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Summary 
 

Cytomegaloviruses (CMVs) are ubiquitous in nature, having evolved over many 

millenia with their hosts. While in healthy hosts most infections with CMV are 

asymptomatic, the virus can cause severe disease in immunocompromised hosts. 

Thus, the increase in organ transplantation and the HIV/AIDS pandemic have 

established human CMV (HCMV) as a clinically important pathogen. Indeed, HCMV 

infections are now the major cause of morbidity and mortality among 

immunocompromised patients, which has led to more research targeting CMV for 

effective anti-viral treatment. The discovery that cytomegaloviruses encode several 

genes which are involved in immune escape has prompted a new area of research, 

aimed at understanding immune escape mechanisms for exploitation as potential anti-

viral therapeutics. By targeting the viral proteins directly, or their receptors in the 

host, it may be possible to treat CMV disease by agonistic/antagonistic therapy. 

The first part of this thesis describes the first demonstration of anti-NK1.1 staining in 

situ to identify NK cells using a modified in vivo perfusion/fixation method. Using 

this method, we have compared the acute NK1.1+ cellular response to wild-type 

MCMV infection in the visceral organs of genetically susceptible intra-NK complex 

recombinant BALB.B6-CT6 (Cmv1s, NK1.1+) mice with resistant C57BL/6J (Cmv1r, 

NK1.1+) and BALB.B6-Cmv1r mice (Cmv1r, NK1.1+). Expression of viral antigens 

and the consequences of infection on other cellular subsets, were also analyzed in this 

study. The data show that in susceptible mice (Cmv1s) MCMV infection is 

predominent in the marginal zone of splenic white pulp, resulting in local changes in 

various cellular constituents, including macrophages, NK cells and DC. In the liver, 

distinct foci of infection were comprised of large numbers of macrophages and 

NK1.1+ cells surrounding infected cytomegalic cells. In resistant mice (Cmv1r), 
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MCMV infection predominantly affected the red-pulp of the spleen and was 

associated with increased accumulation of NK1.1+ cells and macrophages at sites of 

viral infection. 

Chapter 3 investigates the consequence of MCMV infection on the functionality of 

DCs in vivo and ex vivo. By using the growth factor dependent long-term DC line D1, 

we examined the effects of MCMV infection on DC maturation/activation. Our results 

show that MCMV is able to downregulate the expression of surface MHC-I and II, 

CD40, CD80, CD86 and CD54 in DC. The downregulation of MHC and co-

stimulatory molecules is associated with a loss of antigen capturing activity and 

impaired cytokine production. Ultimately, MCMV alters the capacity of DC to initiate 

allogeneic T cell activation, suggesting that interference with DC function may be the 

primary mechanism involved in CMV-induced immunosuppression.  

Chapter 4 demonstrates the functional interactions between DC and Ly49H+ NK cells 

during MCMV infection. The studies presented in this chapter identified a functional 

inter-relationship between Ly49H+ NK cells and CD8α+ DCs during MCMV 

infection in vivo. The presence of Ly49H+ NK cells was required to retain CD8α+ 

DCs in the spleen, while CD8α+ DCs were essential for the expansion of Ly49H+ NK 

cells that occurs at the late stages of acute MCMV infection. The expansion of 

Ly49H+ NK cells was shown to be dependent on IL-18 and IL-12. These results 

highlight the importance of functional interactions between cells of the innate immune 

system and demonstrate the need to better understand the influence that innate 

immune effectors exert on down stream acquired adaptive immune responses.  
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Introduction 
 

1.1 The Cytomegaloviruses 
Cytomegaloviruses (CMVs) are ubiquitous in nature, having evolved over millennia 

with their hosts. CMV was first identified in enlarged cells of salivary gland tissue, 

prompting the initial scientific classification of this pathogen as a salivary gland virus. 

Virion structure, biochemical composition and the characteristic appearance of 

cytomegaly later classified CMV to the betaherpes subfamily of herpesviruses. While 

CMVs are strictly species specific, their characteristic long replication cycle and their 

ability to establish a chronic, productive or latent infection in their hosts generated an 

intense amount of interest and research. While in healthy hosts most infections with 

CMV are asymptomatic, the virus can cause severe disease in immunocompromised 

hosts. Consequently, the increase in organ transplantation and the HIV/AIDS 

pandemic have made human CMV (HCMV) a clinically important pathogen in man. 

Indeed, HCMV infections are now the major cause of morbidity and mortality among 

immunocompromised patients, focusing more research on targeting CMV for 

effective anti-viral treatment. 

1.1.1 The Emergence of HCMV Related Disease 
 

On a most basic level, viruses can be classified as pathogenic, poorly-pathogenic 

(attenuated) or non-pathogenic (avirulent) on the basis of their ability to infect and/or 

cause disease. The complex pattern of CMV pathogenesis makes it difficult to classify 

these viruses in this manner as they do not fall into any one clear category. Primary 

infection with HCMV is normally asymptomatic, however the virus is capable of 

establishing latent infection in multiple tissues of the host. Despite this it rarely causes 

disease. However, the disseminated tropism of HCMV, in addition to factors 
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discussed in the following pages, have split HCMV epidemiology into what has been 

designated as “classic” and “special”1. 

Classic epidemiological studies, sampling populations in various regions of the world, 

shows that seropositivity to HCMV ranges from 40 to 100%2. Age-related prevalence 

of infection suggests two periods of increased infection3 the first of which is the 

perinatal period. Perinatal infection occurs in 3% of all live births2 due to sources 

such as a infected cervix1, contaminated breast or bank milk4 or transmission via 

saliva, fomites or urine5. The second increase in infection correlates with sexual 

maturity in heterosexual and homosexual individuals (reviewed in1) with both the 

cervix and semen being likely reservoirs of HCMV6. Throughout the “classical” 

group HCMV infection is asymptomatic. The “special epidemiology” group, which 

includes congenital infection, horizontal transmission via marrow, organ transplants 

or severe immunosuppression, is more frequently affected by HCMV disease. 

HCMV is the most common cause of congenital viral infection and it causes infection 

in 0.6% of pregnancies in Australia7. Primary maternal infection during pregnancy, 

rather than maternal reactivation of HCMV, is more likely to result in intrauterine 

transmission5. Malformations, such as hepatosplenomegaly, microcephaly and 

chorioretinitis can arise from congenital CMV infections (reviewed by5,8, with central 

nervous system sequelae, such as mental retardation and neuromuscular abnormalities 

also reported9. 

Significant HCMV related morbidity and mortality are associated with solid organ or 

bone marrow transplantation in more than 50% of transplant recipients (reviewed 

in10). Symptomatic infections occur most frequently in patients who receive 

aggressive immunosuppressive treatment and can result from either primary or 
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secondary (reactivation) HCMV infection11,12. Symptoms of HCMV infection in 

transplant recipients can range from fever and malaise to gastrointestinal 

hulceratuion13 and in more severe infections interstitial pneumonitis, which carries a 

case fatality rate of 80-90%14,15. CMV has also been implicated in the pathogenesis of 

solid organ allograft rejection (reviewed in10) and the induction of transplant 

artherosclerosis, which constitutes the most common cause of allograft heart failure 

(reviewed in16). 

HCMV plays at least three roles in the pathogenesis of AIDS, including direct HCMV 

induced morbidity, HIV/CMV direct interaction speeding the progression to AIDS 

and gastrointestinal mucosal HCMV infection leading to other opportunistic 

infections (reviewed in17). Clinical symptoms caused by HCMV have been detected in 

up to 40% of patients with HIV disease18-20. The most common presentation in 

HCMV/HIV patients is retinitis, although colitis, esophagitis, pneumonitis and 

neurological disorders are also reported frequently21.  

1.1.2 Targeting HCMV disease 
 

Various strategies have been attempted for the treatment of HCMV disease. The 

dogma that viral infections are better prevented than cured has proven difficult in the 

case of HCMV, due to infection with the virus often occurring during the perinatal 

period. The first attempts at vaccination involved viruses which had been attenuated 

in cell culture. Although these viruses produced humoral and cellular responses, they 

did not protect against exogenous HCMV infection (reviewed by22. Recent efforts 

have focused on subunit vaccines containing either the envelope glycoproteins B (gB) 

or H (gH). Both of these proteins contain epitopes that account for most of the 

neutralising antibodies found in patients sera. Other subunit vaccines include the 
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highly conserved tegument proteins pp65 and pp150, both of which are targets for 

cytotoxic T lymphocytes (CTL)23. 

Studies involving passive transfer of HCMV immune serum or adoptive transfer of 

HCMV-specific CD8+ CTL clones have shown this type of immunotherapy to be 

effective for prophylaxis against HCMV infection (reviewed by24,25. Transferred CTL 

reconstituted functional anti-HCMV responses and persisted in vivo for up to 12 

weeks. Unlike HIV, in which CTL epitopes in almost all HIV proteins undergo 

mutation/variation leading to escape, various isolates of HCMV have been recognised 

by an entire panel of CTL. This suggests that for HCMV escape mutants may not be 

detrimental to successful adoptive CTL therapy23. This treatment is restricted, 

however, by the availability of CTL clones with HLA matched to that of the patient. 

In both HIV/AIDS patients and transplant recipients, therapy with systemic anti-viral 

agents, such as ganciclovir, intravenous foscarnet and cidofovir is effective against 

HCMV. Long term treatment with these drugs, however, has been reported to carry 

numerous side-effects, including hematological toxicity and nephrotoxicity26,27. A 

further complication of these treatments is the evolution of resistance to the agents 

observed amongst HCMV isolates. Resistant strains have been selected in the 

laboratory28-31 but more importantly they have also been recovered from 

immunocompromised patients treated with antiviral agents32-34 

New treatments for HCMV include anti-sense nucleotides to HCMV messenger 

RNA-encoding proteins35, valganciclovir, a pro-drug of ganciclovir or the 

benzimidazole riboside BDCRB, which interferes with the packaging of HCMV DNA 

into the nucleocapsid36. To date, however, available treatments are less than optimal 

and the search for improvement continues. 
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The discovery that cytomegaloviruses encode several genes which are involved in 

immune escape has prompted a new area of research aimed at targeting viral immune 

escape mechanisms as potential anti-viral therapies. By targeting the viral proteins or 

the host proteins they interact with, it may be possible to treat CMV disease by 

agonistic/antagonistic therapy. 

1.2 Murine Cytomegalovirus 
 

The association of MCMV with visceral lesions in mice was first reported by 

McCordock and Smith (1936). Shortly after this demonstration of in vivo MCMV 

infection, the virus was passaged on cultures of murine embryonic fibroblasts 

(reviewed in37). The mouse model of CMV infection has since been shown to 

resemble HCMV disease in many ways38,39 although, notably, transplacental passage 

does not occur in mice40. The biological similarities between MCMV and HCMV 

infections have allowed the mouse model to serve as a useful tool in understanding 

CMV pathogenesis. 

1.2.1 Structure and Replication of CMV 
 

CMVs have a virion structure typical of herpesviruses, which carry a large double-

stranded DNA genome41. The genome is contained within an icosahedral 

nucleocapsid, 100-110nm in diameter, composed of 150 hexameric and 12 pentameric 

capsomers (162 capsomers in total)42,43. Surrounding the capsid is an asymmetrical, 

amorphous layer termed the tegument, which contains a number of structural proteins 

(reviewed by44. The capsid and tegument are enclosed in a lipid bilayer envelope on 

which a number of glycoproteins are expressed. The mature virion ranges in size from 

120 to 300nm owing to variability in tegument thickness (reviewed in45,46). A 

representation of the CMV virion structure is shown in Figure 1. 
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Analysis of short regions of the MCMV genome discovered genes with counterparts 

in the sequenced genome of the AD169 strain of HCMV47-51. However, it wasn’t until 

1996 when Rawlinson and colleagues sequenced the entire MCMV genome that the 

precise location and order of these genes was discovered, along with the identification 

of numerous other open reading frames (ORFs). The genome of MCMV was 

determined to have an overall G+C content of 58.7% and to consist of 230,278bp 

coding for 170 putative ORFs52. The ORFs of MCMV and HCMV are numbered 

sequentially from the left, and prefixed according to their order. MCMV ORFs with 

homology to HCMV are prefixed with an upper case M while non-homologous genes 

are prefixed with a lower case m52. Thus, the 10th ORF in the MCMV genome is 

termed m10 and the 25th ORF M25. Unlike the HCMV genome, which contains long 

(L) and short (S) sequences flanked by complex repeated sequences at the genomic 

termini (TRL/TRS) and the long (IRL) and short (IRS) junctions53, the MCMV genome 

is arranged as a single unique sequence with short (31bp) terminal direct repeats52. 

The lack of complex repeat sequences, which mediate inversion of the HCMV 

genome, means that MCMV exists in only one isomer compared to the four isomers 

of HCMV, (Figure 2). 

Initial infection with CMV begins with attachment of the viral envelope to receptor 

molecules on the host cell membrane. Fusion of the envelope is followed rapidly by 

virion attachment and release into the cytoplasm54. The capsid is then transported to 

the nuclear pores where the viral DNA is released into the nucleus. Gene expression is 

co-ordinately regulated and sequentially ordered55 and can be  
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Figure 1: A Representation of the CMV virion showing the genome, 
nucleocapsid, tegument and lipid envelope. Image produced by Dr Marko Reschke 
and used with permission. 
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Figure 2: Schematic diagram of the HCMV (AD169) and MCMV (Smith) 
genomes. The top line is a size scale in kilobase pairs. The top figure shows the 
HCMV genome, illustrating the terminal (TRL and TRS) and internal (IRL and IRS)  
repeats. The four lines below the HCMV genome show the four isomers of the 
AD169 strain, prototype (P), inversion of S (IS), inversion of L (IL) and inversion of S 
and L (ISL).In contrast the bottom figure shows the short Direct Repeats (DR) at each 
termini of the MCMV genome.  
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divided into at least three phases; an immediate early (IE) phase, an early (E) phase 

and a late (L) phase55,56. In general, the products of the IE genes regulate the synthesis 

of host cell products, E gene products control production of daughter virions and L 

gene encoded proteins form the structural components of the virion (reviewed in57). 

The DNA replication required for daughter virion production is thought to utilise a 

“rolling circle” mechanism involving fusion of the 31bp direct repeats58. The resulting 

concatamers are cleaved into unit lengths to produce individual viral genomes54,58 

prior to capsid assembly within the nucleus. Maturation of CMV is thought to involve 

two sequential envelopment processes of the nucleocapsid59. The first step results in 

egress of the nucleocapsid from the intranuclear site of assembly into the nuclear 

cisternae acquiring a temporary membrane60. The temporary membrane is 

subsequently lost by de-envelopment in the outer nuclear membrane releasing a naked 

nucleocapsid into the cytoplasm. A second envelopment then occurs at the trans-golgi 

membrane from which point the mature virion is transported to the plasma membrane 

for release61. A representation of this process is shown in Figure 3. 

1.2.2 Pathogenesis of MCMV Infection 
 

The usefulness of the mouse model of CMV lies in its similarities to HCMV infection 

and disease. At the biological in vivo level both viruses show similarities in their 

tissue tropism, the establishment of persistent and latent infections and the broad 

range of diseases induced (reviewed in45).  
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Figure 3: Schematic representation of the various compartments involved in the 
CMV infectious cycle: (1) Viral attachment and (2) fusion is followed by release of 
the nucleocapsid into the cytoplasm where it is transported to the  nuclear pores (3) 
for DNA release into the nucleus [N].  Following gene expression and replication the 
DNA is packaged into new capsids (4) prior to budding into the nuclear membrane 
[NM] and acquisition of a temporary envelope (5).  Budding out of the NM releases 
the nucleocapsid (6) before acquisition of the permanent envelope in the trans-golgi 
network (7) and release from the cell (8). Figure modified from Dr Markus Reschke 
and used with permission. 
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1.2.2.1 Factors Affecting the Pathology of MCMV 
 

A single passage of MCMV in vitro results in attenuation62. This attenuation produces 

virus which has reduced virulence in weanling mice, resulting in lower viral titers in 

the liver and spleen. However, attenuation does not affect the ability of MCMV to 

target the sub maxillary glands. Indeed, in vivo passage of MCMV is used to produce 

virulent salivary gland virus (SGV) from attenuated tissue culture virus (TCV). The 

difference between SGV and TCV can be observed morphologically. While SGV 

consists of single capsids surrounded by tegument and envelope, in equal numbers to 

free capsids63, TCV consists of 2-20 capsid virions known as “multicapsid virions”64. 

These virions are still infectious provided they are enveloped64. Recovery of virulent 

SGV is performed during the acute stage of infection or by deliberate viral 

reactivation induced by immunosuppression65. Attenuated viral strains can be 

recovered in vivo during late stage chronic infection 66.  

Like most animal models of human infectious disease, in the mouse model of CMV 

infection age related susceptibility is observed. Newborn mice are highly susceptible 

to MCMV infection67 following which, most organs of the viscera contain high viral 

titres40,68. Increased resistance to MCMV occurs gradually between 21 and 28 days of 

age, a time at which specific immunological functions mature69,70. Weanling mice 

present with greater morbidity and higher viral loads than adult mice until 

approximately 10 weeks of age, when resistance peaks71.  

Increasing resistance to MCMV with immunological maturation suggested that host 

responses to infection may play an important role in pathogenesis. Subsequently it 

was shown that mice with genetic immunodeficiencies, such as NK deficient bg/bg72 

or athymic nu/nu  mice73 are much more susceptible to MCMV infection. 
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Furthermore, studies using immunosuppressive drugs, such as cyclosporin74, have 

been useful in elucidating the role of cellular subsets in MCMV resistance. 

The choice of disease model being studied is dependent upon the route of inoculation 

of virus. Study of MCMV interstitial pneumonitis uses intranasal (i.n) inoculation, but 

can lead to infection of the spleen, liver, salivary gland, adrenals and kidneys if a high 

titre of virus is administered75,76. The disseminated pathology of MCMV is frequently 

studied using intraperitoneal (i.p) or intravenous (i.v) inoculation although i.v 

administration leads to higher mortality77 and a severe rash78. Intracranial inoculation 

has been used to study central nervous system diseases and has shown that newborn 

mice suffer from a lethal necrotising encephalitis79. Weanling mice show a subclinical 

meningoencephalitis79 which is associated with necrotic neuronal degeneration and 

fatal encephalopathy following immunosuppression80. Footpad (f.p) inoculation has 

proven useful for the analysis of anti-viral immune responses in draining lymph 

nodes81. Subcutaneous (s.c) or f.p inoculation of MCMV has also been used to study 

T cell responses mediated by clonal expansion of virus specific T cells in the draining 

lymph82-84. 

1.2.2.2 Disseminated Pathology Associated with MCMV  
 

Early studies of MCMV infection showed that the virus was transmissible by blood 

transfusion85 and that blood borne virus was associated with leukocytes during acute 

infection86. The dissemination of MCMV from sites of initial replication in the 

peritoneal cavity, to various organs, has been shown to occur via blood monocytes87,88 

and differentiation of these cells into mature macrophages has been shown to favour 

productive MCMV infection87,89-92. Interestingly, the depletion of macrophages from 

both the peritoneum and spleen increases viral titres in the visceral organs93,94, a 
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paradox which suggests that while macrophages disseminate MCMV they may also 

be involved in limiting early viral replication.  

During the acute stage of infection the spleen is an active site of MCMV replication. 

Splenic necrosis due to MCMV was first described in the 1930s95 and was later shown 

to occur only in certain strains of mice infected with high doses of virus96. Kinetic 

studies in a range of mouse strains have shown that peak viral titers are observed 

between 3 and 4 days post infection with magnitudes being dependent upon the host’s 

genetic background97,98. The predominant site of infection was shown to be the 

sinusoidal lining cells of the red pulp of the spleen, and to a lesser degree cells with 

morphological features of endothelia99. 

Enlargement of lymph nodes has been observed in MCMV infected mice100 and has 

been associated with low levels of virus replication and a retention of proliferative 

capacity of the lymphocytes101. However, pathological changes were observed102 

including foci of necrosis in the peripheral sinus, beginning 24 h pi, which become 

more prominent by the 5th day, and the formation of intranuclear inclusion bodies in 

large mononuclear cells. 

Progressive atrophy, necrosis and involution of the thymic cortex and medulla are a 

feature of acute MCMV infection102. This is characterised by a severe depletion of 

CD4+ and CD8+ cortical thymocytes despite the fact that MCMV titers in the thymus 

never reach high levels103. The thymic involution associated with MCMV is 

postulated to result from accelerated transit of cells through the organ, a process 

which may reduce elimination of auto-reactive T cells, potentially promoting MCMV 

associated auto-immunity. 
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Acute MCMV infection also leads to liver disease. This is associated with a 

prominent infection of hepatocytes, resulting in high levels of virus replication from 

days 1-4 pi104-106. While hepatocytes are the prominent site of infection, often 

resulting in the characteristic cytomegalic inclusion morphology, infection of Kupfer 

cells has also been reported107. Hepatic necrosis and increases in serum transaminase 

levels have also been reported105, suggesting that hepatitis can be a significant factor 

in MCMV mortality. 

CMV infection of the heart can lead to myocarditis, which develops 5-7 days after 

MCMV infection and persists for up to 100 days, in the absence of detectable 

virus108,109. Myocarditis is observed in immunocompetent or cyclosporin 

immunosuppressed animals, but not in athymic nu/nu mice, suggesting that 

immunopathology rather than viral cytopathology is important in causing disease74. 

The development of disease has been shown to be related to the presence of CD8+ T 

cells and production of autoantibodies to cardiac myosin74,109,110. The severity of 

myocarditis is much greater in mice inoculated on the day of birth38. 

Replication of MCMV has also been detected in the pancreas where it is accompanied 

by an increase in serum lipase/amylase105. The increase in lipase/amylase has been 

associated with mild cellular infiltration and necrosis, most notably in C57BL/10 

mice111. Foci of infection and adrenalitis have been reported in adult112 as well as 

neonatal mice, and can persist for more than a year68. Neonatal mice are also more 

susceptible to kidney disease. At this site MCMV can persist for at least 22 months, 

suggesting that viruria may occur for long periods after acute infection68. 

Infection of adipose tissue has also been reported111; this may be important in MCMV 

reactivation as mobilisation of fat reserves occurs at times of stress (e.g. AIDS, 
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pregnancy). Intradermal or subcutaneous inoculation of MCMV can lead to infection 

of the skin in newborn and adult mice, where infection is confined to the dermis68. 

Intranasal inoculation of MCMV leads to replication of virus in the lungs, peaking at 

5-7 days pi and persisting for several weeks108. In immunocompetent mice the 

inflammatory response comprises mononuclear and polymorphonuclear cells between 

2-4 days pi and is followed by a diffuse interstitial pneumonitis which lasts until 28 

days pi. Cyclosporin A or cyclophosphamide immunosuppressed animals show signs 

of disease for longer periods than their immunocompetent litter mates76. In contrast to 

myocarditis, the degree of pneumonitis correlates with the level of viral replication, 

although other factors are thought to be important113. The critical role of the CD8+ T 

cell subset in the control of pneumonitis was shown by Reddehase and colleagues 

(1985) by adoptive transfer of these cells into mice pre-treated by whole body 

irradiation. Adoptive transfer of CD8+ T cells resulted in the resolution of viral 

infection in the lungs within a period of 1 week. 

During the acute stage of infection, titres of MCMV in the salivary gland can reach 

between 107 to 109 pfu/ g tissue114. Tropism for the salivary gland can be altered by 

deletion of the early gene sgg-1115,116. Viruses lacking the sgg-1 gene replicate to 

much lower titres in the salivary gland, but replication in the visceral organs remains 

identical to that of wild-type virus. Within the salivary gland viral replication occurs 

primarily in acinar cells and highest titres are recovered from the sub maxillary gland, 

followed by the sublingual and parotid glands68. Between 30-40 days pi titres of virus 

in the salivary gland decline, but low levels of MCMV remain detectable throughout 

the life of the infected animal. 
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1.2.2.3 Latency 

The term latency is operationally defined as a persistent infection in which the viral 

genome is present, but gene expression is limited and infectious virus is not 

produced117. Recovery from a primary MCMV infection results in clearance of 

productive viral infection without clearance of the genome from affected organs. 

Current evidence suggests that there are multiple sites at which latency can occur, in 

mice these include whole blood85, heart118, lung119,120, liver121, spleen99,122, brain120, 

salivary glands122,123, prostate123 and kidney124. The lungs are a site of primary and 

recurrent HCMV disease125 and hence the MCMV model has been used for studying 

acute CMV pneumonia113,126-128 as well as latency, reactivation and recurrence of 

infection in the lungs119,129-131.  

Early studies in the lung showed that immunosuppression by irradiation or depletion 

of T cells, resulted in reactivation of virus, indicating that latency was controlled by 

the cellular immune response132,133. More recent data suggest that the absence of 

immune control is not responsible for reactivation. Activation of the major immediate 

early promoter (MIEP), which drives transcription from the ie1-ie3 transcription unit, 

occurs focally and stochastically, selectively generating IE1, but not IE3 

transcripts130. Gamma irradiation of latently infected mice has since shown that while 

reactivation of virus was triggered, the number of transcriptionally active foci in the 

lungs did not increase over time130. Within the lung, focal reactivation varies with 

some foci proceeding past IE1 transcription to IE3 but not gB, others proceeding to 

gB transcription, but only a few actually reaching the stage of viral recurrence131. The 

current working hypothesis for latency and reactivation, therefore, suggests the 

existence of several sequentially ordered control points, which regulate the transition 

from latency to reactivation. The absence of a temporal increase in productive virus 
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following immune cell depletion is not consistent with a model of spontaneous 

reactivation accumulating after withdrawal of immune control, but rather suggests 

that reactivation is an induced event.  

1.3 Immunological mechanisms of resistance to CMV 
infection. 
Both the innate and adaptive arms of the immune response are involved in limiting 

CMV infection in humans and mice. While the early acute stage of infection is 

controlled by type I interferons and natural killer cell responses, the clearance of virus 

from infected organs is dependent upon the CD8+ T cell response (reviewed in134). 

Susceptibility to infection is determined by the host’s genetic composition, which 

determines the magnitude and efficacy of the antiviral responses. While analysis of 

HCMV infection is limited to in vitro assays, numerous in vivo studies utilizing the 

MCMV model have provided detailed descriptions of MCMV interactions with the 

host immune system. 

1.3.1 Host genetics and control of CMV infection 
The susceptibility of various mouse strains to MCMV infection was first described by 

Chalmer and colleagues in 1977 and again by Allan and Shellam in 1984. These 

studies, among others, described variations in titres of virus required to induce disease 

in mice of different strains. Chalmer et al, (1977) further demonstrated that 

susceptibility was determined by both H-2 and non H-2 linked genes and it was later 

established that mice with the H-2k haplotype are 20-30 times more resistant to 

MCMV than strains with the H-2d and H-2b haplotypes71,135,136. This pattern of 

resistance is observed in both newborn and adult mice67. 

Several reports have suggested that MHC proteins may serve as receptors for MCMV 

entry into host cells137-139. The sensitivity of numerous cell lines and macrophages to 
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infection with MCMV is associated with their MHC class I haplotype. MHC 

haplotype also correlates with the sensitivity of mice to MCMV infection in 

vivo135,138. Studies using mutant and transfected cell lines expressing various MHC 

class I genes indicated that although all class I proteins conferred sensitivity to 

MCMV infection, H2-Dd and Kb were most efficient139. mAbs directed against MHC 

class I molecules can inhibit MCMV infection, supporting the role of these molecules 

in virus entry138,139.  

The finding that HCMV is coated with β2 microglobulin (β2m) led to the suggestion 

that HLA class I molecules may serve as entry receptors for HCMV by forming a 

bridge between the virion-surface bound-β2m and MHC class I heavy chains on the 

cell surface140-142. This hypothesis was supported by the observation that propagating 

permissive fibroblasts in β2m free medium impaired HCMV infection141.  

In contrast to HCMV, the absence of β2m from the virion envelope of MCMV, and 

the moderate enhancement of infection after the addition of β2m to the culture 

medium143, suggest that the function of β2m is not to provide a bridge between the 

virus and MHC I molecules. A cell line in which reduced sensitivity to MCMV 

infection was associated with the lack of β2m gene expression indicated that stable 

expression of correctly folded class I molecules was required for infection139. 

Similarly, a requirement to expose tertiary MHC class I molecules at the cell surface 

was demonstrated by using cells which lack a peptide transporter (TAP) gene and 

consequently fail to express peptide filled MHC class I at the cell surface. 

Stabilization of empty MHC class I molecules by cognate peptides improved MHC 

class I surface expression and infectivity with MCMV139. 
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Assessment of the biological importance of correct MHC class I expression  was 

performed by Polic and colleagues in 1996, through the use of β2m-/- deficient mice 

lacking tertiary MHC class I complexes. Viral titres in organs from these animals 

were indistinguishable from those observed in their heterozygous littermates. 

