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ABSTRACT 

 

The design and development of effective anti-viral immunotherapies requires a 

comprehensive understanding of the cellular and molecular processes that are involved 

in the generation and regulation of immune responses. The fundamental objective of the 

immune system is to successfully complete the task of eliminating/controlling the 

invading pathogen without causing overt pathology. 

 

Cytomegaloviruses (CMVs) are large DNA viruses that are able to evade immune attack 

and persist lifelong within the host. In a healthy host, CMV causes an asymptomatic 

infection, but in instances of decreased immune functions, such as in newborns, 

acquired immunodeficiency syndrome (AIDS) patients and transplant recipients, the 

infection can result in serious morbidity and mortality. Thus, human CMV (HCMV) is a 

clinically important pathogen and an understanding of the pathogenesis, mechanisms of 

immune subversion and, importantly the cascade of immune events that ensue following 

infection is highly relevant. The studies presented in this thesis have provided useful 

insight into various aspects of viral immunity and it is hoped that they will assist in the 

design of more effective therapies against viruses of clinical importance.     

 

Genetic variability in humans can greatly influence anti-viral immune responses and the 

outcome of viral infection. Similarly, host genotype impacts the outcome of murine 

CMV (MCMV) infection with an effective natural killer (NK) cell response 

contributing to resistance to MCMV infection. Thus C57BL/6J mice, which express the 

NK cell activating receptor Ly49H, effectively control acute MCMV infection, while 

BALB/c mice which have Ly49H
-
 NK cells, are more susceptible to MCMV infection 

and rely predominantly on CD8
+
 CTL to control the virus. The studies presented in this 

thesis intend to characterise the specific molecular pathways utilised by relevant cellular 

subsets in the control of MCMV during different stages of infection, in mice with 

differing genetic susceptibility to the virus.   

 

The first two chapters of this thesis explore the different effector mechanisms utilised 

by NK cells and CD8
+
 T cells in the control of MCMV infection. NK cells and CD8

+
 T 

cells predominantly mediate anti-viral functions by granule exocytosis, which involves 

the release of perforin and granzymes (Grz) to eliminate infected cells, or through the 

release of cytokines, such as IFN-γ, that can directly or indirectly affect viral 



 

 vii 

replication. Chapter 2 examines the role of pfp and IFN-γ in limiting MCMV infection 

in mice with differing susceptibility to the virus. These studies confirm the important 

role played by NK cells and CD8
+
 T cells in controlling MCMV during the acute phase 

of infection in MCMV-resistant and MCMV-susceptible mouse strains, respectively. 

Furthermore, these studies provide novel evidence that NK cells are also crucial for the 

control of virus in some organs of susceptible mice during early acute infection. The 

data reveals that both NK cells and CD8
+
 T cells utilise perforin- and IFN-γ-dependent 

control of MCMV. Furthermore, these studies provide novel evidence that protection 

mediated by Ly49H
+
 NK cells in resistant mice is dependent on perforin.  

 

Chapter 3 focuses on the biological relevance of Grz during MCMV infection. These 

studies found that GrzA and GrzB are essential components of the machinery involved 

in limiting MCMV during acute infection. These analyses also provide the first 

evidence suggesting that GrzM plays a role, albeit minor, in controlling MCMV 

replication. Furthermore, the current studies suggest that Grz can mediate direct anti-

viral activities independent of the induction of cell death in conjunction with perforin.  

 

Interestingly, in the absence of both GrzA and GrzB (GrzAB), mice were as susceptible 

to MCMV infection as perforin-deficient mice. However, unlike perforin-deficient 

mice, GrzAB-deficient mice controlled and survived the infection. In Chapter 4 the 

roles of perforin, GrzA and GrzB in anti-viral immunity and immunopathology during 

MCMV infection were examined. These studies show that NK cell-derived perforin is 

required to eliminate infected targets as well as activated effector cells, suggesting that 

NK cells are crucial not only in defensive immunity but also in limiting the immune 

activation that follows MCMV infection.  

 

In summary, the studies presented in this thesis define the significant role played by 

specific effector molecules in limiting MCMV replication during different stages of this 

viral infection. Furthermore, these studies provide novel evidence that perforin, GrzA 

and GrzB play distinct roles in defensive immunity and limiting immunopathology 

during MCMV infection.         
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1.1 CYTOMEGALOVIRUSES  

Cytomegaloviruses (CMVs) are widespread pathogens that belong to the family 

Herpesviridae, specifically the subfamily betaherpesvirinae. The Herpesviridae are a 

large family of enveloped double-stranded DNA viruses that infect a range of hosts and 

establish a latent infection in their natural host. Several members of the Herpesviridae 

have strong cancer-causing tendencies, including Epstein-Barr virus which causes 

Burkitt‟s lymphoma and nasopharyngeal carcinoma, and human herpesvirus 8 which 

causes Kaposi‟s sarcoma and abdominal cavity B cell lymphomas in AIDS patients [1]. 

Classification of CMVs into the subfamily betaherpesvirinae was based on biological 

properties including: species specificity, the relatively slow replication cycle, the ability 

to induce cytomegalia in infected cells, presence of inclusion bodies in the cytoplasm 

and nuclei of infected cells and the ability to establish a life-long persistent infection in 

the natural host [2].  

 

The status of the host immune system dictates whether infection with CMV is 

asymptomatic or leads to clinical or even fatal disease. Human CMV (HCMV) remains 

asymptomatic in infected immunocompetent individuals; however it may cause serious 

morbidity and mortality in immunosuppressed hosts [3]. In accordance, HCMV has 

become clinically important due to its ability to infect and reactivate during 

immunosuppression, following infection with HIV or after allograft transplantation [4]. 

The predominant manifestation in AIDS patients is HCMV retinitis [5, 6]. However, 

with the introduction of highly active antiretroviral therapy (HAART) for HIV 

infection, the incidence of retinitis has decreased but inflammatory vitritis is commonly 

seen [7]. Other complications such as neurological disorders including encephalopathy 

and polyradiculopathy, and gastrointestinal infections including colitis and esophagitis, 

are also reported frequently in AIDS patients [5]. HCMV pneumonitis is rarely 

observed in HIV-infected patients but it is a major disease in bone-marrow transplant 

recipients [5, 8]. HCMV-seronegative patients in receipt of organs from seropositive 

donors are at greatest risk for developing HCMV-associated disease, which initially 

localises in the transplanted organ [9]. HCMV has also been implicated in solid organ 

allograft rejection [10]. In addition, HCMV can cause serious morbidity and mortality 

in patients with lymphoma [11]. HCMV is the most common cause of congenital 

malformations in developed countries [12]. Congenitally-infected neonates display 

symptoms that include microcephaly, encephalitis, deafness and psychomotor 
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retardation [9]. Perinatally-infected infants usually display symptoms such as 

hepatosplenomegaly, lymphadenopathy, hepatitis or pneumonia [9].  

 

HCMV is commonly found in several body secretions and horizontal transmission may 

occur via sexual contact [13], allograft transplantation [14] and blood transfusions [15]. 

Transmission between children or from children to adults usually occurs in institutions 

such as day-care centres via saliva, fomites and urine [16, 17]. Vertical transmission 

from mother to foetus results in congenital infection and occurs via transplacental 

transfer of virus [18]. Furthermore, HCMV can also be acquired perinatally due to 

transmission from breast milk [19], saliva, fomites or urine [18]. 

 

Currently, there are two main therapeutic strategies that are employed in the prevention 

of HCMV disease and HCMV-associated complications which are most often employed 

in transplant patients. With pre-emptive anti-HCMV therapy, an anti-viral compound is 

administered to the patient on the first sign of HCMV in the blood, while prophylactic 

anti-HCMV therapy involves the administration of anti-viral agents before any sign of 

active HCMV infection (reviewed in [20]). With conflicting results obtained from 

various studies, the relative merits of each strategy are still a matter of debate. Some of 

the anti-viral agents available and in use clinically include ganclicovir/valganciclovir 

and acyclovir/valacyclovir (reviewed in [21]). However a potential drawback of 

continuous use of anti-viral drugs is the increased emergence of anti-viral resistant 

HCMV strains [22, 23].  

 

Initial attempts for vaccination involved the use of live, attenuated vaccines [24]. 

Subsequently, efforts were focused on subunit vaccines containing the envelope 

glycoprotein B (gB) [25]. Currently there are no licensed vaccines for HCMV, but with 

an increased awareness of the significant medical implications of congenital infections 

as well as the complication caused by HCMV in organ/bone marrow transplant patients, 

HCMV vaccine research is moving forward at a fast rate.  

 

 

1.2 MURINE CYTOMEGALOVIRUS  -  A MODEL FOR HCMV INFECTION 

Due to the strict species-specificity of CMVs, experimental investigation with HCMV is 

largely limited to in vitro studies. However, efforts to understand the pathogenesis, 
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mechanisms of immune subversion and, very importantly, the cascade of immune 

responses to HCMV, have profited immensely from the use of the mouse model of 

murine CMV (MCMV) infection. MCMV genome size, virion structure, replication 

cycle, pathology and general biology mirror those of HCMV [26], therefore providing a 

useful model to study different aspects of HCMV biology and pathology in the context 

of infection of a natural host. Importantly, since MCMV is a natural pathogen of mice, 

this model permits the study of in vivo infection in the natural host. In addition, the 

disease syndromes elicited by MCMV infection are similar to those observed in humans 

[2]. However, caution must be exercised when extrapolating from the MCMV model to 

HCMV disease because there are significant differences between the two genomes [27]. 

For example, both viruses have mastered similar immune evasion strategies but the 

underlying mechanisms are not identical, a reflection of coevolution of the viruses with 

their respective hosts. MCMV is also not a suitable model for congenital HCMV 

infections due to the lack of transplacental transfer of MCMV. Nevertheless, MCMV 

infection of newborn mice reflects many of the clinical complications of congenital 

HCMV infections [28]. Furthermore, the mouse model has been used to study latent and 

recurrent viral infections [26].  

 

          

1.2.1 Structure, gene expression and replication of CMV 

The virion structure of CMVs consists of a double-stranded linear DNA genome within 

an icosahedral nucleocapsid that is surrounded by a proteinaceous, asymmetrical 

amorphous layer known as the tegument which is in turn enclosed by a lipid bilayer 

envelope carrying a number of virally encoded glycoproteins (Fig. 1.1). The genomes of 

both HCMV and MCMV have been sequenced and are equivalent to approximately 230 

kb in length, with HCMV predicted to encode over 200 open reading frames (ORFs) 

[29-31] while MCMV encodes 170 putative ORFs, 78 of which have significant 

homology to HCMV [27]. Recent analysis of the predicted coding potential of the 

MCMV genome has revealed the presence of an additional 14 ORFs, with a further 113 

ORFs having a capacity for coding proteins [32]. The MCMV genome is arranged as a 

single unique sequence flanked by terminal repeats [27], hence it exists only in one 

isomeric form. In contrast, HCMV is divided into two unique sequences referred to as 

the unique long (UL) and unique short (US) regions, which can be inverted thus giving 

rise to four isomeric forms of HCMV [3]. The unique sequences of HCMV are flanked 

by terminal repeat sequences.  
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CMV gene expression occurs as a regulated and sequentially ordered cascade and is 

classified into immediate early (IE), early (E), and late (L) phases of the replication 

cycle [33, 34]. Immediate-early genes are the first genes transcribed by cellular RNA 

polymerase II in the absence of de novo viral protein synthesis. The IE phase is 

relatively short and the three major MCMV IE genes identified are ie1, ie2 and ie3 [35]. 

Subsequent expression of E and L genes requires prior expression of one or more of the 

IE gene products, which act as transcriptional trans-activators [36, 37]. While E genes 

encode proteins that are involved in the production of daughter virions, the L genes 

encode many of the structural viral proteins required for the formation of mature virus 

particles (reviewed in [38]).  

 

The CMV replication cycle is relatively slow compared to that of other herpesviruses 

and the initial events are understood only in general terms. Early events in CMV 

infection involve adsorption of the virion to the cell surface, usually requiring cellular 

receptors such as epidermal growth factor receptor (EGFR) or integrins [39, 40], and 

penetration through the cell membrane [41, 42]. Following fusion of the envelope with 

the cellular plasma membrane, the capsid is released into the cytoplasm and trafficks to 

the nuclear pores where viral DNA is transferred to the nucleus [43]. CMV DNA 

replication occurs by the fusion of the terminal repeats for which no virus-coded 

proteins seem to be required [44, 45]. Following cleavage of the newly synthesised 

concatamers, the individual genome monomers are packaged into pre-formed capsids in 

the nucleus [43, 44]. The nucleocapsids are temporarily enveloped by the nuclear 

cisternae followed by a de-envelopment at the outer nuclear membrane, leading to the 

release of a naked nucleocapsid into the cytoplasm [46, 47]. A permanent envelope is 

acquired in the trans-golgi after which the mature virions are ferried to the plasma 

membrane for release [46, 48].        

  

 

1.2.2 Pathogenesis of MCMV infection 

HCMV infection is a major threat among immunocompromised individuals such as 

AIDS patients due to the ability of the virus to affect a variety of tissues. Similarly, 

MCMV affects multiple organs and exhibits a high level of virus replication and 

subsequent organ damage that can lead to morbidity and mortality. MCMV 

pathogenesis and disease manifestations are dependent on several factors, such as: virus 

dose, route of infection, host age and genotype and immune status of the mouse [49, 
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50]. MCMV has a propensity to infect multiple organs and a variety of cells within 

these organs. Subsequent to initial viral infection of the host, the virus spreads 

haematologically to invade multiple organs including spleen, liver, lungs, salivary 

glands, kidney, heart and retina [49, 50].  

 

HCMV has been frequently recovered from leukocytes and studies have confirmed the 

importance of these cell types in the dissemination of CMV in humans [51-54]. Parallel 

to these observations, dissemination of MCMV during acute infection has been 

demonstrated to occur via blood monocytes with the subsequent differentiation into 

mature macrophages supporting productive replication of virus [55-59]. Furthermore, 

Hanson et al., (1999) [56] have proposed a paradoxical role for macrophages suggesting 

that while macrophages support viral replication, they also display a net protective role 

by secreting anti-viral cytokines and acting as a “filter” by protecting more permissive 

cells. Indeed, the depletion of macrophages from the peritoneum and spleen increases 

viral titres in the visceral organs [60]. 

 

Both the spleen and liver are primary sites of MCMV replication and are actively 

involved in the acute phase of infection. Following infection by the intraperitoneal (ip) 

route, MCMV replication is evident in these organs with viral titres peaking at day 3 or 

4 post-infection (pi) (Fig. 1.2) [61, 62]. Splenic necrosis is evident in certain strains of 

mice, such as BALB/c, and is associated with high viral titres. In contrast, in C57BL/6J 

(B6) mice an absence of splenic necrosis correlates with low viral titres and 

enlargement of the spleen (splenomegaly) [63]. In the spleen, MCMV has been shown 

to localize to the red pulp and the marginal zone [61, 64-66]. Specifically, MCMV 

infects the sinusoidal-lining cells of the red pulp and endothelial cells within the spleen 

[65, 67].  

 

Liver disease associated with acute MCMV infection has been attributed to high levels 

of circulating anti-viral cytokines as well as direct damage due to viral replication [63, 

68]. After infection with MCMV, the liver displays extensive areas of necrosis and foci 

of cellular infiltrates consisting mainly of phagocytic cells surrounding infected cells 

[62]. Hepatocytes are a preferred target for productive MCMV replication, although 

infection of Küppfer cells has also been reported [69]. 
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Interstitial pneumonia is a serious manifestation of HCMV disease in 

immunocompromised individuals [70, 71]. Similarly, T cell-deficient athymic nu/nu 

mice or mice immunosuppressed by sublethal γ-irradiation, develop interstitial 

pneumonia following MCMV infection [72, 73]. Cellular targets for virus replication in 

the lungs include interstitial cells, pneumocytes and endothelial cells [72].  

 

The salivary gland represents a site of persistent virus replication and is important in 

both the biology and epidemiology of MCMV. Virus replication is localized to the 

acinar cells, with the highest viral titres detected in the submaxillary gland, followed by 

the sublingual and parotid glands [74]. Very little virus is detected within the first 5-6 

days pi, however, maximal titres are reached by 3 weeks which are sustained beyond 40 

days pi (Fig. 1.2) [66, 74]. 

 

MCMV infection of the heart can lead to myocarditis which is characterized by the 

presence of infiltrating mononuclear cells such as CD4
+
 and CD8

+
 T cells, 

macrophages, neutrophils and B cells during acute infection [75]. Indeed, it has been 

suggested that immunopathology rather than viral cytopathology is the underlying cause 

of the disease [75]. Similar to the early atherosclerotic lesions observed in HCMV-

infected humans, co-localisation of viral antigens and inflammatory cells has been 

observed in the aortic lumen of MCMV-infected mice [76]. This condition has also 

been suggested to be a result of immunopathology.  

 

HCMV retinitis is still a major threat in HIV-1 infected patients even in the presence of 

highly active antiretroviral therapy (HAART) [77]. The virus is thought to invade the 

retina from the blood during a systemic infection. In contrast, the inoculation of MCMV 

via the ip or intravenous (iv) routes with MCMV to induce a systemic infection in 

immunosuppressed mice fails to infect the retina and cause retinal disease [78]. Thus, to 

induce experimental MCMV retinitis which reflects the histopathologic features found 

in HIV-related HCMV retinitis, mice are inoculated with MCMV via the supraciliary 

(subretinal) route [79, 80]. Recently, it has been demonstrated that loss of the perforin-

mediated cytotoxic pathway predisposes mice to MCMV retinitis [81, 82]. 
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1.2.3 Latency and reactivation 

CMVs share the unique ability with other herpesviruses to persist life-long in the host 

even in the face of a fully functional immune response that is primarily elicited by 

virus-specific effector memory CD8
+
 T cells. The virus is kept in check by host immune 

responses [83] and remains in a state of latency until favourable signals are present for 

the virus to reactivate [84]. Persistence is defined by the presence of low-level of 

infectious virus while, latency, as is understood in a clinical sense, is a state of disease 

in which virus is not replicating at any site, but can be induced to reactivate [85, 86]. 

The distinction between persistent and latent infection is principally dependent on the 

sensitivity of the assay available for the detection of infectious virus [86, 87]. Indeed, 

Yuhasz et al., (1994) [88] argued in favour of persistent infection in the lungs of 

MCMV infected mice due to the presence of ie1 transcripts that were generally 

associated with productive infection. However, with an improvement in the sensitivity 

of assays used, true molecular latency was shown to occur in the lungs of MCMV 

infected mice [86]. 

 

Patients undergoing bone marrow transplantation are at greatest risk of CMV 

recurrence, regardless of the source of the reactivating virus. In accordance, there is 

ample evidence for HCMV latency in CD34
+
 haematopoietic progenitor cells in the 

bone marrow [89-92]. In addition, cells of the haematopoietic-myeloid lineage, 

including macrophages, have been shown to harbour latent HCMV [93]. A hint to the 

existence of other sites of latency has been provided by the higher frequency of HCMV 

transmission through solid organ transplantation compared to bone marrow 

transplantation [94]. 

 

In mice, several organs such as the kidney, lungs, liver, spleen, heart, salivary glands 

and adrenal glands have been implicated in maintaining MCMV DNA long after 

clearance of the genome from haematopoietic cells and vascular components [86, 95-

98]. The cellular localization of latent MCMV in infected mice was further investigated 

and it was proposed that viral DNA resides in stromal or/and parenchymal cells of the 

respective organs [67, 95, 99, 100]. In the spleen, MHC class II-negative stromal cells, 

the sinusoidal endothelial cells have been implicated in harbouring latent viral DNA 

[67, 100], while renal peritubular epithelial cells may be a cellular site of MCMV 

latency in the kidney [101]. MCMV DNA has also been detected in macrophages of 

latently infected mice [97, 102-104]. Indeed, Koffron et al., (1998) [97] proposed a 
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potential mechanism of multiple-organ latency, whereby latently infected monocytes 

may act to disseminate virus to the periphery where these cells normally home to and 

differentiate into tissue-specific macrophages. This study also identified macrophages as 

the cellular site of latency in the lungs [97]. Studies by Reddehase and colleagues [86, 

99, 105] provided evidence for the existence of latent MCMV in stromal and/or 

parenchymal cells in the lungs.       

 

The lungs are a relevant organ site for latency and reactivation [86, 95] because 

interstitial pneumonia is an important manifestation of CMV disease in both humans 

[70, 71] and mouse models [72]. Indeed, the regulation of latency and reactivation has 

been best studied in vivo using a mouse model of pulmonary infection after bone 

marrow transplantation [84, 86, 105]. Initial studies showed that immunosuppression by 

gamma-irradiation [98] or depletion of lymphocytes [83], resulted in reactivation of 

virus at multiple sites, suggesting that the host immune response plays a significant role 

in the regulation of latency [83]. However, further studies revealed that latency is 

regulated not only by the immune response, but also transcriptionally by the activity of 

the major immediate-early promoter-enhancer (MIEPE) [84, 105, 106].     

 

Transcription of the major immediate-early (MIE) gene locus, specifically, the 

transcription unit ie1-ie3 (ie1/3) is driven by the MIEPE [106]. Upon differential 

splicing of the precursor mRNA, ie1 and ie3 transcripts are generated which 

consequently give rise to the proteins IE1 and IE3, respectively (reviewed in [94]). 

Although productive replication of MCMV is not evident during latency, the genome 

does not remain transcriptionally silent [105]. Indeed, the viral genome can coexist in a 

transcriptionally active and silent state within the same organ, as demonstrated 

experimentally [105]. While viral DNA was shown to be evenly distributed, ie1 

transcriptional activity was focal and random but ie3 transcription did not occur in the 

lungs of latently infected mice [105]. IE1 is dispensable for virus replication [107], but 

the absence of IE3 protein, an essential transactivator of viral E gene expression [37, 

108] prevented the initiation of the productive cycle [105]. In a subsequent study, Kurz 

et al., (1999) [84], demonstrated the variegated nature of latent MCMV gene expression 

and the numerous, sequentially ordered checkpoints that regulate the events going from 

viral latency to recurrence. Pieces of latently infected lungs were analysed and it was 

observed that in some pieces, focal reactivation gave rise to ie3 transcripts but not the 

envelope glycoprotein B (gB) transcripts, while in others transcription proceeded to 
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generate gB transcripts with only a few foci actually reaching the state of virus 

recurrence [84]. Accordingly, the current hypothesis is that CMV will reactivate if both 

the host immune response and the transcriptionally silent genome are in any way 

perturbed.  

 

 

1.3 IMMUNOSURVEILLANCE OF CMV INFECTION 

The mouse model of CMV (MCMV) infection has contributed extensively to 

understanding the complex immune responses that develop during viral infection. The 

concerted activities of both innate and adaptive immune effectors are required in 

limiting CMV infection in humans and mice. While natural killer (NK) cells provide an 

early protective immune response to MCMV infection by restricting the spread of virus 

in mouse strains such as the resistant B6, cytotoxic T lymphocytes (CTLs) are essential 

for the clearance of virus from acutely infected organs and for the establishment of 

latency particularly in the BALB/c inbred mouse strain. The influence of the host 

genotype on the anti-viral immune response and the outcome of MCMV infection is 

discussed in detail in subsequent sections. Utilising the MCMV model has permitted the 

in vivo analyses of immune responses that ensue in the natural host.     

 

 

1.3.1 Cytokine responses to CMV infection 

Infection with CMV triggers a cascade of events including production of cytokines 

which in addition to mediating direct anti-viral effects, possess the ability to regulate the 

innate immune response and promote the development of down-stream adaptive 

immune responses. The involvement of gamma-interferon (IFN-γ) in the control of 

CMV replication and in vivo protection has been well documented [57, 109-112]. NK 

cells [113], CD4
+
 Th1 T cells [114] and CD8

+
 T cells [115] all secrete IFN-γ. NK cells 

produce IFN-γ early before a specific CTL response is mounted [57, 113, 116-119]. 

Initial studies suggested a dichotomy in the NK cell response to MCMV infection in B6 

mice with IFN-γ-dependent but perforin (pfp)-independent control of virus in the liver 

while in the spleen control of virus was IFN-γ-independent, but pfp-dependent [118]. 

Pfp is the main effector molecule of NK cells and cytotoxic T cells. The role of pfp is 

described in detail in section 1.5.1. More recent studies utilising NK-deficient mice 

have shown that both pfp and IFN-γ are important for controlling MCMV infection in 
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both the spleen and liver [116]. Although, both studies have deduced the important role 

of pfp and IFN-γ in controlling MCMV infection, their studies are somewhat limited in 

that they do not characterise the relevance of these important effector molecules in 

mouse strains genetically susceptible to MCMV. These issues have been addressed and 

discussed in Chapter 2. IFN-γ production following MCMV infection peaks at day 2 

post-infection (pi) in both the liver and spleen and declines to marginally detectable 

levels by day 3 pi, coinciding with NK cell-mediated early host response to MCMV in 

B6 mice [113, 120, 121]. In contrast to the observations in resistant B6 mice, Pomeroy 

and colleagues (1998) [121] have demonstrated a differing pattern of IFN-γ production 

in susceptible BALB/c mice, with peak levels observed at day 6 pi, raising the 

possibility that the cellular source of IFN-γ in these mice are T cells.  

 

In addition to an anti-viral role in the spleen and liver, IFN-γ has also been shown to be 

of importance in the control of MCMV replication in the salivary gland. Neutralisation 

of endogenous IFN-γ abrogated the anti-viral activity of CD4
+
 T cells and an increase in 

virus titres in the salivary gland was observed [114]. This study is in parallel with the 

evidence that CD4
+
 T cells play a central role in the control of persistent MCMV 

infection in salivary glands [85].   

 

Although several studies have demonstrated the importance of IFN-γ in the control of 

CMV infections, the specific mechanisms remain obscure. Recently, IFN-γ and IFN-α/β 

have been demonstrated to work synergistically to reduce replication of HCMV in vitro 

through a mechanism that may involve the regulation of IE gene expression [122]. 

Similarly, several groups have reported IFN-γ to have inhibitory effects at different 

stages of the MCMV replication cycle. Gribaudo et al., (1993) [109] demonstrated that 

treatment of NIH 3T3 fibroblasts with IFN-α or IFN-γ significantly reduced MCMV 

replication as a consequence of the interferons inhibiting IE gene expression. 

Furthermore, MCMV replication in peritoneal macrophages harvested from naïve mice 

was inhibited in the presence of IFN-γ [57]. IFN-γ in synergy with TNF-α can also 

directly inhibit MCMV replication by reducing MCMV late gene transcription and 

altering nucleocapsid formation [110]. These differences in the importance of IFN-γ at 

specific stages in the viral life cycle may reflect cell-specific pathogenicity of the virus. 

Indeed, IFN-γ has been demonstrated to reduce IE1 mRNA and interfere with IE1 gene 

expression in macrophages [123], a cell that is highly permissive to MCMV infection 

[56] and that has also been implicated in harbouring virus during latency [104].  
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In addition to its direct anti-viral activities, IFN-γ induces MHC class I and MHC class 

II gene expression [57]. MCMV interferes with MHC class I-dependent antigen 

presentation [124]. However, Hengel et al., (1994) [115] have shown that IFN-γ can 

rescue the antigen presentation function from MCMV‟s inhibitory effects by mediating 

the export of peptide-loaded class I molecules to the cell surface. IFN-γ also induces the 

production of antimicrobial reactive oxygen and nitrogen intermediates. Nitric oxide 

(NO), a reactive nitrogen intermediate, has been demonstrated to interfere with the 

replication of various viruses including vaccinia, ectromelia, herpes simplex virus-1 and 

MCMV in macrophages [125, 126]. The formation of NO is catalysed by the enzyme 

inducible nitric oxide synthase (iNOS), the transcription of which is regulated by IFN-γ 

[127].  

 

Other cytokines produced during acute infection with CMV and able to mediate anti-

viral effects include: IL-6 [128-130], IL-12 [113, 117, 131-134], IL-18 [131, 134], 

TNF-α [133, 135] and type I interferons, IFN-α/β [111, 122, 131, 136, 137]. Indeed, 

Orange and Biron (1996) [133] have proposed a model of cytokine production during 

MCMV infection that illustrates the anti-viral effects of the abovementioned cytokines 

and their effect on the regulation of downstream immune responses. Their in vivo 

studies in E26 mice show that MCMV-induced IFN-α/β, IL-12 and TNF-α production 

are both NK and T cell-independent and are able to mediate anti-viral effects 

independently of these cell types. Figure 1.3 depicts the cytokine cascade and their 

activities during infection with MCMV. 

 

Conventional DCs (cDCs) defined as CD11c
+
CD11b

+
CD8α

-
B220

-
Ly6C

-
 as well as 

plasmacytoid DCs (pDCs) defined as Ly6C
+
B220

+
CD8α

+/-
CD11b

-
CD11c

int
 are both 

producers of IFN-α/β following MCMV infection [131, 138]. Recognition of MCMV 

by DCs appears to be multimodal involving a variety of receptors including Toll-like 

receptor 3 (TLR3) and TLR9 and maybe other non-TLR pattern recognition receptors 

[131, 139-142]. Upon intracellular recognition of MCMV through TLR3 and TLR9, 

DCs release IFNα/β which promotes NK cell cytotoxicity and blastogenesis [131, 133] 

in addition to negatively regulating the production of IL-12 [143, 144] (Fig. 1.3). IFN-

α/β has also been shown to stimulate IL-15 expression and thus promoting NK cell 

survival and/or accumulation following activation during MCMV infection [145]. IL-

12, on the other hand has been demonstrated to be a potent inducer of NK cell-IFN-γ 

production (Fig. 1.3) with decreased levels of IFN-γ recorded in the serum of B6 mice 
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lacking IL-12 or of mice in which IL-12 neutralising antibody was administered [117, 

134, 145]. Furthermore, neutralisation of IL-12 in vivo had an adverse effect on the 

early control of virus replication with increased virus titres reported in the spleen, liver 

and kidneys and increased liver pathology observed after MCMV infection [117]. In 

contrast, no differences in viral replication have been reported in IL-18-deficient and 

IL-18-suffient mice [134]. Similar to IL-12, IL-18 stimulates production of IFN-γ by 

NK cells in response to MCMV infection [131, 134]. However, unlike IL-12, the effects 

of IL-18 on the induction of IFN-γ are organ-specific i.e. IL-18 only induces NK cell-

IFN-γ production in the spleen or systemically, but not in the liver [134]. In fact, 

Andoniou and colleagues [131] found that during MCMV infection, the production of 

IFN-γ by NK cells was mainly dependent on cDC-derived IL-18, and only partially 

dependent on DC-derived IL-12.      

 

TNF-α is also significant in shaping the innate immune response as well as limiting 

viral replication during the acute phase of MCMV infection. Neutralisation of TNF-α 

increases NK cell-mediated cytotoxicity, but inhibits IFN-γ production suggesting that 

endogenous TNF-α can negatively regulate NK cell cytotoxicity while enhancing NK 

cell IFN-γ production during MCMV infection (Fig. 1.3) [133]. In addition to shaping 

the NK cell response, TNF-α has been implicated in directly interfering with MCMV 

replication and limiting organ virus titres in vivo as discussed earlier [110, 133, 135].  

 

It is worth noting that despite the important direct anti-viral effects mediated by these 

cytokines, and their role in regulating the innate immune response and promoting the 

development of down-stream adaptive immune responses, they can also, under some 

circumstances, have detrimental effects. Administration of high doses of IFN-γ in 

BALB/c mice as protective therapy to MCMV infection resulted in increased morbidity 

and mortality [121]. TNF-α has been described to play a role in MCMV-induced hepatic 

damage [146]. Similarly, Trgovcich et al., (2000) [68] have demonstrated that high 

levels of TNF-α and IFN-γ late during MCMV infection are associated with the 

development of severe hepatitis in lethally infected mice. Glucocorticoids have been 

reported to protect against the lethal effects of TNF-α during MCMV infection by 

regulating virus-induced cytokines at both the protein and mRNA level [129]. Among 

the range of cytokines induced during MCMV infection, IL-6 is the chief cytokine 

responsible for the glucocorticoid induction [128].    
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1.3.2 Innate immune responses to CMV infections 

Innate immune responses are critical in controlling the spread of CMV infection before 

specific adaptive immune responses are established. NK cells play an instrumental role 

in innate immunity to CMVs. Their regulation is controlled by inhibitory and 

stimulatory signals and they mediate anti-viral effects through contact-dependent 

cytotoxicity as well as cytokine production. The role of NK cells during MCMV 

infection is discussed in the following sections.  

 

 

1.3.2.1 Natural killer cells 

NK cells are specialised lymphocytes that are capable of rapid recognition and 

elimination of virus-infected cells, tumour cells and allogeneic cells. They were initially 

identified by their ability to lyse susceptible tumour cell lines and their large granular 

morphology (reviewed in [147]). NK cells recognise targets expressing abnormal or 

reduced levels of MHC class I and/or stress-induced signals [148, 149]. Unlike CTLs, 

NK cells do not express T cell receptor antigens [150] and do not require antigen-

specific recognition to kill target cells and as such can provide a first line of defence 

before the induction of adaptive immune responses. It has been believed that adaptive 

immunity is strictly dependent on the presence of T cells and B cells that are capable of 

mounting a recall or memory response when re-exposed to the same antigenic 

challenge. However, recent evidence suggests that NK cells may contribute to adaptive 

immune responses, both directly and through interactions with other cell types [151, 

152].   

 

NK cells have been extensively studied especially in the context of viral infections. As 

reviewed by Biron and colleagues (1999) [153], elevated NK cell activity has been 

demonstrated during infections with lymphocytic choriomeningitis virus (LCMV), 

herpes simplex virus (HSV), Epstein-Barr virus (EBV) and MCMV. Indeed, Bancroft et 

al., (1981) [154] demonstrated a positive correlation between augmentation of NK cell 

activity and resistance to MCMV in different mouse strains. The work of several groups 

has highlighted the importance of NK cells in MCMV infection [154-158]. Mice 

homozygous for the beige gene (bg/bg) are deficient in NK cell activity and have been 

shown to be highly susceptible to MCMV infection with increased viral titres in various 

organs [158]. Furthermore, MCMV-inoculated adult B6 mice, depleted of NK cells with 
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antisera to asialo-GM1 (aGM1) or with a monoclonal antibody (mAb) PK136 to the 

NK1.1 determinant, show increased virus replication in spleen, liver and lungs [155, 

156, 159, 160]. Newborn mice are very sensitive to MCMV infection until 3 weeks of 

age during the period when NK cell responses are developing [161]. However, newborn 

mice can be protected from lethal MCMV infection after adoptive transfer of adult 

splenocyte populations or purified, culture-derived NK cells [157]. Interestingly, NK 

cells have been shown to control MCMV infection in mice with severe combined 

immunodeficiency (SCID), suggesting that NK cells can function in the absence of T 

and B cells [159]. However, although NK cells are able to suppress MCMV replication 

during primary infection, CD8
+
 T cells are ultimately needed for clearing primary 

infection and controlling virus during persistent/latent infection [72, 162].  

