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ABSTRACT

Characterizing the Expression and Regulation of MHV68 M1
& Uncovering its Role in Pulmonary Fibrosis

By
Brigid Moira O’Flaherty

Coevolution and adaptation to their hosts has led herpesviruses to encode
numerous genes which facilitate infection and establishment of lifelong latency. The
focus of this dissertation was to evaluate expression and function of MHV68 unique gene
M1, which has previously been shown to play a critical role in control of viral
reactivation from peritoneal exudate cells through the activation and expansion of INFy
secreting V4™ CD8" T cells. To gain insights into M1 function, our first aim was to
identify the cellular reservoir of M1 expression in vivo. Here we define splenic plasma
cells as the predominant source of M1 expression during MHV68 infection. We show
that the MHV68 viral replication and transcription activator (Rta), which initiates viral
reactivation from latency, synergistically regulates M1 expression with the cellular
interferon regulatory factor 4 through protein-protein mediated interaction with the M1
promoter. Furthermore, we identify a novel Rta response element within the M1
promoter, which is conserved in several other MHV68 genes. These findings highlight a
mechanism to fine-tune viral gene expression in response to host and viral cues. The
second aim of this dissertation was to characterize the role of M1-driven Vp4* CD8" T
cell expansion in fibrotic disease. Our lab has shown that M1 expression is required for
development of fibrotic disease in IFNyR-/- mice. Here we demonstrate that M1
expression results in heightened levels of inflammation and fibrosis in the lung.
Additionally, we find elevated levels of neutrophil and effector CD8" T cells at 28 days
post-infection. We verify the involvement of CD8" T cells in fibrotic disease through
CD8" T cell depletion which results in protection from fibrosis and lethality. Taken
together data raise the possibility that VB4~ CD8" T cells induce fibrosis though cytokine
mediated inflammation, which results in altered cellular trafficking and
immunopathology. Collectively, these studies provide significant insights into M1
function in MHV68 infection. We link M1 expression with viral reactivation, and provide
evidence for the role of V4™ CD8" T cells as mediators of fibrotic disease.
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CHAPTER' I

INTRODUCTION

Herpesviridae

Herpesviridae comprise a diverse family of large, enveloped, double-strand DNA
viruses, which establish infection for the life of their host. Over millennia, these viruses
have co-evolved with their hosts and more than 100 herpesviruses have been identified
from human and other eukaryotic organisms [1]. A common aspect of herpesvirus
biology is the biphasic lifecycle, where the virus transitions between lytic and latent
stages of infection. Lytic infection is characterized by a regulated cascade of viral gene
expression, genomic replication, and production of functional virions. During lytic
infection, the virus is able to disseminate infection within its host, or spread infection to
others. Following this initial burst of lytic infection, the virus enters a quiescent state
known as latency. In viral latency, gene expression is tightly regulated, resulting in
limited viral gene expression. Additionally, the viral genome is maintained as an episome
— tethered its host’s chromosome — and there is an absence of viral particle production.
However, upon the appropriate stimuli the virus can reactivate from latency to facilitate

maintenance and spread of infection.

Of the identified herpesviruses, eight commonly infect humans [2]. These include
the alpha herpesviruses- herpes simplex virus 1 and 2 (HHV-1 & 2 respectively) and
varicella zoster virus (HHV-3); the beta herpesviruses- cytomegalovirus (HHV-5) and
roseolo virus (HHV-6 & 7); and the gammaherpesviruses- Epstein Barr virus (HHV-4)

and Kaposi’s sarcoma associated herpesvirus (HHV-8). The three subfamilies- alpha,



beta, and gamma, are subdivided based on their biological characteristics.
Alphaherpesviruses have a broad host range and following a short replication cycle
inducing rapid cytopathic effect to host cells. Subsequently, alphaherpesviruses establish
latency in the sensory ganglia of their hosts. Beta herpesviruses have a restricted host
range, establishing latent infection in the secretory organs after a relatively long
replicative cycle. Finally, gammaherpesviruses, with a restricted host range establish
latent infection of B and T cells, and are associated with a variety of lymphoproliferative

disorders.

Gammaherpesvirinae

The lymphotropic gammaherpesvirus subfamily infects a range of mammalian
host species. This subfamily is comprised by the genera lymphocryptovirus (y1),
rhadinovirus (y2), and the more recently identified macavirus and percavirus [3].
Lymphocryptoviruses, including Epstein-Barr virus (EBV), infect members of the Old
and New World primates. Rhadinoviruses, including Kaposi’s sarcoma-associated
herpesvirus (KSHV), infect a range of hosts including primates, ungulates, and
carnivorous species (described in [4]). Macaviruses infect African wildebeest, hippo,

sheep, cows, goats and boars, and Percavirus have been identified in horses and badgers

13].

EBV infects individuals in the first decade of life, and its infection rate in the US
is estimated to be greater than 95% [5]. However, in the US, a non-endemic area for
KSHYV, less than 10% of the population is infected [6]. The fact that these viruses are

relatively benign in healthy host speaks to their successful adaptation during evolution



with their hosts; however, significant diseases can result from infection in the
immunocompromised or immunosuppressed host. KSHV was initially identified from
Kaposi’s sarcoma lesions in AIDS patients. Additionally, KSHV leads to a number of
malignancies including AIDS associated cancer, multicentric Castleman’s disease, and
primary effusion lymphoma. EBV, identified through its association with Burkitt’s
lymphoma in equatorial Africa, has been shown to cause Burkitt’s lymphoma,
nasopharyngeal carcinoma, and oral hairy leukoplakia. These malignancies emphasize
the importance of understanding the biology and pathogenesis of gammaherpesvirus
infection. However, a significant challenge in the study of gammaherpesviruses is due to
its narrow host range and cellular tropism. Until the identification of a rodent
gammaherpesvirus, MHV68, study of gammaherpesviruses relied solely on evaluation of

patient samples and tissue culture models.

MHV68

Identified from bank voles and yellow-necked field mice in Slovakia [7], MHV68
was found to infect both inbred and outbread mice. MHV68 infection closely mirrors the
natural course of infection of EBV. In the laboratory setting, MHV68 infection can be
induced following intranasal, intraperitoneal, oral, or intracranial inoculation. Trafficking
of MHV68 following intranasal infection is shown (Figure 1). Following intranasal
infection, the virus undergoes an initial burst of lytic replication in the lung epithelium
which lasts from 4-9 days post infection. Lesser amounts of virus are detected in
macrophage and dendritic cells in the lung. Next infected naive B cells are thought to
traffic to the spleen where peak lytic replication lasts from days 9-16 post infection. In

the spleen infected naive B cells undergo a germinal center reaction which facilitates



amplification of virally infected cells. Between days 14-18, ca. 70-90% of virally infected
B cells have a germinal center phenotype [8]. Notably, at the peak of splenic infection ca.
10% of infected B cells exhibit a plasma cell phenotype [8], which has been shown to
account for the majority of viral reactivation in the spleen — with ca. 50% of plasma cells
reactivating upon ex vivo transplant [9]. During the germinal center response cells exit as
either plasma cells or memory B cells — the major latency reservoir for MHV68. Between
days 16-42 days-post infection levels of latently infected B cells contract precipitously
from ca. 1:100 at day 16 to ca. 1:10,000 by day 42 — leaving behind a small pool of

latently infected memory B cells.

After its identification, the genome of MHV68 was sequenced and compared with
those of the other gammaherpesviruses [10]. Analysis revealed significant homology in
both sequence and spatial arrangement with the genomes of EBV, KSHV, and
Herpesvirus Siamiri (HVS). Interspersed among the large blocks of conserved genes,
were unique genes referred to as the M genes in MHV68. The MHV68 genome contains
14 M genes, M1-M14, which encode proteins that have been shown to aid in infection

and manipulation of the host response to infection.

M1 Function

M1, a unique protein encoded in the first open reading frame of MHV68, is a
secreted protein that has homology with pox virus serpin proteases. Although protease
activity has not been detected, M1 has been shown to play critical roles in MHV68
infection. Initial characterization by Clambey et al. revealed functions for M1 in lethality,

splenic atrophy and fibrosis in C57BI/6 interferon gamma receptor deficient mice



(IFNyR-/-) [11]. Further, in the absence of M1 expression, hyper-reactivation of the virus
from latently infected peritoneal exudate cells (PEC) was observed [11]. Subsequent
studies made key observations linking M1 expression and the characteristic VB4* CD8" T
cell expansion that occurs during MHV68 infection [12]. Until this point, the viral factor
responsible for this expansion remained unidentified; Evans et al. showed that M1 was
absolutely required for this T cell expansion. Recapitulating previous observations, these
studies showed that once this population expanded it would remain elevated for up to two
years post infection [12,13]. Additionally, Evans and colleagues showed that VB4 CD8"
T cells isolated from infected mice were responsive to intact recombinant M1 protein,
secreting both interferon gamma (IFNy), tumor necrosis factor alpha (TNFa), and
interleukin 2 (IL-2) independent of antigen processing and presentation [12]. These
observations were consistent with the notion that M1 functions as a novel viral super-

antigen.

The predominant source of viral latency and reactivation in the peritoneum is the
macrophages [14,15]. Notably, the viral replication and transcription activator (Rta),
responsible for driving lytic infection and reactivation from latency, has been shown to be
controlled through IFNy in a Statl dependent manner [15-17]. Taken together with its
role in VB4" CD8" T cell expansion, the following model was hypothesized for M1
function — (i) secreted M1 stimulates VB4~ CD8" T cell activation and expansion, (ii)
these cells then traffic through the blood stream to various sites of infection where they
secrete IFNy, (iii) thus suppressing Rta transcription in a IFNy dependent manner and

blocking viral reactivation from latently infected macrophages (Figure 2).



The role for M1 in MHV68 induced fibrosis in IFNyR-/- C57BI/6 mice was posited to
depend on the absence of IFNy signaling — leading to uncontrolled virus reactivation from
latently infected macrophages (and possibly other cell types). This persistent replication
would be expected to result in continued expression of M1 causing continued activation
of cytokine producing V4" CD8" T cells. These cells, either directly or indirectly, would
induce tissue damage or potentially initiate bystander T cell activation, contributing to an

ongoing process of tissue damage and repair resulting in fibrosis.

Recently, a novel function for M1 protein has been identified in viral latency. In
the absence of M1 expression, increased levels of viral latency were observed in naive
(IgD-) B cells in the spleen and PEC of both C57BI/6 and Balb/c mice at 3-5 months post
infection [18]. Given that VB4" CD8" T cells expansion occurs at low levels of in Balb/c
mice [13], these results suggest a function independent of V4" CD8" T cell expansion.
Furthermore, Krug et al. observed increased viral persistence from the lung of long term
M1-null infected C57BI/6 mice. This raises interesting questions regarding the function
of M1. What role is M1 playing in naive B cell infection? Is viral persistence observed in
both mouse strains, or is it limited to C57BI/6 mice where M1 is known to control viral
reactivation from other latently infected populations? What cell types are responsible for
the persistent infection in the lung, and are they controlled by the VB4 CD8" T cell
produced cytokines? Further evaluation of M1 function in different genetic backgrounds

may facilitate the uncoupling of V4 expansion from other M1 dependent functions.



M1 Expression

A better understanding of how M1 carries out its function may be provided by an
understanding of where it is expressed in vivo, and what regulates its expression. Much
of the available data pertaining to M1 expression is based on global analyses of MHV68
viral gene expression. A caveat to these findings is the reliance on detection methods that
are not strand specific, and therefore not stringent enough to discriminate between bona
fide M1 transcription and transcripts originating from the anti-sense strand. Nevertheless,

these studies provide some clues into M1 expression, and are discussed here.

Herpesviral genes, categorized as immediate-early (IE), early, and late, can be
distinguished by their expression patterns in the presence of DNA and protein synthesis
inhibitors. Viral IE genes do not require ongoing protein synthesis or DNA replication,
and are readily expressed in presence of their inhibitors. Early genes require IE protein
synthesis, and therefore are susceptible to protein synthesis inhibitors such as
cyclohexamide; whereas late genes are dependent on viral DNA replication, and are

susceptible to DNA synthesis inhibitors such as cidofovir.

M1, a lytic gene in MHV68 [10], has been defined as an early-late gene [19-22].
To evaluate global viral gene expression in vitro, infected BHK-21 cells were analyzed
by membrane array at various times post infection using *2P labeled probes [21]. This
study found very low levels of M1 expression which peaked at 24 hours post infection.
Another study identified M1 transcript at 18 hours post infection from 3T12 cells infected

at an MOI of 10 [22].



In vivo detection of M1 transcripts has identified the lung as a reservoir for
expression. M1 was detected in lung tissue at 5 days post infection [23,24], while levels
were nearly absent by 14 days post infection [23]. In the spleen, detection methods failed
to show M1 expression at 10 or 21 days post infection [24]. To identify specific cellular
reservoirs of viral gene expression, Marques et al. used fluorescence activated cell sorting
to isolate various cellular populations from the Balb/c spleen prior to gene expression
analysis by real time PCR. The highest levels of M1 expression were detected from
dendritic cells, and follicular (Fo) B cells; followed by newly formed (NF) B cells and
macrophages; the lowest levels of expression were in germinal center B cells and
marginal zone (MZ) B cells [23]. A confounding issue to these observations is the ability
of gammaherpseviruses to manipulate expression of CD21 and CD23 (unpublished data
C.M. Collins and S.H. Speck, and [25-28]). This complicates interpretation of gene
expression from the MZ, NF, and Fo B cell populations. Additionally, as plasma cells
play an important role in gammaherpesvirus biology and reactivation [9,29-34], another
shortcoming of this study was the failure to include the plasma cell population. Studies in
chapter 11 of this dissertation identify cellular reservoirs of M1 expression in vivo, and

identify the transcriptional regulators controlling M1 expression.
Genetic Requirements

Suggestive of genetic requirements for M1 expression is the failure to see V4"
CD8" T cell expansion in certain knock strains of mice. The absence of B cells has been
shown to provoke numerous changes in MHV68 infection including altered latency and
reactivation. Although MHV68 is capable of initiating and maintaining infection in B cell

deficient (uMT) mice, numerous changes including absence of lytic virus in the spleen,



lack of splenomegaly, and absence of V4™ CD8" T cell expansion have been observed
[14,35,36]. CD4™ T cell help has been shown to play an important role in Vp4* CD8" T
cell expansion, as CD40L-/- and CD4" T cell depleted mice fail to show expansion
during the course of a 53 day infection [35]. Additionally, at 21 days post infection, CD4-
/-, MHCII-/-, and CD4+ T cell depleted mice fail to show this expansion [37].
Interpretation of this data is cautioned by the finding that CD4-/- mice have a delayed
VB4* CD8" T cell expansion during MHV68 infection which correlates to delayed
splenic B cell activation [37], here Flano et al. note a delayed expansion at days 35-45
post infection, underscoring the importance of CD4-B cell interactions in this process.
Alteration of the immune composition of mice no doubt alters MHV68 infection —

nevertheless, these studies provide important clues regarding M1 expression.
Functional Homologs to M1

Within the gammaherpesvirus subfamily several proteins which share some
homologous function to M1 have been identified, suggesting that the role for M1 in
MHV68 infection might be a conserved among other gammaherpesviruses. EBV encodes
a structural protein, gp350, which like LMP-1 and LMP-2A has been shown to
transactivated an endogenous human retrovirus superantigen, HERV-K18, leading to
VB13™ T cell expansion [38-40]. The consequence of this expansion remains to be
explored, but the similarities certainly suggest that this may be a common strategy to
control aspects of viral infection. Similarly HVS encodes a viral super-antigen,
immediate-early gene iel4/vsag, which stimulates T cell proliferation and is necessary for
cellular transformation and viral persistence [41]. Like M1 ([24] and shown in chapter

I1), iel4/vsag is not essential for viral replication, and is linked to viral reactivation —



10

showing elevated expression in the presence of phorbol ester treatment [41]. These

similarities leave us to question the function of viral super-antigens in gammaherpesvirus
infection. What role do these proteins play in regulating infection or immune response? It
is unlikely that these genes would be maintained if they did not play some important role

in the gammaherpesvirus biology.

Fibrosis

Chapter I11 of this dissertation explores a small animal model of pulmonary
fibrosis, where the role of M1 is addressed. An overview of fibrotic disease and the
relevant murine models are presented here. Fibrotic disorders encompass a wide spectrum
of progressive diseases affecting multiple organ systems. Fibrosis may be limited to a
particular organ such as the lung, liver, or kidney; or may affect multiple organ systems,
in the cases of systemic sclerosis, multifocal fibrosclerosis, nephrogenic systemic
fibrosis, and sclerodermatous graft versus host disease in transplant recipients [42].
Though the driving mechanism and etiology differ among these disorders, a common
feature is the excessive deposition of extracellular matrix (ECM), leading to disruption of

normal tissue architecture and eventual loss of organ function.

Pulmonary Fibrosis

Pulmonary fibrosis or interstitial lung disease (ILD) encompasses a heterogeneous
group of more than 200 chronic disorders affecting the interstitium, the space
surrounding the air sacs of the lung. ILD results in progressive inflammation and scarring
of the lung that is generally irreversible. Diagnostic criteria include distinct clinical,

phsysiologic, and radiographic findings. Shared features of ILD include impaired gas
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exchange, restriction of pulmonary function and identification of bilateral infiltrates on

chest imaging [43].

One of the most severe ILD, idiopathic pulmonary fibrosis (IPF), has no known
etiology. This disease results in progressive scaring of the lung, respiratory decline and
eventual mortality. The natural history of disease is unpredictable and variable; while
some patients remain stable, the majority experience gradual decline over many years, yet
others experience rapid decline [44]. Further complicating disease progression is the fact
that some individuals experience acute exacerbations resulting in rapid decline despite
previous stability in their condition [44,45]. Generally affecting individuals over the age
of 65, this unrelenting disease has a median survival of 2-5 years post diagnosis [46].
Currently only two FDA approved drugs are available for IPF treatment, and though
these slow disease progression, there is no cure [47,48]. Furthermore, in addition to its
association with numerous environmental, genetic, and infectious factors, IPF has several

comorbidities that may influence the progression and severity of disease [43,49].

Diagnostic criteria for IPF were recently outlined by the ATS/ERS/JRS/ALAT in
2011, these criteria include “[the] exclusion of other known causes of interstitial lung
disease (ILD)...presence of a usual interstitial pneumonia (UIP) pattern on high-
resolution computed tomography (HRCT) in patients not subjected to surgical lung
biopsy...[and] specific combinations of HRCT and surgical lung biopsy pattern in patients
subjected to surgical lung biopsy.” UIP refers to specific phenotypic changes observed in
the lung, which include marked fibrosis with architectural distortion, presence of
subpleural or paraseptal honeycombing, patchy fibrosis in the lung parenchyma, presence

of fibrotic foci, as well as a number of exclusionary features [44].
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Role of Infections

Viral infections have been hypothesized to play an important role in progression
of IPF. Microscopic damage of alveolar epithelial cells in the lung, in conjunction with
dysregulated tissue repair, may contribute to development of IPF [50]. Further, it has
been proposed that occult viral infections may act as a cofactor contributing to disease
pathogenesis [51]. To elucidate the role of infection, numerous studies have evaluated
IPF patients for presence of viral DNA, antigen, and humoral immune response and are

discussed here (also reviewed in [51-53]).

