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ABSTRACT

Coxsackievirus B3 (CVB3) is a relatively common cause of infection. Infection by
coxsackieviruses is typically mild and resolves quickly without lasting complications. In a
subset of individuals, coxsackievirus infection can be severe, leading to permanent
damage of vital organs or even death. The mouse presents an ideal model to study
natural variation in response CVB3 infection as human isolates of CVB3 productively
infect the mouse, and lead to similar pathologies as found in humans. Inbred strains of
mice respond differently to CVB3 infection, therefore the genetic background of the host
can determine susceptibility to CVB3 infection. We hypothesize that interrogation of
genetically determined susceptibility to CVB3 infection will help to identify genes whose

direct involvement in control of CVB3 was previously unsuspected.

To characterize the contribution of host genetics to coxsackievirus, we screened a panel
of recombinant congenic strains (RCS) generated from susceptible A/J and C57BL/6
progenitors. While most C57BL/6 background (BcA) strains were more susceptible than
C57BL/6, BcA86 in particular was particularly susceptible to early lethality and hepatic
necrosis. A segregating [BcA86xC57BL/10]F, mapping cross led to the identification of
a locus on distal chromosome 13 controlling liver damage during coxsackieviral
hepatitis. Previously through the analysis of a segregating we detected the Vms1 (viral
myocarditis susceptibility) locus on distal chromosome 3. Vms1 controls viral replication,
inflammation and necrosis within the heart during CVB3 infection. We have further
refined this locus in additional mapping crosses and congenic lines of mice. We have
also determined that Vms7 controls viral replication before inflammation becomes
evident within the heart. The cardiac specific kinase Tnni3k is a candidate gene for
Vms1. We found that overexpression of TNNI3K greatly enhanced necrosis and
inflammation in the heart following CVB3 infection. Furthermore, we found increased
viral replication and gene expression and changes within isolated cardiomyocytes,
indicating TNNI3K is implicated in a heart specific immune pathway. Altogether, our
results provide new functional insight into the host determinants of pathogenesis
following infection with coxsackievirus B3.
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RESUME

Les virus Coxsackie du groupe B3 (CVB3) sont retrouvés partout dans le monde et il y
a une prévalence saisonniére. L’infection par CVB3 se manifeste de maniére différente
selon les personnes. Certains individus ne développent pas de maladies cliniquement
apparentes et guérissent spontanément, tandis que d’autres risquent de développer des
complications plus sévéres comme des affections cardiaques, des hépatites ou des
atteintes du systéme nerveux central. Les cas les plus graves peuvent entrainer la mort
du sujet. La souris de laboratoire constitue un modéle idéal pour étudier les
meécanismes inhérents a ces formes diverses des maladies induites par l'infection. En
effet, des lignées des souris consanguines peuvent étre infectées expérimentalement
avec des souches humaines du virus CVB3. Les lignés des souris présentant un large
spectre des signes cliniques indique que la constitution génétique des individus infectés
est un facteur déterminant dans la gravité de linfection. Nous avons donc formulé
I'hypothése que l'investigation des facteurs génétiques étant a l'origine de la réponse
de I'héte a linfection par CVB3 devrait nous conduire a identifier des génes et des
meécanismes moléculaires directement impliqués dans le contrdle de cette infection dont

on n’aurait pas eu connaissance dans le passé.

Dans le but de mieux cerner la contribution des facteurs génétiques de I'héte dans
I'évolution de l'infection par CVB3, nous avons utilisé une approche de cartographie
genétique. En ce sens, nous avons examiné une collection des lignées de souris
recombinantes consanguines (RCS) issues des lignées parentales A/J et C57BL/6.
Nous avons constaté que la plupart des lignées BcA (dont le fonds génétique est
majoritairement issu de la lignée C57BL/6) présentaient une susceptibilité accrue en
comparaison a C57BL/6. D0 a son taux précoce de mortalité, la lignée BcA86 a été
particulierement visée. En ayant recours a un croisement (BcA86 x C57BL/10)F; il
nous a été possible de détecter un locus dans la région distale du chromosome 13 liée

a la sévérité des lésions du foie pendant ’hépatite coxsackievirale.

Une étude préalable de liaison génétique, nous avait permis de mettre en évidence le

locus Vms1 (viral myocarditis susceptibility) dans la région distale du chromosome 3. Le
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locus Vms1 est responsable du niveau de la réplication virale, de la nécrose du
myocarde et de l'infiltration cellulaire que I'on observe dans le coeur des souris infectées
par CVB3. En étudiant des lignées de souris consomiques ainsi qu’en réalisant de
nouveaux croisements entre souris sensibles et souris résistantes, nous avons élaboré
une cartographie fine de l'intervalle critique contenant le locus Vms1. Aussi avons-nous
pu constater que le contrble de la multiplication virale par Vms1 précéde l'infiltration des

cellules inflammatoires dans les tissus cardiaques.

Le géne Tnhni3k code pour une kinase dont I'expression étant spécifique aux cellules
cardiaques apparait comme un géne candidat de choix pour le locus Vms7. En
comparant avec les souris normales, nous avons trouvé que la surexpression du géne
Tnni3k dans des souris transgéniques leur confére un phénotype de nécrose et
d’'inflammation extrémes du tissu cardiaque suite a I'infection par CVB3. Nous avons
également établi que l'infection des cardiomyocytes isolés a partir de ces mémes souris
provoque un accroissement de la réplication du virus CVB3 ainsi qu’un profil
d’expression unique des génes inflammatoires. Les résultats ainsi obtenus ont mis en
lumiére que la kinase TNNI3K est impliquée dans un circuit de signalisation immunitaire
propre au cceur. Ainsi, pris dans leur ensemble, nos travaux apportent des nouvelles
voies pour la compréhension du déterminisme génétique de I'héte dans la sensibilité
aux infections par CVB3 ainsi qu’'une meilleure connaissance de la pathogénése de ce

virus dévastateur.
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CHAPTER 1: GENERAL INTRODUCTION

INTRODUCTION

Viral infections are a near ubiquitous part of life, and the outcome of infection varies
widely. Viral infections are sometimes benign, and other times can cause permanent
damage or death to the infected host. Though remarkably diverse, viruses are all
obligate parasites, which invade a host cell in order to replicate. After entering a host
cell, viruses subvert, exploit and appropriate host cellular components in order to
replicate. Lytic viruses such as the coxsackieviruses conclude this process by
coordinating a necrotic death of the host cell, wherein disruption of the cellular
membrane allows the release of newly synthesized infectious coxsackievirus. Viral
proteins, and features of the viral life cycle are thus central determinants of the severity
of infection. Equally influential on the severity of infection are host determinants. A host
response is initiated via direct or indirect sensing of viral infection, and communicated to
neighbouring cells and distal tissues. A molecular and cellular response with the aim of
limiting, sequestering and eventually sterilizing infection is generated. Other host factors
such as cell specific structures, or the presence and accessibility of viral receptor may
also determine whether a coxsackievirus infection follows a mild or severe course.
Identification and understanding the host determinants of Coxsackievirus B3 infection

form the subject of this dissertation.