 

In humans, the most compelling evidence of the critical role of NK cells in viral 

infections came from a long-term longitudinal study of a female patient with a complete 

lack of NK cells. This patient presented with overwhelming chickenpox infection 

(varicella-zoster virus) and suffered from unusually severe cases of two other 

herpesvirus infections, including HSV and HCMV after the identification of her NK cell 

deficiency [163].  

 

Activated NK cells can exert their functions by either perforin-mediated cytotoxicity or 

via the production of cytokines such as IFN-γ [116, 164]. The contact-dependent 

mechanism utilised by NK cells involves the release of cytotoxic granules including 

perforin and granzymes and is discussed in more detail in section 1.5. The role of IFN-γ 

during MCMV infection has been discussed previously (see section 1.3.1).  

  

   

1.3.2.1.1 Regulation of NK cells 

Given the instrumental role played by NK cells in the innate immune response to 

MCMV infection, it is important to understand how the functionality of NK cells is 

controlled. In mice, the function of NK cells is tightly regulated by a fine balance of 

activating and inhibitory receptors that belong to the C-type (Ca
2+

-dependent) lectin-like 

receptor or to the immunoglobulin-like receptor families (reviewed in [165, 166]). In 

humans, the killer cell immunoglobulin (Ig)-like receptors (KIRs) largely fulfil the role 

of these receptors on NK cells [167]. Figure 4 shows a representation of the major 

activating and inhibitory NK cell receptors.  
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Members of the C-type lectin-like receptors include: the Ly49 family (mouse), the 

CD94/NKG2 family and NKG2D (mouse and human) (Fig. 1.4) [166, 167]. These 

receptors are disulfide-linked dimeric type II transmembrane proteins that have an 

extracellular C-type lectin-like domain. Genes for the Ly49 receptors are located within 

the NK gene complex (NKC) and different Ly49 genes are expressed in overlapping 

subsets of NK cells, hence increasing diversity [168]. Receptors encoded by the Ly49 

genes include both activating and inhibitory types. Homodimeric Ly49A, C and G2 

molecules are inhibitory receptors which transduce their signal via immunoreceptor 

tyrosine-based inhibitory motifs (ITIM) encoded in their cytoplasmic domains (Fig. 

1.4b) [169]. In contrast, the homodimeric Ly49D and Ly49H receptors have been 

shown to associate with the small adapter protein KARAP/DAP12 which contains an 

immunoreceptor tyrosine-based activation motif (ITAM) in its cytoplasmic domain 

required for NK cell activation (Fig. 1.4a) [169-172]. Most of the Ly49 receptors 

recognise MHC class I molecules [173-175] with the exception of Ly49H that has 

recently been reported to bind the MCMV-encoded m157 glycoprotein, which is 

structurally homologous to MHC class I, and thus activates NK cells [176, 177]. An 

endogenous cellular ligand for Ly49H remains undefined at present.   

 

The second group of type II C-type lectin-like NK cell receptors is the CD94/NKG2 

heterodimer family expressed by both human and mouse NK cells (Fig. 1.4) [167]. The 

invariant CD94 subunit encoded by a single gene [178] is linked to glycoproteins 

NKG2A-E [148, 179, 180] encoded by genes belonging to the NKG2 family [181]. 

Genes encoding CD94 and the NKG2 family are located within the mouse NKC. 

Similar to Ly49 receptors, CD94/NKG2 receptors are subdivided into activating 

(CD94/NKG2C, -E) (Fig. 1.4a) [180, 182] and inhibitory (CD94/NKG2A, -B) 

categories (Fig. 1.4b) [181, 183]. In contrast to Ly49 receptors, CD94/NKG2 receptors 

recognise nonclassical MHC class Ib molecules, Qa1 in mice [180, 184] and human 

leukocyte antigen-E (HLA-E) in humans [185-188].  

 

Of the NKG2 receptors described, NKG2D is particularly interesting. Although the 

NKG2D gene is located within the NKC, it shares very little homology with the other 

members of the family [167]. In addition, NKG2D does not form heterodimers with 

CD94; instead it is expressed as a disulfide-linked homodimer [189]. As an activating 

NK cell receptor, NKG2D binds various ligands that are distantly related to MHC class 

I molecules and are upregulated on infected, transformed or stressed cells [190]. In the 
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mouse, known NKG2D ligands include H60 [191], the retinoic acid early inducible-1 

gene isoforms (RAE-1α, β, γ, δ and ε) [192] and MULT-1 (murine UL16 binding 

protein-like transcript 1) (Fig. 1.4a) [193, 194]. The MHC class I related molecules 

MICA and MICB [148] together with the UL-16 binding proteins ULBP-1, -2, -3 and -4 

comprise the known NKG2D ligands in humans [195, 196]. Together with the Ly49 

family of receptors, the CD94/NKG2 receptors and NKG2D represent some of the 

receptors available to control NK cell function in the mouse.    

 

The second family of NK cell receptors that is structurally different to the C-type lectin-

like receptors is the killer cell immunoglobulin (Ig)-like receptor (KIR) family (Fig. 

1.4). This family of receptors has been described in humans and contains activating as 

well as inhibitory receptors. Unlike Ly49 or CD94/NKG2 receptors, the KIR receptors 

are type I transmembrane glycoproteins with either two (KIR2D) or three (KIR3D) Ig-

like domains in the extracellular region [167]. They also display cytoplasmic domains 

of variable length; KIR with long domains usually contain ITIM and hence are 

inhibitory (Fig. 1.4b), while activating receptors (Fig. 1.4a) have short cytoplasmic 

domains, lack ITIM and can associate with adapter proteins such as DAP12 that contain 

ITAMs [197, 198]. Despite structural differences, both Ly49 and KIR receptors directly 

recognise MHC class Ia molecules [167]. 

 

The recognition of self MHC class I molecules by inhibitory receptors on the surface of 

NK cells protects, to some extent, normal cells from cytolysis. Kärre and colleagues 

[199] first recognised this strategy and proposed a hypothesis that is aptly referred to as 

„missing-self recognition‟. This hypothesis proposes that cells lacking MHC class I or 

expressing low amounts of these molecules, as occurs often in virus-infected cells or 

tumour cells, will be targeted by NK cells and will undergo cell-mediated cytolysis 

(Fig. 1.5). However, with the discovery of activating receptors on NK cells, and as 

suggested by Raulet and Vance [200], it is becoming clear that the missing-self 

recognition does not work independently of NK cell activation via interaction of ligands 

with activating receptors. In the absence of MHC class I molecules, the activating signal 

delivered by activating ligands is not opposed, thus leading to NK cell activation and 

ultimately cytolysis of the target cell (Fig. 1.5). In certain scenarios, infection or 

transformation of cells might not alter the expression of MHC class I molecules but, 

induce the expression of activating ligands such that the activating signal delivered will 
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override the inhibitory signal and thus activate NK cells (Fig. 1.5). This is referred to as 

„induced-self recognition‟ [201]. 

 

In addition to receptors that recognise classical and nonclassical MHC class I 

molecules, other NK cell receptors have also been implicated in regulating NK cell 

functionality. Several examples of these include: CD16 and the NK receptor protein-1 

(NKRP-1) family [167]. CD16 is an NK cell activating receptor that binds the Fc 

portion of IgG and mediates secretion of cytokines as well as antibody-dependent 

cellular cytotoxicity (ADCC) [202]. The NKRP-1 receptors are type II C-type lectin-

like receptors that are encoded by genes within the NKC [203-205] and unlike mice that 

have several NKRP-1 genes, only one NKRP-1 homolog has been identified in humans 

[204]. In mice, specifically B6 mice, the NKRP-1c gene encodes an activating receptor, 

NK1.1 that is often used as a specific NK cell marker in some strains of mice [206].  

 

 

1.3.2.1.2 Genetically-determined NK cell responsiveness and host resistance to MCMV 

In the mouse, immune responses and the outcome of infection vary depending on the 

genetic make-up of the host. Resistance to lethal infection with MCMV observed in 

certain mouse strains is determined by genes both within and outside the major 

histocompatibility complex (H2 and non-H2 associated genes) [207, 208]. Mice 

expressing the H2
k
 allele are more resistant than mice expressing H2

d
 (BALB/c) or H2

b 

(B6) alleles, however non-H2 linked genes confer increased resistance to MCMV in the 

B6 strain of mice [207, 208]. Furthermore, early production of type I interferons [209] 

and NK cell activity [154, 158] are associated with non-H2 linked genes.   

 

A non-H2 gene, known as Cmv1 [210] is of particular importance, in the context of 

MCMV infection. Replication of MCMV in the spleen but not in the liver, is regulated 

by Cmv1, an autosomal dominant non-H2 gene [210]. B6 mice possess the Cmv1
r
 allele 

which confers resistance to MCMV (MCMV-resistant mice) and is exemplified by low 

splenic viral titres [63, 211]. In contrast, BALB/c mice possess the recessive Cmv1
s
 

allele and display high titres of MCMV in the spleen and increased susceptibility to 

lethal disease [211]. The association of resistance with Cmv1 is further supported by 

BALB/c (Cmv1
s
, MCMV-susceptible) mice made congenic with the Cmv1

r
 B6 NKC 

[212]. The BALB.B6-Cmv1
r
 congenic strain demonstrated effective control of MCMV 
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replication in the spleen with the presence of low viral titres, similar to those observed 

in the B6 parental strain [212].  

 

The NKC comprises of a number of genes that encode receptors expressed on NK cells 

and plays an important role in NK cell function [213]. As mentioned previously, the 

Ly49 and NKRP-1 (Ly55) multigene families are linked within the NKC and encode NK 

cell receptors that regulate activation and inhibition of NK cells [213]. The Cmv1 locus 

is also located within the NKC on the distal region of mouse chromosome 6 and 

mediates its effects through NK1.1
+
 cells [211], reinforcing the studies on the 

importance of NK cells during MCMV infection [154, 156-158]. In addition to Cmv1, 

the NKC also contains the genes Rpm1 which confers resistance to ectromelia virus 

[214] and Chok, which encodes Ly49D, a NK cell activating receptor capable of 

recognizing MHC class I molecules on Chinese hamster ovary (CHO) cells and thus 

regulating tumour elimination in vivo in experimental models [215-217]. These studies 

highlight the significance of genes in the NKC in terms of early host defense mediated 

by NK cells.    

  

The Cmv1 locus was found to be closely linked to the Ly49 multigene family suggesting 

that it could represent a novel member of this family and possibly encode an NK cell 

receptor [218, 219]. Indeed, using physical mapping approaches, antibody depletion 

studies as well as congenic mouse strains, several candidates were assessed and the 

Cmv1 locus was identified as encoding the NK cell activating receptor Ly49H [170, 

171, 220]. As mentioned previously, Ly49H binds the MCMV-encoded protein m157 

and activates NK cells [176, 177]. Indeed, Bubić et al., (2004) [221] have demonstrated 

that loss of the m157 gene results in the gain of MCMV virulence in vivo. Interestingly, 

m157 also binds to the inhibitory Ly49I NK cell receptor expressed in MCMV-

susceptible 129/J mice [176]. Since the majority of NK cells in inbred mouse strains and 

outbred populations lack Ly49H [170, 171, 222], m157 may have evolved as an 

immune evasion molecule to dampen the NK cell response by interacting with Ly49I. 

 

Thus, the effective control of viral replication in the spleen of B6 mice is due to the 

presence of phenotypically and functionally different NK cells (Ly49H
+
 NK) (Fig. 1.6a) 

while BALB/c mice that lack Ly49H (Fig. 1.6b) are susceptible to MCMV infection 

and predominantly rely on the activities of CD8
+
 T cells for controlling viral replication 

[162]. In this regard it is important to note that both B6 and BALB/c mice induce a 
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significant NK cell response to MCMV, however, the key to resistance lies in the 

receptor specificities of the activated NK cells rather than the quantity of the response.  

 

Although BALB/c mice lack Ly49H, all NK cells express the activating receptor 

NKG2D [190]. Therefore raising the question, why are Ly49H
-
 mice unable to mount 

an effective NK cell response? The answer is in the recent findings that MCMV can 

subvert NK activation by down-regulating ligands that bind NKG2D (Fig. 1.6b). The 

MCMV gene m152 was originally demonstrated to encode the protein gp40 that down-

regulates MHC class Ia molecules [223]. Subsequent studies showed that m152 was also 

responsible for retaining NKG2D ligands [224] specifically the ligand RAE-1 [225] 

within infected cells. In addition, H60 expression is also affected by the MCMV gene 

m155 [226, 227] while m145 interferes with the surface expression of MULT-1 [228]. 

Thus, NK cells may still be activated but they cannot recognise appropriate targets. 

These multiple subversion tactics encoded by MCMV highlight the importance of 

NKG2D in immunity against the virus.      

 

The contribution of genetically-determined NK cell responses to virus infection has also 

been observed in humans. A delayed progression of AIDS was observed in HIV-

infected patients that expressed the activating KIR receptor KIR3DS1 in combination 

with HLA-B [229].  The resolution of hepatitis C virus (HCV) has also been shown to 

be influenced by genetically-determined NK cell responses. Khakoo et al., (2004) [230] 

demonstrated that interactions between the inhibitory NK cell receptor and its HLA-C1 

ligand directly influenced the resolution of HCV infection. Altogether the studies 

described in this section strongly support the notion that the host genotype can greatly 

influence anti-viral immune responses and the outcome of viral infection.   

 

 

1.3.2.2 Macrophages and dendritic cells 

As described earlier, macrophages, being a site of CMV replication and latency, play a 

significant role in viral pathogenesis and dissemination of virus. CMV infection induces 

an inflammatory response consisting mainly of activated macrophages [57]. The 

MCMV m131/129 gene encodes a viral proinflammatory chemokine known as MCMV 

chemokine (MCK) that recruits leukocytes to the sites of infection and potentiates the 

dissemination of MCMV [231, 232]. Indeed, infection of mice with MCK-mutant 

viruses yields reduced peak level of monocyte-associated viraemia [231, 232]. Besides 
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their role as targets of MCMV infection, macrophages are important in the acute 

inflammatory and innate response to infection. Macrophages contribute to the 

production of a variety of anti-viral cytokines such as IFN-γ and TNF-α [56] which play 

either a direct or indirect anti-viral role.  

 

Dendritic cells (DC) are an instrumental part of the innate immune system with their 

outstanding ability to inspect and decode the insult and initiate an appropriate response. 

DCs exist in an “immature” state in peripheral tissues and exhibit peak capacity to 

capture antigen [233]. Upon pathogen encounter and capture, DCs undergo alterations 

that lead to T cell priming. This “maturation” process involves increased surface 

expression of MHC class I and class II molecules as well as costimulatory molecules 

including CD86, CD80, CD54 and CD40 [234]. Principally, the function of DCs was 

defined as a translator of the innate to adaptive immune response. However, there is 

accumulating evidence for a major role for DCs in innate immunity. DCs are a 

heterogenous population and those isolated from spleens of mice can be classified into 

three main subsets: cDCs (CD11c
+
CD11b

+
CD8α

-
B220

-
Ly6C

-
), pDCs 

(Ly6C
+
B220

+
CD8α

+/-
CD11b

-
CD11c

int
) and CD8α

+
 DCs (CD11c

+
CD11b

-
CD8α

+
B220

-

Ly6C
-
) [131, 138]. DCs produce a variety of cytokines such as IFN-α/β, IL-2, IL-12 and 

IL-18 that directly influence the activity of NK cells including production of IFN-γ 

and/or enhancing NK cell-mediated cytotoxicity [131, 133, 138, 235]. Although, pDCs 

are potent producers of type I interferons (IFN-α/β), especially in response to viral 

infections (reviewed in [236]), other cell types, including cDCs can produce IFNα/β in 

response to viral infections [131, 141, 237]. Indeed, following MCMV infection, DCs, 

including cDCs and pDCs produce IFN-α, IL-12 and IL-18 and are capable of activating 

NK cells [131, 138, 139, 141, 144]. Andoniou and colleagues [131] have shown that 

MCMV-infected CD11b
+
 DCs produce IFN-α that enhances NK cell cytotoxicity while 

DC-derived IL-12 and IL-18 are important for IFN-γ production. In addition, they have 

demonstrated that direct contact between DCs and NK cells via NKG2D-NKG2DL 

interactions is important in inducing NK cell cytotoxicity [131]. 

 

 

1.3.2.2.1 The effect of CMV infection on DC function 

Given the important role of DCs in generating and maintaining immune responses, they 

represent an ideal target for pathogens. Through productive infection of DCs, pathogens 

would be able to manipulate both the innate and adaptive arms of the immune response, 
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thus maximising their chances of survival, replication and transmission. Indeed, CMV 

infection of CD34
+
 myeloid progenitors that, under certain conditions, give rise to 

dendritic cells [238] has been reported [90]. Monocyte-derived immature DCs are 

highly permissive to HCMV, where, clinical isolates such as TB40/E propagated on 

endothelial cells, can productively infect DCs more efficiently than fibroblast-adapted 

laboratory strains such as AD169 [239]. Furthermore, human monocyte-derived DCs 

infected with endothelial cell-adapted clinical isolates of HCMV exhibit defective 

maturation, decreased production of IL-12 and TNF-α, impaired antigen presentation 

and T cell proliferation and cytotoxicity [240, 241]. Thus HCMV is able to modulate 

and suppress the immune response by impairing the function of DC. Recently, it has 

been shown that HCMV blocks the migration of immature DCs in response to 

inflammatory chemokines [242], demonstrating yet another mechanism by which 

HCMV can manipulate the immune response.                 

  

In mice, conventional CD11b
+
 DCs have been demonstrated to be a prominent target for 

MCMV infection and support productive infection both in vitro and in vivo [243]. These 

studies showed that, following infection, the DCs had reduced expression of MHC class 

I and II molecules, costimulatory molecules and adhesion molecules [243]. 

Furthermore, antigen uptake was impaired, secretion of IL-12 and IL-2 was reduced and 

T cell priming by infected DCs was ineffective [243]. In contrast, MCMV does not 

replicate in pDCs [138]. 

 

CMVs induce transient but profound immunosuppression [244] and the studies 

discussed above demonstrate that one of the mechanisms involved in virus-induced 

immunosuppression is by interference with DC function. By impairing the functional 

properties of DCs, CMVs ensure successful establishment of latency.         

 

 

1.3.3 Adaptive Immune responses to CMV infections 

While innate immune responses including NK cells and the production of cytokines 

play an important role in controlling viral replication and the early dissemination of 

virus, adaptive immune responses, particularly, CTLs are essential for clearing the 

primary infection and controlling virus during persistent/latent infection. Severe CMV 

disease is associated with impaired cell-mediated immunity, highlighting the 

importance of this arm of the immune response. Humoral immunity, although not 
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demonstrated to be critical in the resolution of primary infection with CMV, has been 

shown to prevent viral dissemination following a second infection.  

 

 

1.3.3.1 T cells and cell-mediated immunity 

Several studies have presented persuasive evidence that T cells including CD8
+
 

cytotoxic T lymphocytes and CMV-specific CD4
+
 T lymphocytes are instrumental in 

controlling CMV infection and disease. Patients, including recipients of solid organ 

transplants or bone marrow, and HIV-infected individuals usually suffer from severe 

CMV disease due to impaired cellular immunity [245-250].  

 

The murine model of CMV has advanced our understanding on the specific roles played 

by the different cellular components of the adaptive immune response. One of the first 

studies to provide evidence on the role of T cells in protecting against CMV infection 

showed that T cell-deficient nude mice displayed increased susceptibility to MCMV 

infection [251]. Subsequently, CD8
+
 T cells were identified as being a long-term 

protective component of immunity against MCMV, by limiting viral spread, preventing 

tissue destruction and protecting against lethal infection [72, 162, 252-254]. Adoptive 

transfer of MCMV-specific effector and memory CD8
+
 T cells protected 

immunocompromised mice against lethal challenge with MCMV [72], while depletion 

of these effector cells significantly reduced anti-viral immunity [254]. Furthermore, the 

anti-viral effects mediated by CD8
+
 T cells were thought to be independent of CD4

+
 T 

cells [85, 254], until it was suggested that CD4
+
 T cells play a compensatory protective 

role in the absence of functional CD8
+
 T cells, which is masked in normal mice infected 

with MCMV [255]. This conclusion was challenged by studies in a murine model of 

bone marrow transplantation where mice depleted of reconstituted CD8
+
 T cells did not 

resolve MCMV infection and contracted interstitial pneumonia which ultimately led to 

death [253, 256]. Thus, the notion that the „plasticity‟ of the immune response would 

protect against MCMV regardless of the T cell population present was quickly rejected 

[257]. The role of CD4
+
 T cells as “helpers” for CD8

+
 T cells however remains largely 

unknown and worthy of further analysis.       

 

The central role played by anti-viral CD8
+
 T cells is further supported by clinical data. 

Recovery from HCMV infection in bone marrow or renal transplant patients correlates 

with the reconstitution of CD8
+
 T cells [247, 248]. In addition, the incidence of post-
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transplantation CMV disease can be reduced by anti-viral cytoimmunotherapy, which 

involves the transfer of anti-viral CD8
+
 T cell clones to immunodeficient patients [258, 

259]. Studies in the murine model of CMV infection have demonstrated that pre-

emptive CD8
+
 T cell immunotherapy during acute infection, limits the load of latent 

MCMV and thus lowers the risk of virus recurrence from latency [260]. Furthermore, 

the sustained cellular immune control including that mediated by CD8
+
 T cells 

maintains viral latency and prevents productive reactivation [83]. Indeed, CD8
+
 T cells 

specific to MCMV have been demonstrated to gradually accumulate after resolution of 

primary infection [261-263].           

  

CMVs are large DNA viruses with a high protein-coding capacity predicted to be 

approximately 170 open reading frames (ORFs) for MCMV [27]. This then raises the 

question, which is particularly important for vaccine development, of which viral 

proteins elicit the protective anti-viral response. In MCMV infection, antigenic peptides 

from IE1 (pp89) [264, 265] and m164 [266], presented in H2
d
 (BALB/c) haplotypes by 

L
d
 and D

d
, respectively; and M45, presented in H2

b
 (B6) haplotypes by D

b
 [267] have 

been identified as being immunodominant. While the IE1 epitope elicits a protective 

CD8
+
 T cell response [268, 269], M45 has recently been demonstrated to be a dominant 

non-protective epitope that is never the less able to elicit a large M45-specific CD8
+
 T 

cell response [270].     

 

HIV-infected individuals usually suffer from severe CMV disease due to impaired 

cellular immunity. However, unlike in bone marrow transplant recipients, it is the CD4
+
 

T cells that are selectively affected during HIV infection and represent a major cause of 

immunosuppression [271]. This observation prompted Jonjic et al., (1989) [85] to 

determine the relevance of CD4
+
 T cells in controlling MCMV infection. They observed 

that MCMV replication was controlled effectively in CD4
+
 T cell-depleted mice by 

CD8
+
 T cells even though the control of acute infection was delayed [85]. However, 

viral latency was not established in the salivary glands of CD4
+
 T cell-depleted mice 

and instead persistent viral replication was observed to be restricted to the acinar 

glandular epithelial cells of the salivary glands [85]. CD4
+
 T cells can mediate their 

protective anti-viral effect through the release of IFN-γ, and indeed this cytokine has 

been associated with the control of viral replication in the salivary glands [114, 272, 

273]. More recently, a detailed study of the immunological milieu of the MCMV-

infected salivary glands showed that CD8
+
 T cells are recruited to this site in high 
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numbers and are functionally active in terms of cytotoxicity and secretion of IFN-γ 

[272]. Furthermore, the infected salivary gland contained IE1-specific CD8
+
 T cells that 

were sustained during the persistent phase of infection [272]. CD4
+
 T cells producing 

IFN-γ also responded to infection but the number of cells at the peak of infection in the 

salivary gland was lower than CD8
+
 T cells [272]. However, a progressively increasing 

proportion of CD4
+
 T cells coincided with a decline in the viral load in the salivary 

gland, suggesting that CD4
+
 T cells are required for the eventual control of replicating 

virus in this organ [272].     

 

In long-term solid organ transplant recipients, a functional impairment and progressive 

loss of HCMV-specific CD4
+
 T cells due to immunosuppressive drugs was 

demonstrated to correlate with virus recurrence and subsequent CMV disease [274, 

275]. In addition, seropositive individuals with stable control of viral replication and no 

clinical symptoms displayed extremely high frequencies of HCMV-specific CD4
+
 T 

cells [276]. These studies indicate that monitoring the levels of HCMV-specific CD4
+
 T 

cells may aid in improved management of HCMV complications related to 

transplantation. 

 

Although ample data suggests a central role for CD8
+
 T cells in controlling MCMV 

infection, CD4
+
 T cells play a pivotal role in the final clearance of productive infection, 

the establishment of latency and in the prevention of horizontal transmission [114]. 

Indeed, from the observations made in individuals infected with HCMV [277] or from 

the results obtained using the experimental model of MCMV [85], it can be concluded 

that while CMV-specific CD8
+
 T cells dominate the clearance of virus during acute 

infection, CMV-specific CD4
+
 T cells are important in controlling persistent infection 

and establishment of latency.   

 

 

1.3.3.2 B cells and humoral immunity 

Research into humoral immunity against CMV infection has not been as active as that 

on cell-mediated immunity. However, available evidence shows that neutralising 

antibodies are important in protection against CMV infection. Much of the work in 

HCMV infection has been carried out using in vitro assays but these do not reflect the 

real life setting and do have their limitations. On the other hand, animal models have 

proved to be quite useful in this regard. Indeed, initial studies on the passive transfer of 
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anti-MCMV antibodies to naïve mice demonstrated their protective effect by showing a 

significant role in reducing viral dissemination and morbidity [278-281]. Araullo-Cruz 

et al., (1978) [278] showed that neutralising antibodies were already present as early as 

day 3 post-MCMV infection and that this early serum was protective when passively 

transferred to naïve mice, significantly reducing viral titres in the spleen and liver. 

Subsequently, Lawson et al., (1988) [280] investigated the kinetics of antibody 

production to MCMV in genetically resistant and susceptible mice. They demonstrated 

that IgM antibodies were detected as early as day 3 post-infection while IgG were not 

detected until day 5 post-infection. Furthermore, there was no positive correlation 

between antibody production and resistance status suggesting that humoral immunity 

does not contribute to the genetically determined resistance to MCMV [280]. However, 

passive transfer of anti-MCMV antibodies from resistant B10.BR or susceptible 

BALB/c mice significantly reduced viral titres in the visceral organs of the recipients 

[280].  

 

While, neutralising antibodies may not be essential for the resolution of primary 

infection with MCMV, latently-infected B-cell deficient mice after reactivation of virus 

were reported to have a 100-1000-fold increase in viral titres in the salivary glands, 

lungs and spleens [282]. Furthermore, while neutralising antibodies cannot prevent 

reactivation within the organ sites of latency, they can limit virus dissemination during a 

recurrent infection [98]. 

Envelope glycoproteins of CMV may represent antigens for inducing humoral immune 

responses to infection. The MCMV-encoded glycoprotein B (gB) is perhaps one of the 

most conserved envelope proteins, with a high degree of homology to the HCMV-

encoded gB [283]. Immunisation of mice with gB-expressing recombinant vaccinia 

virus (Vac-gB) induced production of antibodies that displayed neutralising activity in 

vitro [283]. However, the neutralising activity of anti-MCMV serum was higher 

compared to anti-gB serum, suggesting that anti-MCMV serum may contain additional 

neutralising antibodies against other MCMV proteins [283]. In humans, the humoral 

response to HCMV is also directed against the gB protein [25, 284, 285].  

 

The protective role of neutralising antibodies against CMV is further supported by 

clinical evidence. Renal transplant patients immunised with attenuated Towne strain of 

CMV vaccine [286, 287] or treated with a high-titre anti-CMV immunoglobulin (CMV-

IG) [288] prior to the transplant, had significantly reduced serious disease associated 
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with CMV infection. Increased survival after CMV-IG treatment was also observed in 

liver transplant recipients [289] as well as bone marrow transplant patients [290]. Thus, 

although the passive transfer of antibodies does not prevent CMV infection, it has been 

used successfully to improve the clinical outcomes of primary CMV infection [291, 

292]. Increased focus on the humoral response to CMV infection will broaden our 

understanding and will be valuable when looking into vaccine strategies.     

 

 

1.4 IMMUNE EVASION BY MCMV 

CMVs have mastered the art of actively modulating the immune response in order to 

efficiently replicate and establish a persistent infection in the host. CMVs interfere with 

many aspects of the innate and adaptive immune responses and in vivo studies have 

advanced our understanding of the counter-measures taken by MCMV for immune 

escape. 

 

 

1.4.1 Interference with activities of chemokines  

Chemokines play an important role in the initial inflammatory response to pathogens by 

modulating the chemotaxis of leukocytes and phagocytes to sites of infection. For this 

reason, CMVs have evolved mechanisms to interfere with the activities of chemokines. 

Mimicry of host chemokines and chemokine receptors allows CMVs to recruit 

leukocytes to sites of infection and promote successful dissemination. 

 

Chemokines are structurally similar and categorised according to the position and 

arrangement of conserved cysteine residues. For example, chemokines belonging to the 

“CC” subfamily have two cysteines adjacent to each other, while the other major 

subfamily “CXC” has two cysteines separated by another amino acid [293]. Only a 

single gene that encodes a chemokine-like protein has been identified within the 

MCMV genome. The MCMV encoded m131/129 (MCK-2) protein is expressed late in 

the viral replication cycle and has homology with CC chemokines [231, 294]. By 

recruiting neutrophils and monocytes and thus increasing the inflammatory response at 

the sites of initial infection, MCK-2 can promote successful and rapid dissemination of 

MCMV to the salivary gland, a major site of virus persistence and transmission [231, 

232, 295]. Indeed, disruption of MCK-2 led to a faster clearance of virus during acute 
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infection and the mutants displayed reduced replication in the salivary gland [231]. 

Furthermore, depletion of NK cells and T cells resulted in restoration of viral titres of 

the mutant virus to levels of wild-type virus, suggesting that MCK-2 interferes with 

cellular NK and T cell responses [231].   

 

Chemokine receptors are members of the seven-transmembrane-G-protein-coupled 

receptor family that are expressed on various leukocytes [293]. In addition to encoding 

chemokine homologues, two potential genes encoding chemokine receptors, M33 and 

M78 have been identified within the MCMV genome [296, 297]. Disruption of the M33 

gene resulted in reduced replication of the M33 mutant virus in vivo, especially in the 

salivary gland, suggesting that M33 plays an important role in the replication and/or 

dissemination of MCMV [296]. Similarly, M78 has also been implicated in the 

pathogenesis of MCMV. Replication of M78-disrupted mutant virus was impaired in 

the salivary glands, spleen and liver, and mutant virus-infected mice displayed a 

significantly lower mortality rate than wild-type virus-infected mice [297].  

 

 

1.4.2 Evasion of cellular NK cell responses 

NK cells have been described to provide a first line of defence against CMV infection 

before a specific CTL response is mounted. However, CMVs have evolved mechanisms 

to elude recognition and killing of infected cells by NK cells. As described earlier 

(Section 1.3.2.1.2), MCMV is able to interfere with the expression of several NKG2D 

ligands such as H60, RAE-1 and MULT-1, to escape detection by the NK cell activating 

receptor, NKG2D. Likewise, the HCMV-encoded glycoprotein gpUL16 down-regulates 

MICB, ULBP1 and ULBP2 [298-300] while gpUL142 down-regulates MICA [301], 

thus preventing NK cell recognition via NKG2D of virus-infected cells. 

 

Given that NK cytolysis is targeted against cells lacking, or expressing low amounts of 

MHC class I molecules, CMVs have evolved to encode MHC class I-like homologues 

that are proposed to allow the viruses to escape from NK cell recognition. The MCMV 

encoded m144 protein which mimics cellular MHC class I molecules and inhibits NK 

cell response has been proposed to function by binding inhibitory NK cell receptors 

[302, 303]. Similarly, the HCMV-encoded MHC class I homologue, UL18, is capable 

of inducing protection against NK cell-mediated lysis, most likely through interacting 

with the NK cell inhibitory receptor, leukocyte Ig-like receptor 1 (LIR-1) [304-306]. 
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The importance of NK cells has been recently highlighted by studies showing that NK 

cells can exert enough immunological pressure to induce emergence of mutants able to 

evade NK cell surveillance. For example, Voigt et al., (2003) [307] demonstrated that 

serial passage of MCMV through Ly49H
+
 mice resulted in the emergence of m157 

mutants that were able to escape Ly49H-mediated NK cell responses. Similarly, 

replication of MCMV in B6-SCID mice resulted in the selection of m157 escape 

mutants at late stages of infection [308].  

 

 

1.4.3 Evasion of the T cell response  

NK cells may provide a first line of defence against CMV infection, but CD8
+ 

T cells 

are the principal effector cells in the ongoing control of CMV infection. An effective 

CD8
+
 T cell-mediated immune response requires the presentation of antigenic viral 

peptides by MHC class I molecules. Therefore, MHC class I molecules represent a chief 

target for manipulation by the virus. Indeed, both HCMV and MCMV have developed 

means to interfere with antigen presentation by manipulating the expression/function of 

MHC class I molecules.  

 

Changes in MHC class I trafficking induced by MCMV have been attributed to the 

products of three early (E) phase genes, namely, m04, m06 and m152. The m152 gene 

encodes a protein, gp40, that retains peptide-loaded MHC class I complexes in the 

endoplasmic reticulum (ER) and the ER-Golgi intermediate compartment [223, 309]. 

Gp40 has also been shown to down-regulate surface expression of NKG2D ligands 

belonging to the RAE-1 family [224, 225]. Deletion of the m152 gene resulted in the 

mutant virus replicating to significantly lower titres and being more susceptible to CD8
+
 

T cell control in vivo [310]. Thus, gp40 represents an MCMV-encoded protein able to 

target both NK cell and CD8
+
 T cell responses. The m06 gene encodes gp48; gp48 

binds to folded MHC class I molecules in the ER and reroutes them to lysosomal 

compartments for proteolytic degradation [311]. Finally, gp34 which is encoded by the 

m04 gene binds to MHC class I molecules in the ER and forms a complex that is 

transported to the cell surface [312]. Recent studies have revealed that gp34 impairs 

antigen presentation by MHC class I [313, 314]. 

 

Although HCMV and MCMV share homologous genes, the HCMV-encoded proteins 

responsible for modulating MHC class I trafficking bear no homology to the MCMV-
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encoded proteins. This finding supports the notion that each CMV specifically adapts to 

interfere with the immune system of its host. The HCMV proteins interfering with 

MHC class I-restricted antigen presentation are encoded by the US2, US3, US6 and 

US11 genes [315-320].  

