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Abstract 

Cytomegaloviruses (CMV) express a range of immunomodulatory genes, many of which 

exhibit considerable genetic variability, existing as distinct genotypes or alleles. We 

hypothesise that the maintenance of allelic variability in the genome of murine CMV 

(MCMV) is due to the polymorphic and polygenic nature of the host molecules they 

target, to enable survival in outbred host populations. To test this hypothesis, this PhD 

project sought to determine if the genetic variation seen in the immunomodulatory genes 

that target the major histocompatibility (MHC) class I antigen presentation pathway alters 

the capacity of MCMV variants to down-modulate MHC class I.  

MCMV encodes three genes; m04, m06 and m152, that interfere with MHC class I 

expression at the surface of infected cells. Like a number of other MCMV 

immunomodulatory genes, m04 and m06 are highly variable. Using a panel of MCMV 

variant strains, the level of MHC class I present on the surface of MCMV infected cells 

was measured by flow cytometry. Comparison of differential down-modulation observed 

to the m04 and m06 genotypes expressed by each strain suggested that genetic variability 

of the m04 gene is associated with these differences. Strains of MCMV that express the 

same m04 genotype exhibited similar gene-specific effects on MHC class I cell surface 

expression. Further, a number of MCMV strains exhibited MHC class I allele-specific 

effects, and these were also associated with m04 genotypes. We propose, therefore, that 

differences in MHC class I cell surface expression between strains of MCMV are likely 

the result of differential reestablishment of MHC class I molecules on the surface of 

infected cells, predominantly mediated by m04. 

Using single gene knockout viruses, we found that the MHC class I immunomodulatory 

genes can have a profound effect on viral persistence in the salivary gland. Deletion of 

m04 or m06 has little effect on viral persistence. Paradoxically, deletion of m152 enhances 

duration of viral persistence in the salivary gland and viral shedding into the saliva. 

Examination of the impact of m152 deletion during acute infection revealed that viral 

replication was attenuated in the spleen. As m152 has a dual role, and, in addition to MHC 

class I, affects the cell surface expression of a ligand for the NKG2D activating receptor 

expressed on NK cells, we sought to determine if the acute attenuation and increased 

persistence seen following m152 deletion was NK cell mediated. Blocking NKG2D in 

vivo restored acute viral replication to parental levels and ameliorated the increase in 

persistence for MCMV lacking m152.  



x 

Taken together, these data demonstrate that virus modulation of host immunity is 

complex and thus removing one of several immunomodulatory genes can perturb the 

network with unexpected consequences. Further, significant variability exists between 

strains of MCMV which can have profound impacts on the function of 

immunomodulatory genes. Understanding the complex and concerted ways in which 

CMV immunomodulatory genes act together to escape the host immune response, 

permitting viral persistence and transmission, will be invaluable for the development of 

novel therapies and vaccines.  
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Chapter 1 Literature review 

1.1 Introduction 

The interaction between virus and host is highly complex. As mammals have evolved 

over millennia, so too have the viruses that infect them, developing multiple complex 

mechanisms to subvert the increasingly sophisticated immune system. This “arms race” 

has shaped the evolution of host and pathogen alike, and this is reflected in the many and 

varied resistance and evasion mechanisms present in the genomes of each.  

Persistent viruses, such as cytomegaloviruses (CMVs) are particularly adept at subverting 

host immune responses, enabling them to establish chronic and latent infections for the 

lifetime of the host. Human CMV (HCMV) is an important human pathogen, infecting 

60 – 100% of individuals. HCMV causes serious disease in the immunocompromised and 

is a leading cause of congenital defects. There is no effective vaccine against HCMV. 

Treatments are limited in effectiveness and often have undesirable, toxic side effects. A 

better understanding of how CMV modulates the host immune response to its advantage, 

permitting viral persistence and transmission, will be invaluable for development of novel 

therapies and vaccines. 

CMVs are highly adapted to their host and exhibit exquisite species specificity, thus no 

animal model for human CMV (HCMV) exists. Murine CMV (MCMV) in its natural 

host, the mouse, is the best studied model for HCMV infection. Immunomodulatory genes 

encoded by MCMV are targeted to innate and adaptive antiviral host immune responses. 

This thesis will focus on m04, m06 and m152- three specific immune evasion genes that 

target the host major histocompatibility class I (MHC class I) molecules, responsible for 

presenting antigen to effector cells.  
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1.2 Cytomegalovirus 

CMVs are large, double stranded DNA viruses belonging to the Herpesviridae family, 

subfamily betaherpesvirinae. Infection of the healthy host is generally considered to be 

asymptomatic, but CMV causes significant morbidity and mortality in the 

immunocompromised. Human CMV (HCMV) causes considerable morbidity in HIV 

patients and is also a serious cause of complications for transplant recipients. 

Additionally, HCMV is the leading infectious cause of congenital defects in the 

developed world.  

It is estimated that 50-60% of the population in developed nations are infected with 

HCMV by the time they reach adulthood, and this number approaches 100% in the 

developing world. As prior infection does not protect against subsequent infection with 

different strains of CMV, multiple infection is common in both immunocompetent 

(Meyer-Konig et al., 1998a) and immunocompromised individuals (Meyer-Konig et al., 

1998b, Ross et al., 2011, Baldanti et al., 1998, Puchhammer-Stockl et al., 2006).  

1.3 Clinical significance of HCMV 

Transmission of CMV is via bodily fluids, primarily urine or saliva, and less commonly 

via breastmilk and sexual secretions (Wu et al., 2011, Cannon et al., 2011, Britt, 2008). 

CMV can also be transmitted vertically to the neonate via the placenta during pregnancy. 

However, the transmission dynamics of HCMV are not well characterised and so the 

degree to which each route of transmission contributes to overall transmission events is 

not known. Emerging computational modelling data, coupled with observations that 

CMV seroprevalence within populations increases steadily with age, suggests that 

reactivation of infectious HCMV may be an important source of transmission (van Boven 

et al., 2017). There is some evidence of sex bias for susceptibility to HCMV infection, 

with data suggesting females are more susceptible to infection (Bate et al., 2010). 
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HCMV infection of the immunocompetent individual is typically asymptomatic, though 

primary infection can be accompanied by mild clinical symptoms such as headache, fever, 

malaise and sore throat (Gerna et al., 2004, Wreghitt et al., 2003). HCMV infection in 

immunocompetent individuals can lead to more pronounced symptoms such as 

mononucleosis syndrome, and more severe disease including respiratory symptoms, 

hepatitis, splenomegaly and gastrointestinal symptoms (Kunno et al., 1997, Kano and 

Shiohara, 2000, Faucher et al., 1998). There is a growing body of evidence that points to 

a role for HCMV in chronic conditions such as atherosclerosis and some cancers. For 

example, there is an association between some HCMV genotypes and clinical outcomes 

for patients with inflammatory breast cancers (Mohamed et al., 2014). 

In the immunosuppressed HCMV infection can cause significant disease. HIV/AIDS 

patients co-infected with HCMV experience significant disease such as retinitis, 

pneumonia and colitis (Gerna et al., 2004) and is associated with increased progression 

to AIDs (Webster, 1991, Phillips et al., 1991). HCMV disease in transplant recipients is 

a common cause of complications and can result from reactivation of latent HCMV in the 

recipient, transmission of HCMV from the donor, or primary infection in seronegative 

recipients (Azevedo et al., 2015). In transplant recipients, clinical symptoms range from 

typical viral symptoms such as fever and malaise to more serious morbidities including 

pneumonitis, hepatitis and gastrointestinal disease (Ramanan and Razonable, 2013). Solid 

organ transplant recipients may suffer significant morbidity from HCMV infection, with 

CMV disease reported in 6-59% of recipients (Falagas and Snydman, 1995). Seronegative 

solid organ transplant recipients acquire HCMV from seropositive donors in up to 78% 

of cases (Atabani et al., 2012). HCMV infection has also been associated with allograft 

rejection of solid organ transplants (Streblow et al., 2007). Significant morbidity can 

occur as a result of HCMV infection following hematopoietic stem cell transplantation 

(HSCT). Post-transplant HCMV disease in allogeneic HSCT occurs in approximately 

30% of patients (Azevedo et al., 2015). Clinical presentation of HCMV disease following 

HSCT includes hepatitis, gastritis, encephalitis and, most commonly, pneumonia (Boeckh 

et al., 2003).  



32 

Infection of the neonate via the placenta is a clinically important mode of transmission. 

Congenital CMV (cCMV) infection is the most common viral cause of birth defects in 

the developed world. The prevalence of cCMV at birth is approximately 0.6% worldwide 

(Marsico and Kimberlin, 2017) . Australian estimates are lower, at 3.85 cases per 10 000 

births (Zurynski et al., 2005), but this figure is an underestimate as cCMV is 

underdiagnosed (McMullan et al., 2011). cCMV infection is most likely to occur 

following a primary HCMV infection during pregnancy, but reactivation or reinfection 

with a subsequent strain of HCMV can also result in transmission of infection to the 

neonate (Naing et al., 2016).  

Pre-existing immunity to HCMV prior to pregnancy does reduce the rate of transmission 

from mother to foetus, however outcomes for congenitally infected neonates are 

comparable between primary and non-primary infection during pregnancy (Boppana et 

al., 1999). Outcomes for the 10-15% neonates who are symptomatic at birth are serious. 

Symptoms at birth include microcephaly, hepatosplenomegaly, and jaundice. In this 

group, mortality is as high as 30%, and most neonates will go on to experience late onset 

sequelae such as sensorineural hearing loss, mental retardation, and visual impairment 

(Lombardi et al., 2010).  
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HCMV is one of a number of chronic infections implicated in the decline of the immune 

system in aging, a process termed immune senescence (Koch et al., 2007). This immune 

senescence affects both innate and adaptive immunity, and is associated with increased 

incidence of cancer, and reduced capacity to mount an effective immune response to 

pathogens and vaccines (Nikolich-Zugich, 2014). The evidence suggests that a key 

feature of HCMV infection driving the decline in immune function in aging is the 

accumulation of memory HCMV specific memory T cells during viral persistence, a 

process first described for murine CMV (MCMV) and termed ‘memory inflation’ (Karrer 

et al., 2003). HCMV specific CD8+ memory T cells dominate the memory compartment 

(average of 10%, as high as 50%) at numbers strikingly higher than those present for other 

infections (Vescovini et al., 2007, Vescovini et al., 2014, Sylwester et al., 2005). HCMV 

specific CD4+ memory T cells can be similarly dominant, representing as high as 30% of 

the CD4+ memory compartment (Sylwester et al., 2005). However, the clonal diversity of 

these memory cells reduces with age such that T cell responses can be dominated by those 

directed at a single HCMV epitope, decreasing the overall TCR repertoire in the elderly 

and leaving them vulnerable to serious disease (Sylwester et al., 2005, Klenerman and 

Oxenius, 2016). The contribution of HCMV infection to immune senescence appears to 

be highly variable between individuals, and this is linked to infectious dose (Redeker et 

al., 2017).  

Infection with more than one strain of HCMV is common, but for immunocompetent 

individuals, does not correlate with negative clinical outcomes. There is some debate as 

to the impact of multiple infection in pregnancy. Some studies have associated multiple 

infection with higher levels of transmission in utero. Multi-strain HCMV infection has 

been associated with lethal cCMV infection in utero (Arav-Boger et al., 2002).  However, 

other studies have failed to find any difference in clinical outcomes of cCMV in multiply 

infected mothers (Pati et al., 2013). It is likely that disease severity is linked to the strain/s 

of CMV present, and identification of viral markers that predict disease outcome may 

help to resolve this apparent discrepancy between studies of multi-strain congenital 

infection.   
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In the immunocompromised, multiple CMV infection has been linked to a number of 

poorer outcomes. There is evidence of enhanced disease, increased graft rejection and 

delayed clearance of replicative virus in solid organ transplant recipients when multiply 

infected (Humar et al., 2003, Coaquette et al., 2004). Furthermore, multiple HCMV 

infection is associated with a higher viral load in AIDS patients, particularly where strains 

encoding gO1a/gN4a are found together (Jiang et al., 2017).  

1.4 Species specificity 

CMVs display exquisite species specificity, having become highly adapted to survival in 

their specific host over millennia of co-evolution. CMVs are capable of replication in 

cells of their associated species and some closely related species in vitro, and while able 

to enter cells of more distantly related cells in vitro, productive infection has not been 

detected in vivo. For example an in vitro experiment demonstrated recombinant and wild-

type MCMV were able to replicate in rat fibroblast cells, however following in vivo 

inoculation of Wistar or Lewis rats with these MCMV strains no infectious virus or viral 

DNA could be detected (Smith et al., 2005). In another study, recombinant MCMV 

encoding GFP was shown to enter rat and human brain cells and express the GFP reporter 

genes but no viral replication was observed (determined by the lack of cell to cell spread) 

(van Den Pol et al., 1999).  

The basis of species specificity in CMV infection is not well understood, and the 

mechanisms are not clear. Transcriptional blocking has been proposed as one mechanism, 

as CMV has been demonstrated to enter non-host cells, even if unable to replicate 

(Lafemina and Hayward, 1988, Smith et al., 2005). Apoptosis may be another important 

factor, as recombinant MCMV and rat CMV expressing anti-apoptotic genes derived 

from the human pathogens were able to replicate in a variety of human cells (Jurak and 

Brune, 2006). Recently, Ostermann and colleagues have adapted an MCMV strain for 

growth in non-murine cell lines for the purpose of identifying which genes might be 

implicated in the species specificity of MCMV (Ostermann et al., 2015). Comparing the 

sequence foreign-cell-adapted strains of MCMV to wild type sequence provides potential 

targets for identification of the mechanisms of species specificity.   
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1.5 MCMV as an animal model for HCMV 

The strict host species specificity of CMVs limits study of HCMV in the lab to in vitro or 

to humanised in vivo mouse models.  Animal models include the mouse, rat, rhesus 

macaque, and the guinea pig. MCMV infection in the natural murine host is the most 

widely employed model of HCMV infection.  

Disease outcomes of MCMV infection resemble those seen with HCMV infection for a 

number of conditions, such as retinitis, hepatitis, pneumonitis and atherosclerosis. Both 

viruses infect the same major cell types and organs, with notable tropism to the salivary 

gland where high levels of replication and shedding into saliva occurs (Hudson, 1979). 

MCMV and HCMV follow a comparable course of infection, culminating in 

establishment of latency, and cause similar pathology.   

Similarities in genome structure and organisation are also apparent. The HCMV and 

MCMV genomes are both approximately 230 kb in length and are co linear along 

approximately 180 Kb central region where essential genes, with high levels of sequence 

homology, are located (Rawlinson et al., 1996). An estimated 50% of genes identified in 

MCMV have homologues in HCMV (Rawlinson et al., 1996, Brocchieri et al., 2005). 

However, both MCMV and HCMV express a large number of unique genes, many of 

which target their natural host’s immune defences.  

Horizontal transmission of MCMV occurs via bodily fluids during close contact between 

mice principally through saliva and urine (Sweet, 1999), which closely mirrors HCMV 

transmission between humans. Notably, MCMV differs from HCMV in that it is generally 

accepted that MCMV is unable to cross the placenta, thus vertical transmission does not 

occur, although MCMV is shed in breast milk (Wu et al., 2011). The guinea pig CMV 

model is favoured for transplacental transmission studies, as it is currently the best 

characterised small animal model for this purpose (Schleiss, 2013).  

As with HCMV, infection of an individual mouse host with multiple strains of MCMV is 

common (Singleton et al., 1993, Singleton et al., 2000). Infection with multiple strains of 

MCMV can be established in the laboratory, most commonly as a simultaneous co-

infection (rather than sequential reinfection) (Saederup et al., 1999, Cicin-Sain et al., 

2005, Gorman et al., 2006, McWhorter et al., 2015, McWhorter et al., 2013). Thus far no 

model for subsequent reinfection in already infected mice exists.  
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The ready availability of well characterised inbred laboratory mice, including genetically 

modified transgenic and knockout strains, together with well described molecular and 

biological tools permits sophisticated investigation of host-virus interactions. The 

genetics and physiology of the mouse is well described and can be compared easily to 

that of the human. The small size, short life span, ease of handling and fast reproductive 

rate also contributes to the desirability of the mouse as a model system.  

1.6 Structure of CMV 

The CMV virion is approximately 200 nm in diameter and comprises three main layers: 

an icosahedral nucleocapsid, a tegument and a membrane envelope. The nucleocapsid 

contains the linear double-stranded DNA genome, which is surrounded by the 

proteinaceous tegument containing viral and cellular RNA, structural proteins, and 

proteins involved in entry, egress and modulation of host immune defences (Baldick and 

Shenk, 1996, Tandon and Mocarski, 2012).  The capsid and tegument are enveloped in a 

lipid membrane bi-layer containing several viral and host glycoproteins (Kattenhorn et 

al., 2004). A diagrammatic representation of the HCMV virion is pictured in Figure 1-1. 
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Figure 1-1 CMV structure 

CMV virions are made up of three major layers. An icosahedral nucleocapsid contains the double-

stranded DNA genome. The capsid is surrounded by a proteinaceous tegument and enveloped 

by a lipid bi-layer membrane, containing viral and host glycoproteins. Image is adapted from that 

designed by Andrew Townsend, appearing in Cytomegaloviruses: Molecular Biology and 

Immunology, courtesy of D. Streblow and J. Nelson (Reddehase and Lemmermann, 2006). 
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1.7 Virus entry and replication  

Like all enveloped viruses, entry of CMV into host cells relies on viral attachment to the 

cell surface, and fusion between the host membrane and the viral envelope. Entry into 

epithelial and endothelial cells is via pH dependent fusion with the endosomal membrane 

and endocytosis, while entry into fibroblasts is via pH independent fusion with the plasma 

membrane (Wussow et al., 2017) (Figure 1-2). The initial viral binding step is mediated 

by glycoprotein B (gB) and/or the gC-II complex of glycoproteins N and M (Kari and 

Gehrz, 1992). The gB homodimer binds to heparin sulphate proteoglycans and acts as a 

fusogen between membranes of the virus and the host cell. Cellular integrins have also 

been show to function as entry receptors for gB (Feire et al., 2004). Tripartite complexes 

of the glycoproteins gH, gL and gO together with gB are required for fibroblast cell entry 

and CMV mediated cell to cell fusion and viral spread (Vanarsdall et al., 2008, Kinzler 

and Compton, 2005, Britt and Mach, 1996). An additional pentameric complex (PC) of 

gH/gL/UL128–131 is required for HCMV entry into epithelial and endothelial cells 

(Ryckman et al., 2008). The equivalent MCMV complex, gH/gL/MCK-2, supports 

efficient entry into macrophages, and can complement a loss of gH/gL/gO to mediate 

viral spread through tissues (Podlech et al., 2015, Wagner et al., 2013, Lemmermann et 

al., 2015, Stahl et al., 2015). 

 

Figure 1-2 Model for CMV entry into cells 

The process of cell entry for HCMV into fibroblasts (left) and epithelial cells (right). HCMV infection 

of fibroblasts occurs via pH-independent fusion at the plasma membrane following interaction of 

gH/gL/gO with platelet-derived growth factor receptor-alpha (PDGRF). Whereas entry into 

endothelial cells is via PC (gH/gL/UL128–131) mediated endocytosis. Figure adapted from 

(Wussow et al., 2017) 
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Following cell penetration, the viral nucleocapsids traffic to the nucleus via microtubules, 

and viral DNA enters the nucleoplasm through the nuclear pores (Spear and Longnecker, 

2003, Heldwein and Krummenacher, 2008). 

Viral replication occurs in three phases: immediate early (IE or ) transcription, then 

early (E or ), followed by late (L or ), and the genes expressed during each phase are 

classified accordingly. IE genes are expressed following penetration of viral DNA into 

the nucleus under control of the major IE promoter (MIEP) and major IE (MIE) enhancer 

(Stinski and Isomura, 2008, Dorsch-Hasler et al., 1985). Cellular RNA polymerase II 

mediates gene transcription, independent of de novo protein synthesis (Stinski and Meier, 

2007) . This phase is short, and the major genes expressed are ie1, ie2 and ie3 (Keil et al., 

1987). These IE gene products regulate synthesis of host cell products, suppress apoptosis 

and regulate the expression of E and L viral genes (Angulo et al., 2000, Martinez et al., 

2010). Viral genes expressed during the E phase of replication include those that modulate 

host immune responses (Thale et al., 1994, Thale et al., 1995, Reusch et al., 1999, Zarama 

et al., 2014, Kleijnen et al., 1997, Ziegler et al., 1997) and initiate viral DNA replication. 

After viral DNA replication is complete, expression of L () genes begins, most probably 

from the newly synthesised DNA genome (Anders et al., 2007). L genes can be further 

divided into the two classes: 1 which are expressed at very low levels early in infection 

and significantly upregulated during late infection, and 2 genes which are dependent on 

viral replication for expression (Anders et al., 2007). During this L phase expression of 

the structural proteins that form the virion occurs, as well as those required for viral 

maturation and egress occurs (Gruffat et al., 2016, Anders et al., 2007). At the completion 

of L gene expression, viral DNA is packaged into newly assembled capsid shells, forming 

mature capsids. The earliest steps in capsid assembly occur in the cytoplasm, the site of 

capsid protein synthesis. The minor capsid protein (mCP) forms a complex with mCP-

binding protein (mCBP) and is translocated to the nucleus.  The major capsid protein 

(MCP) interacts with the assembly protein precursor (pAP) which facilitates translocation 

of the MCP complex to the nucleus and, together with protease precursor (pPR), 

coordinates capsid assembly (Gibson, 2008). A single newly synthesised, full length viral 

DNA genome is incorporated into the procapsid, and maturation into a fully formed viral 

nucleocapsid is completed by the elimination of scaffolding proteins.   
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Assembled nucleocapsids are exported from the nuclear compartment in a stepwise 

process. The capsid is stabilised in the first layers of tegument acquired in the nucleus by 

the small capsid protein (Tandon and Mocarski, 2011). Primary, temporary envelopment 

occurs at the inner nuclear membrane and virions are transported along intranuclear 

tubules to the nuclear periphery (Buser et al., 2007). This is followed by de-envelopment 

at the outer nuclear membrane, depositing the naked nucleocapsid into the cytoplasm 

(Mettenleiter et al., 2009). A viral assembly complex in the cytoplasm facilitates the 

further tegumentation and secondary envelopment of the nucleocapsid, and this mature 

virion is transported to the plasma membrane for release via fusion with the cell 

membrane (Sanchez et al., 2000, Johnson and Baines, 2011).   

 

Figure 1-3 Life cycle of CMV within the cell 

The life cycle of HCMV within a human cell. HCMV enters the cell via direct fusion or the endocytic 

pathway (see Figure 1-2). Attachment is mediated by viral glycoproteins and is followed by fusion 

of the viral envelope with the cell membrane, releasing nucleocapsids into the cytoplasm. 

Nucleocapsids are translocated to the nucleus, and viral DNA released. Viral replication and 

maturation proceed, and assembled capsids containing newly replicated viral DNA are then 

transported to the cytoplasm. Secondary envelopment occurs in the cytoplasm and complete 

virions egress from the cell by exocytosis at the cell membrane. Figure from Crough and Khanna 

(2009). 
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1.8 Infection and pathogenesis of MCMV 

The European house mouse, Mus Musculus, is the natural host for MCMV. All MCMV 

strains studied to date, including the laboratory strains Smith and K181, were originally 

isolated from the Mus Musculus domesticus sub species (Smith, 1954, Booth et al., 1993, 

Misra and Hudson, 1980). Seroprevalence of MCMV in the populations of free-living 

mice is 60-90%, and higher seroprevalences correlate with increased population densities 

(Singleton et al., 1993). A recent study has demonstrated that a lineage of MCMV is also 

prevalent in populations of the closely related sub species Mus Musculus Musculus at 

similar levels (Gouy de Bellocq et al., 2015). Transmission of MCMV occurs during close 

contact between mice principally through saliva but also via mating, through contact with 

urine and possibly breastmilk (Sweet, 1999, Wu et al., 2011). 

Following initial infection with MCMV, viral dissemination is widespread throughout the 

host. In the experimental setting, after intraperitoneal (i.p.) or foot pad inoculation, free 

virus traffics to the lymph node and sub-capsular sinus macrophages, liver and spleen 

(Farrell et al., 2015a, Hsu et al., 2009). Macrophages support MCMV replication and are 

important for the dissemination of virus around the host (Hanson et al., 1999, Stoddart et 

al., 1994). Macrophages also serve as target cells in organs, and act as sites of latency 

(Pollock et al., 1997, Hanson et al., 1999). MCMV can be detected in the marginal zone 

of the spleen as early as 6 hours post infection, and is disseminated throughout the spleen 

and liver by 48 hours (Hsu et al., 2009) (Stoddart et al., 1994). During this primary 

viraemia, MCMV also spreads to the adrenal glands, lungs and brown fat (Stoddart et al., 

1994). Following viral amplification in the spleen and liver, a secondary viraemia occurs 

and had long been considered responsible for further viral dissemination (Saederup et al., 

1999, Stoddart et al., 1994, Collins et al., 1994). However, although the liver is a site of 

high viral load following infection, supporting replication in hepatocytes and endothelial 

cells, MCMV produced in the liver does not disseminate from this organ (Sacher et al., 

2008, Sacher et al., 2011). 
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The major route for natural MCMV entry is the epithelium of the gastrointestinal and 

upper respiratory tracts. When a potentially more natural route of transmission was 

modelled in vivo, by intranasal (i.n.) inoculation, limited cell-free virus was found in the 

circulation (in contrast to more common inoculation routes, such as i.p.) (Farrell et al., 

2016). In this model, following i.n. inoculation, MCMV was spread to peripheral sites by 

infected myeloid cells (Farrell et al., 2016), obviating the need for viral amplification in 

the spleen and liver. Dendritic cells were identified as the cells important for this viral 

dissemination, via recirculation through the blood from sites of replication in peripheral 

tissues (Farrell et al., 2017). 

MCMV can be found in almost all organs of the host, most predominantly the spleen, 

liver, heart, lung, kidney, salivary gland and retina (Sweet, 1999, Krmpotic et al., 2003). 

Like all other CMVs, MCMV has a broad tissue tropism and has been demonstrated to 

infect fibroblasts, endothelial and epithelial cells; as well as macrophages, dendritic cells 

and lymphoid cells (Krmpotic et al., 2003).  Some cell types are more susceptible to CMV 

infection than others (Sweet 1999; van Den Pol et al. 1999). Cell tropism is mediated by 

the alternate forms of gH/gL complexes (Figure 1-2, section 1.7). More recently a gene 

within the ULb’ region of HCMV, UL148, was also found to be a cell tropism determinant 

through regulation of these gH/gL complexes (Li et al., 2015). The tropism of virions 

may be influenced by the cell type from which they are shed (Scrivano et al., 2011, Wang 

et al., 2007). 

Infection of the mucosal epithelial cells and shedding of virus into the mucosal fluids is 

the ultimate essential step in the life cycle of MCMV. The salivary gland is the organ of 

persistence, where MCMV replication occurs predominantly in the acinar cells and is 

shed into the saliva (Henson and Strano, 1972, Jonjic et al., 1989). Periodic reactivation 

from latency occurs in the salivary gland, and at other peripheral sites, despite effective 

host immune control (Thom et al., 2015). 
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1.9 MCMV latency  

The host immune system is unable to completely clear CMV infection and the virus 

persists for the lifetime of the host, a hallmark characteristic of herpesviruses. Following 

acute infection, productive MCMV infection is cleared quickly from all organs except the 

salivary glands, the site of persistence. After a chronic infection phase, infectious virus 

can no longer be detected in the salivary glands and MCMV is considered to have entered 

latency. For CMVs, latency is not a quiescent state, rather a dynamic state characterised 

by limited gene expression and periodic reactivation from latency (Jackson et al., 2017).  

Evidence suggests MCMV becomes latent in a range of organs and cell types, including 

haematopoietic progenitor cells of the myeloid lineage (Reddehase et al., 2002) and in 

stromal and parenchymal cellular sites (Simon et al., 2006a). MCMV DNA also can be 

found in epithelial cells of the kidney, liver, heart and spleen of latently infected BALB/c 

mice (Koffron et al., 1998). MCMV DNA has also been detected in the lung alveolar 

tissue, specifically within macrophages, of the latently infected mice. Control of MCMV 

latency and reactivation is not yet well characterised, though many MCMV genes have 

been implicated, but is thought to involve both immune surveillance and transcriptional 

regulation (Liu et al., 2013). 