Furthermore, embryonic fibroblasts from the β2m-/- deficient mice showed 

infectability and virus productivity similar to those observed in control cells 

expressing high levels of trimolecular MHC class I complexes144. In contrast to the 

published in vitro data, which suggest that MHC class I molecules serve as receptors 

for MCMV139,143, the results of Polic et al., (1996) indicate that the absence of MHC 

class I complexes does not affect the capacity of MCMV to spread and replicate in 

vivo and in vitro. 

Recent evidence has shown that HCMV glycoprotein B is a ligand for the dendritic 

cell specific ICAM-3 grabbing nonintegrin (DC-SIGN)145. Transfection of non-

permissive cell types with DC-SIGN rendered them susceptible to HCMV infection 

while blocking with DC-SIGN specific mAb prevented viral replication145.  

While there is no evidence for genetic resistance to HCMV, variations in the levels of 

viral replication in fibroblasts from different donors can be observed (Dr J. Allan, 

Department of Medicine, University of Western Australia, personal communication). 

Furthermore, there is no reported evidence of HLA correlation to HCMV 

susceptibility.  

The efficacy of non-specific immune responses to MCMV infection can also be 

linked to non-H-2 mediated effects, such as IFN production146 and natural killer (NK) 

cell activity72,147-149. Following MCMV infection the non H-2 mediated effects are 

much stronger in mice with the C57BL, C3H or CBA backgrounds than in BALB or 
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A/J mice. The induction of cytotoxic T lymphocytes (CTL), humoral immunity or 

delayed type hypersensitivity (DTH) are also influenced by non H-2 linked 

genes150,151 Dr. J. Allan, Department of Medicine, University of Western Australia, 

personal communication). 

1.3.2 Non specific host defence mechanisms to CMV 
Innate immunity is important in controlling CMV pathogenesis during the acute stage 

of infection, or in the absence of specific immunological surveillance. Dendritic cells 

are major players in the stimulation of innate immunity and the induction of a primary 

immune response. The role of DC following MCMV infection will be discussed in 

detail in section 1.6. 

1.3.2.1 Innate Cytokine Production 

MCMV infection can be inhibited by the antiviral effects of the innate cytokines IFN-

α/β152-154, IL-6155, IFNγ152,153,156,157, TNF157 and IL-12158-161. The effects of these 

factors on both MCMV replication and in vivo protection have been well 

documented162-165 yet whether the effects are direct or indirect has not been fully 

addressed. 

Orange and Biron, (1996), proposed a model of cytokine production preceding and 

influencing NK cell activation during MCMV infection, (Figure 4). Their studies 

demonstrated that virus induced IFN-α/β, TNF and IL-12, but not IFN-γ, were 

produced independently of NK and T cells and mediated direct antiviral effects. 

Furthermore, IFN-α/β induced blastogenesis and cytotoxicity in NK cells, while 

 

 

 28



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
IFN α/β 

 
 
 

TNF 
 
 
 

Il-12

MCMV 

Mφ ANTIVIRAL 
EFFECTS 

 
 
 
A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
NK 

IFN α/β 

(-) 

(+) 

Cytotoxicity and 
Blastogenesis 

TNF 

IFN-γ 

 
IL-12 

 
 
 
B 
 
 
Figure 4: Model of early events during MCMV infection. (A) Preceding NK cell 

activation MCMV infects macrophages and induces IFN-α/β, TNF and IL-12, all  of 

which have NK cell-independent antiviral effects. (B) IFN-α/β results in blast NK 

cells and NK cell-mediated cytoxicity in the spleen while IL-12 induces NK cells to 

produce antiviral IFN-γ. TNF co-operates with IL-12 for induction of NK cell IFN-γ, 

but negatively influences IFN-α/β induced NK cell cytoxicity.  
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IL-12 induced IFN-γ production160. TNF was shown to co-operate with IL-12 to 

influence NK cell mediated IFN-γ production, but had a negative effect on IFN-α/β 

driven NK cell cytotoxicity160. IL-6 was shown to be pivotal for the glucocorticoid 

response in a virus dependent manner155. 

HCMV induced induction of IFN-α/β has been described in vitro and in 

bronchoalveolar lavage fluid and plasma of patients with HCMV pneumonitis 

(reviewed by57. The antiviral action of IFN has been demonstrated against both 

laboratory and clinical isolates of HCMV166 and prophylactic treatment of renal 

transplant patients reduces the levels of virus excretion167 as well as controlling 

disease severity168. Assessment of the serum levels of IL-6, IL-8 and TNF-α showed 

increases in all three cytokines following HCMV infection resulting from allogenic 

bone marrow transplants169. 

1.3.2.2 Natural killer cells 

NK cells are an important component of the innate immune response during 

herpesvirus infections: longitudinal studies in humans have demonstrated that patients 

with absent or low endogenous NK-cell numbers are abnormally susceptible to 

herpesvirus infections170,171. Considerable evidence for the role of NK cells in 

combating herpesvirus infections has come from studies of MCMV. Bancroft et al. 

(1981) demonstrated a positive correlation between the level of NK cell activity and 

resistance to lethal MCMV disease in different mouse strains. Mice deficient in NK 

cell function as the result of genetic mutation (homozygous beige) exhibit enhanced 

morbidity and mortality following MCMV challenge72,172,173. Furthermore, NK cell 

depletion and reconstitution experiments demonstrated a protective role for NK cells 

during MCMV infection174-176. 
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Replication of MCMV in the spleen is controlled by an autosomal dominant non H-2 

encoded gene, designated Cmv198. The Cmv1 gene effect is mediated by a subset of 

NK1.1+ cells which limit the replication of MCMV in the spleen, but not liver, of 

mice with the C57BL/6 background149. Cmv1 maps to the distal segment of mouse 

chromosome 6 in a region defined as the natural killer complex (NKC)149,177. The 

NKC encodes proteins that affect NK-cell functions and includes members of the 

Ly49 and Ly55 multigene families178. The Ly49 family belongs to a group of 

transmembrane proteins that share common properties: they are dimeric type II 

transmembrane proteins whose extracellular domains have structural features of 

calcium dependent (C-type) lectins. Most of the Ly49 NK cell receptors have been 

shown to bind MHC class I molecules179,180. The interactions between Ly49A, Ly49C 

and Ly49G2 and their respective MHC class I ligands, have an inhibitory effect on the 

NK cells, whereas the Ly49D and Ly49H NK cell receptors activate NK cells181-183. 

High resolution linkage studies indicated that the Cmv1 gene mapped closely to the 

Ly49 gene family184,185. By utilizing congenic mouse strains and a spontaneous 

mutant strain that varied in NKC gene expression186 the identity of the Cmv1 gene 

was defined as Ly49-H183.  

How NK cells are mobilized in vivo during virus infection has been the focus of 

extensive research. Current data suggest that NK cells retard the replication and 

dissemination of viruses by a combination of direct lysis and the release of antiviral 

cytokines187,188. The work of Tay and Welsh, (1997) revealed a dichotomy in the 

mechanisms involved in NK cell-mediated clearance of MCMV from C57BL/6 mice, 

whereby control of infection in the spleen was shown to be perforin dependent, but 

IFN-γ-independent, whereas in the liver it was perforin-independent, but IFN-γ 

dependent189.  
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Studies using HCMV in vitro have demonstrated an increase in the expression of 

ICAM-1 and LFA-3 on infected fibroblasts, leading to an increased susceptibility to 

NK cell killing190,191. However, clinical observations in humans have not established a 

conclusive role for NK cells in reducing the severity of HCMV disease. While it has 

been shown that increases in NK cell numbers and activity during HCMV infection 

are associated with a favorable clinical outcome192,193, it has been suggested that NK 

cells might also contribute to HCMV disease pathology194.  

1.3.2.3 Monocyte/Macrophages 

Blood monocytes and tissue macrophages are thought to play a major role in the 

pathogenesis of CMV infections. Several studies have shown that these cells serve as 

targets in infected organs, are vehicles for viral dissemination and also act as 

reservoirs for latent virus (reviewed in195). In mouse bone marrow, MCMV 

predominates within stromal cells196, although infection of hematopoetic progenitors 

has also been reported197,198. Circulating blood monocytes disseminate MCMV during 

acute infection87-89 and the subsequent differentiation of these cells into macrophages 

favors productive MCMV infection90-92,199,200. Histological analysis of acutely 

infected spleens has shown that virus localizes to areas corresponding to marginal 

zone macrophages88,201. Cells of the monocyte/macrophage lineage have also been 

shown to harbor latent MCMV197,198,202. 

In addition to their role as targets of MCMV infection, macrophages are important in 

innate immune responses to MCMV. The induction of TNF-α and IFN-γ following 

MCMV infection requires the presence of tissue macrophages94. Depletion of tissue 

macrophages, by administration of liposomes containing dichloromethylene 

bisphosponate (Cl2MBP), significantly increases the titres of MCMV in the spleen93,94 

and lungs93 of both susceptible and resistant mice. On the basis of these results 
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Hanson et al., (1999), have suggested that tissue macrophages serve a net protective 

role by acting as filters which protect other highly permissive cells from MCMV 

infection. 

Frequent detection of HCMV DNA, RNA or antigens has been reported in progenitor 

cells of the monocyte/macrophage lineage, peripheral blood monocytes and in 

differentiated macrophages infected in vitro or in vivo195,203-212. Similar to MCMV, 

infected blood monocytes, likely derived from infection of bone marrow progenitors, 

may disseminate HCMV195,213 while the nonpermissive monocytes harbor latent 

DNA205,214,215 which reactivates upon cellular differentiation206,207,216-219. 

1.3.3 Adaptive immunity and CMV infections 
The large genome size of the cytomegaloviruses (170-200 ORFs) affords the potential 

to encode for a multitude of antigenic peptides which may be recognized by the 

effectors of adaptive immune responses. Numerous studies have established the 

importance of adaptive immune responses in protection against disease. Hence, the 

focus of MCMV research has been to identify immunodominant antigens able to 

induce protective immunity, with the hope of generating effective subunit vaccines. 

1.3.3.1 B cells and the humoral response 

Lawson et al., (1988), studied the kinetics of antibody production following MCMV 

infection of genetically resistant and susceptible strains of mice. IgM antibodies are 

first detected within 3-5 days and peak at 10 days p.i. IgG antibodies are first 

detectable from days 5-7 pi and peak at day 20151. Neither antibody titres nor the time 

of first appearance correlate with resistance status151, indicating that antibodies do not 

play a major role in controlling primary MCMV infections. From the work of Price et 

al., (1993), it appeared that  IgG antibodies were predominantly IgG2b or IgG3, 

however a later study found the most pronounced increase to be in IgG2a, followed 
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by IgG1 > IgG3 > IgG2b220. The increase in IgG production arose via polyclonal B 

cell activation, which was independent of CD4+ T cells and CD40-CD40L 

interactions220. 

A general role for antibody in limiting CMV disease can be observed following 

passive transfer of MCMV specific antibodies. Viral dissemination and morbidity are 

reduced in naïve mice treated with antibodies prior to MCMV infection, although 

latency can still establish221-223. The transfer of antibodies from resistant B10.BR or 

susceptible BALB/c is equally efficient at reducing viral tires in visceral organs of 

susceptible BALB/c mice151. Furthermore, passive transfer of anti-gB antibodies or 

immunization with vaccinia expressing MCMV gB protects mice against lethal 

MCMV challenge224,225. While the transfer of antibodies goes some way to protecting 

mice from MCMV, mice incapable of Ig synthesis clear virus and establish latency 

with kinetics similar to those observed in normal mice226. Following reactivation, 

however, the viral load in B cell deficient mice is increased 100-1000 fold226.  

Immunoblotting studies identified a total of 22 structural and 6 non-structural 

immediate early MCMV proteins reactive with antibodies present in hyperimmune 

sera227. Increased virus doses or a second MCMV challenge resulted in earlier 

detection and higher levels of serum antibodies specific for individual viral 

proteins227. Host genetic composition was found to be important in determining the 

kinetics and intensity of antibody responses. Following MCMV infection of C57BL/6, 

but not BALB/c mice, antibodies to a 56kD structural viral protein were observed227. 

The humoral response in normal individuals following primary HCMV infection 

comprises an initial transient IgM response which is followed by persisting levels of 

IgG. Reactivation of the virus in immunocompromised patients results in increased 
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IgG titres, but may not induce production of IgM (reviewed by228. HCMV infection 

can occur in the presence of virus-specific antibodies, but it is usually associated with 

a more moderate course of disease. This is highlighted during pregnancy or following 

renal transplants which are less severe in the presence of pre-existing 

antibody13,229,230. For this reason passive transfer of antibodies has been used 

successfully to provide a beneficial effect on clinical outcomes of CMV 

infection231,232. 

In a study using juvenile rhesus macaques infected with rhesus cytomegalovirus 

(rhCMV), anti-rhCMV IgM antibodies were first detected within 1-2 weeks pi, prior 

to development of IgG antibodies within 2-4 weeks pi233. Host reactivity to rhCMV 

proteins was further shown to increase in titer (total and neutralizing antibodies) and 

avidity over time.  

1.3.3.2 The response of T cells to CMV 

Recovery from CMV correlates with a cellular immune response in which the 

importance of T cells has been well established. The relevance of T cells was first 

demonstrated when Starr and Allison (1977) showed that adoptive transfer of T 

lymphocytes from immune donors protected naïve mice from lethal challenge with 

MCMV. Further studies showed that T cell deficient nude mice or T cell depleted 

mice were more susceptible to infection than their littermate controls73,234. As for 

innate immunity, the contribution of T cells to MCMV control has been reported to 

vary in different strains of mice. This was demonstrated in mice carrying the nude 

mutation, where BALB/c mice were shown to be more susceptible than mice of the 

CBA/CaH strain73. Furthermore, in vivo depletion of CD8+ and CD4+ T cells prior to 

MCMV infection has been associated with an increase in liver, spleen and salivary 

gland titres in A/J but not CBA/CaH mice235. The requirement for T cells during 
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HCMV infection is confirmed by clinical observations where patients undergoing 

immunosuppressive therapy, or suffering AIDS, show severe HCMV disease 

manifestations in the presence of normal circulating antibody levels1,13,17,236,237. 

1.3.3.2.1 The CD8+ cytotoxic T cell response 

In the immunocompetent host HCMV and MCMV are held in check by CD8+ T cells. 

Early studies showed that adoptive transfer of MCMV specific T cells cleared virus in 

a H-2D or H-2K restricted manner, which provided the first evidence that protection 

from MCMV could be mediated by cytotoxic T cells (CTL)238. Subsequent work 

identified MCMV specific CTL as early as 2-3 days pi in lymph nodes draining the 

site of infection. Limiting dilution analysis showed that the frequency of sensitized 

precursors peaked between 4 and 8 days pi, however numbers were low ranging from 

1/25000 to 1/5000 cells depending on the dose of virus used239. Clonal expansion of 

these precursors could be achieved in vitro using IL-2 or IL-2 and viral antigen, 

leading to increases in the levels of detectable cytotoxicity82,239,240. 

Adoptive transfer of MCMV specific CD8+ T cells to irradiated, MCMV infected 

mice was shown to limit viral replication in the liver, spleen, adrenal glands and lungs 

and to promote auto reconstruction of bone marrow128,241-243. Successful clinical trials, 

involving antiviral cytoimmunotherapy, have been performed following the 

identification of an inverse correlation between reconstitution of CD8+ T cells after 

bone marrow transplantation  and HCMV disease25. Recent data from the MCMV 

model indicate that CD8+ T cells are not only involved in terminating the primary 

infection, but also limit the load of latent virus244, lower the risk of recurrence244 and 

help maintain viral latency by preventing productive re-activation245. 
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It would be expected that MCMV should elicit numerous antigenic peptides, given the 

extensive coding capacity of its genome. However, this is not the case as only a very 

limited number of proteins have been shown to be processed through the MHC-I 

pathway for antigen presentation to CD8+ T cells. Non-structural components of the 

infectious MCMV particle, corresponding to the regulatory immediate-early (IE) 

phase proteins, were first recognized as immunogenic in 1984246. Subsequently an 

antigenic nonapeptide derived from the 89Kda IE1 protein (pp89), which is presented 

in H-2d haplotypes by Ld, was identified as immunodominant247.  

Several studies have established that pp89 specific CTL act as potential antiviral 

effector cells both in vitro and in vivo. Firstly, CTLs recognize the pp89 MCMV 

epitope produced in Ld transfected cells by the vaccinia recombinant MCMV-IE1-

VAC248. Furthermore, immunization of mice with MCMV-IE1-VAC sensitized CTL 

to recognize MCMV infected cells and transfectants expressing pp89249. The 

recombinant virus was also able to protect mice from lethal MCMV challenge250 and 

adoptive transfer of pp89 specific lymphocytes to irradiated naïve mice reduced 

morbidity and mortality (reviewed in251).  

The paucity of antigenic proteins can be explained by the effect of early (E) gene 

products in immunomodulatory functions. The general concept for the E phase 

proteins is that they interfere with the MHC-I pathway of antigen processing and 

presentation (see 1.4). Thus, to be an antigenic peptide the prevailing wisdom 

suggests that the protein must be processed and presented prior to expression of the E 

phase “immune evasion” genes. However, the m04 E gene product gp34, which was 

previously shown to bind MHC-I in the endoplasmic reticulum and mediate 

trafficking of the complex to the cell surface252, was found to be itself a target for 

 37



CTL253. This protein yields an antigenic nonapeptide that accounts for the induction 

of antiviral, in vivo protective CD8+ T cells253. 

1.3.3.2.2 The CD4+ T Helper Response 

Depletion of CD4+ T cells, alone or in combination with CD8+ cells, results in 

increased viral titres in the liver, spleen, lung and salivary glands of MCMV infected 

mice235,254. Furthermore, passive transfer of CD4+ cells to MCMV infected nude mice 

reduces viral replication in the adrenal glands255. Further experiments revealed that 

antiviral CD8+ responses to MCMV could be initiated and maintained in the absence 

of CD4+ T cells254. This effect was still evident 6 weeks after infection of CD4 

depleted mice and was demonstrated by adoptive transfer of MCMV-specific CD8+ 

cells to MCMV-infected immunodeficient mice. While this suggests that CTL are 

essential for recovery, independent of CD4+ T cells, it may be necessary to re-evaluate 

this hypothesis. Clearance of MCMV from the salivary glands of several inbred 

mouse strains depends on CD4+ T cells and IFN-γ254,256,257 and in CD8+ depleted 

mice, elimination of virus from all organs requires the presence of CD4+ cells258. 

CD4+ T cells also help to control viral replication and are involved in clearance of 

HCMV259-261. The UL83 protein is a dominant target of proliferative responses for 

CD4+ T cells262 while other reported targets include IE-1, gB (UL55), IE-2, pp71 

(UL82) and the MHC class I homologue UL18263,264. It is also likely that CD4+ T cells 

play an important role in the response to HCMV via production of cytokines, such as 

IFN-γ and IL-2228. 

1.4 Immune Evasion: Interactions between viruses and the 
host immune system 
The success of a pathogen is measured by its ability to infect and remain undetected 

for the lifetime of its chosen host. A pathogen which causes overt disease or indeed 
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mortality, reduces its success as the ability to replicate terminates with the death of its 

host. In order to establish a lifelong infection, viruses must overcome several 

obstacles. Firstly, the skin and epithelia provide mechanical protection against 

infection. Secondly, when the epithelia is breached, there is a rapid deployment of 

cells and molecules of the innate immune system acting as the next line of defence. 

Finally, lasting immunity is provided by the acquired immune system, allowing re-

exposure to viruses to occur without significant morbidity. The continuous interaction 

between viruses and hosts has shaped many aspects of the immune system, but has 

also resulted in the generation of viral counter-measures for immune escape. 

1.4.1 Mechanisms of immune evasion by viruses other than CMV 
Upon first encounter with a foreign body the host is able to initiate a series of 

responses which ultimately lead to immunity. The initial encounter is managed by the 

innate arm of the immune system and involves cells such as macrophages, 

granulocytes, NK cells and dendritic cells. Innate immunity can occur as a result of 

recognition of microbial products by non-clonally distributed receptors that recognize 

certain molecular patterns (Pattern Recognition Receptors-PRR) or may be due to the 

absence of “self” expression mediated for example by down regulation or lack of 

MHC-I molecules. 

Initiation of innate immunity may lead to the induction of an acquired response to the 

invading pathogen. Although the distinction between innate and adaptive immunity is 

becoming harder to define, it is increasingly more obvious that the initiation of 

adaptive immunity is dependent on innate responses. Adaptive immunity arises from 

the re-arrangement of genes encoding T cell receptors  and B cell immunoglobulins. 

Recognition of foreign peptides in the context of MHC-I or II results in clonal 

expansion and increasing avidity of peptide specific B and T cells. So while innate 
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immunity is the trigger, the act of final clearance is most often left to the cells of the 

adaptive immune system.  

While this oversimplification makes the immune response appear invulnerable, the 

effector mechanisms involved in clearance of invading pathogens are the target of 

numerous modifications by viruses in an attempt to overcome clearance. The first of 

these to be described, antigenic variation  as a means to escape antibody and CTL 

responses, although clinically relevant is beyond the scope of this review, which aims 

to detail the viral mechanisms which specifically target host immune responses. 

The T cell receptor of CD8+ CTLs recognizes peptide in the context of MHC class I 

on infected cells and APCs. The ability of MHC-I to present endogenously derived 

peptides makes surface expression of Class I molecules essential for antiviral 

immunity. It is not surprising then that viruses have evolved several strategies to 

down regulate the surface expression of MHC-I at the transcriptional and post-

translational level. 

1.4.1.1 Inhibition of MHC Class I Restricted Antigen Presentation 
 
1.4.1.1.1 Inhibition of the generation of antigenic peptide 

In order for recognition to occur antigenic peptides must be processed in the cytosol 

before presentation by class I molecules. Interference with the generation of antigenic 

peptides is utilized by a number of viruses as a means of immune evasion To prevent 

immune recognition Epstein Barr Virus (EBV) utilizes the EBV nuclear antigen-1 

(EBNA-1) protein. During latency the EBNA-1 protein is expressed, but CTLs 

specific for EBNA-1 fail to be activated. CTL specific for EBNA-1 are generated 

during T cells development which suggests that EBNA-1 peptides are not presented 

by MHC-I265. The EBNA-1 phosphoprotein contains a 239 residue stretch of Gly-Ala 
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repeats which have been implicated in inhibiting its degradation266. The identification 

of EBNA-2,-3 and –4 proteins, which do not contain Gly-Ala domains and whose 

processed peptides are presented in the context of MHC-I267,268, reinforces this 

hypothesis. 

HIV and influenza, to name but two examples of RNA viruses, can modify antigenic 

peptides through random mutations. While not discussing antigenic drift/shift, it 

should  be noted that structural variation in antigenic proteins can interfere with 

proteolysis, peptide transport or association with MHC products. An antigenic peptide 

derived from HIV can even act as an antagonist269,270 which prevents HIV specific T 

cells from being activated.  

1.4.1.1.2 Inhibition of the Transporter of Antigenic Peptide (TAP) 

In order for stable MHC-I molecules to be expressed at the cell surface, they must 

associate with peptide. The translocation of peptide from the cytosol to the lumen of 

the ER occurs via the transporter of antigenic peptide (TAP) complex. Herpes simplex 

virus 1 (HSV-1) and HSV-2 express a soluble 9kDa IE gene product, infected cell 

protein 47 (ICP47), that prevents peptide transport271-273. By interacting with TAP1 

and TAP2 on the cytosolic side of the ER, ICP47 prevents peptide binding to MHC-

I274,275 by weakening the association between TAP1 and TAP2276. Adenovirus 

E3/19kDa protein (E19) is also capable of binding to the TAP complex, 

independently of the association between TAP/MHC-I/Tapasin, to inhibit peptide 

loading of MHC-I molecules277. 

1.4.1.1.3 Inhibition of MHC Class I Surface Expression 

Adenovirus E19 retains both human and murine class I molecules in the ER and, in 

doing so, prevents the display of MHC-I complexed adenovirus peptides278. E19 binds 
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to the α1 and α2 domains of MHC-I279,280 with allelic preference281. A dilysine motif 

in the cytoplasmic tail of E19 interacts with coat protein-1 (COP-I), which is involved 

in vesicle retrieval between the ER and Golgi and is a common ER retention 

motif282,283. 

HIV expresses two proteins that modulate the expression of surface MHC-I, Nef and 

Vpu284. The Nef protein localizes to the plasma membrane and accelerates 

endocytosis of class-I complexes which are rapidly targeted to lysosmes for 

degradation285. Residues in the cytoplasmic tail of HLA-A and HLA-B make them 

susceptible to Nef mediated endocytosis285,286 which is sufficient to abolish 

recognition by CD8+ CTLs287. The specific targeting of HLA-A and –B but not –C 

and –E locus products may be relevant for NK cell recognition (see 1.4.1.4 Inhibition 

of NK cells)288-290. While Nef increases MHC class I endocytosis and proteolysis, Vpu 

prevents cell surface expression of newly synthesized MHC class I molecules by 

destabilization291, thus offering HIV two redundant mechanisms to prevent MHC-I 

expression.  

1.4.1.2 Inhibition of MHC Class II Restricted Antigen Presentation 
 
1.4.1.2.1 Inhibition of Surface Expression of Class II Molecules 

When pathogens enter the endocytic pathway, by phagocytosis or receptor mediate 

endocytosis, their proteins are degraded into antigenic peptides which are presented 

by MHC class II molecules to CD4+ T cells292,293. Activated CD4+ T cells then 

stimulate the development of CTLs294. 

The EBV gene BZLF2 encodes for a 42 kDa type II membrane glycoprotein that 

interacts with cell surface and intracellular MHC class II molecules. The BZLF2 

protein interferes with T cell activation and possibly the presentation of antigenic 
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peptides295,296. Infection of class II+ cells with the HSV-1 KOS strain redistributes 

class II molecules away from the endocytic compartment and thus prevents antigen 

presentation297. 

1.4.1.2.2 Interference with the endocytic pathway 

Vesicle transport to and from the cell surface is important for delivering cargo to its 

proper destination298. This process is both complex and highly organized and is 

discussed in more detail as it pertains to viral interference elsewhere299. Because 

MHC class II molecules must exploit both the secretory and endocytic pathways to 

perform their function, the complexity of the transport pathway affords many possible 

targets for interference.  

Bovine papillomavirus (BPV) E6 interacts with adaptor protein-1 (AP-1)300 which is 

involved in  vesicle formation at the trans-golgi network (TGN) and targets vesicles to 

early endosomes. This interaction is thought to alter the processing of cellular proteins 

and affect their trafficking in the endocytic pathway. BPV E5 is known to interact 

with vacuolar H+ ATPase301 which inhibits degradation of cell surface receptors302-304 

suggesting an influence on acidification of endocytic compartments and altered 

processing of antigenic proteins. 

The interaction of HIV Nef with MHC-I and CD4 (See 1.4.1.1 and 1.4.1.3) places Nef 

in close proximity to class II molecule containing compartments. Nef associates with 

Nef-binding protein 1305 a protein homologous to the 56 kDa subunit of the vacuolar 

H+ ATPase proton pump. Similar to E5 this protein may affect MHC-II vesicle 

acidification and subsequent presentation of antigenic peptides. 
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1.4.1.3 Downregulation of CD4 by Human Immunodeficiency Virus 

HIV-Nef interacts with surface expressed CD4 to induce a 5-10 fold increase in CD4 

endocytosis which is followed by translocation of CD4-Nef to the lysosome306,307. The 

rapid endocytosis of CD4 depends on the ability of Nef to interact with the endocytic 

machinery306,307. This interaction occurs between Nef and the µ chains of the A P-1 

and AP-2 complexes, but not the α, β or γ subunits285,308. The rapid endocytosis of 

CD4 by Nef may not be as simple as linking CD4 to the endocytic machinery as Nef 

is also known to interact with a subunit of vacuolar ATPase (see 1.4.1.2.2) which is 

involved in endocytosis of CD4305. CD4-Nef is targeted to early endosomes via the C-

terminal portion of the βCOP protein of the COP-I complex306,309. Downregulation 

and degradation of CD4 allows the production of infectious virions310,311 and prevents 

activation of infected Th cells via MHC class II antigen presentation. 

1.4.1.4 Inhibition of Cytokine Action 

Cytokines are secreted polypeptides that co-ordinate immune responses such as 

cellular activation, differentiation and chemotaxis. Cytokines can be rapidly induced 

following viral infection and are critical for the induction and maintenance of innate 

and acquired immunity. Consequently these proteins have become targets for viral 

interference 

1.4.1.4.1 Inhibition of cytokine production 

The most effective way to prevent antiviral cytokine responses is to block their 

production. This is most evident in the interaction with Interferon (IFN) synthesis. 

IFN is produced in response to double stranded RNA (dsRNA) produced during viral 

infection. Type I IFN arrest protein translation, cellular proliferation and upregulate 

enzymes that degrade viral RNA312. For example, IFN-regulatory factor 3 (IRF-3) 

becomes phosphorylated during viral infection, allowing it to bind the transcription 
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co-factor CBP/p300 to stimulate IFN-α/β transcription. Adenovirus E1A circumvents 

this response by disrupting this interaction313-316. 