COXSACKIEVIRUS INFECTION

THE ENTEROVIRIDAE

Coxsackievirus B3 (CVB3) is a subspecies of coxsackievirus, the coxsackieviruses are
a species of the genus Enterovirus, and the enteroviruses are part of the Picornaviridae
family. The Picornaviridae family of viruses, from pico (meaning small) and RNA (for
their genome), are defined by their small and single stranded RNA based genome.
Picornavirus genomes range between 7 and 8.5kb in length, and are composed entirely

of a single coding strand of RNA. Common features within the Picornaviridae include a
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non-enveloped viral particle with icosahedral capsid. Though viral receptors vary across
species and genera, the genes encoded by a picornavirus are relatively conserved. The
entire genome is translated as one large polyprotein starting from a non-canonical
translation initiation mechanism called an internal ribosomal entry site. The picornaviral
polyprotein subsequently processes itself into functional proteins, and genomic RNA
replication occurs via a virally encoded RNA dependent RNA polymerase.
Picornaviruses are lytic to the infected cell, replicate to high titers and cause a wide

range of pathology in their infected hosts.

Notable picornaviruses include the Rhinovirus genus. Rhinoviruses replicate
preferentially in the upper respiratory tract at lower temperatures (34°C). Rhinoviruses
are thought to be responsible for many if not most cases of the common cold. The
Rhinovirus genus contains over 100 serotypes; though species are closely related
infections across serotypes do not provide serological immunity against other rhinovirus
serotypes. This feature, when combined with other genetic attributes of the
Picornaviridae discussed below help to explain why a vaccine against the common cold
is particularly challenging. The Picornaviridae also include the Hepatovirus genus,
which includes the hepatitis A virus. Hepatitis A is a common cause of viral hepatitis
transmitted through fecal oral route particularly in contaminated food and water.
Hepatitis A is one of the two targets of the popular divalent travel vaccine Twinrix, the
other being Hepatitis B virus. Unlike the blood borne Hepatitis B and Hepatitis C viruses,

hepatitis A does not generally lead to chronic disease, and is usually self limiting.

The genus Enteroviridae within the Picornaviridae family represents a diverse subset of
pathogens. Common features of enteroviruses include fecal oral transmission and an
unusually high tolerance to low pH and harsh conditions. This pH insensitivity allows
enteroviruses access to the small intestine where they replicate to high titers. These
titers then permit the virus to propagate itself when stool contaminates food or water.
The most infamous member of the Enteroviridae is the poliovirus. In addition to infecting
the small intestine like other enteroviruses, poliovirus can spread to motor neurons.
Inflammation and necrosis of the motor neurons occurring as a result of poliovirus

infection (poliomyelitis) can lead to paralysis and sometimes death. The quest for a
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vaccine to poliovirus in the 1940s and 1950s spurred several advances in virology and
cell culture, including the discovery and characterization of coxsackievirus (more below).
Vaccination against polio has been a near complete success, following the widespread
deployment of an inactive vaccine in the mid 1950s and the live attenuated oral vaccine
that was licensed for use in the early 1960s. Perhaps coincidentally, the period
immediately following the successful deployment of the polio vaccines coincided with a

dramatic uptick in publications mentioning Coxsackievirus [Figure 1].

FIGURE 1: ARTICLES PUBLISHED MENTIONING COXSACKIEVIRUS

Articles indexed by pubmed at the National Center for Biotechnology Information

(http://www.ncbi.nlm.nih.gov/pubmed) mentioning coxsackievirus, rhinovirus,

hepatovirus, enterovirus, and “polio OR poliovirus”. The number of articles mentioning
polio or poliovirus drops from 678 in 1964 down to 419 in 1966, while publications
mentioning coxsackievirus or enterovirus increased from 227 and 214 in 1962 up to 515
and 444 in 1964. Following this period, publications level off until recently, when new

interest seems to have emerged in the field of all forms of enteroviral research.
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Mostly owing to the complication of assigning distinct species status on the basis of
clinical features alone, all newly identified and serologically unique enteroviruses
identified following 1970, are assigned a numeric designation starting with 68 (e.g.:
human enterovirus 68 or EV68). One such new member is the human enterovirus 71,
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which causes severe neurological damage and in some portion of infected individuals
infection is lethal (1, 2). The severity of EV71 infection have led some to term it the
“new polio”. Though EV71 was originally isolated in California, its notoriety is due to a
rapid spread through Asia where it remains a persistent cause of disease (3). Ongoing

research is being conducted to identify a safe and effective vaccine to EV71 (4-6).

HISTORICAL PERSPECTIVES ON COXSACKIEVIRUS

Late in the summer of 1947, a 3-year-old, and a 9-year-old boy with flu-like symptoms
accompanied by severe muscle pain, were presented to a physician in Coxsackie New
York. An infectious agent was identified within the stool of the young boys that could
pass through a filter and retain infectivity, could not be grown on an agar plate, but
could be cultured by infecting suckling mice or hamsters under 12 days old. Several
features distinguished the virus from other known viruses including lack of neutralization
by serum from mice infected by other viruses, and an intense necrosis of muscle tissues.
This original isolation by Gilbert Dalldorf and Grace M. Sickles(7) would prove to be a
seminal discovery and this particular viral isolate would come to be known as
Coxsackievirus A. A second notable pioneer in coxsackievirus research was the group
of JL Melnick, who isolated and characterized what would come to be called

Coxsackievirus B(8).