Hepatitis C Virus

A study in Japan implicated hepatitis C virus (HCV) in IPF, finding 28.2% of IPF
patients, and only 3.7% of controls being sero-positive for HCV [54]. Subsequent
evaluations failed to show that HCV was contributing specifically to IPF. Meliconi et al.
found seroconversion rates of 13% in IPF patients, 0.3% for non-IPF controls, and 6.1%
in patients with non-interstitial lung disease, suggesting a more general role for HCV in
lung disease [55]. However, Irving and colleagues evaluated sera of 62 IPF patients for
presence of HCV by ELISA, identifying a single serum reactive patient [56]. In a
retrospective evaluation of HCV positive patients over a mean observation period of 8
years, elevated incidence of IPF with 0.3% and 0.9% incidence of IPF at 10 and 20 years
respectively was observed [57]. Notably, none of the hepatitis B virus positive control

patients in this study developed fibrosis.
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Torque Teno Virus & Adenovirus

Additional candidate viruses contributing to IPF include Torque Teno virus
(TTV) and adenovirus. One study detected the presence of TTV in 36.4% of patients and
noted a reduced 3 year survival rate [58]. Subsequent observations from this group
identified TTV in patients with IPF (94.3%), lung cancer (97.2%), and IPF and lung
cancer (100%); notably viral titers were higher in those with IPF and lung cancer,
compared to individuals with either disease alone [59]. Another study to assess the role of
viral infection in acute exacerbations of IPF found TTV in 14/43 patients by microarray
analysis. Although TTV infection rates were significantly higher in individuals with acute
exacerbations compared to stable controls, rates were similar to those with other acute
lung injuries [60]. Its prevalence in the population complicates interpretation of these
findings and further studies will be required to appreciate the contribution of TTV in IPF.
In vitro studies have shown that adenoviral gene product E1A upregulates profibrotic
factor TGFp and induces epithelial to mesenchymal transition [61]. Despite these
observations, researchers have failed to find a correlation between adenovirus and IPF

[62,63].

Influenza Virus

A case report of an individual experiencing acute exacerbation of IPF following
vaccination for pandemic H1IN1 was reported [64]. A subsequent report noted elevated
viral output in infected alveolar type Il cells isolated from individuals with fibrotic lungs

[65]. This study suggests that the fibrotic lung may be more permissive to infection, what
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consequence this may have on development of disease and it progression remains to be

seen.

Herpesviruses

Some of the most compelling evidence linking herpesvirus infection with IPF was
shown in a study by Tang and colleagues [66]. Here lung tissue from 33 IPF patients and
25 control subjects was evaluated by PCR for HHV-7, HHV-8, EBV, and human
cytomegalovirus (HCMV). Strikingly, one or more virus was detected in 97% of patients,
compared to 36% of controls. CMV, EBV, and HHV-8 were found more frequently in
IPF patients compared to controls, and two or more viruses were detected in 57% of IPF

patients vs 8% of controls.

Cytomegalovirus

The role of CMV in IPF has been addressed in a number of other studies.
Notably, higher CMV IgG and complement fixation titers were observed in IPF patients
compared to healthy controls, or those with other lung disease (sarcoidosis and chronic
obstructive pulmonary disease) [63]. In evaluating the role of microvascular injury in
IPF, Margo and colleagues identified 9 CMV positive patients by serology, these patients
showed CMV RNA in pulmonary cells indicating an active infection [67]. Another study
evaluating acute exacerbation in IPF patients found 10% of patients with nonspecific
interstitial pneumonia, and 25% of patients with organizing pneumonia patters, to be
CMV infected by immunohistochemistry [68]. Contradictory evidence was shown in a

study evaluating bronchoalveolar lavage fluids and blood for CMV, which showed no
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difference in infection among IPF patients and controls [69]. Further studies will be

necessary to clarify the role of CMV in IPF.

Epstein-Barr virus

The strongest link between viral infection and IPF has been shown with EBV. The
association was first noted in 1984 where 13 IPF patients were shown to have elevated
EBV antibody response compared to control subjects [70]. Several reports have found
elevated levels of EBV DNA in the lung [71,72], with evidence of viral replication
indicated by WZhet rearrangement [72]. Increased viral capsid antibody titers have been
shown in the bronchoalveloar lavage fluids for 60% of IPF patients compared to 22% of
controls [73]. EBV replication has been detected in the type 11 alveolar epithelial cells
from the lower respiratory tract of IPF patients [74] and in vitro findings indicate EBV
infection of type I AEC results in increased levels of TGFp [75]. Interestingly, in vitro
expression of EBV protein, LMP-1, in the presence of low levels of TGFf has been
shown to increase mesenchymal markers and concurrently decrease epithelial cell makers
—an indication of epithelial to mesenchymal transition [76]. Furthermore, EBV has been
shown to modulate expression of CD21 [25-27]; and notably, primary type 1l AEC
treated with 1L4, which express CD21, have been shown to be more permissive to EBV
infection [77]. Taken together these findings highlighting how the Th2 cytokine
environment, observed in IPF patients, may impact viral infection and disease.
Additionally, Lawson and colleagues have shown a correlation between EBV infection,
unfolded protein response (UPR) and endoplasmic reticulum (ER) stress [78]. This study
finds elevated levels of ER stress and UPR activation in patients with familial IPF,

associated with a mutated surfactant protein C gene, highlighting how EBV might disrupt
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the balance in a genetically predisposed individual. Though some studies have failed to
find a correlation between EBV and IPF [79,80], much of the evidence points to a role for

EBV in IPF pathogenesis and disease progression.

Case Reports, Pulmonary Fibrosis in Animals

In addition to its presence in humans, pulmonary fibrosis (PF) has been identified
in a number of mammalian genera including felines, canines, and equines. First described
in 1999, pulmonary fibrosis has been shown to afflict domesticated canines [81-84].
Evidence of spontaneous feline IPF has also been noted. Initial reports of disease were
made in 2004, and since then feline PF has been radiologically and histologically
characterized [85-88]. However, little effort by the veterinary community has been made
classify forms of fibrotic lung disease in companion animals, and the etiologic agent(s)
responsible for canine and feline PF remain unknown [89]. Equine multinodular
pulmonary fibrosis (EMPF) initially described in 2007, has been shown to have a strong
association with gammaherpesvirus infection [90-95]. Histologic features bear a striking
similarity to those of human IPF, with interstitial fibrosis, cuboidal epithelial cells lining
the alveolar walls, and neutrophilic and macrophage infiltrates [90]. Strikingly, Williams
and colleagues revealed a strong correlation between Equine herpesvirus 5 (EHV-5)
infection and EMPF, where 19/24 (79.2%) affected horses and only 2/23 (8.7%) of

control horses lung tissue were positive for EHV-5 [90].

MHV68 Induced Fibrosis in IFNYRKO Mice

Limitations to study of pulmonary fibrosis have led to the development of

numerous small animal models to characterize the underlying mechanisms driving PF.
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Rodent models broadly include use of (i) respiratory irritants, (ii) cytokine
overexpression, (iii) genetic mutation, (iv) tissue injury, (v) age related fibrosis, and (vi)
viral infection, and are thoroughly described by Moore et al. [96]. Additionally, several
model systems have evaluated the role of MHV68 infection, as well as other viruses as
exacerbating agents in traditional models of pulmonary fibrosis such as bleomycin and
FITC (Reviewed in [53,89,97,98]. However, for the sake of brevity, we will focus on
MHV68 infection of interferon gamma receptor deficient mice (IFNyR-/-) and describe

the resulting pathology and mechanistic findings.
Atrophy and Fibrosis of the Spleen

Initial discovery of a spontaneous fibrotic disorder initiated by MHV68 infection
was shown in IFNyYR-/- 129Sv/Ev [99]. Here, MHV68 infection was shown to cause a
dramatic reduction in spleen cellularity between 15 and 20 days post infection, which
stabilized at ca. 1x10” cells/mouse spleen through day 70 post infection. This initial
characterization showed granulocytic infiltrate in the white pulp of the spleen, increased
fibroblasts, and collagenous matrix deposition disrupting the white and red pulp.
Strikingly, depletion of CD8" T cells through the course of infection was shown to
prevent fibrosis, restoring spleen size and level of MHV68 infective centers. Subsequent
analyses have worked to uncover the mechanism contributing to this fibrotic disease and
have revealed that MHV68 infection of IFNyR-/- results in multi-organ fibrosis, these

studies will be discussed below.

Dal Canto et al. revealed the importance of viral replication in this model,

showing that MHV68 infection resulted in ca. 80% lethality, yet with administration of
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cidofovir at 24 days post infection, lethality was reduced to ca. 40% [100]. Furthermore,
treatment led to a significant reduction in fibrotic lesions in the spleen. In a series of
elegant adoptive transfer experiments, Ebrahimi and colleagues revealed the driving
mechanism for splenic fibrosis and atrophy [101]. Dramatic alteration in the chemokine
and cyokine profiles resulted in altered lymphocyte trafficking [101]. Notable changes
include elevated levels of IFNy, TNFa, TNFp, IL1B, TGFB1, LTN, MIP1; and reduced
levels of IP10, MIGL1 in the spleen. Ebrahimi et al. also described the fibrosis and atrophy
of the spleen and mediastinal lymph node, and fibrosis of the lung and liver. An
unexpected finding of these studies was the apparent resolution of atrophy and fibrosis
occurring between 21-45 days post infection. This reason for this observation is unclear

as previous reports failed to show this apparent resolution.

Infiltration of macrophage populations over the course of disease progression has
been observed [102]. The migration of “ameboid like” macrophages into the germinal
center, marking positive for TR9 and MOMAZ1 were noted, and markers of alternative
macrophage activation (Argl and FI1ZZ1) were shown to coincide with development of
fibrosis. Consistent with presence of alternative macrophages were elevated levels of
IL13, IL21, and IL5. Levels of TIMP1 and MMP12, mediators of extracellular matrix

turn over were also increased, along with fibronectin and FXIIA.

Notably, in the absence of MHV68 unique protein M1, splenic fibrosis and
atrophy failed to occur in IFNyR-/- C57BI/6 mice [11,12]. Evans et al. proposed a
mechanism in which the V4" CD8" T cell population played a critical role in driving
disease and pathogenesis through VB4 induced immunopathology and possible bystander

T cell activation [12].
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Hepatic Fibrosis

Another finding of the IFNyR-/- 129Sv/Ev MHV68 infections was hepatic
fibrosis. Gangadaharan et al. described fibrosis in ca. 30% of infected mice [103].
Proliferation of the intrahepatic bile duct with chronic mononuclear cell infiltration was

observed during the course of infection, along with epithelial cell expression of Argl.

Pulmonary Fibrosis

As the second aim of this dissertation focuses on the role of M1 in pulmonary
fibrosis, we discuss relevant background in pulmonary cellular immune response and
pathology here. Studies to address the role of M1 in MHV68 induced fibrosis of IFNyR-/-

mice are presented in Chapter III.

Mora and colleagues first described a pulmonary fibrotic disease in MHV68
infected IFNyR-/- mice reminiscent of human IPF [104]. Infection of IFNyR-/- mice
resulted in severe inflammation of the subpleura areas surrounding the airways and blood
vessels. Notably these changes and the presence of pulmonary infiltrates primarily made
up of lymphocytes, plasma cells, neutrophils, and eosinophils persisted throughout
chronic infection, with evidence of subpleural fibrosis observed at 150 days post
infection. Collagen deposition was patchy and most evident in subpleural areas adjacent
to large alveolar macrophages. Additional features included decreased tidal volume,

increased expression of TGFp in the lung, and MHV68 detection in the type Il AEC.

During the early stages of infection, elevated IL5, IL10, and I1L4 have been

detected in the bronchoalveolar lavage fluids [104]. Levels of MIP1o and MCP1lin
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fibrotic mice were elevated in the bronchoalveolar lavage fluid and serum [105].
Additionally, markers of alternative macrophage activation were indicated by Ym1/2,

Argl, and F1ZZ1 [105].

Subsequent studies have provided insights into the underlying mechanisms
driving pulmonary fibrosis in this model system. Consistent with Dal Canto's observation
that cidofovir treatment led to improved survival and reduction in splenic fibrosis [100];
cidofovir treatment was shown improve survival, and dramatically reduce lung pathology
and collagen deposition [106]. Cidofovir treatment led to reduction in IFNy, 1L13,
MIPla, Argl, Ym1/2, and TGFf expression, as well as reduced gelatinase activity and
levels of MMP2 and 9 [106], highlighting the role of alternative macrophage activation in
pathogenesis. Another notable feature of MHV68 infection of IFNyR-/- mice was the
persistence of virus in the lung at 90 days post infection [107,108]. Infection of IFNyR-/-
with a NFkB dominant negative mutant virus was shown to dramatically reduce
development of fibrosis [108]. Coincident with the decreased fibrosis were decreased
levels of virus in the lung, decrease levels of mesenchymal markers, and decreased

presence of alternatively activated macrophages [108].

Fidelity of this Model System for IPF

Many features of this model are consistent with many the physiologic and
pathological changes observed human IPF. In parallel to elevated collagen deposition
mice experience decrease in tidal volume; furthermore, increased levels of TGFJ,
myofibroblast transformation, Th2 cytokine production, type Il cell hyperplasia, and

alteration in MMP-7 are observed [104]. Genetic mutation of SFTPC is observed in some
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cases of familial IPF [49], consistent with this is the observation that MHV68 infection of
IFNYR-/- mice result in altered synthesis of surfactant proteins [104]. This highlights an
interesting ability of gammaherpesviruses to manipulate host cell biology. Furthermore,
like EBV, MHV68 viral protein was detected in type Il alveolar epithelial cells.
Mirroring the observation of EBV infection of lower lung alveolar epithelial cells, Mora
and colleagues showed MHV68 antigen present in type Il AEC [104]. A number of
salient features of this model recapitulate the histological findings of IPF outlined in the

ATS/ERS/JRS/ALT diagnostic criteria [44] and are outlined in Table 1.
Summary

MHV68 provides a unique model system where we can probe various aspects of
gammaherepsvirus biology and pathogenesis. We hope that through a better
understanding of M1 regulation and function, we may gain insights into the role of viral
super-antigens in gammaherpesvirus infection. This dissertation aims explore MHV68
M1 protein through two different arms of investigation. The first of these aims is to
understand the site and regulation of M1 expression (Chapter I1). By gaining a more
complete picture of M1 expression and regulation, we gain insights into how M1 carries
out its function during infection. The second aim of these studies is to understand the role
of M1 during fibrotic disease (Chapter I11). Unlike M1, many of the previously identified
MHV68 mutants which fail to induce fibrosis, play critical roles in establishment and
maintenance of MHV68 infection. Our investigation into the role of M1 in MHV68
induced fibrotic disease explores its immunomodulatory functions in the context of an
immunocompromised host and provides insights into the role of CD8" T cells in

gammaherpesvirus associated pulmonary fibrotic disease.
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FIGURE LEGENDS

Figure 1: Trafficking and replication of MHV68 following intranasal infection.
Following intranasal MHV68 infection the virus undergoes lytic replication in the
respiratory epithelium (1), subsequently the virus infects naive B cells, and to a lesser
extent dendritic cells and macrophages (2) which traffic to the spleen (3). In the spleen
these infected cells enter a germinal center reaction where the infected B cell population
proliferates, and at this stage cells undergo somatic hyper-mutation (4). Subsequently,
infected B cells exit the dark zone and move to the light zone where B cell maturation
and Ig class switch occurs (5). Upon completion of the germinal center reaction, cells exit
as memory B cells (the long term latency reservoir of MHV68) or plasma cells (a

predominant site or viral reactivation) (6).

Days post infection (dpi), Macrophages (M®), Dendritic Cell (DC), Follicular dendritic

cell (FDC), T follicular helper (TFH), immunoglobulin (Ig)

Figure 2. Expression and function of M1 protein in MHV68 infection. During
MHV68 infection, the stimulatory ligand for VB4 CD8" T cell activation is expressed
from infected splenocytes [109], Evans and colleagues identified this stimulatory ligand
as MHV68 M1 [12]. During infection, M1 is expressed as a secreted protein capable of
inducing V4" CD8" T cell activation and expansion independent of antigen processing
and presentation. This population of cells traffics to different sites in the mouse including
peripheral blood, lung, spleen, and peritoneum. These activated T cells produce high

levels of interferon gamma (IFNYy), as a result of M1 stimulation, which is capable of
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suppressing the MHV68 ORF50 (Rta) promoter in a Stat 6 dependent manner in the
peritoneal macrophage population. Blocking the ORF50 promoter prevents Rta mediated

transactivation, thus allowing the virus to maintain latency.

Figure modified from Evans et al. [12]



TABLES

Table 1. Similarities between IPF and MHV68 infection of IFNyR-/- mice.

Phenotype IPF MHV68 Infection
Marked fibrosis Yes Yes
Architectural distortion Yes Yes
E(r;see;ccoe rﬁ;ii‘lgbpleural or paraseptal Yes No
Patchy fibrosis in the lung parenchyma Yes Yes
Presence of fibrotic foci Yes Yes

26
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CHAPTER I

The murine gammaherpesvirus immediate-early Rta synergizes with

IRF4, targeting expression of the viral M1 superantigen to plasma cells

Brigid M. O’Flaherty™?, Tanushree Soni'?, Brian S. Wakeman™?, Samuel H. Speck’?*
! Department of Microbiology and Immunology, Emory University School of Medicine,
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All figures were generated by Brigid Moira O’Flaherty.

Figure 1-3. M1st-YFP and M1p-YFP viruses were generated by Tanushree Soni.
Figure 6. 1025bp M1p plasmid generated by Lisa Gargano.

Figure 10A. M2p plasmid a generous gift of Shariya Terrell.

Figure 10 B&C. ORF50ppRREm plasmid generated by Brian Wakeman, N4/N5p
previously described in [110].

PLoS Pathog. 2014; 10(8): €1004302. The content is reproduced here, with

modifications, under the Creative Commons Attribution License, as applied by PLoS.
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CHAPTER I

The Murine Gammaherpesvirus Immediate-Early Rta Synergizes with IRF4,

Targeting Expression of the Viral M1 Superantigen to Plasma Cells.

ABSTRACT

MHV68 is a murine gammaherpesvirus that infects laboratory mice and thus
provides a tractable small animal model for characterizing critical aspects of
gammaherpesvirus pathogenesis. Having evolved with their natural host, herpesviruses
encode numerous gene products that are involved in modulating host immune responses
to facilitate the establishment and maintenance of lifelong chronic infection. One such
protein, MHV68 ML, is a secreted protein that has no known homologs, but has been
shown to play a critical role in controlling virus reactivation from latently infected
macrophages. We have previous demonstrated that M1 drives the activation and
expansion of VB4 CD8" T cells, which are thought to be involved in controlling MHV68
reactivation through the secretion of interferon gamma. The mechanism of action and
regulation of M1 expression are poorly understood. To gain insights into the function of
M1, we set out to evaluate the site of expression and transcriptional regulation of the M1
gene. Here, using a recombinant virus expressing a fluorescent protein driven by the M1
gene promoter, we identify plasma cells as the major cell type expressing M1 at the peak
of infection in the spleen. In addition, we show that M1 gene transcription is regulated by
both the essential viral immediate-early transcriptional activator Rta and cellular
interferon regulatory factor 4 (IRF4), which together potently synergize to drive M1 gene

expression. Finally, we show that IRF4, a cellular transcription factor essential for plasma
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cell differentiation, can directly interact with Rta. The latter observation raises the
possibility that the interaction of Rta and IRF4 may be involved in regulating a number of

viral and cellular genes during MHV68 reactivation linked to plasma cell differentiation.
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INTRODUCTION

MHV68 is a naturally occurring murid gammaherpesvirus that has significant
genetic and functional homology to the human gammaherpesviruses Epstein-Barr virus
(EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV). Among herpesviruses,
there are a large number of genes involved in virus replication that are conserved — both
in sequence and spatial arrangement in the viral genome. However, every herpesvirus,
having co-evolved with its host during speciation, has acquired unique genes - many of
which function to modulate and/or evade the host immune response. Coevolution of with
their hosts has led to some divergence of host-pathogen interactions; however, unigque
genes may reveal homologous functions required for chronic infection of the host. One
such gene is the MHV68 M1, which is found in a cluster of unique genes at the left end

of the MHV68 genome.