Numerous cytokines require post-translational processing to become active. Members 

of the poxvirus family can inhibit maturation of IL-1β by synthesizing polypeptide 

inhibitors of ICE317,318. Other strategies of cytokine blockade involve exploitation of 

cellular pathways to suppress cytokine synthesis. This is most evident in measles 

virus (MV) infection of DC which suppresses IL-12 production. The mechanism 

involves MV haemagluttinin binding to CD46, which promotes viral uptake and 

suppresses IL-12319. 

1.4.1.4.2 Interference with receipt of cytokine signals 

Large DNA viruses, such as herpes- and poxviruses, encode secreted cytokine 

receptors. The action of these “viroceptors” appears to involve binding of the host 

cytokines, thus out competing the host receptors320. Poxvirus encoded TNFR 

homologues, CrmB and CrmC, bind TNF and impede interaction with cellular 

receptors321,322 thus negating its antiviral effects312. Similarly, orthopoxviruses possess 

soluble IFN receptors that interact with IFN from a broad range of species accounting 

for their broad infection range. B18-R, the vaccinia type I IFN receptor homologue, 

interacts with IFN-α from several species323. The biological relevance of B18-R is 

evident as B18-R mutants are attenuated in the mouse323. Similarly B8-R, a vaccinia 

IFN-γ receptor homologue, blocks the biological activity of cow, human, rabbit and 

rat IFN-γ324-326. In contrast Myxoma virus B8-12 homologue, M-T7, inhibits only 

rabbit IFN-γ, consistent with its narrow host range327. M-T7 also disrupts chemokine 

gradients328, thus inhibiting the normal action of chemokines which recruit leukocytes 
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to sites of inflammation329. M-T7 diminishes leukocyte extravasation by binding α-

helix heparin binding regions of CC, CXC and C chemokine sub families328. 

Viruses can use membrane bound cytokine receptors to inhibit cytokine action or 

directly target the receptors for inactivation. T-lymphotrophic HHV-6 and 7 

downregulate surface expression of the chemokine receptor CXCR4 following 

infection of CD4+ T cells330. This results in diminished chemotaxis in response to the 

CXCR4 ligand, stromal cell derived factor-1330,331. In contrast, HHV-8 targets specific 

T helper subsets by interacting with differentially expressed chemokine 

receptors332,333. HHV-8 CC chemokine vMIP-1 interacts specifically with CCR8 

expressed preferentially by Th2 cells. Thus, Th2 cells are recruited to sites of viral 

infection, biasing Th1/Th2 balances in favor of the virus334,335. In a similar fashion, 

MCV encodes several proteins with homology to IL-18 binding protein: MC-51L, 

MC-53L and MC-54L336. IL-18 binding protein sequesters IL-18, a potent activator of 

NK cell cytotoxicity336,337. 

1.4.1.4.3 Interference with cytokine effector function 

Because they reside intracellularly, viruses are particularly efficient at intercepting 

and exploiting signals evolving from cytokine receptors. This is best exemplified in 

the type I IFN signal cascade. Signal transduction from the type I IFN receptor is 

mediated by the JAK/STAT pathway. Adenovirus E1A downregulates STAT-1338 

while HHV-8 K19 (vIRF) contains a DNA-binding domain which appears to mimic 

cellular regulatory factors such as IRF-2. vIRF thus competes for IFN stimulated 

response element binding without stimulating transcriptional activation, thereby 

repressing the IFN response339. As viruses rely on host translational apparatus for 

viral replication, the target of many IFN induced proteins are transcriptional 

modifiers. IFN stimulates the synthesis of dsRNA-dependent protein kinase (PKR) 
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which blocks protein synthesis by phosphorylating the α-subunit of the translation 

initiation factor eIF2. HSV-1 γ134.5 directly counteracts this by activating protein 

phosphatase 1α to dephosphorylate eIF2α340. Hepatitis C envelope protein E2 is 

highly homologous to both the PKR autophosphorylation sequence and the eIF2α 

phosphorylation motif allowing inhibition of PKR341. A second dsRNA-dependent 

enzyme induced by Type I IFN, 2’-5’-oligoadenylate synthetase [2-5(A)] polymerizes 

ATP into 2’-5’-linked oligoadenylates of various lengths. 2’-5’(A) activates RnaseL 

to degrade viral and cellular RNA, inhibiting protein synthesis342. HSV thwarts Rnase 

activity by producing 2’-5’(A) inhibitory analogues343 

1.4.1.5 Inhibition of Natural Killer Cell Lysis 

NK cells are important effectors of innate immunity and aid in anti-viral defence by 

direct cellular cytotoxicity and/or the production of pro-inflammatory cytokines. As 

outlined in section 1.4.1.1 many viruses have developed effective strategies for 

eluding CD8+ T cell cytotoxicity by interfering with MHC class I presentation and 

processing. A clear involvement of MHC class I in NK cell recognition was 

demonstrated in 1986 by Klas Karre and colleagues344. They showed that the RMA T-

cell lymphoma (derived from the Rauscher virus-induced murine cell line RBL-5) 

grew progressively in syngeneic mice, but that an MHC class I negative variant, 

RMA-S, was rejected by host NK cells. This observation predicted the existence of 

inhibitory NK cell receptors for MHC class I and led to the development of the 

“missing-self” hypothesis. This hypothesis proposes NK cell activation and the 

clearance of target cells in the absence of MHC class I molecules345. Having 

cultivated effective strategies for evading CD8+ T cells an immunoevasive virus must 

also have found a way to escape NK cell mediated lysis. 
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Human MHC class I products vary in their ability to activate T cells or inhibit NK 

cells. Whereas HLA-A, -B function primarily to present peptide to cytotoxic T cells, 

HLA-C, -E and -G are thought to function by inhibiting NK cell mediated lysis. 

Selective down regulation of HLA-A and -B proteins during infection would send no 

alert to cytotoxic T cells, through an inhibition of peptide presentation, while the 

stable expression of HLA-C, -E or –G at the cell surface would similarly inhibit attack 

by NK cells. The HIV Nef protein performs this task by a selective down regulation 

of HLA-A, and B thus protecting the virus from NK cell mediated lysis286,287. Further 

evidence of allele specific immunoevasion is demonstrated by the adenoviral E3/19K 

protein which differentially interacts with murine MHC class I products346.  This was 

subsequently confirmed for human class I heavy chains as well281(see section 

1.4.1.1.3 above) 

1.4.2 Immune evasion by Human and Murine cytomegalovirus 
 
1.4.2.1 Inhibition of MHC Class I Restricted Antigen Presentation 
 
1.4.2.1.1 Inhibition of the generation of antigenic peptide 

During the immediate early stage of HCMV infection, a CTL response is directed 

against antigenic peptides derived from a 72-kDa transcription factor347. When this 

factor is co-expressed with the matrix phosphoprotein 65 (pp65), which has kinase 

activity348,349, there is no CTL response against the 72-kDa protein350. It is likely that 

pp65 phosphorylates the 72-kDa protein and inhibits the generation of the 72-kDa 

derived antigenic peptides. The mechanism by which a phosphorylated protein avoids 

degradation is unknown, but it has been suggested that phosphorylation may affect the 

cleavage pattern of the 72-kDa protein or result in inappropriate Ubiquitin (Ub) 

conjugation299.  
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1.4.2.1.2 Inhibition of the Transporter of Antigenic Peptide (TAP) 

HCMV encoded US6 inhibits TAP function351-354 (Figure 5). US6 is a 21-kDa type I 

membrane glycoprotein expressed with early and late kinetics. US6 binds to TAP on 

the luminal side of the ER and requires only the ER luminal domain to inhibit TAP 

function355,356. US6 blocks TAP function by causing a specific arrest of the peptide-

stimulated ATPase activity of TAP for ATP, but not ADP355,356.  

1.4.2.1.3 Inhibition of MHC Class I Surface Expression 

At the IE stage of replication HCMV expressed US3 retains MHC class I in the 

ER357,358. US3, a 23-kDa glycoprotein, interacts with peptide loaded MHC class I. The 

lumenal domains of US3 is essential for ER retention while both the lumenal and 

transmembrane domain are required for MHC class I association359. Given that US3 

strongly interacts with calnexin, an ER retained protein, it has been suggested that 

US3-calnexin interactions mediate US3-MHC class I ER retention299. 

HCMV encoded US2 and US11, type I transmembrane glycoproteins360, selectively 

target MHC class I heavy chains for degradation by the proteasome. This degradation 

involves retrograde transport of MHC class I molecules from the ER through the 

translocon (Sec61p complex) to the cytosol361, where they are deglycosylated by an 

N-glyconase362 and degraded by the proteasome363. US2 and US11 induce the 

destruction of HLA-A and –B locus products, but not HLA-C and –G364. US2 

associates with class I through its lumenal region both in vitro and in vivo365 with the 

extreme COOH terminus of US2 targeting class I for destruction299. In contrast, the 

COOH terminus of US11 is dispensable for inducing class I degradation366. 

Furthermore, unlike US2 mediated class I degradation, US11 mediated degradation is 

Ub dependent367. Thus US11 mediated destruction of class I requires functional Ub to 

dislocate MHC class I from the ER to the cytosol while US2 does not367. These  
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Figure 5: CMV proteins that interfere with the processing steps of major 
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Golgi intermediate compartment; HCMV, human cytomegalovirus; MCMV, murine 
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differential requirements for US2 and US11 mediated class I degradation point to 

multiple strategies to overcome MHC class I diversity. At least 3 MCMV gene 

products have been shown to alter class I assembly. m152/gp40 blocks transport of 

class I molecules from the ER to the golgi368,369; m6/gp48 binds to class I molecules 

and redirects their transport into the lysosome for degradation370; and m4/gp34 binds 

class I in the ER, forming a complex which is transported to the cell surface252. m4 

has been shown to block CTL activity without blocking class I surface 

expression371,372. While m4 completely blocks antigen presentation to Kb, m152 

completely blocks antigen presentation to Db and partially to Kb restricted CTL372. 

Thus, m152 is sufficient to prevent Db restricted CTL but requires m4 to completely 

block Kb restricted CTL. Therefore both HCMV and MCMV exhibit non-redundant 

mechanisms to cope with class I diversity and avoid CTL activation. 

1.4.2.2 Inhibition of MHC Class II Restricted Antigen Presentation 
 
1.4.2.2.1 Inhibition of Surface Expression of Class II Molecules 

HCMV US2 is capable of binding HLA-DRα and -DMα, two proteins critical in the 

MHC class II antigen presentation pathway373. Similar to class I, US2 binds HLA-

DRα and -DMα and targets them for degradation by lysosomes. As the sequence 

homology between class I and class II is divergent, it would seem that the similarities 

in the tertiary structure of class I and II are what allows US2 to bind both proteins. 

1.4.2.2.2 Inhibition of interferon-induced expression of MHC class II molecules 

Signal transduction cascades initiated by extracellular ligands modulate the 

expression and regulation of MHC class II molecules374. Exposure to IFN-γ activates 

the class II transcription factor, (CIITA), via the JAK/STAT pathway, thereby driving 

expression of MHC class II. Immediate early and early phase HCMV proteins target 
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the IFN-γ signaling cascade and prevent expression of CIITA375,376. HCMV 

destabilizes Jak1 and p48, which are required as transduction intermediates for proper 

activation of CIITA expression377. MCMV is also able to inhibit IFN-γ induced class 

II expression90. Unlike HCMV, MCMV affects signal transduction subsequent to 

STAT1α activation199 which involves IFN-α mediated suppression of IFN-γ induced 

class II activation91. 

1.4.2.3 Inhibition of Cytokine Action 
 
1.4.2.3.1 Interference with receipt of death signal 

HCMV encodes an open reading frame, found only in clinical isolates, designated 

UL144378. No sequence or functional homologue has been found in MCMV (M.A. 

Degli-Esposti, Personal Communication). UL144 encodes a structural homologue of 

the herpesvirus entry mediator (HVEM), a member of the TNFR superfamily379. 

During infection of fibroblasts, UL144 is expressed with early kinetics, however a 

highly conserved YXXZ motif in the cytoplasmic tail causes intracellular retention379. 

Extensive studies have shown that the UL144 sequence varies widely amongst low 

passage clinical isolates380 and samples taken from infected children381. As UL144 is 

only expressed in clinical isolates and not laboratory passaged strains378 the protein 

has been suggested to play a role in immune evasion378,379. However, UL144 does not 

bind any of the known members of the TNF family379 and it is likely to possess a 

mechanism of action distinct from that of other viral TNFR homologues. 

1.4.2.3.2 Interference with receipt of cytokine signal 

Sequencing of the HCMV genome identified three homologues of cellular G protein 

coupled receptors (GCR) encoded by the UL33, US27 and US28 genes382. Of these 

three viral GCRs US28 shows the highest sequence homology at its N terminus to 

known chemokine receptors and has been shown to bind beta-chemokines and 
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mediate cellular signaling383,384. US28 has further been shown to be transcribed during 

latent infection of THP-1 monocytes and expression is maintained during monocyte 

differentiation385. The interaction of US28 with CX(3)C chemokines386 indicated that 

US28 may enable adhesion of latently infected monocytes to CX(3)C-expressing 

endothelium, and thus play a role in dissemination of latent HCMV385. 

While US28 does not have an MCMV homologue, M33 and R33 have been identified 

as mouse and rat homologues of UL33387,388. UL33 and M33 have been ascribed 

early/late kinetics387, while R33 transcripts occur only at late times388. Furthermore, 

while M33 and UL33 are N-terminal spliced387, R33 is unspliced388. Disruption of 

both M33 and R33 indicated that these genes are dispensable for viral replication but 

are essential for high levels of replication in salivary gland epithelial cells387,388. This 

suggests that M33 and R33 are important in either salivary gland entry or tropism.  

RCMV also encodes the R78 homologue of cellular GCR389. This gene shows similar 

transcription kinetics to M33, being produced at early and late times387,389 and also 

occurs as a spliced protein389. Of interest, it has been demonstrated that while R33 is 

not essential for viral replication, R78 is required for efficient replication of RCMV in 

vitro and in vivo389. 

Both HCMV and MCMV encode gene products with chemokine-like activities390-393. 

HCMV UL46 encodes vCXC-1, a CXC chemokine which activates neutrophils via 

CXCR2, similar to IL-8392. vCXCR-1/CXCR2 interactions could influence neutrophil 

behavior during HCMV infections394-396.  

MCMV m131/129 genes encode a CC chemokine homologue390,391,393,397. MCMV 

ORF m131 was initially predicted to encode an 81 amino acid chemokine on the basis 

of C spacing typical of CC chemokines390. A synthetic version of the m131 protein 
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induces calcium flux in murine macrophages, but does not bind or inhibit binding of 

host chemokines to other leukocyte populations393. The principal transcript arising 

from the m131 ORF contains an intron causing splicing of the mRNA between the 

m131 and m129 ORFs391,397. m131/129 is expressed as a true late gene397,398 and is 

processed and secreted into growth medium during in vitro infection391. Viruses 

lacking the m131/129 genes exhibit reduced levels of viremia and poor dissemination 

to the salivary glands88,393,397. The reduced salivary gland tropism occurs 

independently of adaptive immunity88,397 or NK cell activity397. Analysis of local 

inflammation following inoculation with wild type or m131/129 deletion viruses 

shows a correlation between an intense mononuclear inflammatory response and 

m131/129 expression81,397,399. While there is a profound increase of innate 

inflammatory cell recruitment to foci of infection, this has only a minor effect on viral 

titers in visceral organs397,399 suggesting that the primary function of m131/129 is in 

mononuclear cell infiltration as a mechanism for viral dissemination. However, 

replication of m131/129 deletion viruses is dependant on NK/CD4/CD8 responses as 

depletion of these subsets results in increased titres of mutant viruses in the visceral 

organs397. Therefore, as well as a role in mononuclear cell infiltration m131/129 may 

encode additional functions, including evasion of anti-MCMV lymphocyte responses.  

1.4.2.4 Inhibition of Natural Killer Cell Lysis 

Concomitant with investigations aimed at determining the immune evasion potential 

of herpesviral genes that modulate MHC class I expression, the role of herpesvirus-

encoded homologues of MHC class I proteins has been the subject of considerable 

study. While functions which disrupt cellular MHC class I expression have been 

identified in members of each of the three herpesvirus subfamilies, the identification 

of viral MHC class I homologues has been restricted to members of the 
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betaherpesvirus family.  Specifically, each of the three cytomegaloviruses (CMVs) 

that have been fully sequenced, namely human, mouse and rat CMV, has been shown 

to encode MHC class I homologues (reviewed by400).   

1.4.2.4.1 Structural and biochemical characteristics of the CMV-encoded MHC 

class I homologues 

The CMV MHC class I homologues of HCMV, MCMV and RCMV (encoded by 

UL18, m144 and r144, respectively) are located proximal to glycoprotein gene family 

blocks present within each virus genome52,401,402.  While the amino acid sequences of 

the MHC class I homologues encoded by rodent CMV are well conserved, neither 

show significant sequence similarity with the HCMV counterpart. Overall however, 

the MHC class I homologues encoded by rodent and human CMVs exhibit conserved 

structural features that are characteristic of cellular MHC class I proteins403,404.  

Firstly, the viral MHC class I homologues are predicted to form three globular 

domains, with domains 1 and 2 comprising β-sheet and α-helical structures that are 

similarly present in cellular MHC class I molecules.  Secondly, there is a bias of 

amino acids conserved with their cellular counterparts in the predicted α-3 domain of 

the viral class I homologues.  This is the region involved in binding to β2-

microglobulin (β2m), hence it is predicted that the viral homologues, like their 

cellular counterparts, will associate with β2m.   Thirdly, the location of cysteine 

residues that, in cellular MHC class I are critical for tertiary structure through the 

formation of disulphide bonds, is conserved in the viral MHC class I homologues.  

Finally, an N-linked glycosylation site, located between the α-1 and α-2 domains of 

all three viral polypeptides, is present at a similar position to a glycosylation site 

conserved in all cellular MHC class I proteins. 
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There are, however, a number of significant differences between the CMV-encoded 

MHC class I homologues and cellular MHC class I molecules.  Firstly, gpUL18 is 

unusual in that it is highly glycosylated; it possesses 13 predicted N-linked 

glycosylation sites, compared with the 1-3 sites that are found in cellular MHC class I 

molecules and the four and three glycosylation sites identified in gpm144 and gpr144, 

respectively401,404,405.  This level of gpUL18 glycosylation has been confirmed by 

protein analysis of gpUL18 expressed in eukaryotic cells and in HCMV-infected cell 

lysates190,403,406.  Secondly, gpm144 and gpr144 differ from cellular MHC class I and 

gpUL18 in that they both contain a substantial deletion within their predicted α-2 

domains404,407.  In classical MHC class I molecules, peptides bind in a groove located 

between the two α-helices of the α-1 and α-2 domains that span an 8-stranded β 

pleated sheet 408.  The N- and C- termini of the peptides bind to pockets of conserved 

residues at the left and right ends of this groove respectively, thereby restricting the 

size of peptides able to be accommodated to octamers or nonamers.  The impact of a 

truncated α-2 domain in the predicted structure of gpm144 has been analysed in 

detail.  The truncation in gpm144 was predicted to affect several of the β-strands 

located at the base of the groove, suggesting that it would form a distinctive structure 

unable to bind peptide405.  While gpUL18 does not possess this major α- 2 deletion, it 

nevertheless possesses small insertions and deletions which were predicted to affect 

the right end of the groove, suggesting that the binding of peptides at their C-termini 

may be different to MHC class I proteins.  

Biochemical characterisation of both gpUL18 and gpm144 has confirmed the above 

predictions with respect to their β2m and peptide binding properties403,406,409. Using 

antisera specific to either human/mouse β2m, or to the viral MHC class I homologues, 
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immunoprecipitation experiments demonstrated that both gpUL18 and gpm144 

associate with β2m. Comparisons of acid eluates derived from soluble gpm144/β2m 

expressed in CHO cells with eluates derived from soluble counterparts of cellular 

MHC class I, gpUL18 and the rat neonatal Fc receptor (FcRn), (the latter being a non-

classical MHC class I protein that does not bind peptide) demonstrated that gpUL18, 

but not gpm144, was able to bind peptide403.  While endogenous peptides with N-

terminal characteristics similar to those eluted from cellular MHC class I proteins 

were eluted from gpUL18, they were of a varied length, demonstrating that the C-

termini of bound peptides were not constrained by residues located at the right hand 

end of the peptide groove. As predicted, endogenous peptides were not isolated from 

either gpm144 or FcRn. Analysis of the melting behavior of gpm144/β2m 

demonstrated that this complex was thermally stable in the absence of peptide, a 

situation quite unlike classical cellular MHC class I molecules and gpUL18, both of 

which require bound peptide for cell surface stability.  While the β2m and peptide 

binding properties of gpr144 await characterisation, its similarity with the primary 

sequence of gpm144, suggests that it will share structural features with this molecule. 

1.4.2.4.2 Functional roles of CMV encoded MHC class I homologues 

How might the biochemical and structural features of the viral MHC class I 

homologues relate to their functional roles, and what is the significance in the 

structural divergence between the human and rodent CMV counterparts?  CMV 

mutants lacking their respective MHC class I homologue have been shown to 

replicate to wild type levels in fibroblast cultures, demonstrating that the homologues 

are not essential for virus replication in vitro404,405,410.  For UL18, its ability to bind 

both peptide and β2m suggested that it might play a role in disrupting the CTL 

recognition of HCMV-infected cells.  Indeed, it was initially proposed that UL18 
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might sequester β2m in HCMV-infected cells away from cellular MHC class I 

molecules, thereby impairing normal MHC class I-mediated antigen presentation410. 

However, studies of a UL18-disrupted HCMV mutant (∆UL18) have demonstrated 

that cellular MHC class I downregulation occurs following infection in the absence of 

UL18410. The functional roles of UL-18 and m144 are discussed in more detail in the 

following sections. 

1.4.2.4.3 Leukocyte Immunoglobulin Receptors-Cellular receptors for MHC 

class I and UL18 

Leukocyte immunoglobulin-like receptors (LIRs) are a family of molecules that have 

been shown to modulate NK cell function. Studies by Cosman et al. (1997) 

established that LIR-1 binds both MHC class I molecules and HCMV gpUL18.  To 

date, LIR-1 has the broadest cellular distribution within this subfamily, being 

identified on dendritic cells, monocytes and B cells, with a lower distribution on T 

cells and on only a subset of NK cells. LIR-1 is an inhibitory receptor;  its interaction 

with MHC class I on NK cells and T cells protects target cells from NK- and T cell-

mediated cytolysis and inhibits intracellular Ca2+ mobilisation in other cell types411-

414.  No other LIR has been shown to bind gpUL18, suggesting that this molecule has 

been specifically targeted by HCMV.  Indeed, recent binding studies have shown that 

gpUL18 binds LIR-1 with >1000 -fold affinity compared with MHC class I 

proteins415.  However, it should be noted that the affinity of LIR-1 for cellular MHC 

class I is of the order of that observed for the KIRs and class I, highlighting a 

remarkable feature of the gpUL18/LIR-1 interaction. The binding affinity of gpUL18 

for LIR-1 is not significantly affected by altering the level of carbohydrate on 

gpUL18, suggesting that LIR-1 interacts with a protein, rather than a carbohydrate 
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epitope. Furthermore, recognition of gpUL18 was shown to be independent of bound 

peptide415.   

The finding that UL18 binds LIR-1 with much greater affinity than cellular MHC 

class I molecules provides strong evidence that UL18/LIR-1 interactions play a 

significant immunomodulatory role. Indeed, this finding might explain the fact that 

UL18 transcript and protein expression in HCMV-infected cells are low190,416.  The 

high affinity of the interaction may be sufficient to signal to cells via LIR-1, 

particularly as cellular MHC class I proteins are downregulated during HCMV 

infection.  Nevertheless, despite a proven association between UL18 and LIR-1, the 

mode of action of UL18 on host immunity and/or HCMV replication has yet to be 

established. 

1.4.2.4.4 The role of CMV-encoded MHC class I homologues as surrogate 

inhibitory ligands for NK cells 

Given the comprehensive strategies employed by HCMV to downregulate cellular 

MHC class I proteins, it has also been suggested that UL18 might act as a surrogate 

MHC class I molecule able to inhibit NK cell-mediated killing of infected cells.  

Studies testing this hypothesis have provided conflicting results. Initial studies using 

human MHC class I negative cells (721.221) transfected with UL18 showed that 

gpUL18 blocked NK cell activation by triggering CD94/NKG2A417.  Notably, 

however, HLA-E is expressed in 721.221 cells, and HLA-E/β2m complexes can be 

stabilised and expressed at the cell surface following the binding of signal sequence 

peptides derived from cellular MHC class I molecules.  Although the UL18 signal 

sequence does not conform to the consensus of cellular MHC class I, it is possible that 

the resistance of UL18-transfected cells to NK cell killing was mediated by the 

stabilization of HLA-E, rather than UL18 expression.  Indeed, HLA-E mediated 
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inhibition of NK cell activity has been postulated as an alternative NK cell evasion 

mechanism for HCMV. An involvement of CD94/NKG2A-mediated inhibition of 

target cell lysis has been recently demonstrated for another HCMV gene product, 

gpUL40, which possesses a signal sequence homologous to that of cellular MHC 

class I signal sequence derived peptides known to be ligands for HLA-E418,419. 

Notably, while classical MHC class I molecules are down-regulated during HCMV 

infection, HLA-E is upregulated.  Expression of gpUL40 in HLA-E-positive target 

cells conferred resistance to NK cell lysis via engagement of the CD94/NKG2A 

receptor.  In addition, while binding of HLA-E to cellular MHC class I derived 

peptides is TAP-dependent, the stabilization of HLA-E by gpUL40 was shown to be 

TAP-independent, suggesting that HLA-E expression may still occur in HCMV-

infected cells in which gpUS6 interferes with TAP1/2 function.  Accordingly, it has 

been proposed that UL40-mediated stabilization of HLA-E at the cell surface may be 

a mechanism by which HCMV-infected cells acquire resistance to NK cell-mediated 

lysis. 

Subsequent to studies implicating a role for UL18 in protecting infected cells from 

NK cell-mediated lysis, it was reported that fibroblasts infected with a UL18 

knockout virus did not become susceptible to NK cell killing190.  Indeed, NK cell 

recognition of HCMV infected fibroblasts has been found to correlate with 

upregulation of molecules important for NK cell adhesion and/or activation, thus 

questioning the importance of MHC class I shutdown in triggering of NK cells190,191.  

Recent studies have demonstrated that fibroblasts may lack the positive signals 

required for NK cell triggering, and thus NK cells might fail to respond to the 

downregulation of cellular MHC class I molecules in these target cells.  Subsequent 

studies employing U373 malignant glioma cells that possess such positive signals (i.e. 
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these cells could be lysed by KIR2D2+ NK cell clones by the addition of anti-MHC 

class I or anti-KIR antibodies) have demonstrated increased NK cell susceptibility 

following MHC class I shutdown during HCMV infection420.  Furthermore, HCMV 

gpUS11, which diverts newly synthesized MHC class I from the ER lumen to the 

cytosol, is sufficient to trigger NK cell cytotoxicity against US11-transfected HeLa 

cells. Whether UL18 has an effect on NK cell killing in this system remains to be 

determined. Nevertheless, these experiments demonstrate that the outcome of 

interactions between HCMV-infected cells and NK cells is dependent on both virus-

induced upregulation of adhesion/activatory molecules, downregulation of MHC class 

I molecules and the presence of appropriate NK cell ligands on the targets.   

Other mechanisms of HCMV-induced modulation of infected cells to NK cell killing, 

not related to MHC class I shutdown or upregulation of NK cell adhesion molecules, 

may also be important in infections with clinical HCMV strains421.  Notably, these 

studies showed that in fibroblasts, resistance to NK cell-mediated lysis is not 

dependent on engagement of LIR-1.  Furthermore, recent reports have stated that, like 

infected fibroblasts, HCMV-infected endothelial cells and macrophages are resistant 

to NK cell lysis and that this resistance is independent of viral induced 

downregulation of either cellular MHC class I or adhesion molecules, as well as UL18 

expression422. 

The finding that the resistance of HCMV-infected cells to NK cell-mediated lysis is 

independent of UL18 expression suggests that it may not participate as a MHC class I 

“decoy”.  Indeed, the fact that the receptor for UL18, LIR-1, is present on only a small 

proportion of NK cells is consistent with the notion that UL18 does not interact 

directly with NK cells, unless a LIR+ NK subpopulation is induced during HCMV 
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infection and is critical for virus clearance.  While transcripts of UL18 have been 

identified in mononuclear PBL during HCMV viraemia416, the location and nature of 

cells expressing the UL18 glycoprotein in vivo has yet to be demonstrated.  Further 

studies that address UL18 and LIR-1+ antigen expression in cells from HCMV-

infected tissues will shed some light on the function of UL18 in vivo. 

1.4.2.4.5 The use of mouse and rat CMV models to determine the role of MHC 

class I homologues in vivo 

While a functional role for UL18 has yet to be clearly demonstrated, in vivo studies 

with an MCMV mutant deleted of gpm144 (∆m144) have demonstrated that it is 

cleared more rapidly than wild type MCMV during the acute stages of infection405. 