 

CD4
+
 T cells play a pivotal role in controlling productive MCMV infection in the 

salivary gland thus limiting horizontal transmission [114]. Since MHC class II 

presentation of antigenic peptides is integral to the anti-viral responses of CD4
+
 T cells, 

it is not surprising that MCMV inhibits IFN-γ induced MHC class II expression on 

infected cells [321]. MCMV affects signal transduction subsequent to STAT1α 

activation which involves IFN-α-mediated suppression of IFN-γ induced MHC class II 

activation [321, 322]. 

 

 

1.5 EFFECTOR MOLECULES OF CYTOTOXIC LYMPHOCYTES 

Despite the ability of CMVs to inhibit host immune responses at several levels, the host 

has evolved the ability to deal with many of the tricks thrown its way by the viruses. 

The cellular effectors described previously are still able to combat MCMV infection by 

targeting infected cells and thus limiting viral replication in immunocompetent 

individuals and preventing disease and/or death. Although NK cells and CTLs recognise 

their targets using different receptors, they share two common cytotoxic pathways that 

involve direct contact between the effector and target cells. The first pathway involves 

the engagement of the FAS receptor on target cells to FAS ligands on effector cells 

resulting in caspase-dependent apoptosis [323]. Although primarily thought to be 

involved in lymphocyte homeostasis, FAS-dependent killing has also been shown to be 

important in the elimination of pathogen-infected cells [323, 324]. The second pathway, 

granule exocytosis, involves the release of cytotoxic granule contents, predominantly, 

perforin a membrane-disrupting protein and a variety of serine proteases known as 

granzymes [325, 326]. The following sections describe the function and significance of 

some of the granule proteins.      
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1.5.1 Perforin 

Perforin (pfp) is a membrane-disrupting protein synthesised and secreted by activated 

NK cells and CTLs. Pfp is synthesised as a 70 kDa precursor [327] which is cleaved at 

the C-terminus to yield a 60 kDa active form [327, 328] that is able to polymerise in the 

presence of calcium ions and form pores of 12 - 20 nm in diameter [329]. Removal of 

the C-terminal amino acids (~20 amino acids) also removes the bulky N-linked glycan 

which exposes the C2 domain of pfp [328]. This proteolytic cleavage occurs in an acidic 

compartment and is inhibited by agents, such as Concanamycin A, that disrupt 

acidification [328, 330]. Furthermore, in the presence of calcium ions [331], the 

modified pfp molecule binds to phosphorylcholine groups on lipids in the plasma 

membrane and coalesce with other pfp monomers to form pores [332].  

 

In NK cells and CTLs, perforin is housed in lytic granules which have unfavourable 

conditions such as increased acidity and presence of proteoglycans able to complex with 

perforin, that deter perforin activity, hence protecting the cytotoxic cells [330, 333, 

334]. Although for a long time pfp has been considered essential for the delivery of 

other granule components, such as granzymes, into target cells, there is now 

considerable evidence showing that granzymes, specifically GrzB, bind and enter target 

cells in a perforin-independent manner [335, 336]. Pfp or other endosomolytic agents, 

however, are essential for facilitating delivery of internalised GrzB to the cytosol where 

it induces apoptosis [335, 337, 338]. Alternative mechanisms of granzyme uptake in a 

pfp-independent manner are discussed further in section 1.5.2. 

 

NK cells and CTLs from mice genetically deficient in pfp have impaired cytotoxicity. 

This results in immunodeficiency and a failure to control certain viral infections and 

tumours [339-341]. Initial studies by Kagi et al., (1994) [339] demonstrated that pfp-

deficient mice challenged with LCMV displayed high viral titres in various organs 12 

days pi and eventually succumbed to infection by day 16 pi while wild-type control 

mice cleared the virus. Similarly, pfp-deficient mice are also inefficient in controlling 

HSV-1 infection [342] and ectromelia (mouse pox) virus infection [343]. Furthermore, 

pfp has also been demonstrated to protect against tumour initiation, growth and 

metastases [344, 345]. Pfp-deficient mice challenged with syngeneic fibrosarcoma cells 

failed to reject the tumour cells [339]. Similarly, pfp-deficient mice were demonstrated 

to develop spontaneous lymphoma and this was accentuated by a simultaneous 

deficiency in the expression of the p53 gene [346]. These studies demonstrate the 



                                                                                                                                                                                              CHAPTER 1 

 31 

pivotal role pfp plays as a component of the cytolytic machinery utilised by NK cells 

and CTLs.  

 

In addition to its role in pathogen and tumour control, perforin has been described to 

play a role in immunoregulation. Several mouse models of infection have provided 

useful clues for the role of pfp as an immunoregulator [342, 347]. Following ocular 

challenge with HSV-1, pfp-deficient mice are able to clear virus from the eyes but still 

die within a few weeks of infection [342]. Similarly, Theiler‟s virus is cleared in B6 

mice by an H2-D
b
-restricted CTL response. MHC class I-deficient mice infected with 

this virus develop a persistent infection [347, 348]. Interestingly, pfp-deficient mice 

infected with Theiler‟s virus display similar viral titres as those in the MHC class I-

deficient mice but unlike the MHC class I-deficient mice, they die within 3 weeks of 

infection [347]. Pfp-deficient mice chronically infected with LCMV have been shown 

to carry increased numbers of activated CTLs and it has been postulated that these lead 

to lethality due to immune-mediated damage [349]. These mice develop a 

haemophagocytic lymphohistiocytosis (HLH)-like syndrome that is characterised by 

uncontrolled regulation of CTL function and overproduction of IFN-γ due to prolonged 

antigen stimulation [350]. Furthermore, it has been proposed that pfp is critical as a 

negative regulator of CTL responses to restrict immunopathology in some infections 

[349, 351-353]. 

 

The critical role of perforin is further accentuated by clinical findings showing that 

patients with familial hemophagocytic lymphohistiocytosis (FHL) type 2 have 

mutations in the pfp gene [354, 355]. FHL is an autosomal recessive trait accompanied 

by a dysregulated immune response [355]. NK cell and CTL cytotoxicity is severely 

impaired in these individuals and following infections they display an increased 

accumulation of activated macrophages and T cells [356-358], together with elevated 

serum levels of IFN-γ, TNF-α, IL-12, IL-18, IL-6 and IL-10 [359-361]. Interestingly, 

the inciting event for the onset of FHL disease has been linked to several viral infections 

including CMV, human herpes virus (HHV) 6 and EBV [362]. Recently, a patient with 

chronic active EBV (CAEBV) was demonstrated to have mutations in both alleles of the 

pfp gene [363]. These mutations led to accumulation of an uncleaved precursor form of 

perforin which resulted in reduced pfp-mediated cytotoxicity [363].  
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1.5.2 Granzymes 

Granzymes are a family of serine proteases and are thought to induce target cell death 

by cleaving a variety of important intracellular substrates. The most extensively studied 

and best characterised granzymes are granzyme A (GrzA) and granzyme B (GrzB). 

Cytolytic lymphocytes also express additional granzymes whose functions are as yet 

unclear and hence they are collectively known as “orphan” granzymes [364]. The 

murine orphan granzymes include C, D, E, F, G, K, L, M and N of which GrzC, GrzK 

and GrzM have been shown to induce cell death in the presence of perforin in vitro 

[365-367]. The following sub-sections describe the function and significance of GrzA, 

GrzB and GrzM in more detail.  

 

 

1.5.2.1 Granzyme B 

As previously mentioned, although NK cells and CTLs recognise their target cells 

through different mechanisms, they each deploy their death machinery in a similar 

fashion. This death signal is multifaceted and very efficient. One of the many arms of 

this signal involves the serine protease GrzB.  

 

GrzB was first identified by Shi et al., (1992) [368]. In the presence of perforin, it 

rapidly induces DNA fragmentation and apoptosis in intact target cells. GrzB, a 32 kDa 

protein, has asp-ase activity and preferentially cleaves substrates after the amino acid, 

aspartate. Studies using ex-vivo derived NK cells from GrzB-deficient mice have 

demonstrated these cells to be deficient in delivering the lethal hit as measured by both 

125
I-labelled DNA release (a measure of DNA fragmentation) and 

51
Cr release (a 

measure of loss of target cell membrane integrity) [369].  

 

In recent years, outstanding progress has been made on the molecular biology of GrzB 

in terms of its interaction with perforin and delivery to the target cell. This subject has 

been introduced in section 1.5.1; however, findings on alternative mechanisms of 

uptake of GrzB are discussed in more detail in this section. Several groups have 

demonstrated the uptake of GrzB to be independent of perforin [335, 336, 370]. Indeed, 

Shi and colleagues (1997) [336] demonstrated that GrzB can be internalised in the 

absence of perforin by treating YAC-1 and HeLa cells with fluorescent isothiocyanate 

(FITC)-labelled GrzB. They showed that GrzB autonomously crossed the cell 
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membrane to the cytoplasm but was unable to initiate apoptosis in the absence of 

perforin. However, upon addition of perforin, the death signal was reconstituted.  

 

The ability of GrzB to bind to target cells and be internalised [335, 336] fuelled the 

search for potential cell surface receptor(s) for this molecule. A major finding by 

Motyka et al., (2000) [371] was the identification of the cation-independent mannose-6-

phophate receptor (CI-MPR) as a cell surface receptor for GrzB. They showed that 

expression of CI-MPR on murine L cells made them more susceptible to GrzB and 

replication-deficient adenovirus (AD) and as a result the cells underwent DNA 

fragmentation and apoptosis. AD has been previously demonstrated to substitute for 

perforin [335]. These findings were soon after challenged by Trapani and colleagues 

[372] who were able to show that uptake of GrzB is independent of MPR. They 

demonstrated that HeLa cells over-expressing a mutated dynamin, K44A-dynamin, 

which blocks endocytic uptake, or L cells null for MPR expression were able to 

internalise GrzB through a receptor-independent mechanism. These findings suggest 

that several mechanisms of GrzB uptake may exist. Heat shock protein 70 (Hsp70) on 

tumour cells has also been demonstrated in stimulating the production of GrzB by NK 

cells and in facilitating the uptake of GrzB in a perforin-independent manner [370]. 

More recently, GrzB has been demonstrated to interact with the granule-associated 

proteoglycan, serglycin, and form a macromolecular complex that is exocytosed from 

cytotoxic cells [334]. Indeed, perforin complexed to serglycin effectively delivers 

macromolecular GrzB with significantly less membranolytic activity. Interestingly, the 

uptake of serglycin-bound GrzB has been demonstrated to occur via CI-MPR in a 

dynamin-dependent manner [373, 374]. Therefore, although various independent groups 

have demonstrated diverse mechanisms for the uptake of GrzB, and this is possible at 

the physiological level, considering that GrzB has an array of target cells, a specific 

unifying mechanism still remains obscure. 

 

Once GrzB is internalised and perforin is available, the fate of the target cell is death. 

To date several intracellular substrates for GrzB have been identified and GrzB has been 

demonstrated to induce apoptosis in either a caspase-dependent or caspase-independent 

manner. By partially cleaving pro-caspases and activating caspases, GrzB has been 

shown to induce DNA fragmentation and to mediate apoptosis [375]. In the event that 

caspases have been blocked, either by chemical components or virus-encoded proteins, 

GrzB has been proposed to directly cleave other substrates that are down-stream in the 
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caspase cascade [376]. A model of the events that take place within the target cell upon 

GrzB entry is shown in Figure 7. Briefly, the early targets of GrzB are BID (BH3-

interacting domain death agonist) [377-379] and pro-caspases. GrzB cleaves BID to 

generate a truncated BID (tBID). tBID translocates to the mitochondrial membrane 

where it interacts with the pro-apoptotic proteins Bak and Bax [380] to cause the release 

of pro-apoptotic factors such as cytochrome c, Smac and HtrA2 [381]. In addition, 

GrzB cleaves a small amount of pro-caspases to initiate the caspase activation process. 

Ultimately, both pathways lead to apoptosis (Fig. 1.7).  

 

GrzB has been demonstrated to play an important role in defense against several 

pathogens. Utilising GrzB-deficient mice, Mullbacher and colleagues have illustrated an 

essential role for GrzB in the clearance of ectromelia virus (EV). GrzB-deficient mice 

exhibited increased susceptibility to EV with elevated viral titres in their visceral organs 

and increased liver pathology [382]. These mice were more susceptible to EV when 

compared to GrzA-deficient mice. However, a lack of both GrzA and GrzB rendered 

them even more susceptible. Interestingly, GrzA and GrzB deficient mice were shown 

to be as susceptible as EV-infected pfp-deficient mice, and succumbed to infection 

between days 8 and 11 pi. These observations imply a synergistic effect of both GrzA 

and GrzB in the clearance of EV, and highlight a vital role for granzymes in defensive 

immunity against some viral infections [382]. Although, the clearance of LCMV is 

slower in GrzB-deficient mice compared to wild-type control mice, the virus is 

ultimately cleared, suggesting that other granule components may be able to compensate 

for GrzB in this particular viral infection [383]. GrzB has also been illustrated to play a 

role in murine gammaherpesvirus 68 (γHV68) latency where it was shown to regulate 

γHV68 latent infection at an early time point [384]. In addition, GrzB has been 

proposed to play a role in MCMV infection and a small increase in viral titres in the 

salivary glands of GrzB-deficient mice was reported [385]. It should be noted that the 

relevance of GrzB in MCMV infection was only examined at later time points (day 15 

and 30 pi) in infection without addressing the role of this molecule during early acute 

MCMV infection. Given the important role that NK cells play early in MCMV 

infection, especially in some mouse strains such as B6, and the fact that NK cells are 

one of the main producers of GrzB, the involvement of this molecule in NK cell-

mediated cytotoxicity against virus-infected cells should not be overlooked and is 

worthy of further analysis.  
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Although the studies utilising GrzB-deficient mice indicate a role for this molecule in 

the control of viral infections, it should be noted that insertion of the phosphoglycerate 

kinase I gene promoter (PGK)-neo cassette into the GrzB gene abrogated the expression 

of several genes within the GrzB gene cluster including GrzC, D, F and G [386, 387]. 

For this reason, phenotypes observed in GrzB cluster-deficient mice must be analysed 

with caution and the relevance of other granzymes should not be overlooked [387].        

 

Clinical studies support the importance of perforin [354, 355, 363], but no such 

evidence is available regarding GrzB-deficiency and its implications in human diseases. 

A recent study has identified a triple-mutated allele of GrzB in humans that was shown 

to encode a stable protein that retained enzymatic activity in vitro. However, the mutant 

GrzB could not induce Bid cleavage, cytochrome c release or apoptosis in vivo [388]. 

This observation provides some evidence that GrzB may be functionally relevant in 

human diseases.  

 

Besides inducing apoptosis, there is good evidence that GrzB may play a role outside of 

the immune system, particularly in extracellular activities. For example, GrzB has been 

demonstrated to degrade the extracellular matrix (ECM) synthesised by chondrocytes 

[389] and as a result has been proposed to contribute to the pathogenesis of rheumatoid 

arthritis. Furthermore, in the absence of pfp, GrzB has been shown to induce cell death 

through the cleavage of extracellular proteins [390, 391]. Altogether, these studies 

suggest that GrzB may be clinically important in immunity against various infectious 

diseases, but may also play a role in pathology.  

 

 

1.5.2.2 Granzyme A 

GrzA was the first serine protease to be identified in the CTL granules, but much of its 

molecular biology remains an enigma. Unlike GrzB, GrzA has tryptase activity and 

preferentially cleaves at Arg and Lys residues, but like GrzB, when delivered in the 

presence of perforin, it is capable of inducing target cell apoptosis. Indeed, Nakajima et 

al., (1995) [392] have shown that by transfecting the non-cytolytic rat basophilic 

leukaemia (RBL) cell line with functional perforin and GrzA and/or GrzB, they were 

able to investigate each granule component and the role it plays in target cell apoptosis. 

RBL cells expressing perforin and GrzA were capable of mediating the lethal hit in 

tumour cell targets as those expressing perforin and GrzB. Nuclear damage as measured 



                                                                                                                                                                                              CHAPTER 1 

 36 

by the release of 
125

I-DNA was further increased by RBL cells expressing perforin and 

both GrzA and GrzB, suggesting a synergism between the two granzymes [392].  

 

Purified GrzA has been shown to induce DNA fragmentation of YAC-1 cells, but with 

considerably slower kinetics compared to GrzB and only in the presence of perforin 

[393]. Furthermore, CTLs derived from mice deficient for GrzB, have a profound defect 

in inducing apoptosis, however if targets and effectors are incubated for a prolonged 

period of time, this defect is completely corrected [369, 394, 395], suggesting that GrzA 

is capable of inducing apoptosis albeit slowly. However, the studies of Beresford et al., 

[396] demonstrate that GrzA-induced apoptosis occurs without delay and the reason it 

was thought to be slow is that DNA damage involves single-stranded nicks resulting in 

large DNA fragments that are not detected by the usual apoptosis assays.  

 

GrzA activates caspase-independent cell death and cells display the hallmark features of 

apoptosis, including membrane blebbing, loss of mitochondrial transmembrane 

potential, nuclear fragmentation and chromatin condensation [396, 397].  In addition to 

caspase-independent cell death, GrzA causes a distinctive form of DNA damage that 

involves single-stranded nicking [396]. This single-stranded nicking is attributed to the 

action of an unidentified DNase referred to as GrzA-activated DNase (GAAD) [398]. 

GAAD belongs to the SET complex which also contains two GrzA substrates, the 

nucleosome assembly protein SET and the DNA-bending protein HMG2, as well as the 

tumour suppressor protein pp32 [398, 399]. Recently, Fan et al., (2003) [400] reported 

the presence of yet another component in the SET complex, apurinic endonuclease-1 

(APE-1) which is also a target of GrzA. APE-1 translocates to the nucleus in response 

to increased reactive oxygen species and repairs damaged DNA. However, in the 

presence of GrzA, APE-1 is cleaved and cellular repair and recovery from the death 

signal are prevented [400]. Figure 8 represents a model of the events that take place in 

the target cell upon GrzA entry. GrzA and the SET complex translocate to the nucleus 

where GrzA destroys SET, HMG2 and APE-1, unveiling GAAD which then cuts DNA 

by making single-stranded nicks that ultimately lead to apoptosis (Fig. 1.8).   

 

Although ex-vivo derived CTLs from knockout mice lacking GrzA (GrzA
-/-

) do not 

display a cytotoxic defect [395, 401], this granzyme has been demonstrated to be 

important for CTL-mediated cytotoxicity. The studies of Mullbacher and colleagues 

[382, 402] have demonstrated that GrzA
-/-

 mice exhibit increased susceptibility to 
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primary infection with ectromelia virus (EV). GrzA
-/-

 mice infected with EV had 

significantly increased viral titres in the spleen at the time points tested with a fraction 

of the infected mice succumbing to infection by day 6 pi [382, 402]. GrzA has also been 

shown to play a role in herpes simplex virus (HSV) infection where a deficiency in 

GrzA leads to an impaired ability to restrict the spread of HSV in the peripheral nervous 

system (PNS) [403]. In addition to increased viral titres in the spinal ganglia, GrzA
-/-

 

mice also exhibited zosteriform lesions which reflect the spread of HSV in the PNS 

[403]. Altogether, these studies highlight the importance of GrzA in anti-viral 

immunity.  

 

Although the role of GrzA in inducing cell death is well established, there have been 

reports suggesting additional physiological functions. Based on the knowledge that 

thrombin, a serine protease with similar substrate specificities as GrzA, plays a pivotal 

role in several biological activities such as tissue repair, modulation of the inflammatory 

response and in the coagulation cascade, a similar role was proposed for GrzA [404]. 

Indeed, it has been demonstrated that GrzA is capable of mediating immunoregulatory 

activities, such as inducing the production of IL-6, IL-8 and TNF-α from monocytes as 

well as enhancing their phagocytic activity [405]. After TCR engagement, CTLs secrete 

GrzA into the extracellular space [406]. Subsequently, GrzA regulates different aspects 

of the immune response, but may also play a significant role in immunopathology. 

Interestingly, in rheumatoid arthritis, GrzA-positive cells have been identified within 

the synovial tissue/fluid and these patients have markedly elevated levels of IL-6, IL-8 

and TNF-α in their joints [407-409].  

 

 

1.5.2.3 Granzyme M 

Granzyme M (GrzM) was initially isolated from the granules of a rat natural killer cell 

leukaemia (RNK-16) [410]. Initially termed as RNK-Met-1, GrzM was purified as a 30 

kDa serine protease that preferentially cleaves substrates after long aliphatic residues 

such as methionine, leucine or norleucine [410, 411].  

 

Unlike GrzA and GrzB, human GrzM expression is restricted to NK cells, CD3
+
, CD56

+
 

T cells and γδ T cells, suggesting a role for this Grz in innate immunity [412, 413]. 

Kelly et al., (2004) [366] have demonstrated a role for GrzM in perforin-dependent cell 

death by comparing the cytolytic activity of recombinant human GrzM and GrzB in the 
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presence of sublytic concentrations of perforin. They showed by 
51

Cr release assay, that 

equimolar amounts of GrzB and GrzM were capable of mediating cell death within 4 

hrs. However, cell death induced by GrzM displayed distinct features of apoptosis 

compared to the cell death induced by the other granzymes including the absence of 

mitochondrial perturbation, cytochrome c release and unlike GrzB-induced apoptosis, 

was not inhibited by over-expression of Bcl-2 (Bcl-2: an anti-apoptotic protein shown to 

block cell death by preventing the release of mitochondrial transmembrane proteins 

[414]). In addition, cell death induced by GrzM did not display DNA fragmentation, nor 

was it caspase-dependent [366], suggesting a distinct cell death pathway is utilised by 

NK cells perhaps to overcome inhibitors of apoptosis that may be encoded by 

intracellular pathogens. In this respect, it is worth noting that GrzM has also been 

shown to cleave proteinase inhibitor 9 (PI9), an intracellular serpin thought to be an 

inhibitor of GrzB, and found to be overexpressed in some tumours as a means to evade 

killing by GrzB [411, 415]. GrzM-mediated PI9 cleavage may play an important role in 

GrzB-mediated cell death.  

 

NK cell lines, such as NK-92 and KHYG-1, have been demonstrated to be potential 

candidates for cellular immunotherapy against malignancies because of their superior 

cytotoxicity compared to endogenous NK cells [416, 417]. When Garnet and colleagues 

[416] investigated the molecular mechanism underlying this increased cytotoxicity 

especially in the KHYG-1 line, they discovered constitutively high levels of GrzM and 

cleaved perforin, suggesting that KHYG-1 mediates apoptosis via a new GrzM/perforin 

pathway. This study extends the previous findings of Kelly et al., (2004) [366] that 

demonstrated that GrzM mediates cell death in a perforin-dependent manner and 

highlight the importance of further investigating the physiological importance of GrzM 

in infection and malignancy.          

 

 

1.6 PROJECT PROPOSAL 

Previous studies have demonstrated that the NK cell-mediated control of MCMV is 

genetically determined and mouse strains, such as B6, that express Ly49H on their NK 

cells are able to mount an effective NK cell response and control viral replication and 

are therefore defined as MCMV-resistant [176]. Mouse strains such as BALB/c, which 

lack Ly49H, are unable to mount an effective early NK cell response and rely on the 
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activities of CD8
+
 T cells for controlling viral replication [162]. BALB/c mice are 

defined as MCMV-susceptible. Although early studies clearly illustrated that the 

immune response and the outcome of infection vary depending on the genetic make-up 

of the host, much remains to be understood about the contribution of the specific 

molecular mechanisms utilised by relevant cellular effectors.  

 

The anti-viral effects of both NK cells and CTLs can be mediated by direct cytotoxicity 

that involves the granule exocytosis pathway or by the release of IFN-γ. The role of pfp 

and IFN-γ in MCMV infection has been previously addressed [116, 118], but these 

studies have only examined the relevance of these molecules in genetically-resistant 

mice without analysing the role in genetically-susceptible mice. Recently it has become 

clear that, in humans, the expression of allelic variants of specific genes may influence 

the outcome of viral infection [229, 230, 418]. Thus, understanding immune responses 

in the context of genetic variability has important clinical implications. 

 

As discussed, GrzA and GrzB together with pfp are thought to be the main molecular 

effectors involved in cytotoxic responses mediated by NK cells and CTLs. The role of 

GrzA and GrzB in MCMV infection has been previously examined [385]. The study of 

Riera et al. (2000) [385] however, is very limited and the role of GrzA and GrzB was 

analysed only at later times in infection without looking at the role of these molecules 

during early acute. Given the important role of NK cells in MCMV infection, especially 

in B6 mice, the role of these molecules in early acute infection are worthy of further 

investigation. 

 

The activities of other members of the Grz family in the context of viral infection have 

not been investigated. For example, the physiological relevance of GrzM in viral 

immunity remains completely undefined and further investigation is warranted and 

timely. 

 

The principal hypothesis of this project was that: The specific molecular pathways of 

NK cell and CTL effector mechanisms would be differentially active during different 

stages of viral infection and that their contribution would be influenced by the host‟s 

genetic background. Specifically the aims were:  



                                                                                                                                                                                              CHAPTER 1 

 40 

1. To define the relevance of pfp and IFN-γ in the anti-viral responses to MCMV at 

different stages of infection in both resistant and susceptible mouse strains and their 

role in immunopathogenesis.  

2. To define the relevance of GrzA, GrzB and GrzM in the anti-viral responses to 

MCMV and determine whether the anti-viral effects of granzymes are due to 

cytolysis of infected target cells. 

 



 

1 1 

 

 

Chapter 2 

 

The anti-viral roles of interferon-γ 

and perforin in mice that differ in 

their genetically determined NK cell 

activity 
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 INTRODUCTION 

The concerted activities of innate and adaptive immune effectors are critical in the 

immune surveillance of viral infections. Recent studies have contributed to defining the 

cellular effectors involved in the innate and adaptive immune responses to viral 

infections; however, the contribution of specific molecular mechanisms utilised by 

effector cells remains unclear. The mouse model of CMV (MCMV) infection has 

contributed extensively to understanding the complex responses that develop during 

viral infection. HCMV is a clinically important virus that causes severe disease in 

immunocompromised hosts with manifestations including pneumonia, retinitis, vitritis 

and hepatitis. The genome size, structure and general biology of MCMV closely 

resemble those of HCMV [26], making MCMV an ideal model to study immune 

responses relevant to HCMV infection. Importantly, since MCMV is a natural pathogen 

of mice, this model permits the study of in vivo infection in the natural host. MCMV 

infection is characterised by an acute infection, followed by a chronic, persistent phase 

and ultimately lifelong latent infection of the host. The primary control of MCMV 

during acute infection in resistant mouse strains such as B6, is mediated by NK cells 

[211] while CTLs are critical for controlling virus in susceptible mouse strains such as 

BALB/c and A/J [162]. Furthermore, CTLs are important for long-term surveillance of 

MCMV [83, 254, 260, 419].  

 

Resistance to lethal infection with MCMV observed in B6 mice is associated with an 

autosomal dominant non-H2 gene known as Cmv1 [210]. B6 mice possess the Cmv1
r
 

allele, which confers resistance to MCMV (MCMV-resistant mice) and is characterised 

by low splenic viral titres [211]. Cmv1 encodes the NK cell activating receptor Ly49H 

that binds to the MCMV-encoded m157 glycoprotein and thus activates NK cells [170, 

171, 176, 177, 220].  

 

In mouse strains such as BALB/c, which lack Ly49H, NK cells are unable to effectively 

limit viral replication [211]. These mice are defined as MCMV-susceptible and display 

high viral titres in the spleen early in infection. In MCMV-susceptible mice, viral 

infection is controlled predominantly by the activities of CD8
+
 T cells [162]. In 

particular, the antigenic peptide IE1 is immunodominant and elicits a protective epitope-

specific CD8
+
 T cell response [268, 269]. Thus, in the mouse, immune responses and 

outcome of infection vary depending on the genetic make-up of the host. Recently, it 
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has become clear that in humans the expression of allelic variants of specific genes may 

influence the outcome of viral infection [229, 230, 418]. Thus it can be anticipated that 

the host genotype may not only influence the cellular response but also the molecular 

pathways utilised by effector cells to combat viral infections.  

 

Activated NK cells and CTLs exert their anti-viral functions by either perforin (pfp)-

mediated cytotoxicity, via the production of cytokines such as IFN-γ [113, 115] or 

through death receptor and death ligand interactions [420]. Pfp is thought to facilitate 

the delivery of other cytolytic granule proteins such as granzymes that induce apoptosis 

of the infected target cell. In contrast, IFN-γ can directly interfere with viral replication 

[109], aid antigen presentation by enhancing the export of peptide-loaded MHC class I 

molecules to the cell surface [115] and induce the production of antimicrobial reactive 

oxygen and nitrogen intermediates [126]. Initial studies suggested a dichotomy in the 

NK cell response to MCMV infection in B6 mice with IFN-γ being essential for the 

control of virus in the liver, while in the spleen control of virus was reported to be pfp-

dependent [118]. More recent studies utilising NK cell-deficient mice have shown that 

both pfp and IFN-γ are important for controlling MCMV infection in both the spleen 

and liver [116]. However, this study only investigated the role of pfp and IFN-γ in the 

context of MCMV-resistant mice. Since MCMV infection in resistant and susceptible 

mice is controlled by NK cells and CD8
+
 T cells, respectively, it is possible that the 

specific effector mechanisms, namely pfp and IFN-γ, utilised by effector cells may be 

differentially active during the different phases of viral infection. Furthermore, the 

relevance of these molecular effectors specifically in relation to Ly49H-mediated 

activities, although implied, has not been formally tested.    

     

The studies described in this chapter investigate the relative roles of pfp and IFN-γ in 

the anti-viral response to MCMV infection in mice with different genetic backgrounds. 

This comparison will allow us to determine the mechanism utilised by NK cells and/or 

CD8
+
 T cells to control viral infection. This investigation has also been extended to 

determine whether Cmv1
r
/Ly49H-mediated resistance requires pfp or IFN-γ.     
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 MATERIALS AND METHODS 

Mice 

Wild-type (WT) inbred C57BL/6J (B6) and BALB/c mice were purchased from the 

Animal Resources Centre (ARC) (Perth, Australia) or obtained from the Walter and 

Eliza Hall Institute of Medical Research (WEHI) (Melbourne, Australia). BALB.B6-

CT6 mice were generated and bred at the University of Western Australia. The 

following B6 and BALB/c gene-targeted mice were bred at the Peter MacCallum 

Cancer Centre (Melbourne, Australia): B6 perforin-deficient (B6.pfp
-/-

), BALB/c 

perforin-deficient (BALB.pfp
-/-

), B6 IFN-γ-deficient (B6.IFN-γ
-/-

), BALB/c IFN-γ-

deficient (BALB.IFN-γ
-/-

) and B6 and BALB/c lacking both pfp and IFN-γ (B6.pfp
-/-

.IFN-γ
-/-

 and BALB.pfp
-/-

.IFN-γ
-/-

). BALB.B6-Cmv1
r
 mice were bred at the University 

of Western Australia. BALB.B6-Cmv1
r
 mice lacking pfp were generated at the Peter 

MacCallum Cancer Centre and bred at the University of Western Australia. BALB.B6-

Cmv1
r
 mice lacking IFN-γ were generated and bred at the Peter MacCallum Cancer 

Centre.    

 

Age-matched adult female mice (8-16 weeks old) were used in all experiments and 

maintained in specific pathogen-free conditions at the Animal Care Unit 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. 

 

 

Cells  

Primary mouse embryo fibroblasts (MEFs) were cultured in minimal essential medium 

(MEM; Gibco, USA) supplemented with 10% (v/v) neonatal calf serum (NCS; Gibco,  

USA) and antibiotics (penicillin 100 μg/ml, CSL; gentamicin 40 μg/ml, Pharmacia and 

Upjohn, Australia). 

 

 

Depletion of cells in vivo 

For depletion of NK or CD8 T cells, mice were inoculated with anti-NK1.1 (PK136) or 

anti-CD8 (YTS169) monoclonal antibodies (mAb). Both anti-NK1.1 (PK136) and anti-
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CD8 (YTS169) mAb were used at 100 μg/mouse on days -2, 0, 2 relative to 

administration of the virus.  

 

 

In vivo growth of MCMV 

For pathogenesis studies, mice were infected intraperitoneally (ip) with 1 x 10
4
 plaque 

forming units (pfu) of salivary gland propagated stocks (SGV) of the virulent MCMV 

strain K181-Perth diluted in phosphate-buffered saline (PBS; Gibco, Australia) 

supplemented with 0.5% (v/v) foetal calf serum (FCS; Gibco, USA). At designated 

times post-infection (pi), mice were sacrificed and spleen, liver, lungs and salivary 

glands harvested. All organs were individually weighed, homogenised in cold MEM 

supplemented with 2% (v/v) NCS and centrifuged at 3000 rpm for 15 min at 4ºC. The 

supernatants containing the viral particles were stored at -80ºC until quantification of 

viral titres by standard plaque assay.  

 

 

Quantification of viral titres by plaque assay 

Viral titres in target organs were quantified by plaque assay as previously described 

[63]. Briefly, serial dilutions of organ homogenates were adsorbed on confluent 

monolayers of MEFs in 24-well tissue culture trays (NUNC, Denmark) for 1 hr at 37ºC, 

5% CO2. Subsequently the supernatants were aspirated and replaced with pre-warmed 

carboxymethyl cellulose diluted (1:2) in MEM supplemented with 2% NCS and 

incubated at 37ºC, 5% CO2 for four days. The monolayers of MEFs were then fixed 

with 4% formaldehyde and stained with 0.1% toluidine blue (BDH, England) to 

visualise viral plaques. Plaques were counted and viral titres expressed as pfu/organ.  

 

 

Measuring NK cell cytotoxicity by chromium release assay 

The lytic activity of NK cells was measured by chromium release assay. Cells recovered 

from the spleens of mice infected with MCMV were used as effectors. Briefly, various 

numbers of splenocytes were co-cultured with 
51

Cr-labelled YAC-1 target cells (1 x 10
4
 

cells/well) in triplicate for 4 hr at 37ºC. Data are represented as percentage specific lysis 

calculated by the formula: percentage specific lysis = (experimental release cpm-

spontaneous release cpm) / (total release cpm-spontaneous release cpm) x 100.   
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 RESULTS 

Cmv1/Ly49H-mediated resistance to MCMV infection allows the specific roles of 

NK cells and T cells in controlling viral replication to be defined 

NK cells provide the first line of defense against viral infections before the induction of 

adaptive immune responses. Following MCMV infection, NK cells contribute to the 

early control of virus, especially in the spleen [210]. Indeed, the Cmv1-mediated 

genetically-determined resistance to acute MCMV infection is dependent on the 

activation of NK cells via the engagement of the activating receptor, Ly49H [170, 171]. 

