistent low -level rep- 
lication since ORF50 expression is evident. Thus, M4 expres- 
sion by MHV- 76inM4 and MHV -68 is consistently expressed 
during productive infection of the lung but is not consistently 
detectable during acute -phase spienic latency. 

DISCUSSION 

We have assessed here the role for the M4 gene product in 
vivo via a novel approach to MHV -68 mutagenesis. Insertion 
of the M4 gene into a deletion mutant of MHV -68 (MHV -76) 
produced a recombinant gammaherpesvirus (MHV- 76inM4) 
expressing M4 similarly to MHV -68 in vitro, with a distinct 
phenotype during both productive infection in the lung, and 
during acute -phase latency in the spleen after intranasal infec- 
tion of BALB /c mice. MHV- 76inM4 exhibits elevated viral 
titers during productive infection in the lungs at 24 h p.i. and 
displays an increased latent load in the spleen during acute - 
phase latency compared to MHV -76. In addition, we have 
characterized the M4 transcript, characterizing both the initi- 
ation and termination sites of M4 transcription, and the tem- 
poral expression pattern in vitro. 

Phenotype of MHV- 76inM4 during productive infection in 
vivo. Preliminary sequence analysis of the MHV -68 genome 
led to the assignment of the putative M4 ORF. The genomic 
location of M4 and the absence of any obvious homolog led to 
the prediction that M4 may be important during infection in 
vivo (31). Two deletion mutants of MHV -68 lacking various 
elements, including the M4 ORF, replicate identically to 
MHV -68 in vitro, a finding consistent with the hypothesis that 
M4 is involved in pathogenesis in vivo (4, 13). Previous studies 
have detected M4 transcription during lytic infection in vivo 
but not during latent infection (20, 32). Our study is in agree- 
ment with such findings, since we were only able to detect M4 
coexpressed with ORF50, a marker of lytic replication. How- 
ever, we cannot exclude the possibility that M4 is expressed as 
a latent transcript by specific cell populations during acute- 

phase latency, whereas lytic replication is ongoing in different 
cell types. This is a possible scenario, since recent data dem- 
onstrate that M4 is expressed by several B -cell populations 
during acute -phase latency in the absence of ORF50 expres- 
sion; in contrast, M4 expression by dendritic cells and macro- 
phages was accompanied by ORF50 expression (14). Never- 
theless, our data predict that M4 is not involved in the 
maintenance of long -term latent infection. It is not surprising 
that MHV- 76inM4 exhibits a phenotype during productive in- 
fection of the lung, since M4 expression is readily detectable at 
this site during this phase of infection. MHV- 76inM4 exhibits 
-10 -fold- higher lung titers at day 1 p.i. compared to MHV -76. 
This demonstrates that M4 plays an important role shortly 
after intranasal infection, possibly targeting an innate immune 
mechanism, such as alpha/beta interferons, macrophages/ 
monocytes, natural killer cells or yS T cells; the expression of 
M4 as an immediate -early transcript may be important for this 
early activity. It is interesting that MHV -68 does not exhibit an 
increase in viral titers 24 h p.i. compared to MHV -76, given 
that MHV -68 expresses M4 in a similar fashion to MHV - 
76inM4 at this time. However, since Ml, M2, and M4 and the 
8vtRNA -like sequences have not yet been functionally charac- 
terized, their influence on viral pathogenesis is unknown, par- 
ticularly if expressed independently of one other. Thus, the 
combined effects of several gene products during the early 
phases of infection may explain the phenotypic differences 
between MHV -68 and MHV- 76inM4 at 24 h p.i., since MHV - 
76inM4 lacks several elements present in MHV -68. Consider- 
ing the intimate herpesvirus -host relationship, a more vigorous 
productive infection may not be advantageous, in evolutionary 
terms, to MHV -68; it may be detrimental to the host, jeopar- 
dizing the long -term carriage of the virus. M3, a soluble che- 
mokine- binding protein encoded by MHV -68 but not MHV - 
76inM4, is expressed abundantly during productive infection 
and thus may have a role in influencing the early stages of 
productive infection. A recombinant vaccinia virus with a non- 
functional chemokine- binding protein exhibited significantly 
increased viral titers in vivo compared to the wild -type strain, 
demonstrating that specific viral immunoregulatory elements 
suppress maximal viral replication and virulence (17). Despite 
a possible elevation in ORF50 expression in MHV- 76inM4- 
infected mice at day 2 p.i., it seems unlikely that an increase in 
ORF50 expression (which could enhance lytic replication) is 
responsible for the observed elevation in lung titers, since an 
accompanying elevation in M4 expression was also detectable, 
especially after gel electrophoresis of the PCR products prior 
to blotting (data not shown). Importantly, in vitro replication 
was equivalent for all viruses, with no detectable enhancement 
of MHV- 76inM4 replication. A simpler explanation is that the 
increased viral titers and increased ORF50 expression are both 
markers of an enhanced productive infection. 