This increased clearance was not explained by a replication defect for the mutant 

virus. In fact, despite relatively low levels of replication during the first 5 days post-

infection, the gpm144 null virus was able to disseminate to salivary glands (10 days 

post-infection), replicating at this site to titres similar to those of wild type virus.  

Virulence of ∆m144 was restored by in vivo depletion of host NK cells, but was 

largely unaffected by depletion of T cells, indicating that gpm144 plays a role in 

inhibition of NK cell mediated viral clearance.    

Some investigators have speculated that the MCMV-encoded MHC class I homologue 

may bind one of the Ly49 inhibitory receptors, thus exerting its inhibitory effect on 

NK cells423. This assumption is based on the fact that Cmv1 maps to the NKC where 

the Ly49 genes are encoded.  To date, however, there is no evidence that the Cmv1 

protein is a receptor for gpm144, and indeed, given that the gpm144 effects are also 

observed in BALB/c mice that lack the Cmv1 resistance allele405, it is unlikely that the 

Cmv1 locus encodes the gpm144 ligand.  Binding of gpm144 to a subset of Ly49 

receptors has been tested and the findings from those studies are discussed later. 
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In Cmv1r mice depleted of NK1.1+ cells, the ∆m144 mutant was shown to replicate to 

levels approaching those observed in untreated animals infected with wild type 

MCMV, demonstrating an important role of NK cells in mediating early clearance of 

MCMV in the absence of gpm144405.  In addition, treatment of Cmv1r mice with 

neutralizing anti-IL-12 antibody in vivo was found to increase ∆m144 titres to levels 

approaching those of wild type MCMV in the liver, suggesting that gpm144 might 

interfere with IL-12-mediated activation of lymphocytes, including NK cells407. The 

importance of studying cell types relevant to NK cell activation/inhibition in vivo 

during MCMV infection has been demonstrated recently by findings showing that 

myelomonocytic cell subsets represent a major portion of the cells recruited to the 

sites of MCMV infection (D. Andrews, H. Farrell and M. Degli-Esposti, unpublished 

observations).  The relevance of these cells in modulating NK cell function is 

currently under investigation.   

Studies of the in vivo function of the RCMV gpr144 have also been performed404.  In 

contrast to the results obtained with MCMV gpm144, no reduction in replication 

efficacy was observed post-infection with an r144 null (∆r144) recombinant compared 

with wild type virus.  However, as noted by the authors, the RCMV infection system 

used requires immunosuppression (via whole body irradiation) of the rats prior to 

infection.  This pre-treatment will clearly have a major effect upon cellular immunity, 

including NK cell function, and hence any potential attenuation of ∆r144 via 

increased sensitivity to cellular immunity may be obscured by ablation of the relevant 

cellular effectors.  However, in neonatal rats a ∆r144 mutant was shown to be 

attenuated for growth in both the spleen and salivary gland424. This contrasts with data 
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for ∆m144 which replicated to high titers in the salivary gland, indicating a biological 

difference between r144 and m144 in terms of viral dissemination. 

As for HCMV studies, there is currently a lack of suitable in vitro models to test a 

direct effect of m144 (or r144) in inhibiting NK cell-mediated cytotoxicity in virus-

infected cells.  Furthermore, as with gpUL18, cell surface expression of m144 in 

fibroblasts in vitro is very low, suggesting that either:  (i) m144 exerts its effect due to 

high affinity interactions with its receptor; (ii) m144 is expressed at higher levels in 

other cell types that are involved in inhibiting NK cell function in vivo; or (iii) m144 

initiates a cascade of immunomodulatory events that interfere with NK cell function 

by an indirect mechanism.  

Unlike gpUL18, whose ectopic expression has proved very difficult to maintain, 

gpm144 can be stably expressed.  Transient or stable expression of gpm144 in a 

variety of transfected cells has demonstrated a partial inhibitory effect of gpm144 on 

NK cell cytotoxicity, suggesting that gpm144 may indeed exert a direct effect on NK 

cell function425,426.  Like gpUL18, it is possible that gpm144 shares a receptor with a 

cellular MHC class I molecule.  Unfortunately, the identification of such a receptor 

has thus far remained elusive. Notably, antibodies directed against known murine NK 

cell inhibitory receptors, Ly49A, C, G and I, did not interfere with the inhibitory 

effect of gpm144, suggesting that gpm144 engages a receptor other than the above 

Ly49s426. A potential interaction between gpm144 and the PIRs was also tested using 

a soluble gpm144-β2m complex.  Binding of both PIR-a and PIR-B proved negative, 

re-enforcing the possibility that gpm144 binds a novel receptor (T. Chapman and P. 

Bjorkman, personal communication).   
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Interestingly, studies of the effects of gpm144 on tumour clearance have suggested 

that this molecule plays a crucial role in reducing not only the activation, but also the 

recruitment of NK cells.  Using a tumour model where gpm144 was expressed on the 

surface of MHC class I deficient RMA-S cells, the presence of gpm144 was shown to 

affect the recruitment and activation of NK cell effectors in the peritoneum, the site of 

tumour challenge425. Thus, challenge with RMA-S-m144 tumour cells resulted in a 

two fold decrease in the number of NK cells that accumulate in the peritoneum and in 

a three fold decrease in their lytic potential.   

The results of the above in vitro and in vivo studies suggest that the m144 effects on 

NK cells may be operating at a level other than direct interaction between NK cells 

and virus-infected target cells.  By analogy with HCMV, a possible scenario involves 

interaction with monocytes and/or DC, which in humans are known to express the 

gpUL18 ligand LIR-1. The sequence divergence between UL18 and m144 suggests 

that they may bind distinct ligands, although it should be noted that for both 

molecules the major region of homology to cellular MHC class I lies in the α3 

domain, a region known to be essential for gpUL18 binding to LIR-1. 

1.5 Dendritic cells as the initiators of immunity 
Dendritic cells were first described in 1868 when Paul Langerhans discovered a 

population of intraepidermal cells in human skin which could be impregnated with 

gold chloride427. These cells were originally thought to be a component of the 

peripheral nervous system, a theory laid to rest almost 100 years later when 

Langerhans cells (LC) were observed in denervated tissue428. Although LC had been 

thought to be lymphocytes as early as 1875429-431 it was not clearly demonstrated until 

1977 that LC were bone-marrow derived cells which could engage in an 

immunological function432-434. Lymphoid dendritic cells were first described by 
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Steinman, whose work identified DC on the basis of their morphology, density, 

functionality and expression of cell surface molecules435-439. Subsequent studies 

showed that purified DC were responsible for the T cell proliferation observed in 

primary mixed leukocyte cultures440 and that very low numbers of DC were required 

for this proliferation441. Given their central role in immunology, it is not surprising 

that DC biology has received much attention in the last 30 years. 

1.5.1 Dendritic cell Biology 
 
1.5.1.1 Subsets and Lineages 

Immature DC (imDC) are continuously produced from hematopoietic stem cells 

(HSC) in the bone marrow. In both mouse and man the key DC growth and 

differentiation factors from HSC are FMS like tyrosine 3 (Flt3L) ligand and to a lesser 

extent Granulocyte Macrophage-Colony Stimulating Factor (GM-CSF)442-445. The 

pathway of DC development in humans, outlined in Figure 6, involves differentiation 

of HSC into common lymphoid (CLP) and common myeloid progenitors (CMP) in 

the bone marrow. CMP can subsequently differentiate into CD34+ CLA+ or CD34+ 

CLA- populations, which ultimately become CD11c+ CD1a+ and CD11c+ CD1a- 

imDC, respectively446. CD11c+ CD1a+ imDC migrate into skin epidermis and become 

LC, while CD11c+ CD1a- cells migrate into the skin dermis and other tissues and 

become interstitial imDC447. CD34+ stem cells are also capable of generating two 

types of DC precursors (pre-DC), monocytes (pre-DC1) and plasmacytoid cells (pre-

DC2)448. Pre-DC1 express the myeloid antigen CD11b, CD11c, CD13, CD14 and 

CD33449 while pre-DC2 express lymphoid mRNA such as pre Tα, Igλ-kilo 14.1 and 

Spi B450-453.  
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Figure 6: DC development, diversification, maturation and function. CD34+ 
hematopoietic stem cells differentiate into common myeloid progenitor cells (CMP) 
and common lymphoid progenitor cells (CLP). The CMP differentiate into CD34+ 
CLA+ and CD34+CLA- late progenitor cells. While CD34+CLA+ cells differentiate 
into CD11c+CD1a+ Langerhans cell precursors, CD34+CLA- cells differentiate into 
CD11c+CD1a- interstitial DC precursors in blood. The blood CD11c+CD1a+ 
Langerhans cell precursors migrate into the skin epidermis and become Langerhans 
cells and the CD11c+CD1a- cells migrate into the skin dermis and other tissues to 
become interstitial DCs. This process occurs independently of antigen. Without 
stimulation, both Langerhans cells and interstitial DCs may undergo a steady-state 
migration into the draining lymph node where they may be involved in immune 
tolerance. When activated Langerhans cells and interstitial DCs rapidly migrate into 
draining lymph nodes, mature and initiate primary immune responses. CMP and CLP 
also give rise to myeloid pre-DC1 and lymphoid pre-DC2 in one marrow. They 
migrate into the blood and then to lymphoid tissue. During bacterial infection, pre-
DC1 ingest and kill bacteria prior to differentiation into DCs. Once mature DC1 
initiate adaptive antibacterial immune responses. During viral infection pre-DC2 
rapidly produce large amounts of type-1 IFN and subsequently differentiate into DCs 
and initiate antiviral immune responses. 
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In mice, splenic DC were originally separated into CD8α+ CD11b+ and CD8α- 

CD11b+ subpopulations454,455. The CD8α- population was later shown to be 

subdivided into CD11b+ CD8α- CD4- and CD11b+ CD8α- CD4+456. The role of the 

CD4 subset has not yet been identified, however expression of CD8α, adoptive 

transfer and analysis of lineage transcription factor knockout mice, resulted in the 

demarcation of mouse DC into myeloid CD8α- or lymphoid CD8α+ DC457-459. This 

concept has recently been disputed owing to several studies demonstrating that both 

CD8α+ and CD8α- populations can be derived from a unique lymphoid committed 

precursor460,461 or from a common myeloid progenitor461 or precursor462,463. 

Subsequent studies showed that the splenic CD8α+ population can be derived from 

the CD8α- DC as a result of de novo synthesis of CD8α and downregulation of 

CD11b464, suggesting that the CD8α+ population of DC is a mature form of the 

CD8α- population. Mouse lymphoid organs also contain a functional homologue of 

pre-DC2/DC2, termed Interferon Producing Cells (IPC)465-467. Recently, a common 

precursor of all mouse DC (including IPC) was identified, which is devoid of myeloid 

or lymphoid differentiation potential468 indicating mouse DC development occurs via 

an independent, but common differentiation pathway. 

1.5.1.2 Antigen processing and presentation by dendritic cells 

DC exist in two functionally and phenotypically distinct states, immature and mature. 

Immature DC are adept at endocytosis and express low levels of surface MHC class I 

and II, as well as co-stimulatory molecules (e.g. CD86). MHC class II is abundantly 

synthesized, but is mainly sequestered in late endocytic compartments. Thus, antigen 

can be avidly taken up by immature DC and targeted to MHC class II positive 

lysosomes, however it is not efficiently used for the formation of MHC class II-
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peptide complexes, but rather retained for use as immunogenic peptides upon receipt 

of a maturation signal469,470. Thus, immature DC are able to capture antigen, but do 

not efficiently present it to T cells. 

After detecting microbial products or proinflammatory cytokines, immature DC 

undergo maturation. Maturation is typically triggered by LPS, CpG DNA or dsRNA 

which may interact with Toll-like receptors471. Proinflammatory cytokines, such as 

TNF-α and IL-1β, also trigger maturation, as does ligation of CD40. Mature DC have 

a reduced capacity for antigen capture but possess an exceptional capacity for priming 

T cell stimulation. Maturation is associated with a dramatic reorganization of the 

cytoskeleton resulting in MHC class II translocation to the plasma membrane. This 

occurs in tandem with co-stimulatory molecules, MHC class I and T cell adhesion 

molecules. Mature DC extend long membrane folds, primarily to increase synapse 

locations and remodel their chemokine receptors to facilitate homing to T cell zones 

of lymphoid organs. 

Immature DC perform endocytosis through either macropinocytosis, phagocytosis or 

clathrin-mediated endocytosis. Large amounts of plasma membrane (and receptor 

bound ligands) can be endocytosed through macropinocytosis which also involves 

uptake of large volumes of fluid. Hence, water efflux is mediated by the expression of 

aquaporins 3 and 7, providing essential elements of volume control472. 

Macropinocytosis and phagocytosis are regulated by actin assembly and the activity 

of the Rho family of GTPases, Cdc42 and RAC473,474. Downregulation of endocytosis 

begins shortly after a maturation signal is received, by a mechanism involving a 

reduction in active Cdc42 levels, presumed to occur via regulation of a guanine 

nucleotide exchange factor473. Particle ingestion by phagocytosis probably represents 
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the more physiologically relevant form of DC antigen capture and is most clearly 

demonstrated by the efficient derivation of antigenic peptides from phagocytosed 

antigens475. In contrast, epidermal LC, which reside in an environment low in 

extracellular fluid, may take up antigen by the formation of Birbeck granules, which 

are cytoplasmic membrane bound tubules rich in the lectin Langerin (CD207)476. 

Upregulation of MHC class II during DC maturation largely reflects post translational 

events, as MHC class II mRNA synthesis increases slightly477. Cathepsin S (cat S) 

regulation by the specific antiprotease cystatin C is thought to be a DC specific 

mechanism involved in MHC class II translocation478. Cat S plays a major role in 

cleavage of the MHC class II associated invariant chain (Ii), resulting in the loss of 

lysosomal targeting. In immature mouse DC cystatin C levels are sufficient to 

attenuate cat S activity, which slows Ii chain processing and favors MHC class II 

transport to lysosomes. After maturation, intracellular cystatin C is decreased, 

enhancing cat S degradation of the Ii chain and allowing a greater fraction of new αβ 

dimers to avoid lysosomes and reach the cell surface478. When combined with the 

downregulation of endocytosis, Ii degradation results in enhanced surface expression 

of MHC class II-peptide complexes. 

In contrast to newly formed lysosomal peptide-MHC complexes, class II rich 

lysosomes that accumulate prior to maturation exhibit a different pathway of MHC 

class II transport to the cell surface. Class II rich lysosomes which accumulate prior to 

maturation survive for 1-2 days, but the formation of peptide loaded complexes within 

the lysosome is enhanced by maturation469. Class II-peptide complexes derived in this 

manner appear in class II rich vesicles (CIIV), which are separated from resident 

lysosomal components, including undegraded antigen470. This pathway of lysosome to 
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membrane transport is thought to be a DC specific phenomenon, as CIIV reach the 

cell surface partially associated with CD86470 and thus enhance the capacity of DC for 

T cell stimulation, by increasing the display of molecules at the DC-T cell synapse. 

MHC class I is upregulated upon maturation of DC. Although class I does not 

accumulate in the lysosomes of immature mouse DC, it is thought to reach the cell 

surface in part with MHC class II470. Furthermore, DC are  capable of generating 

MHC class I peptide complexes by a pathway which involves “cross presentation”. 

Classically, MHC class I molecules present endogenous antigens, such as those 

derived from viral proteins. This well defined mechanism involves proteosomal 

proteolysis of viral proteins and translocation of the resultant peptides into the ER 

lumen in a TAP dependent manner. Once in the ER, MHC class I-peptide complexes 

are formed and shuttled to the cell surface. This may provide some difficulty for DC 

mediated presentation of viral antigens, as some viruses do not infect DC. To 

overcome this obstacle, DC in the periphery encounter infected cells, phagocytose 

them via apoptosis specific receptors, such as the αvβ5 integrin and CD36479,480 and 

can then cross present the viral antigens derived from the infected cells to CD8+ T 

cells481. Although little is known about the mechanism of cross presentation, it 

appears that DC allow the egress of internalized antigen (3-12 kDa fragments) from 

endocytic organelles into the cytosol482. From here the fragments enter the 

conventional MHC class I pathway. Cross presentation of soluble antigen can also 

occur via Fc receptor mediated capture of immune complexes482. The physiological 

relevance of this process remains controversial at present483 
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1.5.1.3 Regulation of T cell immunity by DC and TH1-Th2 development 
 
1.5.1.3.1 Triggering of T cells by DC at the immunological synapse 

Interaction between DC and T lymphocytes creates the “immunological synapse”, a 

site at which specific ligands and co-stimulatory molecules trigger and sustain the T 

cell activation process. It is a paradox that peptide-MHC complexes have a low 

affinity for TCRs, but are able to provide sustained stimulation to T cells. However, 

evidence suggests that T cell signaling is an ongoing process, that is sustained by 

serial engagement and triggering of TCRs by peptide-MHC. This is supported by data 

which demonstrate that addition of antibodies that target MHC, removal of antigen or 

addition of actin depolymerising drugs result in immediate extinction of signaling in T 

cell-APC conjugates, independently of synapse formation484-486. Secondly, although 

the synapse becomes stable within 5 minutes487, TCR triggering and downregulation 

continue over a period of hours and consume TCR numbers, which far exceed the 

ligands offered488. Finally, the synapse itself is dynamic as T cells offered an APC 

displaying ligands in greater quantities will form a new synapse in minutes, even 

when already activated by the first APC489. 

The efficiency of the synapse as a signal transduction machine varies with the nature 

of the APC and the T cell development stage. Activated, effector or memory T cells 

exhibit TCR triggering which is efficiently coupled to signal transduction pathways, 

such as CD3ζ, ZAP-70 and Lck490-493. These cells are able to efficiently respond to 

low doses of antigen, even in the absence of costimulation. In contrast, TCRs in naïve 

T cells are inefficiently coupled to downstream signal transduction pathways. Thus, 

engagement of CD28 by B7 molecules expressed on mature DC recruits membrane 

rafts containing kinases and adaptors to the synapse, amplifying the TCR signaling 

process up to 100 fold490. Thus, at least for CD4 T cells and depending upon the 
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stimulus, naïve T cells require from 6 to 30 hours of TCR stimulation to commit to 

first division, while memory/effector cells respond within 0.5 to 2 hours494. Recent 

data regarding CD8 T cell proliferation has shown that time to commitment can be as 

short as 4 hours and that continued proliferation does not require the presence of 

antigen, suggesting a developmental program which is cell intrinsic495-497. Once 

committed to first division, T cells proliferate rapidly in response to IL-2. This 

interaction was thought to occur via autocrine regulation, however the adjuvant effect 

of DC was recently demonstrated to be a result of maturation induced, DC mediated, 

IL-2 production498. Activation of naïve T cells is, therefore, dependent upon a synapse 

which is composed of peptide-MHC, costimulatory/adhesion molecules and cytokine 

production. This complete packet of information can only be provided by mature DC, 

highlighting their central role in T cell activation. 

1.5.1.3.2 Functional plasticity in DC regulation of TH-1 and TH-2 development 

The first experimental evidence suggesting that DC could direct the type of T cell-

mediated immune response came from the observation that activated DC produced the 

TH-1 cytokine IL-12448,499-502. Clearly, if all DC produced IL-12, induction of TH-2 

responses would never occur. This obstacle in TH- development was overcome when 

it was demonstrated that myeloid DC1 in humans produce a large amount of IL-12 

upon CD40 ligation and induce TH-1 development, whereas CD40 activated DC2 

produce little IL-12 and preferentially induce TH-2 development448,499-504. In mice, 

CD8α+ DC produce high amounts of IL-12 and induce TH-1 development505-507, 

which is amplified by IL-4508, while CD8α- DC produce lower amounts of IL-12505-

507. This simple system, identified in both mouse and man, provided a mechanism to 

explain induction of TH-1 or TH-2 responses. However, the concept of DC lineage 
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relating to function was challenged by the observation that DC subsets have 

remarkable plasticity in directing TH- development509. 

Studies with human DC demonstrated that multiple factors control the development of 

T cell responses. While mature DC1 do induce TH-1 differentiation and a strong CTL 

response448, immature DC1 induce IL-10 producing CD4+ and CD8+ regulatory T 

cells510-512.  The switch to TH-1 or TH-2 inducing DC is dependent upon signals 

derived from pro- and anti-inflammatory factors. Development of TH-1 inducing DC1 

depends upon exposure to factors such as LPS, SAC509, unmethylated CpG motifs513-

516 and dsRNA517 or T cell signals, such as CD40L448 or IFN-γ509. The switch to TH-2 

inducing DC1 is dependent upon anti-inflammatory molecules, such as IL-10, TGF-β, 

PGE2, steroids509,518 and OX40 ligand cosignalling519,520. This effect is also observed 

in DC2, where IL-3 cultured DC2 induce TH-2 differentiation, whereas virus activated 

DC2 induce TH-1 differentiation521,522. The ratio of DC:T cells also results in opposing 

TH- development with high DC:T ratios inducing TH-1 and low DC:T ratios inducing 

TH-2 development523. IL-12 “exhaustion” is also responsible for induction of TH- 

development as early activated DC produce large amounts of IL-12 which induces 

TH-1 responses, while chronically activated (i.e. >24 hours) DC cannot be stimulated 

to produce IL-12 and preferentially induce TH-2 responses524-526. 

In mice, the plasticity of DC function is dependent on the type of pathogen and the 

tissue microenvironment. At the yeast stage, the fungus Candida albicans stimulates 

DC to produce IL-12 and induce TH-1 responses, while at the hyphae stage C. 

albicans stimulates DC to induce TH-2 responses527. Escherichia coli LPS stimulates 

CD8α+ DC to produce IL-12 and induce TH-1 responses, while LPS from 

Poryhromonas gingivalis does not stimulate CD8α+ DC to produce IL-12 and, in fact, 
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preferentially induces TH-2 responses528-530. In terms of tissue origin, DC isolated 

from Peyers patches531, lungs532 and liver533 preferentially induce TH-2 differentiation, 

while splenic CD11c+ DC preferentially induce TH-1512. 

If DC subsets perform different functions they should express pattern-recognition 

receptors that reflect their different evolutionary traits. Indeed, it has been 

demonstrated that human pre-DC1, but not pre-DC2, express TLR 2 and 4 which 

allows them to respond to bacterial exoproducts such as LPS. Conversely, pre-DC2, 

but not pre-DC1, express TLR 7 and 9 resulting in activation when stimulated with 

CpG DNA, but not LPS512. Consequently pre-DC1 express high levels of 

proinflammatory cytokines in response to TLR 2 and 4 ligands while pre-DC2 do 

not534-537. In contrast, pre-DC2 are able to produce high levels of type I IFN in 

response to TLR 9 ligands while pre-DC1 cannot538. Similar to their human 

counterparts mouse IPC express the TLR 9 receptor but not TLR 4, thus enabling 

them to respond to CpG DNA but not LPS539. While the pre-DC2 and the mouse IPC 

are the principal cells involved in producing type 1 interferon in response to viral 

challenge465,467,540the receptor for dsRNA, a hallmark of viral infection, TLR 3 is not 

detected in this cell type541. 

1.5.1.4 Interactions between DC and NK cells  

Historically the principal function of DC has been ascribed to the activation of naïve 

T cells. The work of Fernandez  et al., (1997), however, clearly demonstrated that DC 

are capable of priming NK cells, resulting in enhanced lysis of target cells, IFN-γ 

production and tumor clearance542. NK cell activity can be augmented by IL-2543, 

IFN-α and IL-12161 which stimulate NK cell blastogenesis, cytotoxicity and IFN-γ 

production160. IFN-γ also assists in IL-12 production by DC506,508, thus shaping the 
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ensuing adaptive immune responses towards a TH-1 phenotype544. Recent evidence 

has further demonstrated that mature DC can activate NK cell cytotoxicity and IFN-γ 

production545, while activated NK cells are capable of enhancing DC maturation and 

IL-12 production545. These interactions are cell contact and TNF-α dependent542,545-547 

and are further controlled by cell ratios, with a low NK:DC ratio (1:5) required for DC 

maturation and a high NK:DC ratio resulting in inhibition of DC function547. 

1.5.2 Dendritic cell-pathogen interactions 
Given the central role of DC in the initiation of immune responses, it is not surprising 

that they are targeted for subversion by invading pathogens. Interactions between DC 

and foreign invaders often result in the pathogen utilizing DC biology to disseminate 

within the host. Pathogens may also target DC functions as a means to delay or halt 

immune responses, thus facilitating the establishment of chronic or latent infections. 

The most valuable studies of DC-pathogen interactions lead to the identification of 

novel mechanisms used by pathogens to enhance their pathogenesis and/or survival. 

An example of this type of process was described in DC-HIV interactions, and led to 

the identification of a novel DC expressed marker, DC-SIGN, which facilitates trans-

infection of T cells by HIV548,549. Elucidating the mechanisms of DC/pathogen 

interaction will clearly identify targets for the treatment and prevention of disease at a 

point where it will be highly beneficial.  

1.6 Project proposal 
The initial aims of this work were: 

Define the role of different cellular effectors during MCMV infection and characterise 

the anti-viral response of relevant subsets in resistant and susceptible strains of mice. 

Determine the role of DC during MCMV infection. 
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Determine which cellular subsets are involved in active cross-talk during MCMV 

infection and define the relevance of such interactions to the induction of innate and 

adaptive immune responses. 

The work described in chapter 1 describes a new fixation protocol which allows 

detection of NK1.1 on tissue sections. This methodology allowed us to analyse the 

kinetics of NK cell responses during MCMV infection and provided important data 

about the potential role for these effectors at various times during the anti-viral 

immune response generated in MCMV susceptible and resistant mouse strains.  

The bulk of the work in this thesis deals with MCMV-DC-NK interactions and 

concerns the ability of MCMV to modulate DC functionality to its own advantage 

(Chapter 2). By utilizing the mouse model of CMV infection we were able to identify 

functional interactions involving DC and NK cells in vivo. The data in chapter 3 

clearly demonstrate functional cross-talk between DC and NK cells during MCMV 

infection in vivo and importantly define the critical soluble mediators involved in 

these important biological interactions.  
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CHAPTER 2 
 
 
 
 

Analysis of Natural Killer Cell responses in situ following MCMV 
infection. 

 

 

 

The work described in this chapter has been published in: 

Andrews, D. M., Farrell, H. E., Densley, E. H., Scalzo, A. A., Shellam, G. R. & 

Degli-Esposti, M. A. NK1.1(+) cells and murine cytomegalovirus infection: What 

happens in situ? J. Immunol. 166, 1796-1802 (2001). 
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2.1 Introduction 
 

Cytomegaloviruses (CMV) are ubiquitous, host-specific pathogens capable of 

establishing lifelong infections in immunocompetent hosts. Acute infection with 

murine cytomegalovirus (MCMV) elicits an immune response which is incapable of 

fully resolving the infection1 and as a result the virus persists in the host, usually in a 

state of latency2.  

Several studies have highlighted the importance of NK cells as early mediators of host 

defense against viral infections, (reviewed in 3) including acute infection with 

MCMV4. Once activated, NK cells kill infected targets via effector mechanisms 

which vary at different physiological sites. In the spleen NK cells predominantly 

regulate MCMV replication via perforin-dependent cytolysis, whereas in the liver 

their effector function is mediated mainly via the production of IFN-γ5. A subset of 

NK1.1+ cells has been shown to limit the replication of MCMV in the spleen and to a 

lesser extent in the liver via the operation of the Cmv1 locus6. Cmv1 is an autosomal 

dominant locus first identified in mice of the MCMV resistant C57BL/6J background, 

but not on the MCMV susceptible BALB/c background, hence leading to the 

designation of these strains as Cmv1r and Cmv1s, respectively7. Mice congenic to the 

BALB/c background have been produced to have C57BL/6J alleles for varying 

regions of the NK gene complex on mouse chromosome 68. This complex 

encompasses the Cmv1 locus and the Ly55c gene that encodes NK1.1. These strains 

include the BALB.B6-Cmv1r strain which has the NK1.1+, Cmv1r phenotype, and the 

BALB.B6-CT6 strain which is NK1.1+, Cmv1s. These strains are particularly useful to 

study NK cell function during virus infection because of the NK1.1+ phenotype on 

both susceptible and resistant backgrounds. 
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In contrast to cells such as monocytes and neutrophils, it has been difficult to study 

the role of NK cells in situ due to the inability to use a specific marker for 

immunohistological identification. The NK1.1 antigen is the most widely used murine 

pan NK marker. PK136, a monoclonal antibody (mAb) against NK1.1, was first 

described by Koo and Peppard in 19849, but numerous attempts to detect NK1.1 in 

situ with this reagent have been unsuccessful. Several studies have identified NK cells 

on the basis of asialo GM1, IFN-γ or perforin expression10-12, however these markers 

are not specific for NK cells and can be detected on several other cell types, including 

macrophages and activated T cells. In situ histological analysis of NK cells therefore 

has been difficult as it relies on subtractive analysis. 