Thus, we analysed the specific roles of NK cells and CD8
+
 T cells in controlling 

MCMV replication in the context of Ly49H
+
 NK cell-mediated resistance/susceptibility. 

In particular, we assessed MCMV replication in the spleen, liver, lungs and salivary 

glands of Ly49H
+
, NK1.1

+
 MCMV-resistant B6 mice and Ly49H

-
, NK1.1

+
 MCMV-

susceptible BALB.B6-CT6 (CT6) [421] mice depleted of NK cells or CD8
+
 T cells prior 

to infection. CT6 mice have proved to be a valuable tool when comparing virus 

replication in resistant and susceptible mouse strains. This mouse strain has been 

developed on a BALB/c background, thus they are susceptible to MCMV infection 

[421]. However, unlike BALB/c mice, CT6 mice express the NK1.1 alloantigen, which 

allows the depletion of NK cells using the anti-NK1.1 (PK136) mAb [421].   

       

As expected, depletion of NK cells rendered Ly49H
+
 MCMV-resistant B6 mice 

susceptible to MCMV infection, with viral titres significantly elevated in all organs 

analysed compared to B6 mice with an intact NK cell compartment (Fig. 2.1A). The 

most pronounced effect of NK cell depletion was evident in the spleen, but viral titres 

were also significantly increased in the liver at day 2 and 4 pi and in the lungs at day 4 

pi (Fig. 2.1A). By day 6 pi, viral titres in the spleen and liver decrease in B6 mice 

depleted of NK cells, suggesting that T cell responses may be able to deal with 

infection. In the lungs, however, significantly increased titres were still observed at day 

10 pi (Fig. 2.1A). This difference may be due to increased dissemination of virus to this 

organ caused by the high viral loads in spleen and liver, an ongoing role for NK1.1
+
 

cells at this site or the lack of an effective T cell response (Fig. 2.1A). Similarly, the 

increased viral titres in the salivary glands at later stages of acute infection may also be 

a result of higher viral loads in the visceral organs resulting in an increase in 

dissemination to this site (Fig. 2.1A). In contrast to the distinct role of NK cells 

identified, CD8
+
 T cells appear to be largely dispensable for the control of acute 
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MCMV infection in B6 mice. Depletion of CD8
+
 T cells in B6 mice did not affect viral 

replication in any of the organs tested (Fig. 2.1A).  

 

In contrast to the observations made in B6 mice, NK cells appear to be dispensable for 

the control of MCMV replication in the spleens of MCMV-susceptible CT6 mice (Fig. 

2.1B). Similar results were obtained when NK cells were depleted using anti-asialo 

GM1 (aGM1) antibody in BALB/c mice (data not shown). In the liver and lungs of CT6 

mice, however, NK cells appear to play a significant role in controlling MCMV 

replication during acute infection with viral titres elevated from day 4 pi in both of these 

organs in the absence of NK cells (Fig. 2.1B). In MCMV-susceptible mice, the control 

of MCMV during acute infection is thought to rely predominantly on activities 

mediated by CD8
+
 T cells [162]. Consistent with this, depletion of CD8

+
 T cells from 

BALB/c mice resulted in increased viral replication in the spleen and liver from day 6 pi 

(Fig. 2.1C).  

 

To determine whether the lack of a role for NK cells in controlling MCMV replication 

early in acute infection in the MCMV-susceptible CT6 mice, especially in the spleen, 

was due to an inherent inability to activate these cells, we tested the lytic capacity of 

splenocytes harvested from MCMV-infected mice at various times after infection. The 

lytic activity against NK cell-sensitive YAC-1 targets was equivalent in CT6 and B6 

mice at day 2 pi (Fig. 2.2). However, unlike B6 mice, where NK cell activity was 

sustained until day 6 pi, CT6 NK cells showed a reduced ability to lyse sensitive targets 

by day 4 pi, with a complete loss of cytolytic activity by day 6 pi (Fig. 2.2).  

 

In agreement with previous studies, these results demonstrate that control of MCMV by 

B6 mice is achieved by NK cells. Furthermore, while MCMV-susceptible CT6 mice 

rely predominantly on the activities of CD8
+
 T cells in controlling virus replication in 

the spleen, NK cells are also important in the control of virus replication in the liver and 

lungs of these mice, perhaps through their ability to produce anti-viral cytokines such as 

IFN-γ.    
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Pfp and IFN-γ are required for the control of splenic infection in both MCMV-

resistant and MCMV-susceptible mice 

The role of pfp and IFN-γ in controlling MCMV replication during acute infection in 

the spleen was examined in both MCMV-resistant B6 and MCMV-susceptible BALB/c 

mouse strains that were deficient in either pfp (B6.pfp
-/-

; BALB.pfp
-/-

), IFN-γ (B6.IFN-

γ
-/-

; BALB.IFN-γ
-/-

), or both of these proteins (B6.pfp
-/-

.IFN-γ
-/-

; BALB.pfp
-/-

.IFN-γ
-/-

). 

The replication of MCMV in the spleen was assessed over a 10–day period. 

 

B6 mice deficient in pfp (B6.pfp
-/-

) exhibited increased susceptibility to MCMV 

infection, with viral titres significantly elevated in the spleen at day 2 (p<0.001), day 4 

(p<0.001) and day 6 (p<0.001) pi when compared with B6 WT mice (Fig. 2.3A). B6 

WT mice had minimal viral titres, which were mostly below the limit of detection of the 

plaque assay, at the times tested (Fig. 2.3A). In BALB.pfp
-/-

 mice, splenic viral titres at 

day 6 pi were also significantly elevated when compared with BALB/c WT mice 

(p<0.001) (Fig. 2.3B). Since viral titres in the spleens of BALB/c mice are in excess of 

5 log, it is possible that further increases are not detectable as these may represent the 

maximum level of replication supported by this organ. Both B6 and BALB/c mice 

lacking pfp succumbed to infection between day 8 – 10 pi (Fig. 2.3). 

 

The relevance of IFN-γ in limiting viral replication in the spleens of both B6 and 

BALB/c mice was also examined. In B6.IFN-γ
-/-

 mice, viral titres were significantly 

increased when compared with WT mice, but this was only observed at day 4 pi 

(p<0.001) (Fig. 2.3A). In contrast, BALB.IFN-γ
-/-

 mice demonstrated significant 

increases in splenic viral titres when compared with BALB/c WT mice at both day 6 

(p<0.001) and day 10 (p<0.001) pi (Fig. 2.3B). BALB/c and B6 mice deficient in both 

pfp and IFN-γ had splenic viral titres similar to those observed in mice lacking pfp 

alone and succumbed to infection between day 8 – 10 pi (Fig. 2.3A and B).  

 

These data suggest that pfp plays a role in controlling MCMV replication in the spleens 

of both B6 and BALB/c mice early (day 2 – 6 pi) in infection. The relevance of IFN-γ in 

limiting MCMV replication and controlling MCMV infection in the spleen is more 

pronounced in MCMV-susceptible BALB/c mice compared to MCMV-resistant B6 

mice.     
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Control of MCMV infection in the liver requires both pfp and IFN-γ 

The role of pfp and IFN-γ in controlling MCMV infection in the livers of both B6 and 

BALB/c mice was examined. Similar to the studies in the spleen, viral replication in the 

liver was assessed over a 10–day period. Pfp played a significant role in the control of 

MCMV replication in the livers of both B6 and BALB/c mice (Fig. 2.4). In B6.pfp
-/-

 

mice, virus titres were significantly increased at day 2 (p<0.01), day 4 (p<0.001) and 

day 6 (p<0.001) pi (Fig. 2.4A), while in BALB.pfp
-/-

 mice, virus titres were 

significantly elevated at day 4 (p<0.05) and day 6 (p<0.001) pi, when compared with 

their respective WT mice (Fig. 2.4B). Both B6 and BALB/c mice lacking pfp 

succumbed to infection between day 8 – 10 pi (Fig. 2.4).  

 

The role of IFN-γ in controlling MCMV infection in the liver was also examined. In 

B6.IFN-γ
-/-

 mice, virus titres were significantly increased at day 4 (p<0.001), day 6 

(p<0.01) and day 10 (p<0.05) pi (Fig. 2.4A). Similarly, BALB/c mice deficient in IFN-γ 

(BALB.IFN-γ
-/-

) also displayed significantly increased viral titres in the liver at day 4 

(p<0.001), day 6 (p<0.01) and day 10 (p<0.001) pi (Fig. 2.4B). In contrast to 

BALB.IFN-γ
-/-

 mice, which displayed maximal viral titres at day 10 pi (4.5 log pfu), 

B6.IFN-γ
-/-

 had low viral titres at this time point and showed evidence of resolving the 

infection in this organ. 

 

Next we assessed the effect of MCMV infection in the liver in the absence of both 

effector mechanisms. In B6.pfp
-/-

.IFN-γ
-/-

 mice viral titres were significantly elevated at 

day 4 (p<0.001) and day 6 (p<0.001) pi compared with the B6 WT mice (Fig.2.4A). 

However, it is noteworthy that B6.pfp
-/-

.IFN-γ
-/-

 mice also displayed significantly 

elevated titres at day 6 pi compared with titres observed in mice deficient for only pfp 

(p<0.01) or IFN-γ (p<0.01) at this time point. BALB.pfp
-/-

.IFN-γ
-/-

 also displayed 

significantly increased viral titres from day 4 pi in comparison to BALB/c WT mice and 

had significantly elevated titres at this time point compared to BALB.pfp
-/-

 mice 

(p<0.05) and BALB.IFN-γ
-/-

 mice (p<0.01) (Fig. 2.4B). Maximal viral titres were 

obtained from the livers of BALB.pfp
-/-

.IFN-γ
-/-

 mice at day 6 pi and at this time point 

viral titres in these mice were markedly elevated compared with BALB.IFN-γ
-/-

 mice 

(p<0.001) and slightly elevated compared with BALB.pfp
-/-

 mice (p<0.05) (Fig. 2.4B). 

Similar to mice lacking pfp, both B6.pfp
-/-

.IFN-γ
-/-

 and BALB.pfp
-/-

.IFN-γ
-/-

 succumbed 

to infection between day 8-10 pi (Fig. 2.4).  
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The results obtained from the livers of mice deficient in pfp, IFN-γ or both effector 

molecules suggest that both effector mechanisms are important in controlling MCMV 

infection at this site. In BALB/c mice, the critical role of pfp is especially noticeable 

with viral titres in BALB.pfp
-/-

 mice increasing by more than 100-fold at day 6 pi (Fig. 

2.4B). Furthermore, the combined activities of both pfp and IFN-γ are required to 

control MCMV infection at this site.   

 

 

Pfp and IFN-γ are required for the control of MCMV in the lung 

In the lungs, control of viral replication is thought to be mostly dependent on anti-viral 

T cell responses [72, 422]. Thus, we next examined the role of the two effector 

molecules, pfp and IFN-γ, in controlling MCMV infection in the lungs of MCMV-

resistant and MCMV-susceptible mice. Viral titres are detectable at this site from day 4 

pi, therefore viral replication was assessed at day 4, 6 and 10 pi. Viral replication in the 

lungs of mice lacking pfp was significantly increased compared with WT mice 

irrespective of their genetic background. Both B6.pfp
-/-

 and BALB.pfp
-/-

 mice displayed 

significantly increased viral titres at day 4 (p<0.001) and day 6 (p<0.001) pi compared 

with their respective WT control mice (Fig. 2.5). In B6.IFN-γ
-/-

 mice, significantly 

increased viral titres were obtained at day 6 pi (p<0.001) in comparison to B6 WT mice 

(Fig. 2.5A), while in BALB.IFN-γ
-/-

 mice viral titres were significantly elevated from 

day 4 pi onwards (day 4: p<0.001; day 6: p<0.01; day 10: p<0.05) compared with 

BALB/c WT mice (Fig. 2.5B).  

 

MCMV replication in the lungs was further assessed in the absence of both effector 

molecules. Increased sensitivity to MCMV infection was observed in mice deficient in 

both pfp and IFN-γ, irrespective of their genetically-encoded susceptibility to MCMV 

(Fig. 2.5). Both B6.pfp
-/-

.IFN-γ
-/-

 and BALB.pfp
-/-

.IFN-γ
-/-

 mice displayed significantly 

increased viral titres at day 4 (p<0.001) and day 6 (p<0.001) pi compared with their 

respective WT mice (Fig. 2.5). Interestingly, B6 mice deficient in pfp and IFN-γ, had 

significantly increased viral titres compared with those obtained from mice deficient 

only in pfp (p<0.01 at day 4 and p<0.001 at day 6 pi) or only in IFN-γ (p<0.01 at both 

days 4 and 6 pi) (Fig. 2.5A).  

 

Together, these results suggest that both pfp and IFN-γ are critical in controlling 

MCMV infection in the lungs. Although IFN-γ was shown to play an important role in 
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controlling MCMV replication in the lungs of both B6 and BALB/c mice, the relevance 

of this cytokine was more pronounced in BALB/c mice.        

 

 

Pfp and IFN-γ are required for effective control of MCMV replication in salivary 

glands  

The salivary glands are a site of MCMV persistence, and control of virus replication at 

this site is thought to be dependent mostly on CD4
+
 T cell-released IFN-γ [114, 272, 

273]. To determine whether pfp and IFN-γ were relevant to limiting viral replication in 

salivary glands, virus replication at this site in mice deficient in pfp (B6.pfp
-/-

; 

BALB.pfp
-/-

), IFN-γ (B6.IFN-γ
-/-

; BALB.IFN-γ
-/-

) or both (B6.pfp
-/-

.IFN-γ
-/-

; BALB.pfp
-

/-
.IFN-γ

-/-
) was assessed. Viral titres in the salivary glands are below the limit of 

detection by plaque assay until day 6 pi, and hence were measured from this time point 

onwards. In both B6.pfp
-/-

 and BALB.pfp
-/-

 mice, viral titres were significantly 

increased (p<0.05 and p<0.001, respectively) at day 6 pi compared with their respective 

WT controls (Fig. 2.6). Similarly, B6.IFN-γ
-/-

 and BALB.IFN-γ
-/-

 mice also displayed 

increased sensitivity to MCMV infection, with viral titres in the salivary glands 

significantly elevated (p<0.001 and p<0.01, respectively) compared with their 

respective WT mice at day 6 pi (Fig. 2.6). Furthermore, mice deficient in both pfp and 

IFN-γ, irrespective of their genetic background, displayed significantly elevated viral 

titres (p<0.001 for both B6 and BALB/c mice) at day 6 pi, after which point the 

infection was lethal (Fig. 2.6). The increase in viral titres observed at day 6 pi may be 

due to increased dissemination of virus to the salivary glands caused by the elevated 

viral loads in the visceral organs. Alternatively, pfp and/or IFN-γ may directly control 

MCMV replication in the salivary glands.  

 

 

Cmv1
r
 mediated resistance to MCMV requires pfp 

Resistance to MCMV infection in B6 mice is mediated by the Cmv1
r
 resistance allele, 

which encodes the NK cell activating receptor Ly49H [170, 171, 211, 220]. Our 

findings and those of others established that NK cells efficiently control MCMV 

replication in spleens of resistant B6 mice in a pfp-dependent manner (Fig. 2.3A, [116, 

118]). We next wanted to investigate whether Ly49H-mediated resistance solely 

requires pfp or whether IFN-γ is also important. For the purpose of these studies 

BALB.B6-Cmv1
r
, a congenic mouse strain that carries the Cmv1

r
 allele on a BALB/c 



                                                                                                                                                                                              CHAPTER 2 

51 51 

background [212], were backcrossed to a pfp- or a IFN-γ-deficient background. Viral 

replication was assessed at days 2, 4 and 6 pi in the spleen, liver and lungs of 

BALB.B6-Cmv1
r 

mice lacking pfp (BALB.B6-Cmv1
r
.pfp

-/-
), BALB.B6-Cmv1

r
 lacking 

IFN-γ (BALB.B6-Cmv1
r
.IFN-γ

-/-
) and BALB.B6-Cmv1

r
. MCMV-susceptible BALB/c 

mice were also included in the analysis.  

 

As expected, BALB.B6-Cmv1
r
 mice exhibited a phenotype similar to B6 WT mice after 

infection with MCMV, with viral titres in the spleen and lungs below the limit of 

detection (Fig. 2.7). In contrast, BALB/c mice showed elevated viral titres in all organs 

tested (Fig. 2.7). In the absence of pfp, BALB.B6-Cmv1
r
 mice (BALB.B6-Cmv1

r
.pfp

-/-
), 

had significantly increased viral titres in the spleen (day 2: p<0.001; day 4: p<0.001; 

day 6: p<0.001), liver (day 2: p<0.05; day 4: p<0.001; day 6: p<0.001) and lungs (day 

4: p<0.001; day 6: p<0.001) compared with the control BALB.B6-Cmv1
r
 mice (Fig. 

2.7). Indeed, viral titres in the spleen and lungs of BALB.B6-Cmv1
r
.pfp

-/-
 were similar 

to those observed in BALB/c mice, clearly indicating that pfp is necessary for the 

resistance phenotype mediated by Cmv1
r
/Ly49H in both the spleen and lungs (Fig. 2.7). 

In contrast, viral titres in the spleen and lungs of BALB.B6-Cmv1
r
.IFN-γ

-/-
 mice did not 

increase to levels comparable to those observed in BALB/c mice, demonstrating that 

IFN-γ is not a major contributor to the resistance phenotype mediated by Cmv1
r
/Ly49H 

in these organs (Fig. 2.7).   

 

In agreement with our current results (Fig. 2.4A), viral titres in the livers of BALB.B6-

Cmv1
r
 mice were similar to those observed in B6 WT mice (Fig. 2.7). Furthermore, in 

the absence of pfp or IFN-γ, BALB.B6-Cmv1
r
.pfp

-/-
 and BALB.B6-Cmv1

r
.IFN-γ

-/-
 mice 

were rendered susceptible to MCMV infection with significantly elevated viral titres 

observed in the liver at all times tested (Fig. 2.7). Viral titres in the livers of these mice 

were significantly higher than those observed in BALB/c mice (Fig. 2.7) suggesting a 

role for these molecules independent of Ly49H-mediated resistance. In agreement with 

our previous pathogenesis experiments in B6.pfp
-/-

 mice (Fig. 2.4), BALB.B6-

Cmv1
r
.pfp

-/-
 mice succumbed to infection between days 8 – 10 pi.  
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 DISCUSSION  

The studies described in this chapter investigate the relevance of pfp and IFN-γ, the two 

main effector mechanisms used by NK cells and T cells, in the control of MCMV 

infection in mice with differing genetic susceptibility to this virus. In particular, we 

have compared MCMV-resistant B6 mice with MCMV-susceptible BALB.B6-CT6 

(CT6) mice, where susceptibility to MCMV infection is predominantly dependent on 

the ability to activate NK cells via engagement of the Ly49H activating receptor. These 

studies have confirmed that MCMV-resistant mice rely primarily on the activities of 

NK cells while MCMV-susceptible mice are dependent on CD8
+
 T cells to control 

MCMV during the acute phase of infection (Fig. 2.1). Furthermore, they show that pfp 

is essential for the anti-viral activities of both NK cells and CD8
+
 T cells. It should be 

noted that, although this study did not experimentally show that the source of pfp was 

indeed NK cells and CD8
+
 T cells, it has been addressed later in Chapter 4. 

Furthermore, in vitro studies have clearly demonstrated that NK cells and CTLs derived 

from pfp-deficient mice were defective in killing sensitive targets [339, 340] and there 

appears to be no evidence that other cell types are able to produce perforin. These 

studies have also demonstrated a role for IFN-γ in controlling MCMV replication in 

multiple organs. In addition, pathogenesis studies utilising congenic Cmv1
r
/Ly49H mice 

lacking pfp or IFN-γ, have clearly demonstrated that the effects of Cmv1
r
/Ly49H are 

mediated principally through pfp, with IFN-γ playing a small but significant role (Fig. 

2.7).   

 

In MCMV-susceptible mice, a role for NK cells was observed in the liver and lungs but 

not in the spleen, where virus control requires CD8
+
 T cell mediated activities (Fig. 

2.1B and C). Interestingly, this observation suggests that NK cells are important in 

controlling MCMV infection in some tissues of susceptible mice, perhaps mostly 

through their ability to release IFN-γ and to a lesser extent through contact-dependent 

pfp-mediated cytotoxicity.  

 

A role of NK cells in the spleens of CT6 mice may be minimal because it requires 

killing of infected cells and this will be inhibited by loss of NKG2D ligands on targets. 

Indeed, although CT6 mice lack Ly49H and hence the Ly49H-m157 interaction, they do 

not lack the ability to activate NK cells as demonstrated by our 
51

Cr release assay. NK 

cells derived from MCMV-infected CT6 mice at day 2 pi were equally effective as 
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those derived from MCMV-infected B6 mice at killing NK cell-sensitive target cells. 

MCMV can subvert NK activation by down-regulating ligands that bind NKG2D, an 

NK cell activating receptor that is expressed on all NK cell subsets [225-227]. Thus, it 

is possible that although NK cells are activated post-MCMV infection and are able to 

release IFN-γ, the inability to efficiently recognize virally infected targets and kill them 

in a pfp-mediated manner is what renders these CT6 mice susceptible to MCMV. 

 

Interestingly, our analysis of MCMV-susceptible CT6 or BALB/c mice showed that 

activated CTL also acquire the NK1.1 determinant or become reactive to anti-aGM1, 

respectively (data not shown) and therefore the increase in viral replication seen at day 6 

pi in the liver of NK cell-depleted CT6 mice may represent effects mediated by 

depletion of anti-viral CTL. However, it should be noted that the parallel depletion of 

NK cells or CD8
+
 T cells excluded or confirmed a role for each cellular effector at all 

times tested.  

 

Towards the end of this study, a report was published on the role of pfp and IFN-γ 

during MCMV infection of B6 mice [116]. In agreement with the Loh et al., (2005) 

[116] study, we have shown that pfp is required for the control of viral replication in 

both the spleen and liver of MCMV-resistant B6 mice. Furthermore, we provide novel 

evidence that both pfp and IFN-γ are necessary for the anti-viral responses required to 

control virus replication in the spleen and liver of MCMV-susceptible BALB/c mice. 

Interestingly, our NK cell depletion studies revealed a role for NK cells in the liver and 

lungs of MCMV-susceptible CT6 mice at day 4 pi. In resistant mice, significantly 

increased viral titres were obtained from day 2 pi in the absence of pfp, indicating that 

this effector molecule was the dominant player in the anti-viral response during early 

acute infection with MCMV. These results are consistent with the dominant role of NK 

cells in controlling viral replication in B6 resistant mice and the role of pfp as a 

principal mediator of NK cell cytotoxicity. Importantly, our novel analysis in congenic 

mice made resistant to MCMV infection by introduction of the Cmv1 resistance allele 

encoding Ly49H (BALB.B6-Cmv1
r
) and lacking pfp (BALB.B6-Cmv1

r
.pfp

-/-
) or IFN-γ 

(BALB.B6-Cmv1
r
.IFN-γ

-/-
) has unequivocally and formally demonstrated that MCMV 

resistance mediated by NK cells following activation via engagement of Ly49H is 

principally dependent on pfp.      
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In addition to controlling virus replication in the spleen, our results show that pfp plays 

a significant role in controlling infection in the livers of both B6 resistant and BALB/c 

susceptible mouse strains. Our analyses in BALB/c, BALB.B6-Cmv1
r
, BALB/c.pfp

-/-
 

and BALB.B6-Cmv1
r
.pfp

-/-
 mice indicate that the effects of pfp in the liver are mainly, 

but not completely, independent of those mediated via activation of Ly49H
+
 NK cells. 

Therefore, viral titres in the livers of BALB/c mice and BALB.B6-Cmv1
r
 mice were 

similar at all times tested except at day 6 pi, but were significantly increased in both 

strains in the absence of pfp. 

 

A role of pfp in controlling virus replication in the lungs during acute MCMV infection 

was also observed for both B6 and BALB/c mice, with viral titres significantly 

increased at this site in pfp-deficient mice from day 4 pi. Our BALB.B6-Cmv1
r
 studies 

have conclusively demonstrated that a significant proportion of the protective effects of 

pfp in the lungs are mediated by activation of Ly49H
+
 NK cells. However, some of the 

protective effects of pfp in the lungs are independent of those mediated by activation of 

NK cells via engagement of Ly49H, and CT6 mice depleted of NK cells or BALB/c 

mice lacking pfp showed significantly increased virus titres from day 4 pi at this site. 

 

In agreement with the original reports of Tay and Welsh [118], our current results 

indicate that IFN-γ plays a significant role in the control of viral replication in the liver 

with virus titres at this site elevated from day 4 pi in mice deficient in this effector 

molecule regardless of their genetically determined susceptibility to MCMV infection. 

However, in contrast to their conclusions that the use of pfp and IFN-γ by NK cells 

occurs in an organ-specific manner, our studies, in agreement with the work of Virgin 

and colleagues [116], indicate that NK cells use both molecules to exert their protective 

effect in both the spleen and liver of MCMV-resistant B6 mice. A role for IFN-γ is 

especially evident in MCMV-susceptible BALB/c mice, where the lack of this molecule 

results in viral titres that are consistently increased from day 4 pi in the liver and lungs, 

consistent with our finding that NK cells are required to control virus replication during 

early acute infection in these organs, and at day 6 pi in the spleen, consistent with the 

relevance of CD8
+
 T cells in controlling infection at later times during acute infection.   

 

In addition to their anti-viral activities, both pfp and IFN-γ may be involved in other 

aspects of the control of immune responses. Indeed, we found that, unlike IFN-γ 

deficient mice, pfp-deficient mice did not survive the infection and usually 100% 
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lethality was observed between days 8 and 10 after MCMV infection. There is some 

evidence for a role for pfp as an immunoregulator [342, 347, 349, 351] and our own 

investigations, which are the focus of chapter 4, have provided evidence supporting a 

role for pfp in the control of activated cellular effectors.  
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 CONCLUDING REMARKS   

The current studies have elucidated the specific molecular mechanisms utilised by NK 

cells and CD8
+
 T cells during early and late stages of acute infection. By comparing the 

effects of pfp and IFN-γ deficiency in mouse strains that preferentially utilise NK cells 

or CD8
+
 T cells to control MCMV infection, we have been able to study the effects of 

the specific mechanisms utilised by different cellular effectors without the need to 

deplete cellular subsets during infection. We have shown the critical importance of pfp 

in the anti-viral activities mediated by NK cells during MCMV infection. Furthermore, 

we have provided distinct proof that anti-viral activities mediated by NK cells activated 

via Ly49H are principally dependent on pfp. We have also provided evidence that pfp is 

critical in the control of virus replication in MCMV-susceptible BALB/c mice, which 

rely predominantly on the anti-viral activities of CD8
+
 T cells. In conclusion, we have 

shown that both pfp and IFN-γ play distinct but critical roles in mediating anti-viral 

responses, which vary depending on the genetic make-up of the host.  
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The role of granzymes during 

MCMV infection 
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Functional analysis of granzyme M and its role in immunity to infection. 
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3.1 INTRODUCTION 

NK cells and CTLs predominantly mediate their lethal hit to tumour cells and cells 

infected with intracellular pathogens by granule exocytosis. In this process, secretory 

granules, whose main components are perforin and granzymes (Grz), are released 

toward the target cell. Subsequently, perforin facilitates the entry of Grz into the target 

cell where Grz are able to induce death by cleaving a variety of intracellular substrates 

[325]. Although Grz have been studied extensively in vitro, their roles in vivo are still 

unclear. The availability of gene-targeted mice has made it possible to analyse the role 

of Grz and to confirm their biological significance in a variety of physiological settings. 

 

The most extensively studied and best characterised Grz are GrzA and GrzB. Cytolytic 

lymphocytes also express additional Grz whose functions are as yet unclear and they are 

collectively known as “orphan” Grz [364]. Grz are highly specific proteases that have 

evolved separately with different substrate specificities making it an attractive notion 

that their functions will be non-redundant. Several of these Grz, including A, B, C, K 

and M have been demonstrated to induce cell death in the presence of perforin [365-

367, 393]. Indeed, it has been demonstrated that GrzA, B, C, K and M each induce a 

unique cell death pathway. 

 

The role of Grz in perforin-mediated tumour rejection has been hotly debated. GrzA and 

GrzB have been shown to be dispensable for perforin-mediated tumour control [423, 

424]. In contrast, evidence for an indispensable role for Grz in the recovery from some 

viral infections has emerged in recent years. Mice lacking both GrzA and GrzB have 

been shown to be as susceptible as perforin-deficient mice to ectromelia virus (EV) 

[382]. Notably, EV-infected GrzAB-deficient mice succumbed to infection by day 11 pi 

after receiving viral inocula of greater than just 10
1
 pfu, despite the presence of active 

perforin [382]. Intriguingly, the absence of only one of the two Grz, GrzA or GrzB is 

required to increase susceptibility to EV, although to a lesser extent than a lack of both 

Grz. GrzB cluster deficiency renders mice more susceptible to EV compared to GrzA-

deficiency [382, 402]. 

 

Interestingly, NK cells and CTLs derived from mice deficient in GrzA and/or GrzB 

retain the capacity to kill sensitive targets in vitro [382, 395], suggesting that additional 

Grz or granule components in concert with perforin may contribute to cell death. GrzM 



                                                                                                                                                                                              CHAPTER 3 

 58 

expression is restricted to NK cells suggesting that it may have evolved to play a role in 

innate immunity [412, 413]. GrzM preferentially cleaves after long aliphatic residues 

such as methionine, leucine and norleucine [410, 411] and in the presence of perforin, 

induces a distinct molecular pathway to cell death compared with GrzA and GrzB [366]. 

The presence of a variety of Grz able to induce cell death via distinct pathways suggests 

that these molecules might have evolved to effectively control a range of intracellular 

pathogens. Unlike GrzA and GrzB, the biological relevance of GrzM in viral immunity 

was totally undefined at the commencement of these studies. 

 

The consequence of the lack of Grz A and B during MCMV infection has been 

previously analysed by Riera and colleagues [385]. They concluded that the phenotype 

in GrzAB-deficient mice was weak, and that these molecules partly contributed to the 

elimination of virus only from the salivary glands. It should be noted that these 

investigations were very limited and only addressed the role of GrzA and GrzB at later 

time points (day 15 and 30 pi) in infection without analysing the relevance of these 

molecules during early acute MCMV infection. In some mouse strains such as B6, 

MCMV replication during the acute phase of infection is controlled by NK cell-

mediated anti-viral activities [211]; one would therefore anticipate that Grz in concert 

with perforin may be involved in NK cell-mediated cytotoxicity against MCMV-

infected target cells. However, the specific mechanisms utilised by these effector cells, 

and the relevance of GrzA and GrzB during the acute phase of infection with MCMV, 

remained unclear at the beginning of my studies.          

   

Together, the available literature suggests that Grz in the presence of perforin are able to 

mediate apoptosis and are essential for the control of some viral infections, such as 

infection with EV. However, it still remains to be determined whether Grz are important 

as key effector molecules of NK cells and CTLs in infections with multiple pathogens 

and/or whether they are able to mediate their anti-viral activities independently of their 

role of cytotoxic molecules. Therefore, an examination of the relevance of GrzA, GrzB 

and GrzM in the control of MCMV infection will not only verify their involvement in 

vivo, but will also provide further insight into possible additional functions played by 

each of these Grz. This chapter investigates whether GrzA and GrzB are relevant for the 

control of MCMV during the acute phase of infection and if so, whether the effects of 

these molecules relate directly to their ability to participate in the cytotoxic activities of 
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NK cells or CTLs. Furthermore, it also investigates whether GrzM contributes to the 

anti-viral activity of NK cells and/or the control of MCMV replication.   
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3.2 MATERIALS AND METHODS 

Mice 

Wild-type (WT) inbred B6 were purchased from the Animal Resources Centre (Perth, 

Australia) or obtained from the Walter and Eliza Hall Institute of Medical Research 

(Melbourne, Australia). The following B6 gene-targeted mice were bred at the Peter 

MacCallum Cancer Centre (Melbourne, Australia): B6 GrzA-deficient (B6.GrzA
-/-

), B6 

GrzB cluster-deficient (B6.GrzB
-/-

) [386], B6 GrzM-deficient (B6.GrzM
-/-

) and B6 mice 

lacking both GrzA and GrzB cluster (B6.GrzAB
-/-

).    

 

Age-matched adult female mice were used in all experiments and maintained in specific 

pathogen-free conditions at the Animal Care Unit (Perth, Australia). All animal 

experiments were 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 (MEFs) were cultured in minimal essential medium 

(MEM; Gibco, USA) supplemented with 10% (v/v) neonatal calf serum (NCS; Gibco, 

USA) and antibiotics (Penicillin 100 μg/ml, CSL; Gentamicin 40 μg/ml, Pharmacia and 

Upjohn, Australia). 

  

 

In vivo growth of MCMV 

For the pathogenesis studies, mice were infected intraperitoneally (ip) with 1 x 10
4
 

plaque forming units (pfu), 5 x 10
4
 pfu or 1 x 10

5
 pfu of salivary gland propagated 

stocks (SGV) of the virulent MCMV strain K181-Perth diluted in phosphate-buffered 

saline (PBS) supplemented with 0.5% (v/v) foetal calf serum (FCS; Gibco, USA). At 

designated times post-infection (pi), mice were sacrificed and spleen, liver, lungs and 

salivary glands were harvested. All organs were individually weighed, homogenised in 

cold MEM supplemented with 2% (v/v) NCS and centrifuged at 3000 rpm for 15 min at 

4ºC. The supernatants containing the viral particles were stored at -80ºC until 

quantification of viral titres by standard plaque assay. 
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Quantification of viral titres by plaque assay 

Viral titres in target organs were quantified by standard plaque assay as previously 

described [63]. Briefly, serial dilutions of organ homogenates were adsorbed on 

confluent monolayers of MEFs in 24-well tissue culture trays (NUNC, Denmark) for 1 

hr at 37 ºC, 5% CO2. Subsequently the supernatants were aspirated and replaced with 

pre-warmed 0.7% carboxymethyl cellulose (3.5 g CMC in 250 ml ddH2O, sterilised by 

autoclaving and diluted 1:2 in double strength MEM supplemented with 2% (v/v) NCS) 

and incubated at 37 ºC, 5% CO2 for four days. After this, the monolayers of MEFs were 

fixed with 4% formaldehyde and stained with 0.1% toluidine blue (BDH, England) to 

visualise viral plaques. Plaques were subsequently counted and viral titres are expressed 

as pfu/organ. 