1.10 Genetics of MCMV 

The first full length MCMV genome sequence, of the Smith laboratory strain, was 

published in 1996 (Rawlinson et al., 1996). MCMV has a genome size of approximately 

230 Kb and encodes a predicted 170 – 200+ ORFs (Rawlinson et al., 1996, Brocchieri et 

al., 2005, Lacaze et al., 2011, Tang and Maul, 2006, Tang et al., 2006). The precise 

number of ORFs is not known as the genome is large and complex, and estimates vary 

between prediction platforms. Many putative ORFs are yet to be experimentally validated 

by demonstrating transcription and/or function.  
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The MCMV genome is a single, long unique with short direct repeats at both genomic 

termini (Rawlinson et al., 1996, Mercer et al., 1983, Ebeling et al., 1983). Several other 

direct repeats are found throughout the genome, as are a number of short inverted repeats. 

This differs from the genome of HCMV which exists as two unique regions, designated 

unique long (UL) and unique short (US), that are flanked by direct repeats (Davison and 

Bhella, 2007). The central region of the genome encodes a range of essential genes 

conserved between herpesviruses, including many HCMV homologues.  

MCMV genes are numbered in order from the 5’ end of the genome. Those with HCMV 

sequence homology are indicated by the upper-case M prefix, while those unique to 

MCMV are denoted lower case m (Rawlinson et al., 1996). These genes are grouped into 

6 families, 4 of which are HCMV homologues: US22/M23 (M23, M24, m25.1, m25.2, 

M36, M43, m128, m139 – m143), m02 (m02 – m16), m145 (m145, m146, m150 – m155, 

m157, m158, m17), UL25/M25 (M25, M35), UL33/M33 (M33, M78), UL82/M82 (M82, 

M83) (Rawlinson et al., 1996).   

The genome size of MCMV is relatively fixed, with variability in size between strains no 

more than 0.087% of total genome (Smith et al., 2008). No large gene deletions have been 

observed when low-passage isolates of MCMV were compared with the laboratory strains 

(Smith et al., 2013, Smith et al., 2008). This differs markedly from HCMV, where 

significant variability in genome size has been observed between clinical isolates and 

laboratory strains (Prichard et al., 2001).  

The genome of MCMV is highly complex. Extensive non-coding and bi-directional 

transcription has been detected using a microarray approach  (Lacaze et al., 2011). And a 

separate transcriptomic analysis performed using whole trascriptome shotgun 

sequencing, or RNA sequencing (RNA-Seq), has described the existence of novel 

antisense transcripts, as well as transcripts overlapping more than one existing annotated 

ORF, and novel spliced transcripts (Juranic Lisnic et al., 2013). 
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The first comparative analysis of the whole genomes of MCMV strains compared ‘wild’ 

low-passage strains isolated from free-living mice with the two laboratory strains and 

revealed extensive sequence variability between strains (Smith et al., 2008). Prior to the 

availability of these full genome sequences, evidence for sequence variability between 

strains of MCMV had been demonstrated in a number of individual genes (Smith et al., 

2006, Corbett et al., 2007, Booth et al., 1993, Xu et al., 1996). The sequence variability 

of MCMV is concentrated particularly at the genomic termini, where genes of known 

immunomodulatory function are located (Smith et al., 2008).  

The central genome region is highly conserved between strains of MCMV and encodes 

important essential genes such as structural proteins. The variable genes are found within 

the two genomic termini and include the m02 and m145 gene families. The function of 

many of these variable genes remains unknown, but those that have been described are 

involved in modulation of host immune responses.  Several genes of MCMV exist as 

distinct genotypes (Smith et al., 2006). These genotypes are maintained in the wider 

MCMV population by strong purifying (Smith et al., 2013).  

 

Recombination within the genome is well described, and has been demonstrated within 

the laboratory, for alpha- and gamma-herpesviruses. The extent to which the same occurs 

in the betaherpesviruses is less well characterised. Some evidence of recombination 

between strains of HCMV has been reported (Sijmons et al., 2015) . And a comparison 

of the genomes of several wild low-passage strains of MCMV and three laboratory 

strains, K181, Smith and WT1, performed by our laboratory has revealed extensive 

recombination (Smith et al., 2013). 
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1.11 Host immune responses to MCMV  

1.11.1 Innate immunity 

1.11.1.1 Cytokines and chemokines 

Immediately following MCMV infection innate immune sensors, such as toll like 

receptors (TLRs) and the protein absent in melanoma 2 (AIM2), recognise viral products 

or changes in the cell induced by viral infection, and play an important role in triggering 

the cytokine cascade (reviewed in Biron and Tarrio (2015)). Engagement of TLR9 and 

TLR7 in particular, by viral DNA and viral RNA respectively, elicits the production of 

pro-inflammatory cytokines TNF-α, IL-6, IL-12 and type I interferons (Tabeta et al., 

2004, Zucchini et al., 2008a, Zucchini et al., 2008b, Biron and Tarrio, 2015). AIM2 

recognises MCMV dsDNA and this induces the AIM2 inflammasome, which regulates 

production of IL-1b and IL-18 via caspase-1 (Pien et al., 2000, Rathinam et al., 2010). 

The production of the pro-inflammatory cytokines peaks approximately 1.5 days after 

infection and declines thereafter with the exception of TNF- α and IL-18, which are 

produced for longer (Figure 1-4)(Ruzek et al., 1999, Ruzek et al., 1997). During early 

MCMV infection type I interferons, in particular IFN-α and , play a major role in 

antiviral immune responses through triggering of apoptotic pathways in infected cells and 

by activation of immune cells (Grundy et al., 1982). Type I inteferons promote NK cell 

activation and cytotoxicity, as well as stimulate IL-15 expression by DCs, which together 

with IL-12 further stimulates NK cell proliferation and expression of IFN- (Orange and 

Biron, 1996, Nguyen et al., 2002). IFN-γ is involved in the clearance of CMV from the 

salivary glands and is also a factor in establishing latency (Lucin et al., 1992, Salazar-

Mather et al., 2000, Polic et al., 1998). Secretion of IFN-γ by NK cells is a crucial innate 

antiviral response to MCMV, providing protection against lethal infection and MCMV-

induced disease (Presti et al., 1998).  

TNF- has a role in protection against MCMV, limiting viral replication and in synergy 

with IFN- (Pavic et al., 1993, Lucin et al., 1994). High levels of TNF- in the liver are 

associated with tissue damage (Orange et al., 1997), but this is regulated during MCMV 

infection by IL-6 activation of the hypothalamic pituitary adrenal axis which in turn 

produces glucocorticoids (Ruzek et al., 1999).   



 

47 

MIP-α has been shown to be important in early immunity to MCMV. Experiments with 

a homozygous MIP-1α mutant mouse (C57BL/6-MIP-1α-/-) showed elevated viral 

replication in spleen and liver, despite an increase in the NK cells present in the blood, 

suggesting that MIP-α may be required for NK cell trafficking and killing at sites of viral 

infection (Salazar-Mather et al. 2000). 

 

Figure 1-4 Induction of innate cytokine networks by MCMV infection. 

MCMV infection is recognised via the immune sensors like TLR and AIM2 (A). This initiates a 

cascade of cytokine activity, peaking around 36 hours following infection (B). This pro-

inflammatory cytokine response promotes NK cell responses, enhancing killing and IFN- 

production. IL-6 production stimulates HPA mediated glucocorticoid release, which regulates TNF 

expression to protect against cytokine mediated immunopathology (C). Figure from Biron and 

Tarrio (2015) 

1.11.1.2 NK cells 

NK cells are cytotoxic effector cells essential in the early phase of innate immune 

response to viral infection. They are activated via recognition of three distinct cell surface 

profiles: (1) missing-self, the absence of self-ligands, (2) stress induced self, the presence 

of host stress molecules, and (3) non-self, the presence of pathogen derived proteins 

(Zeleznjak et al., 2017).   
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These signals enable NK cells to differentiate between normal and infected host cells. 

Upon engagement with a cell, inhibitory receptors binding with MHC class I allow NK 

cells to recognise the cell as “self” and prevent its destruction. In the context of viral 

infection, these inhibitory molecules are absent or reduced, and NK cell activation can 

occur via engagement of activatory molecules upregulated by the cell as a consequence 

of infection, as well as directly sensing viral molecules. In conditions of stress, such as 

viral infection, cells upregulate their expression of stress ligands expressed on the cell 

surface. These engage NK cell activating receptors, and together with pro-inflammatory 

cytokines and co-stimulatory molecules, mediate NK cell activation. In mice, this 

surveillance of host cells by NK cells involves receptors in the Ly49 and CD94/NKG2 

families (Lanier, 2005). Once activated and recruited to the site of infection, NK cells 

mediate the destruction of infected cells, preventing viral replication by both cytotoxic 

and cytokine-producing effector functions.  

The importance of NK cells in controlling MCMV was first observed when resistance of 

inbred mouse strains to MCMV infection was found to correlate with NK cell activity 

(Bancroft 1981). Depletion of NK cells corresponded to increased susceptibility of mice 

to MCMV, and the restoration of resistance following adoptive transfer of NK cells to 

mice prior to MCMV infection confirmed this observation (Bukowski et al., 1985, 

Bukowski et al., 1984). Further, NK cell depleted SCID mice are far more susceptible to 

MCMV infection than intact SCID mice (Welsh et al., 1991).  

Following infection with MCMV, the initial activation of NK cells is rapid, but non-

specific, and includes NK cells from all cell marker repertoires (Pyzik et al., 2011b). This 

non-specific early NK cell response is incapable of controlling MCMV infection, and 

MCMV replicates initially unhindered. The subsequent, preferential NK cell response is 

primarily driven by Ly49-mediated activation (Pyzik et al., 2011b).  
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1.11.1.2.1 Ly49 receptor mediated NK cell responses 

Ly49 receptors are C-type lectin-like type II transmembrane disulfide-bonded 

homodimers expressed on the surface of the NK cells, as well as some T cell subsets, of 

most mammals. In mice NK cell activation is modulated by Ly49 receptor recognition of 

specific ligands, MHC class I or virally encoded MHC-like proteins. These Ly49 

molecules can serve as inhibitory and activating receptors, some with dual function. An 

important function for Ly49 receptors is recognition of MHC class I molecules on healthy 

cells, triggering an inhibitory signal and protecting those cells from NK cell attack. The 

absence of these MHC class I molecules renders the cell susceptible to killing by NK 

cells, via a process known as “missing self” (Karre et al., 1986, Ljunggren and Karre, 

1990). 

There are in excess of 23 Ly49 molecules encoded by polymorphic and polygenic genes 

in the natural killer cell gene complex on mouse chromosome 6, and expressed in different 

inbred strains of mice as different haplotypes (Carlyle et al., 2008, Yokoyama et al., 1989, 

Brown et al., 2001b). This variation in Ly49 haplotypes has a significant impact on NK 

cell activation and effector function (Patel et al., 2010), and can be a powerful determinant 

of resistance to MCMV.  
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The first NK cell mediated determinant of resistance was discovered by (Scalzo et al.) 

who determined the genetic basis for the resistance of C57Bl/6 mice to MCMV infection 

mapped to a locus on the mouse chromosome 6, which they named cmv-1, the first time 

a non-H2 genetic basis for resistance had been described (Scalzo et al., 1990a). It was 

later determined that the cmv-1 locus encodes the NK cell receptor Ly49H, an NK cell 

activating receptor recognising the MCMV m157 gene product (Lee et al., 2001a, Lee et 

al., 2001b, Scalzo et al., 1990b, Beutler et al., 2005, Brown et al., 2001a, Scalzo et al., 

1992). In BALB/c mice (and many other Mus musculus strains) the MHC class I like 

protein encoded by m157 engages NK cell inhibitory receptors, preventing activation of 

a robust NK cell response and resulting in susceptibility to MCMV (Smith et al., 2002, 

Arase et al., 2002). In C57BL/6 mice, however, approximately 50% of NK cells express 

the Ly49H activating receptor which recognises the m157 gene product expressed by 

MCMV initiating NK cell activation and killing of MCMV-infected cells (Smith et al., 

2002, Arase et al., 2002). Both laboratory strains of MCMV, K181 and Smith, encode an 

m157 recognised by Ly49H, and consequently C57Bl/6 mice are highly resistant to these 

strains. However, many low-passage isolates of MCMV encode variant m157 proteins 

that do not engage Ly49H, and C57Bl/6 mice are not resistant to infection by these strains 

(Voigt et al., 2003, McWhorter et al., 2013).  

The resistance of MA/My mice to MCMV is also NK cell mediated, first identified by 

Scalzo and colleagues (1995), during the mapping of cmv-1. Resistance to MCMV in 

MA/My mice is Ly49H-independent and requires H-2k expression (Dighe et al., 2005). 

The requirement for H-2k confirmed observations of MCMV resistance associated with 

H-2k noted by Chalmer and colleagues decades earlier (1977).   

NK cells in these MA/My mice express Ly49P which was shown in vitro to recognise 

MCMV infected cells, specifically those expressing H-2Dk (Desrosiers et al., 2005). In 

addition to H-2Dk, Ly49P recognition of infected cells requires the presence of the 

MCMV glycoprotein m04 (Kielczewska et al., 2009). While the role of Ly49P has not 

yet been validated in vivo, the requirement for m04 for MCMV resistance in MA/My 

mice has been demonstrated with MCMV lacking m04 (Kielczewska et al., 2009). The 

use of a panel of congenic MA/My mice revealed that, in addition to the Ly49P receptor 

described above, NK cells expressing the Ly49G2 confer H-2 Dk resistance to MCMV 

(Xie et al., 2009, Stadnisky et al., 2009). 
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Several more NK cell activating ligands in BALB/c (and BALB.K, BALB.F) mice and 

NOD/Ltj mice have also been shown to recognise MCMV infected cells in a H-2 and 

MCMV m04 dependent manner. In these mice, Ly49L interacts with H-2Dd(k,f) and m04, 

and Ly49PI interacts with H-2Dk (Pyzik et al., 2011a). The Ly49D2 receptor expressed 

on NK cells in PWK/Pas mice is a factor in the resistance of these mice to MCMV (Pyzik 

et al., 2011a, Adam et al., 2006). Ly49D2 recognises H-2Dk together with MCMV m04, 

but this interaction alone is insufficient to completely explain the resistance and other as 

yet unknown factors are proposed (Pyzik et al., 2011a). 

A further host genetic determinant of resistance, identified at a non MHC locus and named 

cmv-5 has been recently described as associated with higher numbers of NK cells in the 

spleen, and regulation of secondary lymphoid organ structure during MCMV infection 

(Gillespie et al., 2016). Using genome mapping strategies, this and a number of 

quantitative trait loci (QTL) were identified and mapped to positions over 16 different 

chromosomes (Gillespie et al., 2016). A genome wide exome analysis of the genomes of 

mice with disparate sequences at the proposed cmv5 genetic interval is hoped to provide 

a basis for identification of the precise location of the cmv5 resistance locus (Gillespie et 

al., 2017). 

Resistance of New Zealand white mice (NZW) to MCMV is NK cell-dependent, while 

New Zealand black (NZB) mice have NK cells incapable of controlling viral replication 

(Rodriguez et al., 2004). The NK cell mediated resistance in NZW (denoted cmv-2) is 

Ly49H independent and involves multiple genetic factors, including a locus located on 

chromosome X, but has not yet been identified (Rodriguez et al., 2004, Rodriguez et al., 

2009). 
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1.11.1.2.2 NKG2D mediated NK cell responses 

Natural killer group 2 member D (NKG2D) is a type-2 transmembrane glycoprotein 

expressed on almost all NK cells (and a subset of T cells) as a disulfide linked homodimer. 

Expression is inducible by expression of IL-15. In the mouse, NKG2D is a member of 

the NKG2 family, encoded on chromosome 6. Mouse NKG2D exists as two isotypes, 

long and short, unlike in humans where only the long isoform has been identified. 

NKG2D associates with either DAP10 or DAP12 to deliver an activatory signal to the 

NK cell. NKG2D also acts as a co-stimulatory molecule expressed on activated CD8+ T 

cells (Bauer et al., 1999, Ehrlich et al., 2005). NKG2D is an activating/stimulatory 

receptor and binds its ligands with high affinity. The ligands for NKG2D in the mouse 

are retinoic acid early inducible 1 (RAE-1), the histocompatibility antigen 60 (H60), and 

the murine UL16-binding protein-like transcript 1 (MULT-1)(Cerwenka and Lanier, 

2003, Cerwenka et al., 2002, Cerwenka et al., 2000, Diefenbach et al., 2003). The 

expression of these stress ligands occurs following MCMV infection, and their 

engagement by NKG2D contributes to the activation of an NK cell response (Nabekura 

et al., 2017). However, MCMV dedicates significant coding capacity to genes that 

modulate the ligands for NKG2D to varying degrees in different mouse strains, so this 

signalling pathway is well controlled by MCMV in a number of mouse strains.  

1.11.1.2.3 NK cell memory and adaptive immune properties 

NK cells were long considered neither antigen specific, nor capable of persisting as a 

component of immunological memory after the resolution of acute infection (O'Sullivan 

et al., 2015). Evidence that challenged these commonly held principles came through 

observation of the Ly49H+ NK cell response to MCMV in C57Bl/6 mice. Antigen specific 

proliferation of NK cells was observed following activation of Ly49H receptors by 

MCMV m157 (Sun et al., 2009). This MCMV specific Ly49H+ NK cell response 

underwent a contraction phase and a pool of long-lived and self-renewing NK cells 

remained, persisting long after acute infection was resolved. These ‘memory’ type NK 

cells displayed enhanced protection to MCMV challenge, and had reduced ‘bystander’ 

responses when stimulated by cytokines or heterologous infections (Sun et al., 2009, Min-

Oo and Lanier, 2014).  
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1.11.1.3 Dendritic cells 

Dendritic cells (DC) are heterogeneous mononuclear phagocytic cells of the innate 

immune system that surveil the host using pattern recognition receptors capable of 

recognizing a wide variety of foreign antigen for presentation via MHC molecules 

(Mellman and Steinman, 2001). DC act as messengers, forming a link between the innate 

and adaptive immune responses. DC are the most potent antigen presenting cells (APC), 

and their most vital role is in presenting foreign antigen to effector T cells via MHC class 

I molecules (Mathys et al., 2003). Dendritic cells are broadly divided into two subsets: 

playsmacytoid DC (pDC) and conventional DC (cDC). The latter of the two are most 

efficient at activation of CD8+ T cell responses, especially via cross presentation.  Though 

many studies examining the effect of MCMV on DC function have found impairment in 

vitro, in vivo studies demonstrate that DC are highly activated following MCMV infection 

and are capable of induction of antiviral immunity (Alexandre et al., 2014).  

1.11.1.4 Macrophages 

Macrophages play a pivotal role in MCMV pathogenesis (1.8) and latency (Chapter 1) 

but also contribute a degree of anti-viral protection. Macrophages are antigen presenting 

cells activated by IFN- or TNF- and produce pro-inflammatory cytokines including 

IFN-, TNF-, IL-18 and MIP1- (Salazar-Mather et al., 2002, Hanson et al., 1999). 

These pro-inflammatory cytokines contribute to the early induction of anti-viral 

responses. Macrophages also contribute to protection from MCMV by reducing viral 

loads and presenting antigen to T cells (Hamano et al., 1998). Further, the production of 

IFN- has a protective effect by inhibiting MCMV replication within macrophages (Presti 

et al., 1998). The protective effect of macrophages has been demonstrated by their 

selective depletion in BALB/c and C57Bl/6 mice, which results in higher viral titres in 

the spleen and lung of MCMV infected mice during acute infection (Hamano et al., 1998). 

In a foot-pad inoculation MCMV mouse model, infected macrophages were poor 

supporters of viral replication and limited viral dissemination (Farrell et al., 2015a). 

Macrophages also play an important role in controlling MCMV infection in the adult lung 

(Farrell et al., 2015b).  



54 

1.11.2 Adaptive immunity  

1.11.2.1 B cell mediated immunity  

Following infection with MCMV, IgM antibody can first be detected at 3-5 dpi, peaking 

at 10 dpi, while IgG antibody (dominated by IgG2a) is detectable slightly later at 5-7 dpi 

and peaks at around 21 dpi (Lawson et al., 1988). During the persistent phase of infection 

MCMV specific IgG antibody levels have been observed to gradually accumulate over 

time, which mirrors the ‘memory inflation’ observed for some CD8+ T cell responses (see 

section 1.11.2.3) (Welten et al., 2016). The kinetics of the anti-MCMV IgM response 

differs markedly from that seen for acutely resolving viral infections, such as influenza 

A, in that while high IgM levels detected during the acute phase do decline, anti-MCMV 

IgM remains detectable throughout persistent infection (Welten et al., 2016). 

MCMV infection triggers polyclonal B cell activation during acute primary infection. The 

antibody response to MCMV recognises more than 50 viral antigens, both structural and 

non-structural (Selgrade et al., 1983, Chantler and Hudson, 1978). The proteins 

recognised vary between strains of mice, as does magnitude of the antibody response to 

MCMV antigens, but there is no correlation between magnitude of antibody titre or time 

of first detection and mouse resistance to MCMV (Lawson et al., 1988, Farrell and 

Shellam, 1989, Price et al., 1993).  

Mice depleted of antibody are more susceptible to MCMV infection (Selgrade et al., 

1976). Passive transfer of immune serum from mice infected with MCMV is able to 

protect naïve recipient mice from lethal challenge with MCMV (Araullo-Cruz et al., 1978, 

Shanley et al., 1981), and also prevent MCMV induced pathology in the brain of newborn 

mice (Cekinovic et al., 2008). Similarly, adoptive transfer of virus specific B cells into B 

cell deficient mice protects against lethal MCMV infection (Klenovsek et al., 2007). 

Antibody does not prevent MCMV from establishing latency in the host (Shanley et al., 

1981), but is critically important in controlling reactivating virus by limiting viral 

replication and dissemination (Jonjic et al., 1994). Antibody has also been shown to limit 

cell-to-cell spread of virus in the liver of infected mice, pointing to a role in limiting tissue 

damage and dysfunction (Wirtz et al., 2008). 
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1.11.2.2 CD4+ T cells   

There is substantial evidence for a role for CD4+ T cells in control of MCMV in the mouse 

host. Early studies demonstrated that CD4+ T cells are required for clearance of MCMV 

from the salivary gland (Lucin et al., 1992, Polic et al., 1998). In CD4+ T cell depleted 

mice, MCMV is unable to be cleared from the salivary gland and is continually shed in 

saliva (Krmpotic et al., 2003, Walton et al., 2011a, Lucin et al., 1992, Jonjic et al., 1989). 

Mice depleted of CD8+ T cells are able to clear MCMV infection, demonstrating CD4+ T 

cells can compensate for their loss and provide adequate protection (Jonjic et al., 1990). 

Further, adoptive transfer of CD4+ T cells offers protection against lethal CMV infection 

in immunocompromised mice (Jeitziner et al., 2013). CD4+ T cell help is not required for 

activation of a protective CD8+ response (Sweet, 1999, Krmpotic et al., 2003, Jonjic et 

al., 1989) but, for at least some epitopes, CD4+ T cell help is necessary for CD8+ T cell 

memory inflation during latency (Snyder et al., 2008, Walton et al., 2011b).  

Identification of several MCMV-specific CD4+ T cell epitopes has enabled more detailed 

characterization of the CD4+ T cell response to MCMV infection (Walton et al., 2008, 

Arens et al., 2008). Experimental infection of C57Bl/6 mice revealed that MCMV-

specific CD4+ T cells recognise a wide range of MCMV proteins including m14, M25, 

m112 and m142 (Walton et al., 2008). M25 was identified as the dominant antigen 

recognized by CD4+ T cells. Two MCMV-specific CD4+ T cell epitopes recognized by 

BALB/c CD4+ T cells have also been described (Verma et al., 2015).  

Expansion of MCMV-specific CD4+ T cells in response to MCMV infection begins in 

the first 5-6 days following infection and peaks in the spleen, liver, and lung by 8 days 

post infection (Walton et al., 2008, Schlub et al., 2011). MCMV-specific CD4+ T cells 

appearance in the salivary gland is, by comparison, delayed and can first be detected at 7 

dpi, peaking at 10 dpi (Walton et al., 2008). Presumably activated T cells are recruited to 

the salivary gland after expansion in the secondary lymphoid organs. Unlike CD8+ T cell 

and IgG antibody responses, MCMV-specific memory CD4+ T cells do not appear to 

undergo accumulation (memory inflation) during persistent infection. Rather, numbers of 

MCMV-specific CD4+ T cells contract sharply as the virus is brought under control and 

resolution of acute infection begins (Walton et al., 2008). 
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During primary infection, MCMV-specific CD4+ T cells display a Th1 phenotype, and 

secrete IFN-γ and TNF- which are important for viral clearance from the salivary gland 

(Walton et al., 2011a, Krmpotic et al., 2003, Lucin et al., 1992, Jeitziner et al., 2013). 

CD4+ T cells also play an important role in viral control in the lung (Lucin et al., 1992, 

Jonjic et al., 1990). CD4+ T cells can induce apoptosis in target cells but are substantially 

less effective killers than CD8+ T cells (Shresta et al., 1998). MCMV-specific CD4+ T 

cells degranulate upon antigen encounter, releasing perforin and granzyme B and killing 

target cells in an epitope specific manner (Jeitziner et al., 2013, Verma et al., 2015).  

1.11.2.3 CD8+ T cells 

CD8+ T cells are cytotoxic lymphocytes that recognize foreign antigen presented via 

MHC class I molecules. In the immunocompetent host, CD8+ T cells are not only 

involved in the termination of acute MCMV, but play a vital role in viral persistence, 

preventing the productive reactivation of the virus (Reddehase, 2000). The protective role 

of CD8+ T cells in MCMV infection was first demonstrated by (Reddehase et al., 1985). 

In this report, adoptively transferred MCMV specific CD8+ T cells were able to limit 

virus replication in the lung of BALB/c mice with interstitial MCMV pneumonia 

(Reddehase et al., 1985). 

The CD8+ T cell response to MCMV differs markedly from the CD8+ T cell response 

following infection with an acute, readily eliminated virus such as Influenza A. Following 

infection with an acute virus, the host CD8+ virus specific T cell population undergoes a 

rapid expansion phase, followed by a contraction phase (Wherry and Ahmed, 2004). 

During the contraction phase, approximately 90-95% of the virus specific CD8+ T cells 

are destroyed, leaving a stable memory CD8+ T cell population. In contrast, the memory 

CD8+ T cell pool specific for CMV undergo expansion after the resolution of acute 

infection, purportedly driven by continual exposure to viral antigen as CMV persists in 

the host periodically reactivating from a latent state. This progressive accumulation of 

memory has been termed ‘memory inflation’ and is primarily directed at a small number 

of MCMV specific epitopes (Karrer et al., 2003).  
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CD8+ T cells specific for the MCMV immediate early phosphoprotein pp89 and the early 

gene m164 product expand again in a process termed memory inflation (Karrer et al., 

2003).  The pp89 and m164 specific CD8+ T cells were detectable for the duration of the 

experiment (400 days), long after the clearance of primary infection. It has been recently 

demonstrated that there are several factors important in maintaining this memory inflation 

in a mouse model- the titre of the primary infection, reactivation, and reinfection with 

subsequent strains of CMV (Trgovcich et al., 2016). 

1.11.2.4 Unconventional T cells -  and NK T cells 

 and NK T cells are “unconventional” subsets of T cells distinct from conventional  

T cells in that they do not recognise classical peptide antigen presented by MHC class I 

or class II molecules, or express CD4 or CD8 co-receptors. These T cells have 

characteristics of the adaptive immune system, in their ability to develop memory and 

expression of TCRs and characteristics of innate immunity in, for example, the rapidity 

of their response. Unconventional T cells are capable of recognising self-antigen on 

infected or otherwise stressed cells and display a range of effector functions.  