Phenotype of MHV 76inM4 during acute -phase latency in 
the spleen. Since M4 was not readily detectable as a latency- 
associated transcript, it is interesting that MHV- 76inM4 dem- 
onstrated a phenotype during acute -phase latency. The in- 
crease in infective centers from MHV- 76inM4- infected mice at 
days 14 to 21 p.i., with respect to MHV -76, was in good agree- 
ment with the levels of latent viral genome copy number in the 
splenocyte population. Thus, MHV- 76inM4 exhibits an ele- 
vated latent viral load in the spleen. In view of the reactivation 



766 TOWNSLEY ET AL. 

assay data, MHV- 76inM4- infected mice most likely have an 
increased frequency of virus genome -positive cells in the 
spleen compared to MHV -76. However, one limitation of the 
real -time PCR analysis is that it was unable to determine the 
frequency of genome -positive splenocytes to unequivocally 
confirm this. Thus, the data suggest that M4 may be necessary 
for a maximal peak latent load during MHV -68 infection. One 
explanation for this phenotype is that a specific immune mech- 
anism is responsible for the observed decline in infective cen- 
ters with MHV -76 between days 10 and 14 p.i. If the M4 gene 
product inhibits the action of this immune mechanism, MHV- 
76inM4 would exhibit delayed clearance from the spleen. An 
alternative explanation, although one that we consider less 
likely given the phenotype in the lung, is that the phenotype in 
the spleen is the result of M4 actively contributing to the 
proliferation of latently infected cells, resulting in an increased 
latent load in spite of ongoing immune clearance. The stage of 
infection that the M4 gene product mediates its effect is un- 
known. The first possibility is that the M4 protein is having an 
effect at the times the phenotype is evident; however, M4 
expression was variable between mice at the times the pheno- 
type was observed. Therefore, M4 may only be produced in 
small amounts during acute -phase latency, suggesting that the 
M4 protein would have to be active in small quantities. A 
second explanation is that M4 may be an inherently stable 
protein able to persist in the splenic environment, having been 
produced principally during the establishment of splenic la- 
tency when lytic replication is more prevalent. If M4 does have 
immunomodulatory properties, this hypothesis suggests that 
the control of both productive and latent infection share a 
common immune mediator. Finally, it is conceivable that the 
phenotype observed in the spleen is the result of M4 expres- 
sion during productive infection from a distal site other than 
the spleen. Expression of M4 within the lung or in the medi- 
astinal lymph nodes draining the lung could result in an in- 
creased nuniber of latently infected cells that may subsequently 
traffic to the spleen and give rise to an increased latent load. 