 

 

Preparation of tissue sections for histological analysis 

Mice were infected with 1 x 10
4
 pfu or 1 x 10

5
 pfu of MCMV strain K181-Perth or left 

uninfected. Mice were sacrificed at designated times pi and organs (spleen and liver) 

removed and either fixed in 10% buffered formol saline or covered with Cryo-Embed 

optimal cutting temperature (OCT; Tissue Tek, USA), snap-frozen in liquid nitrogen, 

and stored in -80°C. Fixed organs were paraffin embedded and prepared for analysis. 

Six-micrometer sections were cut on a cryostat and mounted onto silane (Valeant 

Pharmaceuticals, USA)-coated slides. All tissue sections were stained with 

haematoxylin, counter-stained with eosin and analysed under a light microscope.   

 

 

Isolation of leukocytes 

For FACS analyses, B6, B6.GrzA
-/-

, B6.GrzB
-/-

, B6.GrzAB
-/-

 and B6.GrzM
-/-

 mice were 

infected ip with 5 x 10
3
 pfu of MCMV-K181-Perth. Prior to harvesting the organs, the 

livers were perfused via the portal vein with mouse osmolarity phosphate buffered 

saline (MOBS: 11.5 g Na2HPO4.2H2O, 2.0 g KH2PO4, 2.0 g KCl and 98.34 g NaCl in 

10 L of ddH2O; pH adjusted to 7.2 and sterilised by autoclaving) supplemented with 2% 

(v/v) FCS (FACS buffer). Spleens and livers were teased apart and suspended in 1 ml or 

2 ml, respectively, of collagenase digestion buffer: RPMI-1640 (Gibco, USA) 

supplemented with 2% (v/v) FCS and 10 μg (w/v) collagenase IV (Gibco, USA). 

Following 25 min of intermittent shaking at 37ºC, the suspensions were passed through 

stainless steel sieves and washed twice in 10 ml FACS buffer by centrifugation at 300 x 
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g for 5 min. Liver cell suspensions were resuspended in 37.5% isotonic Percoll solution 

(Pharmacia, Sweden) to separate lymphocytes from hepatocytes. After centrifugation 

(690 x g for 12 min), the hepatocytes were removed and the lymphocytes washed 

thoroughly in FACS buffer. Erythrocytes were osmotically lysed in 0.15 M NH4Cl lysis 

buffer (0.15 M NH4Cl, 1.0 mM KHCO3 and 0.1 mM Na2EDTA; pH adjusted to 7.2-7.4 

and filter sterilised), and the cells were washed twice in FACS buffer to remove residual 

lysis buffer. All live cell counts were performed using a Coulter
®
 Particle Count and 

Size Analyser (Beckman Coulter, USA) or by trypan blue exclusion using a Neubauer 

haemocytometer. 

 

 

Flow cytometry and antibodies 

For flow cytometric analysis, splenocytes and liver lymphocytes were resuspended at 1 

x 10
7
 cells/ml and incubated for 30 min in FACS buffer containing 10% (v/v) normal 

goat serum (NGS) to block non-specific reactivity. The cells were stained with specific 

antibodies for 30 min. All incubations were performed at 4 ºC with two washes in 

FACS buffer incorporated between steps. Propidium iodide (PI) was incorporated into 

the final wash at 1 μg/ml to exclude dead cells from the analysis. Antibodies used for 

phenotypic analysis included: Allophycocyanin (APC)-conjugated anti-NK1.1 (PK136; 

Biolegend, USA), FITC-conjugated anti-TCRβ (H57/97; Biolegend), APC-conjugated 

anti-CD4 (RM4-5; Biolegend), PE-conjugated anti-CD8α (53-6.7; Biolegend), FITC-

conjugated anti-CD11b (M1/70; Biolegend) and PE-conjugated anti-CD11c (N418; 

Biolegend). The fluorescence-labelled cell preparations were analysed on a 

FACSCalibur (BD Biosciences, USA). Files of 5000 or more positive events were 

collected and analysed using the FloJo Software (Stanford University, USA). 

 

 

Statistical analysis 

For statistical analysis, the nonparametric Mann-Whitney test or Student‟s t test were 

performed using Prism software (GraphPad Software Inc, USA). 
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3.3 RESULTS 

The role of GrzA and/or GrzB in controlling MCMV replication in vivo 

To determine the role of GrzA and GrzB in the control of MCMV infection, virus 

replication was assessed in mice deficient in GrzA (B6.GrzA
-/-

) or GrzB cluster 

(B6.GrzB
-/-

) [386] and mice deficient in both GrzA and GrzB cluster (B6.GrzAB
-/-

), 

compared with virus replication in B6 WT mice. Mice lacking the GrzB cluster are also 

deficient in granzymes C, D, F and G [386]. The replication of MCMV was assessed in 

the principal target organs including spleen, liver, lungs and salivary glands of infected 

B6.GrzA
-/-

, B6.GrzB
-/-

, B6.GrzAB
-/-

 and B6 mice over an 18-day period to assess the 

relevance of these effector molecules during the acute and persistent phases of MCMV 

infection. 

 

Typically, MCMV infection in resistant B6 mice is efficiently controlled in the spleen 

and lungs due to the early activation of NK cells [210, 211] in a Cmv1-dependent 

manner. As a result, viral titres in these organs are very low (Fig. 3.1). Very little virus 

is detected in the salivary glands until day 10 pi and virus replication is sustained at day 

18 pi (Fig. 3.1). No significant differences in MCMV titres were observed in the spleen, 

lungs and salivary glands of GrzA
-/-

 or GrzB
-/-

 mice compared to B6 WT mice (Fig. 

3.1). In contrast, in the liver, both GrzA
-/-

 and GrzB
-/-

 mice showed significantly 

elevated viral titres at days 2 and 4 pi, with GrzB
-/-

 mice displaying the greatest 

increases (Fig. 3.1). At the later time points tested, viral titres in the livers of both GrzA
-

/-
 and GrzB

-/-
 mice were equivalent to those observed in B6 mice (Fig. 3.1).  

 

Mice deficient in both GrzA and GrzB (B6.GrzAB
-/-

) exhibited increased sensitivity to 

MCMV infection, with viral titres significantly elevated in the spleen, liver and lungs 

during the acute phase of infection (Fig. 3.2). In these mice, MCMV titres reached peak 

levels at day 6 pi in the visceral organs, but then started to decrease. Despite this 

decrease viral titres remained significantly higher in the spleen of GrzAB
-/-

 mice 

compared to B6 WT mice (Fig. 3.2). In the liver and lungs virus titres returned to B6 

WT level at day 10 and 18 pi, respectively (Fig. 3.2). Viral titres in the salivary glands 

were also increased in the B6.GrzAB
-/-

 mice at day 10 pi, but the difference, although 

consistent, was not statistically significant (Fig. 3.2).   
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Taken together, the pathogenesis studies suggest that, at least during the acute phase of 

infection, GrzA and GrzB are able to compensate for each other in instigating anti-viral 

activities required for viral control in the spleen and lungs. In the liver, a more 

differential role for GrzA and GrzB was observed. GrzB appears to be the granzyme of 

greater relevance initially, with viral titres in the liver of B6.GrzB
-/-

 mice essentially 

equivalent to those observed in B6.GrzAB
-/-

 mice at both day 2 and 4 pi (Fig. 3.1 and 

Fig. 3.2). 

 

 

Histological assessment of MCMV replication and tissue pathology in the spleens 

and livers of GrzA-deficient and/or GrzB-deficient mice 

Viral replication and pathology caused by MCMV infection in the absence of the 

various Grz were further assessed by histological analyses of the spleens and livers of 

infected GrzA
-/-

, GrzB
-/-

, GrzAB
-/-

 and B6 WT mice. At day 4 pi, pathological 

manifestations were increased in GrzA
-/-

 and GrzB
-/-

 as compared to B6 WT mice, with 

the number of viral foci, the number of cells displaying cytomegaly and the frequency 

of viral inclusions all significantly increased (Fig. 3.3). Inflammatory foci were 

observed to localise near cells displaying cytomegaly and viral inclusions and the extent 

of leukocyte infiltration to the foci of infection was equivalent in all groups tested (Fig. 

3.3E-H). The liver was affected to a greater extent in MCMV-infected GrzB
-/-

 mice 

compared to GrzA
-/-

 mice, with the GrzB
-/-

 mice displaying an increased number of 

cytomegalic cells and 1-4 viral inclusions per focus of infection (Fig. 3.3F). In addition, 

the number of viral foci was also greater in GrzB
-/-

 mice compared to GrzA
-/-

 mice at 

day 4 pi (Fig. 3.3). Furthermore, GrzB
-/-

 mice also displayed scattered necrotic foci in 

the liver at day 4 pi. Similarly, the spleens of MCMV-infected GrzA
-/-

 and GrzB
-/-

 mice 

exhibited some disruption of the white pulp architecture, and the red pulp was more 

haemorrhagic compared to WT mice at day 4 pi (Fig. 3.3I, J and L). Consistent with 

the pathogenesis studies, mice deficient in both GrzA and GrzB (B6.GrzAB
-/-

) exhibited 

a significantly increased number of viral foci with an increased number of cells showing 

signs of cytomegaly at day 4 pi (Fig. 3.3C and G). Furthermore, up to 6 viral inclusions 

per focus of infection were observed in GrzAB
-/-

 mice compared to MCMV-infected 

mice deficient in only GrzA or only GrzB cluster, which displayed 1 or less or 1-4, 

respectively (Fig. 3.3). The spleens of GrzAB
-/-

 mice showed a greater loss of organ 

architecture with extensive disintegration of the white pulp and haemorrhagic red pulp 

compared to GrzA
-/-

 or GrzB
-/-

 mice at day 4 pi and had increased areas of necrosis at 
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day 4 pi compared to the other test groups (Fig. 3.3K). Some necrosis was also 

observed in the spleens of GrzB
-/-

 mice.    

 

 

Phenotypic analyses of cellular subsets infiltrating the spleens and livers of 

MCMV-infected GrzA-deficient and/or GrzB-deficient mice     

Having determined the anti-viral role of GrzA and GrzB in MCMV infection, we next 

investigated the effects of deficiencies of these molecules on cellular subsets infiltrating 

the spleen and liver in response to MCMV infection. NK cells provide a first line of 

defence before the induction of adaptive immune responses and have been shown to 

play a significant role in the host anti-viral responses to MCMV during the early phase 

of infection through their direct, perforin-mediated cytotoxicity, as well as the release of 

cytokines, including IFN-γ [425, 426]. Adaptive immune responses, however, are 

essential for the clearance of virus from acutely infected visceral organs in MCMV-

sensitive mice and adoptive transfer experiments have shown that T cells, including 

CD8
+
 and CD4

+
 T cells, are important in limiting viral replication during later stages of 

infection [72, 254, 427]. CD8
+
 T cells mediate their anti-viral effects either through 

cytotoxic mechanisms, or the release of IFN-γ.    

 

In order to characterise changes in the cellular response in GrzA
-/-

, GrzB
-/- 

and B6 WT 

mice after MCMV infection, the frequencies, numbers and phenotypes of immune 

effector cells in the visceral organs were examined by FACS analysis. Specifically, the 

frequency and number of NK1.1
+
 NK cells, CD4

+
 and CD8

+
 T cells, CD11b

+
 cells and 

CD11c
+
 cells in the spleens and livers of GrzA

-/-
, GrzB

-/-
 and B6 WT mice were 

determined at day 0 (uninfected controls), 2 and 4 pi. The frequencies of NK cells 

(NK1.1
+
, TCRβ

-
) were equivalent in naïve GrzA

-/-
 (2.7±0.5%), GrzB

-/-
 (3.1±0.6%) and 

WT mice (2.7±0.5%) (Fig. 3.4A). On day 2 pi the frequencies of NK cells decreased in 

all three strains of mice but were equivalent, and remained similar at day 4 pi with one 

exception; in the spleen, the frequency of NK cells in B6 WT mice (2.1±0.3%) was 

slightly but not significantly higher than that observed in GrzA
-/-

 mice (1.5±0.2%) and 

GrzB
-/-

 mice (1.2±0.2%, p=0.013) (Fig. 3.4A).  

 

Similarly, the frequencies of TCRβ
+
 cells were equivalent in the spleens of naïve mice 

from the three strains (GrzA
-/-

, GrzB
-/-

 and WT) and remained similar on day 2 pi 

(GrzA: 22.8±1.9%; GrzB: 24.4±0.8%; WT: 26.3±2.1%) (Fig. 3.4A). On day 4 pi, a 
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slight decrease in the frequency of TCRβ
+
 cells was observed in the spleens of all three 

mouse groups (Fig. 3.4A). The TCRβ
+
 cells isolated from the spleens of GrzA

-/-
, GrzB

-/-
 

and WT mice were analysed further for the expression of CD4 and CD8 surface 

molecules (Fig. 3.4B). The frequencies of CD4
+
 and CD8

+
 T cells in GrzA

-/-
 and GrzB

-/-
 

mice were comparable to those observed in WT mice at all times tested (Fig. 3.4B). The 

frequencies of CD4
+ 

T cells in the spleens of GrzA
-/-

, GrzB
-/-

 and WT mice decreased 

slightly at day 4 pi while the frequencies of CD8
+
 T cells remained similar in all three 

test groups at all times tested (Fig. 3.4B). 

 

CD11b and CD11c are expressed on myeloid cells including antigen presenting cells 

such as macrophages and dendritic cells, as well as on some NK cells and T cells, 

especially after activation [428-430]. Importantly, both macrophages and DCs are 

important targets of MCMV infection and replication [56, 102, 104, 243, 431, 432]. The 

frequencies of CD11b
+
 cells (Fig. 3.4C) and CD11c

+
 cells (Fig.3.4D) in the spleens of 

GrzA
-/-

, GrzB
-/-

 and WT mice were assessed after MCMV infection. The frequencies of 

CD11b
+
 cells were equivalent in naïve mice from these three strains, and remained 

similar at day 2 pi (Fig. 3.4C). At day 4 pi, all three groups of mice had slightly 

increased frequencies of CD11b
+
 cells in the spleen (GrzA: 8.0±1.9%; GrzB: 8.0±0.8%; 

WT: 7.0±0.5%), however the increases were not statistically different in comparison to 

uninfected control mice (Fig.3.4C). Similarly, frequencies of CD11c
+
 cells were 

equivalent in naïve mice from these strains, and remained similar at day 2 pi (Fig. 

3.4D). On day 4 pi, all three groups of mice displayed significantly increased 

frequencies of CD11c
+
 cells (GrzA: 16.1±5.0%, p=0.027; GrzB: 17.5±1.8%, p=0.0007; 

WT: 12.5±4.2%, p=0.042) in comparison to uninfected controls (GrzA: 6.3±0.3%; 

GrzB: 6.9±0.8%; WT: 5.5±0.5%) (Fig. 3.4D).   

 

In addition to the investigations in the spleen, the frequencies, numbers and phenotypes 

of infiltrating immune effector cells were also analysed in the livers of GrzA
-/-

, GrzB
-/-

 

and B6 WT mice at day 0 (uninfected controls), 2 and 4 pi. Similar to the spleen, the 

frequencies of NK cells (NK1.1
+
, TCRβ

-
), CD4

+
 and CD8

+
 T cells, CD11b

+
 cells and 

CD11c
+
 cells in GrzA

-/-
 and GrzB

-/-
 mice were comparable to those observed in WT 

mice at all times tested (Fig. 3.5). The frequencies of NK cells increased slightly from 

day 2 pi (GrzA: 9.4±2.5%; GrzB: 10.8±4.2%; WT: 9.4±1.6%) to day 4 pi (GrzA: 

12.5±2.9%; GrzB: 15.1±2.2%; WT: 13.7±6.4%) in all three groups of mice (Fig. 3.5A) 

and were significantly elevated in GrzA
-/-

 (p=0.02) and GrzB
-/-

 (p=0.004) mice 
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compared to uninfected controls. Similarly, an increase in the frequency of CD11b
+
 

cells was observed in all three groups of mice at day 2 (GrzA: 34.1±2.2; GrzB: 

28.9±13.1; WT: 31.9±8.8) and day 4 (GrzA: 35.9±13.5; GrzB: 44.5±1.6; WT: 

33.8±12.8) pi compared to uninfected controls (GrzA: 15.1±2.2; GrzB: 14.0±1.2; WT: 

18.7±0.8) with a significant increase observed in GrzA
-/-

 mice (p=0.0002) at day 2 pi  

and in GrzB
-/-

 mice (p<0.0001) at day 4 pi in comparison to uninfected control mice 

(Fig. 3.5C). Significant increases in the frequency of CD11c
+
 cells were observed in 

GrzA
-/-

 (p=0.006) and GrzB
-/-

 (p<0.0001) mice at day 4 pi in comparison to uninfected 

control mice (Fig. 3.5D). In contrast, the frequencies of CD4
+
 T cells decreased in all 

three test groups at day 4 pi although the differences were not statistically significant, 

while the frequencies of CD8
+
 T cells remained similar at all times tested (Fig. 3.5B).   

 

Computation of the absolute cell numbers of the cellular effectors in the spleen revealed 

that, although the numbers of NK cells decreased in all three groups of mice at day 2 pi, 

an increase in the total number of NK cells was observed in all three groups of mice at 

day 4 pi (Fig. 3.6A). This increase in the absolute numbers of NK cells may be 

attributed to proliferation, increased infiltration or decreased exit from the site of viral 

replication or decreased death of these cells. The numbers of T cells were increased in 

the spleens of both GrzA
-/-

 and GrzB
-/-

 mice compared to WT mice at day 4 pi (Fig. 

3.6A), but the differences were not statistically significant. In the liver, the numbers of 

NK cells and T cells in GrzA
-/-

 and GrzB
-/-

 mice were comparable to WT mice and 

increased in all three test groups at day 4 pi (Fig. 3.6B). Collectively, these data indicate 

that in the GrzA
-/-

 and GrzB
-/-

 mice, the numbers of NK cells and T cells increased in 

both tissues following MCMV infection (Fig. 3.6).  

 

The cellular response was also investigated in mice deficient for both GrzA and GrzB 

(GrzAB
-/-

) and B6 WT mice at days 0 (uninfected control), 2 and 4 following MCMV 

infection. The frequencies of NK cells, CD4
+
 and CD8

+
 T cells, CD11b

+
 cells and 

CD11c
+
 cells in the spleens of GrzAB

-/-
 mice were comparable to those in the WT mice 

at all times tested (see Chapter 4). Similar to the observations in mice deficient for only 

GrzA or GrzB, the frequencies of NK cells in the spleens of GrzAB
-/-

 increased at day 4 

pi, the frequencies of CD4
+
 T cells decreased and the frequencies of CD8

+
 T cells 

remained similar at all times tested (see Chapter 4). An increase in the frequencies of 

CD11b
+
 cells and CD11c

+
 cells was also observed in the spleens of GrzAB

-/-
 mice at 

day 4 pi (see Chapter 4). Absolute cell numbers of the different cellular effectors 
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investigated were all slightly decreased in GrzAB
-/-

 mice compared to WT mice at day 4 

pi (data not shown). MCMV infection results in a significant loss of cellularity in 

GrzAB
-/-

 mice (1.12x10
8
 ± 1.45x10

7
) compared to WT mice (2.23x10

8
 ± 5.24x10

7
) 

therefore absolute cell numbers do not accurately depict whether certain cell subsets 

have been preferentially affected in response to infection. Altogether, these results 

indicate that there are no major differences in the cellular subsets present in the spleen 

and liver after infection when Grz deficient mice are compared to WT mice.  

 

 

The role of GrzM in controlling MCMV infection in vivo 

Given that the early activity of NK cells efficiently controls MCMV replication in the 

spleen of resistant B6 mice and the unique cellular expression of GrzM in NK cells, we 

tested whether GrzM might contribute to the anti-viral activity of NK cells and/or the 

control of MCMV replication. To address this, the replication of MCMV was assessed 

in spleen and liver of GrzM-deficient (B6.GrzM
-/-

) and B6 WT mice on days 3, 4, 5 and 

6 pi. Viral titres were significantly increased in the spleen and liver of B6.GrzM
-/-

 mice 

compared to WT mice at days 3 (spleen, p=0.006 and p=0.025; liver, p=0.027 and 

p=0.006, p values represent those for experiment 1 and experiment 2, respectively) (Fig. 

3.7A) and 4 (spleen, p=0.035; liver, p=0.061) (Fig. 3.7B) pi. These increases, however, 

were transient, and at day 5 and 6 pi, viral titres were equivalent in GrzM
-/-

 and WT 

mice (Fig. 3.7B).   

 

Viral replication and pathology were further assessed by histological analysis of the 

spleens and livers of infected GrzM
-/-

 and WT mice. The number of cells showing signs 

of cytomegaly and the frequency of viral inclusions were significantly increased in 

GrzM
-/-

 mice compared with WT mice at both day 3 (Fig. 3.8A) and 4 (data not shown) 

pi. In addition, differences in the number of viral foci were also observed when the 

livers of GrzM
-/-

 and WT mice were compared (Fig. 3.8A). The extent of leukocyte 

infiltration to the foci of infection was equivalent in both GrzM
-/-

 and WT mice (Fig. 

3.8A). A slight but significant increase in tissue damage, characterised by an increase in 

focal hemorrhage, was observed in both the livers (Fig. 3.8A) and spleens (Fig. 3.8B) of 

GrzM
-/-

 mice.   
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Phenotypic analyses of cellular effectors infiltrating spleens and livers of MCMV-

infected GrzM-deficient mice 

Having determined that GrzM contributes to the anti-viral responses elicited during 

MCMV infection, we next investigated the cellular response in the spleen and liver of 

GrzM
-/-

 mice. Similar to the investigations in GrzA
-/-

 and GrzB
-/-

 mice, the frequencies, 

numbers and phenotypes of various infiltrating immune effector cells in the visceral 

organs were examined by FACS analysis. Specifically, the frequency and number of 

NK1.1
+
 NK cells, CD4

+
 and CD8

+
 T cells, CD11b

+
 and CD11c

+
 cells in the spleens and 

livers of GrzM
-/-

 and B6 WT mice were determined at days 0 (uninfected controls), 2 

and 4 pi. 

 

In the spleen, the frequencies of NK cells (NK1.1
+
, TCRβ

-
) were equivalent in naïve 

GrzM
-/-

 (2.4±0.3%) and B6 WT mice (1.8±0.1%) (Fig. 3.9A). In both GrzM
-/-

 and WT 

mice, the frequency of NK cells significantly decreased at day 2 pi (GrzM: 1.2±0.1%; 

WT: 1.2±0.1%) and slightly increased at day 4 pi (Fig. 3.9A). Similarly, the frequencies 

of CD4
+
 and CD8

+
 T cells in spleens of naïve GrzM

-/-
 (20.5±0.8% and 15.6±0.9%, 

respectively) and WT (19.4±2.0% and 12.6±0.5%, respectively) mice were equivalent 

(Fig. 3.9B). In GrzM
-/-

 mice, the frequency of CD4
+
 T cells was significantly increased 

(24.2±1.0%, p=0.001) at day 2 pi and significantly decreased (15.4±2.7%, p=0.01) at 

day 4 pi when compared with uninfected controls (Fig. 3.9B). In contrast, the frequency 

of CD4
+
 T cells in WT mice remained similar at day 2 pi but significantly decreased 

(12.2±1.0, p=0.0006) at day 4 pi in comparison to uninfected control mice (Fig. 3.9B). 

The frequency of CD8
+
 T cells in both groups of mice remained similar at day 2 pi but 

significantly decreased in GrzM
-/-

 mice (13.2±1.7%, p=0.001) at day 4 pi when 

compared with uninfected control mice (Fig. 3.9B). As mentioned previously, CD11b 

and CD11c are expressed on myeloid cells including antigen presenting cells such as 

macrophages and DCs. The frequencies of CD11b
+
 cells (Fig. 3.9C) and CD11c

+
 cells 

(Fig. 3.9D) in the spleens of GrzM
-/-

 and WT mice were assessed after MCMV 

infection. The frequencies of CD11b
+
 cells were equivalent in naïve GrzM

-/-
 (7.1±0.2%) 

and WT (6.7±0.4%) mice, but significantly decreased in both groups (GrzM: 5.8±0.4, 

p=0.001; WT: 4.9±0.3, p=0.001) at day 2 pi when compared to uninfected control mice 

(Fig. 3.9C). At day 4 pi, the frequencies of CD11b
+
 cells increased in both GrzM

-/-
 

(7.9±2.0%) and WT (6.4±1.1) mice, back to levels similar to those observed in naive 

mice (Fig. 3.9C). The frequency of CD11c
+
 cells significantly decreased in GrzM

-/-
 

mice (6.6±0.4, p=0.01) but remained unchanged in WT mice at day 2 pi when compared 
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with uninfected control mice (Fig. 3.9D). At day 4 pi the frequencies of CD11c
+
 cells 

significantly increased in both GrzM
-/-

 (14.3±0.6%, p<0.0001) and WT (11.8±1.5%, 

p=0.006) mice in comparison to naïve mice (Fig. 3.9D).  

 

In the liver, the frequencies of NK cells in GrzM
-/-

 and WT mice significantly increased 

(12.2±0.4%, p=0.0006; 15.6±1.1%, p<0.0001, respectively) at day 2 pi compared with 

uninfected control mice and remained similar (GrzM: 18.5±4.9%; WT: 12.1±1.9%) at 

day 4 pi (Fig. 3.10A). While the frequencies of CD8
+
 T cells were similar in naïve mice, 

a significant decrease was observed in both strains of mice at day 2 pi (GrzM: 

8.2±0.7%, p=0.03; WT: 9.6±0.4%, p=0.005) when compared with uninfected controls 

(Fig. 3.10B). At day 4 pi, the frequency of CD8
+
 remained similar in both groups of 

mice (Fig. 3.10B). A significant decrease in CD4
+
 T cells was observed in GrzM

-/-
 and 

WT mice at both days 2 (17.9±2.2%, p=0.008 and 17.2±1.2%, p=0.009, respectively) 

and 4 (15.1±1.7%, p=0.003 and 9.3±1.6%, p<0.0001, respectively) pi in comparison to 

uninfected control mice (Fig. 3.10B). In contrast, the frequencies of CD11b
+
 cells and 

CD11c
+
 cells significantly increased in both strains of mice from day 2 pi (Fig. 3.10C 

and D). Surprisingly, the frequency of TCRβ
+
 cells in the livers of GrzM

-/-
 mice 

(30.5±3.4%) was slightly lower compared to WT mice (42.1±3.2%) at day 4 pi (Fig. 

3.10A).  

 

Further analysis of the absolute cell numbers of the cellular effectors revealed that, 

similar to B6 mice, in the GrzM
-/-

 mice, the number of NK cells in the spleen and liver 

increased at day 4 pi (Fig. 3.11A and B). In contrast, the number of T cells in the spleen 

remained constant (Fig. 3.11A). In the liver, a decrease in the number of CD4
+
 T cells 

was seen in both GrzM
-/-

 and WT mice at day 2 pi and remained similar at day 4 pi (Fig. 

3.11B). In the liver, following a slight decrease in the number of CD8
+
 T cells at day 2 

pi in both strains of mice, the numbers were seen to increase slightly at day 4 pi (Fig. 

3.11B). Collectively, these data suggest that NK cells proliferated to the same extent, or 

had a similar infiltration or egress rate from the site of viral replication in both GrzM
-/-

 

and WT mice, CD4
+
 T cells decreased in both strains of mice and CD8

+
 T cells 

remained similar at all times tested following MCMV infection.  
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3.4 DISCUSSION   

The work presented in this chapter investigated whether granzymes are relevant to the 

control of MCMV infection. In particular, it investigated whether GrzA and/or GrzB are 

relevant for the control of MCMV during the acute phase of infection. Furthermore, it 

also investigated whether GrzM contributes to the anti-viral activity of NK cells and/or 

the control of MCMV replication. These studies have, for the first time, demonstrated a 

critical role for the Grz in anti-viral immunity during early acute infection with MCMV.  

   

Grz have been shown to be essential for the control of several, but not all viral 

infections. For example, GrzA and GrzB are essential for the efficient control of EV, 

with mice deficient for both GrzA and GrzB succumbing to infection by day 11 pi after 

receiving viral inocula greater than just 10
1
 pfu [382]. In contrast, GrzB has been shown 

to be dispensable for the control of LCMV infection [383]. Although, the clearance of 

LCMV is slower in GrzB-deficient mice compared to wild-type control mice, the virus 

is ultimately cleared [383]. We found that mice deficient in either GrzA only or GrzB-

cluster only were able to control MCMV replication in the visceral organs suggesting 

that the anti-viral roles of the Grz are largely redundant. However, a deficiency in both 

these molecules resulted in significantly increased viral titres in the spleen, liver and 

lungs during the early times tested suggesting that these molecules may be as important 

as perforin (see Chapter 2) to control viral replication. Histopathological analysis of the 

visceral organs of infected mice deficient in either GrzA only, GrzB-cluster only or both 

GrzA and GrzB reflected and reinforced the conclusions drawn from the pathogenesis 

studies. Although the spleens of mice deficient in only GrzA or only GrzB cluster 

exhibited some loss of tissue architecture, the lack of both GrzA and GrzB cluster led to 

an increased incidence of cytomegalic cells and viral inclusions, a greater loss of tissue 

architecture, and some areas of necrosis were observed. In the liver a greater increase in 

the number of viral foci, the number of cells displaying cytomegaly and the frequency 

of viral inclusions was observed in GrzAB-deficient mice compared to mice deficient in 

only GrzA or only GrzB-cluster.     

 

In the spleen, GrzA
-/-

 or GrzB
-/-

 cluster mice had viral titres comparable to B6 WT 

controls, whereas in the liver, both GrzA
-/-

 or GrzB
-/-

 cluster mice displayed 

significantly elevated titres compared to B6 mice during the early acute phase of 

MCMV infection. There are several possibilities that may contribute to this scenario. 
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Firstly, the control of viral replication in the spleen of GrzA
-/-

 or GrzB
-/-

 cluster mice 

indicates that these molecules are able to compensate for each others anti-viral 

activities. Secondly, it opens the possibility that additional Grzs, or other granule 

proteins, may contribute to the control of viral replication in the spleen, while in the 

liver GrzA and GrzB appear to be the Grzs of importance early in infection. Indeed, the 

type of target cell that is infected with MCMV in different organs may dictate which 

Grz is the main effector. Consistent with this hypothesis, it has been reported that 

different tumour targets were differentially sensitive to GrzA and GrzB-mediated 

apoptosis [433]. MCMV infects the sinusoidal-lining of the red pulp and endothelial 

cells within the spleen [65, 67] while in the liver the preferred target for productive 

MCMV replication are the hepatocytes, although infection of Küppfer cells has also 

been reported [69]. These target cells may differentially express Grz-specific inhibitors, 

such as proteinase inhibitor 9 (PI-9) [434] a highly specific inhibitor of GrzB, which 

could interfere with Grz-mediated apoptosis. Alternatively, the target cells themselves 

may express distinct patterns of Grz-specific receptors [371] allowing entry only to 

specific Grzs. 

 

The roles of GrzA and GrzB in the control of MCMV have been previously analysed 

[385]. Earlier studies showed that increased viral titres were observed only in the 

salivary glands of GrzAB-deficient mice and based on these observations, concluded 

that the phenotype in GrzAB
-/-

 mice was weak, and that these molecules only partly 

contribute to the elimination of virus from the salivary glands [385]. It is worth noting 

that the study by Riera and colleagues only addressed the relevance of GrzA and GrzB 

at later time points (day 15 and 30 pi) in infection and did not investigate the relevance 

of these molecules during early acute MCMV infection. Based on our results we 

conclude that GrzAB are an essential component of the machinery involved in 

controlling MCMV replication in visceral organs during acute infection.   

 

An effective NK cell response is pivotal in controlling the replication of MCMV early 

in infection [211]. Indeed, our own observations have clearly shown that the control of 

viral replication during the acute phase of MCMV infection is mediated by NK cells in 

B6 mice (see Chapter 2). Therefore, taking this into account as well as the unique 

cellular expression of GrzM, we hypothesised that GrzM may contribute to the anti-

viral activity of NK cells and/or the control of MCMV replication. Analysis of viral 

replication in mice deficient for GrzM revealed a transient but significant increase in 
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susceptibility to infection with MCMV. Although viral titres were only slightly 

increased in GrzM
-/-

 mice compared to WT controls, the differences were statistically 

significant. Furthermore, histopathological analysis of the visceral organs of infected 

mice showed a clear difference in hepatotoxicity and spleen pathology. In the spleen, 

there was a greater loss of tissue architecture, and the red pulp was more hemorrhagic in 

GrzM
-/-

 mice than WT control mice. In the liver, a characteristic feature of infection in 

GrzM
-/-

 mice was the increased number of cells displaying viral inclusions, suggesting 

that this Grz is involved in cellular processes that control effective viral replication. 

GrzM preferentially cleaves after long aliphatic residues such as methionine, leucine 

and norleucine [410, 411], which may be important in proteolytic processes that might 

affect the virus life cycle. Alternatively, the presence of increased viral inclusions may 

be due to a decrease in cell death which is required for some of the release of viral 

progeny. GrzM, in the presence of perforin induces a distinct molecular pathway to cell 

death compared to those induced by GrzA and GrzB [366]. This may explain why, in 

the absence of GrzM, infected cells accumulate virus particles, consistent with the 

increased numbers of viral inclusions observed in the livers of GrzM-deficient mice. 

 

Concurrent with our investigation on the contribution of GrzM to anti-viral responses to 

MCMV infection, the relevance of this molecule was investigated by another group in 

another viral system. Mice deficient in GrzM had viral titres similar to those observed in 

B6 WT controls on days 4, 6 and 8 after infection with EV [435]. Furthermore, 

histological analysis of the visceral organs of these mice showed no differences in tissue 

damage between GrzM
-/-

 mice and B6 WT controls [435]. GrzM
-/-

 mice were also as 

efficient as WT controls in tumour rejection and displayed a normal NK cell cytotoxic 

response [435]. Together, these results suggest that GrzM plays a role, albeit minor, in 

the temporal control of MCMV replication, but is not crucial in the recovery of mice 

from primary EV infection or in tumour control in vivo.  

 

Next, we characterised the cellular response in mice deficient in GrzA, GrzB, GrzM and 

GrzAB. No significant difference was observed in the number of NK cells or T cells 

between GrzA
-/-

, GrzB
-/-

, GrzM
-/-

, GrzAB
-/-

 mice and B6 WT controls. The frequencies 

of TCRβ
+
 cells were consistently seen to increase at day 2 pi in all the groups of mice 

tested. Although this is too early for a significant T cell response to be elicited, it has 

been shown that in response to virus-induced type I IFN, T cells are partially activated 

and that this activation is independent of antigen-specificity [436]. In addition to 
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characterizing the NK cell and T cell responses to MCMV infection, the relative 

response of macrophages and DC was also compared between the test groups. Since 

these cells express a variety of surface markers whose expression can change during the 

course of infection and for ease of comparison, we opted to analyse the total CD11b
+
 

population and CD11c
+
 population. CD11b

+
 cells and CD11c

+
 cells increased 

substantially in response to MCMV infection in both the spleen and liver of GrzA
-/-

, 

GrzB
-/-

, GrzM
-/-

, GrzAB
-/-

 and B6 WT mice. Although further characterization of 

individual subsets was not undertaken in these studies, our observations from parallel 

studies (see Chapter 4) show that the populations can be predicted to comprise of 

macrophages (CD11b
+
F4/80

+
CD115

+
) and DCs (CD11c

+
CD11b

+
F4/80

+
). Macrophages 

and DCs are not only important targets of MCMV infection and sites of intense viral 

replication, but they also produce pro-inflammatory cytokines with both direct and 

indirect anti-viral activities [56, 102, 104, 243, 431, 432]. It is worth noting that 

activated NK cells and T cells can also acquire CD11b and CD11c expression during 

infection as noted by ourselves and others [430].     