The Coxsackieviruses were subdivided into A and B types based on pathology induced
in suckling mice (9). Coxsackie A types were described as producing a flaccid paralysis
and myositis. B types were described as producing spastic paralysis and tremors.
Human disease was confirmed via repeated clinical isolation, and occasionally by
accidental laboratory acquired infections(10, 11). Indeed, the commonly used laboratory
strain of CVB3 (CVB3-Nancy), is an isolate obtained from the stool of JL Melnick’s
daughter Nancy after a laboratory acquired CVB3 infection spread through the
researcher’s family(12). Though early Coxsackievirus research was focused primarily
on similarities with poliovirus and neurological features, Coxsackieviruses were also
found to infect the heart, liver, lungs, skeletal muscle, fat pads, and pancreas(13). In

hindsight, the focus on neurological symptoms of the viruses isolated may have
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reflected the public interest in polioviruses at the time, and inoculation of coxsackievirus
for testing in mouse strains was routinely performed via an intracerebral route. As
clinical isolates continued to accumulate, subsequent decades saw a convergence of
opinion that Coxsackievirus group B frequently led to myocarditis, especially in
newborns and young adults(14, 15). Experimental models of Coxsackievirus induced
myocarditis were lacking however until JF Woodruff developed a myocarditic strain of
CVB3 (CVB3m)(16, 17). Woodruff also learned that the mode of passage of the virus
(intraperitoneal vs. intracerebral) had an effect on the tissue specificity of pathology
which would develop on subsequent inoculations of the virus(15). Woodruff's CVB3m
was originally a CVB3-Nancy strain (18) and the CVB3m strain has since been
passaged by several other labs including Charles Gauntt whose passages became the
CVB3-CG strain(19, 20). Another CVB3m lineage from the group of Sally Huber was
purified from a single plaque(21) and cloned into the also widely used cDNA copy
CVB3-H3(22). This lineage means that all subsequent sub-lineages and most work on
CVB3 over the preceding 60 years has been performed using virus isolated from one 8-

year old girl named Nancy in May of 1950.

Following early hints that virulence was specific to an individual viral isolate or viral
passage, Charles Gauntt’'s group formally demonstrated that virulence could be
modulated within a given strain of CVB3 by creating temperature sensitive mutants(23,
24). The role of host genetics would come later in the form of a series of strain surveys
comparing mouse genetic background as well as major histocompatibility locus (H2)(25-
27). Together, these studies provide the theoretical framework on which this thesis is
founded: a combination of host and viral genetics determines the pathological outcome
of disease. A myocarditic sub-sub-strain of CVB3 Nancy was used in all experiments in

order to further interrogate the role of host genetics on CVB3 infection.

COXSACKIEVIRUS WITHIN HUMAN POPULATIONS

Coxsackievirus B3 is a common infection. Estimates place it as being responsible for
somewhere between 3 and 9% of identified enteroviral infections. Though, CVB3 is

rarely the most commonly identified enterovirus, it is usually one of the top 10 species
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identified during enteroviral surveillance(28, 29). Enterovirus infection, and in particular
CVB3 infection, follows an epidemic pattern with sudden increases in the number of
identified viruses during routine enteroviral surveillance. Infection with CVB3 often
follows a late summer pattern, with up to 78% of infections occurring between June and
October, though this varies from year to year. The mechanism of this epidemic
introduction is unclear, though the enteroviruses primarily fecal oral route of
transmission and coincidence with a peak epidemic occurrence during warm summer
months might suggest water contamination as a key factor. CVB3 infections are
frequently severe. While not every infection is reported, among those that are

approximately 5% of positively identified infections are fatal (30, 31).

Severe complications of CVB3 infection are surprisingly diverse and include meningitis,
myocarditis, hepatitis, and renal failure(32). In newborns, severe cases of viral hepatitis
are periodically reported as a result of group B Coxsackieviruses including CVB3 (33-
35). Meningitis remains a frequently reported severe outcome of CVB3 infection in
patients under the age of 15 (36). Viral myocarditis is a frequent underlying cause in
sudden and unexpected death, where otherwise healthy individuals die suddenly and
without an obvious cause (37). Estimates vary, but between 10 and 20% of sudden and
unexpected deaths are attributable to viral myocarditis(15, 38). The proposed etiology of
death has been suggested to be due to arrhythmia owing to cardiomyocyte necrosis(39).
Results vary, but up to 50% of suspected myocarditis may be attributable to enteroviral
infection(40). The development of a chronic form of disease, dilated cardiomyopathy will
be dealt with in a subsequent section due to the lingering ambiguity regarding causality

of coxsackievirus infection in the condition(41).

Due to the dependence of CVB3 severity on both viral genetic and host genetic factors,
as well as the epidemic nature of outbreak, it is not surprising that outbreaks of
myocarditic strains of CVB3 also occur. One such outbreak occurred in Greece in 2002
where fifty-one cases of myocarditis or pericarditis were diagnosed, following onset of
viral infection and three adult women (ages 48, 48 and 50) died of heart failure (42).
Subsequent to the cluster of myocarditis and cluster of lethal infection in Greece a

broad seropositivity study of 501 individuals determined that 9-21% of the population
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had specific antibodies to given CVB strains (43). Another study, based on a cohort in
northern England (EPIC-Norfolk), found serological evidence in the range of 50-70%
depending on age and viral serotype tested (44). The correct figure for the human
population at large likely depends on location, sanitation and other unknown factors.
Whether the actual exposure level to CVB3 is closer to 10% of the population or 70%,
infections severe enough to be reported must be in the minority, and of those, severe

complications appear to occur only in a rare cases.