Initial functional studies of M1, utilizing an M1-null virus revealed a hyper-
reactivation phenotype from latently infected peritoneal exudate cells (PEC) [11].
Subsequent studies found that this hyper-reactivation phenotype was strain specific —
occurring in C57BI/6 mice, but not Balb/c mice [12]. In addition to the strain specific
reactivation phenotype, a strain specific expansion of V4" CD8" T cells had previously
been observed in response to MHV68 infection [13]. This pronounced T cell expansion
and activation is a hallmark of MHV68 infection in many inbred mouse strains and is
observed in peripheral lymphoid organs, as well as the blood, reaching peak levels after
the virus has established latency [13,111]. Notably, the VB4 CD8" T cells remain
elevated during the course of chronic MHV68 infection, and do not adopt an exhausted

phenotype [13]. Analysis of M1-null mutants revealed that a functional M1 gene is
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required for the V4" CD8" T cell expansion [12]. Furthermore, M1 was shown to be a
secreted protein capable of stimulating VB4* CD8" T cells to produce IFNy and TNFa
[12]. These analyses suggested that M1 may exert control over MHV68 reactivation from
peritoneal macrophages through the induction of IFNy from Vp4'CD8" T cells [12], this
is supported by the observations that: (i) IFNy-/- mice exhibit hyper-reactivation from
PECS [112]; and (ii) the demonstration that IFNy can suppress MHV68 replication in
macrophages [12,15,17].

Early experiments to evaluate the expansion in thymectomized mice suggested that
VB4* CD8" T cells are maintained through continued stimulation by a stimulatory ligand,
which is now known to be M1 [113]. Interestingly, B cells appear to play a critical role in
the expansion of V4" CD8" T cells, as no expansion is observed upon MHV68 infection
of mice lacking B cells [35,36]. Other studies provide some clues to the timing and site of
M1 expression during MHV68 infection, where B220" splenocytes at 14 days post-
infection were found to be capable of stimulating V4™ CD8" T cell hybridomas [109].

Though no homolog to M1 has been found in other gammaherpseviruses, HVS has
been shown to encode a viral superantigen, immediate early gene iel4/vsag [41]. Like
M1, ield/vsag, is not essential for viral replication; and interestingly, iel4/vsag
expression is elevated in phorbol ester treated cells, indicating a link with viral
reactivation. In EBV, structural protein gp350, as well as latent membrane proteins LMP-
1 and LMP-2A have been shown to activate expression of an endogenous human
retroviral superantigen, HERV-K18, which results in a VB13" T cell expansion [38-40].
Due to limitations in study of non-human primate and human patients it has been difficult

to assess the role of these superantigens and the consequence of their resulting T cell
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expansion. We are therefore left to speculate what benefit they provide to their host. Do
they aid in infection or the establishment of latency? Do they divert the immune
response? Are they involved in control of infection? We hope that a better understanding
of the expression and role of M1 in MHV68 infection may shed light into the conserved
use of viral superantigens by gammaherpseviruses.

Though numerous studies to define the transcriptional program of MHV68 in
vitro have identified M1 as an early through late gene [19,20,22] relatively little is known
about when and where M1 is expressed during infection. Furthermore, while a number of
transcriptome based analyses have detected transcripts extending through the M1 locus
during in vivo infection, much of this data relies on methods that are not strand specific
and therefore not definitive [21,23,24,114]. Due to the dearth of information about
M1expression in vivo, we set out to characterize M1 expression using a novel approach
wherein a fluorescent reporter virus would allow detection of M1 promoter activity
during infection. This approach led to the identification of splenic plasma cells as the
primary cell type expressing M1 in vivo. Furthermore, factors regulating M1 transcription
were previously uncharacterized. The current studies have elucidated key cis-elements
and transcription factors controlling the expression of M1 in plasma cells. Overall, these
findings provide insights into the role of M1-mediated regulation of MHV68
pathogenesis. Moreover, we reveal a novel and potentially conserved mechanism which
controls the timing and site of viral gene expression in response to reactivation in the B

cell.
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MATERIALS & METHODS
Ethics statement: This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Emory University
Institutional Animal Care and Use Committee and in accordance with established
guidelines and policies at Emory University School of Medicine (Protocol Number:

YER-2002245-031416GN).

Mice and virus infections: Six to eight week old female C57BI/6 mice were obtained
through Jackson Laboratory (Bar Harbor, ME) and housed at Emory University in
accordance with university guidelines. Prior to infection mice were sedated with

isofluorane and intranasally infected with 5x10°pfu in 20ul of DMEM.

Cell Lines: Cells were grown under normal conditions at 37°C with 5% CO2. A20-HE2
cell were grown in complete RPMI-1640 (supplemented with 10% FCS, 100U/mL
penicillin, 100mg/mL streptomycin, 2mM L-glutamine, and 50mM B-mercaptoethanol);
P3X63Ag8 (ATCC TIB-9) were grown in compete RPMI-1640 with the addition of
10mM non-essential amino acids, 1mM sodium pyruvate, and 10mM HEPES; and 293T
cells (a generous gift from Dr. Edward Mocarski) were grown in complete DMEM
(supplemented with 10% FCS, 100U/mL penicillin, 100mg/mL streptomycin, and 2mM

L-glutamine).
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Generation of recombinant viruses: To generate the M1 promoter driven YFP virus a
500bp homology arm immediately upstream of M1 ORF was amplified with
LFA_MIul_1521-1573 (5’-
TCCCCAATGACGCCAAAGTCTAAGTCCCTGTACAGGCTTAACTTTTTTAGAAT
-3’) and LFA_Spel 2005-2022 (5’-GGTCGCCGCTGCTCAATG-3’) and cloned into
pCR Blunt-eYFP vector (a kind gift from Dr. Chris Collins) using Mlul and Spel to
generate pCR Blunt-eYFP M1 LFA Flank. Next a 495bp homology arm immediately
downstream of the M1 ORF was PCR amplified using RFA_Notl_3286-3307 (5’-
GCCTGAATACATGTTTACTGGG-3’) and RFA_Nsil_3758-3780 (5'-
AACCTACGCGGCCACTCAACAGA -3’) was cloned into pCR Blunt-eYFP using Notl
and Nsil to create pCR Blunt-eYFP M1 LFA RFA flank. The eYFP flanked by left and
right homology arms for the M1 locus was then PCR amplified to include Bglll and Nsil
restriction sites and was cloned into pGS284. The resulting plasmid pGS284-eYFP M1
LFA RFA flank was then electroporated into APir electro-competent bacteria for allelic
exchange with WT MHV68 BAC in GS500 RecA+ Escherichia coli. To generate the
M1st-eYFP virus, GS500 containing M1st. BAC [12] were crossed with APir containing
pGS284-XLI9CD-CMV-YFP-F for allelic exchange. Following allelic exchange virus

preparation was performed as previously described [8].

Flow cytometry: Single cell suspensions of splenocytes were prepared and resuspended
in PBS supplemented with 2% fetal bovine serum. Samples were stained using standard
procedures. Following initial FC receptor block (CD16/32), samples were stained with a

master mix containing: CD138-PE, CD3e-PerCP, CD95-PE, GL7-APC, B220-APC-Cy7,
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CD19-Pacific Blue. 1-2x10° events were recorded on BD LSRII flow cytometer and

results were analyzed using FloJo software (Tree Star Inc).

Rapid amplification of cDNA ends (RACE) analysis: A20-HE?2 cells were stimulated
with 20ng/mL tetradecanoylphorbol acetate (TPA) for 48 hours prior to RNA isolation.
NIH3T12 were infected with an MOI of 1.5 for 18 hours prior to RNA isolation. RNA
was extracted using Trizol Reagent (Invitrogen Life Technologies) according to
manufacturer’s instructions and RNA concentration was determined. Prior to RACE
analysis RT-PCR was performed to detect M1 and pol transcripts using primers described
previously [10]. 5’ and 3’ RACE analysis was performed using GeneRacer Kit L1502-02
(Invitrogen Life Technologies) according to manufacturer’s specifications. Gene specific
primers were generated for detection of M1 transcript. For the first round of PCR
M1ORF_Rd1l _Fwd (5’-GGCCATTATGTGGACGTG AAGAGAATTGTAGGTAT-3’)
was used to amplify the 3’ region and M1ORF_Rd1 Rvs (5’-
CCTTGGTATCATCCTCAGGAAATGGGTAGGTTTCA-3’) was used to amplify the 5’
region. For the second round of PCR M10ORF_Rd2_Fwd (5’-
GGAAAACTCTCCAGAGCTGCTGTCGTG GGGGATGAT-3) was used to amplify
the 3’ region and M10ORF_Rd2_Rvs (5’-GCCAG

TGAGCTATGCTTTGGCCCAGTATGCAGGAA-3’) was used to amplify the 5 region.

Generation of plasmids: M1 promoter luciferase constructs were cloned into pGL4.10
(Promega) using Bglll and Kpnl restriction sites. With the exception of the

M1pIRF4mutl, M1pIRF4mut2, and G50ppRREm binding site mutants, inserts were
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generated by PCR amplification of regions upstream of the M1 ORF, using WT BAC
DNA as template, with primers listed in table 1. The M2 promoter construct was the
generous gift from Dr. Shariya Terrell.

To generate M1pIRF4Amutl and 2 Overlapping PCR was used to introduce
IRF4/IRF8 binding site mutations into the 197bp M1 promoter region corresponding to
nt. 1960-1961 and nt. 1961-1963 in the viral for mutants 1 and 2 respectively.
Amplification of a 118bp left flaking arm was done using 197bp forward primer (table 1)
and reverse primers: (5-TCTTTCTTGGTGTGTTCACTTCTAAACATG-3’) and (5°-
TCTTTCTTGGTGGGACCACTTC TAAACATG -3’) for mutants 1 and 2 respectively.
Amplification of a 70bp right flanking arm was done using 197bp reverse primer (table 1)
and forward primers: (5’-CATGTTTAGAAGTGAACA CACCAAGAAAGA-3’) and
(5’-CATGTTTAGAAGTGGTCCCACCAAGAAAGA-3’) for mutants 1 and 2
respectively. The left and right flanking arms were used as template and allowed to
anneal for 6 rounds of the PCR cycle prior to the addition of the 197bp forward and
reverse primers. The resulting amplicon was then cloned into pGL4.10.

To generate the ORF50ppRREM MHV68 WT BAC DNA was used as a template
for overlapping PCR. In the first PCR round left and right flanking arms were generated
using ProxPromF (5’-GATCGCTAGCTCTTTATAGGTACCAGGGAA-3’) with
ProxRREmMR (5’-tcactctgttcaagaagttgcctgaggttcataaa-3’), and ProxPromR (5°-
TAGCAGATCTGGTCACATCTG ACAGAGAAA-3’) with ProxRREmF (5°-
ttcattttcaggccatttatgaacctcaggcaact-3’)respectively. These products were used as a
template for a second round PCR amplifcation with primers ProxPromF and ProxPromR,

and amplicons were cloned into pGL4.10
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Expression constructs were cloned into pPCDNA 3.1 (+) (Invitrogen) using Notl
and Xhol restriction sites using primers listed in table 1. Both flag-tagged and non-tagged
unspliced Rta were amplified from WT BAC DNA corresponding to viral genomic
coordinates (66,761-69,374). Murine IRF4 was amplified from pMSCV-IRF4-IRES-GFP
(a kind gift from Dr. Xiaozhen Liang).

All PCR amplification was carried out using high fidelity Phusion DNA
polymerase (New England Biolabs), and sequence analysis confirmed completed plasmid

constructs (Macrogen).

In vitro promoter assays: 5x10° 293T cells were seeded into 6 well plates, the following
day cells were transfected with 2.5ug firefly luciferase and protein expression plasmids
and 10ng of pRL-TK (Promega) using TransIT 293T (Mirus). 1x10° P3X63Ag8 cells
were nucleofected with 5ug firefly luciferase plasmids using Ingenio Electroporation
Solution (Mirus) using setting X-01 on the Amaxa nucleofector. Reactions were done in
triplicate for each condition, and 2-4 independent experiments were conducted. 48 hours
later cells were lysed using passive lysis buffer (25 mM Tris-phosphate pH 7.8, 2 mM
DTT, 2 mM DCTA, 10% glycerol, 1% Triton X-100). P3X63Ag8 cells were assessed for
firefly luciferase activity using 10ul lysate and 50pl luciferase assay reagent (LAR) (75
mM HEPES pH 8, 4mM MgS04, 20 mM DTT, 100 pM EDTA, 53.0 uM ATP, 270 uM
Coenzyme A, and 470 uM beetle Luciferin). A dual luciferase assay for firefly and
renilla luciferase activity was performed on 293T cells using 10ul cell lysate and 50ul
LAR, followed by the addition of 50ul Stop & Glo reagent (Promega). Light units were

read on a TD-20/20 luminometer.
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Nuclear extract and electrophoretic mobility shift assay: Nuclear extracts of
P3X63Ag8 cells grown under normal conditions were made as previously described
[115]. Briefly, cells were washed with PBS, pelleted cells, resuspended in ice cold
hypotonic lysis buffer and incubated on ice for 15 minutes. 10% Nonidet P-40 was added
at 1/20 final volume and nuclei were spun down. Nuclei were then washed in hypotonic
lysis buffer, resuspended in high salt buffer, and incubated with vigorous shaking for 2-3
hours at 4°C. Supernatants were collected following centrifugation and aliquoted on dry
ice and stored at -80°C. Following isolation protein content in nuclear extract was
quantified using DC Protein Assay (BioRad), and western blot was performed to confirm
presence of IRF4.

Electrophoretic mobility shift assay was performed using nuclear extracts as
previously described [116]. Briefly, a binding reaction containing 10ug of nuclear
extract, 0.2ng *2P-labeled double stranded oligonucleotide probe containing IRF4
consensus binding sequence (underlined) (sense-5’-TTGGTGGTTTCACTTCTAAACA-
3’), and 2ug poly (di-dC) was made up in binding buffer (10mM Tris-HCI (pH 7.5),
10mM HEPES, 50mM KCI, 1.1mM EDTA, and 15% glycerol, with 1.25mM DTT) and
incubated on ice for 30 minutes. Supershift assays included 1pug of IRF4 antibody (clone
M17, Santa Cruz Biotech.) or isotype control pSTAT1 antibody (clone Tyr 701, Santa
Cruz Biotech.) incubated with nuclear extracts slow shaking at 4°C for 1 hour.
Competition experiments were performed with 2X and 20X unlabeled oligonucleotides
containing WT or mutated (underlined) IRF4 consensus binding sequence (sense 5’-
TTGGTGGGACCACTTCTAAACA-3’). Nucleoprotein complexes were run on 5%

native polyacrylamide gel in 0.5X Tris Buffered EDTA at 180V for 1 hour. Gel was dried
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under vacuum and analyzed with Phosphorimager analysis (Typhoon 9410; Amerisham

Bioscience)

Co-Immunoprecipitation: 10cm dishes were seeded with 4x10° 293T and were
transfected the next day using TransIT-293T (Mirus). 48 hours later cells were washed 2
times with ice cold PBS, and lysed while rocking at 4°C, in ImL Triton X Lysis Buffer
(50mM Tris HCI pH 7.4-7.5, 150mM NaCl, 1ImM EDTA, 0.1% Triton; supplemented
with ImM NaF, 1mM activated Na3V04, and Roche EDTA free protease inhibitor
cocktail tablet for 50mL volume). Following lysis, membranes were pelleted and lysates
were transferred to pre-chilled tubes. Protein concentration was determined using DC
Protein Assay (BioRad). 1mg of cell lysate was precleared with prepared protein G beads
(Pierce), then 8ug of IRF4 antibody (clone M17, Santa Cruz Biotech) or flag antibody
(clone M2, Sigma) was added and lysates were incubated overnight at 4°C. Lysates were
transferred to freshly prepared protein G beads for binding and were incubated at 4°C for
2 hours. Following wash, protein was eluted and samples were electrophoresed on 10%
polyacrylamide gels, and transferred onto nitrocellulose membranes for western blot. The
following detection antibodies were used: IRF4 (clone H140, Santa Cruz Biotech.) and

Flag (clone M2, Sigma).
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RESULTS
M1 is expressed in a subset of MHV68 infected splenocytes
To identify cellular reservoirs in which the M1 gene is expressed in vivo, we
generated a series of recombinant viruses that express yellow fluorescent protein (YFP)
to mark infected cells. For detection of M1 promoter activity, the M1 coding sequence
was replaced with that encoding YFP, creating a M1 promoter-driven YFP mutant
(Figure 1A). This strategy allows detection of the cellular reservoirs in which M1 is
expressed during infection. Additionally, two important controls were used: MHV68-
YFP, in which the YFP transgene under the control of the HCMV IE promoter was
cloned into a neutral locus in the viral genome (efficiently marking MHV68 infected B
cells and plasma cells) [8]; and (ii)) MHV68-M1st.YFP, which contains the M1
translational stop mutation (M1-null virus) in the context of the YFP transgene cloned
into the neutral locus (Figure 1B). As M1 has previously been identified as a non-
essential for both virus replication and for the establishment of latency in vivo [117], we
did not anticipate that the M1pYFP recombinant would change the cellular reservoirs
infected by MHV68. However, to formally address this issue, we have included analyses
of the MHV68-M1st.YFP virus — which like the M1pYFP lacks a functional M1 gene.
Analysis of MHV68 infection of splenocytes at day 14 post-infection revealed robust
marking of splenocytes by both the MHV68-YFP and MHV68-M1stYFP viruses (Figure
2). We have previously noted that there is significant mouse to mouse variation in the
frequency of infected splenocytes for a given virus [118], and have recently determined
that this directly correlates with the frequency of the CD4" T follicular helper (Tgy)

response [119]. For these analyses we observed on average ca. 0.5% and 1.0% of
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splenocytes were YFP™ for the MHV68-YFP and MHV68-M1stYFP viruses, respectively
(Figure 2). The latter result confirms that M1 function is dispensable for the
establishment of latency in splenocytes. In contrast, only ca. 0.04% of splenocytes were
YFP with the M1pYFP virus, indicating that the M1 promoter is active in only ca. 5-

10% of infected splenocytes.

The majority of M1 expression is detected in MHV68 infected plasma cells
We have previously shown that the majority (ca. 70-90%) of virally infected B

cells, as indicated by YFP expression, exhibit a germinal center phenotype [8,9].
Individual mice were assessed for YFP marking and, consistent with previous
observations, we found a similar frequency of virus infected (YFP™) B cells with a
germinal center phenotype for mice infected with either the MHV68.YFP or MHV68-
M1st. YFP viruses, both showing an average of ca. 70% (Figure 3). These results further
substantiate that a functional M1 gene is dispensable for establishment of MHV68
latency in B cells. In contrast, few infected germinal center B cells were marked by the
M1pYFP virus (an average of ca. 20% of YFP™ cells) — indicating that the majority of M1
expressing cells do not have a germinal center B cell phenotype. Based on the ca. 10-fold
lower frequency of splenocytes marked by the M1pYFP virus (see Figure 2), we estimate
that M1 promoter activity is only detectable in ca. 5% of infected germinal center B cells.
Based on these results it is clear that M1 is predominantly expressed in some other
MHV68 infected cellular reservoir.