Control of reactivation during acute -phase latency. It is 
clear that multiple factors influence the reactivation efficiency 
ex vivo. Previous studies have implicated virus- specific ele- 
ments in the control of reactivation ex vivo; deletion mutants 
of MHV -68 frequently exhibit altered reactivation efficiencies 
ex vivo in comparison to wild -type MHV -68 (4, 5, 15). Fur- 
thermore, the observation that certain immune mechanisms 
appear to influence ex vivo reactivation implies host factors 
play a role in determining reactivation phenotype (24). In the 
present study, we observed differences in reactivation efficiency 
between MHV -68 and MHV- 76inM4. Specifically, at day 
17 p.i., the splenic viral latent loads of the two viruses are 
equivalent, whereas the reactivation efficiencies differed by 
-7-fold. Given the close correlation between the reactivation 
assay and real -time PCR data, it seems likely that the differ- 
ence in reactivation efficiency between MHV -68 and MHV- 
76inM4 observed at this time reflects an inherent ability of 
MHV -68 to reactivate better than MHV- 76inM4 during acute - 
phase latency. Considering the different genomic structures of 
MHV -68 and MHV- 76inM4, some element at the left terminus 
of MHV -68, other than M4, may augment reactivation effi- 
ciency during acute -phase latency. An MHV -68 mutant with a 
large deletion at the left terminus reactivates less efficiently 
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from splenocytes during acute -phase latency than does 
MHV -68 (4). This finding is consistent with an element at the 
left end of MHV -68 having a role in altering reactivation ef- 
ficiency. 

MHV -68, between days 14 to 21 p.i., exhibits a decrease in 
viral latent load that mirrors the ex vivo reactivation data. This 
reduction in viral latent load (and reactivation) likely repre- 
sents immune clearance of latent MHV -68. Conversely, MHV- 
76inM4 exhibits an increase in viral latent load between days 
14 and 17 p.i. Since MHV -76 does not exhibit a significant 
decline in latent load akin to MHV -68, this rapid decline in 
viral latent load appears to be a feature of MHV -68 infection. 
It is possible that the higher latent load in splenocytes from 
MHV -68- infected mice elicits a greater immune response than 
MHV- 76inM4, resulting in a more rapid eradication of latently 
infected splenocytes. Furthermore, only MHV -68 displays sig- 
nificant splenomegaly, and it is not known whether this ampli- 
fication of lymphocytes influences the immune response to 
MHV -68. The M2 gene of MHV -68 is latency associated, is 

expressed predominantly by B lymphocytes during splenomeg- 
aly, and is a target for CD8+ T cells (10). This could explain 
why MHV- 76inM4 does not display a reduction in viral load 
between days 14 to 17, particularly if M2- specific CD8+ T cells 
are found to be important for controlling MHV -68 during 
acute -phase latency. Alternatively, the differences between 
MHV- 76inM4 and MHV -68 may reflect different states of 
latency. We consider it unlikely that the splenic phenotype 
associated with MHV- 76inM4 is predominantly due to the 
establishment of latency in a different cell population from 
MHV -76, since it has been demonstrated that the vast majority 
of both latent MHV -76 and MHV -68 is present within the 
CD19 + -B- lymphocyte population (13). This indicates that the 
elements at the left end of MHV -68, absent in MHV -76, do not 
play a significant role in determining cellular tropism in the 
spleen. 

At days 21 to 31 p.i., there is a significant decrease in reac- 
tivation observed with both MHV -68 and MHV- 76inM4 with- 
out an equivalent decrease in viral latent load. We had origi- 
nally predicted this decrease in reactivation to be the result of 
immune- mediated clearance of latently infected cells; how- 
ever, real -time PCR data suggest otherwise. It has been pro- 
posed that specific immune mechanisms (gamma interferon in 
particular) are capable of influencing ex vivo reactivation effi- 
ciency (24), and this is one possibility that may explain the 
observed phenotype. Alternatively, the decrease in reactivation 
efficiency may simply reflect a transition to a more stable form 
of latency. It is noteworthy that latent virus recovered during 
acute -phase latency reactivates more efficiently than latent vi- 
rus from mice in which long -term latency is established (34). 
One possibility is the existence of multiple latency programs, 
akin to Epstein -Barr virus, in which distinct patterns of gene 
expression can be identified during latency. Although no la- 
tency programs have been characterized for MHV -68, it does 
appear that several forms of latency exist in vivo (26, 28). 

In conclusion, the data show that M4 is expressed as an 
immediate- early /early transcript and is expressed predomi- 
nantly during productive infection in vivo. M4 modulates both 
productive infection in the lung at early times p.i. and levels of 
latent virus during acute -phase latency. This finding supports a 
possible role for M4 in immunoregulation, with the available 
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data suggesting that M4 may interfere with an innate immune 
mechanism. The functional characterization of M4 is currently 
under way in our laboratory. 
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