COXSACKIEVIRUS LIFE CYCLE

ATTACHMENT AND ENTRY

The coxsackievirus gains access to the cell by binding to its specific receptor, the
Coxsackievirus and Adenovirus Receptor (CAR, encoded by the Cxadr gene). CAR was
identified by two groups within months of each other in 1997, first by Bergelson et al.
(45) and then shortly after by Tomko et al. (46). CAR was discovered first as a viral
receptor, and its role in the normal cell was initially unclear. Subsequently, CAR has
been first determined to be a component of the tight junction, those intercellular contact
points which turn groups of cells into impermeable barriers (47). CAR deletion resulted
in embryonic lethality and altered morphology of embryonic cardiomyocytes (48). This
result was confirmed in a heart specific CAR deletion under the control of the myosin
heavy chain promoter, where lethality from pericardial edema, and hyperplasia of the
cardiomyocytes was observed (49). After embryonic development, CAR expression
gradually decreases and shifts to the intercalated disc (50). Inducible deletion of CAR in
adult mice also had a severe effect: loss of CAR in the heart led to complete
atrioventricular (AV) block, a severe disorder of conduction between the atria and
ventricles of the heart. The mechanism proposed for the AV block involves the altering
of AV node gap junctions, an intercellular electrical conduction system reliant on
connexins (51, 52). Taken together, CAR is a tight junction protein that is essential for

cardiac embryonic development, and AV conduction in the adult heart.

Given that the primary site of replication for CVB3 is the polarized epithelium of the

intestinal tract, CAR is a curious viral receptor because it is normally inaccessible within
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the tight junction. Coxsackievirus is also able to bind decay accelerating factor (DAF,
encoded by the Cd55 gene) as a co-receptor(53). Through its interaction with DAF,
CVB3 engages activity of cytosolic GTPases Abl and Rac which reconfigure the actin
cytoskeleton and move CVB3 to the tight junction(54, 55). CVB3 also appears to make
use of the tight junctional protein occludin (Ocln) as virus is internalized with occludin
and inhibition of occludin expression also blocks CVB3 entry(56). Following attachment
to the CAR receptor, virus is internalized via a caveolin dependent mechanism that
resembles macropinocytosis in polarized cells. In non-polarized cells, viral entry occurs
via a dynamin and lipid raft dependent mechanism for which DAF is dispensable(57).
Other host derived factors required for attachment, entry and replication surely exist. A
recent study using RNAI inhibition of host genes found that 46 genes were essential for
infection by both poliovirus and CVB3, and that 28 were essential for CVB3 alone
(including CXADR)(58).

POLYPROTEIN PRODUCTS

Though picornaviruses have specific receptors, their genomic organization post entry
are highly similar within and across genera (40). Most of enterovirus virology was
originally studied within poliovirus strains, and the highly related coxsackievirus is
assumed to be similar (59). Following entry, the viral genome is released into the cell as
a single strand of RNA. This RNA strand does not contain the usual 5’ cap that protects
cellular mRNA from degradation and promotes translation initiation. Instead a large
(750bp) and highly complex 5’ untranslated region (UTR) structure serves as an internal
ribosomal entry site (IRES) to initiate translation(60). The origin of IRES sequences
appears to be cellular: several growth factors, transcription factors, translation factors,

transporters and other genes, all contain IRES sites (61).

The genome of a picornavirus (including enteroviruses such as coxsackievirus)
maintains a conserved organizational hierarchy(59, 62). Once the IRES initiates
translation of the positive sense genome, the entire coding sequence is translated into
one large polyprotein of ~250kDa. This polyprotein is conceptually subdivided into three
regions. The P1 region contains the viral structural proteins including capsid proteins
VP1, VP2, VP3 and VP4. The P2 and P3 regions contain non-structural proteins. P2
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contains the protease 2A, the 2B porin and the vesicle forming protein 2C. P3 contains
the 3A protein, which inhibits cellular trafficking, 3B which is integral for priming viral
RNA synthesis, a second protease 3C, and the highly conserved RNA dependent RNA
polymerase 3D. The polyprotein is cleaved in cis by the 2A and 3C genes, the 2A
protease cleaves P1 from P2/P3 and 3C cleaves the others into separate functional
proteins. Further complicating this compact genome, 2BC (uncleaved 2B and 2C), 3AB
(3A and 3B) and 3CD (3C and 3D) all have ancillary functions independent of their
cleaved forms. Following proteolytic maturation of the viral polyprotein, a replication
complex is formed where the RNA dependent RNA polymerase 3D first synthesizes a
negative strand replication intermediate. This anti-sense genome serves as a template

for further replication of the positive sense genome.

REPLICATION

Autophagy is an intracellular degradative pathway that plays an essential role in cellular
homeostasis. Autophagy is essential for clearing certain forms of infection, is engaged
during a stress response and is the cellular process for eliminating damaged organelles
and protein aggregates. A specialized organelle is formed consisting of a dual
membrane complexed with the light chain 3 protein (LC3 also known as ATG8). This
membrane engulfs the material targeted for degradation, and acidifies into an
amphisome. The amphisome fuses with lysosome to form the autolysosome where
degradation occurs(63-65). Positive strand RNA viruses appear to exploit autophagic
machinery for facilitating their replication. CVB3 induces formation of autophagosomes
in infected cells in vitro, but not autophagolysosomal protein degradation. Blocking of
autophagy chemically or through small interfering RNA (siRNA) decreases viral
replicative capacity, and inducing autophagy chemically, or through starvation increases
viral replication. Blocking fusion of amphisomes with lysosomes also increases viral
replication showing that some autophagolysosomal degradation is still occurring(66, 67).
These results are confirmed in pancreatic cells in vivo, with the further observation that
the autophagic vesicles exhibit a lattice structure which could correspond to the CVB3

3D and replication complex (68, 69). During poliovirus infection it has been
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demonstrated that acidification of the autophagic vacuole is required for maturation of

virus into an infectious form (70).

The role of specific lipids as scaffolds during viral replication is coming to light in recent
years. Replication occurs on a virus specific organelle within the cell where the
replication complex is formed. This complex is specifically enriched in
phosphatidylinositol 4-phosphate (P14P), and PI4P is essential for viral replication (71,
72). Viral replication organelles are also enriched with cholesterol. Plasma membrane
cholesterol is internalized via clathrin-mediated endocytosis, and directed to replication
organelles during infection. Depletion of plasma membrane cholesterol dramatically

reduces viral replication efficiency (73).