The other major cell population in the spleen that is infected by MHV68 are plasma

cells (CD138", B220'°") [8,9]. During infection, virus infection (YFP marking) of splenic
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plasma cells reaches peak levels at day 14 post-infection (ca. 10-20% of virus infected
splenoctyes) and begins to wane by day 18 post-infection (ca. 5-10% of virus infected
splenocytes) [8]. We observed marking of splenic plasma cells for both MHV68-YFP and
MHV68-M1st.YFP infected mice at day 14 post-infection consistent with previous
observations, with ca. 10% YFP" cells exhibiting a plasma cell phenotype (no significant
difference between these 2 groups) (Figure 4). Strikingly, when assessing YFP marking
of the splenic plasma cell population by the M1pYFP virus, the vast majority of YFP*
cells exhibited a plasma cell phenotype (on average >75% of YFP™ cells) (Figure 4).
Thus, this strongly argues that M1 gene expression is largely limited to the infected
plasma cell population. Notably, MHV68 reactivation from latently infected splenocytes
is tightly linked to plasma cell differentiation [9], which suggests that M1 expression is
coupled to virus reactivation from B cells. Finally, when considering the frequency of
M1pYFP marked cells with the frequency of MHV68-YFP and MHV68-M1st.YFP
marked splenic plasma cells, it appears that the majority of virus infected plasma cells

express M1.

Identification and initial characterization of the M1 gene promoter

Having identified the reservoir where M1 is expressed in vivo, we sought to
characterize the structure of the M1 transcript and to identify the M1 promoter. Rapid
amplification of cDNA ends (RACE) was done to identify the transcript initiation and
termination sites in two cell lines: (i) infected NIH3T12 fibroblasts; and (ii) reactivated
A20-HE2 cells. A20-HEZ2 cells are a stable lymphoblast B cell line which carry the

MHV68 genome where viral reactivation can be induced by tetradecanoylphorbol acetate
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(TPA) [120]. RNA and protein were collected from both cell lines and lytic gene
expression was confirmed prior to analysis (data not shown). Transcript analysis revealed
four initiation sites and a single termination site from an unspliced transcript (Figure 5A,
5B). Though all transcript initiation sites were found in infected 3T12 cells, only
transcripts starting at bp 2003 and bp 2013 were detected from reactivated A20-HE?2
cells. The sizes of the predicted unspliced M1 transcripts were confirmed by northern
analyses of RNA prepared from: (i) TPA stimulated A20-HE2 cells (a MHV68 latently
infected B cells); and (ii) MHV68 infected NIH 3T12 fibroblasts (data not shown).

To identify the regulatory elements controlling M1 gene expression we next set out
to characterize the M1 promoter. Serial truncations of the putative M1 promoter region
were cloned into a luciferase reporter vector and tested for promoter activity in a variety
of cell lines. Notably, minimal activity was detected in the murine B cell lines A20,
WEHI, NSO, and BCL1-3B3 (data not shown) — perhaps consistent with the failure to
observe significant M1 promoter-driven YFP activity in most splenic B cell populations
with the MHV68-M1pYFP virus in mice. In addition, we failed to detect significant
activity from these reporter constructs in the murine macrophage cell line RAW264.7
(data not shown). However, when these reporter constructs were transfected into the
P3X68Ag8 murine plasmacytoma cell line significant basal promoter activity was
observed (Figure 6). Similar levels of M1 promoter-driven luciferase activity were
observed for the longer M1 promoter constructs (M1p/-1025bp, M1p/-525bp, and M1p/-
245bp), while truncation of sequences upstream of -100bp significantly decreased
activity (Figure 6). Activity was further decreased to near background levels when

sequences upstream of -50bp were deleted (Figure 6).
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The region upstream of the M1 transcription initiation sites was screened for the
presence of candidate transcription factor binding sites [University of Pennsylvania
Transcription Element Search System (TESS)]. TESS and manual sequence analyses
identified a number of candidate transcription factor binding sites for NFkB, GATAS3,
IRF8/IRF4, and RBPJk. Because M1 promoter activity was detected in plasma cells in
vivo, interferon regulatory factor 4 (IRF4), a transcription factor upregulated in plasma
cells which plays a critical role in plasma cell differentiation as well as immunoglobulin
class switch recombination ( [121-123] and reviewed in [124]), was of particular interest.

To characterize IRF4 binding to the candidate IRF site in the M1 promoter, an
electrophoretic mobility shift assay (EMSA) was carried out (Figure 7A). EMSA was
performed using nuclear extracts from P3X63Ag8 cells grown under normal conditions,
along with a [**P]-labeled oligonucleotide probe containing the candidate M1 promoter
IRF4 binding site. As expected we observed shifted complexes, which could be competed
away using unlabeled double stranded DNA probes containing the M1p IRF4 binding
site, but not with a competitor containing an IRF binding site mutation which has
previously been shown to disrupt IRF8 binding with DNA [125] (Figure 7A).
Furthermore, binding of IRF4 was confirmed by supershift analysis using an antibody
against IRF4 (Figure 7A). This analysis was extended by generating M1 promoter-driven
luciferase reporter constructs in which mutations were introduced into the IRF binding
site. Two mutations in the core interferon response sequence, which have previously been
shown to ablate IRF8 DNA:protein interaction [125], were introduced into the M1
promoter. Notably, either mutation led to a significant loss in basal M1 promoter activity

(ca. 8-fold decrease in promoter activity) (Figure 7B).
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Viral Rta and cellular IRF4 synergize to activate transcription from the M1
promoter

Several studies have established a link between gammaherpesvirus reactivation from
latency and plasma cell differentiation [9,29-34]. Given that our data shows: (i) M1
promoter expression is detected from plasma cells during in vivo infection; (ii) basal M1
promoter activity requires a functional IRF4 site; and (iii) viral reactivation is linked with
plasma cell differentiation, we set out to evaluate whether the M1 promoter is responsive
to the MHV68 viral lytic transactivator Rta. Expressing increasing amounts of Rta with
an M1 promoter-driven reporter construct in the P3X63Ag8 plasmacytoma cell line
resulted in a dosage dependent increase in M1 promoter activity (Figure 8A). Moreover,
the ability of Rta to efficiently transactivate the M1 promoter in the P3X63Ag8 cell line
was dependent on the presence of an intact IRF4 binding site (Figure 8B). To further
assess whether Rta functionally synergizes with IRF4 to activate the M1 promoter, we
chose a cell line (293T cells) which lacks expression of Rta and IRF4. In 293T cells we
observed that either factor alone led to very modest increase in M1 promoter activity (ca.
5-10 fold) (Figure 8C). However, when the two factors were co-expressed there was a
significant increase in promoter activity (ca. 250-fold) (Figure 8C). Importantly,
disruption of the IRF4 binding site dramatically impaired the ability of IRF4 and Rta to
synergistically activate the M1 promoter (Figure 8C).

Based on the synergy between Rta and IRF4 in activating the M1 promoter, we
assessed whether these factors can physically interact with each other. A co-
immunoprecipitation was performed with cell lysates from transfected 293T cells.

Immunoprecipitation with anti-IRF4 antibody, followed by anti-Flag detection of Rta,
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resulted in detection of a 90 kD band corresponding to Rta that was present only when
Rta and IRF4 were co-expressed in 293T cells (Figure 8D). Following detection of Rta
the blot was stripped and probed for IRF4 to confirm expression of the 52kD band
corresponding to IRF4. IRF4 was detected in whole cell lysates and immunoprecipitated
samples containing IRF4. The reciprocal blot using anti-flag for immunoprecipitation and
anti-IRF4 for detection showed a 52kD band corresponding to IRF4. Additionally, Rta
was detected from whole cell lysates and immunoprecipitated samples containing Rta.
These results are consistent with a physical interaction between Rta and IRF4 that likely
facilitates that observed synergy of these factors in activating M1 gene expression.
Several investigators have identified Rta responsive elements in viral promoters for
both KSHV and MHV68 [126-130]. To date, the known Rta responsive genes are either
regulated through: (i) direct interaction of Rta and DNA through a core Rta binding
sequence; or (ii) Rta DNA binding is facilitated through protein-protein interactions — in
the case of KSHV Rta, through interaction with the cellular transcription factor RBPJk
(reviewed in [131]). In MHV68 gene 57 promoter, it appears that both types of Rta
response elements may be utilized — although a role for RBPJkx in MHV68 Rta activation
has not been formally demonstrated [126,127]. Interestingly, neither of the binding sites
identified in the MHV68 gene 57 promoter are present in the M1 promoter, suggesting a
novel Rta interaction motif. To identify the Rta response element(s) in the M1 promoter,
a series of promoter truncations were generated and tested in the P3X63Ag8
plasmacytoma cell line. A candidate Rta response element was identified by evaluating
promoter constructs which lost the ability to be transactivated by Rta. Using this

approach we identified a putative Rta response element between -88 and -76 bp in the M1
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promoter (Figure 9A). This 12bp sequence (5’-GGTCAGAAGGCT-3’) failed to show
homology to any known Rta response element identified in the gammaherpesvirus
family. However, a screen of the MHV68 genome identified a number of candidate sites
upstream of other MHV68 replication-associated genes which share significant homology
with the core 5’-TCAGAAG-3’ sequence in the putative M1 promoter Rta response
element (Figure 9B). Mutations of the three most central residues of the predicted Rta
response element (see M1pRREm in Figure 9B) resulted in an ca. 10-fold reduction in
transactivation in the plasma cell line (Figure 9C), as well as an ca. 6-fold reduction in

Rta and IRF4 synergistic transactivation of the M1 promoter in 293T cells (Figure 9D).

The novel Rta response element in the M1 promoter is conserved in other viral
promoters

With the identification of a novel Rta response element, we next wanted to evaluate
whether this element was functional in other viral promoters that appear to contain this
RRE (see Fig 9C). Reporter constructs for the putative promoter regions of the M2 gene
(encoding an adaptor protein involved in B cell signaling), ORF8 (encoding glycoprotein
B), ORF22 (encoding glycoprotein H), ORF63 (encoding a tegument protein), and
ORF73 (encoding the MHV68 Latency Associated Nuclear Antigen (LANA) homolog)
were generated. In addition, the gene 50 proximal, distal, and N4/N5 promoter constructs
previously described in Wakeman et al. [110] were evaluated for response to Rta
expression. We observed varying levels of promoter response, with the strongest
responses from ORF50pp, ORF8p, ORF22p, ORF63p, intermediate responses from the

M1p, ORF50dp and ORF50 N4/N5p, and weak responses from M2p and ORF73p
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(Figure 10A). To further investigate the role of the Rta response element in the observed
transactivation, we engineered the same three nucleotide mutation used in the M1p
(Figure 9B) into the proximal ORF50 promoter (Figure 10B). Notably, mutation of this
sequence resulted in a 38-fold reduction in Rta transactivation (Figure 10C). With the
exception of the M1 promoter, all of the other reporter constructs we failed to show any

syngeristic activation by the co-expressoin of Rta and IRF4 (data not shown).
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DISCUSSION

Here we described the characterization of a recombinant MHV68 in which a gene
encoding a fluorescent protein (YFP) has been introduced into the viral genome in place
of a non-essential viral gene. This approach allows identification of the site and timing of
viral gene expression in vivo for viral genes that are dispensable for replication and/or
dissemination of virus. For viral genes that play an important role in either replication or
dissemination, other approaches - such as the generation of fusion gene products - may be
required. Information obtained from such studies can provide significant insights into
viral gene function and their mode of action. In the case of M1, these analyses led to
identification of the predominant cellular reservoir in which M1 is expressed, and
subsequent identification of transcription factors involved in regulating M1 gene
transcription.

Coppola et al. have previously demonstrated the ability of either B220" cells, or T
cell depleted splenocytes, isolated from MHV68 infected mouse spleen to stimulate V4"
CD8" T cell hybridomas [109]. However, they also found that B cell depleted splenocytes
from MHV68 infected mice retained VP4* CD8" T cell stimulatory activity — which they
interpreted as the presence of other non-B cells populations in the spleen that are infected
by MHV68. However, based on our findings that M1 expression is largely restricted to
plasma cells, it seems unlikely that either the isolation or depletion of B220" cells would
efficiently capture or eliminate, respectively, all MHV68 infected plasma cells. As such,
one would anticipate VP4" CD8" T cell stimulatory activity in both the enriched and
depleted fractions. This interpretation is consistent with the complete failure to observe

any expansion of V4" CD8" T cells in MHV68 infected B cell-deficient mice [35,36] -
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even though we have previously shown robust MHV68 infection in the spleens of B cell-
deficient mice under some experimental conditions (intraperitoneal inoculation of virus)
in the absence of any detectable V4" CD8" T cell expansion [14,36].

As we have previously shown, MHV68 reactivation in the spleen is tightly linked
to plasma cell differentiation [9]. The observation that M1 is predominantly expressed in
plasma cells thus suggested that M1 expression is linked to virus reactivation/replication.
This was substantiated by demonstration that Rta can strongly transactivate the M1
promoter in a plasma cell line (see Figure 8A). We propose that during infection, in
response to viral reactivation and the transition from germinal center or memory B cell to
plasma cell, M1 expression is activated by the synergistic effects of viral Rta and cellular
IRF4. M1 protein is secreted from infected plasma cells and, by an undefined mechanism,
stimulates V4" CD8" T cell activation and expansion. It is likely that M1 activates Vp4"
CD8" T cells via a mechanism similar to classic viral super-antigens [12]. Activation
does not require classical MHC class | molecules [109,132], but does require an intact
M1 protein - we have previously shown that proteolytic digestion, or denaturation of
recombinant M1 renders it unable to activate VB4™ CD8" T cell hybridomas [12].

VB4* CD8" T cells have been shown to traffic throughout the body, and can be
detected in the blood, spleen, liver, lung, and peritoneal cavity [12,13,113]. These cells
show cytolytic activity [113] and adopt an effector memory phenotype where upon re-
stimulation with recombinant M1 protein ex vivo they degranulate and produce INFy and
TNF a ([12], unpublished observations). As IFNy has been shown to regulate MHV68
reactivation from macrophages in the peritoneum, but not reactivation from splenic B

cells [15], we would predict that the V4™ CD8" T cells traffic to sites in which infection
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is less tightly controlled, to suppress MHV68 reactivation through the secretion of IFNy
in a paracrine fashion. We find it noteworthy that MHV68 M1-null infected mice exhibit
hyper-reactivation in the peritoneal cavity and persistent viral replication in the lung
[11,12,18], further underscoring the importance of M1 expression in controlling viral
infection.

Our findings demonstrate that the M1 promoter is regulated by MHV68 Rta, a
viral transcription factor that is essential for induction of viral reactivation. Rta activation
of the M1 promoter synergizes with IRF4, a transcription factor that plays a critical role
in both plasma cell differentiation and immunoglobulin class switch recombination.
Furthermore, we show that this interaction is likely mediated through both DNA-protein
interactions with the M1 promoter sequence, as well as protein-protein interactions
between Rta and IRF4. We propose that during MHV68 latency, the viral latency-
associated gene product M2 is expressed in a sub-population of latently infected germinal
center and memory B cells [23] leading to expression of high levels of IRF4 [133]. M2
appears to play an important role in virus reactivation from latency: (i) MHV68 M2 null
mutants exhibit a profound reactivation defect from B cells, but not latently infected
macrophages [134,135]; (ii) exogenous expression of M2 in primary B cells results in
acquisition of a pre-plasma memory phenotype [136]; (iii) M2 can drive B cell
differentiation of a B lymphoma cell line in vitro [9]; (iv) M2 is required for efficient
immunoglobulin class switch in infected B cells in vivo [9]; and (v) plasma cells are the
primary source of viral reactivation from the spleen [9]. Taken together these data
suggest that MHV68 is capable of driving plasma cell differentiation, and concurrent

with this differentiation, viral reactivation. As a result of this transition, the increased
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expression of the transcription factors Rta and IRF4 lead to induction of M1 expression in
plasma cells (Figure 11).

That M1 is responsive to viral Rta and cellular IRF4 highlights the importance of
tightly regulated gene expression in response to host and viral cues. This promotes cell
type specific expression coordinated with viral reactivation. Furthermore, the interaction
with Rta and IRF4 suggests a conserved strategy for gene regulation in MHV68, allowing
for better control of Rta responsive gene expression. In fact numerous lytic genes in
MHV68 appear to share the Rta response element identified in the M1 promoter (Figure
9B).

Though our efforts to find other viral genes that are similarly responsive to the
concerted effects of Rta and IRF4 were unsuccessful, we find it attractive to speculate
that the partnership of Rta and IRF4 or other cellular transcription factors may mediate
their gene expression in a cell type specific manner. However, many of the genes we
evaluated showed response to the novel Rta response element. Our analysis was limited
to the putative promoter regions of ORF50, ORF8, ORF22, ORF63, ORF73, and M2,
However, many of these genes play critical role in the biology of the virus, either as
structural genes- ORF8 and ORF 22 are both surface glycoproteins, or as genes involved
initiating infection- ORF63 is a tegument protein; so it is not surprising to find a
significant response to Rta but lack of synergy with IRF4. Furthermore, some of the
candidate genes are known to be involved in viral latency, ORF73- or murine latency
associated nuclear antigen (MLANA) a homolog of EBV and KSHV LANA, has many
functions including: viral replication, episomal maintenance, transcriptional regulation,

and dysregulation of cell cycle and cell division (reviewed in [137]). M2, a latency
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associate protein appears to play roles in both maintenance and establishment of latency,
as well as in viral reactivation [133,136,138]. We therefore find it plausible that these
genes would have less stringent requirements for cell specific expression, and that other
unidentified genes, might be regulated by Rta and IRF4. Additionally, due to the differing
functions of these genes in MHV68 biology, we were not surprised that in our studies we
found differing levels of Rta responsiveness. Future studies using genome wide analyses
will be necessary to identify genes which are temporally regulated by viral and host
factors including Rta and IRF4.

Our identification of a partnered interaction between Rta and IRF4 suggests a
conserved method for regulating MHV68 viral gene expression. Moreover, this
mechanism appears throughout the gammaherpesviruses family as several studies have
shown that Rta is capable of binding DNA through orchestration of complex protein-
protein interactions. In KSHV, kRta has been shown to directly interact with cellular
Octl and RBPJk to regulate the KSHV bZip promoter [129]. This interaction with
RBPJk is maintained through a tetrameric protein complex of kRta flanking RBPJk, and
is mediated through a core “CANT” DNA repeat element found in the Mta promoter
sequence [128]. Notably, KRTA has also been found to interact with viral IRF4 (VIRF4),
one of several viral IRF homologs encoded by KSHV which in the case of VIRF4 is
involved in counteracting innate antiviral defenses mediated by interferons to regulate
VIRF1, VIRF4, PAN, and ORF57 gene expression [130].