In this report we describe the first demonstration of anti-NK1.1 staining in situ to 

identify NK cells using a modified in vivo perfusion/fixation method. Using this 

method, we have compared the acute NK1.1+ cellular response to wild-type MCMV 

infection in the visceral organs of genetically susceptible intra-NK complex 

recombinant BALB.B6-CT6 mice with resistant C57BL/6J and BALB.B6-Cmv1r 

mice (all NK1.1+). Expression of viral antigens and the consequences of infection on 

other cellular subsets have also been analyzed in this study. In susceptible mice the 

results demonstrate that MCMV infection in the marginal zones of splenic white pulp 

results in local changes in various cellular constituents, including macrophages and 

NK cells. In the liver, distinct foci of infection were comprised of large numbers of 

macrophages and NK1.1+ cells surrounding infected cytomegalic cells. In resistant 

mice, MCMV infection was predominantly in the red-pulp of the spleen and was 

associated with an increased NK1.1+ cell and macrophage accumulation at sites of 

viral infection.  
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2.2 Materials and Methods 
 
Animals 

Inbred, specific pathogen free C57BL/6J and BALB/c were obtained from the Animal 

Resources Centre, Perth Western Australia. The congenic mouse strains BALB.B6-

CT6 and BALB.B6-Cmv1r, described in8 were bred in house. All animal 

experimentation was performed with the approval of the Animal Ethics and 

Experimentation Committee of the University of Western Australia and according to 

the guidelines of the National Health and Medical Research Council of Australia. 

Cells 

Primary mouse embryo fibroblasts (MEF) were grown in minimal essential medium 

(MEM; Gibco BRL Grand Island, USA) supplemented with 10% newborn calf serum 

(NCS; Gibco BRL). Single cell suspensions of mouse splenocytes were prepared in 

RPMI-1640 (Gibco BRL) supplemented with 10% fetal calf serum (FCS) (Tissue 

Culture Grade: CSL Melbourne, Australia), L-Glutamine (10 mM), 2 

Mercaptoethanol (20 µM) and antibiotics (Penicillin 100 µg/ml, CSL; Gentamycin 40 

µg/ml, Pharmacia and Upjohn Sydney, Australia) (complete medium). To isolate 

splenocytes spleens were dissociated in dounce homogenisers and the dispersed cells 

washed once in RPMI 1640 complete medium. Erythrocytes were lysed in NH4Cl and 

the nucleated cells washed a further two times in complete medium to remove 

residual lysis buffer and undispersed stromal elements. Splenocytes were suspended 

in Mouse Osmolarity Buffered Saline (MOBS; 330 mOsm)/5% FCS for analysis by 

flow cytometry. 

Antibodies  

Phycoerythrin (PE)-conjugated anti-NK1.1 (PK136), CD11b (M1/70), CD4 (GK1.5), 

CD8 (53-6.72) and CD19 (1D3); Fluoroscein Isothiocyanate (FITC)-conjugated 
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TCRβ (H57-596); Biotin-conjugated anti-NK1.1 (PK136), Biotin-conjugated anti-

CD11c (HL3) and Streptavadin-PE, were purchased from Pharmingen (San Diego, 

USA). Anti-asialo GM1 was purchased from Wako Pure (Osaka, Japan). The anti-

MCMV monoclonal antibody 3B2 has been described previously13. 

Treatment of mice 

Groups of mice used for immunofluorescence analysis of tissue sections (two per 

group), FACS analysis (three per group), or plaque assays (three per group) were 

infected intraperitoneally (ip) with 104 plaque forming units (pfu) of salivary gland 

propagated stocks of the virulent MCMV strain K181-Perth. Control animals were 

mock-infected with MOBS/5% FCS. Mice were sacrificed at 1, 2, 3, 4 and 6 days post 

infection and tissue collected as described below. Viral titers are expressed as the 

means from three infected animals.  

Removal of tissues and fixation protocols 

For in vitro fixation of tissues, mice were euthanased by cervical dislocation and 

tissues were covered with Cryo-embed OCT (Tissue Tek; Torrance, USA), snap-

frozen in liquid nitrogen and stored at -80°C. For fixation of liver and spleen in situ, 

animals were anaesthetized with Penthrane and perfused with 20 ml of the appropriate 

fixative via the left ventricle. Following perfusion/exsanguination the mice were left 

at room temperature for 5 min to ensure appropriate penetration of tissues by the 

fixative. Following systemic perfusion, lungs were fixed by intra-tracheal injection of 

10 ml of fixative. To ensure lung architecture was maintained perfusion was 

performed at a rate of 2 ml/min. Tissues were then removed and stored at -80°C. 

Tissue sections taken from unperfused animals were treated as described in Table 1. 

In vivo fixation was performed using either 4% paraformaldehyde (general purpose 
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grade: BDH Kilsyth, Australia) or the Periodate-Lysine-Paraformaldehyde (PLP) 

solution adapted from McLean and Nakane14. Paraformaldehyde was prepared as a 

4% solution in MOBS and buffered to pH 7.4 prior to use. The PLP solution was 

prepared with the following modifications. Briefly, 0.15 M lysine-HCl was buffered 

to pH 7.4 with 0.1 M Na2HPO4 and subsequently diluted to 0.075 M lysine-HCl with 

ddH20. A 2% paraformaldehyde solution was prepared fresh in deionized H2O and 

adjusted to pH 7.4. One part of the resulting solution was added to 3 parts of lysine 

phosphate buffer supplemented with 2.5 mg/L of sodium periodate and 600 µl/L of 

glutaraldehyde. All solutions were stored at room temperature and used within 12 h of 

preparation. 

Preparation of tissue sections and immunofluorescence 

Six µm sections were cut on a cryostat and mounted onto Silane (ICN; Ohio, USA)-

coated slides. Untreated tissues were fixed as described in Table 1 prior to rehydration 

in MOBS for 5 min. Fixed tissues were rehydrated and after this step both types of 

tissue were treated identically. Paraformaldehyde-associated autofluorescence was 

quenched by incubation in 50 mM NH4Cl for 10 min at 4°C prior to blocking with 5% 

normal goat serum (NGS) in MOBS containing 3% bovine serum albumin (BSA) for 

30 min at room temperature. Primary antibodies diluted in MOBS with 3% BSA were 

then added for 1 h at 4°C followed by the appropriate second-step reagent for 30 min 

at room temperature. Secondary antibody reagents were diluted in MOBS with 5% 

NGS and Streptavadin conjugated fluorochromes diluted in 5% skim milk powder. 

Washing between each step was performed 3 times with MOBS. Sections were 

mounted in 50% glycerol/MOBS and visualized by either standard epifluorescence or 

on a Confocal Microscope (BioRad MRC 1000/1024 UV Laser Scanning Confocal 

Microscope, Biorad Hemmel Hempstead, UK). A focal series of seven horizontal 
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planes of section spaced by 0.5µm were monitored sequentially for fluorescein and 

phycoerythrin using the 488nm and 543nm laser lines of an argon or Green Helium-

Neon laser respectively, a double dichroic mirror for the excitation beam, a FITC 

band pass 522/35nm barrier filter and a 580/32 filter for the Phycoerythrin. The 

FITC/PE 8 bit-encoded 768 x 512 pixel images from the same plane of section were 

superimposed and visualized with a red/green pseudocolourscale on a true color 

display monitor before printing using a Codonics NP-1600 printer (Codonics, 

Middleburg Heights, OH). 

Flow Cytometry 

Flow cytometric analysis of splenocytes was performed using the mAbs described 

above. Cells were resuspended at 1 x 106/ml and non-specific reactivity was blocked 

in MOBS/5%FCS/5% NGS for 30 min on ice. Labeling was performed for 60 min 

with the appropriate primary mAb then with the second step reagent for 30 min. All 

incubations were performed at 4°C with 3 washes in MOBS/5% FCS between steps. 

Propidium iodide (2 µg/ml) was incorporated into the final wash to exclude dead 

cells. The labeled cells were then analyzed on a FACSCalibur (Becton Dickinson, San 

Jose, USA) and files of 10000 events were collected and analyzed using CellQuest 

Software (Becton Dickinson).  

In vivo Growth of MCMV 

Mice were inoculated with the virulent MCMV strain K181-Perth as described above. 

At the designated times post inoculation, the animals were sacrificed and spleens and 

livers were removed. All organs were individually weighed, homogenized in cold 

MEM 2% NCS and centrifuged at 3000 x g for 15 min at 4°C. The supernatant was 

stored at -80°C and viral titers were subsequently quantified on MEF by standard 

plaque assay15. 
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2.3 Results 
 
Identification of NK1.1+ cells in situ 

In situ identification of NK cells using the NK1.1 marker recognized by mAb PK136 

has so far been elusive. To determine whether the inability to detect NK1.1 may be 

due to inappropriate fixation of this antigen, seven different fixation protocols were 

applied to cryostat sections of mouse spleen in an attempt to establish a reliable 

technique allowing in situ identification of cells expressing the NK1.1 antigen (Table 

2). Visualization of the NK1.1 marker was only possible after perfusion fixation prior 

to snap freezing and cryostat sectioning. PLP fixation showed superior results to 

fixation with 4% paraformaldehyde (Table 2) while fixation ex vivo resulted in no 

visible staining with PK136. Detection of other antigens, such as CD11b, was not 

dependent on the fixation protocol (Table 2). Tissue architecture and antigen 

preservation were maintained optimally when fixation was performed for a minimum 

of 5 min post-exsanguination.  

To confirm the specificity of the PK136 antibody in situ, tissues from C57BL/6J 

(NK1.1+), BALB.B6-CT6 (NK1.1+), BALB.B6-Cmv1r (NK 1.1+) and BALB/c 

(NK1.1-) mice were tested. The expression of the NK1.1 antigen in these mouse 

strains is shown in Table 3 together with the strain susceptibility to MCMV infection 

and the Cmv1 phenotype8. In all cases fluorescent signal was only detected in NK1.1+ 

mouse strains. These data were complemented by dual labeling with anti-asialo GM1 

or TCRβ and confocal analysis (Fig.1 a and b). Fig. 1A shows asialo GM1+ cells 

which are NK1.1-, but no NK1.1+ cells that are asialo GM1-. The ratio of asialo 

GM1+/NK1.1+ to asialo GM1+/NK1.1- was approximately 5/1. Fig.1 B shows that 

NK1.1+ cells can be distinguished from TCRβ+ and NK1.1+/TCRβ+ (NKT) cells. The 
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distribution and localization of CD11b+ and NK1.1+ cells identified following MCMV 

infection are described below.  

Characterization of the NK1.1+ and CD11b+ cellular response to MCMV in situ 

Having devised a method for the specific detection of NK1.1+ cells in situ, 

immunohistological studies were undertaken to determine the role of these and other 

cell types to the response that follows MCMV infection.  

(a) in the spleen:  

Titers of MCMV in the spleens of susceptible mice were detectable by plaque assay 

on day 2 pi and peaked on day 4 (BALB/c day 2: 2.4 x 103; day 4: 2.1 x 105 and day 

6: 4.5 x 104; BALB.B6-CT6 see Table 4) with MCMV antigens first detected by 

immunofluorescence in the splenic margins 2 days pi. In susceptible BALB/c and 

BALB.B6-CT6 mice, positive fluorescent signal to an MCMV intracellular antigen 

detected by mAb 3B2 was observed in the splenic margins by day 2 p.i. and became 

prominent in these areas 3-4 days pi, (Fig.2 a). By day 6, the infection appeared to 

have been resolved with low levels of staining for MCMV antigen being evident only 

in the red-pulp (Fig.3 a). The temporal appearance and intensity of staining of 

MCMV antigen was consistent with the titers of MCMV detected in the spleen by 

plaque assay (Table 4).  

In situ detection of NK1.1+ cells in uninfected, susceptible BALB.B6-CT6 mice 

showed a sparse distribution of cells mainly within the red pulp regions. Concomitant 

with the early detection of MCMV antigen in situ, detection of NK1.1+ cells with 

mAb PK136 showed localization of NK1.1+ cells to the marginal zones of the white 

pulp at day 2 pi (Fig.3 b). Thereafter, NK1.1+ cells were only identified in the red-

pulp, where, by day 6 pi the foci of NK1.1+ cells had markedly increased (Fig.3 b). 

 86



Similar to NK1.1+ cells, CD11b+ macrophages were found in the red pulp by 18h pi, 

but were more detectable in the marginal zones of the white pulp 1 day pi (Fig.2 b 

and 3c). Accumulation of these cells in discrete foci was noted in both the red and 

white pulp regions at days 3 and 4 pi with an increase in cell numbers in these foci by 

day 6 (Table 4 and Fig.3 c). Alterations to the number or distribution of CD4+ and 

CD19+ cells was unremarkable during this study. The number of CD8+ cells, and 

especially CD11b+/CD8+ double positive cells, increased at day 6 post-infection, 

particularly in susceptible strains (data not shown).  

In contrast to the findings in susceptible mice, MCMV antigen was detected at very 

low levels in the marginal zones of splenic follicles of resistant C57BL/6J and 

BALB.B6-Cmv1r mice (Fig.3 d). This correlated with the significantly lower titers of 

MCMV recovered from the spleens of resistant mice at the times and virus dose used 

in study (Table 4). Some MCMV-infected cells were also detected in the red pulp. At 

6 days pi MCMV antigens were no longer detected by in situ analysis (Fig.3 d). The 

low levels of virus detected correlated with a significant increase in NK1.1+ cell 

numbers from day 2 onwards (Table 4 and Fig.3 e). In situ analysis showed 

accumulation of NK1.1+ cells into foci of the red pulp and in the margins of the white 

pulp as early as day 2 pi. In resistant strains, NK1.1+ cells were present in 

significantly greater numbers from days 2-4 pi as compared to the susceptible 

BALB.B6-CT6 mice, consistent with the number of NK1.1+ splenocytes detected by 

FACS analysis. Clusters of CD11b+ macrophages were observed at 2 days pi, and 

reached significantly higher levels in the spleen than those observed for susceptible 

mice, at days 2-4 pi (Table 4 and Fig.3 f). 
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(b) in the liver 

Previous studies have looked at the presence of NK cells in the livers of MCMV-

infected animals. However, the analysis was somewhat complicated by the use of 

asialo GM1 as the marker for NK cells given the cross reactivity with other cell 

types10-12,16,17. In addition, the analysis was restricted to the MCMV-resistant 

C57BL/6J strain. Here, we specifically evaluate the role of NK1.1+ cells in MCMV-

induced liver inflammation and compare the composition of the inflammatory 

infiltrate in NK1.1+ resistant and susceptible mouse strains. Viral titres in the liver of 

susceptible (BALB/c; BALB.B6-CT6 ) mice were highest at 2 (BALB/c = 4.6 x 104 

pfu; BALB.B6-CT6 = 2.0 x 104 pfu) and 4 (BALB/c = 6.3 x 103 pfu; BALB.B6-CT6 

= 4.5 x 104 pfu) days pi before decreasing by day 6 (BALB/c = 4 x 103 pfu; 

BALB.B6-CT6 = 1.8 x 103 pfu). While equivalent titers were observed in resistant 

mice (C57BL/6J and BALB.B6-Cmv1r) at days 2 and 4 pi (approximately 2 x 104 and 

3 x 103 pfu), infectious virus was undetectable by day 6 pi. In susceptible and resistant 

strains of mice, MCMV antigen was first identified at 2 days pi in numerous foci 

throughout the liver parenchyma with infected cells showing classic signs of 

cytomegaly. The foci of infection were frequently associated with NK cells at this 

time (Fig.4 a and b). By 4 days pi these cells were surrounded by foci of 

inflammation consisting of large numbers of macrophages (CD11b+) and NK 

(NK1.1+) cells. Moderate numbers of CD4+ T cells were observed in tissues from 

Cmv1s strains.  

(c) in the lungs 

The role of different cellular constituents in the inflammatory response to MCMV was 

also examined in the lungs to determine whether the same cellular subsets mediate 

inflammatory responses at different physiological sites. Firstly, we characterized the 
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extent of MCMV infection at this site. Viral titers were first observed in the lungs of 

susceptible mice at 4 days pi (<102 pfu) but reached titers of approximately 103 pfu at 

6 days pi. Immunofluorescence analysis with MCMV mAb showed low levels of viral 

antigens in the lungs of susceptible mice at 4 days pi. This finding was associated 

with preferential accumulation of macrophages (CD11b+) and DC (CD11c+) at the 

sites of infection. However, the clusters of inflammatory cells associated with 

infection were small in comparison to those seen in spleen and liver. By 6 days pi a 

low level of virus infection was still detectable and MCMV positive cells were found 

in association with an infiltration of NK (NK1.1+) cells (Fig.5). No evidence of 

infection with MCMV was identified in the lungs of resistant mice at the virus dose 

used in this study. 
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Figure 1. Confocal microscopy image from spleen sections of control mice 

identifying NK1.1+ Cells (a) Spleen section from a C57BL/6J mouse stained with the 

PK136 mAb to NK1.1 (PE: red) and anti-asialo GM1 (FITC: green): Confocal 

microscopy image showing a double-label of NK1.1 and anti-asialoGM1 (1-yellow) 

and anti-asialoGM1 only (2-green). Cellular stain appears as green or yellow with red 

only being autofluorescence from tissue matrix. X400. (b) TCRβ+ (3-green), 

NK1.1+/TCRβ+ (4-yellow) and NK1.1+ (5-red) cells in the spleen of a C57BL/6J 

mouse 3 days post-infection with MCMV K181-Perth. X400 
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Figure 2. Two representative sections of the white pulp regions of spleen from a 

BALB/c mouse infected with MCMV K181-Perth at 4 days pi. (a) Detection of 

viral antigen (using the 3B2 monoclonal antibody) in the marginal zones (1), sinuses 

(2) and PALS (3): (b) Detection of CD11b+ cells in the marginal zone (4). X400. 
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Figure 3. Diagramatical representation of the NK1.1+ and CD11b+ cellular 

response to MCMV infection of the spleen (as detected using the 3B2 antibody). 

Large white circles represent the margins of the white pulp with the periarteriolar 

lymphoid sheath located inside. Sections through the spleen represent the time point 

of sampling from 6 hours to 6 days post infection. MCMV antigen (a and d), NK1.1+ 

cells (b and e) and CD11b+ cells (c and f). Susceptible mice are represented on the left 

hand side (a-c), while resistant mice are on the right (d-f). 
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Figure 4. Diagrammatical representation of the NK1.1+ and CD11b+ cellular 

response to MCMV infection in the liver. (a) Sections through the liver represent 

the time point of sampling from 2 to 6 days post infection. Susceptible mice are 

represented on the left hand section, while resistant mice are on the right. MCMV 

infected cells are detected using the 3B2 monoclonal antibody. (b) NK1.1+ cells (2-

red) surrounding MCMV infected cells (1-green) in the liver of a susceptible 

BALB.B6-CT6 mouse 2 days post infection with MCMV K181-Perth. The yellow 

signal marks the overlap of NK cells with MCMV infected cells. X400 
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Figure 5. NK1.1+ cells stained with PE-PK136 in the lung of a susceptible 

BALB.B6-CT6 mouse 6 days pi with MCMV-K181-Perth. X400 
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Table I. Fixation of tissue from unperfused animals 
 

 

 

 
Fixative 

 
Time 

 
Temperature 

 
 

 
Acetone 

 
5 min 

 
4°C 

 
4% Paraformaldehyde 

 
5 min 

 
Room Temp 

(RT) 24-26°C
 
PLP 

 
5 min 

 
RT 

 
Carnoys Fixative 

 
15 min 

 
RT 

 
No fixative 

 
- 

 
- 

 
 
 
 

 
 
Table II. Results of different fixation protocols on the ability to detect specific cellular 

antigens1 

 
Tissue  

 
 

Fixation Method 
 

Fixative  
Spleen Liver Lung 

 

 
NK1.1 

 
CD11b 

Ex Vivo 
Tissue section on slide 

Acetone 
Carnoy's Fixative 
No fixative 
4% Paraformaldehyde 
PLP 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

- 
- 
- 
- 
- 

+ 
+ 
+ 
+ 
+ 

In vivo 
Whole mouse 
perfused 

4% Paraformaldehyde 
PLP 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
++ 

+ 
+ 

 

1Antigen visualization by fluorescence represented by +, where ++ > +. 
 
 
 

 95



Table III. NK1.1 and Cmv1 phenotype in the mouse strains used in this study1

 
 

Mouse Strain 
 

Cmv1 Phenotype 
 

NK1.1 antigen 
 

 
BALB/c Susceptible (Cmv1s) Negative 

 
C57BL/6J Resistant (Cmv1r) Positive 

 
BALB.B6-CT6 Susceptible (Cmv1s) Positive 

 
BALB.B6-Cmv1r Resistant (Cmv1r) Positive 

 
 

1 Refer to (12) for development of the congenic strains. 
 
 
 
 
Table IV. Analysis of viral replication and changes in proportions of splenocytes 

expressing NK1.1+ and CD11b+ following MCMV infection of NK1.1+ resistant 

C57BL/6J and susceptible BALB.B6-CT6 mouse strains 
 

 
FACS analysis 1

 
Strain 

 

 
Day Post Infection 

NK1.1+ CD11b+

 
Viral Titer2 
(pfu/spleen) 

 
MOBS 6.4 ± 0.5 29.4 ± 2.3 NA3

Day 2 6.7 ± 0.4 37.2 ± 1.7* 1.3 x 103 ± 0.6$

Day 4 5.6 ± 0.7 37.5 ± 3.5* 1.2 x 105 ± 0.2$BALB.B6-CT6 
Day 6 15.6 ± 1.2* 44.2 ± 9.3* 1.8 x 103 ± 0.3$ 

 
MOBS 7.4 ± 1.1 38.6 ± 3.2 NA 
Day 2 10.2 ± 0.8* 43.0 ± 1.7 0.4 x 102 ± 0.2$

Day 4 9.0 ± 1.4 54.3 ± 1.4* 0.2 x 102 ± 0.1$C57BL/6J 
Day 6 12.0 ± 1.0* 53.3 ± 4.8* 2.6 x 102 ± 0.5$ 

 
 

1 FACS values are expressed as mean % of 10 000 live cells from 3 animals ± SEM.  
2 Viral titers are shown as mean pfu/spleen of 3 mice ± SEM. 
3 NA = Not applicable. 
* Significantly different from MOBS controls.  
$ Significantly different between strains at the same sampling points. 
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2.4 Discussion 
 

Previous data have characterized the number and the cytotoxicity of NK1.1+ cells ex 

vivo following viral infection. However, very little is known about the nature of the 

NK1.1+ cellular response in vivo. The successful in situ detection of NK1.1+ cells in 

this study was performed using the PK136 mAb following perfusion fixation with 

PLP. PLP fixation may facilitate recognition of NK1.1 via oxidation of carbohydrate 

moieties by periodate followed by lysine mediated cross-linking of the newly formed 

aldehyde groups. This fixative is likely to preserve the antigenic structure of NK1.1 in 

a configuration closest to its native form. Recognition of NK1.1+ cells following PLP 

incubation was absolutely dependent upon in vivo fixation, with tissue architecture 

and antigen preservation best obtained following the method described. This method 

of in situ detection of NK1.1+ cells allows analysis of NK cell interactions with other 

cells of the immune system in situ and hence will be of great value since it will enable 

the specific analysis of NK cells and their role in diseases including cancer, allergy 

and viral infection. 

Double labeling with PK136 and anti-asialo GM1 (Fig.1 A), shows that all NK1.1 

cells are asialo GM1 positive, but the reverse does not hold true. This is expected 

since NK1.1 is thought to be specific for NK cells, whereas asialo GM1 has been 

shown to be expressed on NK cells, activated T cells and macrophages10-12,16,17. We 

have also shown that it is possible to separate NK cells from NKT cells on the basis of 

TCRβ expression (Fig.1 B). 

In addition to describing the first specific identification of NK cells in situ we also 

report on the inflammatory response that follows infection with MCMV and compare 

it in spleen, liver and lungs of susceptible and resistant mouse strains. The extent of 
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virus antigen detected by immunofluorescence correlated with titers of infectious 

virus recovered during acute infection. In the spleen, sequential section analysis 

indicated that MCMV infection was occurring primarily in cells which were CD11b+, 

(Fig.2 A and B), consistent with previous studies that have detected MCMV infection 

in mononuclear cells of peripheral tissues18-20. Given the rapid accumulation of 

CD11b+ cells to the spleen, liver and lungs, this population may represent critical 

players in the early dissemination of MCMV to peripheral tissues and/or the 

establishment of latency. In the spleen, monocytes are known to selectively migrate 

into the marginal zones21 in a pattern consistent with the one observed in this study. 

An increase in the number of CD11b+/CD8+ cells was noted at day 6 pi. McFarland 

and colleagues have previously shown that a subset of freshly isolated T cells taken 

after lymphocytic choriomeningitis virus infection, are also CD11b+22. In that study, 

these cells were recognized as the active effector and virus-specific memory CTLs. 

Our study focuses on the acute phase of MCMV infection, hence the observed 

CD11b+/CD8+ cells probably represent the active stage of CTL proliferation.  

In the spleen, both FACS and in situ analysis demonstrated an earlier increase in 

NK1.1+ cells in splenocytes from resistant, as compared with susceptible mice. 

Nevertheless, both susceptible and resistant mice showed high levels of NK1.1+ cells 

6 days pi (Table 4). At this time post infection the increase in NK1.1+ cells is partly 

due to NKT cells. The role of NKT cells in the response of susceptible and resistant 

strains of mice to infection with both wild type and mutant MCMV (lacking specific 

open reading frames) has been analysed and will be reported separately (van 

Domellen et al, in press). 
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In the livers of Cmv1s and Cmv1r mice, MCMV was first detected in situ at 2 days pi. 

Peak titers of virus were equivalent in these strains at day 4 pi, which was expected, 

since Cmv1 confers NK cell-mediated resistance to MCMV infection predominantly 

in the spleen and to a lesser extent in the liver7. In both strains of mice, foci of 

infection were associated with prominent infiltration of NK cells and macrophages by 

4 days pi, (Fig.4 A and B). Dual labeling of infected livers at day 4-6 pi, indicated that 

most CD8+ cells were also CD11b+, probably representing activated CTLs. While 

CD4+ T cells were observed in the livers of susceptible mice, these cells were absent 

in livers from infected resistant mice, consistent with previous data demonstrating that 

T cell responses are not required for the control of virus replication in the liver of 

resistant C57BL/6J mice23. The absence of T cells in the livers of resistant mice may 

be a consequence of the early control of MCMV by NK cells in the spleen.  

Lastly, we studied the inflammatory response to MCMV infection in the lung. In 

comparison with the spleen and liver, MCMV titers in the lung are lower, and are 

detected later following intraperitoneal infection. Nevertheless, accumulating CD11b+ 

macrophages, CD11c+ DC and NK1.1+ cells were observed surrounding infected 

cells. Despite the appearance of NK cells, it is unclear whether these cells play a role 

in restricting early MCMV replication in the lung. Indeed, NK cells are important in 

preventing the dissemination of MCMV into the lung, but do not appear to play a 

crucial role with respect to viral clearance at this site24. 

The accumulation of macrophages observed in the lung post-infection with MCMV, 

may be important for the establishment of viral latency at this site. Indeed, MCMV 

has been identified in macrophages of the lung alveolus 6 months post-infection2 and 
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it has been postulated that this may result from viral invasion of alveolar macrophages 

during the acute stages of infection.  

It is now clear that both the host genotype and the presence of viral immune 

modulators contribute to MCMV pathogenesis and virulence. A better understanding 

of the NK cellular response evoked by MCMV will improve our understanding of 

how specific cell types modulate the course of viral dissemination and persistence. 

Furthermore, identification of NK and other cell types involved in combating wild-

type infection will be critical in determining how MCMV evades or subverts the 

immune response through comparison of cellular responses elicited by MCMV 

mutants deleted of potential immune modulators. With the in situ detection of NK1.1 

reported here, it is now possible to better understand the role of NK cells in viral 

infection, cancer and other disease states. 
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CHAPTER 3 
 
 
 
 

Functional Paralysis of Dendritic Cells Induced by MCMV 
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3.1 Introduction 
 

Immunosuppression is a common outcome of viral infections1. The down-regulation 

of immune responses imparts the infecting pathogens with the opportunity to escape 

immune surveillance and maximizes their chances of survival, replication and 

transmission. The generalized immunosuppression caused by viral infection is often 

associated with secondary infections with unrelated viral and/or bacterial pathogens 

and, as such, represents a serious clinical problem. Immunosuppression may also 

accompany the onset of tumors, again as a means for tumors to evade immune 

responses and reduce the chances of being eliminated. Understanding the mechanisms 

involved in the induction of immunosuppression is therefore a crucial step towards the 

development of better immunotherapies.  