Replication of genetic information in lytic RNA viruses, such as CVB3 or poliovirus, is
also notable in that the error rate of the RNA dependent RNA polymerase is
exceptionally high(74-76). Viral RNA dependent RNA polymerases (such as 3D) do not
contain proof-reading activity, and make on average one error per replication cycle. As
each infected cell produces between 10* and 10° pfu following infection this amounts to
a considerable diversity. In this light the meaning of any single viral species must be
placed into context as part of larger quasispecies (77-79). Indeed, quasispecies
diversity has been experimentally demonstrated to be an essential feature required for
pathogenesis. The key experiments involved a cDNA clone of poliovirus with a single
point mutation that was found to lead to greatly reduced error rates during RNA
replication (0.31 mutations per genome vs. 1.91 in wild type). Infection with this faithful
polymerase (mutation G64S) required an initial dose 100-fold higher than wild-type in
order to achieve lethality. The high fidelity virus was also unable to replicate in brain or
spinal cord tissue to any significant extent. Artificially restoring quasispecies diversity
through drug treatment in G64S virus restored virulence. Conversely, an attenuated
high-fidelity virus was less likely to revert than wild type, and could form the basis for a
vaccine strategy (80, 81). Genomic instability provides clear advantages including the
above mentioned tissue adaptability, because mutations required for access to new
tissue sites are already contained within the quasispecies population and are fit to

replicate immediately. However, there is a threshold of how many mutations can occur
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per average replication beyond which genetic information becomes garbled and the
quasispecies population collapses in what is called “error catastrophe”. Mutagens have
been used to demonstrate that the 3DP mutation rate edges on the border of error

catastrophe and pushing them over this limit is an effective antiviral strategy(78, 79, 82).

INTERACTION WITH THE HOST CELL

A variety of viral interactions with host cell proteins and processes have been
characterized. Given that viral translation occurs via a cap independent process, the
virus is able to target host cell translation machinery without affecting its own replicative
capacity. The viral 2A protease has been shown to cleave the elongation initiation factor
49 (elF4G), a protein that brings 5’capped cellular mRNAs (bound to elF4E) into contact
with the ribosome for translation (83-85). In this way, 2A is sufficient to arrest host cell
translation. Host cell translation is further abrogated through the cleavage of the
poly(A)-binding proteins (PABP), by protease 3C. PABP proteins associate with the
poly(A) tail of cellular mRNAs (86, 87). 3C cleavage of PABP appears to occur most
efficiently with PABP associated with ribosomal polysomes compared to other cellular
fractions containing PABP. In this way PABP levels in the cell are maintained, while
PABP dependent host translation is minimized(87). As viral proteins accumulate within
the cell, and PABP is depleted, cap independent viral translation is also inhibited. This is
thought to effect a switch in viral replication from early to late and allow accumulation of

viral RNA for assembly into virions (88).

Shutoff of transcription of host genes also occurs during enterovirus infection. As
transcription is a nuclear phenomenon, and CVB3 spends its life cycle within the
cytoplasm this is a particular challenge. The 3CD protein contains a nuclear localization
signal within the 3D portion of the protein(89, 90). The nuclear localization signal is
absolutely required to traffic 3CD to the nucleus, however it was also shown that in the
absence of a concurrent infection 3CD or 3D alone were not able to enter the nucleus.
This suggests some other factor’s involvement in arresting host cell transcription (90).
Once it is within the nucleus, the 3CD is autocataclytically processed into the 3C
protease. The 3C protease in turn inhibits transcription initiation by directly cleaving
several transcription factors including TBP, CREB, OCT1, and others (91, 92).
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The 2B protein has been shown to act as a viroporin. 2B expression leads to
permeabilization of the plasma membrane, which facilitates viral release(93, 94). 2B
oligomerizes within its target membrane and creates an aqueous pore capable of
disrupting ion gradients(95). 2B and 2A proteins both inhibit the host cell secretory
apparatus as well. Counter intuitively, the 2B protein is primarily localized within the ER
and Golgi complex rather than the plasma membrane during plasma membrane
permeabilization. Furthermore, it was shown that ER localization is dispensable for
plasma membrane permeabilization while Golgi complex localization was essential. This
also has the effect of inhibiting host protein transit. How a viroporin within the Golgi
permeabilizes the plasma membrane is still unclear(96). Expression of 2B was also
sufficient to decrease calcium stores in the ER and Golgi. This effect coincided with a
suppression of caspase activity and apoptic cell death. Furthermore, mutants defective
for calcium release did not block apoptosis, suggesting that 2B plays an anti-apoptotic

role during infection(97).

In addition to the above mentioned functions, 2A also cleaves dystrophin, a key
structural protein of the heart(98). Dystrophin is the largest gene within the human
genome, and anchors the cytoskeleton to the sarcoplasmic membrane. Dystrophin is
located near intercellular contacts, and is thought to play a protective role during muscle
contraction(99). This is a significant result in mechanistically tying viral myocarditis to
dilated cardiomyopathy. Dilated cardiomyopathy is frequently reported in patients with
dystrophin deficiency (Duchenne muscular dystrophy), and 2A expression alone is

sufficient to cause dilated cardiomyopathy(100).

CELL DEATH: NECROSIS, NECROPTOSIS AND APOPTOSIS

Cell death has been a particularly lively field of research in recent years, as the
understanding that the molecular contexts of a dying cell can dramatically alter
subsequent immune responses and determine disease(101-103). Broadly, cell death
can be categorized as regulated, or unregulated. Unregulated cell death is thought to be
passive process wherein the plasma membrane is disrupted. As osmotic differences
between intracellular and extracellular milieus are removed, ATP is depleted, necrotic

cells become swollen, and their contents leak out. At the other end of the spectrum is
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apoptosis, a programmed cell death characterized by shrinkage of the cytoplasm,
nuclear condensation and cellular fragmentation. The cytosol is packaged up in bulges
(blebs, or apoptotic bodies) from the plasma membrane so that cytosolic components
for the most part do not come into contact with the extracellular milieu. Apoptotic bodies
are then internalized by other cell types including macrophages, are degraded and
generally are not interpreted as an inflammatory signal. Apoptosis can be induced via
extrinsic factors (cellular receptors), or by intrinsic factors (no external signal required).
The extrinsic pathway involves the activation of death domain containing receptors and
triggering of a signaling cascade that converges on the mitochondria. The mitochondria
contents become released, and this triggers a second signaling cascade involving
caspases, the assembly of an apoptosome from multiple proteins, and ultimately cell
death. The intrinsic pathway begins within the cell, and after converging on the
mitochondria executes a similar cell death. Somewhere in between apoptosis and
necrosis falls necroptosis, a regulated form of necrosis. Necroptosis can be initiated by
multiple signals (FAS-L, TNF, various NLR), and involves a RIP1 and RIP3 dependent
signaling cascade. The end result of passive necrosis and necroptosis are similar and
both processes involve the release of several cellular proteins that elicit an inflammatory
response (HMGB1, SAP130, HSPs) (102, 103). Breakdown products from the
mitochondria of necrotic cells (such as mtDNA) have been shown to stimulate

inflammatory responses resembling a bacterial infection(104).