In summary, the data reported here defines the timing and location of M1
expression during in vivo infection using a recombinant reporter virus — demonstrating

that M1 is predominantly expressed from plasma cells. Furthermore, M1 gene



transcription in plasma cells is driven by the viral immediate-early Rta in conjunction
with cellular IRF4 — which potently synergize with each other to activate M1 gene
transcription. Whether other viral (and perhaps cellular genes) are co-regulated by Rta
and IRF4 remains to be determined, and will be the topic of future work. However, we
find it interesting to speculate that this might be an effective strategy to target viral

replication-associated gene expression in plasma cells.
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Figure 2.
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Figure 3.
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Figure 6
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Figure 10.
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FIGURE LEGENDS
Figure 1. Generation of YFP reporter viruses. C57BI/6 mice were intranasally infected
with 5x10° pfu of the indicated virus and spleens were harvested at 14 days post
infection. (A) To assess M1 promoter activity, a YFP cassette was cloned in place of the
M1 open reading frame, allowing marking of infected cells where M1 promoter was
active. (B) To determine MHV68 infection in the absence of M1 expression, a
translational stop codon was introduced into the M1 open reading frame (ORF) of the

MHV68-YFP BAC [23] by allelic exchange as previously described [2].

Figure 2. M1 promoter activity is detected in a subset of MHV68 infected
splenocytes. C57BI/6 mice were intranasally infected with 5x10° pfu of the indicated
virus and spleens were harvested at 14 days post infection. Splenocytes were gated on the
CD3 negative fraction to eliminate auto-fluorescing cells, as previously described [23].
(A) Representative plots show YFP marking of infected splenocytes. YFP-positive gates
were based on mice infected with wild type MHV68 lacking a YFP expression cassette.
(B) Complied results from 3 experiments, with 3-5 mice per group, show the frequency

of YFP" cells in spleens of infected mice.

Figure 3. Low levels of M1 promoter activity are detected in germinal center B cells.
C57BI/6 mice were intranasally infected with 5x10° pfu of the indicated virus and
spleens were harvested at 14 days post infection. B cells were defined by CD19" CD3"
population. (A) Representative plots show YFP marking (colored) overlayed on total B

cell population (gray) and are gated for germinal center B cells defined by GL7"' cD95'".
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(B) Complied results from 3 experiments, with 3-5 mice per group, show the frequency

of YFP™ cells with a germinal center B cell phenotype.

Figure 4. The majority of M1 promoter activity is detected in splenic plasma cells.
C57BI/6 mice were infected with 5x10° pfu/IN of the indicated virus and spleens were
harvested at 14 days post infection. Cells were gated on CD3 " population for analysis.
(A) Representative plots show YFP marking (colored) overlayed on total CD3"
population (gray) and are gated for plasma cells defined by CD138" B220™°. (B).
Compiled results from 3 experiments, with 3-5 mice per group, show the frequency of

YFP™ cells with a plasma cell phenotype.

Figure 5. M1 transcript mapping identifies initiation and termination sites which
resultinal.3and 1.5. (A) 5’ and 3’ rapid amplification of cDNA ends (RACE) was
performed using RNA isolated from infected NIH3T12 fibroblasts and stimulated
MHV68 infected A20-HE2 cells. The number of RACE clones that were identified for
transcript initiation and termination sites are summarized. (B) A diagram of the transcript

initiation and termination sites is shown with the genomic coordinates.

Figure 6. M1 promoter exhibits basal activity in a plasmablast cell line. Serial
truncations of the M1 promoter region were cloned into a luciferase reporter vector and
tested for luciferase activity in the P3X63Ag8 cell line from ATCC. P3X63Ag8 cells
were nucleofected and 48 hours later luciferase activity was detected. M1 promoter

activity is represented as fold over luciferase acivity of empty vector (pGL4.10).
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Experiments were done with triplicate samples and repeated in two independent
experiments.

Figure 7. Basal activity of the M1 promoter is dependent on IRF4 binding. (A) To
identify DNA-protein interaction an electrophoretic mobility shift assay was performed
using radiolabeled probe with P3X nuclear extracts. A competition assay to determine the
specificity of DNA-protein complexes used 2 and 20 fold molar excess of unlabeled
competitor DNA containing either the WT or mutant IRF4 binding sequence. An
antibody supershift assay was performed by preincubating samples with anti-IRF4, or an
isotype control antibody (anti-pSTATL) prior to electrophoresis. The asterisk denotes the
anti-IRF4 supershifted complex. (B) Point mutations in the M1 promoter were made in

the IRF4 binding site and assessed in the P3X63Ag8 plasmacytoma cell line.

Figure 8. Efficient RTA transactivation of M1 promoter is dependent on a
functional IRF4 binding site. (A) To evaluate the ability of Rta to transactivate the M1
promoter, a dosage response using increasing amounts of Rta expression vector were
performed in P3X63Ag8 cells. (B) Mutations to the IRF4 binding motif were then
generated and tested for the ability to respond to Rta in P3X63Ag8 cells. (C) Synergistic
effects of RTA and IRF4 on WT and mutated M1 promoter were evaluated by expressing
Rta or IRF4 alone or in combination (normalized with pPCDNA empty vector) in 293T
cells. (D) Lysates from 293T cells transfected with Rta or IRF4 alone or in combination
were used for co-immunoprecipitation with IRF4 or Flag antibody. Membranes were

probed with the anti-Flag or anti-IRF4 for detection. The data shown for the reporter gene
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assays (panels A-C) were done with triplicate samples, and were repeated in 2-3

independent experiments. Standard error of the mean is shown.

Figure 9. Identification of a novel RTA response element in the M1 promoter. (A)
To identify the Rta response element serial truncations of the M1 promoter were tested
for RTA transactivation in the P3X63Ag8 plasmacytoma line which constitutively
expresses IRF4. The blue box indicates the putative RTA response element; the yellow
box denotes the location of the IRF4 binding site. (B) The nucleotide sequence of the
putative Rta response element found in the M1 promoter is shown, along with nucleotide
sequences sharing the core sequence with the M1 Rta response element (RRE) (denoted
by the open blue rectangle) that are located upstream of a number of other MHV68 genes.
In addition, the mutation (M1pRREmM) introduced into the M1 Rta response element is
shown. (C and D) Activity of the M1 promoter-driven reporter construct containing a
mutation (indicated in red) in the putative Rta response element (RREm) was assessed in
the P3X63Ag8 plasmacytoma cell line for Rta transactivation (panel C) and in 293T cells
for IRF4+Rta synergy (panel D). Transient transfection reporter gene assays were
conducted in triplicate and three independent assays were performed. Standard error of

the mean is shown.

Figure 10. Novel RRE involved in Rta activation of the gene 50 proximal promoter.
(A) Analysis of Rta transactivation of MHV68 promoters that contain the core sequence
present in the novel RRE identified in the M1 promoter. The indicated promoter-driven

luciferase reporter constructs were transfected into 293T cells in the presence and
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absence of an Rta expression plasmid. (B) Mutation introduced into the putative RRE
present in the gene 50 proximal promoter (ORF50pp described in [46]). (C) Analysis of
Rta transactivation of the WT and RRE mutant gene 50 proximal promoter transfected

into 293T cells.

Figure 11. Model of M1 gene regulation upon differentiation of latently infected B
cells to plasma cells and ensuing virus reactivation. During infection MHV68 M2
regulates the expression of cellular IRF4, a critical transcription factor in plasma cell
differentiation. M2 has also been shown to be critical for viral reactivation in the plasma
cell reservoir. Increased levels of Rta and IR4 during viral reactivation in infected plasma
cells lead to increased expression of M1, which is mediated through protein:protein
interactions between Rta and IRF4, as well as binding through cis-elements within the
M1 promoter. Shown are 3 possible mechanism for how Rta synergizes with IRF4 to
activate transcription of the M1 gene: (i) Rta binds to the novel RRE and interaction with
IRF4 is mediated by a cellular and/or viral factor that binds both Rta and IRF4; (ii) Rta
interacts with a cellular and/or viral factor bound to the RRE and also directly binds to

IRF4; and (iii) Rta binds to the RRE and interacts directly with IRFA4.
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TABLES

Table 1. Oligonucleotide primer sequences.

M1p 1025 bp-forward
M1p 1025 bp-reverse
M1p 525 bp-forward
M1p 525 bp-reverse
M1p 245 bp-forward
M1p 245 bp-reverse
M1p 197 bp-forward
M1p 197 bp-reverse
M1p 100 bp-forward
M1p 100 bp-reverse

M1p 100 bp RREm-forward
M1p 100 bp RREm-reverse

M1p 88 bp-forward
M1p 88 bp-reverse
M1p 82 bp-forward
M1p 82 bp-reverse
M1p 76 bp-forward
M1p 76 bp-reverse
M1p 64 bp-forward
M1p 64 bp-reverse

gatcggtacccttccagctaagatagceatgtgecg
ctagagatctggtcgecgcetgctcaatgatg
gctcggtacccccagaagaccatgtctgggaat
gctagatctggtegccgctgctcaatg
gcgggtacccctaccecttttgetecac
gctagatctggtegccgctgctcaatg
gcgggtacccaaaacaagaacagttge
gctagatctggtcgocgctgctcaatg
gcgggtaccgtttcaaacactggtcag
gctagatctggtcgocgctgctcaatg
gcgggtaccgtttcaaacactggtcctcaggetate
gctagatctggtcgocgctgctcaatg
gcgggtaacggtcataaggctatc
gctagatctggtegccgctgctcaatg
gccggtaccaaggctatetttett
gctagatctggtcgocgctgctcaatg
gcgggtaccatctttcttggtggt
gctagatctggtcgocgctgctcaatg
gcgggtaccggtttcacttctaaa
gctagatctggtcgocgctgctcaatg

M1p unspliced Rta—forward ggcgcggecgeatggectctgactcggattoce

M1p unspliced Rta -reverse ggccteg ggcctcgagttatgactccaggetgtttgag

M1p unsplice C-flag RTA-forward ggcgcggecgeatggectctgactcggattoce

M1p unspliced C-flag RTa-reverse cggctcgagctacttatcgtegteatecttgtaatctgactccaggetgtttg

M1p mIRF4-forward
M1p miIRF4-reverse
M1p ORF8p-forward
M1p ORF8p-reverse
M1p ORF22p-forward
M1p ORF22p-reverse
M1p ORF63p-forward
M1p ORF63p-reverse
M1p ORF73p-forward
M1p ORF73p-reverse
M1p 50 sense

M1p 50 antisense
M1p 25 sense

M1p 25 antisense

ggcgeggecgeatgaccttggagacgggeage

ggecctcgagtcactcttggatggaagaatgac

ccgggtaccccaaaattgttgcggecctaag

gccagatctcaacactggetgaatcggtte

ccgggtaacctgcgacccgagtcaaggagag

gccagatctttgtgctiggctatttattactac

ccgctcgagcagecageacattagcettcatgg

gccagatcttatgtcagaagttggtaaatat

ccgggtaccataggacaatgatgagttttc

gcccteg gecctcgagtatctgaaagagataaagtacac
gctgggtaccacatgggocattaaaagggagggaattggeatcattgagcagcggegaccagatctgteg
cgacagatctggtcgecgctgetcaatgatgecaattcocteccttttaatggeccatgtggtacccage
gctgggtaccttggcatcattgagcagcggcgaccagatctgteg

cgacagatctggtcgocgctgctcaatgatgocaaggtacccage
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CD8" T cell response to gammaherpesvirus infection mediates
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All figures were generated by Brigid Moira O’Flaherty exceptions noted below.

Figure 1A&B. Tissue sections were performed by Yerkes Pathology lab, imaging was
performed by Dr. Cindy Courtney, and scoring was performed by Dr. Anapatricia Garcia.
Figure 4 A&B. Lung titers were performed by Brian Wakeman.

Figure 4 C. Viral persistence assay was performed by Caline Matar.

Figure 7. Hydroxyproline analysis was performed by Carol Wilke.

Figure 8 B&C. Tissue sections were performed by Yerkes Pathology lab and scoring
was performed by Dr. Anapatricia Garcia.

Figure 9 D-F. Tissue sections were performed by Yerkes Pathology lab and scoring was

performed by Dr. Anapatricia Garcia.
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CHAPTER Il

CD8" T cell response to gammaherpesvirus mediates inflammation and fibrosis in

interferon gamma receptor deficient mice

ABSTRACT

Idiopathic pulmonary fibrosis (IPF), one of the most severe interstitial lung
diseases, is a progressive fibrotic disorder of unknown etiology; however, there is
growing appreciation for the role of viral infection in disease induction and/or
progression. A small animal model in which murine gammaherpesvirus (MHV68)
infection of interferon gamma receptor deficient (IFNyR-/-) mice results in multi-organ
fibrosis, has been utilized to model the association of gammaherpesvirus infections and
lung fibrosis. Notably, several MHV68 mutants which fail to induce fibrosis have been
identified. Our current study aimed to better define the role of the uniqgue MHV68 gene
M1 in development of pulmonary fibrosis. We have previously shown that the M1 gene
encodes a secreted protein which possesses superantigen-like function to drive the
expansion and activation of cytokine producing V4" CD8" T cells. Here we show that
M1-dependent fibrosis is correlated with heightened levels of inflammation in the lung.
We observe an M1-dependent cellular infiltrate of innate immune cells with most striking
differences at 28 days-post infection. Furthermore, in the absence of M1 protein
expression we observe reduced CD8" T cells and MHV68 epitope specific CD8" T cells
to the lungs — despite equivalent levels of viral replication between M1st and WT
MHV68. Notably, backcrossing the IFNyR-/- onto the Balb/c background, which has

previously been shown to exhibit weak MHV68-driven V4" CD8" T cell expansion,
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eliminated MHV68-induced fibrosis — further implicating the VB4 CD8" T cell
population in the induction of fibrosis. We further addressed the role that CD8" T cells
play in the induction of fibrosis by depleting CD8" T cells throughout the course of
infection. We show that depletion protects mice from fibrotic disease. Taken together
these findings provide evidence for the role of VB4 CD8" T cells as mediators of fibrotic

disease in IFNyR-/- mice.
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INTRODUCTION

Fibroproliferative disorders are a class of diseases which result from dysregulated
wound repair mechanisms, lead to excessive scaring and can affect multiple tissues and
organ systems. Interstitial lung diseases (ILD), systemic and local scleroderma, liver
cirrhosis, progressive kidney disease, cardiovascular disease, and macular degeneration
are some of the fibrotic diseases affecting major organ systems [139]. Idiopathic
pulmonary fibrosis (IPF), one of the most severe ILD, has unknown etiology and results
in progressive scaring of lung tissue, respiratory failure, and eventual mortality. IPF
affects middle-aged and elderly adults, occurring more frequently in males, and disease
pathogenesis has been associated with a variety of environmental, genetic, and infectious
factors (reviewed in [49,140,141]). Following clinical trials, two therapies (perfinidone
and nintedanib) were recently FDA approved [47,48]; however, these therapies only
delay functional decline. IPF has a median survival rate of 2-5 years post diagnosis
(reviewed in [46]), thus a better understanding of the mechanisms driving disease is
critical for developing better therapies.

To gain insights into the mechanisms driving fibrosis, researchers have focused
on well-defined animal models of disease. Numerous small animal models exist for
exploration of the mechanisms driving pulmonary fibrosis (Reviewed in [96,97]).
MHV68 infection of IFNyR-/- has previously been shown to result in multi-organ fibrosis
[99,101], and has been highlighted as a potential model to study the role of
gammaherpesvirus infections in development and exacerbation of IPF, due to pathologic
and immunologic similarities [104]. Key findings in this model have revealed roles for

alternative macrophage activation, and the ability of MHV68 to induce epithelial to
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mesenchymal transition in the lung [105,142]. Most strikingly, Mora and colleagues
identified viral replication and reactivation as a critical driver of disease [106]. This study
showed that inhibition of viral replication with a nucleoside analog, cidofovir, led to
reduction in pathology and reversal of fibrosis. Further underscoring the importance of
viral replication and persistence in disease, several latency compromised MHV68 mutant
viruses which failed to induce fibrotic disease in IFNyR-/- mice have been described
[107,108].

We had previously identified the requirement for the unique, non-essential [117],
MHV68 M1 gene product for the induction of multi-organ fibrosis in IFNyR-/- mice
[11,12]. M1 is thought to function as a novel viral superantigen, inducing the activation
and expansion of V4" CD8" T cells independent of antigen presentation [12]. During
MHV68 infection, M1 plays an important role in suppressing viral reactivation from
latently infected peritoneal macrophages, through activation and expansion of IFNy
producing V4" CD8" T cells. As M1-null infected mice failed to develop fibrotic
disease, we postulated that the VB4 CD8" T cell population induced during infection
may contribute to lung pathology and fibrosis. Additional support for this hypothesis was
lent by the observation that CD8" T cells play a critical role in MHV68-induced fibrosis
[99].

Herein, we describe the immunologic changes observed during MHV68 infection
of IFNyR-/- mice, comparing WT and M1st viruses. We show a strong correlation
between inflammation and fibrosis, with heighted levels of inflammation and fibrosis
observed in the M1 expressing virus infections. Additionally, we find striking M1-

dependent changes to the cellular infiltrates in the lung, where elevated neutrophil and
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effector CD8" T cell levels are observed in the presence of M1 expression. These data
suggest that M1-dependent alteration in cellular trafficking likely contributes to
immunopathology. Notably we show that depletion of CD8" T cells during the course of
infection prevents fibrotic disease. Taken together, our data suggest a role for M1-
induced Vp4* CD8" T cells as mediators of fibrotic disease, where this population
induces inflammation and altered recruitment to the lung resulting in immunopathology

and fibrosis.
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MATERIALS & METHODS
Ethics statement: This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Emory University
Institutional Animal Care and Use Committee and in accordance with established
guidelines and policies at Emory University School of Medicine (Protocol Number:

YER-2002245-031416GN).

Mice: Six to eight week old female C57BI/6 and Balb/c mice were obtained through
Jackson Laboratory (Bar Harbor, ME) and IFNyR-/- C57BI/6 and Balb/c mice were bred
in-house. Mice were infected at eight to twelve weeks of age. Prior to infection mice
were sedated with isofluorane and intranasally infected with 5x10°pfu in 20ul of DMEM.
Mice used in T cell depletion studies were sedated with isofluorane, and injected
intraperitoneally with 100ug Rat anti-CD8 (clone YTS 169.4) or Rat 1gG2b (clone LTF-

2) as an isotype control, according to experimental schedule described in Fig. 9.

Pathology: Tissues were collected and fixed in 10% buffered neutral formalin for up to 7
days prior to processing for hematoxylin and eosin or Masson’s trichrome staining.
Samples were sent for evaluation by pathologists, blinded samples were scored by AG
and imaging was performed by CLC. Pathology scores are as follows 0= Normal, 1= 1-2

foci, 2= 3-4 foci, 3= Multifocal, 4= Diffuse.
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Tissue preparation: Following euthanasia, tissues were collected in cold complete
medium. Spleens were processed mechanically, and lung tissue was minced and digested
using type 1V Collagenase and DNAse | to produce a single cell suspension.
Subsequently, single cell suspensions were treated with red blood cell lysis buffer and

cells were enumerated.

Flow Cytometry: Single cell suspensions were resuspended in PBS supplemented with
2% fetal bovine serum and 2mM EDTA. Samples were blocked with CD16/32 and
stained using standard procedures, antibodies used for these studies are described in table
1. Events were recorded on BD LSRII flow cytometer and results were analyzed using

FloJo software (Tree Star Inc).