Cytomegalovirus (CMV) is one of three viral pathogens known to induce profound 

immunosuppression in man1. Unlike measles and human immunodeficiency virus 

(HIV), the mechanisms underlying CMV-induced immunosuppression remain poorly 

understood despite the availability of a unique animal model. Murine cytomegalovirus 

(MCMV) infection is widely utilized as a model for human CMV infection2. Human 

CMV (HCMV) causes serious complications in immunocompromised hosts such as 

newborns, transplant recipients and acquired immunodeficiency syndrome (AIDS) 

patients2. Since CMV infection is species-specific, there are no experimental animal 

models to study HCMV pathogenesis. However, because of the similarity in structure 

and biology between HCMV and MCMV, the latter provides a unique model of 

human disease and importantly it permits the study of in vivo infection of the natural 

host2.  
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In humans, CMV infection causes morbidity and mortality amongst neonates and 

immunosuppressed individuals2. In immunocompetent hosts however, CMV can 

establish a persistent infection without causing overt disease3. The ability to persist 

and establish a stable relationship with its host is critical to the survival of CMV and 

strongly underlies its success at evading host defense mechanisms. Amongst the 

strategies used by CMV to subvert normal defense mechanisms is the “hijacking” of 

cellular gene products that play critical roles in anti-viral responses4. MCMV is 

capable of subverting the immune system by multiple mechanisms, including down 

regulation of major histocompatibility complex (MHC) class I and II molecules5-7, 

synthesis of chemokine homologues8 and production of a viral homologue of cellular 

MHC class I9. Studies with mutant viruses lacking specific viral open reading frames 

(ORFs) have clearly demonstrated the effects of MCMV proteins in the regulation of 

T cell activity10 and the inhibition of NK cell responses11. Monocytes and 

macrophages are important in viral dissemination and pathogenicity12-14. Recently, 

HCMV has been shown to infect monocyte-derived dendritic cells (DCs)15, however, 

the role played by DCs in MCMV infection in vivo is unknown. 

DCs are widely recognized as the consummate professional antigen presenting cell16. 

They are especially abundant in the skin, mucosa and in lymphoid organs, where they 

provide a sentinel service for the immune system17. Immature DCs take up and 

process antigen with remarkable efficiency at these sites. Once activated, DCs migrate 

into lymphoid organs where they initiate a primary immune response18. Migration 

coincides with a reduced antigen processing capacity and an increased cell surface 

expression of MHC and costimulatory molecules. Activated DCs are essential for the 

subsequent activation of both naïve and activated T cells. In addition, activated DCs, 

either directly or indirectly, via the release of specific cytokines and chemokines, play 
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a crucial role in the recruitment and/or activation of other effector cells, including NK 

and NKT cells, macrophages and B cells19.  

In this report we have investigated the consequence of MCMV infection on the 

functionality of DCs in vivo and ex vivo. Furthermore by using the growth factor 

dependent long-term DC line D120-22, we have examined the effects of MCMV 

infection on DC maturation. Our results show that MCMV impairs the capacity of 

DCs to initiate immune responses and suggest that interference with DC function is 

the primary mechanism involved in CMV-induced immunosuppression. 

3.2 Methods 
 
Animals 

Inbred C57BL/6 (H2b, I-Ab) and BALB/c (H2d, I-Ad) mice of 6 weeks of age were 

obtained from the Animal Resources Center (Perth, Western Australia) and 

maintained in specific pathogen-free conditions at the Animal Services Facility of the 

University of Western Australia. All animal experimentation was performed with the 

approval of the Animal Ethics and Experimentation Committee of the University of 

Western Australia and according to the guidelines of the National Health and Medical 

Research Council of Australia. 

Cell lines and reagents 

Mouse embryonic fibroblasts (MEFs) were cultured in minimal essential medium 

(MEM-Gibco Life Sciences, Sydney, Australia) supplemented with neonatal calf 

serum (NCS-Gibco Life Sciences, Sydney, Australia). D1 cells were maintained as 

described20. D1 cells and purified DCs were cultured in complete Iscoves modified 

Dulbeccos medium (IMDM-Sigma-Aldrich, St. Louis, MO) containing: 10% heat 

inactivated fetal bovine serum (FBS-Gibco Life Sciences, Sydney, Australia), 100 
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IU/ml penicillin, 100 µg/ml streptomycin (Pharmacia and Upjohn, Sydney, Australia), 

2mM L-glutamine, 50µM 2-mercaptoethanol and supplemented with 30% 

conditioned medium containing 10-20 ng/ml GM-CSF (complete IMDM-10)20. All 

media for DC suspension and isolation were iso-osmotic with mouse serum48. Initial 

tissue digestion was performed in IMDM buffered with pH7.2 HEPES and 

supplemented with 2% FBS (IMDM-2). To avoid re-association of DCs and T cells 

during washing and labeling a divalent metal free solution was used24,48. Density 

separation of DCs was achieved using a Nycodenz (Nycomed Pharma AS, Oslo, 

Norway) gradient, as described24,48.  

Preparation and purification of MCMV stocks 

Confluent MEF monolayers were infected with salivary gland passaged stocks of 

MCMV at a multiplicity of infection (MOI) of 0.05 for 1h at 37°C. Cells were 

monitored daily for evidence of cytopathic effect (cpe) and the supernatant removed 

when 100% cpe was observed. The suspension was progressively filtered through 0.8 

and 0.45 micron filters and centrifuged at 35 000 x g for 2h at 4°C in a JA-20 rotor. 

The viral pellet was resuspended in ice-cold IMDM, aliquoted and stored at -180°C. 

Viral titers were determined as described9. 

Infection of DCs and MEFs with MCMV 

Single Step Growth Curve - For the infection studies, MEFs were grown to 

confluence while D1 cells were infected on the day of passage. Purified DCs were 

infected immediately after sorting. To infect MEFs, virus was added to confluent 

monolayers at an MOI >3 and absorbed for 1h at 37°C. Residual inoculum was 

removed after 1h and the cells treated with citrate buffer (40mM citric acid, 10mM 

KCl, 135 mM NaCl pH3.0) for 1 min at RT to remove reversibly bound virus. Cells 

were then washed thoroughly, fresh MEM/2%NCS added and the cells incubated for 
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various times before freezing at -70°C. For infection of immature D1 cells or DCs the 

total number of cells to be infected was resuspended in complete IMDM-10 to which 

virus (MOI >3) was added. DCs plus MCMV inoculum were incubated for 1h at 37°C 

prior to centrifugation at 200x g. The pellet was then resuspended in citrate buffer and 

washed extensively with complete IMDM-10. Cells were resuspended in complete 

IMDM-10 and 104 cells per well aliquoted in a 96 well tray (Corning Glass Works, 

Corning, NY). DC cultures were sampled at indicated times and titers determined as 

described previously8,9. 

Multi-step Growth Curve - Multi-step growth curves were determined as described 

above, except that the MOI was reduced to 0.02. For infection of mature D1 cells, 

LPS (E. coli 026:B6 from Sigma) (10µg/ml) was added to D1 cells 2 days before 

infection.  

Expansion of CD11c+ cells by Flt3L 

To expand DCs, C57BL/6 mice were treated with Flt3 Ligand (Flt3L) as described49. 

Briefly mice received once daily intra-peritoneal injections of 10µg of Flt3-L in sterile 

HBSS for 9 days. FLt3L was kindly supplied by Immunex, Seattle, USA. 

Injection of mice with MCMV or LPS 

BALB/c mice were infected intra-peritoneally with 104 pfu of MCMV-K181-Perth or 

MCMV-K181-LacZ, (kindly provided by Dr H Farrell) diluted in PBS/0.05%FBS. 

Control mice received PBS/0.05%FBS. LPS (30µg/ml) diluted in PBS was injected 

intra-venously into BALB/c mice; control mice received PBS only. At appropriate 

times the mice were sacrificed and their spleens removed for the isolation of DCs. 
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Isolation of DCs from mice 

Single cell suspensions were prepared as described by Vremec et al., (2000)24 with 

some modifications. Spleens were injected with modified IMDM-2 containing 

collagenase (1mg/ml; type II; Sigma) and DNase I (Boehringer Mannheim, 

Germany), cut into small fragments and digested for 25 min at room temperature 

(22°C). To disrupt DC-T cell complexes, EDTA was added at a concentration of 

0.01M and incubation continued for 5 min. Undigested material was removed using a 

stainless steel sieve. Cells were pelleted by centrifugation, resuspended in a 1.077 

g/cm3 iso-osmotic Nycodenz solution, centrifuged at 1700 x g for 15 min at 4°C and 

the low density fraction collected. Cells in the low-density fraction were diluted in 

EDTA-SS, recovered by centrifugation and then incubated with the appropriate 

monoclonal antibodies for sorting or analysis. 

Phenotypic characterization of DCs 

Control, LPS-activated and MCMV-infected D1 cells, or fresh DCs, were phenotyped 

as described24 using the following antibodies: anti-CD11c (HL3), anti-class II MHC 

(TIB-120), anti-CD11b-PE (M1/70), anti-CD54-FITC (3E2), anti-CD40-FITC 

(HM40-3), anti-CD86-PE (GL1), anti-CD80-biotin (16-10A1), anti-class I MHC 

(TIB-126), F4/80 and anti-gpm144 (15C6, ATCC CRL-2431). Where required the 

second step stains were PE-streptavadin (Pharmingen, San Diego, CA) for biotin-

conjugated mAbs, Fab
2-Cy5 conjugated goat anti-rat mAb (Jackson Immunoresearch 

Laboratories, West Grove, PENN) for MHC class I and II and F4/80, and Fab
2-FITC 

conjugated goat anti-mouse mAb for the 15C6. Anti-class I MHC and anti-class II 

MHC hybridomas were kindly provided by Dr A Scalzo. The anti-gpm144 hybridoma 

was grown in this laboratory. All other mAb were purchased from Pharmingen (San 

Diego, CA) or Serotec (F4/80). Cells infected with MCMV-K181-LacZ were detected 

 111



by addition of fluorescein di-β-D-galactopyranoside (FDG) (Molecular Probes, 

Eugene, OR) for 1 min at 37°C. The percentage of MCMV-infected DCs was 

determined by subtracting the fluorescence of DCs from mock-infected animals. 

Propidium iodide (PI) was incorporated into the final wash at 1µg/ml to exclude dead 

cells. Annexin-V-FITC (Boehringer Mannheim, Mannheim, Germany) and PI were 

used to detect apoptotic cells.  

Flow cytometric analysis and sorting of DCs 

The fluorescence-labeled DC preparations were analyzed on a FACSCalibur® (Becton 

Dickinson, San Jose, CA). The channels used were: FL1 for FITC, FL2 for PE, FL4 

for Cy5 and FL3 to exclude PI-positive cells. Appropriately stained controls were 

used to check compensation for all fluorochromes used. Files of 2-5x104 DCs 

(CD11chigh, MHC class IIhigh, PI negative) events were collected and analyzed on Cell 

Quest software (Becton Dickinson, San Jose, CA). High speed sorting was performed 

with TURBOSort® on a FACSVantage® (Becton Dickinson, San Jose, CA) 

instrument at a sheath pressure of 18 PSI with a 70µm nozzle. The FL3 and FL2 

channels were used to exclude PI positive cells and detect PE-CD11chigh DCs 

respectively. Cells were collected into 70%FBS supplemented with 30% conditioned 

medium and routinely contained > 97% pure DCs. Viability after sorting (normally 

>98%) was determined by trypan blue exclusion. 

Endocytosis 

FITC-dextran (FITC-DX 40, 000 Dalton) was purchased from Molecular Probes 

(Oregon, USA). Groups of mice (8) untreated, LPS-treated or infected with MCMV 

for the appropriate time were injected with 0.1mg FITC-DX. One hour later DCs were 

isolated from spleens and single-cell suspensions prepared as described above. 

Isolated splenocytes were labeled with CD11c and MHC class II antibodies and 
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analyzed by flow cytometry. D1 cells were grown in the presence or absence of 10 

µg/ml LPS or infected with MCMV (MOI>3). At appropriate times, cells were 

incubated at 37°C or at 4°C with 0.5 mg/ml FITC-DX for 1 h. Uptake was stopped by 

addition of ice-cold FACS® buffer. Cells were washed and analyzed using a 

FACSCalibur®. Cell surface binding of FITC-DX at 4°C was subtracted from the 

uptake values obtained at 37°C to give the values for true uptake. 

Quantitation of IL-12 and IL-2 by ELISA 

IL-12 production by D1 was measured by sampling supernatant from MCMV 

infected, LPS matured (10µg/ml) or immature D1 at indicated times. IL-12 production 

by splenic DCs was determined by culturing enriched DCs for 18 hours with 10µg/ml 

LPS and 100U/ml IL-4 as described50. IL-12 p40/p70 in the supernatant was detected 

using C15.6 (capture) and C17.8 biotin-conjugated rat anti-mouse (detection) 

antibodies (Pharmingen). IL-2 production by D1 was measured by sampling 

supernatants from immature D1, LPS-treated D1 or MCMV infected D1 treated with 

LPS. Capture (JES6-1A12) and detection (JES6-5H4: biotin-conjugated rat anti-

mouse IL-2) antibodies (Pharmingen) were used according to the manufacturer’s 

recommendation. In both assays detection was achieved with poly-horse radish 

peroxidase (poly-HRP) conjugated to streptavidin (CLB, Amsterdam, Netherlands) 

and K-Blue (Elisa Systems, Brisbane, Australia). Absorbance was read at 450nm with 

an automated ELISA reader (SpectraMAX 250; Molecular Devices, Sunnyvale, CA). 

The detection limit for both assays was 3 pg/ml. 

Mixed Leukocyte Reaction Assay 

A primary allogeneic MLR was performed using immature, mature (10 µg/ml LPS) or 

MCMV-infected D1. Alternatively DCs were purified from the spleens of MCMV-
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infected or control BALB/c mice. Stimulators were treated with Mitomycin C 

(50µg/ml, 20 min at 37°C; Sigma) and co-cultured with 105 allogeneic 

splenocytes/well in 200 µl of complete IMDM. Cultures were pulsed with 1 µCi/well 

of [3H]thymidine on day 3 (specific activity 2.0 Ci/mmol; Amersham, Amersham 

Place, UK). Incorporation of [3H]thymidine was measured 18h later in a liquid 

scintillation counter (TopCount NXT). Mean cpm from triplicate cultures are shown 

in the Figures. In the D1 assays the stimulators are on a C57BL/6 background20, 

hence the responders were generated from allogeneic BALB/c splenocytes. 

Stimulators derived from MCMV-infected BALB/c mice were used with allogeneic 

C57BL/6 spleenocytes. 
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3.3 Results 
 
MCMV infects and productively replicates in DCs 

Given the central role played by DCs in initiation and regulation of immune 

responses, we examined their susceptibility to infection and their ability to sustain 

productive MCMV replication. Our initial analysis, using the D1 culture system, 

specifically allowed us to assess the relevance of the DC maturation state in relation 

to MCMV replication. Infection of immature D1 cells, or standard mouse embryonic 

fibroblasts (MEF) cultures, at a high multiplicity of infection (MOI) (>3 pfu/cell) 

resulted in viral production; however, viral production in D1 cells was slower than in 

MEF (Fig. 1a). Following infection of MEF, virus progeny was released at 18h post-

infection (Fig. 1a). In contrast, in D1 cells, infectious virus was not detected until 27h 

post-infection and titers of virus increased over a period of 4 days post-infection, 

eventually exceeding the amounts produced by MEF.  

To confirm that infection of D1 cells produced infectious virus, immature DCs and 

MEFs were infected with a low MOI (0.02 pfu/cell). Infectious virus was produced in 

MEFs until 100% cytopathic effect (cpe) was observed at day 6 post-infection (Fig. 

1a). A slower rate of viral production was again observed following infection of D1 

cells (approximately 24h slower than MEF) and again viral titers increased over time 

to eventually reach amounts exceeding those observed in infected MEF (Fig. 1a). To 

determine whether the maturation status of DCs was relevant to MCMV infection and 

replication, lipopolysaccharide (LPS)-activated D1 cells were infected, as described 

above (MOI=0.02pfu/cell). Maturation of D1 cells was induced by stimulation with 

LPS for 48h and the maturation status of the cultures confirmed prior to infection with 

MCMV by up-regulation of MHC class I and II, CD40, CD80 and CD8620. When 

LPS-activated D1 cells were infected with a low MOI, virus replication was observed, 
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however, the yield of productive virus was greatly reduced in comparison to infection 

of immature D1 cultures (Fig. 1a). 

Infection of DCs was confirmed using ex vivo-derived cells purified from the spleens 

of fms-like tyrosine kinase 3 ligand (Flt3L)-treated mice. When the Flt3L-derived 

DCs were infected with MCMV at a high MOI, we observed viral production similar 

to that obtained after infection of LPS-activated D1 cells (data not shown). This 

would be expected because DCs acquire an activated phenotype during the process of 

harvesting and sorting23,24. Thus, MCMV is capable of infecting immature, and to a 

lesser extent mature DCs, and infection leads to the production of high titres of virus. 

Importantly, no major differences were observed in the viability of DCs post-MCMV 

infection, as assessed by propidium iodide (PI) and annexin-V staining. In cultures 

tested every second day, out to day 8 after MCMV infection (low MOI, 0.02pfu/cell), 

the percentage of viable cells remained >90% (95.24 ± 2.39%), comparable with that 

observed for uninfected cultures (94.70 ± 3.26%) (Table 1). 

MCMV infects dendritic cells in vivo 

Having demonstrated that DCs can be infected in vitro, it was important to determine 

what role they play in the context of an infection in vivo. To establish whether 

MCMV could infect DCs in vivo we utilized a recombinant virus expressing the LacZ 

gene product. Expression of LacZ results from the stable insertion of a LacZ cassette 

in the intron of the M33 ORF. This insertion results in stable expression of LacZ in 

the context of infection, with the expression having no deleterious effects on viral 

replication25. Using fluorescein di-β-D-galactopyranoside (FDG) as a substrate for the 

LacZ gene product β-galactosidase, it was possible to detect MCMV-infected cells by 

fluorescence analysis (Fig. 1b). The percentage of infected DCs during the course of 
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infection was determined after labeling with CD11c, MHC class II and FDG. Splenic 

DCs became MCMV positive (10.10 ± 4.21%) 24h post-infection, with the majority 

becoming infected by day 2 (74.61 ± 6.22%). In accordance with the in vitro analysis, 

MCMV did not alter the overall viability of DCs recovered from the spleens of 

MCMV-infected animals. Greater than 77% of splenic DCs were viable at days 1, 2 

and 4 post-MCMV infection, compared with 80% viability in DCs from mock-

infected mice and 65% in DCs from mice treated with LPS for 2 days. 

MCMV affects the endocytic capacity of DCs  

The maturation of DCs from immature antigen processing cells to mature antigen 

presenting cells is associated with a reduced capacity for endocytosis18. The endocytic 

capacity of MCMV-infected D1 cells was compared to that of immature or LPS-

stimulated D1 cells by measuring uptake of fluorescein-conjugated-dextran (FITC-

DX). Two days post-infection, a 50% reduction in uptake was detected in MCMV-

infected cells relative to immature D1 cells (Fig. 2a), while complete inhibition was 

observed at 4 days post-infection (Fig. 2a).  

The effect of in vivo MCMV infection on the functional endocytic capacity of spleen-

derived DCs was also tested. Enriched DCs obtained from the spleens of control mice 

exhibited a high endocytic capacity, while DCs from spleens of LPS-treated or 

MCMV-infected mice were less efficient at antigen uptake (Fig. 2b). Confirmation 

that FITC-DX was endocytosed, as opposed to it adhering to the cell surface, was 

obtained by fluorescence microscopy (data not shown).  

MCMV infection interferes with phenotypic activation of DCs  

Having established that MCMV can productively infect DCs, it was important to 

determine the effects of such infection with respect to the phenotype of these cells. 
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Initial analysis was undertaken using the D1 system. D1 cells express CD11c, CD11b, 

CD54 and F4/80, as well as MHC class I and II, CD40, CD80 and CD8620. Post-

infection of immature D1 cells with MCMV (MOI >3), two stages of phenotypic 

change were observed. At day 2 post-infection MHC class I and II, CD40, CD54 and 

CD86 expression increased to amounts similar to those observed following LPS 

activation (Fig. 3a). Interestingly, CD80 expression remained unchanged. When the 

same antigens were analyzed at 4 days post-infection, decreases in the expression of 

all markers tested were observed (Fig. 3b), with the most profound effects occurring 

for MHC class II.  

Expression of the F4/80 marker was also tested at days 2 (Fig. 3a) and 4 (Fig. 3b) 

post-MCMV infection. Unlike the above markers, expression of F4/80 did not 

decrease below baseline amounts during the course of infection. The expression of the 

viral gpm144 protein, an MHC class I homologue9, was also tested and similar 

gpm144 expression patterns were detected on infected D1 cells at days 2 and 4 post-

infection (Fig. 3a, b). Detection of the gpm144 viral antigen on D1 cells that showed 

down-regulation of MHC and costimulatory molecules indicates that the observed 

down-regulation occurs specifically in infected DCs and is not due to non-specific 

loss of all cell surface antigens. 

To ensure that the down-regulation of adhesion, homing, MHC and costimulatory 

molecules observed following MCMV infection of D1 cells was not an artifact of this 

culture system, the effects of infection were tested using ex vivo purified splenic DCs. 

Expression of MHC class II, CD40, CD80, CD86 and CD54 was reduced at 2 and 4 

days post-infection, as compared to untreated or LPS-treated controls (data not 

shown). A reduction in MHC class I expression was only observed at day 4 post-
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infection (data not shown). In these experiments the LPS-mediated phenotypic 

maturation was marginal since the DCs were partially activated during the 

extraction/purification protocol23,24.  

Ultimately, the effect of MCMV was tested in vivo by analysis of the phenotypic 

changes that occurred in DCs from the spleens of MCMV-infected animals during the 

course of infection. Analysis of in vivo-derived DCs identified two populations of 

CD11c+, MHC class II+ cells in the spleens of mice infected with MCMV. A 

CD11chigh, MHC class IIhigh population found in control animals was present in 

MCMV-infected mice until day 2 post-infection, but was no longer detectable at day 4 

post-infection (Fig. 4a). A second population of DCs, characterized by a CD11cint, 

MHC class IIdim phenotype was detected in splenocytes from MCMV-infected 

animals at day 2 post-infection and reached maximal numbers at day 4 post-infection 

(Fig. 4a). This population of cells, which will hereafter be referred to as virally-

altered DCs, was not detected in either mock-infected (Fig. 4a) or LPS-treated (18 h) 

mice (data not shown). In vitro culture of CD11chigh, MHC class IIhigh cells isolated 

from MCMV-infected mice at 2 days post-infection showed that the virally-altered 

DC population arose from these classic DCs (data not shown). Phenotypic analysis of 

MCMV-infected (FDG+) CD11chigh, MHC class IIhigh DCs at 2 days post-infection 

showed increased expression of CD40 and CD86, comparable to the expression 

observed post-LPS stimulation (Fig. 4b). In contrast, at 4 days post-infection, infected 

(FDG+) DCs showed a severely reduced MHC class II, CD40 and CD80 expression, 

as well as reduced CD54, MHC class I and CD86 expression (Fig. 4c). CD86 

expression, which had increased at day 2, was by comparison markedly reduced at 

day 4 post-infection. Conversely, F4/80 expression did not change after MCMV 

infection (Fig. 4b, c).  
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MCMV-infected DCs lose responsiveness to maturation stimuli 

Given that MCMV infection interfered with phenotypic activation of DCs we 

determined whether DCs remain responsive to activation by other stimuli post-

MCMV infection. MCMV-infected D1 cells stimulated with LPS for 48h, did not up-

regulate surface expression of MHC or costimulatory molecules (Fig. 5).  

Importantly, when the viability of DCs was tested after MCMV infection and LPS 

treatment, no changes were observed in comparison to uninfected, immature DCs 

(Fig. 6). These data indicate that the inability of MCMV-infected DCs to respond to 

activation by LPS is not due to loss of cell viability. 

MCMV-infected DCs exhibit altered cytokine profiles 

To determine whether the phenotypic changes observed in DCs post-infection with 

MCMV affect their function, we examined whether there was a functional correlation 

with cytokine production. D1 cells secreted interleukin 12 (IL-12) in response to 

activation stimuli, such as LPS treatment (Fig. 7a). However, D1 cells infected with 

MCMV exhibited a reduced capacity to secrete IL-12 by days 2 and 4 post-infection 

relative to LPS-treated D1 (Fig. 7a). The same was true of DCs isolated from the 

spleens of mice infected with MCMV for 2 or 4 days (Fig. 7b). Consistent with the 

up-regulation observed early after infection, splenic DCs secreted some IL-12 when 

harvested from MCMV-infected mice at day 1 post-infection, but production was 

absent in DCs harvested at days 2 or 4 post-infection. 

We have recently shown that following bacterial encounter DCs secrete interleukin 2 

(IL-2)26. The ability of DCs to secrete IL-2 was tested by stimulating D1 cells infected 

with MCMV with LPS for various periods of time. MCMV-infected D1 cells showed 

a marked reduction in their ability to secrete IL-2 (Fig. 7c). Similarly, following LPS 
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stimulation, IL-2 was secreted by splenic DCs isolated from untreated mice, but not 

by DCs isolated from MCMV-infected animals (Fig. 7d). 

MCMV-infected DCs are not capable of priming naïve allogeneic T cells 

The ability of MCMV-infected DCs to stimulate the proliferation of naïve allogeneic 

T cells was assessed in vitro using D1 cells (Fig. 8a, b) or purified DCs (Fig. 8c). 

LPS-activated D1 cells were the most efficient stimulators of allogeneic T cells at 

both 2 and 4 days post-treatment, inducing 5–10 fold more proliferation than 

syngeneic controls (Fig. 8a, b). As previously described20, immature D1 cells were 

less efficient at priming a T cell response (Fig. 8a, b). At day 2 post-infection, 

MCMV-infected D1 induced a T cell proliferative response equivalent to that 

observed following culture with immature D1 cells and syngeneic controls (Fig. 8a). 

At 4 days post-infection, coculture of allogeneic T cells with MCMV-infected D1 

cells resulted in a proliferative response equivalent to that observed following 

syngeneic culture (Fig. 8b). Interference with priming naïve allo-reactive T cells was 

also observed when DCs, purified from the spleens of MCMV-infected mice at 4 days 

post-infection, were compared to DCs purified from spleens of uninfected control 

animals (Fig. 8c).  
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Figure 2: MCMV-infected DCs show impaired antigen uptake. Antigen uptake 

(FITC-DX) by D1 cells (a) and fresh DCs (b) at different maturation stages 

(immature versus mature) or following MCMV infection is shown. (a) The mean 

fluorescence intensity (MFI) values are as follows: Day 2 - MFI values: Immature 

62.47±1.36; Mature 9.28±2.44; MCMV-infected –0.57±9.30; Day 4 - MFI values: 

Immature 21.95±1.25; Mature 9.06±0.26; MCMV-infected 2.61±1.22. (b) The MFI 

values of splenic DCs harvested at day 2 post LPS-treatment or MCMV-infection are 

as follows MFI values: Immature DCs from control animals 187.3±5.9; Mature DCs 

from LPS-treated animals 56±1.65; DCs from MCMV-infected animals 57.67±2.28.  
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Figure 3: MCMV infection alters the phenotype of immature D1 cells. The 

expression of MHC, costimulatory markers, F4/80 and the viral gpm144 protein is 

shown at days 2 (a) and 4 (b) post-MCMV infection (MOI>3) or LPS treatment. 

Control immature D1 (filled histograms), MCMV-infected (solid line) and LPS-

treated D1 cells (dotted line) are shown.  
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Figure 4: MCMV infection down-regulates expression of DC markers on DCs in 

vivo. (a) The CD11c and MHC class II expression of splenocytes enriched for DCs by 

gradient centrifugation is shown. DCs from control mice were compared to DCs from 

mice infected with MCMV for 2 or 4 days. vDC = virally altered DCs. The expression 

of MHC class I and II, CD40, CD54, CD80, CD86 and F4/80 on splenic DCs from 

mock-infected (filled histogram), LPS-treated (dotted line) or MCMV-infected mice 

(solid line) is shown at 2 (b) and 4 (c) days post-treatment. 
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Figure 5: MCMV-infected DCs are refractile to phenotypic maturation following 

LPS stimulation. The cell surface expression of MHC class I and II and 

costimulatory molecules on D1 cells treated with LPS (10µg/ml for 48 h) after being 

infected with MCMV for 4 days (thin solid line) is shown. For comparison expression 

of these markers on MCMV-infected non-LPS-treated D1 cells (thick solid line), 

immature D1 cells (filled histogram) and LPS activated uninfected D1 cells (dotted 

line) is shown.     
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Figure 6: DCs viability is not altered by MCMV infection. The viability of DCs, 

assessed by PI and annexin-V staining, is shown. PI versus annexin-V profiles are 

shown for (a) immature D1 cells, (b) D1 cells treated with LPS (10µg/ml for 48 h), 

(c) MCMV-infected (10 days post-infection, low MOI – 0.02pfu/cell) D1 cells and (d) 

D1 cells treated with LPS (10µg/ml for 48 h) after being infected with MCMV (low 

MOI – 0.02pfu/cell) for 8 days. The percentage of cells within each quadrant is shown 

on respective plots. 
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Figure 7: MCMV infection alters the secretion of IL-12 and IL-2 by DCs. (a) The 

concentration of IL-12 secreted after LPS treatment or MCMV infection of D1 cells is 

shown. LPS (10ug/ml) or MCMV (high MOI - >3pfu/cell) were added at day 0 and 

cells cultured for the indicated times. In all cases cells were plated into fresh medium 

48h prior to collection of supernatants for assaying. (b) The concentration of IL-12 

secreted by splenic DCs harvested from control or MCMV-infected mice (days 1, 2 or 

4 post-infection) and cultured in the presence of LPS for 18h is shown. (c) IL-2 

secreted by MCMV-infected D1 cells treated with LPS for various periods of time. 