Cell death following coxsackievirus infection has been variously shown to induce
necrosis as well as apoptosis. Caspase 3 (the terminal effector of apoptosis) was
activated following CVB3 infection in HelLa cells. Inhibition of Caspase 3 did not block
the CVB3 induced cytopathic effect (CPE), suggesting viral CPE is a non-apoptotic
death in HelLa cells(85). By closely monitoring cells for necrotic or apoptotic phenotypes
over a 42 hour period, it was observed that infection with CVB3 induces an initial wave
of necrotic CPE deaths 6 hours post-infection in a monolayer of HeLa cells. This is then
subsequently followed by a second wave of cell death with an apoptotic character
(coinciding with a surge in Caspase 3 activity) at around the 24 hour mark (105). Direct
transfection of 2A or 3Cpro alone were sufficient to induce apoptosis in HelLa cells, by

multiple mechanisms including cleavage of Caspase 8 and Caspase 3(106). In
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polarized Caco-2 cells, apoptosis is not evident when compared with simultaneously
infected non-polarized HelLa cells. Cell death in Caco-2 cells appears to be entirely
necrotic, and depends on the calcium dependent Calpain proteins for release into the
culture media(107). Finally, a recent systems approach studied the relative impact of
necrosis and apoptosis on CVB3 infection by measuring necrosis, caspase cleavage,
phosphorylation of various signaling kinases, VP1 production and released viral
particles. Blockade of both apoptosis and necrosis led to a slight reduction of released
viral particles. When necrosis is blocked, but apoptosis is restored through stimulation
via an additional pathway, viral particle release is dramatically reduced. If the ideal
outcome for the virus is to maximize the number of viral progeny release from an
infected cell, apoptosis is thus an undesirable outcome. Some form of necrotic cell
death, whether necrosis or necroptosis seems to be the optimal mechanism for

releasing viral progeny in vitro(108).

LATENCY AND PERSISTENCE

Coxsackievirus causes necrosis and apoptosis in cells, but in some contexts it may also
persist. In a model of CVB1 infection, in vitro it was found that through subsequent
passages of cells, the virus was able to evolve into a less lytic variant that would
accumulate and persist. In vivo it was found that CVB1 would persist in the hamstring of
infected mice. Using a strand specific RT-PCR assay, it was also shown that roughly
equal amounts of coding and anti-sense RNA genomes were present as far as 30 days
post-infection. Sequence analysis indicated no significant evolution had occurred in vivo
(109). CVB3 persistence in vivo has also been demonstrated by in situ hybridization.
Following an acute phase of infection, both positive and negative strand genome were
still detectable up to 30 days post infection(110). Through serum starvation and a series
of cell-cycle blocking drug treatments, it was discovered that CVB3 replicates to a much
lesser extent in quiescent (GO0), or in cells stopped in the G2/M phase. Viral replication
was greatly increased in cells blocked in the G1 phase, where protein and mRNA
synthesis is usually highly active. Moreover, it was found that wounding cells
mechanically (a scrape) reactivated persistent virus at the borders of the injury (111).

CVB3 persistence in vivo might be in part explained because terminally differentiated
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tissues such as the cardiomyocyte are quiescent and do not divide. Persistence of viral
RNA has also been shown in intestinal cells(112). CVB3 persistence in the heart is
suspected to be a mechanism of long term chronic injury to the myocardium, leading to
the condition of dilated cardiomyopathy (DCM). Evidence for enteroviral persistence
within DCM patients is significant by meta-analysis of several independent studies (40,
113-115). Though putative mechanisms have been described to account for pathology
seen in DCM(100), the proportion of DCM attributable to Coxsackievirus infection, and

precise mechanisms of disease remain unclear.

THE HOST, AND HOST RESPONSE TO INFECTION

FORWARD GENETIC MOUSE MODELS IN INFECTION AND IMMUNITY

Natural experiments in a disease as complex and multifactorial as coxsackievirus have
proved to be of limited use in understanding the precise mechanisms of disease. For
example, during the 2002 Greek outbreak of a myocarditic strain of CVB3, viral
myocarditis was recognized in 51 individuals, and was fatal in three people living on the
island of Crete(42, 43). Subsequent serological examination revealed approximately 7%
of people on the island (population approximately 600,000) had recently been infected
by CVB3, and 17% had been exposed at some point. What factors and predispositions
distinguished these unlucky three out of up to eighteen-thousand infected (3% of

600,000)? What factors might predict sequelae in the remainder?

One approach to understanding genetic predisposition to severe disease is the use of
animal models. The mouse model in particular is used because: 1- Mice are mammals
who share significant genetic, developmental, and physiological similarity with humans,
and in which several phenotypic features of disease can be modeled successfully. E.g.:
mice develop viral myocarditis and DCM following CVB3 infection with myocarditic
strains of virus. 2- Mice are commercially available. They reproduce over the course of
months, and require little space. And 3- Cost, mice require comparatively little
maintenance, especially when compared to other potential animal models such as the

killer whale (116). Before discussing the immune response to infection it is worth
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considering the various mouse model systems used for studying infectious disease and
immunity in a controlled and reproducible environment. Each model brings a unique set

of limitations and competencies.

INBRED STRAINS

The earliest form of mouse genetics was the establishment of a series of inbred lines of
mice. Over successive generations of inbreeding genomes become fixed, which results
in defined allelic combinations and predictable phenotypes. Once mice are inbred, the
consequences of either genetic or environmental perturbations can be analyzed
individually, sequentially or in combination. The DBA strain of mouse was the first to be
inbred, and was developed by Little at Cold Spring Harbor in New York beginning in
1909. Subsequent work by a number of Cold Spring Harbor investigators led to the
generation of the C57BL/6, C57BL/10, C3H, CBA, BALB/c and A strains of mouse.
These strains were developed close to 100 years ago to study cancer, but remain a

mainstay of mouse genetics(117).