Viral Titers: Plague assays were performed as previously described [143]. NIH 3T12
cells were plated in six-well plates 1 day prior to infection at 2x10° cells per well. Organs
were subjected to 4 rounds of mechanical disruption of 1 min each by using 1.0mm
zirconia-silica beads (Biospec Products, Bartsville, OK) in a Mini-Beadbeater-8
instrument (Biospec Products). Serial 10-fold dilutions of organ homogenate were plated
onto NIH 3T12 monolayers in a 200-ul volume. Infections were performed for 1h at
37°C with rocking every 15 min. Immediately after infection plates were overlaid with
1.5% methylcellulose in complete DMEM. After 10 days, cells were stained with 0.12%
(final concentration) Neutral Red. The next day, methylcellulose was aspirated, and

plaques were enumerated. The sensitivity of the assay is 50 PFU/organ.
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Viral Persistence: A highly sensitive limiting dilution assay to determine viral
persistence previously described [18] was used. Briefly, the left lung was homogenized in
1ml of complete DMEM media using 1.0mm Zirconia/Silicon beads (BioSpec products)
4 times (1 min homogenization, followed by 1 minute resting on ice). The single cell
homogenate was lysed with 0.5mm Zirconica/Silicon beads using the same
homogenization program. The final homogenate was then plated on Mouse Embryonic
Fibroblasts (MEFs) in 2 fold dilutions, up to a total of 8 dilutions. Wells were incubated
in a low evaporation incubator (37°C, 5% CQO2) for a total of 14 days. Each well was then
evaluated for cytopathic effect (CPE). Data is presented as percent of wells displaying

CPE at each plated dilution.

Assessment of active TGFp: Mink lung epithelial cell line (MLEC clone 23) stably
transfected with plasminogen activator inhibitor-1 fused to a luciferase reporter gene, a
generous gift of Dr. Dan Rifkin, were plated at 5x10° cells/well for infection in a 12 well
plate. Cells were infected with MHV68-YFP or MHV68-M1st-YFP at different
multiplicities of infection. At 42 hours post infection, cell lysates were collected and

assessed for luciferase activity using a TD-20/20 luminometer.

Western Blot: Lung tissues from infected C57BI/6 mice were collected and
homogenized using 200ul of Sigma CelLytic MT Mammalian Tissue Lysis/Extraction
reagent per 40mg lung tissue. Following lysis membranes were pelleted at 14,000xg for

10 minutes and samples were stored at -80°C. 30pg of cell lysate was loaded on a
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denaturing 12% SDS polyacrylamide gel and detected with TGFB1 antibody (Ebioscience

clone A75-2), membranes were stripped and probed for -actin.

Hydroxyproline Assay: Mice were euthanized and right and accessory lobes of the lung
were collected and frozen at -80°C until further processing as previously described [144].
Briefly, lung tissue was homogenized in 1mL of PBS, and hydrolyzed by the addition of
1ml of 12N hydrochloric acid (HCI). Samples were then baked at 110° C for 12 h.
Aliquots (5ul) were then assayed by adding chloramine T solution for 20 min followed
by development with Erlich’s reagent at 65°C for 15 min. Absorbance was measured at
550 nm, and the amount of hydroxyproline was determined against a standard curve

generated using known concentrations of hydroxyproline standard (Sigma).

Simulation for T cell Effector Function: WT or IFNyR-/- mice on the C57BI/6 or
Balb/c background were infected with 1x10°pfu WT or M1st MHV68 intranasally. Mice
were sacrificed at 28 days post infection and single cell suspensions of lung or spleen
cells were prepared as described above. Cells were either unstimulated or stimulated with
20ng/ml PMA & 1pg/ml ionomycin, 10uM viral peptides p56 (AGPHNDMEI) or p79
(TSINFVKI) a generous gift of Dr. Mandy Ford, or recombinant M1 or M1st protein
containing supernatants previously described in [12]. Cells were cultured in the presence
of 1ul/ml BD-GolgiPlug (brefeldin-A) and respective stimuli for 4-6 hours at 37°C. Cells
were subsequently surface stained, fixed and permeablized using BD Cytofix/Cytoperm,

and stained for intracellular cytokines. For antibodies used, refer to tablel.
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Analysis of VP Repertoire: Naive WT or IFNyR-/- mice were sacrificed and single cell
suspensions of splenocytes were prepared using standard methodology. Cells were then
blocked with CD16/32 and stained using BD-Pharmingen Mouse V3 TCR Screening

Panel in FITC along antibodies listed in table 1.
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RESULTS
MHV68 mediated lethality in IFNyR-/- mice is associated with heightened
inflammatory response to the virus. Lethality and multi-organ fibrosis are well
characterized outcomes of MHV68 infection in IFNyR-/- C57BI/6 mice. We have
previously identified M1 as a critical viral factor involved in induction of fibrosis and
lethality in this strain [11,12]. Here we recapitulate this observation, showing that in the
absence of M1 expression mice are rescued from weight loss and subsequent lethality
(Fig LA&B). Protection from lethality appears to be associated with a reduction in
pulmonary infiltrates (Fig. 2A). M1-dependent pathology in IFNyR-/- mice includes
dramatic changes to the lung architecture, including thickening of the alveolar septa, type
I1 pneumocyte hyperplasia, and extracellular matrix deposition (Fig. 2A&B). Histological
analyses revealed reduced levels of inflammation, fibrosis, hyperplasia, and edema in the
M1st infected animals (Fig. 2B). Notably, fibrotic foci were often associated with
inflammatory infiltrates suggesting a causal role in lung damage and subsequent repair.
This observation led to the identification of a striking correlation between inflammation
and fibrosis in the lung (R=1, P=0.0167) (Fig. 2C).

To characterize the inflammatory response in the lungs of infected IFNyR-/- mice,
we utilized a panel of makers described by Misharin et al. [145], to identify innate cell
populations by flow cytometry. As a result of infection, both M1st and WT viruses
resulted in increased lung cellularity at 28 days post- infection, suggesting increased
recruitment of leukocytes to the lung. However, we note that WT infected mice showed a
more striking increase in cellularity when compared to the moderate increase observed in

M1st infection (Fig. 3A). To identify cellular subsets in the lung, cells were first gated for
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leukocytes (CD45" cells), we observe similar frequencies of leukocytes among the
different infection conditions (Fig. 3B). Leukocytes were classified as macrophages,
dendritic cells, eosinophils, neutrophils, and monocytes based on surface marker
expression. Here we observed a striking M1-dependent increase in the frequency of
neutrophilic infiltrates and a reduction in alveolar macrophages (Fig. 3C). Over the
course of infection differences in the M1-dependent infiltrating populations were shown
to be most striking between 18 and 28 days post-infection (Fig. S1). Consistent with
previous observations [105], we find an increase in absolute numbers of alveolar
macrophages during the MHV68 infection (Fig. S2A). As alternative macrophage
activation (M2) has been described as a potential driver of fibrotic disease, we were
surprised to note that M1st and WT infected IFNyR-/- mice had similar numbers of
alveolar macrophages with an M2 phenotype (marking Fizz1" and CD206"). We did
observe a slight elevation in the number of interstitial macrophages with an M2
phenotype by 28 days post-infection in WT, but not M1st, infected mice - although this

failed to reach statistical significance (Fig. S2B).

Failure to control viral persistence is not sufficient to induce inflammation and
fibrosis. Although M1 expression is dispensable for the establishment of latency in wild
type C57BI/6 mice [117], our data raised the possibility that the reduction in M1st virus
immunogenicity in IFNyR-/- mice could simply be due to a defect in virus replication. To
address this possibility we evaluated acute titers in the lung and spleen at various times
post-infection. As anticipated, we find that M1 is dispensable for acute replication in the

lungs and spleen of IFNyYR-/- mice (Fig. 4A & B). However, since it has previously been
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noted that viral reactivation and persistent replication are critical for development of
MHV68-induced fibrotic disease [108], we next assessed persistent virus replication in
the lungs at a late time point in WT and M1st infected IFNyR-/- mice (Fig. 4C). We
observed higher levels of persistent virus replication at 90 days post-infection in the lungs
of IFNyR-/- mice infected with M1st than in those infected with WT MHV68. This
strongly argues that persistent virus replication alone is not sufficient to induce a fibrotic
response (Fig. 4C). It should be noted that the levels of viral persistence were measured
from surviving mice; as such these values may under-represent the amount of persistent

virus in the WT infected mice — which experienced ca. 50% lethality.

Absence of M1 expression does not alter expression of the profibrotic mediator
TGFp in lung. Numerous fibrotic diseases are mediated by the cellular growth factor and
cytokine transforming growth factor beta (TGFp) (reviewed [146]). MHV68 infection has
been shown to induce TGF[ production from a variety of cell types in vivo [147], and
like EBV [75], MHV68 infection of alveolar epithelial cells in vitro and in vivo results in
TGFp production [148]. To determine whether the lack of a fibrotic response in M1st
infected mice was due to a defect in TGFp induction, we evaluated the ability of WT and
M1st MHV68-YFP viruses to induce active TGFp in mink lung epithelial cells stably
transfected with a plasminogen activator inhibitor-1 (PAI1) luciferase reporter [149]. In
this cell line the TGFp responsive PAIL promoter is fused to a firefly luciferase gene, and
presence of TGFP results in expression of luciferase. Testing various multiplicities of
infection, we find that the M1st virus induced levels of TGFf similar to the WT virus

(Fig. 5A). To verify that the M1st virus was capable of inducing equivalent levels of



87

TGFp in vivo, we evaluated lung homogenates from mice at 28 days post-infection. We
find roughly equivalent levels of latent and active TGFf in M1st and WT infection —
although notably these were not significantly different from the levels observed in lungs

homogenates recovered from mock infected animals (Fig. 5B).

Absence of fibrosis is associated with reduced CD8" T cell responses during
infection. Viral specific T cell response during MHV68 infection is characterized by a
heterogeneous population of epitope specific CD8" T cells which have two dominant
patterns of expansion and contraction [150-152]. These CTL arise rapidly after acute
replication in the lung, with peak splenic response between 6-10 days post-infection
[153]. The H-2D" epitope restricted “pattern 1” responders, exemplified by p79 (ORF61),
arise and decline rapidly following acute replication and require viral reactivation for
optimal response [150,154]. The H-2K" epitope restricted “pattern 2 responders,
exemplified by p56 (ORF6), arise rapidly but have a gradual decline, and relatively high
frequencies are maintained into viral latency [150]. To evaluate both viral antigen-
specific T cell response and V4" CD8" T cell expansion, we assessed these populations
at 28 days post-infection. As a measure of efficiency of CD8" T cell response during
infection, we measured levels of epitope specific CD8" T cells and response to their
cognate peptides. Our analyses show a significant reduction in overall CD8" T cells
levels in the absence of M1 expression (Fig. 6A). More strikingly, we noted reduced
epitope specific CD8" T cell numbers in M1st infected mice, using tetramer staining for
p56 and p79 specific T cells (Fig. 6B&C), suggesting that these cells are less efficiently

recruited to the lung. We find decreased levels responsiveness in p56 but not p79 specific
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T cells in the M1st infection compared with WT infection (Figur 6B&C), perhaps
reflecting the different kinetics of these T cell populations. However, a notable increase
in cytokine production is observed in the presence of M1 expression, with p56 responsive
cells producing more TNFa and p79 responsive cells producing more IFNy and TNFa —
suggesting that there is no inherent defect in ability to produce cytokines, and that they
may produce these cytokines even more efficiently (Fig. 6B&C). The latter observation
could be driven by higher levels of persistent virus replication in the lungs of M1st
infected IFNyR-/- mice, as shown in Figure 4 C.

Concomitant with the establishment of MHV68 latency is the M1-dependent
VpB4* CD8™ T cell expansion which occurs between 21 and 28 days post-infection [13].
This population of cells is thought to control MHV68 viral reactivation in C57BI1/6 mice,
through the secretion of IFNy [11,12]. Following expansion V4" CD8" T cells remain
elevated though the life of infection, requiring continued stimulation by the stimulatory
ligand, M1, in a MHC independent manner [12,13,109]. As anticipated, elevated levels of
V4" CD8" T cells were observed in WT but not M1st MHV68 infected mice that were
capable of producing IFNy and TNFa in response to the recombinant M1 protein (Fig.
6D).

To better understand the timing and development of pulmonary fibrosis in IFNyR-
/- C57BI/6 mice, we analyzed the extracellular matrix content in lung tissue following
infection using the hydoxyproline assay. Lung tissue was collected at days 4, 9, 28, and
90 days post-infection and assayed for collagen content. Consistent with our previous
observations, we show that fibrotic scaring, as indicated by extracellular matrix (ECM)

deposition, does not occur in the absence of M1 expression. Interestingly, we note that
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timing of collagen deposition in the lung roughly mirrors that of the VB4 CD8" T cell

expansion suggesting an association between these phenomenon (Fig. 7) [13].

IFNyR-deficient mice which fail to develop an M1-dependent VB4™ CD8" T cell
expansion are protected from MHV68 induced fibrosis. The level of M1-mediated
VB4" CD8" T cell expansion that occurs during MHV68 infection varies in different
mouse strains. C57BI/6 mice have high levels of expansion, with an ca. 9-12-fold
increase above naive V4" CD8" T cell levels; whereas Balb/c mice have very minimal
expansion resulting in a 2-4-fold or lower increase in V4" CD8" levels [13]. To evaluate
the impact of VP4" CD8" T cell activation and expansion in MHV68 infection-induced
fibrosis, we generated IFNyR-/- mice on the Balb/c background and infected these mice
with either WT or M1st virus (Fig. 8).

An unexpected finding, following the generation of the IFNyR-/- Balb/c mice,
was the loss of VB4 T cells in approximately 50% of naive mice (Fig. S3). This loss of
VB4™ T cells occurred in both the CD4" and CD8" T cell populations (Fig. S3 A&B), and
appeared to occur during thymic selection as exiting single positive cells showed loss of
VB4 (data not shown). To determine whether this loss resulted in other changes in the T
cell repertoire, T cell receptor repertoire analysis was carried out to assess the frequencies
of other VP subsets in mice that lost or maintained their V4" T cells. We found that the
loss of VP4 expression in CD4" T cells resulted in a compensatory increase in VB8.1/8.2,
VB8.3, VB10b, and VP13 positive cells (Fig. S4). Loss of VB4 expression in CD8* T

cells, led to a compensatory increase in V[38.1/8.2, and V8.3, and VB10b positive cells
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(Fig. S4). Due to this finding, mice were screened prior to infection to ensure the
presence of V4™ T cells for subsequent experiments.

As expected we observed a weak VB4 CD8" T cell expansion, resulting in an ca.
2-fold increase compared to naive levels in the IFNyR-/- Balb/c mice (Fig. 8A).
Importantly, the modest M1-dependent V4" CD8" T cell expansion in Balb/c mice fails
to elicit cytokine production in response to recombinant M1 protein (Fig. S5). To assess
fibrotic effects induced by MHV68 infection of IFNyR-/- Balb/c mice, spleen and lung
were collected and assessed for pathological changes. We failed to observe splenic
atrophy in MHV68 infected mice in this background (data not shown). Histological
analysis of Masson’s trichrome stained tissue sections revealed an absence of fibrosis in

this background for both WT and M1st infected mice (Fig. 8B &C).

Depletion of CD8 T cells prevents fibrotic disease. The CD8 T cell response plays an
important role in clearance of MHV68 infection from the lung of wild type C57BI/6 mice
[150]. Additionally, the role of CD8" T cells in fibrotic disease has been highlighted in
IFNYR-/- mice. Depletion of CD4" or CD8" T cells was shown to reduce splenic
pathology in IFNyR-/- 129/Sv/Ev mice [99]. These studies showed that depletion of
CD8" T cells led to restoration of spleen appearance, increased cellularity, and an overall
reduction in MHV68 infectious centers [99]. However, it is worth noting that a striking
difference between the 129/Sv/Ev and C57BI/6 backgrounds; IFNyR-/- mice in the
129/Sv/Ev background undergo an apparent resolution of fibrosis at ca. 45 days post-
infection [101] whereas C57BI/6 mice fail to resolve disease. Nonetheless, the studies by

Dutia and colleagues highlight an important role for T cells in development of fibrotic
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disease in IFNyR-/- mice [99]. As the M1st virus mutant lacks expansion of V4™ CD8" T
cells, and exhibits reduced numbers CD8" T cells and viral antigen specific CD8" T cells
in the lungs of infected IFNyR-/- C57BI/6 mice (Fig. 6), we wanted to evaluate what role
CD8" T cells (including V4" CD8" T cells) play in development of fibrosis. A technical
limitation for to VB4 CD8" T cell depletion had been noted in previous attempts to
deplete this population [12,113]. The single commercially available V34 antibody, clone
KT4, failed to deplete VB4™ T cells in vivo and instead simply masked detection by flow
cytometry [12]. Due to this shortcoming, we were unable to delete V4" CD8" T cells
independently and instead utilized a global CD8" T cell depletion. Mice were injected
starting at day -2 before infection using a rat monoclonal anti-CD8 antibody (or an
isotype control) (Fig. 9A).

To measure the efficiency of depletion, weekly blood samples were collected and
assessed by flow cytometry (Fig. 9B). We observed a striking elimination in the CD8" T
cell population within the first week following treatment, but ultimately these cells
partially recovered - remaining ca. 50% below isotype treated levels (Fig. 9B).
Surprisingly, activated CD8" T cells (CD62L'° CD44™) appeared to resist depletion while
naiive populations (CD62L" CD44'°) were susceptible (data not shown). Due to this
limitation, and the effector memory phenotype of V4™ CD8" T cells [12], we were failed
to deplete the VP4™ CD8" T cells that accumulate during infection. Despite this
shortcoming, we were able to make important observations about the role of other CD8"
T cells in this model.

We observed striking phenotypic changes as a result of the CD8" T cell depletion.

Compared to the isotype treated group, body condition was greatly improved.
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Additionally, gross anatomic changes were apparent. For example, the atrophied spleen
(Fig. 9C) and the irregular liver surface containing multifocal confluent raised nodules
(data not shown), was prevented in the CD8" T cell depleted group. Histological
evaluation revealed reduced fibrosis, hemosiderosis, and cellular depletion in the spleen
(Fig. 9D); reduced inflammation, fibrosis, hyperplasia, and edema in lung (Fig. 9E); and
reduced inflammation, fibrosis, necrosis, hemorrhage, and hemosiderosis in the liver
(Fig. 9F) following CD8" T cell depletion. Overall, these data point to a critical role of

CD8" T cells in mediating the pathology observed in the lung, spleen and liver.
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DISCUSSION

An association between human herpesvirus (HHV) infection and IPF
development and exacerbation is supported by a significant body of work. Some of the
most compelling evidence for this association was reported in 2003 by Tang et al., where
97% of lung tissues from IPF patients were shown to have one or more HHV compared
to 36% of control samples. Further, two or more herpesviruses (CMV, EBV, and HHV-8)
were identified in 57% of IPF patients compared to 8% of controls [66]. Associations for
EBV infection in IPF are supported by the observation of elevated levels of EBV DNA in
the lung [71], presence of the EBV lytic spliced gene product WZhet in lung biopsies
[72], and increased viral capsid antibody titers [73] (reviewed in [53]). Further, EBV
infection of type II alveolar epithelial cells and has been shown to induce TGFf3
production [75], while EBV protein LMP-1 has been shown to play a role in epithelial to
mesenchymal transition [76]. However, not all studies have shown a correlation between
EBV and IPF [79,80]. Risk factors for IPF are numerous involving genetic,
environmental, and infectious agents, and these risk factors need not all be present to
result in disease [53,155]. HHV are perhaps just one of the factors setting the stage for
fibrotic disease.