 T cells express  TCRs and in mice reside predominantly in epithelial tissues such as 

the gastrointestinal tract and skin (Godfrey et al., 2015). A protective role for  T cells 

in MCMV infection has been demonstrated. Mice deficient either  T cells (TCRα−/−) 

or  T cells (TCR−/−) were protected against MCMV induced organ damage and death, 

indicating that either T cell subset is sufficient alone to provide protection (Khairallah et 

al., 2017, Khairallah et al., 2015). Further, adoptive transfer of  T cells into CD3ε−/− 

mice (deficient in both T cell subsets) rescued them from lethal MCMV infection 

(Khairallah et al., 2015). NKT cells express  TCRs and various NK cell markers and 

recognise glycolipid antigens presented by CD1d (Godfrey et al., 2015). Mice lacking 

NKT cells showed reduced capacity to control MCMV infection, indicating they 

contribute in some way to antiviral responses (Tyznik et al., 2014). 
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1.12 MCMV evasion of host immune responses 

The success of persistent viruses such as the herpesviruses relies on the subversion of host 

immune responses. CMVs encode a wide variety of such immunomodulatory genes that 

target an array of host immune pathways. Due to the species specificity of CMVs, the 

immunomodulatory genes expressed by MCMV are encoded in the m02 and m145 gene 

families.  

1.12.1 Inhibition of programmed cell death 

Apoptosis and necroptosis of infected cells are important host anti-viral responses that 

eliminate infected cells and limit viral spread. Cell death can be triggered via a range of 

pathways and receptors. As a result, viruses such as MCMV have evolved mechanisms 

to subvert this innate host immune response.  

Bax and Bak, effector molecules of the Bcl-2 family and critical to the intrinsic apoptosis 

pathway, are targeted by MCMV. The m38.5 gene encoded by MCMV has been 

identified as a functional homologue of the HCMV vMIA (viral mitochondrial inhibitor 

of apoptosis) gene, and associates with the pro-apoptotic protein Bax, preventing 

permeabilisation (Manzur et al., 2009, McCormick et al., 2005, Jurak et al., 2008). Like 

vMIA, m38.5 has been shown to inhibit Bax mediated cell death, and promotes 

dissemination to the salivary glands (Manzur et al., 2009, Jurak et al., 2008). MCMV 

m41.1 encodes a protein that engages Bak and acts as a viral inhibitor of Bak 

oligomerisation (vIBO) (Fleming et al., 2013, Cam et al., 2010). Viral replication is 

attenuated in the liver and lung of mice infected with an m41.1 deletant MCMV (Fleming 

et al., 2013, Crosby et al., 2013). 

Necroptosis is inhibited by the MCMV encoded M45, an inactive homolog of the R1 

subunit of ribonucleotide reductase (RNR) (Lembo and Brune, 2009). M45 disrupts the 

ability of receptor-interacting protein kinase 3 (RIP3) to interact with RIPI, DNA inducer 

of interferon activation (DAI) and TIR-domain-containing adapter-inducing interferon-β 

(TRIF) (Upton et al., 2012, Upton et al., 2010, Mack et al., 2008). M45 deficient MCMV 

exhibits attenuated viral replication in vitro and in vivo (Lembo et al., 2004, Upton et al., 

2008).   
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MCMV encodes proteins that interfere with death receptor mediated apoptosis. MCMV 

expresses a protein, encoded by m166, that restricts cell surface expression of the TRAIL 

death receptor on infected cells and protects them from TRAIL mediated apoptotic 

pathways (Verma et al., 2014). Deletion of m166 impairs in vivo viral replication, which 

can be reversed by NK cell depletion. MCMV M36 encoded anti-apoptotic mediator acts 

on the capsase-dependent cell death pathway and is required for viral growth in 

macrophages (Cicin-Sain et al., 2008, Menard et al., 2003). Deletion of M36 attenuates 

MCMV viral replication in vivo, which can be rescued by expression of HCMV UL36, 

dominant-negative FAS-associated via death domain (FADD) or depletion of 

macrophages (Ebermann et al., 2012, Cicin-Sain et al., 2008, Chaudhry et al., 2017). 

1.12.2 Modulation of cytokine and chemokine 

responses 

MCMV expresses M27 which interferes with STAT-2 activation and signalling providing 

protection against type I IFN and IFN- activity (Doring et al., 2014, Khan et al., 2004, 

Zimmermann et al., 2005). MCMV blocks assembly of the promoter for expression of 

IFN- in macrophages, preventing their activation (Popkin et al., 2003). As well, MCMV 

stimulates the production of suppressor of cytokine signalling (SOCS) 1 and 3, host 

proteins that down-regulate cytokine production, in a cell-type specific manner (Alston 

and Dix, 2017). 

Like many other herpesviruses, MCMV encodes chemokine homologues that contribute 

to subversion of the host’s own chemokine response to infection. A large chemokine 

homologue encoded by m131/129, also known as MCK-2, contributes to viral 

pathogenesis by upregulating local inflammation, recruiting inflammatory monocytes 

aiding dissemination, and moderating activation of immune cells, particularly CD8+ T 

cells  (Saederup et al., 2001, Saederup et al., 1999, Daley-Bauer et al., 2012) 

Moderation of host immunity also occurs via MCMV encoded chemokine receptor 

homologs. M33 encodes a G protein coupled receptor which is essential for DC mediated 

viral dissemination (Farrell et al., 2017). M33 has also been implicated in the 

establishment of viral latency (Cardin et al., 2009). M78 is crucial for down-modulation 

of MHC class II molecules, providing protection in the salivary glands (Yunis et al., 2018) 

(also discussed in 1.12.4.2). 
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1.12.3 Subversion of NK cell responses  

MCMV has evolved multiple mechanisms to escape the NK cell response in the mouse 

host. These mechanisms include modulation of cellular ligands for NK cell activatory 

receptors, expression of MHC class I homologs that bind NK cell inhibitory receptors, 

and modulation of MHC class I expression on the surface of infected cells. The 

effectiveness of these mechanisms in modulating the host NK cell response is reflected 

by the observation that most inbred mouse strains, and some out-bred wild-derived mice, 

are unable to control MCMV replication during acute infection (Scalzo et al., 2005).  

1.12.3.1 Modulation of NKG2D ligand expression 

Expression of ligands recognized by NKG2D are induced by stress conditions, including 

malignancy and infection. Engagement of NKG2D receptors on NK cells by cognate 

ligands expressed on infected cells enhances the anti-viral NK cell response and is thus a 

target for modulation by viruses. MCMV encodes several genes that manipulate the 

expression of the MULT-1, RAE-1 and H60 mouse host ligands for NKG2D.  

The RAE-1 family of molecules are targeted primarily by m152, which affects the 

maturation of RAE-1 synthesized after infection (Arapovic et al., 2009b). Deletion of 

m152 results in MCMV attenuation during acute infection, which can be rescued by NK 

cell depletion or NKG2D blocking (Krmpotic et al., 2002, Lodoen et al., 2003). Mice 

express RAE-1 molecules in combinations of either RAE-1, RAE-1 and RAE-1, or 

RAE-1 and RAE-1. The impact of MCMV on RAE-1 is variable as RAE-1 isoforms 

are differentially susceptible to MCMV. Following infection, newly synthesized RAE-1 

and -1 is inhibited by m152, and molecules retained within the cell. However, the RAE-

1 present on the cell surface prior to expression of m152 is resistant to MCMV infection 

(Arapovic et al., 2009b). Therefore, the extent to which MCMV can avoid NKG2D 

dependent control differs between strains of mice (Arapovic et al., 2009b). In mice 

expressing RAE-1, m152 is unable to completely prevent NKG2D mediated activation 

of NK cells. 
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A second MCMV gene, m138, contributes to the modulation of RAE-1 expression, 

complementing the role of m152 in retaining newly synthesized molecules by 

downregulating RAE-1 present on the cell surface by mediating endocytosis (Arapovic 

et al., 2009a). In addition to RAE-1, m138 also downregulates cell surface expression of 

H60 and MULT-1 (Lenac et al., 2006). MCMV lacking m138 is significantly attenuated 

in vivo, and this can be rescued by blocking NKG2D (Lenac et al., 2006, Crnkovic-

Mertens et al., 1998). The m145 gene product binds MULT-1, making it more susceptible 

to m138, and removes cell surface expression completely (Krmpotic et al., 2005). 

Expression of H60 is downregulated by MCMV m155 some time after its egress from the 

ER (Hasan et al., 2005). Though m155 does not completely remove all H60 expressed on 

the cell surface, it is sufficient to impair NKG2D recognition of infected cells (Hasan et 

al., 2005, Lodoen et al., 2004). Deletion of m155 results in a reduction in viral growth in 

multiple organs and a decrease in virulence, restored by NKG2D blocking or NK cell 

depletion (Abenes et al., 2004).  

1.12.3.2 Engagement of Ly49 inhibitory receptors  

The m04 glycoprotein plays an important role in protecting MCMV from NK cell activity 

in some mice. Like m06 and m152, m04 binds to MHC class I in the endoplasmic 

reticulum – Golgi intermediate compartment (ER-GIC). However, instead of preventing 

trafficking to the cell surface, m04 remains tightly associated with mature MHC class I 

at the surface of infected cells. This peptide-MHC I-m04 complex is recognised by 

inhibitory Ly49 receptors expressed on the NK cells of many mouse strains (Pyzik et al., 

2011a).  
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The m157 protein can be recognized by both activating and inhibitory NK cell Ly49 

receptors (Arase et al., 2002). In MCMV resistant C57Bl/6 mice, m157 engages the 

Ly49H activating receptor mediating a strong NK cell response and control of acute viral 

replication (Brown et al., 2001a, Smith et al., 2002). In MCMV 129/J susceptible mice, 

m157 engages the NK cell inhibitory receptor Ly49I (Arase et al., 2002). Variants of 

m157 encoded by low-passage strains of MCMV engage a range of Ly49 receptors 

expressed in various laboratory mouse strains (Corbett et al., 2011). The Ly49 receptors 

recognised by m157 varies by MCMV strain (McWhorter et al., 2013). The m144, m152 

and m153 protein structures have also been shown empirically to include an MHC class 

I like fold (Mans et al., 2007, Natarajan et al., 2006). To date, experimental data showing 

direct recognition of an MCMV MHC class I homologue by NK cells only exists for 

m157. 

1.12.3.3 MHC class I like molecules 

MCMV encodes several genes that are predicted to form MHC class I folds within their 

proteins, conferring structural similarity to MHC class I molecules even though no 

significant level of sequence homology exists (Smith et al., 2002). Of these, 8 are 

members of the m145 gene family, and encode MHC class I like folds. This molecular 

mimicry serves as a viral mechanism to evade NK cell killing.  

The m157 protein, found at the surface of infected cells, has been empirically determined 

to form MHC class I-like folds, through solving of the crystal structure (Adams et al., 

2007). The impact of m157 of NK cell responses is described above in section 1.12.3.2. 

Another MCMV encoded MHC class I like molecule, m153, is also found on the surface 

of infected cells (Mans et al., 2007). The m153 exists as a highly glycosylated homodimer 

and does not require 2-microglobulin or peptide. A function for m153 has not been 

described.   

The m144 protein is a homolog for MHC class I molecules which has been shown to bind 

2-microglobulin, and is purported to act as a decoy for NK cells through engagement of 

inhibitory receptors (Natarajan et al., 2006, Cretney et al., 1999, Kubota et al., 1999). The 

attenuation observed following deletion of m144 can be reversed by NK cell depletion 

(Farrell et al., 1997). Structural analysis of the m144 protein identified a flexible region 

that may potentially interact with a host receptor, but this receptor remains unidentified 

(Natarajan et al., 2006). 



 

63 

1.12.3.4 Evasion of NK cell adaptive responses 

Evidence that MCMV immunomodulatory genes are variable and can mutate due to 

immunological pressure from host responses exists in the rapid mutation of m157 that is 

recognised by Ly49H  (French et al., 2004, Voigt et al., 2003). MCMV passaged through 

Ly49H expressing mice results in the emergence of m157 that are not recognised by 

Ly49H+ NK cells, permitting MCMV evasion of these specific NK cell responses.  

1.12.3.5  Other 

A number of other MCMV genes are implicated in subversion of NK cell responses. Cell 

surface down-regulation of CD48, a high-affinity ligand for natural killer (NK) and 

cytotoxic T cell receptor CD244, occurs via MCMV expressed m154 (Zarama et al., 

2014). An m154 deletion mutant MCMV was found to be attenuated in vivo and this 

attenuation was almost completely restored following NK cell depletion. As well, the 

attenuation of MCMV in the salivary glands following disruption of m15 can be rescued 

by depleting asialo-GM+ cells (Chan B, manuscript in preparation), suggesting a role for 

control of NK cell (and perhaps another asialo-GM+ cell type implicated in viral 

dissemination) by this gene.  

1.12.4 Evasion of T cell responses  

1.12.4.1 Interference with APCs 

MCMV infection of DCs downregulates the cell surface expression of MHC class I and 

MHC class II molecules, as well as a number of co-stimulatory molecules. The MCMV 

gene m42 downregulates the expression of CD45 on infected macrophages, targeting 

internalised CD45 to the lysosome for degradation  (Thiel et al., 2016). CD40 expression 

on APCs is inhibited by m155 (which also downregulates H60), restricting CD4+ T cell 

responses (Loewendorf et al., 2011). MCMV is also capable of modulating the expression 

of IFN--induced antiviral functions, by blocking the IFN--induced promotor assembly 

(Popkin et al., 2003). 
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1.12.4.2 Subversion of CD4+ T cell responses 

MCMV attempts to avoid CD4+ T cell recognition by modulating MHC class II 

expression of viral antigen on the surface of infected cells. A study by Redpath and 

colleagues in 1999 revealed that MCMV is able to downregulate expression of MHC class 

II molecules expressed on macrophages, by inducing IL-10 production in the infected 

cells (Redpath et al., 1999). MCMV infection also impairs IFN- induced MHC class II 

antigen presentation (Heise et al., 1998a, Heise et al., 1998b).  

The MCMV gene M78 was first described as important for cell to cell spread, and 

essential for MCMV infection in vivo (Oliveira and Shenk, 2001). MCMV lacking M78 

is attenuated in vivo, replicating to reduced viral titres in the liver and spleen, and most 

significantly in the salivary gland (Oliveira and Shenk, 2001). M78 forms dimers, and 

was observed to traffic to the cell surface before rapid internalisation via endocytosis 

(Sharp et al., 2009), mediated by the cytoplasmic tail (Davis-Poynter et al., 2016). More 

recently, the M78 protein was found to down-modulate MHC class II molecules from the 

cell surface and, together with an as yet unidentified molecule, mediate their degradation 

in acidic endosomes (Yunis et al., 2018). In the salivary gland, M78 functions by 

protecting circulating myeloid cells from CD4+ T cells, permitting dissemination to the 

salivary gland and infection of the MHC class II negative acinar cells. No MCMV 

infected cells could be found in the salivary glands of mice infected with MCMV lacking 

M78. Depletion of CD4+ T cells significantly, but not completely, restored the replication 

of MCMV lacking M78 in the salivary gland comparative to wild type.  
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1.12.4.3 Subversion of CD8+ T cell responses 

Mechanisms to alter antigen presentation via MHC class I are common among 

herpesviruses. MCMV expresses three known genes, expressed during the E phase of 

infection, that interfere with this pathway. The terms used to summarise their mode of 

action have been adopted from those used by Lemmermann et al. (2012). Briefly, the 

‘connector-sorter’ m06 encoded gp48 (hereafter referred to as m06) is a type I 

transmembrane glycoprotein that binds tightly with peptide loaded β2m-associated MHC 

class I molecules and redirects this complex to the lysosome for proteolytic degradation 

via the endocytic route (Reusch 1999). This gene product is able to down regulate cell 

surface expression of MHC class I in isolation, but is complemented by m152 in wild 

type MCMV, to attain maximal down regulation (Wagner et al., 2002). The m152 gene 

encodes a 40 kDa type I membrane glycoprotein, the ‘retainer’ gp40 (hereafter referred 

to as m152), which interferes with MHC class I by blocking transport of the molecule 

from the ER to the Golgi (Ziegler 1997). Newly synthesised MHC class I is bound by the 

luminal domain of m152, and is arrested in the ER-GIC (Ziegler et al., 2000, Ziegler et 

al., 1997). The m04 gene encodes glycoprotein, gp34 (hereafter refered to as m04), which 

binds MHC class I proteins and is transported in association with MHC class I to the cell 

surface (Kleijnen 1997). This m04 protein has been putatively designated as a ‘recycler’ 

or as an ‘adaptor-adaptor’ protein due to the presence of a YRR endocytic cargo sorting 

motif present in the cytoplasmic tail (Fink et al., 2015). The net effect of all three 

glycoproteins is a reduction in cell surface MHC class I compared with uninfected cells.  

Down-modulation of MHC class I from the surface of infected cells begins sometime 

between 4 and 6 hours post infection, and is maximal by approximately 8 hours (Babic et 

al., 2010, Tomas et al., 2010). This loss is the combined effect of m152 and m06 

preventing newly synthesised MHC class I from reaching the cell surface, and MCMV-

mediated accelerated internalisation of cell surface resident peptide-MHC class I (pMHC-

I) complexes (Tomas et al., 2010, Lemmermann et al., 2010). This down-modulation is 

moderated by the effects of m04, which is responsible for partial restoration of cell surface 

MHC class I levels before 12 hours post infection (Babic et al., 2010). 
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Expression of these three MHC class I immunomodulatory genes protects infected cells 

from lysis by MCMV epitope-specific CTLs in vitro (Pinto et al., 2006). Use of a panel 

of MHC class I immunomodulatory gene knockout strains revealed that m152 was the 

dominant MCMV mediator of this protection (LoPiccolo et al., 2003). Indeed, while m04 

modulates the expression of MHC class I at the cell surface, it does not contribute to 

protection from CD8+ T cells but rather acts as a positive regulator of antigen presentation 

and moderates the protective effects of m152 (Holtappels et al., 2006, Kavanagh et al., 

2001a). 

Despite the effective inhibition of CD8+ T cell mediated cell lysis in vitro, the effect of 

these three immunomodulatory genes in vivo is surprisingly subtle. During acute infection 

replication of a triple MHC class I immunomodulatory gene knock out was similar to wt, 

and comparable CD8+ T cell responses were seen during acute and persistent infection 

(Gold et al., 2004). In a separate study, no differences in the size, kinetics or 

immunodominance of the CD8+ T cell response to 26 MCMV-specific epitopes were 

detected up to 2 years post infection (Munks et al., 2007). In the susceptible BALB/c 

mouse strain, down modulation of MHC class I antigen presentation enhances salivary 

gland infection by protecting infected cells from CD8+ T cells (Lu et al., 2006b). MCMV 

lacking all three immunomodulatory genes was able to establish latency, though viral 

clearance was earlier than for wt MCMV, and latent viral DNA tissue loads were lower 

(Bohm et al., 2009).  

1.12.5 Interfering with MHC class I- balancing NK cell 

and CD8+ T cell immune evasion  

On the one hand, down-modulation of MHC class I molecules by MCMV provides an 

opportunity for protection of infected cells by preventing antigen presentation to CD8+ T 

cells. However, this leaves the virus wide open to NK cell killing, as a loss of MHC class 

I expression is recognised as “missing self” due to the absence of engagement of 

inhibitory receptors, and results in NK cell activation. Balancing these two competing 

aims, protection from CD8+ T cells vs protection from NK cells, has different outcomes 

depending on the host genetics.   
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As described in the previous section (1.12.4.3), MCMV encodes three genes that target 

MHC class I molecules, two of which, m06 and m152, down-modulate MHC class I on 

the surface of infected cells thereby protecting from CD8+ T cell activity. The third, m04, 

restores a percentage of MHC class I molecules back to the cell surface where the MHC 

class I may be recognised by inhibitory receptors expressed by NK cells. The NK cell 

receptors responsible for surveying host cells for the presence or absence of MHC class 

I, or ‘self’, are those in the Ly49 gene family (Rahim et al., 2014). A number of mouse 

strains express Ly49 molecules that recognise MHC class I molecules bound with MCMV 

m04, and rather than promoting inhibition of NK cell activity, these receptors trigger 

activation NK cell responses (Pyzik et al., 2011a, Kielczewska et al., 2009, Adam et al., 

2006).    

The Ly49H-m157 axis illustrates the impact of variability on function. For strains of 

MCMV that express an m157 that engages the Ly49H receptor, the NK is also recognised 

by two inhibitory receptors, Ly49I and Ly49C, and provides protection from NK cell 

killing in mice encoding these receptors (Corbett et al., 2011). Experiments have 

demonstrated that serial passage results in mutation of m157 to one that will not engage 

Ly49H. This is evidence of rapid viral response to host immune pressure.  

The early NK cell response triggered by MCMV infection has a profound effect on 

shaping the adaptive CD8+ T cell response in chronic and persistent infection. Andrews 

and colleagues have shown that in the highly MCMV-resistant mouse strain C57BL/6 a 

strong anti-viral NK cell response occurs during acute infection, and this appears to 

impair the CD8+ T cell response.  In this model, the strong NK cell response is the 

consequence of engagement of Ly49H activating receptor with viral MHC class I like 

protein m157, and controls viral replication (Andrews et al., 2010).  MCMV reaches 

lower titres in the salivary glands of mice expressing the Ly49H receptor on NK cells, 

compared with a Ly49H- strain (BALB/c), but persists for longer.  CD8+ T cells of 

C57BL/6 mice infected with WT MCMV (expressing m157) are impaired, with a 

reduction in activation and efficacy.  

This builds on earlier work where Klra8 mice (BALB/c congenic mice carrying the 

C57BL/6 NK cell gene complex, therefore positive for both NK1.1 and Ly49H), mount 

a strong early NK cell response, mediated by engagement of the Ly49H receptor by m157, 

which is followed by an accelerated CTL response (Robbins et al., 2007).  
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Both groups propose the impact on CTLs is due to the effect the strong NK cell response 

has on dendritic cell (DC) subsets. In the case of C57Bl/6 mice, NK cell killing of infected 

conventional DCs (cDCs) reduces antigen presentation, and hence CTL activation 

(Andrews et al., 2010). Conversely, in the work by Robbins and colleagues, a strong early 

Ly49H+ NK cell response controls viral load, protects cDCs and limits the production of 

immunosuppressive cytokines by plasmocytoid DCs (pDCs), resulting in an accelerated 

CTL response (Robbins et al., 2007).  

The Jonjic group have examined whether targeting NK cell mediated modulation of T 

cell responses might be applied to development of a potential vaccine or vaccine vector. 

A recombinant MCMV expressing the RAE-1γ molecule, a ligand for the NK cell 

activating receptor NKG2D, elicits a strong early NK cell response with a corresponding 

reduction in viral titres. The CTL response to this virus was enhanced compared to WT 

(Slavuljica et al., 2010). Impacts of early NK cell responses on the development of T cell 

responses have also been seen in mice carrying Ly49G2+ NK cells (Teoh et al., 2016). 

The conflicting outcomes for CTL activation and viral clearance between studies 

highlight that the regulation of adaptive immune responses by NK cells is complex. NK 

cells can modulate the CTL response by regulation of cytokines, interaction with APCs 

and even by direct killing of T cells themselves. Though m04 was initially grouped with 

m06 and m152 as MCMV genes that interfere with antigen presentation, studies showed 

that m04 does not prevent cell surface expression of MHC class I, and can, in the absence 

of m06, actually promote CTL responses (Holtappels et al., 2006). Both m04 and m06 

exist as genotypes which are highly conserved and are under strong purifying selection 

(Smith et al., 2013), suggesting that the target proteins for these genes in the host are also 

polymorphic and/or allelic and that conservation of these allelic genes aids viral 

replication at the population level.  Indeed, the Ly49 and MHC class I host molecules are 

the most variable in the mouse genome. Studying the effect of the allelic MCMV 

immunomodulatory genes on allelic host proteins may therefore reveal information about 

function not previously captured by the predominant use of a single MCMV strain.  

1.13 Research aims 

Hypothesis: Sequence variation in MCMV MHC class I immunomodulatory molecules 

alters the capacity of MCMV to down-modulate cell surface expression of MHC class I, 

and this has in vivo consequences.   
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This PhD project describes the production and characterisation of three new MCMV 

MHC class I immunomodulatory gene deletants; K181-m04, K181-m06 and K181-

152 (Chapter 3 and Chapter 4). Also examined was the effect of naturally occurring 

sequence variation between strains of MCMV, using a panel of low-passage ‘wild’ 

MCMV and two laboratory MCMV strains, on their ability to down-regulate cell surface 

expression of MHC class I molecules, and the consequences of this for viral replication 

in the host. 

Aims:  

1) Determine what effect MHC class I immunomodulatory gene expressed by 

MCMV have on viral replication or viral shedding during persistence, and for 

superinfection. 

2) Characterise the differential effect variant strains of MCMV have on the cell 

surface expression of MHC class I molecules.
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Chapter 2 Materials and Methods 

2.1 Materials  

2.1.1 Reagent list 

Agarose (molecular biology grade) AppliChem, Germany 

Bovine Serum Albumin (BSA) Promega, USA 

Boric acid BDH, Australia 

Citric acid BDH, Australia 

Chloramphenicol Sigma- Aldrich, USA 

Deoxynucleotide triphosphates (dNTPs) New England Biolabs, USA 

Dimethyl sulphoxide (DMSO) BDH, Australia 

Disodium hydrogen orthophosphate (Na2HPO4) BDH, Australia 

DNase 1 Promega, USA 

Dulbecco’s Modified Eagles Media  Sigma-Aldrich, USA 

EDTA BDH, Australia 

Ethanol BDH, Australia 

Fetal bovine serum (FBS), Australian origin Gibco, Life Technologies 

Formaldehyde  LAB-SCAN 

Foxp3 / Transcription Factor Staining Buffer Set eBioscience, USA 

GelRed nucleic acid stain Biotium, USA 

Glacial acetic acid BDH, Australia 

Isopropanol BDH, Australia 

Kanamycin (Kn)  Sigma-Aldrich, USA 

L-glutamine Sigma-Aldrich, USA 

Luria Bertani (LB) broth powder Difco, USA 

LB agar powder Difco, USA 

Magnesium chloride BDH, Australia 

Methylene blue BDH, Australia 

2-mercaptoethanol Sigma-Aldrich, USA 

Minimal Essential Media  Sigma-Aldrich, USA,  

Molecular size DNA ladder (1kb+) BDH, Australia 

Newborn calf serum (NCS), New Zealand origin Gibco, Life Technologies 

Non-essential amino acids Gibco, Life Technologies 
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Pen Strep Gibco, Life Technologies 

Phenol-chloroform Sigma-Aldrich, USA 

Phosphate Buffered Saline (PBS), Ca and Mg free Gibco, Life Technologies 

Phusion polymerase and buffer New England Biolabs, USA 

Potassium chloride (KCl) BDH, Australia 

Potassium dihydrogen orthophosphate (KH2PO4) BDH, Australia 

Potassium hydrogen carbonate (KHCO3) BDH, Australia 

Proteinase K Roche, Australia 

Restriction endonucleases and respective 10 × buffers  New England Biolabs, USA 

RPMI 1640 media Gibco, BRL, USA 

Sodium acetate  BDH, Australia 

Sodium bicarbonate BDH, Australia 

Sodium chloride (NaCl) BDH, Australia 

Sodium hydroxide (NaOH) BDH, Australia 

Sodium pyruvate BDH, Australia 

Taq polymerase and 10 × buffer  Promega, USA 

Tris(hydroxymethyl)aminomethane (Tris) Invitrogen, USA 

Trypsin Gibco, Life Technologies 

 

 

2.1.2 Peptides  

The peptides used in this study- M38 Kb SSPPMFRV, M45 Db HGIRNASFI and M25 

NHLYETPISATAMVI, were purchased from GenScript (USA) at a minimum purity of 

80%.   

2.1.3 Antibodies 

The antibodies used in this study are described in Table 2-1 below. The C7 and croma229 

antibodies were purified, and labelled where necessary, by Absolutions (Perth, Western 

Australia).  

Table 2-1 Antibodies  

Specificity  Cat. no. (supplier) Clone Fluorophore Conc. or dose 

H-2Kd 553565 (BD Pharmingen) SF1-1.1 FITC 0.2 g / million cells  

H-2Dd 553579 (BD Pharmingen) 34-2-12  FITC 0.5 g / million cells 

H-2Ld CL9011F (Cedarlane) 30-5-7S FITC 0.5 g / million cells 
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H-2Kb 553569 (BD Pharmingen) AF6-88.5 FITC 0.5 g / million cells 

H-2Db 553573 (BD Pharmingen) KH95  FITC 0.5 g / million cells 

MCMV m06 n/a * croma229 AF647 1 g / million cells 

CD4 557667 (BD Pharmingen) RM 4-5 AF488 1 g / ml 

CD8 553033 (BD Pharmingen) 53-6.7 PE 1 g / ml 

IFN- 554413 XMG1.2 APC 1 g / ml 

NKG2D n/a ** C7 n/a 200 g per mouse 

*croma229 hybridoma was a gift by Dr. Stipan Jonjic (University of Rijeka) and is described in 

Reusch et al. (1999). **C7 anti-NKG2D hybridoma was gift from Dr. Wayne Yokoyama and is 

further described in Ho et al. (2002).  