Early reports on the capacity of CVB3 to induce pathology in inbred strains of mice
tended to focus on one strain at a time, and the subject received little attention(15). A
systematic characterization of inbred strains of mice to develop acute and chronic viral
myocarditis following CVB3 infection was undertaken by Charles Gauntt in 1984 (20).
Gauntt’s group identified that sex, background strain and H2 haplotype all played an
important role in determining phenotypic outcome. Myocardial inflammation was
relatively uncorrelated (though statistics are not given) to viral replication across
different strains. Different strains of virus were used (CVB3m and CVB3-ts70R) and
remarkably different strain, sex and virus combinations produced surprisingly different
results. For example, C57BL/6J males or females were relatively resistant to the CVB3-
ts10R virus, in terms of viral replication and inflammation, but C57BL/6 males are
susceptible to high replication and moderate inflammation when infected by CVB3m
virus. In 129/J mice both sexes are highly resistant to viral myocarditis caused by
CVB3-ts710R, but only male 129/J mice were highly susceptible to CVB3m. Conversely
female SWR/J mice were significantly more susceptible than males to either virus strain.
H2 also played a role, as semi-inbred strains carrying differing H2 alleles displayed
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differential susceptibility as well, though this effect was not as large as background
strain variability. A subsequent study confirmed this finding by comparing A mice with
H2', H2*, H2° as well as B10.H2%, B10.H2" and C3H mice. Significant differences in
viremia, extent of myocarditis, persistence of myocarditis, and development of heart
specific auto-antibodies were observed to depend on HZ2 genotype. Equally importantly,
A.H2° mice developed much more severe viremia, inflammation and auto-antibodies
than did B10.H2°, providing unambiguous proof of H2-dependent and H2-independent
control of viral myocarditis using inbred strains of mice(26). Subsequent studies have
gone on to show that inflammatory lesion size, calcification and location within the heart

also depend on viral isolate and genetic background strain(118).

TEST CROSSES AND TEST CROSS ANALYSIS

When two inbred strains differ markedly in a phenotypic trait of interest, test crosses
such as F; intercross or N, backcross can be performed in an attempt to identify regions
of the genome (or genetic loci) that are inherited in tandem with the trait of interest.
Conceptually, these loci can then be further refined into a gene (or genes), and from the
gene(s) to underlying sequence level differences(119-121). In practice, several
individual components contribute to the possibility of successful cloning of a quantitative
trait locus, gene and nucleotide. Magnitude of phenotypic difference between two inbred
strains, the amount of trait variance under genetic control, genetic marker spacing as
well as the number and effect size of independently assorting QTL all contribute to how
likely a QTL will be identified for a given intercross. Equations used to identify the
appropriate number of F, or N, progeny depend on a number of assumptions:
phenotypes under control of QTL from one genetic background are assumed to all
contribute in the same direction, i.e.: QTL1, QTL2... QTLN from the susceptible strain
all increase susceptibility. Experimentally, QTL tend to have effects in opposing
directions within the same genetic background (see Chapter 3: Vms2 and Vms3).
Moreover, some traits are highly polygenic, and even when large intra-parental
differences with modest variance phenotypes exist multiple large crosses continue to
uncover new QTL continually (119, 122-125).
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The generation of a test statistic for any given locus across the genome depends on
both the model used, and which implementation or method is chosen. E.g.: a semi-
continuous variable like survival could be modeled directly, or split using a two-part
method to analyze survivors and non survivors separately(126), or transformed into
binary trait of resistant and susceptible (127). Linear models on continuous, normally
distributed variables tend to be preferred with the simplest method being simple
regression on the marker(128). Standards for the interpretation and generation of test
statistics have been proposed in order to maintain some degree of stringency, but also
allow for the identification of small and modest QTL effects(120). Generally, permutation
of mouse phenotypes within a given test-cross is performed, the highest genome wide
test statistic from each permutation is used to empirically establish a false positive rate
and calculate a p-value. Several implementations of marker regression at and between
genetic markers have been implemented in the R/Qtl package made freely available by
Karl Broman (129). While a testcross approach has the benefit of producing a unique
segregation of genotypes in each animal, this is also a drawback in that the results for

any given individual cannot be replicated or in most cases subjected to repeated testing.

Testcrosses have been used successfully to study myocardial susceptibility to necrosis
and dystrophic calcification (DCC). In mice susceptible to DCC, a variety of
mechanisms including freezing, infection, fatty diet and old age, all lead to necrosis,
followed by calcification of the dead cardiomyocyte. DCC also occurs in a subset of
human patients following myocardial infarction, and cardiomyopathy. This calcium
deposition is present in C3H and DBA2/J strains, and absent in most others including
C57BL/6, C57BL/10 and A/J. An initial F» intercross between C57BL/6 and C3H mice
mapped the Dyscalc locus to proximal chromosome 7(130). The subsequent
identification of the Abcc6 gene as responsible for the Dyscalc locus was achieved
using other approaches including recombinant congenic strains (RCS see next section),

expression QTL (eQTL) and sequencing (131, 132).

Dilated cardiomyopathy can occur long after viral infection is cleared from the heart, and
in many strains of mice is preceded by the development of an autoimmune reaction

against heart tissue. Experimental autoimmune myocarditis (EAM) is a model to study
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autoimmune aspects of myocarditis without the complicating variability introduced by
viral infection. EAM is induced in susceptible strains of mice by injecting cardiac myosin
with complete Freund’s adjuvant to simulate the release of myocardial antigen and
inflammatory response occurring during viral myocarditis. Strains susceptible to viral
myocarditis tend also to be susceptible to EAM; A/J strains are susceptible, and
C57BL/10 strains are relatively resistant. An F» intercross between A.H2° and B10.H2°
mapped EAM susceptibility to chromosomes 1, 4 and 6 (133). Subsequent studies
using a congenic approach confirmed the chromosome 1 locus, and revealed that
B10.Eam1*H2° lymphocytes were less susceptible to apoptosis than B10.H2° mice

carrying the Eam1°® allele(134).