Many similarities between the MHV68 model system in IFNy unresponsive mice
and human IPF have been described, including infection and apoptosis of alveolar
epithelial cells, type Il pneumocyte hyperplasia, epithelial to mesenchymal transition, and
M2 macrophage differentiation in the lung [104,105,142]. Furthermore, IPF patients have
been shown to shed equivalent levels of EBV from saliva and lower airways, while non

IPF controls show a 10-fold reduction in titers from the lower airway [156]. This chronic
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infection in the lung is mirrored by the high levels of persistent MHV68 in IFNyR-/-
C57BI/6 lung as late as 90 days post infection, shown here and in previous studies
[106,107]. It is likely that viral persistence has many deleterious effects on the host.
During this chronic stage of infection, repeated insult to the lung epithelium likely
contributes to the ongoing damage and repair cycles. It was therefore noteworthy that we
observed elevated levels of viral persistence with the fibrosis impaired M1-null mutant
MHV68 (Fig. 4C). We suggest that a cumulative influence, where viral persistence alone
is not sufficient to induce fibrotic response in the absence of a strong inflammatory

response.

A frequently disputed aspect of pulmonary fibrosis is the role of inflammation.
Often, inflammation is not observed in lung biopsies from IPF patients (Reviewed [157]).
Human trials utilizing anti-inflammatory treatments, such as corticosteroids, have shown
no survival benefit, and chronic use is associated with increased co-morbidities
[158,159]. Further, the use of azathioprine, an immunosuppressant which blocks T and B
cell proliferation as well as reducing levels of circulating monocytes and granulocytes,
has failed to result in a survival benefit [159]. The strongest evidence contradicting the
role of inflammation as a driver of fibrotic disease was revealed in the recent PANTHER-
IPF study, in which anti-inflammatory treatment was actually harmful to IPF patients. In
this study the triple treatment arm using N-acetyl cysteine, prednisone, and azathioprine
had to be discontinued due to a 10% increase in mortality — largely due to respiratory
causes, and ca. 3-fold increase in hospitalization and adverse effects [160]. This disparity
between inflammation and disease is a confounding feature, and is mirrored in many

small animal models for IPF. Certainly bleomycin treatment, one of the most commonly
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used models for lung fibrosis, is initiated by a strong inflammatory response. These data
have led to the hypothesis that an initiating inflammatory insult leads to epithelial
damage and initiation of the tissue repair process, while 'multiple hits' may be required to

induce fibrotic disease (discussed in [141,155]).

Conflicting view regarding the role of T cells in IPF are present in the field;
however, T cells are a well-documented finding in the lungs of IPF patients, and are
frequently found in areas of interstitial fibrosis in the lung [161-164]. Some researchers
have shown an association between CD8 T cells and worsening clinical symptoms or
disease progression [165-167]; while other studies have indicated CD4 T cells [168] and
their activation [169] negatively impact disease status. Contradicting the aforementioned
data, a recent report from Herazo-Maya and colleagues indicated that markers of T cell
activation and signaling corresponded to a better prognosis [170]. However, there is a
paucity of data showing a direct role of T cells in IPF. One issue to these studies is the
fact that evaluation of human samples can only provide correlative insights at a snapshot
during the course of disease (discussed [171]). Luzina et al. described T cells as an
important component cell type of inflammation — likely affecting fibrosis through a
diverse set of mechanisms, but not a driving force of IPF [171], suggesting that T cells
might modulate the severity of fibrosis. Further adding to the complexity, small animal
studies have also shown conflicting roles for T cells in pulmonary fibrosis. SCID or nude
mice, both lacking T cells, have been shown to develop fibrosis in the bleomycin model
[172,173]. Models of pulmonary fibrosis utilizing asbestos have suggest a protective role
of T cells in pulmonary fibrosis, where SCID and nude mice develop higher levels of

fibrosis compared to WT mice, and immune reconstitution with T cells reduces fibrotic
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response [174]. Studies in CD28 knock out mice showed attenuated fibrosis, and adoptive
transfer of CD28" T cells restored normal fibrotic response [175]. Furthermore, in a
model utilizing CCL18 overexpression, prolonged perivascular and peribronchial T cell
infiltrate associated with collagen deposition is observed in the lung [176]. Collectively,
these data suggest that T cells may wear many hats, functioning as profibrotic or

antifibrotic mediators depending on the host environment.

Here we describe an immunological characterization of MHV68 infection of
IFNyR-/- C57BI/6 mice which results in fibrotic disease. This chronic infection leads to
multi-organ fibrosis and has been utilized to evaluate the role of gammaherpesviruses in
the development of pulmonary fibrosis. Through examination of a fibrosis-deficient
virus, MHV68 M1st, our study has been able to highlight the role of CD8" T cells in the
development of pulmonary fibrosis. We have shown that this viral mutant, which fails to
elicit expansion and activation of VB4™ CD8" T cells, has reduced levels of viral antigen
specific CD8" T cells in the lungs. We suggest that the absence of the V4™ CD8" T cell
population results in reduced inflammation and cellular infiltrate in the lung, protecting
mice from subsequent immunopathology and fibrosis. Furthermore, we are able to show
that depletion of CD8" T cells during acute infection with the WT virus prevents the
development of fibrosis, directly implicating CD8" T cells in the fibroproliferative
process. Future studies will be necessary to clarify the role of CD8" T cells. It will be of
interest to evaluate how depletion of this cellular subset impacts viral replication and
cellular infiltrates in the lung. Additionally, understanding which CD8 subsets are
required for disease — including epitope specific, bystander activated, and V4 — may

shed light on the disease process.
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We find it notable that a striking immunologic change revealed by these analyses
was the increased levels of neutrophils in the lungs of WT infected mice (Fig. 3C).
Numerous studies have implicated neutrophils involvement in human IPF [177-179] and
pulmonary fibrosis in murine models [180-183]. We therefore postulate that the effector
CD8" T cells found during MHV68 infection, which express high levels of TNFa and

potentially GM-CSF may effect neutrophil activation and survival (as described in [184]).

Finally, with respect to the role of herpesviruses in IFP, an open label study
showed that ganciclovir treatment resulted in improvement in 9/14 IPF patients [185].
During this study, treatment was given for 2 weeks and patients were assessed for
changes in EBV antibody titers, steroid use, and forced lung vital capacity. Though
encouraging, there were several limitations to this study - including absence of a control
arm and sample size, necessitating further exploration. Animal models have also shown
successful treatment of fibrosis with antiviral cidofovir. Studies conducted by Mora et al.
revealed that cidofovir treatment was able to reduce fibrotic disease in the MHV68
infected IFNyR-/- C57BI/6 with treatment given as late as 60 days post infection, well
after the onset of fibrotic disease [106]. Certainly gaining a better understanding of how
gammaherpesviruses influence the immune response, and what features are critical for
disease, may lead to more streamlined treatments. The conflicting data on the role of viral
infections, as well as the role of CD8" T cells, may point toward distinct mechanisms for

development of IPF.

Here we identify a role for M1-mediated VB4 CD8" T cells as mediators in
inflammation and fibrotic disease in IFNyR-/- mice. These data support to the role of

CD8" T cells as an important contributor in fibrotic pathology. Furthermore, we highlight



a potential target for therapeutic intervention; in cases were herpesvirus infection is
playing a role in disease progression and may be managed pharmacologically or

immunologically.
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Figure 3.
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Figure 4.
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Figure 6.
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Figure 7.
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Supplemental Figure 1.

Lung Cellulariy Leukocytes CD11b+DC
60 20 8.5
< En = g
2 407 = 20 =
= - £ 0.3
= = =
2 2 & 0.21
& 207 2 10 =
= 3 = 041
) o o
G T T T T B T T T T DG T T T T
4 ] 18 23 4 ] 18 23 4 ] 18 25
Days Post Infection Days PostInfection Days Postinfection
Ly6C - Monocytes Ly6C+ Monocytes Fibrocytes
1.09 2.5 4
- sk - -
E 0.8 1=- 9 0 E 2
= = =
= 0.6 & 1.5 E
5 5 23
=] u -
R & 1.0 )
= - = 1
- a . -
S 0.z & 0.8 o
0.0 T r T y 0.0 . : : : 0 T T T y
4 ] 12 28 4 g 18 28 4 3 18 28
Days Postinfection Days PostiInfection Days Post Infection
Granulocytes Neutrophils Eosinophils
5 4 2.0
= 23 £ 1.5
= = =
£ = E
3 3 3
o 24 o [&]
F 4 = = 0.5
o o &
0 T T T T a T T T T 0.0 T T T T
4 9 18 28 4 ] 13 28 4 :] 18 28
Days Post Infection Days Post Infection Days Postinfection

[ WT 8 Mist |




110

Supplemental Figure 2.
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Supplemental Figure 3.
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Supplemental Figure 4.
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Supplemental Figure 5.
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FIGURE LEGENDS
Figure 1. M1 expression is associated with lethality in MHV68 infected IFNyR-/-
C57BI/6 mice. 8-12 week old IFNyR-/- C57BI/6 mice were intranasally infected with
1x10° pfu MHV68 (WT or M1st) or were mock infected. (A) Mice were observed for
weight change from starting weight, a loss of 20 percent or greater resulted in sacrifice.
(B) Kaplan-Meier curves indicating mouse survival are shown. Significance was
determined using log rank test with GraphPad software. P = 0.0027 for WT vs M1st

infection.

Figure 2. M1 induced fibrosis in IFNyR-/- C57BI/6 mice is associated with
heightened levels of inflammation in lung tissue. 8-12 week old WT or IFNyR-/-
C57BI/6 mice were intranasally infected with 1000 pfu MHV68 (WT or M1st) or were
mock infected and sacrificed at 28 days post infection. Histological analysis was
performed on lung tissues stained with hemotoxylin and eosin (H&E) or Masson’s
Trichrome (MT). (A) Representative H&E stained sections are shown, scale bar =
100um. Scores were determined for (A) pathology (mean and std. error are shown) from
H&E sections and (B) fibrosis scores from MT sections, correlation was assessed using a
Pearson’s Correlation test, showing R = 0.9929 at P = 0.0007, R? = 0.9858. Mock (n=6),

WT (n=10), and M1st (n=10).

Figure 3. Global alterations in cellular composition of lung are observed in fibrotic
IFNYR-/- C57BI/6 mice. 8-12 week old IFNyR-/- C57BI/6 mice were intranasally
infected with 1x10° pfu MHV68 (WT or M1st) or were mock infected and sacrificed at

28 days post infection. Whole lungs were assessed for (A) total number of cells (mean
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and std. error shown), (B) frequency of CD45" cells (mean and std. error), and (C)
frequency of innate populations (described in [145]). Statistics were performed using
Kruskal-Wallis test with Dunn’s post test, P = 0.0463. Mock (n=2), WT (n=3), M1st

(n=4).

Figure 4. The absence of M1 expression does not impact acute viral replication, and
M1 is not required for viral persistence in the lung. 8-12 week old IFNyR-/- C57BI/6
mice were intranasally infected with 1x10° pfu MHV68 (WT or M1st) and sacrificed at
indicated times. (A) Lung titers from mice at days 4, 9, and 28 post infection (n=7-10
mice/group from two independent experiments). (B) Spleen titers from mice at days 16
and 28 days post infection (n=4-9 mice/group one or two independent experiments). (C)
Viral persistence was measured by assessing cytopathic effect (CPE) induced by infected

lung lysate plated on mouse embryonic fibroblasts (mean and std. error are shown).

Figure 5. The absence of fibrosis in M1st infected IFNyR-/- C57BI/6 mice is not due
to a failure to induce profibrotic mediator TGFg1. (A) Mink lung epithelial cells
(MLEC-clone 32) stably transfected with a plasminogen activator inhibitor-1 fused to a
luciferase reporter gene were infected with differing multiplicities of infection and
assayed for luciferase activity (a read out of active TGFp production). 8-12 week old
IFNyYR-/- C57BI/6 mice were intranasally infected with 1x10°pfu MHV68 (WT or M1st)
or mock infected and sacrificed at 28 days post-infection (n=3-4 mice/group). (B) lung
lysates (30p1g) were assessed for TGFB1 expression by western blot (mock lane 1-3, WT

lane 4-7, M1st lane 8-11), (C) normalized band density is shown.
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Figure 6. Reduced CD8" and effector CD8" T cells are observed in absence of M1
expression. 8-12 week old IFNyR-/- C57BI/6 mice were intranasally infected with 1x10°
pfu MHV68 (WT or M1st) and sacrificed at 28 days post infection. Whole lungs were
harvested and assessed for presence of CD8* T cell populations and effector function
(n=5 mice/group). Mean and std. error are shown for (A) absolute number of lung and
CD8™ T cells, (B&C) absolute number of tetramer specific and peptide responsive CD8"
T cells, with MFI of cytokine expression, (D) absolute number of VB4 CD8" T cells and
M1 responsive CD8" T cells. Statistics were measured using a Mann-Whitney 2 tailed

test (* P = 0.0119, ** P = 0.0079, * P = <0.0004).

Figure 7. Development of M1 dependent fibrosis in IFNyR-/- C57BI/6 mice
correlates with timing and kinetics of VB4 CD8" T cell expansion. 8-12 week old
IFNyR-/- C57BI/6 mice were intranasally infected with 1x10° pfu MHV68 (WT or M1st)
or were mock infected and sacrificed at indicated times (n=1-13 mice/group from one or
two independent experiments). Right and accessory lobes were harvested and assessed
for hydroxyproline content at days 4, 9, 28, and 90 post-infection. Statistics were
performed using Mann-Whitney 2 tailed test to compare WT and M1st (* P = 0.0159,

*** P =0.0008).

Figure 8. IFNyR-/- Balb/c mice are protected from MHV68 induced fibrosis. 8-12
week old IFNyR-/- Balbc mice were intranasally infected with 1000 pfu MHV68 (WT or

M1st) or mock were infected and sacrificed at 28 days post infection (n=3 mice/group).

(A) VB4* CD8" T cell populations in spleen were assessed by flow cytometry. (B and C)
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Pathology scores were determined from H&E stained sections and fibrosis was evaluated

with Masson’s trichrome stained tissue sections.

Figure 9. Depletion of CD8 T cells ameliorates MHV68 induced fibrotic disease in
IFNyR-/- C57BI/6 mice. 8-12 week old IFNyR-/- C57BI/6 mice were intranasally
infected with 1x10° pfu WT MHV68 and treated with either Rat 1gG isotype or Rat «CD8
(clone YTS 169.4) antibodies prior to sacrifice (n=4-5 mice/group). (A) CD8 depletion
strategy is shown. (B) Peripheral blood was assessed for CD8" and V4™ CD8 ™ T cell
frequencies. (C) Mouse spleen weight at sacrifice and (D-F) pathology scores are shown.
Scores were determined from H&E stained sections and fibrosis was evaluated with
Masson’s Trichrome stained tissue sections.

Supplemental Figure 1. Elevated levels of innate cell populations are observed in
IFNyR-/- C57BI/6 mice in the presence of M1 expression. 8-12 week old IFNyR-/-
C57BI/6 mice were intranasally infected with 1x10° pfu MHV68 (WT or M1st) and
sacrificed at indicated times post infection (n=3-4 mice/group at each time-point). Whole
lungs were harvested and assessed for cellular composition by flow cytometry using a
panel to detect innate immune cell populations (described in [145]) and fibrocytes
(described in [148]). Statistics were assessed using Mann-Whitney 2 tailed test, ** P =

0.0048.

Supplemental Figure 2. Elevated levels of alternative macrophage activation are
observed in lung of fibrotic IFNyR-/- C57BI/6 mice. 8-12 week old C57BI/6 IFNyR-/-
mice were intranasally infected with 1x10° pfu MHV68 (WT or M1st) and sacrificed at
indicated times post infection (n=3-4 mice/group at each timepoint). Whole lungs were

harvested and assessed for macrophage population and phenotype. (A-B) Absolute
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number of alveolar and interstitial macrophages were quantified and assessed for

alternative activation using RELMa and CD206 expression.

Supplemental Figure 3. IFNyR deficiency leads to deletion of VB4™ T cells from
about half of the IFNyR-/- Balb/c mice. 7-10 week old naive WT or IFNyR-/- Balb/
mice were assessed for V4" T cell populations in peripheral blood by flow cytometry.
(A-B) Quantitation of CD4 or CD8 T cell populations are shown alongside representative
figures of WT or IFNyR-/- Balb/c that have either retained or lost the Vp4™ T cells.

IFNyYR-/- Balb/c (n=35) WT Balb/c (n=5).

Supplemental Figure 4. Loss of VB4 population does not substantially alter T cell
repertoire in IFNyR-/- Balb/c mice. T cell repertoire was evaluated in 15 week old
naive IFNyR-/- Balb/c mice. Spleens were harvested and frequency of VVf subsets were
assessed. (A) CD4 and (B) CD8 T cells is shown. IFNyR-/- Balb/c (n=8) WT Balb/c

(n=5).

Supplemental Figure 5. Lack of M1-induced cytokine response from Vp4'CD8" T
cells in Balb/c mice. WT C57BI/6 (filled symbols) and Balb/c mice (opened symbols)
were intranasally infected with 1000 pfu MHV68 (WT or M1st) or left naive and
sacrificed at 28 dpi (n=2-3 mice/group). Splenocytes were isolated for in vitro
stimulation. Cells were left unstimulated, or were stimulated with PMA & lonomycin, or
recombinant protein containing supernatants containing either M1st or M1 prior to

intracellular cytokine staining for IFNy and TNFa. Control treated cells are not show.
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Table 1. Antibodies used for flow cytometry.

Innate Phenotyping
CD11b Bv421

MHCII V500

CD45 FITC

CD103 PerCP-Cy5.5
CD64 PE

SiglecF PE-CF594
CD11c PE Cy7
CD24 APC
LyeG Alexa700
LyGC APC-Cy7

TCR (VB) Repertoire Analysis

VB FITC

CD19 APC-Cy7
CD4 Pacific Blue
CD3e PE

CD44 PECy7
CD8a Pacific Orange

VB4 Analysis for CD8 Depletions

CcD8 Pacific Orange
CD4 PE

VB4 FITC

CD44 PE-Cy7

CD62L  APC

CD3e Alexa 700
CD19 APC-Cy7

ICCS of Lung Cells

CcD8 Pacific Orange
CD4 PerCP-Cy5.5
CD3e PE-Cy7

IL2 Bv421

IFNy APC

TNFa PE

VB4 FITC

Fixable Vi: APC-Cy7

Tetramer Staining

p56 APC

p79 PE

CD62L Pacific Blue
CD8a Pacific Orange
CD45 PerCP-Cy5.5
CD44 PE-Cy7

CD3e Alexa700

Macrophage Activation Phenotyping
CD11b Bv421

MHCII V500
CD45 FITC
CD64 PE

CD24 PE CF594
CD11lc  PECy7
one of the following:
CD40 Alexa647

CD86 APC
CcD80 APC
CDb71 APC

CD206  Alexab647
RELMa  unconjugated 1°, 2° DaRb Alexa647

Fibrocyte Staining
CD45 PerCP Cy5.5
Coll unconjugated 1°, 2° DaR PE

VB4 Analysis for IFNYR-/- Balb/c

CD8 Pacific Orange
CD4 Pacific Blue
VB4 FITC

VB5 PerCP-Cy5.5
CD62L  APC

CD44 PerCP-Cy5.5
CD19 APC-Cy7
CD3e PE-Cy7

ICCS of Splenocytes
CD8 BV711
CD3e PE-Cy5
CD44 PE-Cy7

IL2 BV421
IFNy APC
TNFa  PE
VB4 FITC

Fixable Vi: APC-Cy7

119
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Chapter IV

SUMMARY, DISCUSSION, AND FUTURE DIRECTIONS

MHV68 provides a unique system to evaluate gammaherpesviral biology and
pathogenesis. Exploration of viral mutants in the context of a healthy immunocompetent
host reveals gene function and their role in infection; however, significant insights can be
gained through evaluation of viral mutants in genetic knock out mice. Clambey et al. set
the foundation to study the function of M1 with the generation of M1 mutant viruses,
MHV68-M1-LacZ and MHV68 M1A511. Evaluation of these mutants revealed a hyper-
reactivation phenotype for M1 null MHV68 mutants in C57BI/6 mice, and uncovered a
role for M1 in mortality and splenic pathology in IFNyR-/- C57BI/6 mice [11].
Subsequent studies by Evans et al. identified M1 as the viral gene product responsible for
V4" CD8" T cell expansion [12]. Additionally, these studies made a functional link
between V4" CD8" T cell expansion and control of viral infection. However, we still
have an incomplete understanding of how M1 carries out its function. Studies to evaluate
how M1 protein interacts and stimulates V4" CD8" T cell activation and expansion have
been inconclusive and technically challenging. To gain further insights into M1 function

we set out to identify the site, timing, and regulation of M1 expression.