 

Interestingly, NK cells and CTLs derived from mice deficient in both GrzA and GrzB 

can still kill sensitive targets in vitro [382, 395]. Indeed, as observed in the EV system 

[382], we found that lymphocytes derived from MCMV-infected GrzA
-/-

, GrzB
-/-

, 

GrzM
-/-

 and GrzAB
-/-

 mice retained their cytolytic ability (data not shown). Based on the 

observations from the studies in the EV system, a very provocative hypothesis has been 

put forward. It has been proposed that the anti-viral effects of GrzAB may be 

independent of their function as effector molecules in cytotoxic lymphocytes [437] and 

may in fact relate to their ability to cleave proteins and facilitate DNA damage and 

fragmentation. GrzAB may cleave cellular proteins that could initiate apoptosis or 

generate bioreactive molecules that may be involved in inflammatory processes that 

may contribute, directly or indirectly, to the clearance of MCMV. For example, GrzA 

has been shown to convert the IL-1β precursor into an active form, which is involved in 

inflammatory responses [438]. Alternatively, GrzAB may cleave newly synthesised 

viral proteins that may be important for the viral replicative cycle, thus directly 

interfering with viral replication. Direct DNA fragmentation might affect the stability of 

the double-stranded DNA viral genome of MCMV, thus also interfering with viral 

replication. Evidence in support of this hypothesis is provided by the finding that GrzB, 

independently of perforin, can degrade RNA of vesicular stomatitis virus (VSV) and 

thus reduce viral production [439]. Alternatively, the anti-viral effects of GrzAB may 
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involve some other as yet unrecognised function of these molecules. Further studies 

need to be performed to dissect roles of Grz other than those they mediated as cytotoxic 

effector molecules and their relevance during MCMV infection.  

 

Dissemination of MCMV has been found to occur mainly via blood monocytes, with 

the subsequent differentiation of these cells into mature macrophages supporting 

productive replication of virus [55-59]. Since NK cells provide the first line of defence 

during MCMV infection and are in close contact with infected targets, it can be 

assumed that they might also be prone to infection. Indeed, preliminary investigations 

within our laboratory have shown infection in both NK cells and T cells early after 

challenge with MCMV. Interestingly, this infection of NK cells and T cells is not 

productive and there is no release of viral progeny. It is possible that viral replication in 

these cell types may be restricted by anti-viral activities mediated by GrzAB. Indeed, 

increased viral titres are observed in the visceral organs of GrzAB
-/-

 mice as early as day 

2 pi.  

 

GrzAB-deficient mice also lack Grz C, D, F and G [386] and the roles of these Grz in 

the control of MCMV should not be overlooked. MCMV replication is eventually 

controlled in the visceral organs of GrzAB-deficient mice (although not before the day 

18 time point tested in the spleen), suggesting that additional Grz or granule proteins 

can control replication post the acute phase of infection. Alternatively, control of 

infection during the persistent phase of infection may be mediated by mechanisms other 

than those requiring granule proteins.     
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3.5 CONCLUDING REMARKS 

The current studies provide, for the first time, evidence for the relevance of GrzA, GrzB 

and GrzM in the control of MCMV during the acute phase of infection. Our studies 

have clearly elucidated the critical importance of GrzA and B in controlling viral 

replication. Furthermore, we have provided evidence for the biological significance of 

GrzM in mediating anti-viral effects that contribute to the control of MCMV infection. 

Further analyses are imperative to characterise and fully understand the functions of Grz 

in addition to their roles as effector molecules in cytolytic lymphocytes. With the 

availability of mice deficient in GrzA, GrzB and GrzM (GrzABM
-/-

), preliminary 

investigations are currently underway within our laboratory. 

 

Finally, fully understanding the biology and function of NK cells and CTLs, in 

particular the biological functions of the various effector molecules utilised by these 

cells, will underpin the basis for their potential clinical applications. 
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Chapter 4 

 

Perforin and granzymes have distinct 

roles in defensive immunity and 

immunopathology 
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4.1 INTRODUCTION 

The generation of an effective anti-viral response is important in eliminating, or at least 

controlling, the infecting pathogen. However, the anti-viral immune response, which 

may involve cytolysis and the production of cytokines by effector cells, needs to be 

tightly regulated to prevent overt immunopathology that can lead to serious disease. In 

many cases, pathology during viral infection is not due to damage caused by the virus 

itself, but rather is caused by the immune responses that accompany the viral infection 

[440, 441]. Understanding the mechanisms that regulate pathogen elimination, 

immunity and pathology is of utmost importance when designing effective anti-viral 

therapies so as to reduce immune-mediated damage. Mouse models of viral infections 

have contributed greatly to dissecting the roles of specific cellular subsets and the 

effector pathways that are involved in the complex anti-viral immune responses. As 

described previously (Chapter 2), infection of mice by MCMV represents one of the 

best experimental models because of its similarity in structure and biology to HCMV.  

 

The primary control of MCMV during the acute phase of infection in resistant mouse 

strains, such as B6, is regulated by NK cells [211]. However, adaptive immune 

responses involving both CD8
+
 T cells and CD4

+
 T cells are essential for controlling 

virus in acutely infected organs, for controlling persistent infection, and for long-term 

surveillance [83, 254, 260, 419, 442]. In addition to directly restricting viral infection, 

NK cells have been shown to indirectly modulate anti-viral immunity through the 

release of cytokines that either activate bystander effectors, restrain T cell responses or 

eliminate antigen presenting cells, such as DCs [443-445]. Thus NK cells can 

potentially regulate several aspects of immunity including anti-viral adaptive immune 

responses [151, 443, 444].    

 

Both NK cells and CD8
+
 T cells primarily mediate their anti-viral functions through 

cytotoxicity by granule exocytosis or via the production of cytokines such as IFN-γ. 

Granule exocytosis involves the release of the membrane-disrupting protein, perforin 

(pfp) and a family of structurally related serine proteases known as granzymes (Grz). 

The best characterised Grz are GrzA and GrzB and their role in inducing cell death is 

well established; however, other Grz such as C, K and M have also been demonstrated 

to induce cell death in the presence of pfp [365-367, 393]. 
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Previous studies have shown that mice lacking pfp are severely immunodeficient [116, 

118, 339, 340, 346]. Indeed, our own observations (Chapter 2) have also provided 

evidence for the important role that pfp plays in controlling MCMV infection. 

Furthermore, our studies have, for the first time, demonstrated a critical role for GrzA 

and GrzB in anti-viral immunity during early acute infection with MCMV (Chapter 3). 

Although a considerable amount is known about pathogen control, the role of cytotoxic 

granule effector molecules in immunoregulation and immunopathology is still unclear.  

 

In contrast to what is known about Grz, pfp has already been described to play a role in 

immunoregulation [326, 446]. Several mouse models of infection have provided 

valuable insight into the role of pfp in immunoregulation [342, 347]. Pfp-deficient mice 

chronically infected with LCMV have been shown to contain increased numbers of 

activated CTLs that lead to lethality due to immune-mediated damage [349]. These 

mice develop haemophagocytic lymphohistiocytosis (HLH)-like pathology that is 

characterised by uncontrolled regulation of CD8
+
 T cells and overt production of IFN-γ 

due to prolonged antigen stimulation [349, 350]. Furthermore, in several settings of 

infection, it has been proposed that pfp is critical as a negative regulator of CTL 

responses to restrict immunopathology [349, 351-353].  

 

The incidence of pfp mutations in patients with familial haemophagocytic 

lymphohistiocytosis (FHL) type 2 provides further evidence for the importance of pfp in 

immunoregulation [354, 355]. FHL is an autosomal recessive trait where previously 

healthy young children present with a dysregulated immune response [355]. NK cell 

and CTL cytotoxicity is severely impaired in these individuals, but they display an 

increased infiltration of the tissues by activated macrophages and T cells and markedly 

elevated levels of a number of pro-inflammatory cytokines, suggestive of dysregulated 

immune responses [356-361]. Interestingly, the inciting event for the onset of FHL 

disease has been linked to a number of bacterial and viral infections [362]. Additional 

evidence for the role of pfp in immunoregulation has emerged in mouse models of 

autoimmune disease [447-450]. Lupus-prone mice with pfp-deficiency are more prone 

to autoimmune disease [448]. Similarly, pfp has been shown to be important in 

regulating autoreactive B cells and antigen-specific T cells [449]. Furthermore, pfp-

deficient SCID mice have increased expansion of CD8
+
 T cells compared to control 

mice in a graft versus host disease (GvHD) model [451]. 
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Previous studies [116, 118], as well as our own observations, (Chapter 2) have shown 

that MCMV titres are higher in pfp-deficient mice compared to WT controls. We have 

also shown that GrzAB-deficient mice display increased viral titres in the spleen, liver 

and lungs during acute infection with MCMV (Chapter 3). Interestingly, both pfp-

deficient and GrzAB-deficient mice exhibit similar viral titres, yet GrzAB-deficient 

mice survive the infection, while pfp-deficient mice succumb to infection. This chapter 

investigates and compares the role of pfp and GrzAB during the immune response 

induced by MCMV infection. Specifically, it defines the relevance of each of these 

important effector molecules not only in viral clearance but more importantly in 

immunopathology.    
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4.2 MATERIALS AND METHODS 

Mice 

Wild-type (WT) inbred B6 mice were purchased from the Animal Resources Centre 

(Perth, Australia) or obtained from the Walter and Eliza Hall Institute of Medical 

Research (Melbourne, Australia). The following B6 gene-targeted mice were bred at the 

Peter MacCallum Cancer Centre (Melbourne, Australia): B6 pfp-deficient (B6.pfp
-/-

) 

and B6 mice lacking both GrzA and GrzB cluster (B6.GrzAB
-/-

).    

 

Age-matched adult female mice were used in all experiments and maintained in specific 

pathogen-free conditions at the Animal Care Unit (Perth, Australia). All animal 

experiments were 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 (MEFs) were cultured in minimal essential medium 

(MEM; Gibco, USA) supplemented with 10% (v/v) neonatal calf serum (NCS; Gibco,  

USA) and antibiotics (penicillin 100 μg/ml, CSL; gentamicin 40 μg/ml, Pharmacia and 

Upjohn, Australia). 

 

 

In vivo growth of MCMV 

For pathogenesis studies, mice were infected ip with 1 x 10
4
 plaque forming units (pfu) 

of salivary gland propagated stocks (SGV) of the virulent MCMV strain K181-Perth 

diluted in phosphate-buffered saline (PBS) supplemented with 0.5% (v/v) foetal calf 

serum (FCS; Gibco, USA). At designated times post-infection (pi), mice were sacrificed 

and spleen, liver, lungs and salivary glands were harvested. All organs were 

individually weighed, homogenised in cold MEM supplemented with 2% (v/v) NCS 

and centrifuged at 3000 rpm for 15 min at 4ºC. The supernatants containing the viral 

particles were stored at -80ºC until quantification of viral titres by standard plaque 

assay. 
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Quantification of viral titres by plaque assay 

Viral titres in target organs were quantified by standard plaque assay as previously 

described [63]. Briefly, serial dilutions of organ homogenates were adsorbed on 

confluent monolayers of MEFs in 24-well tissue culture trays (NUNC, Denmark) for 1 

hr at 37ºC, 5% CO2. Subsequently the supernatants were aspirated and replaced with 

pre-warmed 0.7% carboxymethyl cellulose (CMC) supplemented with 2% (v/v) NCS, 

and incubated at 37ºC, 5% CO2 for four days. The monolayers of MEFs were then fixed 

with 4% formaldehyde and stained with 0.1% toluidine blue (BDH, England) to 

visualise viral plaques. Plaques were counted and viral titres are expressed as pfu/organ. 

 

 

Preparation of tissue sections for histological analysis 

Mice were infected with 1 x 10
4
 pfu of MCMV strain K181-Perth. Mice were sacrificed 

at designated times pi and organs (spleen, liver and lungs) removed and fixed in 10% 

buffered formol saline. Fixed organs were paraffin embedded and prepared for further 

analysis. All tissue sections were stained with haematoxylin, counter-stained with eosin 

and analysed under a light microscope. 

 

 

Isolation of leukocytes 

For FACS analyses, mice were infected ip with 5 x 10
3
 pfu of MCMV-K181-Perth. 

Prior to harvesting the organs, the livers were perfused via the portal vein with MOBS 

supplemented with 2% (v/v) FCS (FACS buffer). Spleens and livers were teased apart 

and suspended in 1 ml or 2 ml, respectively, of collagenase digestion buffer: RPMI-

1640 (Gibco, USA) supplemented with 2% (v/v) FCS and 10 μg (w/v) collagenase IV 

(Gibco, USA). The suspensions were passed through stainless steel sieves and washed 

twice in 10 ml FACS buffer by centrifugation at 300 x g for 5 min. Liver cell 

suspensions were resuspended in 37.5% isotonic Percoll solution (Pharamcia, Sweden) 

to separate lymphocytes from hepatocytes. After centrifugation (690 x g for 12 min), the 

hepatocytes were removed and the lymphocytes washed thoroughly in FACS buffer. 

Erythrocytes were osmotically lysed in 0.15 M NH4Cl, and the cells were washed twice 

in FACS buffer to remove residual lysis buffer. Cell counts were performed using a 

Coulter
®
 Particle Count and Size Analyser (Beckman Coulter, USA) or by trypan blue 

exclusion using a Neubauer haemocytometer. 
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Flow cytometry and antibodies 

For FACS analysis, splenocytes and liver lymphocytes were resuspended at 1 x 10
7
 

cells/ml and incubated for 30 min in FACS buffer containing 10% (v/v) normal goat 

serum (NGS) to block non-specific reactivity. The cells were stained with specific 

antibodies for 30 min. All incubations were performed on ice with two washes in FACS 

buffer incorporated between steps. 7-amino-actinomycin-D (7AAD; Sigma-Aldrich, 

Australia) (2.5 μg/ml) was added to the final wash to exclude dead cells from the 

analysis. Antibodies used for phenotypic analysis included: APC-conjugated anti-CD4 

(RM4-5; Biolegend, USA), APC-Cy7-conjugated anti-CD8α (53-6.7; Biolegend), 

FITC-conjugated anti-TCRβ (H57/97; Biolegend), PE-conjugated anti-NK1.1 (PK136; 

Biolegend), PE-Cy7-conjugated anti-CD11b (M1/70; Biolegend), PE-conjugated anti-

CD11c (N418; Biolegend), FITC-conjugated F4/80 (CI:A3-1; CALTAG Laboratories, 

USA), APC-conjugated anti-IA/IE (M5/114.15.2; Biolegend) and PE-conjugated 

CD115 (604B5 2E11; Serotec). The fluorescence-labelled preparations were analysed 

on a FACSCalibur
®
 or a FACSCanto

®
 (BD Biosciences, USA). Files of 5000 or more 

positive events were collected and analysed using the FloJo Software (Stanford 

University, USA). 

 

 

Intracellular staining for IFN-γ and TNF-α 

For intracellular staining, B6, B6.pfp
-/-

 and B6.GrzAB
-/-

 mice were infected ip with 1 x 

10
3
 pfu of MCMV-K181-Perth. Splenocytes and liver lymphocytes were isolated as 

described above. Intracellular staining was performed as described [452]. Briefly, 2 x 

10
7
 splenocytes or 1 x 10

7
 liver lymphocytes were resuspended in 1 ml of RPMI-1640 

(Gibco, USA) containing 10% (v/v) FCS, 2 mM glutamine, 2 mM sodium pyruvate and 

50 μM 2-mercaptoethanol, and cells were incubated for 4 h at 37ºC in the presence of 1 

μg/ml of Brefeldin A (Pharmingen, USA) to block cytokine secretion. PE-conjugated 

anti-NK1.1 (PK136; Biolegend), PE-Cy7-conjugated anti-CD4 (RM4-5; Biolegend), 

APC-Cy7-conjugated anti-CD8α (53-6.7; Biolegend), FITC-conjugated anti-TCRβ 

(H57-597; Biolegend), PE-Cy7-conjugated anti-CD11b M1/70; Biolegend), PE-

conjugated anti-CD11c (N418; Biolegend), F4/80-conjugated to either biotin- (CI:A3-1; 

Serotec, USA) or FITC (CI:A3-1; CALTAG Laboratories, USA), streptavidin-APC-

Cy7 (Biolegend), APC-conjugated anti-IA/IE (M5/114.15.2; Biolegend), PE-conjugated 

CD115 (604B5 2E11; Serotec) and APC-conjugated anti-IFN-γ (XMG1.2; Biolegend) 
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or APC-conjugated anti-TNF-α (MP6-Xt22; Biolegend), in addition to the appropriate 

isotype controls, were used for surface and intracellular staining.  

 

Cells were first stained for cell surface markers, followed by a fixation and 

permeabilisation step (20 min in Cytofix/Cytoperm, BD Biosciences) at 4ºC. Next, the 

cells were resuspended in MOBS supplemented with 0.1% (w/v) saponin (PERM wash) 

and stained for IFN-γ or TNF-α. The cells were washed in PERM wash and resuspended 

in FACS buffer prior to analysis. The fluorescence-labelled preparations were analysed 

on a FACSCanto
®

 (BD Biosciences). Files of 1000 or more positive events of relevant 

cellular subsets were collected and analysed on FloJo software (Stanford University, 

USA).  

 

 

Quantitation of IFN-γ and TNF-α by Enzyme-Linked ImmunoSorbent Assay 

Serum cytokines were measured following infection with 5 x 10
3
 pfu of MCMV-K181-

Perth. IFN-γ levels were determined by standard sandwich ELISA. IFN-γ was detected 

using rat anti-mouse IFN-γ capture antibody (2 μg/ml) (Pharmingen, USA) followed by 

a biotinylated rat anti-mouse IFN-γ detection antibody (1 μg/ml) (Pharmingen, USA). 

Detection was achieved with poly-horse radish peroxidase (poly-HRP) conjugated to 

streptavidin (CBL, Netherlands) and K-Blue (Elisa Systems, Australia). Serum TNF-α 

was quantified using an ELISAMAX™ kit (Biolegend; USA). Absorbance was 

measured at 450 nm with an automated ELISA reader (SpectraMAX 250; Molecular 

Devices, USA). The limit of detection of the IFN-γ ELISA was 0.8 ng/ml and that of the 

TNF-α ELISA was 0.01 ng/ml. 

 

 

In vivo neutralisation of TNF-α and IFN-γ 

Mice were inoculated ip on day 4 post-MCMV infection with anti-TNF-α (TN3-19.12) 

[453] (300 μg/mouse) or anti-IFN-γ (H-22) [454] (200 μg/mouse) or an isotype control 

antibody, purified hamster IgG monoclonal antibody (kindly provided by Dr. Robert 

Schreiber).  
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NK cell depletion  

Mice were inoculated ip with anti-NK1.1 (PK136) at 250 μg/mouse on days -2, 0, 2 

relative to administration of the virus. The effectiveness of depletion was confirmed by 

testing splenocytes in a cytotoxicity assay against NK cell-sensitive YAC-1 targets. 

 

 

Determination of transaminase activity in serum 

To detect hepatocellular injury, the levels of liver enzymes, alanine transaminase (ALT) 

and aspartate aminotransferase (AST), in the serum were analysed at the Peter 

MacCallum Cancer Centre (Melbourne, Australia). 

 

 

Statistical analyses 

For statistical analysis, the non-parametric Mann-Whitney test or Student‟s t test were 

performed using Prism software (GraphPad Software Inc, USA).        
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4.3 RESULTS 

The role of pfp and GrzA and GrzB in controlling MCMV replication in vivo 

Although the role of pfp and GrzA and GrzB in the control of MCMV infection was 

investigated previously (see Chapters 2 and 3), we wanted to compare the relevance of 

these effector molecules in parallel. Therefore, replication of MCMV was assessed in 

the principal target organs including spleen, liver, lungs and salivary glands of B6.pfp
-/-

, 

B6.GrzAB
-/-

 and B6 mice over an 18-day period. 

 

As demonstrated previously (Chapter 2), pfp was critical in the control of MCMV 

replication, and mice lacking this molecule (B6.pfp
-/-

) exhibited increased sensitivity to 

MCMV infection, with viral titres significantly elevated in the spleen, liver and lungs 

(Fig. 4.1). Mice lacking both GrzA and GrzB (B6.GrzAB
-/-

) also exhibited increased 

sensitivity to MCMV infection, with significantly elevated titres in the spleen, liver and 

lungs (Fig. 4.1 and as shown in Chapter 3). In these mice, MCMV titres reached peak 

levels at day 6 pi in the visceral organs, but then started to decrease (Fig. 4.1). In 

contrast to the GrzAB
-/-

 mice, which exhibited similar viral titres in the visceral organs 

to pfp
-/-

 mice and survived the infection, pfp
-/-

 mice succumbed to infection between day 

7 and 9 pi. 

 

Taken together, these pathogenesis studies suggest that both pfp and GrzA and GrzB are 

important in controlling replicating virus, but only pfp is critical to ensure host survival. 

Thus, in addition to the essential role of pfp in direct anti-viral activities, this effector 

molecule appears to contribute to other aspects of viral immunopathology in this 

infection model.   

 

 

Pfp-deficient mice exhibit greater MCMV pathology than GrzAB-deficient mice  

Given the mortality observed in MCMV-infected pfp
-/-

 mice, we next assessed the 

extent of spleen and liver damage at day 7-8 after infection in pfp
-/-

 and GrzAB
-/-

 mice 

(Fig. 4.2). Inflammatory foci were observed to localise near cells displaying cytomegaly 

and viral inclusions. Although the number of foci of MCMV infection were comparable 

in the livers of B6.pfp
-/-

 and B6.GrzAB
-/-

 mice (pfp
-/-

 = 45±3; GrzAB
-/-

 = 38±2) (Fig. 

4.2A and B), the livers of pfp
-/-

 mice (Fig. 4.2A) exhibited widespread non-focal 

haemorrhage (marked by the red arrows and shown at a higher magnification in Fig. 



                                                                                                                                                                                              CHAPTER 4 

 86 

4.2A1) and extensive areas of necrosis (marked by the black arrow and shown at a 

higher magnification in Fig. 4.2A2) compared to GrzAB
-/-

 mice (Fig. 4.2B). Very little 

to no damage was observed in the livers of WT mice at day 7-8 after MCMV infection, 

although a few foci of infection could still be detected (Fig. 4.2C).  

 

The spleens of pfp
-/-

 mice (Fig. 4.2D) after MCMV infection showed a greater degree of 

damage than did the spleens of GrzAB
-/-

 mice (Fig. 4.2E). The spleens of MCMV-

infected pfp
-/-

 mice displayed extensive loss of organ architecture with the red pulp and 

white pulp regions completely diffused and severe non-focal haemorrhage (Fig. 4.2D). 

In contrast, very little to no damage was observed in the spleens of WT mice (Fig. 

4.2F).  

 

The extensive hepatocellular damage observed in pfp
-/-

 mice was consistent with 

increased levels of liver enzymes ALT and AST in the sera of pfp
-/-

 (ALT: 2144±834 

IU/ml; AST: 4201±2496 IU/ml) compared to GrzAB
-/-

 (ALT: 59±29 IU/ml; AST: 

129±58 IU/ml) and WT mice (ALT: 35±4 IU/ml; AST: 66±8 IU/ml). Together, these 

data showed that in the absence of pfp, MCMV infection leads to overt 

immunopathology characterised by widespread haemorrhage.           

 

 

MCMV infection results in dysregulated cytokine production in the absence of pfp 

IFN-γ and TNF-α are important anti-viral cytokines [133, 164], but their dysregulated 

production can be detrimental. In MCMV infection, TNF-α contributes to liver 

pathology and is responsible for hepatic necrosis [146]. Similarly, mice infected with 

lethal doses of MCMV develop a shock-like syndrome characterised by high levels of 

TNF-α and IFN-γ [68]. Systemic amounts of IFN-γ and TNF-α were quantified in the 

sera collected from B6.pfp
-/-

, B6.GrzAB
-/-

 and WT mice after MCMV infection. IFN-γ 

concentrations were increased in serum samples from infected pfp
-/-

 (14.3±1.9 ng/ml), 

GrzAB
-/-

 (8.6±2.3 ng/ml) and WT (7.8±0.8 ng/ml) mice at day 2 pi, but subsided to 

marginally detectable levels by day 4 pi (Fig. 4.3). A second burst of IFN-γ was 

observed at day 6 pi in both pfp
-/-

 (27.4±2.7 ng/ml) and GrzAB
-/-

 (12.2±4.3 ng/ml) mice 

(Fig. 4.3). In contrast, IFN-γ concentrations remained low in B6 WT (2.5±1.2 ng/ml) 

mice at day 6 pi (Fig. 4.3). Increases in the serum concentrations of TNF-α were 

observed in infected pfp
-/-

 compared to GrzAB
-/-

 and WT mice at both days 2 (pfp
-/-

: 

206.8±47.2 pg/ml; GrzAB
-/-

: 67.9±24.6 pg/ml; WT: 73.5±8.6 pg/ml) and 6 (pfp
-/-

: 
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610.1±108.7 pg/ml; GrzAB
-/-

: 245.4±93.9 pg/ml; WT: 38.6±2.6 pg/ml) pi (Fig. 4.3). 

Although significantly increased TNF-α concentrations were observed in GrzAB
-/-

 

compared to WT mice, the amounts of TNF-α at day 6 pi were highest in pfp
-/-

 mice 

(Fig. 4.3). Thus in the late stage (day 6 pi) of MCMV infection, pfp
-/-

 mice showed the 

most elevated levels of TNF-α and IFN-γ, suggesting that the dysregulated production 

of these cytokines, and principally TNF-α, may contribute to the immunopathology and 

mortality observed in the absence of pfp.         

 

  

Pfp contributes to the regulation of immune cell subsets during MCMV infection 

Having observed that pfp
-/-

 mice succumb to MCMV infection despite exhibiting viral 

titres similar to those of GrzAB
-/-

 mice, and given the increased organ damage as well as 

increased serum concentrations of both IFN-γ and TNF-α observed in MCMV-infected 

pfp
-/-

 mice, we next examined whether pfp deficiency contributed to dysregulated 

immunity in the context of MCMV infection. The frequencies, numbers and phenotypes 

of various infiltrating immune effector cells in the visceral organs were examined by 

FACS analysis. Specifically the frequency and number of NK1.1
+
 NK cells, CD4

+
 and 

CD8
+
 T cells, CD11b

+
 cells and CD11c

+
 cells in the spleens of pfp

-/-
, GrzAB

-/-
 and WT 

mice were determined at days 0 (uninfected controls), 2, 4 and 6 pi. It should be noted 

that MCMV infection results in an overall loss of cellularity in pfp
-/-

 mice compared to 

WT mice, thus absolute cell numbers would not adequately depict whether specific cell 

subsets have been preferentially affected. However, the data presented in this subsection 

aims to illustrate whether, after MCMV infection, the relative proportion of lymphocyte 

subsets in the spleen and liver is equivalent in WT mice and pfp
-/-

 or GrzAB
-/-

 mice. 

 

The frequencies of NK cells (NK1.1
+
, TCRβ

-
) were equivalent in naïve pfp

-/-
 

(2.8±0.4%), GrzAB
-/-

 (2.9±0.5%) and WT (3.0±0.1%) mice, and remained similar at 

days 2 and 4 pi (Fig. 4.4A). On day 6 pi, however, the frequency of NK cells was 

significantly (p<0.01) increased in pfp
-/-

 mice (6.9±1.1%) in comparison to GrzAB
-/-

 

(1.9±0.4%) and WT (2.9±0.6%) mice (Fig. 4.4A). The frequency of NK cells was also 

increased in the livers of pfp
-/-

 mice at day 6 pi (pfp
-/-

: 21.6±2.8%; GrzAB
-/-

: 8.6±2.6%; 

WT: 9.2±0.7%).  

 

Similarly, the frequencies of CD4
+
 and CD8

+
 T cells in pfp

-/-
 and GrzAB

-/-
 were 

comparable to those observed in WT mice at all times tested, except at day 6 pi (Fig. 
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4.4B). At this time, pfp
-/-

 mice showed a significant (p<0.01) and reproducible increase 

in the frequency of CD8
+
 T cells (pfp

-/-
: 23.1±1.9%; GrzAB

-/-
: 12.7±0.9%; WT: 

14.1±1.6%), suggesting that the magnitude of the CD8
+
 T cell response after MCMV 

infection may be dependent on pfp-mediated activities.  

 

The frequencies of CD11b
+
 cells and CD11c

+
 cells in the spleens of pfp

-/-
, GrzAB

-/-
 and 

WT mice were also determined after MCMV infection. The frequencies of CD11b
+
 

cells (Fig. 4.4C) and CD11c
+
 cells (Fig. 4.4D) were significantly and reproducibly 

increased at day 6 pi in pfp
-/-

 mice, compared with GrzAB
-/-

 (p<0.01 for both CD11b
+
 

and CD11c
+
 subsets) and WT (p<0.01 and p<0.05, respectively) mice (CD11b

+
 pfp

-/-
: 

28.2±2.6%; GrzAB
-/-

: 14.1±3.7%; WT: 16.3±1.3%; CD11c
+
 pfp

-/-
: 21.0±2.9%; GrzAB

-/-

: 11.5±2.2%; WT: 16.7±1.5%). The frequency of CD11b
+
 cells was also increased in the 

livers of pfp
-/-

 mice at day 6 pi (pfp: 55.6±1.7%; GrzAB: 39.4±17.1%; WT: 35.6±1.8%).     

 

 

Cellular source of IFN-γ and TNF-α in the late stage of acute MCMV infection  

Having observed a significant increase in the serum levels of IFN-γ and TNF-α and in 

the frequencies of certain cell types in pfp
-/-

 mice, the next objective was to define the 

cellular source of these cytokines. Using intracellular cytokine staining (ICS) analysis, 

the frequencies of cells in various subsets that were producing IFN-γ and TNF-α were 

measured in pfp
-/-

, GrzAB
-/-

 and WT mice at days 2, 4 and 6 pi with MCMV. 

Unfortunately when mice were infected with a high dose of virus, i.e., ≥5 x 10
3
 pfu, 

overt cell death prevented reproducible ICS analysis. Thus, for ICS analysis, a lower 

viral dose (1 x 10
3
 pfu) was used. Although the serum concentrations of cytokines 

measured after low dose infection were lower, they followed the same trend observed 

after infection with high viral doses. It is worth noting that cytokine production was 

measured directly ex vivo without further stimulation.  

 

At day 2 pi, when both IFN-γ and TNF-α could be detected in the sera of infected mice 

by ELISA (Fig. 4.3), the principal cellular source of these cytokines was the same in 

pfp
-/-

, GrzAB
-/-

 and WT mice. IFN-γ was produced principally by NK1.1
+
 TCRβ

-
 NK 

cells, whereas TNF-α was produced principally by CD11b
+
 F4/80

+
 cells (Fig. 4.5).  

 

At day 6 pi, analysis of spleen and liver lymphocytes showed that NK1.1
+
 TCRβ

-
 cells 

and CD8
+
 TCRβ

+
 cells were the main producers of IFN-γ (Fig. 4.6), whereas TNF-α 
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was produced mainly by CD11b
+
 F4/80

+
 cells and CD4

+
 TCRβ

+
 cells (Fig. 4.7). In pfp

-/-
 

mice, the frequencies of IFN-γ
+
 cells in the NK1.1

+
 TCRβ

-
, CD8

+
 TCRβ

+
, CD11b

+
 

F4/80
+
 and CD4

+
 TCRβ

+
 compartments were higher compared to both GrzAB

-/-
 and WT 

mice (Fig. 4.6) with one exception: in the liver, the frequencies of IFN-γ
+
 CD11b

+
 

F4/80
+
 cells were similarly increased in both pfp

-/-
 and GrzAB

-/-
 mice compared with 

WT mice (Fig. 4.6H). The frequencies of TNF-α
+
 cells in the CD11b

+
 F4/80

+
, CD4

+
 

TCRβ
+
, NK1.1

+
 TCRβ

-
 and CD8

+
 TCRβ

+
 compartments were highest in pfp

-/-
 mice 

(Fig. 4.7). Most of the TNF-α in pfp
-/-

 mice was produced by CD11b
+
 F4/80

+
 cells in the 

spleen (Fig. 4.7D). Cells in the CD11b
+
 F4/80

+
 gate which produce TNF-α include the 

following populations: CD11b
hi

 F4/80
+
 CD115

+
 CD11c

dim/-
 and CD11b

+
 F4/80

+
 CD115

-
 

CD11c
+/dim

 (~80%), as well as CD11b
+
 F4/80

+
 CD115

-
 CD11c

+/dim
 TCRβ

+
 (~20%). The 

latter might represent activated CD4
+
 T cells.  

 

Altogether these results indicate that CD11b
+
 F4/80

+
 mononuclear cells (including 

macrophages and DCs) are the main subset contributing to the elevated concentrations 

of TNF-α observed late after MCMV infection in pfp
-/-

 mice, whereas NK1.1
+
 TCRβ

-
 

and CD8
+
 TCRβ

+
 cells contribute to the late production of IFN-γ in these mice.    

 

 

The role of IFN-γ and TNF-α in organ damage in pfp-deficient mice after MCMV 

infection 

To confirm the role of dysregulated cytokine production in the immunopathology that 

leads to the death of pfp
-/-

 mice infected with MCMV, we next analysed visceral organ 

damage in pfp
-/-

 mice after neutralisation of TNF-α or IFN-γ. MCMV-infected pfp
-/-

 

mice were treated with TNF-α or IFN-γ neutralising antibodies, or an isotype control, at 

day 4 relative to viral infection, and the spleens and livers were analysed by 

histopathology. We chose to block these cytokines at day 4 pi to avoid eliminating the 

direct anti-viral role that they may play early in infection.  