2.1.4 Cells and cell lines  

2.1.4.1 BALB/c 3T3 

The adherent fibroblast line, BALB/c 3T3 is derived from inbred BALB/c mouse 

embryos and was kindly provided by Dr Jane Allan (University of Western Australia). 

BALB/c 3T3 were maintained in MEM supplemented with 5 or 10% FCS in tissue culture 

dishes at 37°C, 5% CO2, unless stated otherwise. 

2.1.4.2 AE17  

AE17 are an adherent, epithelial-like mouse mesothelioma cell line. This line was derived 

from malignant mesothelial cells obtained from ascites fluid of C57Bl/6J female mice. 

This cell line was obtained from Dr Alayne Bennett (University of Western Australia). 

Cells were cultured in RPMI 1640 media supplemented with 5% NCS in tissue culture 

dishes at 37°C, 5% CO2, unless stated otherwise. 

2.1.4.3 Mouse embryo fibroblasts (MEF) 

BALB/c MEF were cultured in MEM supplemented with 8% NCS and L-glutamine and 

maintained at 37C, 5% CO2. Cells were sub-cultured when 80 to 90% confluent. MEF 

were prepared from 14 to 16-day-old BALB/c embryos by trypsin dispersion (section 

2.2.1.2) and stored in liquid nitrogen. 
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2.1.5 Mice 

Female BALB/c mice were obtained from the Animal Resource Centre (Perth, Western 

Australia) and housed under specific pathogen free conditions in Animal Care Services 

facilities, University of Western Australia. Mice were provided with unrestricted food 

and water. Weanling 3-week-old mice were used to generate salivary gland virus stocks, 

whilst for in vivo studies 6 to 8-week-old mice were used. All animal studies were 

approved by the University of Western Australia Animal Ethics Committee (approval 

number RA/3/100/1190) and in accordance with the National Health and Medical 

Research Council of Australia guidelines (Australian code of the care and use of animals 

for scientific purposes 8th edition, 2013). 

2.1.6 Virus strains 

2.1.6.1 Laboratory strains 

The K181PERTH laboratory MCMV strain used for this research was obtained from Dr D. 

Lang (Duke University, Durham, NC) and is described in Xu et al. (1992). The K181PERTH 

BAC (pARK25) developed by Dr Alec Redwood (Redwood et al., 2005) was used to 

construct the recombinants strains of MCMV used in this project. Construction of three 

MHC class I single gene knockout strains (K181-m04, K181-m06 and K181-m152) 

is described in Chapter 3. For experiments involving these single gene knockout MCMV 

strains, the virus rescued from pARK25, vARK25 (and referred to as K181 in this thesis), 

was used as a more appropriate control. The recombinant strains K181-m157 (hereafter 

referred to as rK181) and K181-m157-SIINFEKL (hereafter referred to as rK181-

SIINFEKL), used for superinfection in Chapter 4, were previously constructed and 

characterised by Dr Alec Redwood. The full sequence of the BAC-derived K181 strain is 

published (accession number AM886412) (Smith et al., 2008). 

The Smith strain, another widely used laboratory strain of MCMV, first isolated by 

Margaret Smith in 1954 (Smith, 1954), was kindly provided by Dr N. Davis-Poynter (Sir 

Albert Sakwewski Virus Research Centre, Royal Children’s Hospital, QLD). The Smith 

strain has been fully sequenced (accession number NC_004065) (Rawlinson et al., 1996). 

The MCMV-WT1 laboratory strain of MCMV (hereafter referred to as WT1) was kindly 

supplied by Dr Wayne Yokoyama (Washington University, School of Medicine), and is 

a variant of the Smith strain. WT1 has been fully sequenced (accession number 

GU305914) and is described in Cheng et al. (2010). 

https://www.nhmrc.gov.au/guidelines-publications/ea28
https://www.ncbi.nlm.nih.gov/nuccore/AM886412
https://www.ncbi.nlm.nih.gov/nuccore/21716071
https://www.ncbi.nlm.nih.gov/nuccore/GU305914
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2.1.6.2 Wild isolates 

Our laboratory has a number of strains of MCMV isolated from free living mice trapped 

in geographically distinct locations around Australia, a panel of which have been used in 

this work. Details of trapping location, publications and accession numbers for full 

genome sequences can be found in Table 2-2 below. These strains are all minimally 

passaged since isolation and sequencing, and are referred to as low-passage MCMV 

strains throughout this thesis.   

Table 2-2 MCMV strains isolated from wild caught mice (wild isolates). 

MCMV strain location Accession no. Reference(s) 

AA18D Macquarie Island HE610451 (Smith et al., 2013) 

C4A* Canberra, ACT EU579861 (Smith et al., 2008) 

C4B* Canberra, ACT HE610452 (Smith et al., 2013) 

C4C* Canberra, ACT HE610453 (Smith et al., 2013) 

C4D* Canberra, ACT HE610456 (Smith et al., 2013) 

WP15B Walpeup, Vic EU579860 (Smith et al., 2008) 

NO7 Beacon Island HE610455 (Smith et al., 2013) 

N1 Nannup, WA HE610454 (Smith et al., 2013, Booth et al., 1993) 

G4 Geraldton, WA EU579859 (Smith et al., 2008, Xu et al., 1996, 

Booth et al., 1993) 

* strains C4A-D were all isolated from a single mouse trapped in Canberra, ACT, and determined 

to be distinct strains initially by RFLP analysis and later by full genome sequencing (Gorman et 

al., 2006, Smith et al., 2013, Smith et al., 2008). 

2.1.7 Bacterial strains  

Bacteria were utilised for the propagation and genetic manipulation of various plasmids 

and BACs. All bacterial strains used are Escherichia coli (E. coli).  

2.1.7.1 DH10B 

The DH10B E. coli bacterial strain is supportive of large BACs and was used for the 

propagation of MCMV BACs. The generation of BAC mutants using ET recombination 

was also performed in this strain. The genotype of DH10B is: 

F– mcrA ∆(mrr-hsdRMS-mcrBC) Ø80dlacZ∆M15 ∆lacX74 deoR recA1 endA1 

araD139 ∆(ara, leu)7697 galU galK –rpsL nupG 

https://www.ncbi.nlm.nih.gov/nuccore/HE610451.1
https://www.ncbi.nlm.nih.gov/nuccore/AM886412
https://www.ncbi.nlm.nih.gov/nuccore/HE610452.1
https://www.ncbi.nlm.nih.gov/nuccore/HE610453.1
https://www.ncbi.nlm.nih.gov/nuccore/HE610456.1
https://www.ncbi.nlm.nih.gov/nuccore/EU579860.1
https://www.ncbi.nlm.nih.gov/nuccore/HE610455.1
https://www.ncbi.nlm.nih.gov/nuccore/HE610454.1
https://www.ncbi.nlm.nih.gov/nuccore/EU579859.1
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2.1.7.2 DH5 

The DH5 E. coli bacterial strain was used to propagate plasmids used in this project. 

The genotype of DH5 is: 

F– Φ80lacZΔM15Δ(lacZYA-argF) U169 recA1 endA1 hsdR17(rK–, mK+) phoA 

supE44 λ– thi-1 gyrA96 relA1 

2.1.8 Plasmids 

2.1.8.1 pCP20 

The pCP20 plasmid expresses Flp recombinase under a temperature-sensitive inducible 

promoter (Cherepanov and Wackernagel, 1995). When induced at 43C, Flp recombinase 

mediates site specific recombination between two FRT sites, excising any sequence 

between them and leaving behind a single FRT site. This plasmid was used for the 

excision of the KnR cassette from single gene knock out MCMV strains.  

2.1.8.2 pSLFRTKn 

The pSLFRTKn plasmid encodes a kanamycin resistance (KnR) gene flanked by FRT 

sites (Atalay et al., 2002). This plasmid was used for PCR-based BAC mutagenesis 

whereby the selection cassette was amplified with flanking MCMV sequences and 

inserted into pARK25 via one-step ET recombination. 

2.1.8.3 pKD46 

pKD46 expresses  Red recombination genes under an arabinose inducible promotor 

(Datsenko and Wanner, 2000). pKD46 is temperature sensitive and ampicillin resistant 

(AmpR) so was maintained at 30C in the presence of ampicillin. This plasmid was used 

for the insertion of PCR fragments into pARK25 via homologous recombination.  

2.1.9 Culture media 

2.1.9.1 Tissue culture media 

2.1.9.1.1 Minimal Essential Media (MEM) 

Before use NCS or FBS was added as required, and media supplemented with L-

glutamine (2mM).  
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2.1.9.1.2 Dulbecco’s Modified Eagles Media (DMEM) 

Before use NCS or FBS was added as required, and media supplemented with L-

glutamine (2mM). 

2.1.9.1.3 RPMI Media 

Before use, 10% FBS was added and media supplemented with L-glutamine (2mM). 

2.1.9.2 Bacterial culture media 

2.1.9.2.1 Luria-Bertani (LB) agar media 

LB agar powder 35 g/L 

High-pure water 1 L 

 

LB agar powder was dissolved by heating, then autoclave sterilised. Selection antibiotics 

and / or sugars were added, and agar poured into 85mm petri dishes. The agar was set at 

room temperature and stored at 4°C until required. 

2.1.9.2.2 LB broth media 

LB broth powder 20 g 

High-pure water  1 L 

 

LB broth powder was dissolved into high-pure water and autoclave sterilised. Antibiotics 

and/or sugars were added immediately prior to use. 

2.1.10 Buffers and solutions 

2.1.10.1 Citric acid buffer 

Citric acid 40 mM 

KCl 10 mM 

NaCl 135 mM 

 

The solution was made in high-pure water, the pH adjusted to 3.0 using 10 M NaOH, 

autoclave sterilised and stored at 4°C. 

2.1.10.2 Methylene blue/formaldehyde stain 

Methylene blue powder (0.5%) 20 g 

High-pure water 3580 ml 

Formaldehyde  400 ml 
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Methylene blue powder was dissolved in water at room temperature overnight, then 

filtered through Whatman no. 1 filter paper. Formaldehyde (10%) was added and the 

solution stored at room temperature. 

2.1.10.3 Sodium Acetate (NaOAc), 3 M 

NaOAc 3 M 

 

 

The solution was adjusted to pH 5.2 with glacial acetic acid and stored at room 

temperature. 

2.1.10.4 50× Tris-acetate EDTA (TAE) buffer 

Tris  2 M 

Glacial acetic acid 5.71% v/v 

EDTA (pH 8.0), 0.5 M 0.05 M 

 

The buffer was made up to 1L with high-pure water, autoclaved and stored at RT. TAE 

buffer was used at a final concentration of 1 × for agarose gel electrophoresis. 

2.1.10.5 10x Tris-boric acid EDTA (TBE) buffer 

Tris 0.89 M 

Boric acid 0.89 M 

EDTA (pH 8.0), 0.5 M 0.02 M 

 

The buffer was made up to 1L with high-pure water, autoclaved and stored at RT. TBE 

buffer was used at a final concentration of 0.5x for agarose gel electrophoresis.  

2.1.10.6 Small scale DNA preparation solutions 

Solution I 

0.9 g of glucose 50 mM 

2.5 ml of 1 M Tris HCl (pH 8.0) 25 mM 

2 ml of 0.5 M EDTA (pH 8.0) 10 mM 

 

Make up to a final volume of 100 ml with high-pure water. Store at 4C. 

Solution II 

1/10 volume of 2 M NaOH  0.2M NaOH 

1/10 volume of 10% SDS  1% SDS 
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Make up to a final volume of 100 ml with high-pure water. This buffer should be made 

fresh on the day of use.  

Solution III 

60 ml of 5 M potassium acetate  3M (potassium) 

11.5 ml of glacial acetic acid 5M (acetate) 

 

Make up to a final volume of 100 ml with high-pure water. 

2.1.11 Primers and Probes 

Unless specified otherwise, novel primers were designed from the appropriate sequences 

using CLC Main Workbench 7.6 (QIAGEN) and purchased from Sigma Aldrich. 

Table 2-3 Primers for ET recombineering 

K181 homology is underlined. 

Primer sequence (5' - 3') 

m04frtFor 

CAAATTCCGAACCGAGATTCCTACGTGCTATTTTGAATTTCACTCCGT

CGTGGAATGCCTTCGAATTC 

m04frtRev  AGACGACATCTGACACTATCAGCGCTGCCTGTGCTGGCGTTCGAA 

m06frtFor 

TGCCACGTGGTACGTACACTGGGTCGTCGGGAAGATCGCAGCCTCCG

TCGTGGAATGCCTTCGAATTC 

m06frtRev  

GGCGACTGTGATATCTCCAGTCTTCTCGTCGACTTTGAAACCGTTAC

AAGGACGACGACGACAAGTAA 

m152frtFor  

CATCGTACAGGACACGTAGCCGTTGCCTCGATTACTGTACAGCGACG

TCGTGGAATGCCTTCGAATTC 

m152frtRev  

CGACGTATCCGAGGATGACATCGCGCGCTACGGACAAGGGTCCGGA

CAAGGACGACGACGACAAGTAA 

 

Table 2-4 Primers and probes for qPCR 

Primer/probe sequence (5' - 3') 

M70qPCRfor GTTAGAATTGCATCGCCG 

 M70qPCRrev ACACACGCGTAACCACTA 

M70qPCRprobe 5'-6FAM-AGCACTACACTCGCCAGGA-BHQ1-3 

 

Table 2-5 Primers for screening for BAC cassette excision  

Primer sequence (5' - 3') 

ARK2514832F (for-476) CATATCCCACGGCTGTTCAAT 

ARK2515204R (rev-477) AATACATCGTCACCTGGGACA 
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m06for TTGGAGCGATACGTTGACAAT 

m07rev TCCGTTAGCCCTAGATTCCAC 

 

2.2 Methods 

2.2.1 Tissue and virus culture  

2.2.1.1 Resuscitation of tissue culture stocks 

Cells were rapidly thawed at 37°C and diluted into the appropriate tissue culture media. 

The cell suspension was then centrifuged at 416  g for 7 mins at 4°C. The cell pellet was 

resuspended in the appropriate growth media and seeded into tissue culture flasks. 

2.2.1.2 Preparation of MEF 

Timed-pregnant female BALB/c mice (at 14.5 days gestation) were provided by the 

Animal Resource Centre (Perth, Western Australia). The uterus containing embryos was 

removed from the mouse into sterile PBS. Embryos were separated from the uterus, 

placentas and amniotic sacs into fresh, sterile PBS. Head, tail, limbs and gut viscera were 

removed, and the remaining tissue washed well with sterile PBS. The tissue was then 

minced using sterile dissecting scissors in a mincing pot containing sterile PBS. Minced 

tissue was then washed twice with sterile PBS, pooled and then digested with 5 ml 0.25% 

trypsin per embryo for one hour at 37C with stirring. An equal volume of MEM 

containing newborn calf serum was added to stop digestion. The mixture was filtered 

through a tea strainer to remove larger pieces of undigested tissue. The fibroblasts were 

then pelleted by centrifugation at 854  g for 10 minutes at room temperature. Cells were 

resuspended in MEM supplemented with 10% NCS, L-glutamine and Pen Strep 

antibiotics (Gibco, Life Technologies) and seeded into tissue culture dishes. Media was 

replenished approximately 18 hours later. Once cells were confluent, MEF were washed 

with PBS, trypsinised and pelleted at 361  g. The cells were then resuspended at 

approximately 1  106 cells per mL, in freezing medium (90% FBS/10% DMSO), 

aliquoted into cryovials and frozen overnight at -1C per minute until -80C. The 

following day, vials were moved to liquid nitrogen for long term storage. 
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2.2.1.3 Generation of high titre tissue culture virus stocks 

MEF were seeded into T75 tissue culture flasks. When cells reached 90-100% confluent 

they were inoculated with virus in a 15 ml final volume and centrifugally enhanced at 923 

 g for 30 mins at room temperature (Beckman J-6 M/E centrifuge). Following 

centrifugation, flasks were incubated at 37°C, 5% CO2 and observed daily for cytopathic 

effect (CPE). When 90 to 100% CPE was reached, the infected cells were frozen at -80°C. 

Cells were then rapidly thawed, scraped from the culture flask and removed to a sterile 

centrifuge tube. This cell suspension was centrifuged at 850  g for 10 mins at 4C to 

remove cell debris. The supernatant, containing virus, was transferred to a sterile tube and 

centrifuged for 27,220  g for 1 hour at 4C. The supernatant was removed, and the virus 

pellet was resuspended in MEM supplemented with 2% NCS and was dispensed into 

sterile 2 ml cryotube vials (Nunc) for storage at -80C until required. 

2.2.1.4 Multistep growth curve 

MEF were seeded into 6 well trays at 5 × 105 cells per well the day before infection and 

incubated at 37°C, 5% CO2
 overnight. Each well was then infected with virus at a low 

multiplicity of infection (MOI) of 0.01 (2 or 3 replicates per virus per time point) and 

incubated at 37°C, 5% CO2
 for 1 hour. After incubation, inoculum was removed and each 

well washed with 1 ml citric acid buffer for 2 minutes to remove bound virus. The buffer 

was then removed and each well washed with 2 ml growth media (2% NCS) for 5 

minutes. The media was replaced with 4 ml of fresh growth media (2% NCS), placed into 

a 37°C, 5% CO2 incubator. At 24, 48, 72, 96, 120 and 144 hours post infection, the 

replicates for the time point were frozen at -80°C.  

To recover virus plates were thawed rapidly and cells scraped from each well, cell 

suspensions removed to tubes and centrifuged at 850  g for 10 minutes at 4°C. The 

supernatant was titrated immediately by plaque assay.  
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2.2.1.5 Titration of infectious virus by plaque assay 

MEF were grown to 100% confluent in 24 well tissue culture trays in MEM supplemented 

with 8% NCS. Media was aspirated from each well and 200 µl of serially diluted virus 

inoculum added. Cells were incubated at 37°C, 5% CO2 for 1 hour to permit viral 

adsorption and infection. The inoculum was removed and the cell monolayers overlayed 

with 1 ml of MEM-methylcellulose and incubated at 37°C, 5% CO2 for 4 to 5 days. Cells 

were fixed and stained with 1 ml of methylene blue/10% formaldehyde for 24 hours at 

room temperature, then flushed with distilled water, air-dried and plaques counted. Viral 

titres were calculated as follows:   

pfu / ml = number of plaques per well × dilution factor × 5 

Variation- for plaque assays detecting infectious virus following superinfection using G4-

lacZ. After 4 - 5 days incubation, approximately 200 l of X-gal solution (0.4 ng/ml, in 

complete media) was added to each well and incubated overnight at 37°C, 5% CO2. 

Methylene blue staining was omitted, and cells were fixed overnight at room temperature 

with 10% formaldehyde in PBS. Wells were flushed with distilled water, air-dried and 

plaques counted.  
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2.2.2 Cytofluorometric analysis of H-2 cell surface 

expression 

BALB/c 3T3 (section 2.1.4) grown to approximately 80 - 90% confluent in 6 well trays 

were infected with various strains of MCMV at an MOI of 1. After incubation at 37C, 

5% CO2 for desired times, cells were washed once with PBS and trypisinised. Cells were 

resuspended in PBS + 2% NCS and aliquoted into 96 well plates. Cells were then stained 

with the appropriate FITC labelled anti-MHC class I antibody (2.1.2) in a total volume of 

200 l for 1 hour at 4C, protected from light. Cells were washed with PBS + 2% NCS, 

resuspended in Foxp3 Fixation/Permeabilization buffer (eBioscience) and incubated for 

a minimum of 30 minutes. Cells were then resuspended in Permeabilization Buffer 

(eBioscience) and stained for MCMV infection using the croma229 anti-m06 antibody, 

AF647 labelled (2.1.2), for 30-60 minutes at 4C, protected from light. Cells were washed 

and resuspended in PBS + 2% NCS for analysis by flow cytometry on a BD FACSCanto 

II at the Centre for Microscopy, Characterisation and Analysis (CMCA), UWA. 

Antibodies used are described in section 2.1.2. A selection of experiments included a 

live/dead discriminatory staining step (Invitrogen, Near IR) prior to the cell surface 

staining step, but as this had no impact on data, this step was omitted from subsequent 

experiments.  

2.2.3 T cell stimulation and immunostaining 

Spleens were dissociated between glass slides into a single cell suspension in 3 ml of 

RPMI plus 10% FBS and L-glutamine. A volume of 0.1 ml from each whole spleen 

suspension was used per assay. Splenocytes were stimulated with indicated peptides at 1 

ug / ml, with Brefeldin A (eBioscience), for 4 hours. Cells were washed and stained for 

cell surface markers for 30 minutes on ice. Cells were washed again, then fixed and 

permeabilised, and stained for intracellular IFN-, with BD Cytofix/Cytoperm according 

to manufacturer’s instructions.   
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2.2.4 General bacterial techniques  

2.2.4.1 Preparation of electrocompetent bacteria 

Bacteria were streak plated from glycerol stocks onto LB agar containing the appropriate 

antibiotic and/or sugars, where necessary. Plates were incubated at required temperature, 

and a single colony inoculated into 5 - 10 ml of LB broth with appropriate antibiotic 

and/or sugar. Liquid cultures were incubated overnight at the required temperature with 

shaking (200 rpm, New Brunswick Incubator shaker I 26). The following morning, a 

larger liquid culture was prepared, using a 1:100 volume of overnight culture, and 

returned to shaking incubator. To monitor bacteria growth phase, the optical density of 

the growth medium was checked regularly, and the bacteria were chilled on ice (15 

minutes) once an OD600 of between 0.4 - 0.6 was reached (log phase).  

Bacteria were pelleted at 5000  g at 0C for 10 minutes, supernatant removed, and 

bacteria resuspended in ice cold sterile water. This wash was repeated twice, first with 

ice cold water and then with ice cold sterile 10% glycerol. The final glycerol supernatant 

was removed, and the bacterial pellet resuspended in the pellet volume of 10% glycerol. 

Bacterial suspension was dispensed into pre-cooled 1.5 ml microfuge tubes in 60 l 

aliquots and stored at -80C immediately. 

2.2.4.2 Transformation of electrocompetent bacteria by 

electroporation 

Electrocompetent bacteria were thawed on ice. Bacteria and DNA were added to pre-

cooled electrocuvettes and incubated on ice for 15 minutes. Cuvettes were carefully dried 

and inserted into electroporator chamber (Bio-Rad Gene Pulsar II). Electroporation was 

performed using 2.5kV, 200 ohms and 25 uf. Following electroporation, 500 l of LB 

broth was added to the cuvette and the bacterial suspension transferred to a microfuge 

tube for incubation at the appropriate temperature with shaking (650 rpm) for 1 - 2 hours 

(Eppendorf Thermomixer Comfort). Transformed bacteria were then plated onto LB agar 

containing the appropriate selection antibiotics and/or sugar and incubated for 24-48 

hours at the appropriate temperature.  
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2.2.5 DNA extraction 

2.2.5.1 Small-scale plasmid DNA preparation (mini-prep) 

Small amounts of plasmid DNA were purified from 5 – 10 ml overnight cultures of E. 

coli containing the plasmid of interest. Briefly, a single colony was inoculated into 5 – 10 

ml of LB broth containing appropriate selective antibiotics and incubated overnight at 30 

or 37°C with shaking (200 rpm). Bacteria were pelleted at 20,800  g for 10 minutes, and 

plasmids were then extracted by the alkaline lysis method using either kit (details) or 

laboratory stock reagents. Pellets were resuspended in 100 l of Solution I by vortexing, 

then incubated at room temperature for 5 min. Then 200 l of freshly prepared Solution 

II was added, and mixed 5 – 10 times by gentle inversion and incubated further (for not 

more than 5 min). Finally, 200 l of Solution III was added, mixed by gentle inversion 

and incubated for 5 minutes on ice. The solution was then centrifuged at top speed for 5 

min, and the supernatant removed to a fresh tube. DNA was precipitated with 100% 

ethanol. Once pelleted at 20,000  g for 30 minutes, the DNA pellet was washed twice 

with 70% ethanol, dried and resuspended in water or TE buffer.  

2.2.5.2 Medium-scale plasmid DNA preparation (midi-prep) 

The isolation of BAC DNA from E. coli for characterisation and transfection into tissue 

culture to rescue full length virus was performed using the Nucleobond® Xtra Midi kit 

(Macherey-Nagel, cat. no. 740410). Briefly, a single colony of E. coli containing the BAC 

of interest was inoculated into a 2ml volume of LB broth containing appropriate 

antibiotics and incubated at 37°C with shaking at 200 rpm. Approximately 6 hours later, 

the 2 ml culture was added to a further 200 ml of selective antibiotics and incubated 

overnight at 37°C with shaking. BAC DNA was then isolated following manufacturer 

instructions. 
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2.2.5.3 Extraction of viral DNA from cell culture 

MCMV was extracted from 4  T75 tissue culture flasks of infected MEF that had been 

frozen at 100% CPE. Cells were defrosted rapidly, then cells scraped into the media and 

the cell suspension transferred into 50ml tubes and debris pelleted at 850  g for 10 

minutes at 4°C. The clarified supernatant was transferred to sterile JA20 tubes and virus 

pelleted at 27, 200  g for 1 hour at 4°C. The virus pellet was resuspended in 500 l 

DNAse I buffer with 1l DNAse I enzyme, 1 l RNAse A, and BSA. After 1 hour at 

room temperature, 40 l of 0.5 M EDTA was added to stop the digestion reaction. MCMV 

DNA was purified either by two phenol-chloroform extractions and ethanol precipitation 

or using the PureLinkTM Viral RNA / DNA Mini Kit (Invitrogen, cat. no. 12280050) 

according to manufacturer’s instructions.  

2.2.5.4 Extraction of viral DNA from salivary glands 

MCMV DNA was extracted from 10 mg of salivary gland homogenate per mouse using 

the Wizard SV Genomic DNA Purification System (Promega, cat. no. A2360) according 

to manufacturer’s instructions.  

2.2.6 Polymerase Chain Reaction (PCR) 

2.2.6.1 Standard PCR 

DNA regions of interest were amplified using Taq polymerase (GenScript) or, where 

amplicons were used for downstream applications, high fidelity Phusion polymerase 

(NEB) or Q5 polymerase (NEB). Typical reaction conditions are described below, though 

annealing temperatures were optimised for each primer pair where necessary, and 

extension times increased for larger amplicons.  

Taq:  

Denaturation (x1) 95°C 10 min  

Cycles (x 30)  95°C 10 sec 

   58°C 20 sec 

   72°C 45 sec 

Final extension 72°C 10 min 

Cool (x 1)  4°C (hold at this temperatures) 

 

Phusion/Q5:  

Denaturation (x1) 98°C 3 min  

Cycles (x 30)  98°C 10 sec 

   58°C 20 sec 

   72°C 45 sec 
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Final extension 72°C 10 min 

Cool (x 1)  4°C (hold at this temperature) 

 

2.2.6.2 Detection of MCMV DNA by qPCR 

The amount of viral DNA present in salivary glands of infected mice was determined by 

qPCR performed using viral DNA extracted from the salivary gland (section 2.2.5.4). For 

detection of superinfection, primer pairs were designed to amplify SIINFEKL specific 

sequence. Reactions were performed using 7 l template, 2  SYBR Green Master Mix, 

5 pmol each of forward and reverse primer, and nuclease free water to a total of 20 l. 

Viral DNA concentration was calculated relative to an internal standard control using the 

fit-points method with the LC480 software. Cycling condition were as follows:   

Hot start (x1)  95°C 10 min  

Cycles (x 35 - 40) 95°C 10 sec 

   58°C 20 sec 

   68°C 45 sec 

Cool (x 1)  50°C 20 sec (hold at this temperature) 

 

2.2.6.3 Detection of MCMV DNA in saliva by qPCR 

The amount of viral DNA present in saliva samples collected on the prepared FTA 

punches was measured using quantitative PCR assay using a Lightcycler 480 (Roche). 