The work presented here aimed to (i) define the site of M1 expression in vivo and
characterize its transcriptional regulation, and (ii) to further characterize the role of M1 in
fibrotic disease in IFNyR-/- mice. In chapter Il we identify plasma cells as the primary

reservoir of M1 expression in vivo, and identify critical transcriptional regulators of M1
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gene transcription. We identified a novel interaction between the viral replication and
transcription activator (Rta) and host transcription factor interferon regulatory factor 4
(IRF4). Additionally, we identified a novel consensus sequence for Rta binding which is
conserved in several other MHV68 genes. These findings highlight one mechanism
utilized by MHV68 to regulate lytic gene expression. In the second aim of this
dissertation, we follow up on the observation that M1 is required for fibrotic disease
[11,12], exploring the role of M1-driven VB4 CD8" T cell expansion in pulmonary
fibrosis in Chapter I11. Here we showed that M1 is required for inflammation in the lung,
which is strongly correlated with fibrosis. A notable change in cellular composition of the
lung is observed during the course of infection. Infiltrating cells are comprised of many
populations, with the most striking differences observed in the neutrophil and CD8" T
cells population at 28 days-post infection. We show a reduced CD8" T cell response in
the M1st infections, with reduced levels of viral epitope specific cells and cytokine
producing cells in the lung. Additionally, we observe protection from pulmonary fibrosis
in IFNyR-/- Balb/c mice which lack VB4 CD8" T cell expansions. Taken together these
data suggest a role for V4" CD8" T cells in providing an inflammatory environment that
increases cellular trafficking to the lung — ultimately resulting in immunopathology and
fibrosis. We confirmed the role of CD8" T cells through CD8" T cell depletion analyses,
where we show that depletion of this population of cells protects mice from fibrosis and

lethality. The implications for these findings and future experiments are discussed below.

Characterizing M1 expression in vivo and its transcriptional regulation

M1 expression in vitro and in vivo has been poorly characterized, and what little
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was known came from large scale, global analyses of MHV68 gene expression [10,19-
24]. Furthermore, nothing was known about its transcriptional regulation. The studies
presented in Chapter 1l set out to (i) identify the major reservoir(s) of M1 expression in
vivo, and (ii) examine the transcriptional regulation of M1. Here we identified plasma
cells as the primary reservoir of M1 expression. Notably, plasma cell differentiation has
been linked with gammaherpesviral reactivation for EBV and KSHV [29-32,34]; and
plasma cells have been shown to be the predominant source of MHV68 reactivation from
the spleen upon explant into tissue culture [9]. Given this link, the observation that M1
was expressed from this cellular reservoir supported a hypothesis where M1 expression
would be influenced by Rta expression, the major viral transcriptional activator that
triggers virus reactivation from latency. Our findings revealed basal M1 promoter
expression in a plasma cell line that is dependent on IRF4 interaction with M1 promoter.
Further, over-expression of MHV68 Rta resulted in greatly increased levels of M1
promoter activity. To extend these observations, we evaluated the response of the M1
promoter in 293T cells, where neither Rta or IRF4 are expressed, and observed a robust
synergy between Rta and IRF4. A likely feature of evolutionary development, Rta has
been shown to modulate viral gene expression through direct DNA protein interaction, as
well as through more complex protein-protein mediated interactions (Reviewed in [131])
—allowing viral gene expression to be regulated in a context and cell type specific
manner. Many interacting partners of Rta have been identified in the gammaherpesvirus
subfamily. KSHV Rta (kRta) has been shown to interact with a hypothetical human
protein MGC2663, later annotated as KSHV RNA binding protein K-RBP [186] and

human proteins Octl and RBPJk [128,129,187,188]; as well as viral proteins kBZIP,
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ORF59 (a DNA polymerase processing factor), and vIRF4 [130,189,190] to modulate
ORF59, OriLyt, and KSHV bZIP expression [129,188,190]. In EBV interactions have
been noted between Rta (R, BRLF1) and viral ZTA (Z, BZLF1) and RanBPM, as well as
with host retinoblastoma protein, CBP, MCAF, and Oct1 [191-196]. In herpesvirus
saimiri, Rta has been shown to interact with host TATA binding protein [197]. Little is
known about the interacting proteins of MHV68 Rta. Xuan et al. reported the ability of
Rta to antagonize host antiviral protein, ZAP; however the authors noted that
coimmunoprecipitation of Rta and ZAP failed, suggesting that the interaction may be too
weak to observe by this method [198]. Thus, it was of significant interest that we were
able to demonstrate that the synergistic effects of Rta and IRF4 on M1 promoter were
mediated through protein-protein interactions. This provided the first description of an
MHV68 Rta interacting partner. This partnered interaction reflects a mechanism utilized
by the virus to fine tune gene expression in a cellular and context specific manner. It will
be of interest to identify the interacting motifs in Rta and IRF4, in order to discern
whether they interact directly, or through a larger multi-protein complex. Additionally, it
will be of interest to identify other host and viral genes regulated by Rta and IRFA4.

In the human herpesviruses, Rta binding sequences have been identified in KSHV
PAN, K12, and vIL6 genes (Reviewed in [131]). Two Rta response elements (RRE) have
been identified in MHV68 Rta responsive ORF57 promoter, one of which contains 2
RBPJK/CBF1 sites [126,127]. Additional RRE sites have been noted in MHV68 ORF18
and K3, which share a conserved 15 base pair sequence [199]. In Chapter Il we describe a
novel RRE in the M1 promoter. Notably, this seven base pair core sequence was

identified in other MHV68 promoter regions. We found Rta responsiveness in ORF8, 22,
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and 63 promoters, ORF50 N4/N5 promoter, and ORF50 proximal promoter. This novel
RRE adds to the short list of known RRE in MHV68. It is noteworthy that this sequence
is both shared and functional in several other MHV68 promoters. Despite the fact that
these promoters were responsive to Rta alone, where co-expression with IRF4 showed no
further effect, it is likely that other host or viral proteins might mediate specificity of
expression. Whether additional host proteins interact with Rta to mediate its effect on the
M1pRRE containing promoters remains to be determined. Another important question to
be addressed is what impact mutagenesis of this sequence will have on M1 expression
and function in vivo. To evaluate this, we can engineer mutations into the M1pRRE
sequence of the M1pYFP virus, and evaluate phenotypic changes in YFP expressing
populations.

In addition to the synergistic regulation of M1 promoter between Rta and IRF4,
we have observed synergy between IRF8 and Rta (data not shown). These proteins share
a core IRF binding sequence (described in [125]). As M1 promoter activity was observed
in both germinal center B cells and plasma cells, it is possible that Rta partners with both
host proteins. Higher levels of IRF8 are observed in germinal center B cells, but they
rapidly decline in favor of IRF4 during plasma cell differentiation. Perhaps these
interacting partners provide a way to restrict M1 promoter expression to B cells during
MHV68 infection. Future studies with the mutant M1pRRE M1pYFP virus would allow

evaluation of the significance of these Rta partnerships in vivo.

Evaluating the role of M1 in MHV68 induced fibrosis

Significant progress has been made in the field of pulmonary fibrosis; however,
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the role and contribution of viral infections remains elusive. There is mounting evidence
suggesting a role for occult viral infections as a contributing factor in disease
pathogenesis (reviewed in [155] and [51]). Although it is well accepted that viral
infections trigger acute exacerbations in COPD patients [200], ongoing research
continues to explore the role of infection in acute exacerbations of IPF (AE-IPF).
Numerous studies have shown a correlation between infection and IPF (discussed at
length in Chapter I). Additionally, there is an increasing appreciation for the impact of
viral infections on lung homeostasis; respiratory infections may result in tissue damage
and subsequent repair, and in concert with other predispositions, a chronic or reactivating
virus may influence the development of pulmonary fibrosis [155]. EBV has been shown
to infect alveolar epithelial cells, leading to elevated expression of the profibrotic
mediator TGFp, and induction of epithelial to mesenchymal transition [74-76]. These,
and many other features, are mirrored in our model system of gammaherpesvirus induced
pulmonary fibrosis [104,148].

Previous work revealed a critical role for CD8" T cells in development of fibrosis
[99]. Taken with the observation that M1 is required for multi-organ fibrosis in IFNyR-/-
mice [11,12], we hypothesized that M1 contributes to fibrosis through its induction of
VB4" CD8" T cell expansion. The studies presented in chapter 111 set out to (i)
characterize the immunological differences in M1st and WT infection of IFNyR-/- mice,
and (ii) to evaluate how VB4* CD8" and CD8" T cells influence pulmonary fibrosis.

We found a strong correlation between inflammation of the lung and fibrosis,
noting close proximity of inflammatory cells and areas of collagen deposition. Flow

cytometric analysis of the cellular composition of the lung revealed a striking M1-
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dependent cellular infiltrate between days four and nine post infection, which remained
elevated throughout latency. The most striking changes in cellular composition in the
lung were increased levels of neutrophil and CD8" T cells at 28 days-post infection.
Elevated neutrophil levels have been observed in BALF and lung parenchyma of IPF
patients [177,178] and in murine models of pulmonary fibrosis [180,181]. Elevated
neutrophil elastase-alinhibitor complex levels in BALF and serum of IPF patients have
been shown to correlate with severity of clinical symptoms [178,179]. Experimental
inhibition of neutrophil elastase with sivelestat in a bleomycin induced fibrosis model
revealed critical functions in TGFf activation and inflammatory cell recruitment [181].
Additionally, inhibition of neutrophil chemotaxis by blocking CXCLS, resulted in
reduced neutrophil infiltration, collagen deposition, inflammation, and expression of
IL1B, CXCLS6, and TIMP1 [182]. Further, in vitro treatment of lung fibroblasts with
neutrophil elastase has been shown to cause proliferation and myofibroblast
differentiation, offering a potential mechanism for pathogenesis [183]. The striking levels
of neutrophils present in the fibrotic lung, suggest that this cell population may play a
critical role in our fibrosis model. To better understand the role of neutrophils in our
model, mice can be treatment with anti-CXCL6 or sivelestat to evaluate changes in
fibrosis.

Interestingly, Pelletier et al. reported that activated T cells can modulate survival
and activation of human neutrophils through cytokine production [201]. TNFa, IFNy, and
GM-CSF were shown to stimulate the survival and expression of activation markers on
neutrophils. Here we have shown that in the absence of M1 expression in IFNyR-/- mice,

there are reduced levels CD8" T cells, as well as a dramatic reduction in viral antigen
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specific CD8" T cells. Importantly, this reduction in antigen specific CD8" T cells leads to
a significant decrease in the number of IFNy and TNFa secreting cells. Taken together,
this data may explain the reduced levels of neutrophil in M1st infected mice. Future
studies will be necessary to determine if the effector CD8" and V4™ CD8" T cell
populations make GM-CSF, in addition to the IFNy and TNFa shown here. It will also be
important to evaluate what impact these populations have on neutrophil survival,
activation, and development of fibrosis. Additionally, we hope to determine what role the
M1-dependent VB4 CD8" T cell expansion has on recruitment or propagation of the
epitope specific T cell response in this background. Evaluating the cellular composition
in the lung following CD8" T cell depletion or inhibition may provide important clues
into which cells are most critical in disease development.

Persistent viral infection of the lung has been suggested to play a critical role in
fibrotic disease in IFNyR-/- mice [107,108]. We find that M1 expression is not required to
maintain high levels of viral persistence in the lung, suggesting that viral persistence
alone is not a requirement for pulmonary fibrosis. As we failed to find a difference in
viral persistence in the lung, we postulated that the difference in fibrosis might be related
to the ability of the M1st virus to produce profibrotic mediator, TGFp. However, we show
that WT and M1st infected mice have similar levels of active and latent TGFp in the lung
at 28 days post infection, and in vitro infection of alveolar epithelial cells results in
similar levels of active TGFp. These data suggest that rather than being a viral intrinsic
defect, M1st virus fails to induce the inflammatory environment that promotes fibrosis.

Because of M1’s role in VB4* CD8" T cell expansion during MHV68 infection,

we hypothesized that this cellular population might directly contribute to fibrosis. We
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find no defect in number or function of CD8" T cell in the spleen of M1st infected
C57BI/6 mice. In Chapter 111 we show a significant difference in the CD8" T cell
response in the lungs of M1st infected IFNyR-/- mice vs WT MHV68 infected IFNyR-/-
mice, which included: (i) a lack of expansion and activation of V4" CD8" T cells (ii)
overall reduced levels of CD8" T cells, including MHV68 epitope specific T cells; (iii)
reduced levels of cytokine producing CD8" T cells. Another noteworthy finding was the
observation that IFNyR-/- Balb/c mice, which fail to develop a significant V4" CD8" T
cell expansion, were protected from fibrosis. Our interpretation of these findings suggests
arole for VB4™ CD8" T cell-mediated inflammation in cellular recruitment to the lung. In
the M1st infection of mice on the C57BI/6 background, lower levels of inflammation
resulted in reduced cellular recruitment and therefore reduced immunopathology and
subsequent fibrosis. To extend these findings we carried out global CD8" T cell depletion.
Consistent with the observations of Dutia and colleagues, we observed a dramatic
reduction in fibrosis following CD8" T cell depletion. Though this method failed to
reduce VB4™ CD8" T cell levels, we observed an ca. 50% reduction in overall CD8" T cell
levels. An apparent resistance to depletion of CD8" T cells with an activated phenotype
(CD44" CD62'°) was observed, perhaps explaining the incomplete depletion of CD8* T
cells and failure to deplete VB4 CD8" T cells — which have previously been shown to
have an effector memory phenotype [12]. Despite these shortcomings we were able to
observe significant changes in pathology and mouse survival.

Collectively these data suggest a critical role for CD8" T cells in development of
fibrotic disease in IFNyR-/- mice. Future studies will be necessary to understand the

contributions of CD8" T cells in this model. Are the CD8" T cells directly inducing
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immunopathology or do they stimulate other immune cell populations that are
detrimental to the host? It will be interesting to evaluate how CD8" T cell depletion alters
cellular trafficking in the lung, and what if any effect his may have on viral replication
and persistence.

A critical aspect of these studies is our understanding of what role CD8" T cells
play in pulmonary fibrosis. Certainly conflicting opinions on the role of T cells in IPF are
present in the field. T cells are a well-documented finding in the lung of IPF patients,
associated most strongly with areas of interstitial fibrosis [161-164]. Researchers have
shown an association between T cell presence in the lung and disease progression. Some
researchers have shown an association between CD8" T cells and a more deleterious
disease course [165-167], while others have suggest elevated CD4" levels with an
abnormal phenotype influence disease progression [168]. Feghali-Bostwick et al. show
clonally expanded CD4" T cells with augmented effector function are able to mediate
pathogenic response [168]. Notably, the T cells associated with fibrosis have been shown
to have an activated or memory T cell phenotype [202,203]. CD4" T cell activation has
been associated with poor clinical outcome [169]. The multi-center “correlating outcomes
with biochemical markers to estimate time-progression in IPF (COMET)” study recently
reported correlations between CD25" CD4" cells and CXCR3" T cells found in peripheral
blood with disease progression [204]. Interestingly, down regulation of CD28 was
observed in CD8" T cells and not CD4" T cells [204]. Conversely, other investigators
have shown a positive association between T cell activation and disease progression. In a
study to identify biomarkers to predict IPF outcome, Herazo-Maya and colleagues found

that decreased expression of genes associated with T cell signaling and activation was
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associated with a shorter transplant free survival time [170]. Further complicating the role
of T cells in fibrosis, small animal models reveal disparate evidence (reviewed [171]). It
has been suggested that T cells may play either profibrotic or antifibrotic roles depending
on the inflammatory milieu in the host [171]. Here we show that CD8" T cells are critical
mediators of fibrotic disease in IFNyR-/- mice. Future work to dissect the interactions and
effects that these cells are having during acute infection and latency will provide insights

into how they contribute to pathogenesis and immune dysfunction.

Concluding Remarks

The work in this thesis has provided insights into M1 function in
immunocompetant and immunocompromised mice. Building on previous work which
described a role for M1 in control of viral reactivation from peritoneal exudate cells
through a VB4* CD8" T cell expansion, we evaluate M1 expression in vivo and
characterize its transcriptional regulation. The major findings from the first section of this
thesis show that (i) M1 is primarily expressed from plasma cells contributing to the
existing model of M1 function (Fig. 1), (ii) viral Rta and host IRF4 regulate M1
transcription, and (iii) this transcriptional regulation which fine tunes viral gene
expression in response to host environment, may be conserved among other viral genes.
In the second section of this thesis, we evaluate the role of M1 and the V4" CD8" T cell
expansion in fibrotic disease of the lung. Using IFNyR-/- mice we show that (i) M1
dependent fibrosis is strongly correlated with lung inflammation, (ii) this inflammation
results from a global influx of cells into the lung for which M1 is required; we further

show that (iii) M1 is required for an efficient CD8" T cell response in the lung during
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infection, and (iv) that depletion of CD8" T cells results in decreased inflammation and

significant reduction in fibrosis and pathology.
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FIGURE LEGEND
Figure 1. Expression and function of M1 protein in MHV68 infection. During
MHV68 infection, the stimulatory ligand for VB4 CD8" T cell activation is expressed
from germinal center B cells and plasma cells in the spleen (Chapter 11). We have shown
that plasma cells are the predominant source for secreted M1 protein. Evans and
colleagues identified this stimulatory ligand as MHV68 M1 [12]. During infection, M1 is
expressed as a secreted protein capable of inducing VB4 CD8" T cell activation and
expansion independent of antigen processing and presentation. This population of cells
traffics to different sites in the mouse including peripheral blood, lung, spleen, and
peritoneum. These activated T cells produce high levels of interferon gamma (IFNy), as a
result of M1 stimulation, which is capable of suppressing the MHV68 ORF50 (Rta)
promoter in a Stat 6 dependent manner in the peritoneal macrophage population.
Blocking the ORF50 promoter prevents Rta mediated transactivation, thus allowing the
virus to maintain latency. Additionally, a novel role for V4™ CD8" T cells in control of
viral persistence in the lung has recently been suggested [18] which awaits further

investigation.

Figure modified from Evans et al. [12]
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