 

The numbers of inflammatory foci present in the livers of pfp
-/-

 mice and pfp
-/-

 mice 

treated with the anti-TNF-α antibody were similar (45±3 infected, untreated vs 42±1 

infected, anti-TNF-α-treated). However, treatment with anti-TNF-α antibody 

significantly reduced liver damage, as shown by a decrease in the disseminated, non-

focal haemorrhage in treated pfp
-/-

 mice (Fig. 4.8A and D). In agreement with 

previously observed results, the levels of systemic ALT were significantly increased 
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(>2000 IU/ml) at day 8 pi in pfp
-/-

 mice compared with WT (<50 IU/ml) and GrzAB
-/-

 

(<100 IU/ml). In contrast, anti-TNF-α-treated pfp
-/-

 mice had decreased levels of ALT 

(<1000 IU/ml), consistent with reduced liver damage observed in this group of mice. 

Neutralisation of TNF-α did not affect viral titres (GrzAB: isotype control-treated = 5.2 

log10 pfu, anti-TNF-α-treated = 5.0 log10 pfu; WT: isotype control-treated = 2.8 log10 

pfu, anti-TNF-α-treated = 2.9 log10 pfu) or organ pathology in GrzAB
-/-

 or WT mice 

(Fig. 4.8B and E; C and F). However, the livers of MCMV-infected pfp
-/-

 mice treated 

with anti-TNF-α displayed a different histopathology from those of WT mice (Fig. 4.8D 

and F) consistent with the finding that viral titres are still higher at day 6 pi in these 

mice (~4.5 log pfu) compared to WT mice (~3 log pfu). The increased viral replication 

in pfp
-/-

 mice is reflected by the increased numbers of foci of infection observed in the 

organs of these mice compared with WT mice (Fig. 4.8D and F). Importantly, the overt 

non-focal haemorrhage observed in pfp
-/-

 mice was resolved by neutralising TNF-α 

(Fig. 4.8A and D).  

 

Pfp
-/-

 mice treated with anti-IFN-γ antibodies showed a slight, but not significant 

decrease in liver damage compared to the untreated pfp
-/-

 mice (Fig. 4.8A and G). 

Neutralisation of IFN-γ did not affect organ pathology in GrzAB
-/-

 or WT mice, but 

increased the number of viral foci in both groups of mice (Fig. 4.8 B and H; C and I), 

consistent with an anti-viral role of this cytokine at this site as shown by others [116, 

118] as well as our own observations (Chapter 2).  

 

Together, these results indicate that TNF-α is the main contributor to the 

immunopathology observed in pfp
-/-

 mice after MCMV infection. A role for IFN-γ 

cannot be completely excluded, but it is difficult to determine given the important anti-

viral effects of this cytokine in the liver [116, 118]. 

 

 

NK cell perforin suppresses MCMV immunopathology 

To define the cellular source of the pfp that causes the immunopathology observed in 

pfp
-/-

 mice infected with MCMV, we compared the phenotype of MCMV-infected pfp
-/-

 

mice to that of GrzAB
-/-

 and WT mice depleted of NK cells prior to infection. NK cells 

are the principal source of pfp during the acute phase of MCMV infection in B6 mice. 

Like pfp
-/-

 mice, NK cell depleted GrzAB
-/-

 succumbed to MCMV infection by day 8 pi.  
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The frequency of IFN-γ and TNF-α producing cells on pfp
-/-

, GrzAB
-/-

, NK-depleted 

GrzAB
-/-

 and WT mice were measured in the spleen at day 6 pi. The total frequencies of 

both IFN-γ- (Fig. 4.9A) and TNF-α- (Fig. 4.9B) producing cells were increased in 

GrzAB
-/-

 mice following depletion of NK cells, albeit to levels lower than those 

observed in infected pfp
-/-

 mice (Fig. 4.9A and B). Activated T cells (TCRβ
+
 CD11b

+/-
) 

were found to be the principal source of IFN-γ (Fig. 4.9A). In keeping with results 

presented earlier, CD11b
+
 cells (other than activated T cells i.e. TCRβ

-
) were found to 

represent the principal source of TNF-α in NK cell depleted GrzAB
-/-

 mice (Fig. 4.9B).  

 

The total frequency of IFN-γ-producing cells, although raised in GrzAB
-/-

 mice depleted 

of NK cells, did not reach the same frequency observed in pfp
-/-

 mice (Fig. 4.9A). This 

is consistent with our earlier observation that the principal source of IFN-γ at day 6 pi 

are NK1.1
+
 TCRβ

-
 NK cells (Fig. 4.6C and G).  Similarly, despite the increase in the 

frequency of TNF-α
+
 cells induced by depletion of NK cells from GrzAB

-/-
 mice prior to 

infection, this did not quite reach the levels observed in pfp
-/-

 mice. Although this was 

somewhat unexpected, an analysis of NK1.1 expression on the CD11b
+
 F4/80

+
 cells that 

represent the main source of TNF-α, revealed that ~20% of the cells in this 

compartment are in fact NK1.1
+
 and are therefore likely to have been eliminated by our 

depletion regime. Importantly, our mortality studies show that, like pfp
-/-

 mice, GrzAB
-/-

 

depleted of NK cells succumb to MCMV infection, suggesting that NK cell-derived pfp 

participates in immunopathology.  

 

Histological analysis was therefore undertaken to compare the extent of damage 

induced by MCMV infection in pfp
-/-

, GrzAB
-/-

, NK cell-depleted GrzAB
-/-

 and WT 

mice. The nature and degree of spleen and liver damage observed in NK-depleted 

GrzAB
-/-

 mice (Fig. 4.10C) was equivalent to that observed in pfp
-/-

 mice (Fig. 4.10A). 

Although the number of foci of MCMV infection were comparable in the livers of NK-

depleted (Fig. 4.10C) and NK-sufficient (Fig. 4.10B) GrzAB
-/-

 mice, the livers of the 

former exhibited increased areas of severe disseminated non-focal haemorrhage and 

necrosis similar to those observed in MCMV-infected pfp
-/-

 mice (Fig. 4.10A). Overt 

immunopathology, characterised by widespread pulmonary haemorrhage and air-space 

remodeling, was also observed in the lungs of both pfp
-/-

 (Fig. 4.10D) and NK-depleted 

GrzAB
-/-

 (Fig. 4.10F) mice, but not in GrzAB
-/-

 mice with an intact NK cell 

compartment (Fig. 4.10E). As noted above, both pfp
-/-

 mice and NK-depleted GrzAB
-/-

 

mice died shortly after MCMV infection (day 7-9 pi).  
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Altogether, these results provide evidence in support of an independent role for Grz in 

limiting viral infection and a role for pfp in limiting immunopathology. Importantly, 

they define NK cells as the principal source of pfp in our model of viral infection and 

show that NK cell pfp is required for the elimination of the TNF-α-producing CD11b
+
 

F4/80
+
 cells involved in immunopathology.    
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4.4 DISCUSSION 

This chapter describes studies investigating and comparing the roles of pfp and GrzA 

and GrzB in the immune responses elicited during MCMV infection. In particular these 

studies investigate the relevance of these effector molecules in viral clearance and 

immunopathology. These studies confirm the essential role of pfp in controlling MCMV 

replication (Chapter 2) [116, 118] as well as the critical role of GrzAB in anti-viral 

immunity during early acute infection with MCMV (Chapter 3). Importantly, the 

current analyses provide novel and clear evidence that pfp and Grz play distinct roles in 

immunity and immunopathology.  

 

A lack of both GrzA and GrzB resulted in increased viral titres in the spleen, liver and 

lungs during the early times pi. Indeed, viral titres in GrzAB
-/-

 mice were similar to 

those observed in pfp
-/-

 mice. Importantly, despite the elevated viral titres observed 

early in infection, GrzAB
-/- 

mice, unlike pfp
-/-

 mice, were able to control the virus and, 

most significantly, survived the infection. These findings suggest that pfp is important 

not only in controlling MCMV replication, but also in limiting the pathology that 

accompanies infection.  

 

Although the data presented in this chapter indicate that GrzA and the B cluster Grz do 

not play a role in immunopathology, it is possible that other Grz or non-Grz granule 

proteins may be involved in pfp-dependent killing. Indeed, GrzC, K and M have been 

shown to induce cell death in the presence of pfp in vitro [365-367] and thus are 

possible candidates in mediating cell death in the absence of GrzAB. Furthermore, 

GrzAB
-/-

 mice also lack GrzC, D, F and G [386] and their role in the control of MCMV 

replication should not be overlooked. MCMV replication eventually decreases in the 

visceral organs of GrzAB
-/-

 mice, suggesting that additional Grz and/or granule proteins 

can control replication beyond the acute phase of infection.              

 

LCMV-infected pfp
-/-

 mice develop an HLH-like syndrome that is characterised by an 

uncontrolled immune response [349, 350]. To better define the role played by pfp in 

limiting pathology that occurs after MCMV infection, we carefully dissected various 

parameters that are indicative of a dysregulated immune response in pfp
-/-

 mice after 

infection. Histological assessment of the visceral organs of MCMV-infected pfp
-/-

 mice 

revealed overt organ disruption in the spleen, liver and lungs. The red and white pulp 
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areas in the spleens of infected pfp
-/-

 mice were highly disorganised and the pathology 

observed in all the organs examined was characterised principally by extensive non-

focal haemorrhage and necrosis. Importantly, although GrzAB
-/-

 mice displayed similar 

viral titres to pfp
-/-

 mice, these characteristics were not observed in the former group.  

 

In parallel with the increased immunopathology, the frequencies of NK cells, CD8
+
 T 

cells, CD11b
+
 cells and CD11c

+
 cells were increased in pfp

-/-
 mice. This observation is 

consistent with a role for pfp in eliminating activated immune effectors, as well as 

infected cells. Two important cellular targets of MCMV infection and replication are 

DCs (CD11c
+
 CD11b

+
 F4/80

+
) and macrophages (CD11b

+
 F4/80

+
 CD115

+
) [56, 102, 

104, 243, 431, 432]. Indeed, in the absence of pfp, there was an accumulation of both 

DCs and macrophages, consistent with the inability to eliminate infected targets. 

Furthermore, an accumulation of CD8
+
 T cells reflected the impaired deletion of 

activated effectors in the absence of pfp. Although, one could argue that the 

accumulation of cellular effectors may simply reflect an increased proliferation or 

recruitment of cells to the site of infection in the pfp
-/-

 mice, it should be noted that viral 

load, which is a major factor in the recruitment of cells to the site of infection, was 

similar in both pfp
-/-

 and GrzAB
-/-

 mice.   

 

In addition to being targets of infection, DCs and macrophages are potent producers of 

pro-inflammatory cytokines with both direct and indirect anti-viral activities. Thus, with 

an accumulation of infected cells as well as activated effectors, one would anticipate a 

dysregulated production of cytokines. Indeed, analysis of cytokine levels in the sera of 

infected mice revealed that MCMV infection in pfp
-/-

 mice was accompanied by 

increased levels of both IFN-γ and TNF-α. Although these cytokines mediate direct 

anti-viral activities, as well as playing a role in modulating the initiation and 

amplification of both innate and adaptive immune responses, if their production is not 

tightly regulated their presence can have dire consequences. TNF-α mediates a wide 

spectrum of inflammatory and immunologic functions and the studies of Biron and 

colleagues have previously described a role for TNF-α not only in anti-viral immunity, 

but also in MCMV-induced hepatic damage [133, 146]. These studies demonstrated that 

virus-induced TNF-α was responsible for hepatic necrosis [146]. Immunopathology 

attributed to excess production of TNF-α has also been reported in other viral and non-

viral systems, such as infections with respiratory syncytial virus (RSV) [455], influenza 

virus [456, 457] and the obligate intracellular bacterium Ehrlichia chaffeensis [458]. 
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High levels of TNF-α and IFN-γ late during MCMV infection have also been associated 

with the development of severe hepatitis in lethally infected mice [68]. Interestingly, to 

date, the source of these cytokines and the molecular events that precede their 

dysregulated production have not been defined. The current results have clearly 

established that a lack of pfp function leads to the increased production of both TNF-α 

and IFN-γ in the late stages of infection before the mice succumb to infection. 

Furthermore, the cellular source of these cytokines has been defined and our studies 

have shown that CD11b
+
 F4/80

+
 mononuclear cells and CD4

+
 T cells are the main 

producers of TNF-α  late after MCMV infection in pfp
-/-

 mice, while IFN-γ is produced 

mainly by NK cells and CD8
+
 T cells in these mice. It is worth noting that, although 

CD4
+
 T cells are a source of TNF-α, albeit a minor one compared to CD11b

+ 
F4/80

+
 

cells, and may contribute pathogenic TNF-α, depletion of CD4
+
 T cells did not resolve 

the pathology observed in pfp
-/-

 mice (data not shown). Indeed, WT mice had more 

TNF-α-producing CD4
+
 T cells compared to pfp

-/-
 mice, while pfp

-/-
 mice had more 

CD11b
+
 F4/80

+ 
cells, the major source of TNF-α.     

 

In addition to playing a pivotal role in controlling MCMV replication in B6 mice early 

in infection, NK cells display immunoregulatory functions and have been shown to 

restrain T cell responses as well as T cell proliferation during infection [445]. Our 

depletion studies clearly demonstrate that NK cells are the principal source of pfp in our 

viral infection model and play an important role in immunoregulation. Furthermore, our 

studies have confirmed that NK cell-derived pfp is required for the elimination of TNF-

α-producing CD11b
+
F4/80

+
 cells involved in immunopathology.  

 

The pathophysiology observed in pfp
-/-

 mice after MCMV infection resembles that 

observed in HLH patients. Interestingly, a significant number of patients presenting 

with this disorder carry mutations in both their pfp alleles [354, 355]. Clinically, the 

event initiating disease in HLH patients is thought to be viral infections, especially 

infections with herpes viruses, including HCMV [362], and the underlying cause of 

pathology is the inability to control the activation and expansion of immune effectors. 

The histopathological hallmark of HLH is the infiltration of tissues with lymphocytes 

and macrophages resulting in over-production of pro-inflammatory cytokines including 

IFN-γ and TNF-α [356-361]. Pfp
-/-

 mice have also been shown to manifest many of the 

features of HLH after infection with LCMV including increases of both virus-specific T 

cells and antigen-presenting cells, together with increases in TNF-α and IFN-γ [339, 
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341, 349, 350, 459]. The phenotype observed in LCMV-infected pfp
-/-

 mice is attributed 

to pathogenic increases of IFN-γ produced by excessive antigenic stimulation of CD8
+
 

T cells [349, 350]. In contrast, although our model of infection shows an increase in 

both TNF-α and IFN-γ, blocking studies show that TNF-α is the main contributor to 

immunopathology. Furthermore, viral load does not appear to play a pivotal role in the 

phenotype observed in MCMV-infected pfp
-/-

 mice, since GrzAB
-/-

 mice, which had 

similar viral titres as those observed in pfp
-/-

 mice, did not display the pathophysiology 

observed in pfp
-/-

 mice nor did GrzAB
-/-

 mice succumb to infection. This is also in 

contrast to LCMV-infected pfp
-/-

 mice, where increases in viral load appear to play a 

central role in the dysregulated antigen presentation to CD8
+
 T cells, thus resulting in 

excess production of IFN-γ [350]. Thus, the damage observed in MCMV-infected pfp
-/-

 

mice is the result of dysregulated cytokine production followed by cytokine-mediated 

toxicity, the main contributor being TNF-α, caused by the inability to eliminate not only 

infected targets, but also, and perhaps most importantly, activated immune effectors.   

 

Previous studies [116, 118], as well as our own observations (Chapter 2), have clearly 

demonstrated the important anti-viral role that IFN-γ plays during the early control of 

MCMV, especially in the liver. Thus, although a role for IFN-γ in immunopathology in 

MCMV-infected pfp
-/-

 mice cannot be overlooked, it is difficult to specifically analyse 

this given the important anti-viral role of IFN-γ. Further studies to investigate this issue 

will require the temporal neutralisation of IFN-γ during the late stage (day 6 pi and 

onwards) of infection. 

 

Several therapeutic protocols are currently employed to treat HLH patients including the 

use of steroids, etoposide and other immunosuppressive drugs [460] as well as stem cell 

transplantation (SCT) [461]. In our model, TNF-α appears to be the main culprit in the 

development of the HLH-like syndrome. Since MCMV infection closely resembles 

HCMV infection in humans, and HCMV infection is one of the viral pathogens linked 

to the onset of HLH [362], it is possible that transient treatment with TNF inhibitors at 

the time of initial diagnosis might improve the outcome of disease in HLH patients. 

Indeed, a recent report describing the successful treatment of a patient with refractory 

HLH with Infliximab (anti-human TNF-α antibody) [462] provides support for the 

clinical potential of such an approach.  
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4.5 CONCLUDING REMARKS   

The current studies provide novel and clear evidence for the distinct roles played by pfp 

and GrzA and GrzB in the immune response against MCMV infection. Although pfp 

and GrzA and GrzB work in synergy to mediate cytotoxic effects, our studies have 

clearly shown that these molecules play distinct roles in immunopathology. Our results 

show that pfp is required for the elimination of not only infected targets, but also 

activated cellular effectors, and that MCMV-infected pfp
-/-

 mice develop a HLH-like 

syndrome caused by an uncontrolled immune response resulting in dysregulated 

production of TNF-α (mainly) and IFN-γ from activated monocytes, NK cells and CD8
+
 

T cells. In contrast, GrzA and GrzB do not appear to participate in the control of 

activated immune effectors, but play a critical role in controlling viral replication. 

Further analyses are imperative to define potential roles for Grz in pfp-mediated 

cytotoxicity and immunoregulation. Finally, understanding the molecular and cellular 

mechanisms of immunerogulation provides vital insights in how to generate novel anti-

viral and anti-cancer therapies and prevent immune-mediated diseases.    
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The main focus of the immune system is to eliminate, or at least control, infecting 

pathogens or malignant cells and tumours. This system comprises a sophisticated 

network with multiple interplays between components of the innate and adaptive arms 

of immunity. A successful immune response requires appropriate activation and 

regulation, so that the pathogens are eliminated/controlled without causing overt 

immunopathology. An understanding of the mechanisms that regulate pathogen or 

tumour elimination, immunity and pathology are of utmost importance when designing 

appropriate immuno-therapies, so that efficacy is achieved with minimal or no immune-

mediated damage. Viral infection models, such as MCMV, have contributed 

significantly to dissecting and understanding the roles of specific cellular effectors and 

the mechanisms utilised by these effectors in the complex immune responses that ensue 

during viral infections. 

 

CMV infection is characterised by an acute infection, followed by a chronic, persistent 

phase and ultimately lifelong latent infection of the host. The status of the host‟s 

immune system dictates the outcome of CMV infection. Infection is usually 

asymptomatic and does not lead to overt disease in the immunocompetent host, but 

causes severe disease, or even death, in immunosuppressed individuals [3]. Given the 

similarity in genome content, biology and disease pathogenesis between HCMV and 

MCMV, the latter is an ideal and extensively used model for studying HCMV infection.  

   

Host genotype plays a significant role in susceptibility to MCMV infection [208], with 

an effective NK cell response shown to contribute to resistance in mice [154, 210]. 

MCMV-resistant B6 mice possess Ly49H
+
 NK cells that effectively limit viral 

replication [170, 171, 211, 220]. By contrast, MCMV-susceptible BALB/c mice, that 

lack Ly49H
+
 NK cells, display high viral titres in the spleen and lung and rely 

predominantly on the activities of CD8
+
 T cells for the control of MCMV during acute 

infection [162, 463].  

 

Studies presented in the first section (Chapters 2 and 3) of this thesis examined the 

immune responses that ensue after MCMV infection focusing mainly on the specific 

molecular pathways utilised by relevant cellular effectors. NK cells and CD8
+
 cytotoxic 

T cells mediate their cytotoxic functions by granule exocytosis, involving the release of 

pfp and Grz, or through the release of cytokines, such as IFN-γ, that either directly or 

indirectly affects viral replication. Although previous studies investigated the role of pfp 
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and IFN-γ in control of MCMV replication, those studies focused on the effects of these 

molecules in mouse strains resistant to MCMV [116, 118]. This prompted us to 

investigate the role of pfp and IFN-γ in the control of MCMV infection in mice with 

differing genetic susceptibility to the virus (Chapter 2). Furthermore, our investigations 

allowed us to study the specific mechanisms utilised by different cellular subsets in 

mouse strains that preferentially utilise NK cells or CD8
+
 T cells to control acute 

MCMV infection.  

 

Our studies confirmed the significant role played by NK cells and CD8
+
 T cells in 

controlling MCMV during early acute infection in resistant and susceptible mice, 

respectively. Interestingly, however in MCMV-susceptible mice, where control of 

MCMV replication is principally dependent on CD8
+
 T cells, a role for NK cells, 

especially in the control of virus in the liver and lungs during acute infection, was 

identified. Although the Ly49H-m157 interaction is absent in BALB/c mice, significant 

NK cell activation occurs in response to MCMV infection, demonstrating that this 

mouse strain does not have an inherent inability to activate NK cells. However, the 

MCMV-mediated down-regulation of NKG2D ligands [225-227] prevents efficient 

recognition of virally-infected cells, allowing infected cells to escape NK cell-mediated 

lysis. Therefore, although NK cells are activated post-MCMV infection in BALB/c 

mice and are able to release IFN-γ, the inability to recognize and kill virally infected 

cells results in increased viral replication and “susceptibility” to infection. Consistent 

with this hypothesis are our findings that the control of virus replication in the liver and 

lungs of MCMV-susceptible mice during early acute infection, where NK cells were 

demonstrated to be important, is mediated predominantly by IFN-γ.  

 

A dissection of the mechanisms utilized by the different cellular subsets revealed that 

both NK cells and CD8
+
 T cells utilise pfp and IFN-γ to control MCMV infection. In 

agreement with a previous report [116], the studies described in Chapter 2 have shown 

that in MCMV-resistant B6 mice, NK cells use both pfp-mediated cytotoxicity and IFN-

γ to control viral replication in both the spleen and liver. These observations may now 

be extended to include the significant anti-viral role these molecules play in the spleen 

and liver of MCMV-susceptible BALB/c mice. Furthermore, through the use of 

BALB.B6-Cmv1
r
.pfp

-/-
 and BALB.B6-Cmv1

r
.IFN-γ

-/-
 congenic mice, our studies 

provide novel evidence that the protective effect mediated by NK cells, through the 

Ly49H-m157 interaction in resistant mice, is primarily dependent on pfp.  
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The involvement of IFN-γ in the control of CMV replication and in vivo protection has 

been well documented [57, 109-112, 118], although the influence of host genotype on 

the anti-viral activities of IFN-γ had not been examined. Our studies demonstrate that 

although IFN-γ affects the control of MCMV in multiple organs, irrespective of the host 

genotype, the relative importance of this cytokine is more pronounced in Ly49H
-
 

MCMV-susceptible mice. A lack of this molecule in Ly49H
-
 mice results in viral titres 

that are consistently increased from day 4 pi in the liver and lungs and from day 6 pi in 

the spleen. In contrast, Ly49H
+
 MCMV-resistant mice lacking IFN-γ, had only a 

transient increase in viral titres in the spleen and lungs. As described earlier, since 

MCMV-susceptible mice lack activation of NK cells via Ly49H as well as reduced 

recognition of infected cells via NKG2D, it is possible that they are more dependent on 

the anti-viral properties of IFN-γ to control MCMV replication.  

 

While analysing the role of pfp and IFN-γ in the anti-viral response to MCMV, we 

began examining other molecular effectors that may play a role in the control of 

infection. Grz have been studied extensively in vitro and several of these, including 

GrzA, B, C, K and M, have been demonstrated to induce cell death in the presence of 

pfp [365-367, 393]. In vivo, GrzA and GrzB, are dispensable for pfp-mediated tumour 

control [423, 424], but indispensable for the recovery from some viral infections such as 

with EV [382]. The relevance of GrzA and GrzB in the control of MCMV infection has 

been studied previously, but those studies only reported on the role of these molecules 

at late times after infection [385]. Given the cardinal role that NK cells play, at least in 

some mouse strains, in the control of MCMV replication during the early acute phase of 

infection [211], and the fact that they are one of the principal producers of Grz, we 

anticipated that Grz in concert with pfp may be involved in NK cell-mediated 

cytotoxicity against MCMV-infected target cells (Chapter 3). Furthermore, the 

biological relevance of GrzM, the expression of which is restricted to NK cells [412, 

413], in viral immunity was undefined at the commencement of these studies, and 

therefore we assessed the role of GrzM in the control of MCMV infection (Chapter 3).      

 

The loss of function of both GrzA and GrzB, led to impaired virus control, and 

increases in viral titres similar to those obtained in pfp
-/-

 mice (Chapter 2) suggesting 

that, like pfp, these molecules are required to limit viral replication. Interestingly, viral 

replication was not markedly affected by the absence of only one of these Grz. In the 

spleen, it appears that GrzA and GrzB are either able to compensate for each others‟ 
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anti-viral activities or additional Grz or other granule proteins may contribute to 

controlling the virus. In contrast, our studies in the liver suggest that both GrzA and 

GrzB are the Grz of importance early in infection. The difference in the control of 

MCMV replication in the spleen and liver in the absence of either GrzA or GrzB may 

also reflect the fact that different target cells are infected in these organs, and that these 

cells may be differentially sensitive to GrzA- and/or GrzB-mediated apoptosis. 

Furthermore, it is possible that only some cell subsets may express Grz-specific 

inhibitors [434, 464, 465] and/or have distinct patterns of Grz-specific receptors [371]. 

Future studies should therefore examine MCMV target cells from different organs for 

the expression of specific Grz, Grz-inhibitors and Grz-specific receptors.        

 

In the absence of GrzM, susceptibility to MCMV infection was shown to transiently but 

significantly increase. Furthermore, histopathological analysis of the liver showed an 

increased number of cells displaying viral inclusions, suggesting that GrzM may be 

involved in cellular processes that control effective viral replication, or that GrzM-

mediated cell death may be required to facilitate the release of viral progeny. These 

hypotheses are consistent with the fact that GrzM, in the presence of pfp, induces a 

unique form of cell death compared with either GrzA or GrzB [366]. Future studies 

should attempt to determine whether cells that are targeted by MCMV in the liver 

express GrzM and whether, in the absence of pfp, this Grz is capable of directly 

interfering with viral replication.     

 

An additional observation arising from our analysis of the biological relevance of the 

various effector molecules in the control of MCMV infection was the increased lethality 

observed in pfp
-/-

 mice after MCMV infection. Interestingly, both pfp
-/-

 and GrzAB
-/-

 

mice displayed similar viral titres, yet GrzAB
-/-

 mice recovered and survived while pfp
-/-

 

mice succumbed to infection. In mice, pfp has been thought to mediate 

immunoregulatory activities by deleting activated effector cells once they have fulfilled 

their purpose, thus preventing the development of an exacerbated immune response 

[342, 347, 349-353]. The incidence of pfp mutations in patients with FHL type 2 

provides some support for a role of pfp in immunoregulation [354, 355]. In contrast, at 

the commencement of these studies, virtually nothing was known about the role of Grz 

in immunoregulation. Thus, to investigate the relevance of pfp and GrzA and/or GrzB in 

immunopathology during infection with MCMV, we assessed various parameters 

indicative of a dysregulated immune response. This was the focus of Chapter 4.     
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LCMV-infected pfp
-/-

 mice develop an HLH-like pathology, a phenotype attributed to 

the pathogenic increase of IFN-γ produced by continual antigenic stimulation of CD8
+
 T 

cells [349, 350]. Our analyses revealed that although both TNF-α and IFN-γ are 

increased in pfp
-/-

 mice following MCMV infection, TNF-α is the main contributor to 

immunopathology. Macrophages were identified as the main producers of TNF-α, while 

NK cells and CD8
+
 T cells were the main producers of IFN-γ (Chapter 4). Macrophages 

and DCs are important targets of MCMV infection and replication [56, 102, 104, 243, 

431, 432]. Macrophages, DCs and CD8
+
 T cells were shown to accumulate in pfp

-/-
 

mice following infection, indicating that pfp is required for the elimination of infected 

target cells as well as activated effectors. Furthermore, our studies have conclusively 

shown that NK cells are the principal source of pfp in our viral infection model and play 

a crucial role in immunoregulation. Thus, NK cells appear to have a role beyond the 

elimination of infected target cells. Figure 5.1 depicts the different functions of NK cells 

during the course of MCMV infection and the effector molecules that are important in 

either defensive immunity and/or in limiting immunity to minimize or prevent 

immunopathology.  

 

Although the conclusions drawn from studies presented in chapter 4 indicate that GrzA 

and GrzB do not play a role in immunopathology, it is possible that other Grz or non-

Grz proteins may be involved in pfp-mediated killing. Interestingly, lymphocytes 

derived from MCMV-infected GrzAB
-/-

 mice retain their cytotoxic ability, providing 

further support for the presence of other Grz or non-Grz proteins able to induce cell 

death in the presence of pfp. Given that GrzAB
-/-

 mice also lack Grz C, D, F and G 

[386], it is unlikely that these Grz are involved but other Grz family members need to be 

investigated further. With the availability of mice deficient in GrzA, GrzB and GrzM 

(GrzABM
-/-

), preliminary investigations are currently underway within our laboratory.   

 

Based on their ability to cleave intracellular proteins and the observation from studies in 

the EV system [382, 395], Regner and Mullbacher [437] have proposed that Grz may 

mediate their anti-viral effects independent of their function as effector molecules in 

cytotoxic lymphocytes. Grz may cleave viral proteins that may be important for the viral 

replicative cycle. Alternatively, for example, Grz may cleave cellular proteins that may 

initiate apoptosis or be involved in inflammatory processes. Preliminary studies in our 

laboratory have shown that both NK cells and T cells are infected early after MCMV 

challenge although the infection is not productive. It is possible that these cells are able 
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to restrict viral replication through direct anti-viral activities of Grz. The primary focus 

should now be on assessing whether other cell types, including major MCMV targets, 

express Grz and elucidating the functions of Grz, independent of the cytolytic activities 

they induce in collaboration with pfp.  

 

In summary, although much knowledge of the immune response to viral infections has 

been acquired, there is still much to learn. We also have to keep in mind that large DNA 

viruses, such as CMVs, have evolved with their hosts and have established several ways 

to evade or manipulate the immune system. Thus, understanding not only the biology 

and functions of relevant cellular effectors, in particular the biological functions of the 

various effector molecules utilised by these cells, but also the biology of the virus, will 

underpin the basis for designing improved anti-viral strategies.  
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Figure 1.1. A schematic 3-dimensional representation of a
cytomegalovirus virion. Various structural components of a
cytomegalovirus virion including, the membrane (lipid envelope),
nucleocapsid, tegument and the genome are shown. (Reproduced with
permission from Marko Reschke).
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Figure 1.2. A schematic representation of the pathogenesis of MCMV
infection. During acute infection, peak viral titres are observed in the spleen
and liver. The salivary gland represents a site of viral persistence with peak
viral titres reached by 3 weeks and sustained beyond 40 days pi. The virus
then remains in a state of latency until favorable signals are present for the
virus to reactivate. (Courtesy of Dr. Mariapia Degli-Esposti).
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Figure 1.3. Production of cytokines and their activities during MCMV
infection. Following recognition of MCMV, dendritic cells including
conventional DC (cDC) and plasmacytoid DC (pDC), and macrophages secrete
a variety of cytokines that mediate direct NK cell-independent anti-viral effects
as well as regulating NK cell responses. DC-produced IFN-α/β promote NK cell
cytotoxicity and blastogenesis as well as stimulating autocrine IL-15 expression
which promotes NK cell survival and/or accumulation. IL-12 and IL-18 induces
IFN-γ production. In addition to mediating direct anti-viral effects, TNF-α inhibits
IFN-α/β-induced NK cell cytotoxicity but enhances IL-12-induced IFN-γ
production.



Figure 1.4. Major NK cell receptors and their ligands. (a) Major activation
receptors of NK cells including Ly49D, Ly49H, CD94/NKG2 heterodimers,
NKG2D homodimers and the human killer cell immunoglobulin-like receptors
(KIR) transduce their signal via immunoreceptor tyrosine-based activation
motifs (ITAM) found on adapter proteins, DAP10 or DAP12. (b) Inhibitory
receptors of NK cells transduce their signal via immunoreceptor tyrosine-
based inhibitory motifs (ITIM) found on their cytoplasmic domains.
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Figure 1.5. Schematic representation of the ‘missing-self recognition’
and ‘induced-self recognition’. (a) Signals delivered by activating ligands
are balanced by the interaction between MHC class I molecules on normal
cells and inhibitory receptors on NK cells, thus protecting the target cell. (b)
Pathogen-infected or tumour cells lack MHC class I molecules or express
very little amounts of it such that, they do not stimulate a negative signal to
oppose the activating signal, and are therefore susceptible to killing by NK
cells. This is referred to as ‘missing self recognition’. (c) Pathogen-infected
or tumour cells expressing normal amounts of MHC class I molecules but
increased levels of activating ligands are susceptible to NK cell killing. This is
referred to as ‘ligand-induced recognition’.
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Figure 1.6. Genetically-determined NK cell response to MCMV. (a)
MCMV-resistant C57BL/6 mice mediate their NK cell response through the
interaction of the activating NK cell receptor, Ly49H and MCMV-encoded
protein, m157. (b) In MCMV-sensitive BALB/c mice, the lack of Ly49H
confers MCMV-infected target cell resistance to NK cell killing even though
the activation receptor NKG2D is present. MCMV encodes proteins such as
m145, m152 and m155 that down-regulate the surface expression of several
NKG2D ligands such as RAE-1, H60 and MULT-1. Thus, even though
initially NK cells are activated in BALB/c mice, the MCMV-infected target
cells are poorly recognised.
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Figure 1.7. Granzyme B (GrzB) induces caspase-dependent and
caspase-independent cell death. GrzB enters the target cell either in a pfp-
dependent manner or via the cation-independent mannose-6-phosphate
receptor (MPR). GrzB cleaves BID to yield truncated BID (tBID) that
translocates to the mitochondrial membrane where it interacts with BAK/BAX
to cause a release of pro-apoptotic factors. GrzB also cleaves pro-caspases
to initiate the caspase activation process. Ultimately, both pathways lead to
apoptosis.
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Figure 1.8. Granzyme A (GrzA) induces caspase-independent cell death.
Upon entering the target cell, GrzA along with the SET complex translocate to
the nucleus where GrzA destroys some of the members of the SET complex
including SET, HMG2 and APE-1. This frees the GrzA-activated DNase
(GAAD) to cut DNA by making single-stranded nicks which ultimately result in
apoptosis of the target cell.
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Figure 1.1. A schematic 3-dimensional representation of a
cytomegalovirus virion. Various structural components of a
cytomegalovirus virion including, the membrane (lipid envelope),
nucleocapsid, tegument and the genome are shown. (Reproduced with
permission from Marko Reschke).
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Figure 1.2. A schematic representation of the pathogenesis of MCMV
infection. During acute infection, peak viral titres are observed in the spleen
and liver. The salivary gland represents a site of viral persistence with peak
viral titres reached by 3 weeks and sustained beyond 40 days pi. The virus
then remains in a state of latency until favorable signals are present for the
virus to reactivate. (Courtesy of Dr. Mariapia Degli-Esposti).
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Figure 1.3. Production of cytokines and their activities during MCMV
infection. Following recognition of MCMV, dendritic cells including
conventional DC (cDC) and plasmacytoid DC (pDC), and macrophages secrete
a variety of cytokines that mediate direct NK cell-independent anti-viral effects
as well as regulating NK cell responses. DC-produced IFN-α/β promote NK cell
cytotoxicity and blastogenesis as well as stimulating autocrine IL-15 expression
which promotes NK cell survival and/or accumulation. IL-12 and IL-18 induces
IFN-γ production. In addition to mediating direct anti-viral effects, TNF-α inhibits
IFN-α/β-induced NK cell cytotoxicity but enhances IL-12-induced IFN-γ
production.