Primers were designed to amplify a 256 bp region within the M70 gene of MCMV. An 

M70 specific oligonucleotide probe labelled with the 6-carboxyfluorescein (6FAM) dye 

was designed to bind within this amplicon. Saliva saturated FTA paper punch templates 

were added to single wells of a 96 well qPCR plate together with 10 l 2  Probes Master 

Mix, 5 pmol each of forward and reverse primer, and nuclease free water to a total of 20 

l. Viral DNA concentration was calculated relative to an internal standard control using 

the fit-points method with the LC480 software. Cycling condition were as follows:   

Hot start (x1)  95°C 10 min  

Cycles (x 35 - 40) 95°C 10 sec 

   58°C 20 sec 

   68°C 45 sec 

Cool (x 1)  50°C 20 sec (hold at this temperature) 
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2.2.6.4 Screening of rescued recombinant virus for excision 

of BAC cassette by PCR 

Rescued recombinant MCMV strains are screened for loss of the BAC cassette following 

successful transfection into MEF. Excision of the BAC cassette occurs via homologous 

recombination between flanking 249 bp repeat sequences (Redwood et al., 2005, Wagner 

et al., 1999). In the first instance, infected MEF were observed for CPE and the loss of 

GFP, encoded in the BAC cassette, over several passages. Loss of GFP suggests the entire 

BAC cassette has been excised. Once more than 50% of CPE observed was GFP negative, 

the virus is plaque purified to ensure a clonal stock. GFP negative clones were selected 

and viral DNA extracted for PCR screening for loss of the BAC cassette. Two separate 

PCR reactions were performed to confirm correct excision of the BAC cassette via 

homologous recombination between the flanking 249 bp repeat sequences. The first 

reaction (m06for, m07rev, Table 2-5) is designed to amplify across the BAC region, and 

the size of the product indicates success of BAC cassette excision. A 1245 bp product 

indicates successful recombination via the 249 bp repeat regions, while a product of 2395 

bp indicates that recombination has occurred via the SV40 repeats within GFP and the 

gpt gene, leaving a remnant gpt segment. Failure of BAC excision results in a product of 

10,391 bp, though this large amplicon typically fails to amplify. The second reaction (for-

477, rev-476, Table 2-5) binds to regions within the BAC cassette and amplifies the gpt 

gene. A negative reaction confirms loss of BAC cassette. Both reactions must be 

performed.  

 

 

2.2.7 Restriction endonuclease digestion 

DNA samples incubated at 37°C for 1 hour with 1 µl of restriction endonuclease and 

enzyme buffer (with BSA, where necessary). 

2.2.8 Agarose gel electrophoresis 

Digested DNA samples (section 2.2.5), or PCR products, and a 1 Kb+ molecular size 

DNA ladder were mixed with loading buffer and loaded into a 0.8 - 1 % agarose gel (1× 

TAE, containing GelRed), then run at 70 V for 1 - 2 hours.  DNA bands were visualised 

and photographed using an UV transilluminator and Luminescent Image Analyzer LAS-

3000 (Fujifilm Life Science).  



 

89 

.  

2.2.9 Sequencing of small linear PCR fragments 

To confirm successful mutagenesis, regions targeted for mutagenesis or repair were PCR 

amplified and sequenced. Amplicons were generated using high fidelity Phusion, PCR 

(section 2.2.6.1), purified and sent to the DNA Sequencing Facility, Western Australian 

State Agricultural Biotechnology Centre (Murdoch University, Western Australia). 

Sequences were assembled and compared to expected using CLC Main Workbench v7.6 

(QIAGEN Aarhus A/S).  

2.2.10 Mouse experiments 

2.2.10.1 Inoculation of mice 

Mice were infected by i.p. injection, typically using a volume of 100 µl (not greater than 

200 µl) per animal. For acute experiments, animals received 1  105 pfu of tissue culture 

virus. For persistence experiments, mice were inoculated with 2  104 pfu of tissue culture 

virus.  For superinfection experiments viral inoculum varied, see section 4.2.4 for specific 

details. All inoculum titres were confirmed by plaque assay. Mice were monitored for 

condition and weight loss in accordance with UWA Animal Ethics Committee 

requirements. 

2.2.10.2 In vivo blocking of NKG2D 

BALB/c mice were given a single dose (200 g) of anti-NKG2D blocking antibody, C7 

(2.1.2), or 200 l endotoxin free PBS by i.p. injection. In this study an isotype control 

was not employed, this is a well characterised antibody has been widely used in the 

absence of any isotype control (Arapovic et al., 2009b, Zafirova et al., 2009). Twenty-

four hours later, mice were inoculated i.p. with K181 or K181-m152. A dose of 1  105 

pfu/mouse was used for acute infection experiments, and 2  104 pfu/mouse for longer 

term experiments. Inoculum titres were confirmed by plaque assay performed on the day 

of injection. Mice were culled and organs harvested 3, 35 or 42 days later and infectious 

virus measured by standard plaque assay. 
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2.2.10.3 Collection of mouse saliva  

Viral DNA shed into saliva was collected on Whatmann FTA® paper (Qiagen) as 

follows. FTA paper was cut into small strips using sterile dissecting scissors. Holding one 

end with forceps, the paper was gently inserted into the mouth of the mouse and held 

there briefly to collect saliva. FTA strip was then placed into a sterile tube with the lid 

left open overnight to allow the paper to dry. Tubes were then closed and stored at room 

temperature in the dark until time of processing.  

To process for qPCR, a single 1.25 mm circular punch of saliva impregnated FTA® paper 

was taken using a Harris UNI-CORE 1.25 mm punch set (Qiagen). The cutting mat and 

punch were wiped with DNAoff and then 70% EtOH and allowed to dry between 

experimental groups. Control punches were taken at random throughout processing 

(before and after washing, and between samples within a group) to control for cross 

contamination.  

Punches were placed into black bottom 96 well trays and washed in Tris 100 mM/ SDS 

1% at room temperature for 30 minutes. Solution was aspirated, and punches washed in 

5 M Guanidine thiocyanate for 10 minutes. This was followed by two 10-minute washes 

with sterile water and a final washed in 70% ethanol. After 15 minutes, ethanol was 

removed. Residual ethanol was evaporated by covering the plate with a breathable film 

and incubating at 60C for two hours (or overnight at room temperature). Processed 

papers were then dispensed directly into PCR wells for qPCR analysis (2.2.6.3). 

2.2.10.4 Collection of mouse organs 

Organs were harvested at desired time points following infection, to analyse infectious 

viral load and/or viral DNA. Mice were anaesthetised by inhalation of methoxyflurane in 

a chamber until unresponsive, as tested by foot pinch with forceps, and then euthanized 

by cervical dislocation. Organs (liver, spleen, salivary glands) were harvested into sterile 

microfuge tubes and frozen immediately at -80C until processed.  
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For processing, organs were thawed on ice then transferred into safe-lock 2 ml microfuge 

tubes, containing a sterile 5 mm stainless steel bead, and weighed. Complete media 

(MEM supplemented with 8% NCS) was added (100 l per 10 mg). Organs were 

homogenised with 5mm stainless steel beads for 2 minutes at 25hz using a Qiagen 

TissueLyser II. Homogenates were clarified by centrifugation at 2000  g for 30-minute 

at 4C in a refrigerated microfuge. Serial 1 in 4 dilutions of homogenate were prepared 

using MEM + 2% NCS from an initial dilution of 1 in 2, 1 in 4 or 1 in 10. Dilutions were 

inoculated onto wells of confluent MEF in 24 well plates in triplicate. Plates were 

incubated at 37C for 1 hour then homogenates were removed and replace by 1 ml of 

methylcellulose/media. Plaque assays were returned to 37C, 5% CO2 incubator for 5 

days, then stained (see 2.2.1.5 for further details). 

Variation- for day 3 organ homogenates, virus infection of monolayer was facilitated by 

centrifugal enhancement at 850  g for 30 minutes at room temperature. Followed by a 

further 30 minutes at 37C prior to addition of methylcellulose/media. 

2.2.10.5 Generation of high titre salivary gland derived virus 

stocks 

Weanling (approximately 3 weeks old) female BALB/c mice were inoculated with 5  

103 pfu of tissue culture virus (for generation of primary salivary gland virus (sgv) stocks) 

or primary sgv (for generation of secondary sgv stocks). Mice were sacrificed at 18 days 

post inoculation and salivary glands recovered. Salivary glands were homogenised as 

described in section 2.2.10.4, at 10% weight/volume of complete MEM media (2% NCS). 

Aliquots were stored long term in liquid nitrogen.  

2.2.11 Statistical analysis 

All statistical analyses were performed using GraphPad Prism 7.0b (GraphPad Software 

Inc.). Infectious viral titres measured by plaque assay and levels of viral DNA detected 

by qPCR were compared by a Mann-Whitney test, or one-way ANOVA (Kruskill-

Wallace) with a post-hoc Dunn’s multiple comparison test.  Differences in cell surface 

expression of MHC class I molecules were analysed using one-way ANOVA with post-

hoc Dunnet’s multiple comparison test.  
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Chapter 3 Construction and 

characterisation of single 

MHC class I 

immunomodulatory gene 

deletant MCMV strains 

3.1 Introduction 

In order to study the effects of MHC class I modulation by MCMV in vivo and in vitro, 

a series of recombinant viruses were needed. Whilst the genes responsible for MHC class 

I modulation have been extensively studied in the Smith strain of MCMV, sequence 

variation across MCMV strains means that only a subset of these viral alleles have thus 

far been studied. The MHC class I locus is among the most variable in the mammalian 

genome (Sommer, 2005), and the MHC class Is both polygenic and polymorphic. 

Because the high levels of variability in MCMV MHC class I immunomodulatory genes 

likely exist to counterbalance this host MHC variability, the use of a single strain of 

MCMV may not reveal the full extent of their role in vivo.  

Since the cloning of the first Smith BAC by Messerle and colleagues (1997) a further two 

MCMV strains, K181 and G4, have been cloned as BAC vectors (Redwood et al., 2005) 

Redwood et al., manuscript in preparation). The recombinant MCMV strains constructed 

for this PhD project were made using the K181 BAC, the first time a strain other than 

Smith has been used to investigate MCMV mediated MHC class I modulation.   

This chapter describes the production and characterisation of the recombinant K181 

MCMV strains used throughout this thesis. A panel of single MHC class I 

immunomodulatory gene knockouts were constructed to, in the first instance, examine 

the effect of deletion on salivary gland persistence and shedding into the saliva 

(experiments described in Chapter 4).  
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3.1.1 BAC mutagenesis by ET recombination 

One-step ET recombination is a rapid method for introduction of mutations into large 

BACs via homologous recombination with linear PCR fragments (Yu et al., 2000). The 

name derives from the RecE and RecT recombinases that were originally utilised in this 

method. The ET recombination used in this project utilises the red recombinases from the 

  bacteriophage (red, - and -), expressed on the pKD46 plasmid.  

Single ORFs of MCMV were disrupted by ET recombination to create single gene knock 

out strains. Linear cloning fragments were amplified from pSLFRTKn (2.1.8.2) with high 

fidelity Phusion polymerase (2.2.6.1) using primers described in Table 2-3. PCR products 

were treated overnight with DpnI to digest template DNA, then purified using a Wizard 

PCR clean-up kit according to manufacturer’s instructions (Promega). These linear 

cloning fragments contained a KnR selection marker between two FRT sites, and 45 bp 

of K181 sequence homology at each termini.  

DH10B bacteria containing the K181 BAC (pARK25) and the pKD46 plasmid were 

grown in LB broth with Cm (15 µg/ml) and Amp (50 µg/ml), in the presence of L-

arabinose (0.1% w/v) to induce expression of the recombinase functions of pKD46. When 

the desired OD600 was reached, these bacterial cells were made electrocompetent (section 

2.2.4.1). Induced, electrocompetent cells were then transformed by electroporation 

(section 2.2.4.2) with the purified linear cloning fragment. Transformed cells were 

recovered at 37°C with 650 rpm shaking (Eppendorf Thermomixer Comfort) for 1 – 2 

hours before spread plating onto LB agar plates containing Cm (25 µg/ml) and Kn (30 

µg/ml) and incubated overnight at 37C.   
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A single colony of DH10B containing the recombinant K181 BAC with KnR-FRT 

selection marker inserted into the gene of interest was made electrocompetent (section 

2.2.4.1) and transformed with pCP20 plasmid DNA. Transformed cells were recovered 

at 30°C with 650 rpm shaking (Eppendorf Thermomixer Comfort) for 1 hour before 

spread plating onto LB agar plates containing Cm (25 µg/ml) and Amp (50 µg/ml), and 

incubated overnight at 30°C. During this incubation, the KnR selection marker was 

excised using flp recombinase expressed by pCP20 (2.1.8.1). Single colonies were then 

streaked onto LB agar plates containing Cm (25 µg/ml) and incubated overnight at 42°C 

to cure the temperature sensitive pCP20. Single colonies were replica plated onto LB agar 

containing Cm (25 µg/ml) and LB agar containing Cm (25 µg/ml) and Kn (30 µg/ml), to 

screen for clones that had lost the KnR marker. Successful recombinants that grew in the 

presence of Cm but not Kn were then selected for further screened by PCR , then extracted 

by midi-prep (section 2.2.5.2) and full-length virus rescue by transfection into MEF. 

3.2 Construction of single MHC class I 

immunomodulatory gene deletant BACs 

All recombinant MCMV strains used in this project were constructed on the K181 BAC 

backbone (Redwood et al., 2005) which, when rescued to replicating virus, bears identical 

sequence to the K181 genome available in GenBank (accession number AM886412). All 

nucleotide locations refer to this K181 sequence, unless otherwise specified. Single gene 

knock-out MCMV strains were constructed using ET recombination (Wagner and 

Koszinowski, 2004) (section 3.1.1) for each of the following open reading frames: m04, 

m06 and m152.  

Each single MHC class I immunomodulatory gene deletant BAC was constructed by 

insertion of KnR cassette into the centre of the ORF m04, m06 or m152 by homologous 

recombination via 45 bp homology sequence, with simultaneous deletion of 100 bp of 

coding sequence (Figure 3-1). The nucleotide location of the insertion of the selection 

marker and subsequent region deleted in each ORF are summarised in Table 3-1 below.  

Table 3-1 Nucleotide location of mutagenesis 

MCMV deletant site of KnR cassette 

insertion 

Region deleted 

pARK25-m04 nt 3621 nt 3622 - 3721 

pARK25-m06 nt 5766 nt 5767 - 5866 

pARK25-m152 nt 210,808 nt 210,809 – nt 210,908 
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Figure 3-1 Schematic representation of the strategy for construction of single gene 

knock out MCMV strains by one step ET recombination 

 

The KnR cassette was then excised with flp recombinase expressed by pCP20, leaving 

behind 80 bp of exogenous sequence. Primers flanking the whole m04, m06 or m152 ORF 

were used to amplify the target ORF to identify clones with successful loss of KnR cassette 

by PCR (Figure 3-2). The ORF of clones positive for excision were then sequenced to 

confirm successful deletion of 100 bp of sequence, with concomitant incorporation of 80 

bp exogenous sequence (Figure 3-3). 
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Figure 3-2 Screening BAC for loss of KnR cassette 

BAC clones were screened by PCR for the loss of the KnR cassette following pCP20 mediated 

recombination. Single clones of the expected product size, consistent with parental (yellow 

asterisks) were selected for ORF sequencing: pARK25-m04 (green arrow), pARK25-m06 

(purple arrow) and pARK25-m152 (orange arrow).  

 

 

Figure 3-3 Sequence alignment of mutated ORF with pARK25 

Sequence alignments of m04 (A), m06 (B) and m152 (C) sequencing results from single gene 

knock out clones aligned with pARK25. Yellow highlight indicates the 100 bp in pARK25 lost in 

the single gene knock out ORF. Pink highlight indicates the inserted exogenous sequence 

remaining after recombination has occurred.   

m06
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3.3 Characterisation of single MHC class I 

immunomodulatory gene deletant K181 

MCMV 

 Recombinant MCMV strains K181-m04, K181-m06 and K181-m152were rescued 

from BACs by calcium phosphate transfection into BALB/c MEF. Cells were seeded at 

105 cells per well into 6 well trays 24 hours prior to transfection. BAC DNA was prepared 

and transfected as per manufacturer’s instructions (CellPhect Transfection Kit, GE 

Healthcare Life Sciences). Transfected cells were incubated at 37C, 5% CO2 and 

observed daily for CPE and GFP expression.  

Once 50% CPE was reached, cells were frozen at -80C. Clonal selection was performed 

by serially diluting viral supernatant 1:2 across 96 well plates seeded with MEF. Wells 

were observed daily for the appearance of CPE and only those that contained a single 

plaque, and thus considered single clones, were expanded further onto MEF in wells of 6 

well trays. These clones were expanded on BALB/c MEF to generate viral stocks. 

Successful excision of the BAC cassette was confirmed by PCR (section 2.2.6.4).  

Viral DNA was extracted from MEF infected with K181-m04, K181-m06 and K181-

m152 and the full genomes, together with the parental vARK25, were sequenced at the 

DNA Sequencing Facility, Western Australian State Agricultural Biotechnology Centre 

(Murdoch University, Western Australia). Sequences were identical to the vARK25 

parental strain for all single deletant strains.  

The in vitro growth properties of K181-m04, K181-m06 and K181-m152 were 

assessed by multi-step growth curve in BALB/c MEF. All strains replicated like parental 

vARK25 (Figure 3-4).  
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Figure 3-4 In vitro growth analysis of K181-m04, K181-m06 and K181-m152 

Multi-step in vitro growth analysis was performed as described in section 2.2.1.4). K181-m04 

(green), K181-m06 (purple) and K181-m152 (orange) all replicated like parental vARK25 

(black).  

3.4 Summary 

This chapter describes the successful construction of three single gene knockout MCMV 

strains, using the K181 BAC. All strains grew like wild type in BALB/c MEF tissue 

culture. These single gene knock out strains were used to examine the role of MCMV 

MHC class I immunomodulatory genes on viral shedding and persistence, described in 

Chapter 4.  
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Chapter 4 Effect of MCMV MHC class I 

immunomodulation on viral 

persistence and shedding 

4.1 Introduction 

The MHC class I immunomodulatory genes expressed by MCMV are not required for the 

establishment of primary infection. MCMV strains lacking MHC class I 

immunomodulatory genes are capable of infecting mice, circulating to peripheral organs 

and disseminating to the salivary gland, with only small differences in viral titres when 

compared to the parental strain (Gold et al., 2004, Lu et al., 2006b).  

A characteristic of herpesvirus infection is the ability to persist for the lifetime of the host. 

It is unknown if it is during this persistent phase of infection, and in viral latency, that 

expression of MCMV MHC class I immunomodulatory genes is crucial. Indeed 

productive infection in the lung is more rapidly cleared when mice are infected with an 

MCMV strain lacking all three MHC class I immunomodulatory genes (Bohm et al., 

2009). However, the absence of MHC class I immunomodulatory genes does not prevent 

MCMV from entering latency, though latent viral loads are lower (Bohm et al., 2009).  

Little is known about the role for MHC class I down-modulation during persistent 

infection. Previous studies have shown that during chronic infection, there are no 

substantial differences in size or phenotype, nor immunodominance hierarchy, of the 

CD8+ T cell response to MCMV lacking MHC class I immunomodulatory genes 

compared with parental MCMV (Gold et al., 2004, Munks et al., 2007). However, these 

studies focused on global responses for a defined set of MCMV-epitope-specific CD8+ T 

cells, and consequently subtle site/organ specific differences may have been obscured. 

Furthermore, no correlation has been observed between the frequency of epitope-specific 

T cells and the efficacy of their protective function (Ebert et al., 2012, Holtappels et al., 

2008). Thus, even small differences between numbers of subdominant, or as yet 

unidentified, epitope-specific responses could translate to considerable differences in 

function.  
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Prior infection with MCMV does not protect against subsequent infection, and multiple 

infection is common. Superinfecting strains of MCMV must establish a successful 

infection in the face of a fully primed immune response. Hansen et al. (2010) previously 

reported a crucial role for MHC class I immunomodulation during superinfection in the 

rhesus macaque CMV (RhCMV) model. This represents the first time that an essential 

role for MHC class I modulation has been demonstrated for any CMV. A clue that the 

MCMV MHC class I immunomodulatory genes may be similarly essential for reinfection 

of immune hosts was described in an adoptive transfer model by Holtappels et al. (2004). 

They reported that M45-specific memory CD8+ T cells failed to control wt MCMV 

infection but were capable of controlling MCMV lacking m152.  

All previous studies examining the role of m04, m06 and m152 have been performed 

using Smith strain MCMV. The vast majority of these have employed the Smith BAC 

pSM3fr, described in Messerle et al. (1997). This pSM3fr Smith BAC possesses a frame-

shift mutation in the MCMV chemokine homologue MCK-2, resulting in a truncated 

protein and reduced replication in the salivary glands of infected mice (Jordan et al., 

2011). This mutation, common to stocks of Smith strain MCMV, is likely to affect studies 

of MCMV replication and long-term persistence at this site. 

This chapter describes an investigation of the role of m04, m06 and m152 during 

persistent MCMV infection, using single gene deletant K181 MCMV strains (described 

in Chapter 3). This represents the first time a strain other than Smith has been used to 

investigate MHC class I immunomodulation in vivo. Do MHC class I immunomodulatory 

genes have a substantial impact during persistent infection or on viral shedding into saliva 

for transmission? Are MCMV MHC class I immunomodulatory genes important for 

successful superinfection? 

4.2 Results 

4.2.1 Effect of MHC class I immunomodulatory genes 

on MCMV replication during persistence 

The role of the MHC class I immunomodulatory genes m04, m06 and m152 on 

transmission and persistence was assessed with the aid of single gene knockout strains 

K181-m04, K181-m06 and K181-m152 (Chapter 3). Female BALB/c mice were 

injected i.p. with 2  104 pfu of virus, following which viral shedding into saliva and viral 

titres in the salivary glands were measured.  
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4.2.1.1 MCMV DNA shedding in saliva 

Saliva samples were collected from BALB/c mice periodically from 14 to 49 days post 

infection with K181, K181-m04, K181-m06 or K181-m152. Samples were then 

processed, and viral DNA measured by qPCR. Viral DNA loads were significantly lower 

in the saliva of mice infected with K181-m152 viral DNA than in mice infected with 

parental virus (day 14 – 25, p < 0.05). With the exception of a single time point for K181-

m04 (day 14, p = 0.004), viral DNA loads in the saliva of K181, K181-m04 and K181-

m06 infected mice were similar for the duration of the experiment.  

Viral DNA loads in the saliva of mice infected with K181-m04, K181-m06 and 

parental K181 reduced over the course of infection and were undetectable by 

approximately 38 days post infection (Figure 4-1). In contrast, K181-∆m152 viral DNA 

remained detectable, at a consistent level, for the duration of the experiment and several 

days after clearance of K181, K181-m04 and K181-m06. An individual mouse tested 

positive for K181-m06 at a single time point following initial viral clearance, possibly 

as a result of reactivation or as a sampling effect following low level chronic replication. 

While the threshold level of viral replication in the salivary gland required for shedding 

of virus into the saliva is not known, viral shedding is used here as a surrogate marker of 

salivary gland virus replication, providing an indication of clearance kinetics. Using this 

surrogate marker, K181, K181-m04 and K181-m06 were cleared between 35 and 38 

days post infection, while K181-m152 persisted in the salivary gland for at least 42 days. 



 

103 

 

Figure 4-1 Detection of viral DNA in saliva of female BALB/c mice 

Female BALB/c mice were injected i.p. with 2 x 104 pfu of K181 (black), K181-m04 (green), 

K181-∆m06 (purple) or K181-m152 (orange). At various times post infection, saliva samples 

were collected, and viral DNA measured by qPCR. The vertical axes show log10 DNA copy 

number / 1mm2 FTA paper. Symbols represent a single animal, horizontal bars indicate means, 

and error bars are SEM. Data are from two independent experiments. Data analysed by Kruskal-

Wallis one-way ANOVA with Dunn’s multiple comparison test. *p < 0.05, regarded as significantly 

different from parental K181. 
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4.2.1.2 MCMV persistence in salivary glands  

To confirm the increased persistence of K181-m152 in infected mice, infectious viral 

loads in the salivary glands of BALB/c mice infected with K181, K181-m04, K181-

m06 or K181-m152 were determined by plaque assay. Viral titres in the salivary 

glands of BALB/c mice were measured at day 42, when all viruses except K181-m152 

were no longer detectable in saliva (Figure 4-1), and 77 days post infection. K181-m152 

was present in the salivary glands at 42 days (4 of 5 mice) and 77 days (1 of 5 mice) post 

infection. All other viruses were undetectable at these time-points.  
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Figure 4-2 Deletion of m152 enhances persistence in BALB/c mice. 

Female BALB/c mice (n = 5) were i.p. inoculated with 2  104 pfu of K181 or single gene knockout 

viruses. At 42 (top) or 77 (bottom) days post infection, infectious virus in the salivary gland was 

measured by plaque assay. Symbols indicate single animals, horizontal bars are means, and 

error bars are SEM. Dotted line indicates the limit of detection. Data analysed by Kruskal-Wallis 

one-way ANOVA with Dunn’s multiple comparison test. *p = 0.003 (p < 0.05 regarded as 

significant). 
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4.2.2 Replication of K181-m152 during acute 

infection 

Because deletion of m152 enhanced viral persistence, with a reduction in viral shedding 

into the saliva, the effect of m152 was assessed during acute infection in the spleens and 

livers of mice BALB/c mice following infection with either K181 or K181-m152. On 

day 3 there was a modest, but statistically significant, reduction in viral titres in the 

spleens of mice infected with K181-m152 (Figure 4-3). These data were observed in 

two independent experiments. No difference in the level of infectious virus was evident 

in the liver. 
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Figure 4-3 Deletion of m152 reduces acute replication in the spleen 

Female BALB/c mice were injected i.p. with 2  105 pfu of K181 or K181-m152. Mice were culled 

3 days later, and infectious virus measured in the spleen (A) and liver (B) by plaque assay. 

Symbols represent a single animal, horizontal bars indicate means, and error bars are SEM. 

Dotted line indicates limit of detection. Data are from two independent (indicated as open or 

closed symbols) experiments. Data were analysed by Mann-Whitney test. *p = 0.012 (p < 0.05 

regarded as significant). 
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4.2.3 K181-∆m152 replication in the absence of 

NKG2D signalling 

The increased persistence observed following deletion of the immunomodulatory gene 

m152 from K181 in concert with the reduction in acute viral replication is similar to that 

seen for m157. Andrews et al. (2010) demonstrated that MCMV persisted in the salivary 

glands of Ly49H+ mice for several weeks beyond viral clearance in Ly49H- mice 

(Andrews et al., 2010). In this model, the Ly49H-m157 axis mediates strong acute NK 

cell response and controls early viral replication, reducing antigen presentation via cDCs 

which results in impaired CD8+ T cell responses and prolonged persistence. 

m152 has dual roles: arresting MHC class I molecules in the ER-GIC and downregulating 

the expression of the stress ligand RAE-1 at the cell surface (Ziegler et al., 1997, Lodoen 

et al., 2003). Due to a failure to down-modulate expression of RAE-1 and activation of 

NK cells via stress receptor NKG2D, increased viral persistence coupled with acute 

attenuation following infection with K181-m152 may, as for the Ly49H-m157 model, 

be NK cell mediated. To test this hypothesis, the experiments described in 4.2.1.2 and 

4.2.2 were repeated using an NKG2D blocking antibody. 

4.2.3.1 Acute replication of K181-∆m152 after NKG2D 

blocking in vivo  

Female BALB/c mice were injected with 200 µg of the anti-NKG2D antibody C7 by i.p. 

injection. The following day mice were injected with 1  105 pfu of K181 or K181-

∆m152, i.p. At 3 days post infection levels of infectious virus present in the spleens and 

livers of mice infected with either K181 or K181-m152, with and without NKG2D 

blocking, were measured by plaque assay. Consistent with the previous experiment 

(Figure 4-3), there was a statistically significant reduction in viral titres in the spleens of 

mice infected with K181-m152 compared with parental K181 (p = 0.003, Figure 4-4). 

When NKG2D was blocked, the titre of K181-m152 detected in the spleen was restored 

to K181 levels. As previously noted, K181-m152 replicated like parental virus in the 

liver.  
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Figure 4-4 Blocking NKG2D in vivo rescues K181-m152 attenuation in acute infection 

Female BALB/c mice were i.p. inoculated with 200 g anti-NKG2D or PBS. On the following day, 

mice were injected i.p. with 1  105 pfu of K181 or K181-m152. Mice were culled 3 days later, 

and viral titres measured in the spleen (A) and liver (B) by plaque assay. Dotted lines indicate the 

limit of detection. Symbols represent a single animal, horizontal bars indicate means, and error 

bars are SEM. Data are from two independent (indicated as open or closed symbols) experiments. 