The concentration of IL-2 secreted by control and uninfected LPS-treated D1 is 

shown for comparison. (d) The concentration of IL-2 secreted by splenic DCs after 

LPS treatment is shown. DCs were harvested from control or MCMV-infected mice 

(days 1 or 2 post-infection) and cultured in the presence of LPS for 6 or 18h prior to 

collection of supernatants for cytokine assays. 
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Figure 8: MCMV infection of DCs impairs their allostimulatory capacity. The 

allostimulatory capacity of D1 cells infected with MCMV for 2 (a) or 4 (b) days is 

shown together with that of DCs purified from the spleens of mice infected with 

MCMV for 4 days (c). D1 cells or purified splenic DCs activated with LPS (10µg/ml 

for 48h) were used as controls. For the D1 (H2b, I-Ab) experiments, splenocytes from 

BALB/c (H2d, I-Ad) mice were used as the allogeneic responders and splenocytes 

from C57BL/6 mice were used as the syngeneic controls. Conversely, in experiments 

were the stimulators were DCs purified from BALB/c mice, splenocytes from 

C57BL/6 mice were used as the allogeneic responders and splenocytes from BALB/c 

mice were used as the syngeneic controls.  
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3.4 Discussion 
 

One striking feature of CMV infection is the transient, but severe immunodeficiency 

that characterizes the initial stages of the infection process27,28. Although transient, 

lasting from a few weeks to a few months, the CMV-associated immune deficiency 

has important bearing on host survival. In individuals undergoing transplant surgery, 

this virally-induced suppression can indeed be beneficial, and has been associated 

with decreased transplant rejection29. Generally, however, CMV-induced 

immunosuppression leads to an unfavorable clinical outcome due to the increased 

incidence of secondary opportunistic infections29. A better understanding of CMV-

induced immunosuppression is therefore an important consideration in the design of 

improved viral therapies. Further importance in understanding the mechanisms 

leading to CMV-induced immunosuppression arises from the recent interest in using 

viruses, including CMV, as vectors for gene therapy or vaccine delivery30. Unlike 

measles and HIV, the other two human pathogens known to induce 

immunosuppression, very little is known about the mechanisms that underlie the 

immunosuppression that occurs during CMV infection1. We hypothesized that 

interference with DC functions may represent a principal mechanism to explain the 

above phenomenon and tested this hypothesis using the well-characterized animal 

model of infection with MCMV. In this report we provide a detailed study of MCMV 

infection of DCs, including the kinetics of viral production and the effects of infection 

with respect to interference with the immune functions of DCs. 

In our initial studies we observed that infection of D1 cultures with MCMV resulted 

in production of viral progeny. Although the kinetics were slower than those observed 

post-infection of fibroblast cultures, titers of infectious virus eventually reached 

amounts exceeding those observed in MEF. When mature, or purified DCs, were 
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infected we observed a decrease in viral progeny production and a further increase in 

the length of time before infectious virus was detected. Although the exact reasons for 

the retarded kinetics observed following infection of DCs, as compared to fibroblasts, 

are unknown, it is possible that this occurs because, unlike MEF, DC cultures are not 

synchronized in G0 when infected. Importantly, the comparison of viral growth 

kinetics in immature and mature DCs, suggests that MCMV preferentially infects and 

replicates in immature DCs as compared to activated, mature DCs. Preferential 

infection of immature DCs may provide the virus with the opportunity to interfere 

with subsequent activation of these cells. 

Having shown that DCs can be infected in vitro and having confirmed our findings in 

the context of an in vivo infection using a recombinant MCMV carrying a LacZ 

reporter, we addressed the possibility that MCMV may phenotypically and 

functionally impair DCs. We showed that following MCMV infection the fluid-phase 

endocytic capacity of DCs was impaired. These data suggest that infected DCs lose 

their capacity to capture antigen, a property of immature DCs20,31,32 and in this respect 

they exhibit a functional phenotype similar to that observed following LPS 

stimulation20,31 and typical of mature DCs.  

To further understand the relevance of MCMV infection with respect to DC function, 

the regulation of cell surface proteins involved in induction of immune responses was 

examined. After a transient increase in the expression of MHC class I and II, CD40, 

CD54 and CD86, infected DCs exhibited a decreased expression of all the above 

antigens, as well as CD80. The initial activation observed following infection of D1 

cells in vitro could not be tested using ex vivo purified splenic DCs as these cells 

become activated during the process of tissue digestion and sorting23,24. However, as 
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for D1 cultures, a decrease in the expression of MHC class I and II, CD40, CD54, 

CD80 and CD86 was observed after MCMV infection of ex vivo-purified splenic 

DCs.  

The simplest explanation for the initial activation that accompanies MCMV infection 

of DCs is that this is the normal response to a pathogen infection. Notably, however, 

unlike other pathogens, MCMV is able to quickly interfere with this response, so that 

further activation of DCs is prevented and functional paralysis induced. The observed 

lag period is probably due to the time required for MCMV to replicate within DCs, 

since the inhibitory effects will have to be directly mediated by specific viral proteins.  

The phenotypic changes described after infection of D1 cells and ex vivo purified 

splenic DCs were confirmed by our in vivo analysis. Reduced expression of MHC 

class I and II and costimulatory molecules was observed in DCs isolated from the 

spleens of MCMV-infected mice. No changes were observed in the expression of 

F4/80. Expression of the viral gpm144 antigen remained constant in DCs which 

showed down-regulation of MHC and costimulatory molecules, indicating that the 

observed effects are restricted to infected DCs and to specific cell surface molecules. 

In addition, unlike infection with other viruses, we have unequivocally shown that 

MCMV infection of DCs does not reduce the viability of these cells and therefore, the 

observed changes cannot be interpreted as a by-product of loss of cell viability. 

The phenomenon of CMV-induced down-regulation of MHC class I and II is 

documented in fibroblasts and macrophages, the latter escaping MHC class I down- 

regulation33. The data presented here provide evidence for MCMV-mediated down-

regulation of MHC class I and II, CD40, CD54, CD80 and CD86 expression in DCs. 

Significantly, infection of macrophages had no effect on cell surface expression of 
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CD867, yet we observed a significant reduction in CD86 expression following 

infection of DCs. DCs selectively accumulate MHC class II and CD86 into 

specialized vesicular carriers prior to delivery to the plasma membrane34. The 

observed down-regulation of MHC class II and CD86 that follows MCMV infection 

may therefore result from MCMV interference with release from these vesicular 

carriers and/or enhanced internalization.  

The consequences of down-regulation of MHC molecules may be both beneficial and 

detrimental for MCMV. A loss of MHC class I would interfere with the subsequent 

activation of virus-specific CTL, however it would also render infected DCs more 

susceptible to NK cell-mediated lysis35. CD80 acts as a triggering signal for NK cell-

mediated cytolysis over-riding the protective effects of MHC class I36. MCMV 

infection prevents the up-regulation of CD80 and results in surface expression of 

gpm144 (Fig. 3), a viral protein known to interfere with NK cell-mediated lysis9,37.  

Consistent with the phenotypic changes, altered cytokine profiles were observed at 

different times post-MCMV infection. At early times we observed an increase in IL-

12 production which quickly disappeared, so that very little IL-12 was produced by 

day 4 post-infection.  

The IL-12 producing capacity of DCs is transient and becomes exhausted during the 

process of maturation38. Thus, following LPS maturation, DCs lose the ability to 

release IL-12 upon further re-stimulation. Unlike LPS, MCMV does not induce full 

DC maturation, in fact maturation is prevented. Hence, we postulate that the initial 

production of IL-12, which accompanies temporary up-regulation of MHC and 

costimulatory molecules, reflects activation of DCs caused by encounter with our 

viral pathogen. Unlike other pathogens, however the activation observed after MCMV 
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infection is transient and followed by down-regulation of MHC and costimulatory 

molecules, as well as down-regulation of IL-12 release. Therefore, we propose that 

the loss of IL-12 release after MCMV infection is not due to exhaustion, as observed 

after LPS stimulation, but is associated with the functional paralysis induced by the 

virus and dependent on its replication within DCs.  

IL-2 is secreted by DCs that have encountered bacteria26. The ability to secrete IL-2 is 

crucial for the activation of T cell responses39. In this report we have shown that post-

infection with MCMV, DCs lose their ability to secrete IL-2 in response to bacterial 

stimulation. Several studies have reported a defect in IL-2 synthesis following CMV 

infection, and have associated this defect with the development of the T cell anergy 

that characterizes the early stages of CMV infection40,41,42. Interestingly, IL-2 therapy 

restores some of the impaired T cell responses associated with CMV infection41. 

Indeed, IL-2 immunotherapy in vivo enhances the anti-viral effects of CD8+ cytotoxic 

lymphocytes (CTL) resulting in improved control of viral replication43. Despite the 

CMV-associated T cell anergy having been the focus of numerous studies, and in 

spite of the described effects of IL-2, the relevant cellular effectors remain 

uncharacterized. Indeed, the cells responsible for the IL-2 defect that often 

accompanies the CMV-associated immunosuppression, have been the subject of some 

controversy41,42,44. Interestingly, CMV infection of monocytes plays a central role in 

the subsequent immunosuppression41,45,46 Here, we provide evidence that MCMV 

interferes with the ability of DCs to release IL-2, and ultimately impairs the capacity 

of DCs to prime T cell responses. 

On the basis of the observed effects of MCMV infection on DC phenotype, it was 

expected that infected DCs would be efficient at priming T cell activation at 2 days 
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post-infection, when they appear to have a “mature” DC phenotype. This was not the 

case, and when these DCs were tested in an allogeneic mixed lymphocyte reaction 

(MLR), they were found to be very inefficient at stimulating T cell proliferation. 

Based on the knowledge that the ability of DCs to produce IL-2 is already affected at 

this time post-infection, the observed inability of MCMV-infected DCs to prime T 

cell responsiveness when they appear “phenotypically activated” is likely to result 

from the MCMV-mediated interference with IL-2 secretion. At 4 days post-infection, 

when the infected DCs exhibit an “immature” phenotype, their ability to prime T cell 

proliferation decreased further. The impaired capacity to prime T cell responses was 

confirmed when virally-altered DCs, purified from the spleens of infected mice, were 

tested. Preliminary data suggest that, in addition to the inability of DCs to prime T 

cells, apoptosis is occurring in the T cell population. Apoptosis of T cells is reported 

to occur after infection with MCMV47; the mechanisms involved and the role of DCs 

are the subject of an ongoing study in our laboratory.  

Further evidence of the immunosuppressive effects of MCMV infection on DC 

functionality came from our findings that post-infection, DCs lost the ability to 

respond to bacterial stimuli. Phenotypically no increase in MHC or costimulatory 

markers was observed post-LPS stimulation of infected DCs and, as discussed, the 

ability to produce cytokines, including IL-12 and IL-2 was impaired. These results 

may provide an explanation for the increased incidence of opportunistic infections 

that often accompanies infection with this virus in immunosuppressed individuals. 

The consequences of MCMV infection on the priming and expansion of specific 

subsets of immune effectors requires further investigation. 
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In this report we have shown that, following MCMV infection, DCs exhibited a 

mixed phenotype of impaired endocytic capacity, an almost complete absence of 

surface MHC and costimulatory molecules and an impaired capacity to fully prime T 

cells. By targeting DCs and interfering with their functionality, MCMV has been 

capable of converting the professional initiators of immunity to “novices” incapable 

of transducing the “danger” signals required to initiate anti-viral immune responses. A 

targeted interference with IL-2 secretion, followed by down-regulation of stimulatory 

(signal 1 – MHC class I and II) and costimulatory (signal 2 - CD80, CD86 etc) 

molecules, resulting in a complete absence of T cell activation, prevents infected DCs 

from executing their tasks and indeed may allow them to contribute to 

immunosuppression and permit viral persistence. In conclusion, we have 

demonstrated that MCMV infection of DCs represents a mechanism of viral-induced 

immunosuppression and that the ability of MCMV to interfere with DC-mediated IL-

2 secretion maybe of crucial importance. 
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4.1 Introduction 
 

Interference with dendritic cell (DC) functionality is one mechanism utilized by 

viruses to escape host immune surveillance. Virus-DC interactions have been 

demonstrated for viruses from several families, including HIV, vaccinia, measles and 

cytomegalovirus (CMV). Since human (HCMV) and murine cytomegalovirus 

(MCMV) share considerable homology at both the biological and molecular level1,2, 

the latter provides a model to study CMV infection in vivo. Acute infection with 

CMV induces a transient, but profound, immunosuppression3, which can be linked to 

infection of DCs4. This infection results in paralysis of DC function4, as well as 

deletion of virus-specific T cells and functional inhibition of surviving T cells5. 

DCs are the sentinels of the immune system. Immature DCs reside in the periphery 

and sample their immediate micro-environment for foreign material. Upon encounter 

with microbes, or in a milieu rich in pro-inflammatory cytokines, DCs undergo 

phenotypic and functional maturation and migrate to secondary lymphoid organs 

where they prime naïve T cells6. Mouse splenic DCs can be subdivided into 3 main 

populations. Two of the splenic DC subsets can be discriminated based on the 

presence or absence of a CD8αα homodimer7. The third DC population corresponds 

to the newly identified interferon producing cells (IPC), characterized by low cell 

surface expression of CD11c, high expression of B220 and Ly6C determinants, and 

rapid production of interferon-α (IFN-α)8-10. Recent evidence suggests that the 

CD8α+ DC population represents a mature or more differentiated form of the CD8α- 

population11,12. CD8α+ DCs produce high amounts of interleukin-12 (IL-12)13,14 and 

are responsible for cross-priming in vivo15.  
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Historically the principal function of DCs is the activation of naïve T cells. However, 

recently it was demonstrated that DCs are capable of priming natural killer (NK) cells, 

resulting in enhanced lysis of target cells, IFN-γ production and tumor clearance16. 

NK cell activity can be augmented by IL-217, IFN-α and IL-1218, which stimulate NK 

cell blastogenesis, cytotoxicity and IFN-γ production19. IFN-γ also assists in IL-12 

production by DCs14,20, thus shaping the ensuing adaptive immune responses towards 

a TH-1 phenotype21. TNF-α co-operates with IL-12 to influence NK cell-mediated 

IFN-γ production, but has a negative effect on IFN-αβ-driven NK cell cytotoxicity19. 

Furthermore, in vitro, mature DCs can activate NK cell cytotoxicity and IFN-γ 

production22, while activated NK cells are capable of enhancing DC maturation and 

IL-12 production22. These described interactions are cell contact and TNF-α-

dependent16,22-24 and are further controlled by cell ratios, with a low NK:DC ratio 

(1:5) required for DC maturation and a high NK:DC ratio resulting in inhibition of 

DC function24. 

Infection with MCMV has proven to be one of the best systems to study NK cell 

function and is also a valuable system to assess the role of DCs in response to viral 

challenge. In C57BL/6J (B6) mice, MCMV infection results in early activation of NK 

cells, peaking on days 2-5 post infection25-27. Genetic mapping studies demonstrated 

that a single autosomal dominant locus, termed Cmv1, is responsible for the early 

clearance of MCMV from the spleen28,29. Cmv1 encodes Ly49H, an NK cell 

activating receptor expressed in MCMV resistant B6, but not in MCMV susceptible 

BALB/c mice30-32. A population of Ly49H+ NK1.1+ cells is specifically activated and 

proliferates in response to MCMV infection33. 
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In this study, we investigated the relevance of NK and DC cross-talk following 

MCMV infection of resistant and susceptible mice. We have identified a functional 

inter-relationship between Ly49H+ NK cells and CD8α+ DCs during MCMV 

infection in vivo. The presence of Ly49H+ NK cells is required to retain CD8α+ DCs 

in the spleen, while CD8α+ DCs are required for the expansion of Ly49H+ NK cells 

that occurs at the late stage of acute infection. The expansion of Ly49H+ NK cells is 

dependent on IL-18 and IL-12. Our results highlight the importance of functional 

interactions between cells of the innate immune system during viral infection. 

4.2 Methods 
 
Animals.  

Inbred C57BL/6 (H2b, I-Ab) and BALB/c (H2d, I-Ad) mice of 7 weeks of age were 

obtained from the Animal Resources Centre (Perth, Western Australia). B6.BALB-

TC1, BALB.B6-CT6 and BALB.B6-CT8 congenic mouse strains36 were bred in the 

Animal Services Facility of the University of Western Australia. B6.IFN-γ-/-, B6.IL-

12-/-,B6.IL-18-/-,B6.IL-12/IL-18-/-, B6.TNF-α-/- and B6.β2m-/- mice were bred at the 

Peter MacCallum Cancer Institute, Melbourne. Mice with targeted gene deletions 

were either generated on a B6 background or backcrossed to a B6 background at least 

10 times. During experimentation, all mice were housed under specific pathogen-free 

conditions at the Animal Services Facility of the University of Western Australia. All 

animal experimentation was performed with the approval of the Animal Ethics and 

Experimentation Committee of the University of Western Australia and according to 

the guidelines of the National Health and Medical Research Council of Australia. 

Cell lines and reagents.  

 Mouse embryonic fibroblasts (MEFs) were cultured in minimal essential medium 

(MEM-Gibco Life Sciences, Sydney, Australia) supplemented with neonatal calf 
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serum (NCS-Gibco Life Sciences, Sydney, Australia). All media for DC suspension 

and isolation were iso-osmotic with mouse serum46. Initial tissue digestion was 

performed in IMDM buffered with pH7.2 HEPES and supplemented with 2% FBS 

(IMDM-2). To avoid re-association of DCs and T cells during washing and labeling a 

divalent metal free solution was used7. Density separation of DCs was achieved using 

a Nycodenz (Nycomed Pharma AS, Oslo, Norway) gradient, as described47.  

Treatment of mice with MCMV or mAb.  

Mice were infected ip with 104 pfu of MCMV-K181-Perth diluted in PBS-0.05%FBS. 

Control mice received an equal volume of PBS-0.05%FBS. For NK cell depletion 

studies, mice were injected with PK136 mAb (anti-NK1.1) or mouse IgG 9E10 at 

days –2, 0, 2 and 4 pi, as previously described35. Depletion of NK cells was confirmed 

by co-staining with anti-asialo-GM1 and Ly49 mAbs. For blocking with mAb 3D10 

(anti-Ly49H) or isotype control 9E10, mice were administered 200µg of mAb on days 

–2 and 0, as described31. For depletion of CD8α+ or Thy-1+ cells, mice were treated 

with the appropriate mAb (anti-CD8 mAb YTS169; anti-Thy-1 mAb T24-31.7) on 

days –2, 0, 2 and 4.  

Isolation of and phenotypic analysis of NK and DC.  
Single cell suspensions were prepared following the method described by Martin et 

al., (2000). Aliquots of cells (1x106 per sample for NK; 1x105 per sample for DC) 

were preincubated on ice for 30 min with EDTA-SS-FCS7 containing 10% normal 

goat serum (NGS). To detect NK cells, APC conjugated-NK1.1 (PK136) was used 

together with the anti-Ly49H mAb 3D10 or the anti-Ly49G mAb LGL-1. Anti-Ly49 

antibody binding was visualized by addition of F(ab′)2 anti-mouse FITC (Jackson 

Immunoresearch, West grove, Penn). To ensure specificity of staining, all testing 

included an isotype matched control mAb. DCs were detected by co-staining with 
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anti-CD11c (HL3) and anti-CD8α (53-6.7) (Pharmingen, San Diego, CA). CD11c 

was used as a FITC or biotinylated conjugate, while CD8α was used as a PE 

conjugate. To ensure that T cells were not contributing to our DC analysis, DC studies 

were performed on TCRβ- cells. TCRβ (H57-597) (Pharmingen) was used as an APC 

conjugate. Propidium iodide (PI) was incorporated into the final wash at 1µg/ml to 

exclude dead cells from the analysis. The fluorescence-labeled preparations were 

analyzed on a FACSCalibur® (Becton Dickinson, San Jose, CA). The channels used 

were: FL1 for FITC, FL2 for PE, FL4 for APC and FL3 to exclude PI-positive cells. 

Appropriately stained controls were used to check compensation for all fluorochromes 

used. Files of 105 NK events and 2-5 x 104 DC events were collected and analyzed on 

FloJo software (Stanford University, CA). 

In vivo growth of MCMV.  

Mice were inoculated with the virulent MCMV strain K181-Perth, as described 

above. At the designated times post inoculation, the mice were sacrificed and spleens 

and livers were removed. All organs were individually weighed, homogenized in cold 

MEM 2% NCS and centrifuged at 3000 x g for 15 min at 4°C. The supernatants were 

stored at -80°C and viral titers subsequently quantified on MEF by standard plaque 

assay48. 

Statistical analysis.  

For statistical analysis, the two-tailed Mann-Whitney test was performed using the 

statistical software package InStat® (GraphPad Software, San Diego California 

USA). All data are shown as mean ± standard error (SE). 
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4.3 Results 
 
Loss of splenic CD8α+ DCs during infection 

Following MCMV infection of susceptible BALB/c mice, DCs become 

phenotypically and functionally impaired4. Here, we determined the fate of DCs 

following infection of resistant B6 and susceptible BALB/c mice. Mice were infected 

with 104 pfu of the virulent MCMV-K181 strain, and spleens removed for plaque 

assay or FACS analysis at appropriate time points. MCMV replicated to high titers in 

the spleen during acute infection in BALB/c, but not in B6 mice (Fig. 1a). Analysis of 

splenic DC populations after MCMV infection revealed some striking differences 

between BALB/c and B6 mice. In contrast to B6 mice, which maintain a stable 

population of DCs during the course of MCMV infection (Fig. 1b), BALB/c mice lost 

CD11chi DCs at day 4 pi (Fig. 1b). The CD8α+ DC subset was also lost in BALB/c 

mice at day 4 pi, but was still detectable in B6 mice (Fig. 1c).  

In resistant B6 mice, acute MCMV infection is controlled by NK cells27,34. To assess 

the relevance of NK cells in determining the fate of DCs during MCMV infection, B6 

mice were depleted of NK cells and splenic DCs were analyzed during infection. 

Treatment with the anti-NK1.1 antibody PK136, as described35, resulted in >98% 

depletion of NK1.1+ cells (data not shown). Following NK cell depletion, B6 mice 

showed increased viral titers in the spleen (Fig. 2a). Depletion of NK cells in B6 mice 

resulted in a loss of splenic CD8α+ DC, similar to that observed in MCMV-infected 

BALB/c mice (Fig. 2b, c).  

Maintenance of CD8α+ DCs involves Ly49H+ NK cells 

Having shown that NK cells are essential for maintaining CD8α+ DCs in the spleen 

during MCMV infection, we determined whether NK determinants encoded within 
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the Natural Killer Complex (NKC) were responsible for the observed effects. These 

experiments were performed using the NK1.1, Ly49 congenic strains developed in 

our laboratories (Table 1)36. In B6 (NK1.1+, Ly49H+) mice the number of NK1.1+ NK 

cells decreased at day 2 pi and was followed by an increase at day 4 pi (Fig. 3a). In 

contrast, the number of NK cells in B6.BALB-TC1 (NK1.1+, Ly49H-) decreased over 

the course of infection (Fig. 3b). In agreement with a previous study33, the increase in 

NK cells observed in B6 mice from day 4 pi resulted from specific expansion of the 

Ly49H+ subset (Fig. 3c). Since in B6 mice depletion of NK1.1+ cells with PK136 

resulted in the loss of CD8α+ DCs, we determined the role of NK cells and NKC 

genotype in the maintenance of CD8α+ DCs in the spleen after MCMV infection 

using NKC congenic strains. The fate of splenic CD8α+ DCs after infection was 

compared in B6, BALB/c, B6.BALB-TC1, BALB.B6-CT6 and BALB.B6-CT8 mice 

(Table 1). A loss of CD8α+ DCs was observed in BALB/c (NK1.1-, Ly49H-) (Fig. 

3d), B6.BALB-TC1 (NK1.1+, Ly49H-) (Fig. 3f) and BALB.B6-CT6 (NK1.1+, Ly49H-

) mice (Fig. 3g), indicating that the NK1.1 determinant per se did not affect the 

functional interactions between NK cells and CD8α+ DCs. BALB.B6-CT8 (NK1.1+, 

Ly49H+) mice (Fig. 3h), like B6 mice (NK1.1+, Ly49H+) (Fig. 3e), showed no 

significant loss (p>0.05) of CD8α+ DCs after MCMV infection. Thus, studies in NKC 

congenic mouse strains mapped the ability to retain splenic CD8α+ DCs to an effect 

mediated by Ly49H, but not NK1.1.  

Ly49H+ NK cells are responsible for controlling MCMV infection30-32. To confirm the 

role of these cells in maintaining CD8α+ DCs in the spleen, mice were infected with 

MCMV after treatment with the 3D10 monoclonal antibody (mAb) which blocks 

Ly49H-cognate binding31. This treatment elevated viral titers in both the spleen and 
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the liver (Fig. 4a). Analysis of splenic DCs in these mice confirmed that effects 

mediated by Ly49H+ NK cells were required to maintain the CD8α+ DC subset during 

MCMV infection (Fig. 4b).  

To determine whether the loss of splenic CD8α+ DCs is a direct consequence of 

MCMV infection, we analyzed the percentage of MCMV-infected CD8α+ DCs in 

Ly49H+ and Ly49H- strains of mice. Only very low percentages of CD8α+ DCs were 

infected by MCMV in both strains (BALB/c: day 2=9.1%, day 4 = 3.9%, day 6 = 0; 

B6: day 2=2.6%, day 4 = 6.5%, day 6 = 0). Thus, the loss of CD8α+ DCs occurred 

independently of infection of this cell subset. 

Expansion of Ly49H+ NK cells requires CD8α+ DCs 

Ly49H+ NK cells proliferate in response to MCMV infection33. Given our observation 

that Ly49H+ NK cells were essential for maintaining CD8α+ DCs in the spleen after 

MCMV infection, we examined what effect this had on NK cells. While it is not 

possible to selectively deplete CD8α+ DCs, we were able to deplete CD8α+ cells 

using the depleting mAb YTS-16916. To exclude effects due to depletion of CD8α+ T 

cells we included a comparison using the Thy1 mAb, that depletes T cells37. In 

untreated B6 mice infected with MCMV, an increase in the percentage of 

Ly49H+NK1.1+ NK cells was observed from day 4 pi (Fig. 5a). The absolute number 

of Ly49H+NK1.1+ NK cells was significantly increased by day 6 pi (p<0.001) (control 

mice 2.26 ± 0.07 x 105 cells; day 6 post-MCMV mice 5.93 ± 0.57 x 105 cells) (Fig. 

5a, b). When mice were depleted of CD8α+ cells, the expansion of Ly49H+ NK1.1+ 

NK cells observed at day 6 pi was significantly reduced (p<0.001) (control mice 2.88 

± 0.31 x 105 cells; day 6 post-MCMV mice 2.91 ± 0.33 x 105 cells) (Fig. 5a, b). To 

exclude the contribution of CD8α+ T cells, mice were depleted of T cells using the 
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anti-Thy1 mAb. Assessment of depletion efficiency by flow cytometry showed that 

anti-Thy1 depleted >95% of TCR+ cells, compared to anti-CD8 treatment which 

depleted only ~30% of TCR+ cells. Treatment of MCMV-infected mice with anti-

Thy1 resulted in increased numbers of Ly49H+ NK1.1+ NK cells at day 6 pi, similar 

to those seen in isotype-treated mice (Fig. 5a, b). Furthermore, Ly49H+ NK cells 

proliferated to a similar extent in response to MCMV infection in CD8+ T cell-

deficient mice (B6-β2Μ-/-) (data not shown). Taken together, these data suggest that 

CD8α+ DCs, rather than CD8α+ T cells, drive the expansion of Ly49H+ NK1.1+ NK 

cells after MCMV infection.  

Ly49G+ NK1.1+ NK cells also increase in number following MCMV infection38. To 

determine whether the effect of CD8α+ DC depletion was specific for Ly49H+ NK 

cells, we assessed the response of Ly49G+ NK cells following MCMV infection and 

CD8α depletion. In contrast to the effects observed when Ly49H+ NK cells were 

analyzed, the increase in Ly49G+ NK cells that accompanies MCMV infection was 

not altered by depletion of CD8α+ DCs (Fig. 5c).  