Figure 1.4. Major NK cell receptors and their ligands. (a) Major activation
receptors of NK cells including Ly49D, Ly49H, CD94/NKG2 heterodimers,
NKG2D homodimers and the human killer cell immunoglobulin-like receptors
(KIR) transduce their signal via immunoreceptor tyrosine-based activation
motifs (ITAM) found on adapter proteins, DAP10 or DAP12. (b) Inhibitory
receptors of NK cells transduce their signal via immunoreceptor tyrosine-
based inhibitory motifs (ITIM) found on their cytoplasmic domains.
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Figure 1.5. Schematic representation of the ‘missing-self recognition’
and ‘induced-self recognition’. (a) Signals delivered by activating ligands
are balanced by the interaction between MHC class I molecules on normal
cells and inhibitory receptors on NK cells, thus protecting the target cell. (b)
Pathogen-infected or tumour cells lack MHC class I molecules or express
very little amounts of it such that, they do not stimulate a negative signal to
oppose the activating signal, and are therefore susceptible to killing by NK
cells. This is referred to as ‘missing self recognition’. (c) Pathogen-infected
or tumour cells expressing normal amounts of MHC class I molecules but
increased levels of activating ligands are susceptible to NK cell killing. This is
referred to as ‘ligand-induced recognition’.
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Figure 1.6. Genetically-determined NK cell response to MCMV. (a)
MCMV-resistant C57BL/6 mice mediate their NK cell response through the
interaction of the activating NK cell receptor, Ly49H and MCMV-encoded
protein, m157. (b) In MCMV-sensitive BALB/c mice, the lack of Ly49H
confers MCMV-infected target cell resistance to NK cell killing even though
the activation receptor NKG2D is present. MCMV encodes proteins such as
m145, m152 and m155 that down-regulate the surface expression of several
NKG2D ligands such as RAE-1, H60 and MULT-1. Thus, even though
initially NK cells are activated in BALB/c mice, the MCMV-infected target
cells are poorly recognised.
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Figure 1.7. Granzyme B (GrzB) induces caspase-dependent and
caspase-independent cell death. GrzB enters the target cell either in a pfp-
dependent manner or via the cation-independent mannose-6-phosphate
receptor (MPR). GrzB cleaves BID to yield truncated BID (tBID) that
translocates to the mitochondrial membrane where it interacts with BAK/BAX
to cause a release of pro-apoptotic factors. GrzB also cleaves pro-caspases
to initiate the caspase activation process. Ultimately, both pathways lead to
apoptosis.
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Figure 1.8. Granzyme A (GrzA) induces caspase-independent cell death.
Upon entering the target cell, GrzA along with the SET complex translocate to
the nucleus where GrzA destroys some of the members of the SET complex
including SET, HMG2 and APE-1. This frees the GrzA-activated DNase
(GAAD) to cut DNA by making single-stranded nicks which ultimately result in
apoptosis of the target cell.
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Figure 2.1. Replication of MCMV in spleen, liver, lungs and salivary
glands of mice depleted of NK cells or CD8+ T cells. (A) B6 mice ( ),
B6 mice depleted of NK cells ( ) or B6 mice depleted of CD8+ T cells ( )
were inoculated ip with 1 x 104 pfu MCMV and organs collected at the
indicated times pi. Viral titres were determined by plaque assay and are
presented as the mean ± the standard error of the mean (SEM). The dashed
line across the graphs show the limit of detection of the assay. (B) CT6 mice
( ) or CT6 mice depleted of NK cells ( ) were inoculated and assayed as
above. Viral titres are presented as the mean ± SEM. The dashed line
across the graphs show the limit of detection of the assay. (C) BALB/c mice
( ) or BALB/c mice depleted of CD8+ T cells ( ) were inoculated and
assayed as above. Viral titres are presented as the mean ± SEM. The
dashed line across the graphs show the limit of detection of the assay.
Statistical analysis was performed after combining results from at least 2
independent experiments each using at least 3 mice per test group. *
p<0.05; ** p<0.01; *** p<0.001.
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Figure 2.2. NK cells are activated in both resistant and susceptible
mice following MCMV infection. The cytotoxic activity of splenocytes from
B6 ( ) and CT6 ( ) against the NK cell-sensitive YAC-1 target is shown.
Mice were inoculated ip with 1 x 104 pfu MCMV or left uninfected (day 0) and
their splenocytes were harvested at days 2, 4, 6 or 10 pi. Percentage lysis
was measured by standard 51Cr release assay. Each point represents the
mean (n=3) ± SEM for lysis obtained at an effector:target ratio of 100:1. *
p<0.05; *** p<0.001.



Figure 2.3. Increased MCMV replication in the spleens of mice
deficient in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice
deficient in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104

pfu MCMV and spleens collected at days 2, 4, 6 and 10 pi. Viral titres were
determined by plaque assay and are presented as the mean ± SEM. Solid
lines represent pathogenesis curves for WT mice; dashed lines represent
pathogenesis curves for gene-deficient mice. † indicates that at this time
mice had succumbed to MCMV infection. Statistical analysis was performed
using a Mann-Whitney test after combining the results from 4 independent
experiments each using at least 3 mice per test group. *** p<0.001. The
dashed line across the graph indicates the limit of detection of the assay.
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Figure 2.4. Increased MCMV replication in the livers of mice deficient
in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice deficient
in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104 pfu MCMV
and livers collected at days 2, 4, 6 and 10 pi. Viral titres were determined by
plaque assay and are presented as the mean ± SEM. Solid lines represent
pathogenesis curves for WT mice; dashed lines represent pathogenesis
curves for gene-deficient mice. † indicates that at this time mice had
succumbed to MCMV infection. Statistical analysis was performed using a
Mann-Whitney test after combining the results from 4 independent
experiments each using at least 3 mice per test group. * p <0.05; ** p<0.01;
*** p<0.001. The dashed line across the graph indicates the limit of detection
of the assay.
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Figure 2.5. Increased MCMV replication in the lungs of mice deficient
in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice deficient
in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104 pfu MCMV
and lungs collected at days 4, 6 and 10 pi. Viral titres were determined by
plaque assay and are presented as the mean ± SEM. Solid lines represent
pathogenesis curves for WT mice; dashed lines represent pathogenesis
curves for gene-deficient mice. † indicates that at this time mice had
succumbed to MCMV infection. Statistical analysis was performed using a
Mann-Whitney test after combining the results from 4 independent
experiments each using at least 3 mice per test group. * p <0.05; ** p<0.01;
*** p<0.001. The dashed line across the graph indicates the limit of detection
of the assay.
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Figure 2.6. Increased MCMV replication in the salivary glands of mice
deficient in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice
deficient in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104

pfu MCMV and salivary glands collected at days 6 and 10 pi. Viral titres
were determined by plaque assay and are presented as the mean ± SEM. †
indicates that at this time mice had succumbed to MCMV infection.
Statistical analysis was performed using a Mann-Whitney test after
combining the results from 4 independent experiments each using at least 3
mice per test group. * p<0.05; ** p<0.01; *** p<0.001. The limit of detection
of the assay is 1.6 log10pfu.
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Figure 2.7. Increased MCMV replication in BALB.B6-Cmv1r congenic
mice deficient in either pfp or IFN-γ. BALB.B6-Cmv1r ( ), BALB.B6-
Cmv1r.pfp-/- ( ), BALB.B6-Cmv1r.IFN-γ-/- ( ) and BALB/c ( ) mice were
inoculated ip with 1 x 104 pfu MCMV and the spleen, liver and lungs
collected at days 2, 4 and 6 pi. Viral titres were determined by plaque assay
and are presented as the mean ± SEM. † indicates that at this time mice had
succumbed to MCMV infection. Statistical analysis was performed using a
Mann-Whitney test after combining the results from 3 independent
experiments each using at least 3 mice per test group. * p<0.05; ** p<0.01;
*** p<0.001 refers to the significance of the differences observed between
BALB.B6-Cmv1r and BALB.B6-Cmv1r.pfp-/- or BALB.B6-Cmv1r.IFN-γ-/- mice.
The dashed line across the graph indicates the limit of detection of the
assay.

***



Figure 2.1. Replication of MCMV in spleen, liver, lungs and salivary
glands of mice depleted of NK cells or CD8+ T cells. (A) B6 mice ( ),
B6 mice depleted of NK cells ( ) or B6 mice depleted of CD8+ T cells ( )
were inoculated ip with 1 x 104 pfu MCMV and organs collected at the
indicated times pi. Viral titres were determined by plaque assay and are
presented as the mean ± the standard error of the mean (SEM). The dashed
line across the graphs show the limit of detection of the assay. (B) CT6 mice
( ) or CT6 mice depleted of NK cells ( ) were inoculated and assayed as
above. Viral titres are presented as the mean ± SEM. The dashed line
across the graphs show the limit of detection of the assay. (C) BALB/c mice
( ) or BALB/c mice depleted of CD8+ T cells ( ) were inoculated and
assayed as above. Viral titres are presented as the mean ± SEM. The
dashed line across the graphs show the limit of detection of the assay.
Statistical analysis was performed after combining results from at least 2
independent experiments each using at least 3 mice per test group. *
p<0.05; ** p<0.01; *** p<0.001.
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Figure 2.2. NK cells are activated in both resistant and susceptible
mice following MCMV infection. The cytotoxic activity of splenocytes from
B6 ( ) and CT6 ( ) against the NK cell-sensitive YAC-1 target is shown.
Mice were inoculated ip with 1 x 104 pfu MCMV or left uninfected (day 0) and
their splenocytes were harvested at days 2, 4, 6 or 10 pi. Percentage lysis
was measured by standard 51Cr release assay. Each point represents the
mean (n=3) ± SEM for lysis obtained at an effector:target ratio of 100:1. *
p<0.05; *** p<0.001.



Figure 2.3. Increased MCMV replication in the spleens of mice
deficient in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice
deficient in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104

pfu MCMV and spleens collected at days 2, 4, 6 and 10 pi. Viral titres were
determined by plaque assay and are presented as the mean ± SEM. Solid
lines represent pathogenesis curves for WT mice; dashed lines represent
pathogenesis curves for gene-deficient mice. † indicates that at this time
mice had succumbed to MCMV infection. Statistical analysis was performed
using a Mann-Whitney test after combining the results from 4 independent
experiments each using at least 3 mice per test group. *** p<0.001. The
dashed line across the graph indicates the limit of detection of the assay.
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Figure 2.4. Increased MCMV replication in the livers of mice deficient
in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice deficient
in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104 pfu MCMV
and livers collected at days 2, 4, 6 and 10 pi. Viral titres were determined by
plaque assay and are presented as the mean ± SEM. Solid lines represent
pathogenesis curves for WT mice; dashed lines represent pathogenesis
curves for gene-deficient mice. † indicates that at this time mice had
succumbed to MCMV infection. Statistical analysis was performed using a
Mann-Whitney test after combining the results from 4 independent
experiments each using at least 3 mice per test group. * p <0.05; ** p<0.01;
*** p<0.001. The dashed line across the graph indicates the limit of detection
of the assay.
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Figure 2.5. Increased MCMV replication in the lungs of mice deficient
in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice deficient
in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104 pfu MCMV
and lungs collected at days 4, 6 and 10 pi. Viral titres were determined by
plaque assay and are presented as the mean ± SEM. Solid lines represent
pathogenesis curves for WT mice; dashed lines represent pathogenesis
curves for gene-deficient mice. † indicates that at this time mice had
succumbed to MCMV infection. Statistical analysis was performed using a
Mann-Whitney test after combining the results from 4 independent
experiments each using at least 3 mice per test group. * p <0.05; ** p<0.01;
*** p<0.001. The dashed line across the graph indicates the limit of detection
of the assay.
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Figure 2.6. Increased MCMV replication in the salivary glands of mice
deficient in pfp, IFN-γ or both pfp and IFN-γ. (A) B6 and (B) BALB/c mice
deficient in pfp, IFN-γ or both pfp and IFN-γ were inoculated ip with 1 x 104

pfu MCMV and salivary glands collected at days 6 and 10 pi. Viral titres
were determined by plaque assay and are presented as the mean ± SEM. †
indicates that at this time mice had succumbed to MCMV infection.
Statistical analysis was performed using a Mann-Whitney test after
combining the results from 4 independent experiments each using at least 3
mice per test group. * p<0.05; ** p<0.01; *** p<0.001. The limit of detection
of the assay is 1.6 log10pfu.
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Figure 2.7. Increased MCMV replication in BALB.B6-Cmv1r congenic
mice deficient in either pfp or IFN-γ. BALB.B6-Cmv1r ( ), BALB.B6-
Cmv1r.pfp-/- ( ), BALB.B6-Cmv1r.IFN-γ-/- ( ) and BALB/c ( ) mice were
inoculated ip with 1 x 104 pfu MCMV and the spleen, liver and lungs
collected at days 2, 4 and 6 pi. Viral titres were determined by plaque assay
and are presented as the mean ± SEM. † indicates that at this time mice had
succumbed to MCMV infection. Statistical analysis was performed using a
Mann-Whitney test after combining the results from 3 independent
experiments each using at least 3 mice per test group. * p<0.05; ** p<0.01;
*** p<0.001 refers to the significance of the differences observed between
BALB.B6-Cmv1r and BALB.B6-Cmv1r.pfp-/- or BALB.B6-Cmv1r.IFN-γ-/- mice.
The dashed line across the graph indicates the limit of detection of the
assay.
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Figure 3.1. MCMV replication in mice deficient in either GrzA or GrzB.
B6.GrzA-/-(▲), B6.GrzB-/- (X) and B6 WT (♦) mice were inoculated ip with 1
x 104 pfu MCMV. Viral titres were determined in the indicated organs by
plaque assay on days 2, 4, 6, 10 and 18 pi. Titres are presented as the
mean ± the standard error of the mean (SEM). Statistical analysis was
performed using a Mann-Whitney test after combining the results from 3
independent experiments each using at least 3 mice per test group. *p<0.05;
***p<0.001.



Figure 3.2. Increased MCMV replication in mice lacking both GrzA and
GrzB (GrzAB). B6.GrzAB-/- (■) and B6 WT (♦) mice were inoculated ip with
1 x 104 pfu MCMV. Viral titres were determined in the indicated organs by
plaque assay on days 2, 4, 6, 10 and 18 pi. Titres are presented as the mean
± SEM. Statistical analysis was performed using a Mann-Whitney test after
combining the results from 3 independent experiments each using at least 3
mice per test group. **p<0.01; ***p<0.001. BLD = Below limit of detection.
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Figure 3.3. Histological assessment of MCMV replication and tissue
pathology in the spleens and livers of mice deficient in GrzA, GrzB,
both GrzA and GrzB and B6 WT mice. B6.GrzA-/- mice (A, E and I),
B6.GrzB-/- mice (B, F and J), B6.GrzAB-/- mice (C, G and K) and B6 WT mice
(D, H and L) were infected ip with 1 x 104 pfu MCMV. Spleens and livers
were collected on day 4 pi for histological analysis by staining with
haematoxylin and eosin. The number of inflammatory foci and their size were
determined from at least 3 independent tissue sections (magnification, x10).
The frequency of cytomegalic cells and viral inclusions were derived by
examining at least 5 randomly selected foci from each of 3 independent
tissue sections. Viral foci of inflammation are marked (blue arrows) and
representative fields show the difference in the number of foci of infection
observed in the livers of GrzA-/- (A), GrzB-/- (B), GrzAB-/- (C) and B6 WT (D)
mice at day 4 pi. Middle panels show representative foci at a higher
magnification (x40) to allow the visualisation of cells displaying cytomegaly
and viral inclusions (black arrows) in the livers of GrzA-/- (E), GrzB-/- (F),
GrzAB-/- (G) and B6 WT (H) mice. Bottom panels show the extent of damage
and loss of architecture in the spleens of GrzA-/- (I), GrzB-/- (J), GrzAB-/- (K)
and B6 WT (L) mice at day 4 pi (magnification, x4). The results are
representative of those from 2 independent experiments each utilising at
least 3 mice per group. HP ∅, high power field diameter. The differences in
the number of inflammatory foci in the liver between the test groups and B6
WT mice were statistically significant (p<0.0001).
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Figure 3.4. Phenotypic analysis of cellular effectors in the spleens of
mice deficient in GrzA or GrzB. B6.GrzA-/-, B6.GrzB-/- and B6 WT mice
were inoculated ip with 5 x 103 pfu MCMV. Splenocytes were isolated on
days 2 and 4 pi and from uninfected control mice and specific immune cell
subsets were determined by FACS analysis. (A) NK cells were determined
by staining with anti-NK1.1 and anti-TCRβ antibodies. The top values in the
plots refer to the percentage of NK1.1+TCRβ- cells and the bottom values
refer to the percentage of NK1.1-TCRβ+ cells within each marked gate. (B)
Frequencies of CD4+ and CD8+ T cells were determined by staining with anti-
CD4 and anti-CD8 antibodies. The top values refer to the percentage of
CD4+ cells and the bottom values refer to the CD8+ cells within each marked
gate. (C) The frequency of CD11b+ cells was determined by staining with
anti-CD11b antibody. (D) The frequency of CD11c+ cells was determined by
staining with anti-CD11c antibody. Values represent those from the individual
mouse shown. Plots are representative of 3 mice per test group. Frequencies
reported in the text on p63-64 represent the mean ± standard deviation (SD)
for each group.



Figure 3.5. Phenotypic analysis of cellular effectors in the livers of
mice deficient in GrzA or GrzB. B6.GrzA-/-, B6.GrzB-/- and B6 WT mice
were inoculated ip. with 5 x 103 pfu MCMV. Liver lymphocytes were isolated
on day 2 and 4 pi and from uninfected control mice and specific immune cell
subsets were determined by FACS analysis. (A) NK cells were determined
by staining with anti-NK1.1 and anti-TCRβ antibodies. The top values in the
plots refer to the percentage of NK1.1+TCRβ- cells and the bottom values
refer to the percentage of NK1.1-TCRβ+ cells within each marked gate. (B)
Frequencies of CD4+ and CD8+ T cells were determined by staining with anti-
CD4 and anti-CD8 antibodies. The top values refer to the percentage of
CD4+ cells and the bottom values refer to the CD8+ cells within each marked
gate. (C) The frequency of CD11b+ cells was determined by staining with
anti-CD11b antibody. (D) The frequency of CD11c+ cells was determined by
staining with anti-CD11c antibody. Values represent those from the individual
mouse shown. Plots are representative of 3 mice per test group. Frequencies
reported in the text on p64-65 represent the mean ± SD for each group.



Figure 3.6. Absolute numbers of cellular effectors in the spleens and
livers of mice deficient in either GrzA or GrzB. B6.GrzA-/- ( ), B6.GrzB-/-

(▲) and B6 WT (♦)mice were inoculated ip with 5 x 103 pfu MCMV.
Lymphocytes from spleen (A) and liver (B) were isolated on days 2 and 4 pi
and from uninfected control mice and specific immune cell subsets were
determined by FACS analysis. The absolute cell number is presented as the
mean ± SEM of three mice analysed at each time point.
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Figure 3.7. Transient increase in MCMV replication in mice deficient in
granzyme M (GrzM). B6.GrzM-/- and B6 WT mice were inoculated ip with
either 5 x 104 or 1 x 105 pfu MCMV. Viral titres were determined in the spleen
and liver by plaque assay on days 3, 4, 5 and 6 pi. (A) Viral titres at day 3 pi
in spleen (filled symbols) and liver (open symbols) of GrzM-/- (diamonds) and
B6 WT (circles) mice are shown. Two independent experiments are
represented. Titres are presented as individual data points and the group
mean is shown. (B) Viral titres in the spleen and liver of GrzM-/- (grey bar)
and B6 WT (white bar) mice at days 4, 5 and 6 pi are shown. Titres are
presented as mean ± SEM. The results are representative of those from 2
independent experiments.
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Figure 3.9. Phenotypic analysis of cellular effectors in the spleens of
mice deficient in GrzM. B6.GrzM-/- and B6 WT mice were inoculated ip with
5 x 103 pfu MCMV. Splenocytes were isolated on days 2 and 4 pi and from
uninfected control mice and specific immune cell subsets were determined
by FACS analysis. (A) NK cells were determined by staining with anti-NK1.1
and anti-TCRβ antibodies. The top values in the plots refer to the percentage
of NK1.1+TCRβ- cells and the bottom values refer to the percentage of
NK1.1-TCRβ+ cells within each marked gate. (B) Frequencies of CD4+ and
CD8+ T cells were determined by staining with anti-CD4 and anti-CD8
antibodies. The top values refer to the percentage of CD4+ cells and the
bottom values refer to the CD8+ cells within each marked gate. (C) The
frequency of CD11b+ cells was determined by staining with anti-CD11b
antibody. (D) The frequency of CD11c+ cells was determined by staining with
anti-CD11c antibody. Values represent those from the individual mouse
shown. Plots are representative of 3 mice per test group. Frequencies
reported in the text on p67-68 represent the mean ± SD for each group.



Figure 3.10. Phenotypic analysis of cellular effectors in the livers of
mice deficient in GrzM. B6.GrzM-/- and B6 WT mice were inoculated ip with
5 x 103 pfu MCMV. Liver lymphocytes were isolated on day 2 and 4 pi and
from uninfected control mice and specific immune cell subsets were
determined by FACS analysis. (A) NK cells were determined by staining with
anti-NK1.1 and anti-TCRβ antibodies. The top values in the plots refer to the
percentage of NK1.1+TCRβ- cells and the bottom values refer to the
percentage of NK1.1-TCRβ+ cells within each marked gate. (B) Frequencies
of CD4+ and CD8+ T cells were determined by staining with anti-CD4 and
anti-CD8 antibodies. The top values refer to the percentage of CD4+ cells
and the bottom values refer to the CD8+ cells within each marked gate. (C)
The frequency of CD11b+ cells was determined by staining with anti-CD11b
antibody. (D) The frequency of CD11c+ cells was determined by staining with
anti-CD11c antibody. Values represent those from the individual mouse
shown. Plots are representative of 3 mice per test group. Frequencies
reported in the text on p68 represent the mean ± SD for each group.



Figure 3.11. Absolute numbers of cellular effectors in the spleens and
livers of mice deficient in GrzM. B6.GrzM-/- ( ) and B6 WT (♦) mice were
inoculated ip with 5 x 103 pfu of MCMV. Lymphocytes from spleen (A) and
liver (B) were isolated on days 2 and 4 pi and from uninfected control mice
and specific immune cell subsets were determined by FACS analysis. The
absolute cell number is presented as the mean ± SEM of three mice
analysed at each time point.
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Figure 3.8. Histological assessment of MCMV replication and tissue
pathology in the livers and spleens of mice deficient in GrzM. B6.GrzM-/-

mice and B6 WT mice were infected with 1 x 105 pfu MCMV. Livers (A) and
spleens (B) were collected on day 3 pi for histological analysis and stained
with haematoxylin and eosin. (A) The number (No) of inflammatory foci and
their size were determined from >10 fields of at least five different liver
sections. The frequency of cytomegalic cells and viral inclusions was derived
by examining at least 50 randomly selected foci from each liver section.
Representative fields show the difference in the number of foci of infection
(characteristic focus marked by arrow) observed in B6 WT (top left panel)
and GrzM-/- (bottom left panel) livers at day 3 pi (magnification, x10). The
right hand panels show representative foci at a magnification (x40) that
allows the visualisation of cells showing cytomegaly and viral inclusions
(black arrows). The differences in liver inflammatory foci between WT and
GrzM-/- mice were statistically significant (p<0.0001). (B) The extent of
damage and loss of architecture in the spleens of B6 WT and GrzM-/- mice is
shown (x4). The results are representative of those from 3 independent
experiments, each using 3 mice per group. HP ∅, high-power field diameter.



Strain GrzM-/- WT

Number of foci 31±3 11±4

Size of focus ¼ HP ∅ ¼ HP ∅

Cytomegaly and inclusions +++ detected in most foci ± occasional
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Figure 4.1. Increased MCMV replication in mice lacking pfp or both
GrzA and GrzB (GrzAB). B6.pfp-/- ( or grey bar), B6.GrzAB-/- ( or white
bar) and B6 WT ( or black bar) mice were inoculated ip with 1 x 104 pfu
MCMV. Viral titres were determined in the indicated organs by plaque assay
on days 2, 4, 6, 10 and 18 pi. Titres are presented as the mean ± the
standard error of the mean (SEM). Statistical analysis was performed using a
Mann-Whitney test after combining the results from 3 independent
experiments each using at least 3 mice per test group. **p<0.01; ***p<0.001.
† indicates that mice succumbed to MCMV infection at this time. BLD =
Below limit of detection.



Figure 4.2. MCMV infection causes more tissue damage in pfp-
deficient mice than in GrzAB-deficient mice. B6.pfp-/- mice, B6.GrzAB-/-

mice and B6 WT mice were inoculated ip with 1 x 104 pfu MCMV. Spleens
and livers were collected on day 7 or 8 pi, fixed in formalin and stained with
haematoxylin and eosin for histological assessment. Livers from (A) B6.pfp-/-,
(B) B6.GrzAB-/- and (C) B6 WT mice. Areas of diffuse, non-focal
haemorrhage (red arrow) and necrosis (black arrow) and viral foci of
inflammation (blue arrows) are marked. (A1)-(A3) show higher magnification
(x20) of regions from (A) chosen to exemplify the specific histopathology
defined by the arrows. Spleens from (D) B6.pfp-/-, (E) B6.GrzAB-/- and (F) B6
WT mice. (A)-(C) are at x10, (D)-(F) are at x4 and (A1)-(A3) are at x20
magnification. The results are representative of 3 independent experiments,
each using at least 4 mice per group.
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Figure 4.3. The levels of systemic IFN-γ and TNF-α in serum are
increased in MCMV-infected pfp-deficient mice. B6.pfp-/- (white bar),
B6.GrzAB-/- (dashed bar) and B6 WT (black bar) mice were inoculated ip with
5 x 103 pfu MCMV and their serum samples tested for IFN-γ and TNF-α by
ELISA on days 2, 4 and 6 pi. Results are expressed as the mean ± SEM
from data pooled from 2-5 independent experiments each using 3 mice per
group. Day 6 data represents mean ± SEM from 5 independent experiments
with a total of at least 10 mice per test group. Statistical analysis was
performed using a Mann-Whitney test. *p=0.0221; ***p<0.001 when
compared to B6 WT mice.



Figure 4.4. Changes in immune cell compartments distinguish pfp-
deficient mice from GrzAB-deficient mice after MCMV infection. B6.pfp-/-

(Pfp), GrzAB-/- (GrzAB) and B6 WT (WT) mice were inoculated ip with 5 x
103 pfu MCMV. Splenocytes were isolated at days 2, 4, 6 pi and from
uninfected control mice and specific immune cell subsets were determined
by FACS analysis. (A) NK cells were determined by staining with anti-NK1.1
and anti-TCRβ antibodies. The top values in the plots refer to the percentage
of NK1.1+TCRβ- cells and the bottom values refer to the percentage of
NK1.1-TCRβ+ cells within each marked quadrant. (B) Frequencies of CD4+

and CD8+ T cells were determined by staining with anti-CD4 and anti-CD8
antibodies. The top values refer to the percentage of CD4+ cells and the
bottom values refer to the percentage of CD8+ cells within each marked
quadrant. (C) The frequency of CD11b+ cells was determined by staining
with anti-CD11b antibody. (D) The frequency of CD11c+ cells was
determined by staining with anti-CD11c antibody. Values represent those
from the individual mouse shown. Plots are representative of 3 independent
experiments each using 3 mice per test group.



Figure 4.5. The source of IFN-γ and TNF-α in pfp-deficient and GrzAB-
deficient mice at day 2 after MCMV infection. B6.pfp-/-, B6.GrzAB-/- and B6
WT mice were inoculated ip with 1 x 103 pfu MCMV. Splenocytes and liver
lymphocytes were isolated at days 2, 4, 6 and from uninfected control mice,
and cytokine production by specific immune cell subsets determined by ICS.
Expression of IFN-γ in NK1.1+ TCRβ- cells isolated from (A) spleen and (B)
liver at day 2 pi is shown. Expression of TNF-α in CD11b+ F4/80+ cells
isolated from (C) spleen and (D) liver at day 2 pi is shown. Values given in
the plots refer to the percentage of cells within each subset that are positive
for IFN-γ or TNF-α. The percentage of IFN-γ+ and TNF-α+ cells was
determined using the gates shown, which were set using an isotype control.
Values represent those from the individual mouse shown. Plots are
representative of 2 independent experiments, each using 3 mice per test
group.



Figure 4.6. The source of IFN-γ in pfp-deficient and GrzAB-deficient
mice at day 6 after MCMV infection. B6.pfp-/-, B6.GrzAB-/- and B6 WT mice
were inoculated ip with 1 x 103 pfu MCMV. Splenocytes and liver
lymphocytes were isolated at days 2, 4, 6 and from uninfected control mice,
and cytokine production by specific immune cell subsets determined by ICS.
Expression of IFN-γ in (A) CD8+ TCRβ+, (B) CD4+ TCRβ+, (C) NK1.1+ TCRβ-

and (D) CD11b+ F4/80+ splenocytes at day 6 pi is shown. Expression of IFN-γ
in liver lymphocyte subsets at day 6 pi is shown as follows: (E) CD8+ TCRβ+,
(F) CD4+ TCRβ+, (G) NK1.1+ TCRβ-, and (H) CD11b+ F4/80+. Values given in
the plots refer to the percentage of cells within each subset that are positive
for IFN-γ. The percentage of IFN-γ+ cells was determined using the gates
shown, which were set using an isotype control. Values represent those from
the individual mouse shown. Plots are representative of 2 independent
experiments, each using 3 mice per test group.



Figure 4.7. The source of TNF-α in pfp-deficient and GrzAB-deficient
mice at day 6 after MCMV infection. B6.pfp-/-, B6.GrzAB-/- and B6 WT mice
were inoculated ip with 1 x 103 pfu MCMV. Splenocytes and liver
lymphocytes were isolated at days 2, 4, 6 and from uninfected control mice,
and cytokine production by specific immune cell subsets determined by ICS.
Expression of TNF-α in (A) CD8+ TCRβ+, (B) CD4+ TCRβ+, (C) NK1.1+

TCRβ-, and (D) CD11b+ F4/80+ splenocytes at day 6 pi is shown. Expression
of TNF-α in liver lymphocyte subsets at day 6 pi is shown as follows: (E)
CD8+ TCRβ+, (F) CD4+ TCRβ+, (G) NK1.1+ TCRβ-, and (H) CD11b+ F4/80+.
Values given in the plots refer to the percentage of cells within each subset
that are positive for TNF-α. The percentage of TNF-α+ cells was determined
using the gates shown, which were set using an isotype control. Values
represent those from the individual mouse shown. Plots are representative of
2 independent experiments, each using 3 mice per test group.



Figure 4.8. The effect of IFN-γ and TNF-α in organ damage in pfp-
deficient mice after MCMV infection. B6.pfp-/-, B6.GrzAB-/- and B6 WT
were inoculated ip with 1 x 104 pfu MCMV. On day 4 pi mice were treated
with anti-TNF-α antibody (D-F), anti-IFN-γ antibody (G-I) or isotype control
(A-C). Livers were harvested on day 7 or 8 pi, fixed in formalin and stained
with haematoxylin and eosin for histological assessment. Livers from MCMV-
infected (A, D, G) pfp-/-, (B, E, H) GrzAB-/- and (C, F, I) B6 WT mice are
shown. Areas of diffuse, non-focal haemorrhage (red arrow) and necrosis
(black arrow) are marked. The results are representative of 3 independent
experiments, each using at least 4 mice per group. Magnification, x10.
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Figure 4.9. Depletion of NK cells from GrzAB--deficient mice increases
the frequency of cells producing IFN-γ and TNF-α. B6.pfp-/-, B6.GrzAB-/-

and B6 WT mice were inoculated ip with 5 x 103 pfu MCMV. A group of
GrzAB-/- mice were depleted of NK cells. Splenocytes were isolated on day 6
pi from infected mice and uninfected control mice and cytokine production by
specific immune cell subsets was determined by ICS. Expression of CD11b
and TCRβ in (A) IFN-γ+ and (B) TNF-α+ compartments is shown. The
percentage of cells within each gate or quadrant is shown. Plots are
representative of 3 independent experiments, each using 3 mice per test
group.
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Figure 4.10. Depletion of NK cells from GrzAB-deficient mice leads to
organ damage similar to that observed in pfp-deficient mice after
MCMV infection. B6.pfp-/-, B6.GrzAB-/- and B6 WT were inoculated ip with 1
x 104 pfu MCMV. On day 6 or 8 pi, livers were harvested, fixed in formalin
and stained with haematoxylin and eosin for histological assessment. Livers
and lungs from (A and D) pfp-/-, (B and E) GrzAB-/- and (C and F) NK cell-
depleted GrzAB-/- mice are shown. The results are representative of 2
independent experiments, each using 3 mice per group. Magnification, x10.
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Figure 5.1. NK cells: beyond the elimination of infected target cells. NK
cells are important in defensive immunity and, lytic activity mediated through
the functions of pfp leads to the elimination of MCMV-infected target cells
such as dendritic cells (DCs) and macrophages. The ultimate goal of
defensive immunity is to control and/or eliminate the infecting pathogen.
Although, GrzA and GrzB may participate in some lytic process with pfp in
MCMV infection, they appear to limit viral replication independently of their
ability to kill infected targets. We postulate that GrzA and GrzB may limit viral
replication by interfering with proteolytic processes important for the MCMV
replicative cycle. NK cells also play a role in limiting immunity; here NK cells
use cytolytic molecules, like pfp, to eliminate activated effector cells that have
fulfilled their purpose. The elimination of these effector cells keeps the
immune response in check and helps to minimise or prevent
immunopathology. Although, GrzA and GrzB do not seem to be essential for
NK cells to limit immune responses, other granule proteins may be involved
in both limiting immunity and in defensive immunity.