Data were analysed by Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparison test. 

When analysed as independent experiments, spleen titres were significantly reduced in mice 

infected with K181-m152 compared with K181 in one experiment and the trend to a reduction in 

titre was observed in the repeat experiment. When data were combined, this reduction in titre 

remained significant.  * p = 0.003, ns = not significant (p < 0.05 regarded as significant). 
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4.2.3.2 Viral persistence of K181-∆m152 after NKG2D 

blocking in vivo  

To determine if enhanced persistence was a function of early NK cell control, as seen for 

m157 and Ly49H (Andrews et al., 2010), female BALB/c mice were injected i.p. with 

200 µg of the NKG2D antibody C7. A single early dose of antibody was used to reduce 

long term effects on NK cell function.  The following day mice were injected with 2  

104 pfu of K181 or K181-∆m152, i.p. Levels of infectious virus present in the salivary 

glands of mice infected with K181 or K181-m152, with and without NKG2D blocking, 

were measured by plaque assay at 42 or 49 days post infection. As observed previously 

(section 4.2.1.1), K181-m152 was present in the salivary glands of infected mice when 

parental wild type K181 was no longer detectable (Figure 4-5). Following acute NKG2D 

blocking, K181-m152 was no longer detectable in the salivary glands of infected mice 

at either time-point (Figure 4-5). Taken together these data indicate that m152 mediated 

modulation of NK cells during acute infection leads to reduced viral replication in acute 

infection, and increased duration of persistence in the salivary gland. 
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Figure 4-5 Blocking NKG2D abrogates the increased persistence of K181-m152 

Female BALB/c mice were injected i.p. with 2  104 pfu of K181 or K181-m152. One day prior, 

mice had been delivered 200 g anti-NKG2D or PBS. Mice were culled 42 (A) or 49 (B) days later 

and infectious virus in the salivary gland measured by standard plaque assay. Symbols represent 

a single animal, horizontal bars indicate means, and error bars are SEM. Dotted line indicates the 

limit of detection. Data analysed by Kruskal-Wallis one-way ANOVA with Dunn’s multiple 

comparison test. *p = 0.018 (p < 0.05 regarded as significant). 
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4.2.4 A role for MHC class I immunomodulatory genes 

in MCMV superinfection? 

Though multiple CMV infection is common, few groups have described models with 

infection by multiple MCMV strains. Successful establishment of mixed strain MCMV 

infection in the laboratory has been demonstrated following simultaneous inoculation 

with multiple MCMV strains by this (Gorman et al., 2006, Gorman et al., 2008, 

McWhorter et al., 2015, McWhorter et al., 2013) and other groups (Cicin-Sain et al., 

2005, Saederup et al., 1999, Holtappels et al., 2004). This laboratory has also been able 

to demonstrate successful superinfection, where MCMV DNA from a superinfecting 

strain was detected in the lungs and salivary glands of mice 7 days post reinfection 

(Gorman et al., 2006).  

The experiments in this section describe attempts to establish MCMV superinfection in 

the BALB/c laboratory mouse to determine if MHC class I modulators expressed by 

MCMV are essential for the establishment of superinfection in the mouse host, as has 

been shown in the rhesus macaque (Hansen et al., 2010).   

4.2.4.1 Experimental design and results 

4.1.1.1.1 Use of a lacZ expressing recombinant MCMV to 

detect superinfection in BALB/c mice 

A recombinant MCMV strain expressing lac-Z, G4-lacZ, was employed to distinguish 

primary and secondary virus infections utilising plaque assay incorporating X-gal. A low 

titre G4-lacZ (2  103 pfu) inoculum was used to establish primary infection (Figure 4-6, 

A). The superinfecting strains (K181 and K181-m152) were injected 18 days later, after 

clearance of virus from the periphery and to avoid the peak acute CTL response (Schlub 

et al., 2011, Andrews et al., 2008). After a further 18 days (36 days post primary 

infection), mice were culled, and the salivary glands were tested for the presence of virus 

by plaque assay. Infectious virus was detected in the salivary gland of 1 - 2 animals per 

group, with no statistically significant difference between groups (Figure 4-7). Staining 

of infected cell monolayers with X-gal identified that all infectious virus isolated from 

the salivary glands were the primary virus, G4-lacZ. Superinfecting strains K181 and 

K181-m152 were undetectable. 
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In a subsequent experiment (Figure 4-6, B) several changes were made to enhance the 

capacity to detect superinfecting strains. G4-lacZ was again used for the primary strain, 

and a PBS negative control group included. The superinfecting strain, K181, was not 

injected until 35 days post infection when productive infection with the primary infecting 

strain, G4-lacZ, would be largely cleared from the salivary glands. Further, more virulent 

SGV stocks were used for re-infection, as these might have more chance of overcoming 

the primed immune response.  Once again, in superinfected mice, the only virus detected 

by plaque assay was G4-lacZ (in one of four superinfected mice) as determined by X-gal 

staining (data not shown).  

 

Figure 4-6 Superinfection experiment outlines using the G4-lacZ MCMV strain 

Schematic representation of attempts to superinfect BALB/c mice with MCMV. In experiment one 

(A) all mice were infected with G4-lacZ and superinfected with K181 or K181-m152, or PBS, 18 

days later. In experiment two (B), mice were infected with G4-lacZ or PBS first, and then 

superinfected with K181 35 days later. In both experiments, mice were culled 18 days post 

superinfection, and infectious virus in the salivary glands was measured by plaque assay. tcv, 

tissue culture virus; sgv, salivary gland virus. 

 



114 

 

Figure 4-7 Detection of infectious MCMV following superinfection of BALB/c mice 

Female BALB/c mice were infected first with G4-lacZ (2  103 pfu/ mouse) and 18 days later 

infected with K181, K181-m152 or PBS. Mice were culled 18 days after the second infection and 

infectious virus in the salivary glands measured by plaque assay. All virus detected was G4-lacZ, 

as determined by X-gal staining. Symbols represent a single animal, horizontal bars indicate 

means, and error bars are SEM. Dotted line is the limit of detection. Data analysed by Kruskal-

Wallis one-way ANOVA with Dunn’s multiple comparison test. p < 0.05 regarded as significant.  

 

 

4.1.1.1.2 Use of a SIINFEKL expressing recombinant MCMV 

to detect superinfection in C57Bl/6 mice 

T cell responses to virus represent a potentially sensitive measure of superinfection. A 

recent study has described changes in the memory T cell repertoire following 

superinfection, however it is not clear that this was due to successful re-infection or 

simply boosting of T cell responses due to a non-productive or aborted viral infection 

(Trgovcich et al., 2016). The researchers have been unable to detect superinfecting virus 

by plaque assay to date, but work using molecular methods is ongoing (C. Cook, personal 

communication).  
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To determine if superinfection might be detected by measuring immune responses 

specific to a superinfecting strain, or by detecting superinfecting viral DNA, an 

experiment using a recombinant MCMV expressing SIINFEKL as a reporter peptide was 

performed. The SIINFEKL peptide is an ovalbumin-derived peptide, widely used in 

immunological studies due to the ready availability of biological tools for detection. 

Presentation of the SIINFEKL peptide is via the MHC class I molecule Kb, thus for the 

purposes of these experiments H-2b C57Bl/6 mice were employed. This necessitated the 

use of MCMV strains lacking m157 to avoid Ly49H+ mediated NK cell control. The 

rK181 and rK181-SIINFEKL (2.1.6.1) viruses used in this experiment were constructed 

previously.   

C57Bl/6 mice were injected with 2  104 pfu of rK181, or PBS. 28 days after primary 

infection, mice were infected with rK181-SIINFEKL sgv, dose adjusted for pre-immune 

vs naïve mice as indicated in Figure 4-8. Mice were culled 18 days later (46 days post 

primary infection) and salivary glands assayed for presence of infectious virus by plaque 

assay, and viral DNA by qPCR. Three days prior to superinfection, and at 6 and 13 days 

post superinfection, blood was collected from the tail vein of infected mice and assayed 

for M38- and M45- and SIINFEKL-specific CD8+ T cells by ICS and flow cytometry. 

The CD8+ and CD4+ T cell responses were also measured in the spleen at 18 days post 

superinfection.   

Consistent with the experiments performed in BALB/c mice described above, no virus 

was detected in the salivary glands of superinfected mice. A single mouse (1 of 5) in the 

control group tested positive for infectious virus by plaque assay (Figure 4-9, A). rK181-

SIINFEKL DNA was detected in the same mouse (1 of 5 control mice) (Figure 4-9, B). 

No SIINFEKL-specific CD8+ T cell response was detected in the blood or spleen of 

superinfected mice (Figure 4-10, C and D).  
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The CD8+ T cell responses to two MCMV-specific epitopes M38 and M45 were measured 

following superinfection. There was no change in the proportion of CD8+ T cell responses 

directed at M45 detected in the blood following viral challenge in superinfected mice 

(Figure 4-10, A). Responses to M38 in superinfected mice were markedly increased in 

the blood at 6 days post challenge (p = 0.01, Figure 4-10, B), and remained elevated 

compared to control mice at day 13 (p = 0.008). In the spleen there were no differences 

between the M25-specific CD4+ T cell responses between superinfected and singly 

infected groups (Figure 4-10D). Singly infected control mice generated a SIINFEKL-

specific CD8+ T cell response that was not seen in superinfected mice (Figure 4-10E). 

Consistent with responses detected in blood, there was no statistically significant 

difference between the M45-specific CD8+ T cell response of superinfected or singly 

infected control mice at day 18 in the spleen. The CD8+ T cell response to M38 in the 

spleen was significantly elevated in superinfected mice compared with singly infected 

control mice (p = 0.03, Figure 4-10E), demonstrating a strong and rapid induction of 

memory responses. Together these data suggest that, at least under these experimental 

conditions, pre-existing immunity is sufficient to prevent superinfection in the laboratory 

setting.  
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Figure 4-8 Superinfection experiment outline using the MCMV expressing SIINFEKL 

Schematic outline of an attempt to superinfect C57Bl/6 mice with MCMV. C57Bl/6 mice were 

infected rK181 or PBS and superinfected with rK181-SIINFEKL 28 days later. At 18 days post 

superinfection, infectious virus was measured in the salivary glands by plaque assay, viral DNA 

in the salivary gland measured by QPCR and MCMV-specific and SIINFEKL-specific T cell 

responses in the spleen. T cell responses were also analysed in blood collected at indicated times 

post infection. tcv, tissue culture virus; sgv, salivary gland virus. 

 

 

Figure 4-9 Detection of infectious MCMV and vDNA following superinfection of C57Bl/6 

mice 

Female C57Bl/6 mice were infected first with rK181 (black) or PBS (grey) and 28 days later 

infected with rK181-SIINFEKL. Mice were culled 18 days after the second infection and infectious 

virus in the salivary glands measured by plaque assay (A). The presence of rK181-SIINFEKL viral 

DNA in the salivary gland was assessed by qPCR using SIINFEKL specific primers (B). Symbols 

represent a single animal, horizontal bars indicate means, and error bars are SEM. Dotted line is 

the limit of detection. Data analysed by Mann-Whitney tests. p < 0.05 regarded as significant. 
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Figure 4-10 Influence of MCMV superinfection on T cell responses in C57Bl/6 mice  

Female C57Bl/6 mice were infected first with rK181 (black) or PBS (grey) and 28 days later 

infected with rK181-SIINFEKL. (A) M45-, (B) M38 and (C) SIINFEKL-specific CD8+ T cell 

responses were measured in the blood at indicated time points. At 18 days after the second 

infection M25-specific CD4+ T cells (D), and M38-, M45- and SIINFEKL-specific CD8+ T cell 

responses (E) were measured in the spleen. Symbols represent a single animal, horizontal bars 

indicate means, and error bars are SEM. Data analysed by Mann-Whitney tests. *p = 0.03, **p = 

0.008, p < 0.05 regarded as significant 
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4.1 Discussion 

Investigations into the role of MCMV MHC class I immunomodulatory genes revealed 

that deletion of m152 results in increased duration of viral persistence. The increased 

persistence of K181-m152 was apparent in the saliva, as determined by the presence of 

viral DNA, and confirmed by detection of infectious virus in the salivary gland tissue. 

This effect was not observed for either K181-m04 or K181-m06. Surprisingly, m04 

and m06 appear to have little to no effect on salivary gland persistence. 

Increased persistence by an MCMV strain with an impaired capacity to avoid host 

immune responses has been shown previously (Andrews et al., 2010). Strains of MCMV 

that encode m157 recognised by Ly49H+ NK cell receptors elicit strong NK cell responses 

that control acute viral replication (McWhorter et al., 2013, Mitrovic et al., 2012, Corbett 

et al., 2011, Scalzo et al., 1990b), and is associated with an increase in viral persistence 

(Andrews et al., 2010). MCMV was detected in the salivary glands of Ly49H+ mice 

several weeks beyond clearance from the salivary gland in Ly49H- mice (Andrews et al., 

2010). Experiments in this chapter demonstrate that K181-m152 is similarly attenuated 

in acute infection. Viral titres were reduced in the spleens of BALB/c mice infected with 

K181-m152 at day 3 post infection, compared with parental K181. This acute 

attenuation of K181-m152 observed in the spleen is accompanied by a reduction in level 

of viral DNA in the saliva compared with parental K181 that is maintained at this reduced 

level throughout persistent infection. This finding is consistent with the literature 

describing acute attenuation of a Smith MCMV strain lacking m152 in the spleen of 

infected BALB/c mice (Lodoen et al., 2003, Slavuljica et al., 2010, Krmpotic et al., 2002). 

In these previous reports, attenuation was also observed in the lung and liver at day 3. No 

statistically significant reduction in viral replication in the liver was observed in the 

current study, which may reflect differences between the strain of virus used (Smith vs 

K181) or differences in the experimental conditions between laboratory groups. For 

example, in this study mice were each given a dose of 2  104 pfu of virus by i.p. 

inoculation, while previous studies used at least 10-fold higher doses, delivered by 

intravenous inoculation.  
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Deletion of m152 removes the capacity of MCMV to down-modulate cell surface 

expression of the RAE-1 molecules that engage NKG2D receptors, activating the NK cell 

response (Lodoen et al., 2003). Blocking NKG2D in vivo restored the acute replication 

K181-m152 to parental levels suggesting that, as for Smith MCMV lacking m152 

(Slavuljica et al., 2010, Lodoen et al., 2003), the attenuation is mediated by NK cells. It 

has become increasingly evident in recent years that NK cells are important regulators of 

antiviral T cell immunity (reviewed in Schuster et al. (2016)). Thus, the effect of m152 

deletion could be similar to that seen for the Ly49-m157 axis in C57Bl/6 mice. In these 

mice, early control of viral replication by NK cells protects IFN- expressing pDCs and 

accelerates early priming of CD8+ T cells (Robbins et al., 2007). There is a subsequently 

reduction in antigen load due to elimination of infected cells, which then tempers the 

ongoing CD8+ T cell response and this presumably mediates the increased viral 

persistence (Andrews et al., 2010). Deletion of m157, and the subsequent loss of NK cell 

activation, ameliorated this increased persistence. The restoration of wild type persistence 

of K181-m152 after NKG2D blocking is consistent with this previous study.  

The increased duration of K181-m152 persistence in the salivary gland compared to 

parental K181 is a novel finding that contrasts with an earlier report (Slavuljica et al., 

2010). In their study, Slavuljica et al. (2010) tracked replicating Smith m152 in the 

salivary gland for 150 days post inoculation and reported no difference in duration of viral 

persistence compared to wt Smith. These contrasting data might be explained by the 

genetic variability that exists between the parental strains of MCMV used. Although the 

m152 glycoproteins encoded by Smith and K181 are identical, these MCMV strains are 

genetically distinct. Differences in in vivo replication between these strains has been 

reported previously (Misra and Hudson, 1980), and we have observed that Smith persists 

in the salivary gland for substantially longer than K181 (Redwood, unpublished 

observations). Thus, the impact of deletion of any single immunomodulatory gene may 

have differential impacts on MCMV strains in vivo, as the network of host response and 

corresponding viral modulations of these responses differ between strains.  
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Deletion of m04 or m06 from K181 did not have any substantial effect on the level of 

virus shed into the saliva of infected mice. The level of K181-m04 viral DNA was 

statistically significantly reduced at day 14 but was similar to parental K181 at all other 

times. As discussed in section 4.2.1.1 above, though the relationship between viral titres 

in the salivary gland and level of shedding is unknown, we have taken the presence of 

viral DNA in the saliva as a surrogate marker for viral replication in the salivary gland. 

Using this assumption, there appears to be no effect on duration of persistence following 

deletion of m06. However, K181-m04 is cleared at around day 31 post infection, almost 

a week before parental K181. This result might have been anticipated, given the known 

early attenuation of MCMV lacking m04, mediated by NK cells (Babic et al., 2010). But 

in contrast to NKG2D mediated increase in duration of persistence observed in the 

absence of m152, it is interesting. Future research might explore why loss of NK cell 

evasion by one MCMV immunomodulatory molecule facilitates an increase in viral 

persistence, while the loss of a separate NK cell evasion molecule results in earlier viral 

clearance.   

This chapter has also described attempts to establish a laboratory mouse model for 

superinfection. The purpose of this model was to test the role of MCMV MHC class I 

immunomodulatory genes during superinfection. A number of approaches were used but 

were unsuccessful. No infectious virus, viral DNA or superinfecting strain-specific T cell 

responses were detected.  

The resistance of MCMV to superinfection in the laboratory is interesting, given the ready 

establishment of infection with multiple strains delivered concurrently (McWhorter et al., 

2015, McWhorter et al., 2013, Gorman et al., 2008, Cicin-Sain et al., 2005), and the high 

prevalence of multiple infection in wild mice (Booth et al., 1993). Transmission studies 

performed with wild-derived mice in field enclosures demonstrated that natural 

transmission of MCMV from experimentally inoculated individuals to naïve mice was 

efficient, and resulted in a greater than 80% overall seroprevalence within 12 weeks 

(Farroway et al., 2005). However, the transmission of a superinfecting strain was far less 

successful, with only 13% of the founding population and 3% of their offspring becoming 

infected with the second strain within the experimental period (Farroway et al., 2005). 

The specific requirements for the success of a superinfection are unknown, but it is clear 

from this work and the work of others that though multiple infection is common, the 

conditions for successful superinfection are not easily met under experimental conditions. 
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To summarise, the findings described in this chapter demonstrate that MCMV MHC class 

I immunomodulatory genes are important during persistent infection, and that deleting 

m152 results in a NKG2D-mediated increase in viral persistence. This is, presumably, the 

result of a disruption to the network of host and viral factors that control viral replication. 

Further, deletion of m04 or m152 alone resulted in a reduction in viral DNA shed into the 

saliva at day 14 post infection. Attempts to assess the impact of MHC class I 

immunomodulation during superinfection were unsuccessful.  
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Chapter 5 Effect of genetic variability 

between strains of MCMV on 

modulation of host MHC class 

I expression at the cell surface 

5.1 Introduction 

Two laboratory strains of MCMV are in widespread use, Smith and K181 (Hudson et al., 

1976, Smith, 1954). These strains of MCMV have been used to map multiple mechanisms 

of host resistance and viral counter measures. More recent studies using low-passage 

strains of MCMV have noted that many of the host resistance mechanisms cannot be 

demonstrated for all strains of MCMV (Corbett et al., 2011, McWhorter et al., 2013, 

Smith et al., 2008).  Moreover, the immunomodulatory genes of MCMV exist as distinct 

genotypes, or alleles (Smith et al., 2006). The allelic variants of the individual immune 

evasion genes are highly conserved and are under strong purifying (negative) selection 

(Smith et al., 2013). These data suggest that the target proteins for these genes in the host 

are also polymorphic and/or allelic and that conservation of these allelic genes aids viral 

replication at the population level.  However, the corollary of this hypothesis is that any 

one immunomodulatory gene will not find its cognate ligand (allele) in every host.  

Consequently, allelic immune evasion genes will be intermittently useful, null or in some 

instances detrimental to the virus. Despite this these genes remain under purifying 

selection suggesting that intermittent use is sufficient to retain sequence variability. 
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An alternative hypothesis to the above is that allelic variability is simply the result of 

other pressures exerted by the host, for example T cell or B cell mediated selection.  

However, genes under immune pressure typically show evidence of positive selection, 

rather than negative selection. To date this type of interaction, that is allelic viral proteins 

interacting with allelic host proteins, has only been shown for the m157/Ly49H axis. The 

m157 gene encoded by MCMV is allelic, and variant m157 alleles bind a number of Ly49 

family members (Corbett et al., 2011). The m157 alleles encoded by Smith, K181 and the 

low-passage MCMV strains K7 and N5, bind Ly49I expressed in 129/J mice, an 

inhibitory receptor, suggesting a role in inhibiting NK cell responses. A second inhibitory 

receptor, Ly49C is targeted by the m157 allele encoded by W8211. And m157 present in 

the G1F strain targets both inhibitory and activating (Ly49H) receptors. As a 

consequence, expression of a specific m157 allele can lead to inhibition or activation of 

NK cells depending on the Ly49 molecules expressed by a particular host. 

The most variable genes within the mouse genome (and the human genome) are the MHC 

class I and II genes (Sommer, 2005). Like the Ly49 family, these genes are polymorphic 

and polygenic. MCMV encodes three genes that target surface expression of MHC class 

I- m04, m06 and m152.  Like many MCMV immunomodulatory genes m04 and m06 are 

highly variable, providing an additional model to test the assumption that allelic viral 

proteins will differ in their capacity to modulate polygenic or polymorphic (allelic) host 

proteins. The gene products of m06 and m152 down-modulate the level of MHC class I 

expressed on infected cells. MHC class I molecules are bound by the luminal domain of 

m152 and retained in the ER-GIC or bound in the ER by the cytoplasmic tail of m06 and 

directed to the lysozyme for degradation. The m04 protein binds fully formed, peptide 

loaded MHC class I and transports it to the cell surface, presumably to counterbalance 

this strong down-modulating effect and protect infected cells from NK cell killing via 

‘missing self’. The net effect of these three genes is a down-modulation of MHC class I 

expression at the cell surface. 
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The classical MHC class I genes are encoded within three loci: H-2D, H-2K and H-2L. 

Several studies have noted that the effect of MCMV on the expression of these molecules 

is allele specific. When cells expressing H-2d and H-2k molecules were infected with the 

Smith strain of MCMV, it was apparent that not all molecules were down-modulated 

equally (Wagner et al., 2002). While cell surface expression of the Kd, Dd, Ld and Db 

molecules were reduced dramatically compared with uninfected levels, the impact on Kb 

was, by comparison, minimal. Infected cells retained approximately 80% of uninfected 

levels of Kb molecules at the cell surface. In this same study, the authors proposed that 

the expression of near uninfected levels of Kb on MCMV infected cells was m04 

mediated. Smith strains lacking m04 (but expressing m06 and/or m152) were able to 

reduce Kb to 50% of wild-type levels or lower, but expression of m04 in concert with 

either m152 or m06 antagonised this, restoring Kb levels to closer to uninfected levels 

(Wagner et al., 2002). This difference in the effect of MCMV on cell surface expression 

of MHC class I molecules supports earlier research that found that Db is retained much 

more efficiently than Kb by m152 (Kavanagh et al., 2001a).  Modulation of class I 

expression appears to be an ideal model to test the hypothesis that viral variation is a 

response to host variation. Specifically, does sequence variation within m04 and m06 

alter the capacity of wild isolates to down modulate MHC class I in a gene or allele 

specific manner, and if so which gene/s plays the dominant role in allele specific 

modulation?  
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5.1.1 MCMV strains differ in their capacity to down 

modulate cell surface H-2 expression 

Several strains of MCMV were assessed by flow cytometry for their capacity to down-

modulate cell surface expression of MHC class I molecules of different H-2 backgrounds. 

BALB/c 3T3 fibroblasts or AE17 cells were infected with low-passage isolates of MCMV 

and laboratory strains (K181 and Smith) at an MOI of 1. 20 hours post infection, at a time 

when the combined effects of all MHC down modulatory genes are seen (Babic et al., 

2010), cell surface expression of MHC class I molecules was assessed by flow cytometry. 

Data were excluded where the percentage of infected cells was below 5%, or where fewer 

than 5000 total cells in a sample were analysed. The level of cell surface MHC class I on 

infected cells, measured as median fluorescence intensity, was expressed as a percentage 

relative to uninfected cells from the same culture.  Data were presented in this fashion to 

allow for comparison across cell types, MCMV strains and experiments as well as to 

control for the effects of MHC class I upregulation induced by interferon release into the 

culture media.  

5.1.1.1 Effect of MCMV strain variation on H-2d  

Consistent with the original hypothesis, there was considerable variability in the capacity 

of MCMV strains to down-modulate Kd and Dd on infected cells (Figure 5-1 A, B). 

Following infection with laboratory strains, K181 and Smith, the level of Kd remaining 

on the surface of infected cells was similarly low - less than 8% of uninfected levels. 

Smith strain MCMV had less impact on cell surface levels of Dd, with 27% of uninfected 

levels remaining, approximately double that seen on K181 infected cells. Two wild 

MCMV strains, AA18D and N1, showed a similar pattern of down-modulation - reducing 

the cell surface expression of Kd to low levels and down modulating Dd to a lesser extent. 

A number of other strains, such as C4C and G4, down modulated both Kd and Dd to a 

lesser extent than K181. Surprisingly all MCMV strains were similarly effective in down-

modulating Ld (Figure 5-1 C). 
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Figure 5-1 Strains of MCMV differ in their capacity to modulate H-2d MHC class I 

molecules 

Cell surface expression of H-2d molecules Kd (A), Dd (B) and Ld (C) on BALB/c 3T3 fibroblasts 20 

hours post infection with fully sequenced strains of MCMV. Values are percentage expression 

(MFI) compared to uninfected cells. Data from several experiments. Single data points only for a 

number of viruses, once data not meeting criteria described in 5.1.1 were excluded.   ND, not 

done. Grey bars indicate statistically significant difference between MCMV strain and K181, black 

bars indicate no difference. Significance determined by one-way ANOVA, with a Dunnett’s 

multiple comparisons test. p > 0.05 considered significant. Statistics could not be performed for 

Ld, as the experiment was only performed once. Beside each graph are fluorescence histograms 

illustrating the variable effects of infection with various MCMV strain on the level of H-2d molecules 

expressed at the cell surface, compared to uninfected levels (red).  
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Variable modulation of Kd and Dd was not random, patterns were apparent in the capacity 

of strains to differentially affect class I levels.  These data suggest that specific genes or 

gene pairs within MCMV may control MHC class in a gene-specific fashion. A number 

of MCMV strains, such as AA18D (Figure 5-2, B) down-modulated Kd to a greater extent 

than Dd. Other strains, such as K181 (Figure 5-2, A) and C4C (Figure 5-2, C), had 

equivalent effects on Kd and Dd, down-modulating each molecule similarly. The sub-set 

of MCMV strains affecting both Kd and Dd equally were still further variable in the extent 

to which this down-modulation occurred. K181 reduced the cell surface expression of Kd 

and Dd to a much greater extent than C4C.  

 

Figure 5-2 Patterns of MHC class I down-modulation after infection with strains of MCMV  

Cell surface expression of Kd (top) and Dd (bottom) molecules on BALB/c 3T3 fibroblasts 20 hours 

post infection. Shown are representative viruses for different patterns of down-modulation. 

Fluorescence histograms show the level of H-2d molecules expressed on uninfected (blue) and 

infected (red) cell populations. Capacity to down-modulate both Kd and Dd similarly was observed 

as two distinct patterns- either both molecules were down-modulated very well (e.g. K181, panel 

A), or they were both down-modulated moderately (e.g. C4C, panel C). Other MCMV strains had 

differential effects on each molecule - down-modulating Kd to a greater extent than Dd e.g. AA18D 

(panel B). 
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5.1.1.1 Effect of MCMV strain variation on H-2b 

Having established a gene-specific effect in one MHC haplotype, studies were undertaken 

to determine if the effects on each gene were dependent on, or independent of haplotype. 