The recently identified IPCs upregulate CD8α upon activation8. Given the functional 

relationship we observed between CD8α+ DCs and Ly49H+ NK cells, we examined 

whether the CD8α+ IPCs were involved in this interaction. To formally determine the 

role of IPCs, we compared the absolute numbers of IPCs (CD11clo, B220+, Gr-1+) 

during MCMV infection. Although all but one of the mouse strains tested showed an 

increase in IPC numbers 2 days pi, only BALB/c (NK1.1-, Ly49H-) and BALB.B6-

CT6 (NK1.1+, Ly49H-) showed large decreases in IPC numbers at day 4 pi (Fig. 6a). 

Furthermore, B6.BALB-CT8 mice (NK1.1+, Ly49H+) showed an increase of IPC at 

all times post infection, in contrast to B6 (NK1.1+, Ly49H+) and B6.BALB-TC1 
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(NK1.1+, Ly49H-) (Fig. 6a) whose IPC numbers returned to basal levels by day 6 pi. 

Based on these data, we conclude that Ly49H does not influence IPC numbers 

following MCMV infection. 

Expansion of Ly49H+ NK cells involves IL-12 and IL-18 

Next, we determined whether specific cytokines are involved in the expansion of 

Ly49H+ NK cells. We analyzed the expansion of Ly49H+ NK cells after infection of 

B6 mice with targeted deletions in IL-12, IL-18, IL-12 plus IL-18, TNF-α and IFN-γ. 

We found that Ly49H+ NK cell expansion after MCMV infection was IL-12 and IL-

18-dependent (Fig. 7).  

The relevance of IL-12 and IL-18 to the expansion of Ly49H+ NK cells following 

MCMV infection varied. In IL-12-deficient mice, we observed some expansion of 

Ly49H+ NK cells at day 6 pi (control uninfected mice 2.00 ± 0.21 x 105 cells; day 6 

post-MCMV mice 4.30 ± 0.14 x 105 cells) (p<0.005) (Fig. 7a, b). In contrast, IL-18-

deficient mice showed no expansion of Ly49H+ NK cells (control mice 1.49 ± 0.2 x 

105 cells; day 6 post-MCMV mice 1.55 ± 0.10 x 105 cells) (Fig. 7a, b). Mice lacking 

both IL-18 and IL-12 behaved like IL-18-/- mice, with no expansion of Ly49H+ NK 

cells observed 6 days after MCMV infection. In all the recombinant strains tested, 

targeted deletion of the above cytokine genes did not affect the status of CD8α+ DCs, 

which were detected in the spleen of all animal tested after MCMV infection (data not 

shown). From these data we conclude that IL-12 and IL-18 are necessary for the 

MCMV-driven expansion of Ly49H+ NK cells that occurs at day 6 after infection. 
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Fig. 1. MCMV replication and splenic DC phenotype after infection of resistant 

(B6) and susceptible (BALB/c) mice. Mice were infected with 104 pfu MCMV and 

spleens harvested for plaque assay or FACS analysis. (a) MCMV titres in spleens of 

infected BALB/c and B6 mice are shown. (b) CD11c expression on B6 and BALB/c 

splenocytes before and after MCMV infection is shown. After infection with MCMV, 

B6 mice retained a population of CD11chi DCs in the spleen. In contrast, in BALB/c 

mice, following MCMV infection, CD11chi DCs were replaced by CD11clo cells. (c) 

The expression of CD11c and CD8α on B6 and BALB/c splenocytes after MCMV 

infection is shown. Analysis was performed on CD11c+ cells. MCMV infection 

results in a loss of splenic CD8α+ DCs in BALB/c mice, but not in B6 mice. The data 

shown are representative of results obtained in 6 independent experiments. In each 

individual experiment, the results are representative from at least 3 mice per group. 
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Fig. 2. The presence of NK cells is required to retain CD8α+ DCs in the spleen 

during MCMV infection. B6 mice were treated with anti-NK1.1 (PK136) or isotype 

matched (9E10) mAbs before infection with MCMV. (a) Viral replication in the 

spleen is shown. Depletion of NK cells in B6 mice resulted in splenic viral titres 

equivalent to those observed in susceptible BALB/c mice. (b) The expression of 

CD11c and CD8α on splenocytes, after MCMV infection, is shown. After MCMV 

infection, NK cell-depleted B6 mice showed a CD11c, CD8α DC phenotype identical 

to that observed in MCMV infected BALB/c mice. CD11clo/-, CD8+ cells represent 

TCRβ+ T cells. (c) The absolute number of splenic CD8α+ DCs after MCMV 

infection and NK cell depletion is shown. Splenic CD8α+ DC numbers decreased 

during the course of MCMV infection when NK cells were depleted. The data shown 

are representative of results obtained in 6 independent experiments. In each 

independent experiment the results are representative of at least 3 mice per group. 
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Fig. 3. The fate of splenic CD8α+ DCs after MCMV infection is linked to loci 

within the NKC. NK1.1, Ly49H congenic mice were infected with MCMV (104 pfu) 

and the fate of splenic NK1.1+, TCRβ-, Ly49H+ NK cells and CD8α+ DCs analysed at 

days 2 and 4 pi. An increase in the absolute number of NK1.1+ cells was observed at 

day 4 pi in B6 mice (a) concomitant with an expansion of Ly49H+ NK cells (c). In 

contrast, a loss of NK1.1+ cells was observed in Ly49H-deficient B6.BALB-TC1 (b). 

CD8α+ DC numbers decreased during MCMV infection in mouse strains lacking 

Ly49H (d, f, g), but no significant (p>0.05) change in CD8α+ DC numbers was 

observed in Ly49H+ B6 and BALB.B6-CT8 mice (e, h). The observed loss of CD8α+ 

DC numbers during MCMV infection does not correlate with NK1.1+ status since 

both (g) and (h) represent mice with NK1.1+ NK cells. The data shown are 

representative of 3 independent experiments, each utilizing 3 mice per group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 160



a b 

 B6Lo
g 

N
K1

.1
 +  c

el
l 

nu
m

be
r

B6.BALB-TC1

Control

Day 2

Day 4

 

7 7 

6 6 

5 5 

c 

B6Lo
g 

Ly
49

 H
 +  c

el
l 

nu
m

be
r 7 

6 

5 

 d e 

BALB/cLo
g 

C
D

8 
+  D

C
 

nu
m

be
r

B6
 

6 6 

4 4 

2 2 

 
B6.BALB-TC1

Lo
g 

C
D

8 
+  D

C
 

nu
m

be
r

BALB.B6-CT6 BALB.B6-CT8

 

f g 
6 

h 
6 6 

4 4 4 

2 2 2 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 161



a 

Time after infection (days)

Lo
g 

PF
U

/s
pl

ee
n

Time after infection (days)

Lo
g 

PF
U

/li
ve

r

 

2 4 6 

 3D10  
 Isotype 
 MOBS 

6 6 

4 4
2 2 

2 4 6 

b 

Time after infection (days)

Lo
g 

C
D

8 
+  D

C
 n

um
be

r

MOBS
Isotype
3D10

 

5 

4 

3 

2 
Control 2 4 6 

 
 
 
Fig. 4. Ly49H-mediated effects are critical for the maintenance of CD8α+ DCs in 

the spleen after MCMV infection. B6 mice were infected with MCMV after 

treatment with anti-Ly49H mAb (3D10), isotype-matched control mAb (9E10) or 

MOBS-0.5% FCS and organs harvested for plaque assay or FACS analysis at various 

times pi. (a) Viral replication in spleen and liver is shown. Treatment with the 3D10 

mAb (anti-Ly49H) resulted in increased MCMV titres in spleen and liver. (b) The 

number of CD8α+ DCs in the spleen of MCMV infected mice after treatment with the 

3D10 mAb is shown. Abrogation of Ly49H functionality, by treatment with the 3D10 

anti-Ly49H mAb, resulted in reduced splenic CD8α+ DC numbers after MCMV 

infection. The data shown are representative of 2 independent experiments, each 

utilizing 3 mice per group. 
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Fig. 5. CD8α+ DCs are required for the expansion of Ly49H+ NK1.1+ NK cells 

that occurs following MCMV infection. The phenotype of NK cells during MCMV 

infection and after specific antibody depletion is shown. B6 mice were treated with 

anti-CD8, anti-Thy1 or an isotype-matched control mAb before infection with 

MCMV. (a) Depletion of CD8α+ DCs (anti-CD8), but not T cells (anti-Thy1) resulted 

in reduced expansion of Ly49H+, NK1.1+ NK cells. Contour plots show Ly49H 

staining on NK1.1+ TCRβ- cells, which were gated as shown. The specificity of the 

anti-Ly49H mAb was confirmed by staining splenocytes from BALB.B6-CT6 

(Ly49H-) and B6 (Ly49H+) mice. (b and c) The absolute numbers of splenic NK cells 

which are Ly49H or Ly49G respectively is shown. Depletion of CD8α+ DCs 

preferentially affected the number of Ly49H+ NK cells after MCMV infection. In 

contrast, depletion of CD8α+ DCs did not affect the expansion of Ly49G+ NK cells 

observed after MCMV infection. The data shown are representative of 3 independent 

experiments. In each independent experiment the results are representative of results 

from at least 3 mice per group. ** p<0.001 at day 6 pi when the isotype control-

treated mice are compared to the CD8 treated mice; p<0.001 when mice from the 

control group are compared to isotype or Thy-treated mice at day 6 pi. 
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Fig. 6. The cross-talk between CD8α+ DCs and Ly49H+ NK cells does not 

involve the IPC DC subset. Mice were infected with MCMV and spleens harvested 

for FACS analysis at various times pi. IPC were defined as CD11clo, B220+, Gr-1+ 

cells. (a) The numbers of IPC in congenic mouse strains of differing Ly49H status 

was measured during a course of MCMV infection. The absence of the Ly49H 

determinant does not affect the response of IPC during MCMV infection (a), but it 

does affect the stability of CD8α+ DCs (b). The data shown are representative of 3 

independent experiments, each utilizing 3 mice per group. 
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Fig. 7. IL-12 and IL-18 are required for the expansion of Ly49H+ NK1.1+ NK 

cells that occurs following MCMV infection. WT B6, B6.IL-12-/-, B6.IL-18-/-, 

B6.IL-12/18-/-, B6.TNFα-/- and B6.IFN-γ-/- mice were infected with MCMV and 

spleens harvested for FACS analysis at various times pi. (a) The Ly49H, NK1.1 

phenotype of splenocytes harvested after MCMV infection of various gene-targeted 

mice is shown. Deletion of IL-12 and/or IL-18 impaired the expansion of Ly49H+ 

NK1.1+ NK cells after MCMV infection. (b) At day 6 post-MCMV infection, the 

absolute numbers of Ly49H+ NK cells were significantly lower in B6 mice lacking 

IL-12, IL-18 or IL-12 and IL-18. The data shown are representative of 3 independent 

experiments, each utilizing 3 mice per group. ** p<0.001; * p<0.005 relative to 

MCMV-infected B6 control mice at day 6 pi. 
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Table 1. NK1.1 and Ly49H status of congenic mouse strains used to 
map the effects of MCMV infection on the fate of CD8α+ splenic DC 
 
 
Strain 

 
NK1.1 

 
Ly49H 

 
 MCMV susceptibility 

 
C57BL/6J 

 
+ 

 
+ 

 
Resistant 

 
BALB/c 

 
- 

 
- 

 
Susceptible 

 
B6.BALB-TC1 

 
+ 

 
- 

 
Susceptible 

 
BALB.B6-CT6 

 
+ 

 
- 

 
Susceptible 

 
BALB.B6-CT8 

 
+ 

 
+ 

 
Resistant 

 

 

+ = present - = absent 
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4.4 Discussion 
Activation of NK cells is integral to effective control of tumor growth and pathogen 

infection39,40. The functional relationships which contribute to the generation and 

regulation of innate immune responses, first suggested by the finding that growth of 

experimental tumors in mice was best controlled by NK effectors “primed” by 

activated DCs16, have been recently analyzed in vitro22-24, but the relevance of these 

interactions to immune responses in vivo was lacking. In this study, we investigated 

whether functional interactions between NK cells and DCs occur during MCMV 

infection in vivo, and showed that a reciprocal relationship exists between CD8α+ 

DCs and Ly49H+ NK cells. An effective Ly49H+ NK cell-mediated early response 

was required to maintain splenic CD8α+ DCs after MCMV infection. Reciprocally, 

CD8α+ DCs were required for the expansion of Ly49H+ NK cells that occurs at the 

late stages of acute infection33. The expansion of Ly49H+ NK cells was shown to be 

dependent on the ability to produce IL-12 and IL-18. 

Susceptible (BALB/c) and resistant (B6) strains of mice, which mount different NK 

cell responses to MCMV, due to variation at the Cmv1 locus, showed marked 

differences in the fate of splenic CD8α+ DCs after infection. In BALB/c mice, CD8α+ 

DCs disappeared 4 days after infection, whereas in B6 mice these cells were retained 

throughout the course of infection. A loss of CD8α+ DCs was observed in the 

resistant B6 mouse strain after depletion of NK cells or interference with the 

functionality of Ly49H+ NK effectors. The specific relevance of NK1.1+, Ly49H+ NK 

cells in maintaining splenic CD8α+ DCs after MCMV infection was established by 

genetic mapping using NK1.1, Ly49 congenic strains of mice36 and independently 

confirmed by analyses performed using the 3D10 anti-Ly49H mAb. A role for NK1.1, 

suggested by the loss of CD8α+ DCs observed after depletion of NK cells with the 
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NK1.1-specific PK136 mAb, was excluded by our genetic mapping studies. These 

studies showed that the fate of splenic DCs after MCMV infection was not linked to 

the NK1.1 locus.  

The functional relationship which occurs between NK cells and DCs early in 

infection, and which results in maintenance or loss of the CD8α+ DC subset, may be 

due to direct interactions between Ly49H+ NK cells and CD8α+ DCs, as described by 

recent in vitro analyses 22-24, or may result from direct or indirect effects of viral 

infection. We have shown that replicating virus is not detected in CD8α+ DCs (0 

pfu/ml at 96 hrs pi) infected with MCMV ex vivo. This contrasts with the ability of 

CD8α- DCs to support efficient viral replication (800±46 pfu/ml MCMV at 96 hrs pi). 

These data, together with our demonstration that in vivo only a minority (<10%) of 

CD8α+ DCs were infected with MCMV, clearly established that loss of CD8α+ DCs 

was independent of direct infection and viral replication within this cell subset. At this 

point it is not possible to exclude that the loss of CD8α+ DCs may be indirectly 

mediated by viral interference with the ability of progenitor or immature DCs to 

develop into the CD8α+ DC subset. This possibility is the subject of our on-going 

studies. 

Although the importance of Ly49H+ NK cells in effective early clearance of MCMV 

from the spleen is clear, these cells can also specifically expand late in the course of 

acute infection33. Our studies showed that depletion of CD8α+ cells resulted in 

significantly reduced expansion of Ly49H+ NK cells after MCMV infection. In these 

experiments a role for CD8+ T cells was excluded by our studies utilizing the T cell 

depleting Thy1 mAb, as well as our analysis in B6-β2m-/- mice. Depletion of CD8α+ 

DCs has been shown to alter NK cell functionality and thus result in reduced 
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clearance of NK sensitive tumors16. In contrast, we and others, have observed that 

depletion of CD8α+ cells before MCMV infection leads to only marginal increases in 

viral titers at day 4 pi41 (and data not shown). Therefore, while CD8α+ DCs were 

required for the late expansion of Ly49H+ NK cells, this interaction was not critical 

for innate control of viral replication in visceral organs during early acute infection. 

Recent evidence suggests that NK cells can restrain T cell responses during MCMV 

infection, with depletion of NK cells resulting in the proliferation of CD4 and CD8 T 

cells, concomitant with an increased ability to produce IFN-γ42. Given that Ly49H+ 

NK cells specifically expand during the later stages of acute MCMV infection, it is 

possible that this subset is responsible for regulating the development of specific 

acquired immune responses. Indeed, our analysis shows that the presence of Ly49H+ 

NK cells reduces the magnitude and duration of anti-viral CTL responses. 

Direct contact between DCs and NK cells and, or cytokines are required for NK cell 

expansion and activation16,22-24. Although our studies have not excluded the possible 

role of direct cellular interactions, analysis of mice with targeted deletion of IL-18 or 

IL-12 identified these cytokines as being critical for the expansion of Ly49H+ NK 

cells that accompanies MCMV infection. Following MCMV infection, both IL-12 and 

IL-18 are critical for early (1.5 days post infection) production of IFN-γ, with neither 

cytokine affecting the levels of NK cell cytotoxicity43,44. In our studies, IL-12 and IL-

18 were involved in expansion of Ly49H+ NK cells, with IL-18 playing the principal 

role. IL-12 and IL-18 can induce the production of IFN-γ43-45 and thus their effects 

might be mediated in an IFN-γ-dependent manner. Although mice lacking IFN-γ 

consistently showed a slight reduction in the expansion of Ly49H+ NK compared to 
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wild-type control mice, the differences failed to achieve statistical significance and 

thus, a direct role of IFN-γ in expanding Ly49H+ NK cells was excluded.  

Our results show that functional, reciprocal relationships between DCs and NK cells 

occur following MCMV infection. Effective innate immune responses mediated by 

Ly49H+ NK cells are critical for early control of viral infection in visceral organs, 

especially the spleen. Ly49H+ NK cell-mediated functions within the first 4 days after 

MCMV infection protect against MCMV-induced loss of splenic CD8α+ DCs. 

Reciprocally, CD8α+ DCs are essential for expansion of Ly49H+ NK cells during the 

late stage of acute infection. This expansion, dependent on IL-18 and IL-12, may be 

important in shaping the ensuing adaptive immune response. Further studies need to 

address whether CD8α+ DCs provide Ly49H+ NK cells with signals other than those 

mediated by IL-12 and IL-18. It is possible that additional direct interactions, 

including ones involving the viral protein gpm157, the cognate ligand for Ly49H, are 

required. Generation of deletion viruses and specific blocking reagents will help 

resolve whether additional players are important in these complex interactions.  
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CHAPTER 5: General Conclusions 
 

HCMV infections are the major cause of morbidity and mortality among 

immunocompromised individuals, such as transplant recipients and cancer or 

HIV/AIDS patients. Thus, the study of the interactions between CMV and the host 

immune response is becoming increasingly important to better understand CMV 

pathogenesis and consequently better design patient therapy. Since human and murine 

cytomegaloviruses share considerable homology at both the biological and molecular 

level, the study of MCMV infection provides an excellent model to analyse CMV 

pathogenesis in vivo.  

In the first stage of this thesis the response of immune effectors to infection was 

analysed. These studies principally focused on the response of NK cells to MCMV. 

Numerous studies have highlighted the importance of NK cells in controlling MCMV 

infection (for a review see550). However, none of the previous studies were able to 

address the physical localization of NK cells during infection owing to the inability to 

detect the NK1.1 antigen in situ. The studies described in Chapter 1 resulted in the 

development of an in situ staining technique for NK1.1 and were the first to clearly 

demonstrated that NK cells co-localize with MCMV infected cells in vivo201. 

The ability to detect the NK1.1 antigen was dependent upon fixation of tissues in situ. 

An extensive study of fixation methods on unfixed frozen tissues revealed that the 

NK1.1 antigen was undetectable if tissues were frozen prior to fixation. This 

suggested that the NK1.1 antigen may be unstable when frozen, thus rendering it 

unrecognizable by the anti-NK1.1 mAb PK136. Detailed analysis of in situ fixation 

techniques demonstrated that when tissues were fixed prior to freezing the NK1.1 

antigen could be identified in tissue sections. Fixation with a solution of Periodate-
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Lysine-Paraformaldehye (PLP) resulted in the best resolution of NK1.1+ cells, while 

maintaining tissue architecture. PLP fixation has previously been shown to allow the 

detection of T cell subsets, B cells and macrophages551,552, and thus does not interfere 

with staining for other immune cell subsets201.  The choice of PLP as a fixative arose 

following close analysis of the predicted C-type lectin structure of the NK1.1 antigen. 

It was postulated that PLP fixation would facilitate recognition of NK1.1 as this 

method involves the oxidation of carbohydrate moieties by periodate followed by 

lysine mediated cross-linking of the newly formed aldehyde groups. Thus, PLP 

fixation is likely to preserve the antigenic structure of NK1.1 in a configuration 

closest to its native one.  

Having developed a method for detecting NK1.1+ cells in situ, we characterized the 

localization pattern of these cells during MCMV infection. In the liver we were able 

to demonstrate that NK cells co-localized with virally infected targets in both 

susceptible and resistant mice during the acute infection (Chapter 3, Figure 4). In 

sections of spleen from resistant B6 mice we noticed an increase in NK cells 

localizing to the marginal zones of the spleen, concomitant with the loss of MCMV 

infected targets (Chapter 3, Figure 3), reinforcing the essential role played by NK 

cells in controlling acute viral infection in B6 mice. In contrast, during infection of 

susceptible BALB/c mice, we observed a decrease in NK cells localizing to the white 

pulp which correlated with an increase in MCMV infected targets in the tissues of 

these hosts (Chapter 3, Figure 3). Differences in NK cell numbers were quantified by 

FACS analysis (Chapter 3, Table IV). Hence, by utilizing a novel staining technique 

for NK1.1+ cells, we were able to show that they localized in the vicinity of virally 

infected targets both in the liver and spleen. In resistant mice NK cells accumulated in 

large numbers in areas containing cells such as macrophages and dendritic cells. It 
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should be noted that the Ly49G subset of NK cells was later identified by in situ 

analysis and localization of this subset was shown to be identical to that of NK1.1+ 

cells (which comprises all Ly49G+ cells)553.  

While describing the localization of NK1.1+ cells during MCMV infection we further 

analyzed the localization of MCMV infected cells during acute infection. Previous 

work has identified MCMV in mononuclear cells87,88,94, a finding which we confirmed 

by localizing virus to CD11b+ cells in the marginal zones of splenic tissue (Chapter 3, 

Figure 2). We were also able to show MCMV infection in the marginal sinus and 

regions of the central white pulp known to principally contain dendritic cells (Chapter 

3, Figure 2A). Analysis of MCMV infection in the lungs also suggested a possible 

role for dendritic cells in MCMV pathogenesis. Given the central role played by DC 

in the initiation and maintenance of immunity, and the ability of MCMV to interfere 

with these responses, we began focusing on the possibility that DC represented a 

major target of MCMV infection with the intention of defining the effects of MCMV 

infection on DC functionality. 

Numerous groups have analysed the effect of viral infection of DC functionality. 

Viruses such as HIV, measles and HSV have been shown to impair the ability of DC 

to initiate immune activity. The lack of appropriate animal models meant that the role 

of DC in these viral infections was analysed principally with in vitro derived DC 

generated either in GM-CSF and IL-4554 (DC-1) or FLT3L453 (DC-2). Generation of 

human DC by either of these methods results in a homogeneous population of cells 

which maintain an immature phenotype. Generation of DC from mouse bone marrow 

fails to yield an homogeneous DC population507,539 and variable percentages of DC in 

the culture mature spontaneously. However, a bulk culture system for mouse DC was 
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established in 1997555 allowing continuous generation of immature cells from 

proliferating progenitors. By utilizing this culture system we were able to demonstrate 

that MCMV is capable of infecting DC and impairing their functionality (see Chapter 

4). 

Our studies were the first to show that MCMV could infect DC both in vitro and in 

vivo and also demonstrated the downregulation of surface MHC proteins and co-

stimulatory molecules, impairment of antigen capturing capacity and cytokine 

production leading to a loss of allogeneic T cell stimulatory capacity (see Chapter 4 

and556. Most significantly we were able to demonstrate that MCMV infection of DC 

affects IL-2 production. This result is particularly significant since DC derived IL-2 is 

critical for the induction of T cell proliferation and activation498, an effect blocked by 

MCMV infection. Studies of MCMV immunosuppression had demonstrated that the 

suppressive factor was contained in mononuclear cell fractions at very low 

frequencies557, thus, our data has identified the cellular and molecular effect involved 

in immunosuppression. How MCMV blocks IL-2 production is currently under 

investigation, and microarray analysis of cDNA indicates that the block does not 

occur at the level of transcript production. Incidentally, global cDNA analysis of 

MCMV infected DC has also revealed a number of interesting genes whose activity is 

differentially regulated in DC following MCMV infection. These genes are the focus 

of current investigation. 

Interactions between DC and other cell subsets have been the focus of several studies, 

some of which have analysed DC/NK interactions. The possible relevance of DC/NK 

interactions was first described by Fernandez et al. (1999) when they demonstrated 

that DC could activate NK cells, resulting in enhanced lysis of target cells, IFN-γ 

 182



production and improved tumor clearance542. Recent in vitro evidence has further 

demonstrated that mature DC can activate NK cell cytotoxicity and IFN-γ 

production545, while activated NK cells are capable of enhancing DC maturation and 

IL-12 production545. These interactions are cell contact and TNF-α dependent542,545-547 

and are further controlled by cell ratios, with a low NK:DC ratio (1:5) required for DC 

maturation and a high NK:DC ratio resulting in inhibition of DC function547.  

Given the critical role for the Ly49H subset in control of acute MCMV 

infections183,558,559 and the observation that Ly49H positive NK cells selectively 

proliferate at the late stage of acute MCMV infection560 we sought to determine a 

potential role for DC in this activation. Our previous studies had identified that in vivo 

infection of BALB/c mice led to the loss of CD8α+ DC during acute infection 

(Chapter 5 Figure 1). Such loss was not observed after infection of B6 mice. We were 

able to demonstrate that the loss of CD8α+ DC in BALB/c mice did not result from 

viral infection as CD8α+ DC were poorly infected in vivo and ex vivo (Chapter 5). By 

using congenic mouse strains we were able to map an interaction between DC and NK 

cells to Ly49H and showed that DC and Ly49H+ NK cells co-operate functionally, 

leading to the specific proliferation of Ly49H+ NK cells observed at day 6 post 

infection in B6 mice (Chapter 5 Figure 4 and 5). Interestingly, the CD8α+ DC induced 

proliferation of Ly49H+ NK cells required IL-18 and to a lesser extent IL-12 (Chapter 

5 Figure 7). Numerous groups have shown that CD8α+ DC produce high levels of 

bioactive IL-12506,508,525,561 however, whether these cells produce IL-18 is not yet 

certain. The role of IL-18 in Ly49H+ NK cell proliferation is under further 

investigation to determine whether IL-18 is derived directly from CD8α+ DC.  
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Recent data has highlighted the capacity of MCMV to selectively target aspects of the 

host immune response. In both mouse and humans the number of CD8 T cells which 

recognize the major viral immunopeptide is relatively high in contrast to other 

persistent pathogens. Our recent analyses have shown that the CTL response 

generated against the major MCMV peptide IE-1 is primed very quickly, and is 

maintained at very high levels long after the virus has been controlled. In vitro 

analysis of syngeneic T cell priming has revealed that MCMV selectively induces the 

proliferation of CD8 T cells, while preventing the proliferation of CD4 T cells. This 

contrasts with the data in Chapter 4 showing that the proliferation of allogeneic T 

cells induced by MCMV infected DC is impaired. The rationale behind the selective 

response of CD8 T cells may reflect their instructive nature, where low co stimulation 

and low levels of MHC class I are able to induce CD8 T cells to proliferate495,496, 

while CD4 T cells require much more instruction from the APC494. Recent data has 

shown that the lymph nodes of the salivary gland are the only nodes in which 

productive viral infection occurs562. While the effect of CMV infection on the 

functionality of DC from these lymph nodes has not been addressed, it is likely that 

the virus is able to impair CD4 T cell responses elicited in these nodes. Given the 

crucial role of CD4 T cells in controlling salivary gland infection, and the importance 

of viral shedding from this organ in horizontal transmission, the effect on CD4+ T cell 

inhibition may reflect a mechanism for CMV persistence in the salivary gland.  

Analysis of the role of innate immune effectors on acquired immune responses is an 

exciting new field of research. The outcomes of this analysis will obviously be 

influenced very strongly by the model system chosen. The activities of tumor specific 

CTLs are enhanced through interactions with NK cells563,564. In contrast, we have 

recently demonstrated that BALB.B6 Cmv1r mice which have strong early NK 

 184



responses to MCMV have an impaired antiviral CTL response. While the direct 

mechanism for this inhibition is yet to be identified, our recent studies have shown 

interaction between the MCMV encoded gpm157 and cellular Ly49H is partially 

responsible for this effect. The effects of gpm157 on the antiviral CTL response pose 

interesting questions about the role of this molecule in viral persistence.  

Interactions between different arms of the immune system are complicated and further 

investigation is required to establish how cells of the innate and acquired immune 

system may have beneficial or detrimental effects on each others activity. Viruses 

such as the Herpesvirus family, of which MCMV is a member, have evolved with 

their hosts over many millennia. These viruses have established numerous 

mechanisms to allow their persistence and improve transmission to additional hosts, 

be it by either horizontal or vertical transmission. Ultimately these pathogens have 

learnt how to avoid the immune system, or more correctly how to manipulate the 

antiviral host response, to their selective advantage. Therefore, viruses such as CMV 

have much to teach us about critical interactions during an immune response. The 

long term goal for viral immunologists is to determine how we can interfere with 

these interactions for the benefit of patients suffering from CMV related disease. 
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