This affect was assessed using cells from the B6 background.  Examination of the effect 

of MCMV infection on the level of H-2b molecules Kb and Db expressed on the cell 

surface of AE17 cells also revealed variability between strains.  

 

Figure 5-3 Strains of MCMV differ in their capacity to modulate H-2b MHC class I 

molecules 

Cell surface expression of H-2b molecules on AE17 cells 20 hours post infection with fully 

sequenced strains of MCMV. Values are percentage expression (MFI) compared to uninfected 

cells. Dotted lines indicate uninfected levels, set as 100%. Data from three separate experiments. 

There was no statistically significant difference between any MCMV strain (as determined by one-

way ANOVA, with a Dunnett’s multiple comparisons test. p > 0.05 considered significant). Black 

bars indicated level of MHC class I expression below uninfected levels, grey bars indicate level 

of MHC class I expression above uninfected levels.  
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Both laboratory strains, K181 and Smith, and two of the wild strains, AA18D and N1, 

down-modulated the cell surface expression of Kb and Db to below uninfected levels, to 

varying degrees. Unexpectedly, infection with four of the wild MCMV strains increased 

the cell surface expression of Kb and Db to above the level expressed on uninfected cells. 

For the H-2b molecules, it appears that there are two broad patterns of effect of MCMV 

infection on cell surface expression, either up- or down-regulation of cell surface 

expression. In both groups, there were differences in cell surface expression of molecules 

between MCMV strains. For example, Smith down-modulated Kb to a greater extent than 

N1 (46% vs 89% of uninfected levels, respectively), and C4D had a greater capacity to 

up-regulate Dd than C4B (117% vs 176% of uninfected levels). Further, consistent with 

effects observed for H-2d, there were H-2 gene-specific effects of infection with many of 

the strains. This is evident for N1 and AA18D, which both down-modulate Db to a greater 

extent than Kb. Similarly, infection with WP15B had a greater effect on Db than Kb, in 

this case mediating up-, not down-regulation.  

When taken together, these data demonstrate that there is substantial variability in the 

gene-specific effects of MCMV on H-2d and H-2b molecule cell surface expression. 

Further, allele specific effects on the cell surface expression of MHC class I molecules 

were observed. Indeed, most MCMV strains assessed down-modulated H-2d molecules 

more effectively than H-2b molecules. These differences are described in more detail in 

section 5.1.2  below.  

5.1.1.2 H-2 modulation kinetics  

A role for viral genetics in gene- and allele-dependent MHC class I down-modulation 

having been ascertained, the involvement of each MHC class I immunomodulatory genes 

was examined. A study of the kinetics of MCMV mediated MHC class I down-

modulation, including the timing of the effect of each individual gene was described by 

Babic et al. (2010). Maximal down-modulation of Dk occurred 8 hours after infection, 

mediated by m06 and m152. Partial m04-mediated restoration of Dk occurred between 8 

and 12 hours, observed as a small increase in cell surface expression in cells infected with 

wt Smith, but not m04 knock out strains.  
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The m04 ORF has 7 putative genotypes (Smith et al., 2013). Variability is concentrated 

in the extracellular domain, while the cytoplasmic tail and transmembrane regions are 

more conserved (Smith et al., 2006). The m06 ORFs exhibits high sequence similarity, 

with only a small number of single nucleotide polymorphisms across the ORF, genotypes 

are assigned on the basis of presence or absence of 3 indels (insertions or deletions) 

(Smith et al., 2006). Nucleotide sequence alignments of the m04 and m06 ORFs for each 

of the 12 strains used in this study are shown in Figure 5-4 and Figure 5-5. In contrast to 

m04 and m06, m152 is highly conserved and is unlikely to play a differential role in class 

I modulation. 

 

Figure 5-4 m04 amino acid sequence alignment 

Amino acid sequence alignment of m04 from the strains of MCMV used in this study. Dots indicate 

residues that match K181. Dashes indicate gaps in the sequence.   
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Figure 5-5 m06 amino acid sequence alignment 

Amino acid sequence alignment of m06 from the strains of MCMV used in this study. Dots indicate 

residues that match K181. Dashes indicate gaps in the sequence. Red boxes highlight three 

indels present in m06.   

To investigate the early down-modulatory effects of m06 and m152, a subset of MCMV 

strains were assessed for cell surface expression of Kd and Dd at 6 and 8 hours post 

infection, time points selected for the potential to reveal the comparative involvement of 

m04 and m06 in any variability observed. Three strains of MCMV expressing both m04 

and m06 genes from different genotypes were selected to maximise the possibility of 

identifying genotype specific differences in MHC class I surface expression. These were: 

AA18D (m04 genotype 1, m06 genotype 101), G4 (m04 genotype 5, m06 genotype 011) 

and K181 (m04 genotype 7, m06 genotype 010). 

At 6 hours post infection, and before the H-2 re-establishment effects of m04 (Babic et 

al. (2010), there were no differences in the down-modulation of Kd or Dd by AA18D, G4 

or K181 (Figure 5-6 and Figure 5-7). The cell surface expression of Kd and Dd on infected 

cells at 8 hours post infection, when maximal MCMV-mediated down-modulation was 

expected to be apparent, was reduced for all three MCMV strains, compared to levels at 

6 hours post infection.  
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Figure 5-6 Cell surface expression of Kd at 6 and 8 hours p.i. 

Cell surface expression of H-2d molecule Kd on BALB/c 3T3 fibroblasts 6 and 8 hours post 

infection with fully sequenced strains of MCMV. Fluorescence histograms (left): level of H-2d 

molecules expressed on uninfected (red) and infected (various) cells (FITC fluorescence). 

Infected cell histograms are gated on m06+ MCMV infected cells only. Dot plot (right): 

cytofluorometric analysis of cell surface H-2Kd
 expression (x axis, FITC fluorescence) and of the 

intracellular infection marker m06 (y axis, AF647). 
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Figure 5-7 Cell surface expression of Dd 6 and 8 hours p.i. with MCMV 

Cell surface expression of H-2d molecule Kd on BALB/c 3T3 fibroblasts 6 and 8 hours post 

infection with fully sequenced strains of MCMV. Fluorescence histograms (left): level of H-2d 

molecules expressed on uninfected (red) and infected (various) cells (FITC fluorescence). 

Infected cell histograms are gated on m06+ MCMV infected cells only. Dot plot (right): 

cytofluorometric analysis of cell surface H-2Dd
 expression (x axis, FITC fluorescence) and of the 

intracellular infection marker m06 (y axis, AF647). 

 



 

135 

At 8 hours post infection, MCMV strain specific effects on capacity to down modulate 

the level of Kd and Dd expressed at the cell surface of infected cells were observed, and 

these were consistent with those apparent at 20 hours post infection. The level of Kd on 

cells infected by G4 was higher than on cells infected with AA18D or K181 (Figure 5-6). 

A similar pattern was observed for Dd (Figure 5-7). Additionally, it was apparent, in at 

least some samples, that there were two populations of infected cells at the 8 hour time-

point. This can be most clearly seen with the dot plot of AA18D infected cells stained for 

Dd (Figure 5-7).  

Next, to determine maximal H-2d down-modulation had been achieved for these virus 

strains at 8 hours post infection, level of H-2d was compared to those observed at 20 hours 

post infection (Figure 5-8). Indeed, cells infected with each of the three MCMV strains 

expressed less H-2d at the cell surface at 8 hours post infection compared to 20 hours, 

suggesting maximal down-modulation occurs some time between 6 and 8 hours. This 

extends on the data previously demonstrated by Babic et al. (2010) with the Smith strain 

to indicate this is a general effect of MCMV infection. 
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Figure 5-8 Down-modulation of H-2d molecules by MCMV at 8 and 20 hours post infection 

Expression of Kd (A), Dd (B), and Ld (C) on the surface of BALB/c 3T3 fibroblasts at 8 (empty bars) 

and 20 hours (shaded bars) post infection with K181, AA18D or G4. 

.   

 

8 
hr

20
 h

r
8 

hr

20
 h

r
8 

hr

20
 h

r
0

10

20

30
M

H
C

 I
 c

e
ll
 s

u
rf

a
c
e
 e

x
p

re
s
s
io

n
 %

 Kd

K181 AA18D G4

8 
hr

20
 h

r
8 

hr

20
 h

r
8 

hr

20
 h

r
0

10

20

30

M
H

C
 I
 c

e
ll
 s

u
rf

a
c
e
 e

x
p

re
s
s
io

n
 %

 Dd

K181 AA18D G4

8 
hr

20
 h

r
8 

hr
8 

hr

20
 h

r
0

10

20

30

M
H

C
 I
 c

e
ll
 s

u
rf

a
c
e
 e

x
p

re
s
s
io

n
 %

 Ld

K181 AA18D G4

A

B

C



 

137 

5.1.2 MHC Class I modulation is defined by variable 

viral immunomodulatory genes 

The timing of appearance of differences in levels of cell surface expression of MHC class 

I molecules between strains of MCMV provided an indication of how each of the MHC 

class I immunomodulatory genes might contribute to this effect. Retention of MHC class 

I can be observed as early as 2 hours post infection when transcription of m152 and m06 

begins, and a rapid down-modulation of MHC class I occurs from around 5 hours post 

infection (Tomas et al., 2010, Kleijnen et al., 1997, Holtappels et al., 2002a). This down-

modulation precedes expression of m04 beginning 4 hours post infection (Holtappels et 

al., 2002a).  

Thus, at 6 hours post infection, the dominant effect on MHC class I molecules is due to 

m06 and m152, and at this time all viruses mediated identical levels of down-modulation 

(Figure 5-6 and Figure 5-7). By 8 hours post infection, H-2d cell surface levels were 

further reduced, and strain specific differences began to emerge. Two populations of 

infected cells were apparent at this time-point, which may be the result of incomplete 

down-modulation in a sub-set of cells, or the early effects of m04 re-establishment of H-

2 on the cell surface.  

To investigate further which of the MCMV MHC class I immunomodulatory genes m04 

and m06 played a dominant role in the gene- and allele- specific effects observed, 

correlations between genotype and pattern of MHC class I down-modulation at 20 hours 

post infection were examined. The effect of infection with different strains of MCMV on 

H-2 K and D molecules are summarised Table 5-1, together with their m04 and m06 

genotypes. Ld was not included as all strains of MCMV affected expression with equal 

efficacy (section 5.1.1). For each strain, the relative level of K and D down-regulation for 

each H-2 haplotype was also compared (Kd vs Dd, Kb vs Db), to elucidate H-2 allele-

specific effects of the MCMV strains.  
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Table 5-1 Summary of H-2 molecule down-modulation by strains of MCMV 

MCMV 

strain 

H-2d H-2b H-2d vs H-2b MCMV genotypes 

 Kd   Dd Kb  Db Kd vs Kb Dd vs Db m04 m06 

AA18D       Kd < Kb Dd = Db 1 101 

N1       Kd < Kb Dd = Db 1 100 

WP15B       Kd << Kb Dd << Db 3 010 

C4D*       Kd << Kb Dd << Db 3 000 

Smith      Kd < Kb Dd = Db 5 001 

G4*    ND ND ND ND 5 011 

NO7    ND ND ND ND 2 000 

C4A    ND ND ND ND 2 100 

C4C*      Kd << Kb Dd << Db 2 000 

K181       Kd < Kb Dd < Db 7 010 

C4B       Kd << Kb Dd << Db 4 100 

Arrows indicate effect on H-2 molecules compared to uninfected levels.  = 0 - 12.5%,  = 

12.5% - 20%,  = 20 - 50%,  = 50 – 100%,  = 100 – 120%,  = 120 – 150%,  = 150% 

and above. Coloured boxes group together strains with similar effects on H-2. m04 and m06 

genotypes underlined indicate that MCMV strains within that genotype exhibit some differences 

in effects on H-2 molecules. ND = not done.   

Most viruses were highly effective at down-modulating Kd, reducing cell surface 

expression to low (below 12.5% of uninfected levels- AA18D, N1, WP15B, C4D, Smith, 

K181, C4B) or moderately low (below 20% of uninfected levels- G4, NO7, C4A). C4C 

was an exception, with 23% of uninfected levels of Kd remaining on the cell surface 

(compared to 15.5% for G4, the highest of the moderate group). For most strains, the 

effect on Dd was more modest (with less than 20% of uninfected levels remaining) with 

the exception of K181 (12.5% of uninfected levels, compared to 18.5% for C4A, the 

lowest value of the moderate group).  
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Taking into consideration these variable effects, MCMV strains were grouped by overall 

patterns of effect on H-2 surface expression (coloured boxes, Table 5-1). Strains within 

each group had similar effects on H-2d and H-2b surface expression. When these 

phenotype groupings were compared to m04 and m06, a correlation between m04 

genotype and capacity to modulate cell surface expression of H-2 molecules was 

apparent. That is, viruses grouped together based on effect on H-2 molecules encoded the 

same m04 genotype. This can be seen most clearly, also, on the m04 phylogenetic tree 

where each MCMV strain has been coloured to indicate the effect on H-2 molecules 

consistent with (Table 5-1, Figure 5-9). There was a much weaker correlation between 

m06 genotype and H-2d molecule down-modulation (Figure 5-10).   

There were exceptions, where viruses of the same m04 genotype displayed differing 

effects on one or two of the four H-2 molecules assessed. Smith and G4, both m04 

genotype 5, had different effects on Kd expression. Smith down-modulated Kd to a greater 

extent than G4 (6.2% compared to 13.9%, respectively). C4C differed from the other 

strains expressing m04 genotype 6 (C4A and NO7), down-modulating both H-2 

molecules to a slightly lesser extent. Furthermore, C4D had a stronger effect on 

upregulation of H-2b molecules compared to WP15B (both m04 genotype 5).  

When the weaker association between m06 genotype and effect on H-2 molecules was 

examined more closely, substantial variability in effects on H-2 was apparent between 

genotype groups. The two strains expressing m06 genotype 010, K181 and WP15B, had 

differential effects on the Dd molecule, and on both H-2b molecules. And all three MCMV 

strains within the m06 genotype 100, C4A, C4B and N1, differed from one another in 

their effect on both H-2d and H-2b molecules. This level of variability between H-2 

molecules of both haplotypes was also seen for strains encoding m06 genotype 000.  

Thus, these data are suggestive that m04 genotype plays a dominant role in defining the 

capacity of MCMV strains to down-modulate H-2 from the surface of the infected cell. 

A potential moderating role for m06 was also apparent. Three strains of MCMV that 

differed slightly from other strains within the same m04 genotype group also expressed a 

different m06 genotype. This can be observed clearly in (Figure 5-10), where these viruses 

are indicated in italics and with an asterisk.   

When the relative effect of infection with strains of MCMV on H-2 alleles was examined; 

that is, the extent of down-modulation of Kd compared with Kb, and Dd compared with 

Db, these allele-specific effects also correlated with the m04 genotype (Table 5-1).  
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Figure 5-9 Phylogenetic tree of m04 and effect on H-2 molecules  

Phylogenetic analysis of m04 sequence of MCMV strains. Circles indicate putative genotypes 

(numbered 1 - 7, no virus from genotype 6 was available). MCMV strain text colour indicates the 

phenotype of the effect of infection on cell surface levels of H-2 molecules, as summarised in 

Table 5-1. Strains italicised and marked with an asterisk indicate they differ somewhat in effect 

on H-2 molecules within their phenotype group. Bar, 0.300 substitutions per position.  

 

 

Figure 5-10 Comparison of m06 genotype to effect of H-2 molecules 

Genotypes of m06 are delineated based on the presence or absence of 3 indels (present as gaps 

in these partial m06 alignments). Beside each MCMV strain name is the m06 genotype. Text 

colour indicates the phenotype of the effect of infection on cell surface levels of H-2 molecules as 

summarised in Table 5-1. Strains italicised and marked with an asterisk indicate they differ 

somewhat in effect on H-2 molecules within their phenotype group 
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5.1.2.1 Effect of recombinant MCMV-WT1 cell surface 

expression  

To substantiate the association between m04 genotype and modulation of H-2 molecules 

described above, the MCMV strain WT1, a natural recombinant between K181 and Smith 

strains MCMV, was utilised. Recombination between K181 and Smith strain MCMV to 

produce WT1 occurred  between ORFs m03 - m06 and M49 - M90 (Smith et al., 2013). 

Recombination changed the m04 genotype of this largely Smith strain MCMV from 

genotype 5 to genotype 7 (K181-like) (Figure 5-11).  In addition, recombination within 

the m06 ORF changed the m06 genotype away from both parental strains (001, Smith and 

010, K181) to genotype 011 (G4-like) (Figure 5-11).  This gives the MCMV-WT1 a 

unique combination of m04 and m06 genotypes not seen in any of our fully sequenced 

wild MCMV strains, on the background of the well-described Smith MCMV strain. If the 

m04-allelic effects on MHC class I expression are dominant, then WT1 should behave 

like K181. And if m06-allelic effects are the largest determinant of MHC class I 

expression then WT1 should behave like G4.  

Cell surface expression of MHC class I molecules Kd and Dd following infection with 

WT1 was compared to K181, G4 and Smith (Figure 5-12). The level of down-modulation 

of each molecule was equivalent to that of K181, the strain with which WT1 shares its 

m04 genotype. This, taken together with the data from the previous section (5.1.2), 

indicates that the m04 genotype expressed by MCMV strongly defines the effect on H-2 

cell surface expression.   
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Figure 5-11 Schematic representation of m04 and m06 genotypes expressed by WT1 

The m04 and m06 genotypes expressed by WT1 as a result of recombination between Smith 

(solid grey) and K181 (grey shaded). The recombination event between m03 and m06 has 

changed the m04 genotype of WT1 from Smith-like (red) to K181-like (green shaded). 

Recombination within m06 changed the m06 genotype expressed by WT1 is neither Smith-like 

(red) nor K181-like (green shaded) but is an m06 genotype different to both strains (G4-like, 

yellow). 



 

143 

 

Figure 5-12 Cell surface expression of H-2d molecules on infected cells  

BALB/c 3T3 cells were infected with K181, WT1, and G4 (A) or Smith (B). 20 hours post infection, 

cell surface expression of MHC class I molecules H-2Kd (top) and H-2Dd (bottom) was measured 

by flow cytometry. Cell surface expression of MHC class I on infected cells is shown as a 

percentage of uninfected. Significance determined by one-way ANOVA, with a Dunnett’s multiple 

comparisons test. p > 0.05 considered significant 
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5.2 Discussion 

Strains of MCMV exhibit considerable variability in the genes that modulate the host 

immune response, and these differences are likely maintained to enable the virus to 

interact with the equally variable host proteins they target. This diversity of 

immunomodulatory capacity enables survival of MCMV within diverse host populations. 

To determine if the m04 and m06 genes expressed by MCMV, which exist as genotypes, 

had different effects on the allelic host target molecules, a panel of MCMV strains were 

assessed for their capacity to down-modulate MHC class I. 

The experiments in this chapter have demonstrated that strains of MCMV do differ in 

their capacity to down-modulate MHC class I molecules from the surface of infected 

cells. This differential down-modulation was demonstrated in cells expressing MHC class 

I molecules of two different H-2 haplotypes (H-2d and H-2b). Individual strains of MCMV 

did not down-modulate all H-2 molecules equally, allele and gene specific differences 

were observed. Further, these allele and gene specific differences varied between strains 

of MCMV. An association between the m04 genotype expressed and the related effect on 

MHC class I molecules was discovered. A natural m04 and m06 variant MCMV strain, 

WT1, confirmed this association. Cells infected with WT1 expressed cell surface levels 

of Kd and Dd similar to that seen in cells infected with K181, with which WT1 shares an 

m04, but not m06, genotype.  

Differences in MHC class I down-modulation by MCMV were observed in a number of 

ways in this study. First, there is a gene specific effect on MCMV class I molecules that 

exists ‘within strain’, that is, individual strains of MCMV do not affect expression of all 

H-2 molecules equally. Most strains of MCMV assessed had the same gene-specific 

difference in effect on the H-2d MHC class I molecules Kd and Dd, and preferentially 

down-modulated Kd. This ‘within strain’ MHC class I gene specific effect of MCMV 

infection is consistent with published data demonstrating that the Smith MCMV strain 

has differential effects on different MHC class I molecules (Wagner et al., 2002, 

LoPiccolo et al., 2003, Kavanagh et al., 2001a).  
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It has been proposed that the gene-specific difference in effect on MHC class I molecules 

by MCMV infection is the result of a differential capacity of m152 to arrest each H-2d 

molecule within the ER-GIC (Kavanagh et al., 2001a). In their report, Kavanagh et. al. 

demonstrated that Kb was poorly retained by MCMV compared with Db.  The authors 

postulated this was mediated by m152 as, while a substantial proportion (50 – 70%) of 

mature Kb molecules exported past the Golgi were m04 associated, no difference in Kb 

retention was observed between Smith MCMV and a recombinant Smith lacking m04. 

However, this determination was made with data from 5 hours post infection (mention is 

made that this held true over a range of time-points, but these were not specified), and 

later research by others indicates that m04-mediated partial restoration of MHC class I 

occurs several hours later (Babic et al., 2010). An explanation might lie in the study by 

Janssen et al. (2016) who observed that in the presence of m152 Db is retained mostly in 

the ER, while Kb is arrested in the ERGIC and cis-Golgi compartments. This differential 

compartmentalisation of retention is likely due to differences in release of Kb and Db from 

the ER (Fritzsche et al., 2015), such that the more efficiently exported Kb might be 

captured by m152 further toward the ERGIC and cis-Golgi (Janssen et al., 2016). This 

difference in sub-cellular localisation and release from the ER might promote more 

efficient hijacking of Kb by m04, which is also found in the pre-Golgi compartment 

(Kavanagh et al., 2001b). In this way, m04 and m152 may function cooperatively to 

modulate cell surface expression of MHC class I molecules. Alternatively, they may 

function competitively and binding of m04 might accelerate Kb escape from m152.   
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 It is clear from the data presented in section 5.1.1.1 that preferential retention of Db 

compared to Kb is not universal (Table 5-1). Though some of the MCMV strains assessed 

mediated higher cell surface expression of Kb compared with Db in accordance with the 

work of Kavanagh et al. (2001a), LoPiccolo et al. (2003) and Wagner et al. (2002), for a 

number of strains the opposite effect was observed. Three of four MCMV strains that 

mediated an increase in cell surface expression compared with uninfected levels 

upregulated Dd to substantially higher levels than Kb, indicating that for these viruses Db 

is not preferentially retained in the ER by m152. Another three strains, including the 

Smith strain previously reported to down-modulate Db more effectively than Kb, had an 

equivalent effect on both H-2b molecules. This variability does not support the premise 

that differences in sub-cellular localisation is a significant driver of H-2 cell surface 

expression. It is important to note, however, that the AE17 cell line used in this study is 

a tumour cell line and therefore already down-modulates H-2b independent of infection 

(Jackaman et al., 2003). This intrinsic down-modulation may perturb the normal sub-

cellular localisation of MHC class I molecules or interfere with the capacity for MCMV 

immunomodulators to interact with these molecules. The modest impacts of MCMV 

infection on down-modulation of H-2b molecules compared to H-2d seen in this study 

when compared to the work of others may also be explained by the low level of MHC 

class I present on these cells. Attempts to address these questions by investigating MCMV 

mediated down-modulation in a range of other H-2b cell types has been unsuccessful to 

date.  

Secondly, all strains of MCMV assessed in this study did down-modulate Kd much more 

effectively than Kb, recapitulating the allele-specific effects previous reported (Wagner 

et al., 2002), a phenomenon also observed for HCMV (Machold et al., 1997, Wiertz et 

al., 1996). An allele-specific effect was also observed for the D molecules. Most MCMV 

strains had an enhanced down-modulatory effect on Dd compared with Db. Three viruses 

had an equal impact on both alleles, including Smith strain, supporting prior reports 

(Wagner et al., 2002).  
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No strain specific differences in cell surface expression of H-2d molecules were seen at 6 

hours post infection, consistent with strong m152-mediated down-modulation at this time, 

enhanced by expression of m06 (Holtappels et al., 2002a, Kleijnen et al., 1997, Babic et 

al., 2010). Cell surface expression was reduced still further and is maximally down-

modulated for most cells by 8 hours, as determined by a comparison with the level of H-

2 at 20 hours post infection. At the 8-hour time-point the MCMV strain specific effects 

detected at 20 hours were also apparent. As synthesis of both m06 and m04 has peaked 

by this time, it was not clear which might have the dominant effect on H-2. Two distinct 

infected cell populations were apparent for some samples, most strikingly for AA18D and 

K181 stained for Dd cell surface expression. This might be explained by incomplete 

down-modulation of H-2 by m06 in these cells, or re-establishment by m04. To 

investigate this further, relationships between m04 or m06 genotypes and differential 

MHC class I cell surface expression were examined.   

An association was found between differential capacities of MCMV strains to modulate 

the MHC class I molecules and m04 genotype. MCMV strains grouped by their combined 

effects on H-2 molecules express the same m04 genotype. This correlation was not 

absolute, however, and three strains, C4C, G4 and C4D, had different effects on some of 

the H-2 molecules assessed when compared to other strains with the same m04 genotype.    

Further investigation into the variability of m04 within genotypes, and how this relates to 

modulation of cell surface expression is warranted, but the discrepancies in effect between 

viruses of the same m04 genotype might also be explained by the m06 encoded by these 

strains. Effects of m04 might be moderated differently, contingent on the m06 genotype 

expressed. This is certainly plausible for both C4D and G4, as both viruses encode m06 

of a different genotype to the viruses with which they share their m04 genotype, WP15B 

and Smith, respectively. However, this does not hold true for C4C, which has different 

effects on Kd and Dd, despite sharing both m04 and m06 with C4A.  
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In this study, and consistent with other reports (Wagner et al., 2002), the level of down 

regulation of MHC class I molecules from the cell surface has been presented as a 

percentage value compared to a control. In this case, we have chosen to use uninfected 

cells within the same culture as the baseline from which to measure any MCMV mediated 

down-modulation. The rationale behind this decision was that to get a true measure of 

capacity to down-modulate H-2 molecules, the upregulation of these molecules on the 

cell surface occurring in response to cytokines induced by viral infection needed to be 

taken into consideration. We reasoned that highly variable strains of MCMV may have 

differential effects on cytokine production, and therefore uninfected cells in each culture 

would be the most appropriate control for the strain infecting that culture. However, this 

same rationale might be used to argue against the use of uninfected cells within the same 

culture. Arguably these cells would be under all of the upregulatory effects, but none of 

the inhibitory effects, of MCMV infection on cytokine expression. MCMV encodes a 

number of genes that interfere with cytokine expression and there may be still more that 

are yet to be identified. These genes might modify MHC class I upregulation in infected 

cells, but not the neighbouring uninfected cells, such that the upregulation seen in those 

uninfected cells is not entirely a reflection of the infected cell. A more appropriate control 

might be to use m04, m06 and m152 triple knockout viruses in place of uninfected 

controls, as was used in the work by Wagner et al. (2002), however constructing a triple 

knockout virus for each of the 12 viruses used is not feasible. Further, this would only 

control for effects on MHC class I mediated by these 3 known genes, and it possible that 

MCMV encodes as yet undescribed genes that impact MHC class I expression. 

The data presented in this chapter reveal that strains of MCMV expressing variable m04 

and m06 genotypes effect the cell surface expression of MHC class I in an allele and gene 

specific fashion. Further, correlations between genotypes and effects on H-2 suggest that 

the dominant effect is mediated by m04, and that there may be a secondary effect, in some 

strains, of m06.  
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Chapter 6 Discussion 

The three MHC class I immunomodulatory genes encoded by MCMV work together to 

modulate the cell surface expression of MHC class I molecules on infected cells, 

providing protection against both CD8+ T cell and NK cell killing. However, no 

substantial improvement to viral fitness as a result of this MHC class I 

immunomodulation has been identified to date. MCMV strains lacking one or all three of 

the MHC class I immunomodulatory genes are somewhat attenuated in vivo during acute 

infection, but this attenuation does not prevent dissemination to the salivary gland, or the 

establishment of latency (Bohm et al., 2009, Lu et al., 2006b, Lemmermann et al., 2012). 

Little is known about the effect of MHC class I immunomodulation on MCMV during 

persistence. Studies have demonstrated that the moderate attenuation observed in acute 

infection is maintained into persistent infection when m152 alone (Slavuljica et al., 2010) 

or all three MHC class I immunomodulatory genes together were deleted (Lu et al., 

2006b), though there were no differences in the timing of viral clearance from the organ 

of persistence, the salivary gland. There are two further aspects of MCMV biology that 

are poorly understood- transmission and superinfection. Neither are easily modelled in 

the laboratory, and field studies are few. Thus, the impact of MHC class I 

immunomodulation during these processes remains unknown. The first aim of this PhD 

project was to define the role of MHC class I immunomodulatory genes in viral 

persistence and superinfection.  

MCMV encodes a number of immune evasion genes that exist as discrete alleles, which 

are maintained under strong purifying selection (Smith et al., 2006). We propose that 

preservation of these allelic differences is driven by the variability in the host molecules 

they target, which are polygenic, polymorphic and also exist as alleles. This 

host/pathogen, allele/allele effect has been described in the literature for m157 and Ly49 

receptors (Corbett et al., 2011). The second aim of this PhD project was therefore to test 

this hypothesis by investigating the effect of natural sequence variability in the MHC 

class I immunomodulatory genes expressed by MCMV on their capacity to down-

modulate cell surface expression. 
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 The main findings are: 

1. MHC class I immunomodulation is important for viral clearance. Deletion of 

m152 results in an increase in duration of viral persistence in the salivary gland 

and an increase in duration of viral shedding into saliva. This increased 

persistence is lost when NKG2D is blocked, suggesting involvement of NK cells. 

2. Strains of MCMV vary in their capacity to modulate MHC class I molecules 

expressed on the surface of infected cells a gene- and allele-specific fashion. 

3. This differential capacity to modulate MHC class I is linked to m04 genotype.  

6.1 A role of MHC class I immunomodulatory 

genes in viral persistence  

In chapter 4, experiments assessing deletion of MHC class I immunomodulatory genes 

from K181 using the single knockout strains K181-m04, K181-m06, K181-m152 

revealed a role for m152 in persistence. While K181-m152 was attenuated in the spleen 

in acute infection, and showed reduced levels of shedding into the saliva, this virus 

exhibited an increased duration of viral persistence. Replicating K181-m152 was 

detected in the salivary glands of infected BALB/c mice at 42 and 77 days post infection, 

but was undetectable for all other strains (K181, K181-m04 and K181-m06). 
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That MCMV succeeds in establishing a lifelong infection demonstrates that the network 

of immunomodulatory genes expressed are sufficient to protect the virus long enough to 

enter latency, and persist for some time in the salivary gland, before the host is able to 

completely clear replicating virus. The competing goal of transmission to a new host may 

be compromised to achieve this lifelong infection. When immunomodulation was 

disrupted, through deletion of m152, the changes to the immunomodulatory network 

permitted an increased duration of K181-m152 replication in the salivary gland, 

mirrored with an increased duration of viral shedding into the saliva. This would 

presumably translate to prolonged period of transmissibility of this strain over time. 

However, as the threshold level of virus shed that would facilitate transmission is not 

known, the lower levels of K181-m152 shed into the saliva during this increased 

persistence may not be sufficient to enhance transmissibility. This warrants further 

investigation.      

Prolonged replication may have implications for long term immune control and effective 

establishment of latency. Certainly, previous research has shown that even a triple MHC 

class I immunomodulatory gene knock out strain can establish latency, though at a lower 

level which is likely due to the small reduction in acute viral replication (Bohm et al., 

2009, Gold et al., 2004). It is well established that viral load during acute infection is 

responsible for the latent viral tissue load, as well as latency associated viral transcription 

and incidence of reactivation (Kurz et al., 1997, Reddehase et al., 1994).  

The impact of MHC class I immunomodulation during latency might be substantial. 

Though studies to date have reported no substantial impact of deletion of all three of m04, 

m06 and m152 together on the size, phenotype or function of the memory CTL response 

(Gold et al., 2004, Munks et al., 2007), CTLs have been implicated in control of MCMV 

reactivation (Simon et al., 2006b). Furthermore, recent research has revealed an important 

role for tissue resident memory T cells (TRM) in protection from localised MCMV 

infection (Thom and Oxenius, 2016). The composition of the TRM pool in sites of MCMV 

persistence and latency may not be reflected in the spleen or blood, and therefore the 

impact of MHC class I immunomodulatory genes in these tissues may have been missed. 

This is an area that merits closer attention.  
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We were not able to definitively confirm that NK cells are indeed responsible for the 

increased persistence, as NKG2D is expressed on a number of other immune cells. While 

the impact of NKG2D on inhibition of the anti-MCMV CD8+ response has been described 

as negligible (Pinto et al., 2007), it is now known that NKG2D can play a very important 

role in determining CD8+ T cell function, specifically cytokine production and 

establishment of memory (Kavazovic et al., 2017, Jelencic et al., 2017). We have 

attempted to minimise the impact on the adaptive component on of the immune response 

by using a single dose of blocking antibody, given on the day of infection. Confirming a 

role for NK cells could be achieved with in vivo NK cell depletion studies. Ideally, this 

would be conducted in NK1.1 congenic BALB/c mice, permitting the use of anti-NK1.1 

depletion antibody instead of the less specific anti-asialo GM1 necessary for NK cell 

depletion in the BALB/c strain (which do not express NK1.1). Alternatively, or 

additionally, specific immune cell knockout mouse strains and NKG2D deficient mice 

(Klrk1−/−) could be employed to provide key information about which cell subsets 

facilitate increased persistence observed with K181-m152. Together, these approaches 

would inform more detailed studies to elucidate the precise mechanism. 

Future work might also be directed toward characterising the impact of m152 deletion on 

the different immune cell subsets in acute infection and during persistence. NK cell 

proliferation and function during acute infection with MCMV lacking m152 could be 

measured, together with the number of APCs that are infected compared to parental K181, 

to elucidate the impact of NKG2D engagement. The impact of the early disruption to 

MCMV control of NK cells on the adaptive immune response could be examining by 

measuring the frequency and function of CD8+ and CD4+ T cells. 

A report by Babic et al. (2010) noted that the attenuation of a Smith m04 deletant strain 

was partially NKG2D mediated, suggesting that the control of NK cells by MCMV might 

be the cooperative effect of a number of MCMV immunomodulators. Viral mediation of 

inhibitory signals may have a cooperative effect which mediates an overall reduction in 

the threshold for inhibition required for any one viral mediator alone. Thus, when the 

effect of m04 on inhibition of NK cell activation is lost, this may skew the threshold such 

that MCMV down-modulation of NKG2D ligands is insufficient to completely avoid 

activation. The reverse may also be true. 
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The loss of m152 down-modulation of the NKG2D ligand RAE-1 results in increased NK 

cell activation, which may be partially curtailed by m04 mediated inhibitory NK signals. 

As K181 and Smith encode different m04 (and m06) genotypes (Smith et al., 2013, Smith 

et al., 2006), and these have different effects on modulation of MHC class I (as described 

in Chapter 5), the extent to which this curtailment occurs may vary with substantial 

consequences for the size of the resultant NK cell response. Further, preliminary data 

have shown that, unlike Smith m04, K181 m04 is not bound by the Ly49L activating 

receptor expressed by NK cells in BALB/c mice (Redwood and Jonjic, unpublished data). 

This may explain the different outcomes for deletion of m152 for duration of viral 

persistence seen for K181 (Chapter 4), compared with Smith (Slavuljica et al., 2010), and 

indicates that caution must be taken not to extrapolate results seen in one mouse strain 

with one MCMV strain to a general conclusion.   

Attempts to establish a superinfection with different strains of MCMV during this 

research project were unsuccessful. With these it would have been possible to determine 

if, as for RhCMV (Hansen et al., 2010), evasion of CD8+ T cell response by modulation 

of MHC class I permits superinfection with MCMV. A key difference between the study 

performed by Hansen et al. (2010) and the one described in this thesis is the mode of 

infection for the primary inoculum. In this RhCMV superinfection model, macaques were 

naturally infected with RhCMV, rather than experimentally infected by a parenteral route. 

Research by Farrell et al. (2017) has demonstrated that viral dissemination throughout the 

mouse differs substantially following intranasal infection, a route of infection closer to 

that of natural transmission, compared to following more common experimental routes 

such as intraperitoneal or intravenous inoculation. These differences may contribute to 

the resistance of the immune laboratory mouse to superinfection compared to the 

macaque. Mice infected by MCMV via natural transmission within large outdoor 

enclosures have been demonstrated to also naturally acquire a superinfecting strain 

(Farroway et al., 2005). Future attempts to superinfect laboratory mice might, therefore, 

explore use of this intranasal route for the primary infection. 
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6.2 MCMV strains have variable gene and allele 

specific effects on MHC class I cell surface 

expression 

Results for Chapter 5 show there was an association between the m04 genotype encoded 

by MCMV strains, and their effect on the H-2 molecules assessed. Strains of MCMV that 

express m04 from the same genotype had broadly similar effects on cell surface 

expression of H-2 molecules. This correlation was further strengthened by the observation 

that the natural recombinant WT1 strain down-modulated H-2d molecules to levels near 

identical to the virus with which it shares an m04 genotype (K181) and differed from a 

strain expressing the same m06 genotype (G4).  

This correlation between m04 genotype and H-2 down modulation was not absolute, 

however, and three strains, G4, WP15B and C4C, exhibited different effects on some H-

2 molecules compared with other strains within the genotype groups. These exceptions 

provide an opportunity to help ‘define the rule’, by highlighting possible regions of 

sequence variability that may mediate the putative variable effects of m04.  
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The variation between G4 and Smith encoded m04 glycoproteins exists as a small number 

of amino acid changes, located mainly in one of the surface exposed regions of the m04 

structure (Figure 6-1, blue line), indicating they are likely involved in protein-protein 

interactions (Berry et al., 2014). These differences, therefore, are likely to exist to mediate 

the capacity to interact with host proteins- most likely MHC class I. Indeed, Berry et al. 

(2014) report a higher affinity interaction between H-2Dk molecule and Smith m04 than 

with G4 m04, suggesting that sequence variability in this region mediates allele specific 

effects on H-2 binding. Dd and Ld were bound with equivalent affinity by G4 and Smith 

m04, though both m04 genotypes had a higher affinity interaction with Ld (Berry et al., 

2014). This is reflected in the viral modulation of cell surface expression of these 

molecules described in Chapter 5, which shows down-modulation of Ld by Smith and G4 

(to 11.5 and 13.6% of uninfected levels, respectively) is greater than the down-

modulation of Dd remains (27.5 and 28.8% of uninfected levels, respectively) but 

equivalent between strains. Taken together, these data suggest that the sequence 

variability between the m04 glycoproteins of Smith and G4 is: 1. not responsible for the 

gene-specific differences in down-modulation between H-2 molecules (observed as 

equivalent affinity for, and down-modulation of Dd and Ld by Smith and G4, despite 

sequence variation) but is 2. sufficient to mediate H-2 allele-specific differences in 

binding affinity which may result in differences in cell surface expression (observed as 

the differential binding affinity of Dd and Dk by Smith m04, but not G4 m04).  

Any impact of differential affinity on cell surface expression might be revealed by 

examining the effects of single MCMV strains on H-2 alleles of the same gene, e.g. Kk 

vs Kd, and Dk vs Dd, and by examining the effects of variable binding affinity of MCMV 

strains expressing different m04 genotypes on a single H-2 molecule. To resolve these 

questions, future work will begin by examining the effect of the MCMV strains used in 

this study on the cell surface expression of H-2k molecules.   
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The gene specific differences in modulation of MHC class I might therefore be dependent 

on variability in another region, and unrelated to affinity. Signal peptides enable the 

translocation of newly synthesised transmembrane and secretory proteins to the ER lumen 

but have a multitude of other post-targeting functions, including influence on the timing 

and efficiency of maturation in the ER (Rutkowski et al., 2003). Whether the sequence 

variability in the signal peptide of m04 influences any putative post-targeting functions 

is an idea worth exploring further, particularly as m04 sequence in this region correlates 

effect on H-2 cell surface expression, as the sequence of the m04 signal peptide domain 

of MCMV strains within the same genotype is identical (Figure 6-1, red box). The 

CXLXXC(L/P)(W/R)o motif (Figure 6-1, yellow shaded) and NAXWXX(E/H)Wo motif 

(Figure 6-1, blue shaded) which are important structural elements conserved in members 

of the m02 gene family, were also conserved across MCMV strains. 

 

Figure 6-1 Sequence alignment of m04  

Amino acid sequence alignment of m04 of the MCMV strains used in this study, with regions of 

interest highlighted. Signal peptide, red box; transmembrane region, orange box; conserved 

YRR endosomal cargo motif, green box; m02 family conserved CXLXXC(L/P)(W/R)o motif, blue 

shaded box; NAXWXX(E/H)Wo motif, yellow shaded box. 
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The interaction of m04, m06 and m152 with each other in their bid for the shared 

molecular target of MHC class I has been described as both cooperative and competitive 

(Wagner et al., 2002, Kavanagh et al., 2001a). Certainly, m04 is considered to antagonise 

the down-modulatory effects of m152 to partially restore H-2 cell surface expression 

(Wagner et al., 2002, Kavanagh et al., 2001a, Babic et al., 2011, Holtappels et al., 2002b). 

The relationship between the effects of m06 and m152 might be described as co-

operative, or at least additive, as down-modulation of H-2 cell surface expression is 

strongest when these are expressed together (Wagner et al., 2002, Babic et al., 2010). The 

relative binding affinity of each of these three MHC class I immunomodulators to MHC 

class I is likely to be a factor mediating differential expression. Supporting this 

hypothesis, MCMV strains that exhibited different effects on H-2 expression compared 

to other strains in the same m04 genotype group, which we might term “non-conformers”, 

encode m06 genotypes that differ from the m04 genotype group. In these “non-

conformer” strains, the difference in effect was one of less down-modulation and so, in 

these instances, the balance of effects on MHC class I may be tipped toward greater m04 

mediated re-establishment and away from m06 mediated down-modulation. This does not 

explain the differences entirely, as C4C did not have the same effect on H-2 molecules as 

NO7, despite sharing the same m04 and m06 genotype. But the m04 of C4C does exhibit 

some variability compared with the m04 of C4A and NO7, most considerably in the 

transmembrane region and including the YRR motif in the cytoplasmic tail (discussed 

in more detail below). The change of YRRF (C4C) to YRRL (C4A, NO7) should not, 

however, impact on the function of this motif, as both F and L are hydrophobic residues. 

The other differences are mainly in the TM domain, which is responsible for tethering 

unbound m04 in the ER (Lu et al., 2006a), and may affect the strength of this retention 

such that the threshold for release of m04-pMHCI is lower for m04 C4C (Figure 6-1, 

orange box). 
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An important factor to note when considering the change in MHC class I down-

modulation phenotype for WT1 compared with the viruses with which it shares sequence 

(Smith, K181, G4) is that the recombination event creating this mutant encompasses 

sequence from m03 to within m06, and this includes the regions just outside of m04 which 

exhibit high levels of sequence variability and which precluded PCR amplification in 

previous studies (Corbett et al., 2007, Smith et al., 2006). There may be sequences 

upstream of m04 that are responsible for the differences, for example translational timing 

difference due to promoter variability. Indeed, one of the low-passage wild strains of 

MCMV used in the Corbett study did exhibit a delay in onset of transcription of m04 for 

a single strain of MCMV (M16A), as assessed by RT-PCR analysis (Corbett et al., 2007). 

The transcription of the M16A strain was delayed slightly, determined by a lack of RT-

PCR amplification product at 4 hours post infection compared to two other strains. The 

transcription of m04 in variant MCMV strains could be characterised by the more 

sensitive RT-qPCR to validate this difference and to determine if this delay in m04 

transcription is common. Preliminary studies suggest this is unlikely. Nonetheless the 

timing difference between these strains was a maximum of 4 hours (and may likely be 

much less, but only 4 and 8 hours were assessed in that study). Furthermore, the effect of 

any delay is likely to have been stabilised by 20 hours post infection, as transcription of 

the three m04 analysed was equally apparent at 8 and 24 hours post infection (Corbett et 

al., 2007).  

The transmembrane region of the m04 glycoprotein was required for binding to MHC 

class I, and the cytoplasmic tail, though not required for binding, was required for 

anchoring unbound m04 in the ER. Sequence variability in either of these regions, 

therefore, may impact on the amount of m04 bound MHC class I reaching the cell surface. 

Some differences between strains do exist in these regions (Figure 6-1), but the 

transmembrane and cytoplasmic tail domains are largely conserved. However, even 

single amino acid changes can mediate substantial changes to function. This is 

exemplified by the impact of a single amino acid change in the YXX motif located in 

the cytoplasmic tail of m04 (Fink et al., 2015).  
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The identification of an endocytic cargo motif in the cytoplasmic tail of the m04 

glycoprotein (Fink et al., 2015) revealed that m04 contributes to the accelerated 

endocytosis of MHC class I molecules from the cell surface previously reported (Tomas 

et al., 2010). Binding of this motif by adaptor protein-2 (AP-2) accelerates endocytosis 

of the pMHC-I-m04 complex from the cell surface and antagonises the effect this m04 

bound complex has on NK cell responses. This property of m04 as an ‘adaptor adaptor’ 

protein, joining p-MHC-I to AP-2 for transport into an endosomal retention compartment 

is unlikely to be the basis for differences in cell surface expression of MHC class I 

between m04 genotypes, as this YRRF motif is highly conserved across strains of MCMV 

(Figure 6-1). However, the conservation of a Y248C mutation in this motif, a putative 

loss of function mutation which is apparent for MCMV strains encoding the m04 

genotype 1 ((Fink et al., 2015) and Figure 6-1), means that some contribution to 

differential cell surface expression of H-2 mediated by this motif cannot be excluded, at 

least in these strains. A recombinant MCMV with a loss of function mutation in the 

YXX endosomal motif disengages m04 from the AP-2 link to the endosomal sorting 

pathway and instead of accelerating endocytosis of p-MHC-I from the cell surface, 

presumably promotes prolonged residence of the complex at the membrane. Fink et. al. 

(2015) found that the incomplete silencing of NK cells mediated by m04 in BALB/c was 

enhanced by mutation, suggesting that prolonged presence of the m04-p-MHC-I complex 

at the cell surface facilitates improved engagement of Ly49 inhibitory receptors, 

mediating enhanced protection from NK cell killing.  

In their study, Fink et al (2015) did not quantify the difference in the level of MHC class 

I molecules present on infected cells when this cargo motif was disrupted, but the work 

of Tomas et al. (2010) suggests that the effect is likely to be subtle. In the Tomas study, 

loss of all three MHC class I immunomodulatory genes still resulted in an approximate 

20% reduction in cell surface expression of MHC class I, the effect of MCMV endosomal 

remodelling and accelerated internalisation. Smith strain expressing m04, but lacking 

both m06 and m152, does mediate a small down-modulation of MHC class I molecules 

compared to uninfected cells, but this was not noticeably different to the amount of down-

modulation observed with a TKO (Holtappels et al., 2004, Lemmermann et al., 2010). 

Any effect of m04-mediated enhanced internalisation of MHC class I molecules on cell 

surface levels might therefore be difficult to detect. Nonetheless, this is worthy of further 

consideration.  
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The LL motif found in m06, together with the necessary glutamic acid residue -5, is 

essential for MHC class I down-modulation (Reusch et al., 1999) and is conserved across 

all m06 ORFs in MCMV strains used in this study. The di-leucine motif EXXXXLL 

(specifically EPLARLL) is responsible for binding AP-1 and AP-3 to direct MHC class I 

into the late endosome and on to the lysosome (Kučić et al., 2012), and is conserved in 

the MCMV strains used for this study. NO7 has a single amino acid substitution of R to 

K (arg to lys) in this motif, but both residues have positive polarity and are hydrophilic 

so would not be likely to have any effect on function. The sequence of m06 is broadly 

conserved across the ORF, with genotypes arising from the presence of 3 indels (Smith 

et al., 2006). This conservation of across most of m06 is not unexpected, given it binds 

with a conserved region of MHC class I molecules, giving it a broad affinity for H-2 

molecules. Thus, the variations (indels) are unlikely to be driven by MHC class I 

variability. The indels might exist as a way to mediate interactions with other variable 

proteins, perhaps including m04 proteins. The moderating effect of m06 on m04 function 

that is apparent in the strains of MCMV that did not behave exactly as the other strains 

within their same m04 genotype might occur somewhere in the endosomal pathway. That 

is, pMHC-I internalised from the cell surface bound to m04 and directed to an endosomal 

retention compartment where it may encounter m06, also found in retention endosomes 

(Kučić et al., 2012, Fink et al., 2015). 

It is quite likely that the gene- and allele- specific effects of MCMV strains on H-2 

expression, and the variability of these effects between strains, is the combined result of 

these factors. The data presented in this thesis suggests that the dominant effect is 

mediated by m04, and that there may be a secondary effect, in some strains, of m06. At 

present, only these 10 low-passage isolates of MCMV have been comprehensively tested 

for their effect on MHC class I, largely because we have sequenced their full genomes 

and therefore the immunomodulatory genotypes of each is known (Smith et al., 2013, 

Smith et al., 2008). Thus, m04 genotypes were represented by 2 – 3 viruses at most, some 

by only 1 (genotypes 7 and 4), and genotype 6 was not represented at all. Likewise, only 

6 of the 8 putative genotypes of m06 were represented. To illuminate these associations 

between m04 and m06 further, we plan to expand this data-set further, with significantly 

more low-passage MCMV strains.  
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The effect of WT1 on H-2 cell surface expression, and the similar effect on H-2d 

molecules as the K181 provides evidence that the dominant player in differential cell 

surface expression is indeed m04. To extend this further, m04 swap variants will be 

constructed. The whole m04 ORF from low-passage MCMV strains will be inserted into 

the genome of K181, replacing the native m04. The extent to which this recapitulates the 

effect of H-2 down-modulation of the low-passage MCMV strain compared to the K181 

parental strain will reveal the extent to which m04 mediates variability in cell surface 

expression. These will be constructed on the K181 background in the first instance 

because the levels of H-2 that remain on the cell surface following infection are lower 

than most other strains (with the exception only of Smith, and only for some molecules), 

suggesting that the effect of m04 re-establishment in this strain is modest. This provides 

the best opportunity to detect any differences mediated by a variant m04 ORF that has 

been inserted. These variant-m04 recombinant strains could also be constructed using the 

repaired Smith BAC, and the G4 BAC generated by Dr Alec Redwood in this laboratory 

(Redwood et al. manuscript in preparation). These two MCMV strains express different 

m06 genotypes to K181, and each other, which would enable a comprehensive panel of 

variant-m04 strains in the context of different m06 genotypes. Furthermore, these variant-

m04 strains will control for any impact of any known or as yet undiscovered MCMV 

genes that may be found to have an impact on the function of the three known MHC class 

immunomodulatory genes m04, m06 and m152. These studies are ongoing.  

It might also be possible to address the impact of each individual gene variant in isolation 

using vector-based expression systems. An attempt to do this with variant m04 genes 

using a plasmid-based mammalian cell expression vector, pcDNA3.1, during the course 

of this project was unsuccessful. This approach could provide information about 

functional differences between variant m04 proteins, and how they interact with MHC 

class I molecules within the cell in isolation from the context of infection and the 

influence of other MCMV genes. Indeed this was the approach used by the Berry et al. 

(2014) study, where the researchers inserted the predicted extracellular domain of variant 

m04 proteins into pHLSec in order to express and purify the proteins for structural and 

binding analysis.  
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Information provided by an expanded data-set including more low-passage wild isolates, 

and variant-m04 recombinant strains will hopefully give further clues to which region(s) 

of the m04 ORF are responsible for the effect. Similarly, identification of the specific 

m04 binding sites on H-2 molecules would provide clues as to where variability is likely 

to mediate differences.  We could then begin to make more targeted mutations within the 

ORF, altering the sequence of the domain revealed as the candidate for variable cell 

surface expression. Expression of variant m04 proteins in a common MCMV backbone 

might also be used to examine the effects of variability on transcription and protein levels. 

This would require careful consideration of how much of the 5’ UTR of m04 should be 

inserted into the variant-m04 strain. Presently we have cloned variant m04 ORFs, 

included upstream sequence from the TATA box, to permit substitution of the K181 m04, 

which will enable examination of any differences in transcription to be detected.  

The in vivo consequences of this variability are also yet to be established. There are two 

potential ‘targets’ for the differences in modulation of MHC class I - to evade NK or 

CD8+ T cells. This variability in effect on MHC class I molecules might have evolved as 

a result of the high level of variability in Ly49 receptors. A number of Ly49 receptors 

recognise Dk only in the context of m04 (Zeleznjak et al., 2017, Pyzik et al., 2011a). This 

includes Ly49P, Ly49D2, and Ly49L activating receptors, and the inhibitory receptor 

Ly49A. This might reflect the ongoing ‘arms race’ between host and pathogen, where 

MCMV encodes m04 to enhance the binding of MHC class I and Ly49 mediating 

inhibitory signals, providing protection from missing self. As a consequence, the host has 

evolved Ly49 activating receptors that recognise m04 complexed at the cell surface with 

MHC class I. Variation in m04 may exist to once again ‘outsmart’ the host, mutating to 

avoid recognition by activating receptors. Preliminary data do suggest that the m04 of 

MCMV wild isolates WP15B, K181, K6 and C4D are only recognised by the inhibitory 

Ly49A receptor and none of the activating receptors (Redwood and Jonjic, unpublished 

data). We propose to investigate this further, to fully characterise the capacity of Ly49 

receptors to recognise variant m04 glycoproteins, and also to identify the regions of m04 

responsible for a lack of recognition.  
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While an enhancement of protection from NK cell killing was observed in the Fink study 

(2015), BALB/c mice encode Ly49 receptors that are inhibitory, and control of MCMV 

in these mice is eventually mediated by CD8+ T cells. However, in strains of mice 

encoding Ly49 receptors that mediate activation, rather than inhibition, of NK cell 

responses, prolonged engagement would be detrimental to the virus. In these mice, for 

example Ma/MY mice expressing Ly49P, a functional YXX might enable some 

protection from this host recognition by minimising the time m04-p-MHC-I is on the cell 

surface, or by reducing the overall amount of m04-p-MHC-I on the cell surface. However, 

the loss of m04-mediated accelerated internalisation of MHC class I provides an 

opportunity for increased recognition by CD8+ T cells. The conservation of the loss of 

function mutation in at least 6 MCMV strains isolated from free living mice in 

geographically distinct locations highlights this motif as a region likely under selective 

pressure from variable host immune responses in outbred populations. MCMV may 

exploit this endocytosis function to respond to the immune environment in a particular 

host, switching the ability to accelerate internalisation off and back on again in the face 

of stronger NK or CD8+ T cell responses. This specific codon, therefore, provides an 

opportunity to study the adaptation of virus to host in the laboratory. 

The Ld molecule does not appear to be susceptible to the variable effects of the MCMV 

strains assessed in this study. The Ld-restricted IE1 peptide, YPHFMPTNL, was the first 

MCMV-specific CTL epitope described (Reddehase et al., 1989). Clearly the host 

response to this epitope is important, as IE1-specific CD8+ T cells dominate the total 

MCMV-specific CD8+ T cell response during acute infection (Holtappels et al., 2000). 

Further, Ld-restricted IE1 responses inflate throughout chronic infection (Holtappels et 

al., 2002b). Also, MCMV strains exhibit variability in the sequence of the Ld epitope 

encoded with the m04 ORF  (Smith et al., 2013). Identification of the binding region for 

H-2 and m04 may shed light on why the effect of MCMV on cell surface expression of 

Ld is not affected, unlike other H-2 molecules.  
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6.3 Conclusion 

In conclusion, the research in this thesis has described variable effects of genetically 

distinct MCMV strains on the capacity to down-modulate cell surface expression of MHC 

class I. These different effects were both MHC class I gene and allele specific, and 

correlated to the m04 genotype expressed by the MCMV strain. In addition, investigation 

of MHC class I immunomodulatory genes found that deletion of m152 enhances duration 

of viral persistence in the salivary gland and viral shedding into the saliva, following 

attenuation in the spleen. Blocking NKG2D in vivo restored acute viral replication to 

parental levels and ameliorated the increase in persistence for MCMV lacking m152. 

These data show that MCMV is highly adapted to the host, and disruption of individual 

immunomodulatory genes can perturb the network with surprising results. The 

maintenance of genotypes, or alleles, for a number of these MCMV immunomodulatory 

genes suggests that they provide an advantage for viral at the population level. Taken 

together with the variable effects on MHC class I down-modulation described in this 

thesis, this demonstrates the complexity and the ability to adapt to variable host immune 

environments.   
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