Our own group has used a model of infection with Coxsackievirus B3 (CVB3) to
characterize the contribution of host genetics to viral myocarditis in mice of different
genetic backgrounds but with a common H2 haplotype: A/J and B10.A-H2°. We found
evidence of linkage between susceptibility to viral myocarditis and three loci. Loci on
chromosomes 1 and 4 were linked to sarcolemmal disruption. A third locus on distal
chromosome 3 was linked to myocardial infiltration, sarcolemmal disruption and viral
replication (135). Coxsackievirus testcrosses are further described within Chapters 2
and 3.

RIS, RCS AND CSS

Recombinant inbred strains (RIS); recombinant congenic strains (RCS) and consomic
substitution strains (CSS) are a similar resource for the study of complex traits that
combine features of a testcross and inbred strains. RIS are produced by breeding pairs
of F, mice from different strains and then inbreeding successive generations of progeny
until complete homozygosity is reached (136). Through inbreeding different founder F,
animals, panel of mice with a mosaic of genomic regions belonging to either parental
strain can be created. Recombinant congenic strains are conceptually similar to RIS.
Instead of inbreeding F, mice to homozygosity, RCS are created from two sequential
backcrosses and then inbred(137). E.g.: [[[B x A]xB]JxB]. Whereas RIS contain
approximately 50% of each background genome, RCS contain approximately 85% of

their genome from a background strain, and the remaining 15% from the donor strain.
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Consomic substitution strains (CSS) are selectively bred such that each line of mouse is
completely homozygous for a donor strain on one chromosome(138). CSS mice can be
intercrossed to test epistatic effects, or quickly phenotyped as confirmation of linkage
results. Since each line of RIS, RCS, and CSS mice is fully inbred, they can be tested
repeatedly, and for multiple phenotypic traits. Each kind of recombinant inbred mouse
(RIS, RCS, CSS) sits on a continuum of being able to identify genes on any
chromosome, with different power to identify an effect at any given locus. CSS mice do
not have any mapping resolution beyond the chromosome, but are definitive in their
localization to a given chromosome. RIS mice carry so many donor segments on their
genome that mapping anything beyond a simple monogenic trait may not be possible.
RCS mice exist somewhere in between, however due to the relatively low amount of
donor genome (~15%) per strain, a given locus may not be covered with adequate
power. Most screens of RIS, RCS and CSS panels require a subsequent confirmatory

test cross for true QTL, and subsequent gene identification(139-142).

As discussed above, A and C57BL/6 strains of mice differ markedly in their
susceptibility to CVB3 induced viral myocarditis. Two studies from the group of Kirk
Beisel were performed in which suckling mice from the AXB/BXA panel were infected
with CVB3-Nancy. In the first study, mice were infected with a lower dose of virus and
assessed for myocardial fibrotic lesions and chronic myocarditis(143). The second study
examined the same panel infected with a higher dose of the same virus, and measured
cardiac anti-myosin antibody titer (144). In both studies the strain distribution patterns
following infection were highly similar, and applying a form of linkage to the phenotype
genotype combination observed produced one significant result on chromosome 14.
This locus corresponded roughly to the T cell receptor gene and the cardiac myosin

heavy chain alpha.

A more recent study was undertaken by the group of Marc Horwitz, beginning with
CVB3-Nancy infection of CSS mice that were consomic for A/J on a C57BL/6
background. It was found that CSS17 (C57BL/6J-Chr17*”/NaJ) hearts became
substantially more inflamed at day 7-post infection, but no differences in viral replication

were observed at either day 3 or day 7. Chromosome 17 was pursued using a congenic
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approach to map these genetic effects, and differential inflammation was confirmed.
Sub-congenics were also created, and used to identify at least three independently
acting QTL contributing to viral autoimmune myocarditis (Vam1, Vam2, and Vam3) all
on proximal chromosome 17. A role for Vam3 was partly expected as this locus
coincides with the H2 locus, but the precise nature of this effect still remains to be
determined. The exact role for Vam1 is of particular interest because the interval
contains mitogen activated protein kinase 4 (MKK4 or Map3k4), a key kinase for

activation of p38 signaling (145).

OUTBRED LINES AND THE COLLABORATIVE CROSS

The extent of natural variation within inbred lines of mice is limited due to their relatively
small founder populations, compared to wild mice. Wild-type mice can be a rich source
of diversity in understanding natural variation in host response to infectious disease. For
example the A2G (background A) strain of mouse was the first mouse strain discovered
to be relatively resistant to influenza virus (146). The source of resistance in A2G mice
was reported as having resulted from an “illegitimate breeding”, possibly from a wild
mouse that snuck into the facility. Subsequent studies eventually identified the
resistance gene as Mx, a protein produced in response to interferon that limits influenza
infection(147, 148). In order to capitalize on this diversity, several inbred wild-derived
strains are available for purchase, as well as some outbred mouse colonies. Similarly, a
large consortium has developed a “Collaborative Cross” (CC) using 8 founder strains of
mice (inbred: A/J, C57BL/6J, 129S1/SvimJ, NOD/LtJ, NZO/H1LtJ, wild derived:
CAST/EiJ, PWK/PhJ, and WSB/EiJ) in an attempt to maximally represent mouse
genetic diversity in inbred lines of mice(149-151). Since each CC strain is fully inbred,
and densely genotyped using the diversity array(149-151), this model gains a very high
degree of genetic resolution in a given strain survey compared to other techniques. This
has led to the re-identification of other alleles of the Mx gene(152), and many other
QTL(153-155) or eQTL(156) related to infectious phenotypes. Though the model holds
much promise it remains to be determined if previously unknown genes will be identified,
or if CC derived QTLs will be any simpler to decode than those identified using test
crosses, RIS, RCS and CSS mice.
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Most of the foundational work in coxsackievirus pathogenesis was performed in the
outbred CD-1 mouse stock (see section on history). The NMRI outbred mice(157, 158)
have been used to study CVB3 infection in order to study the effect of virus genotype on
an outbred population. Principal findings recapitulated the result that persistent viral
RNA in the heart was associated with chronic myocarditis, and that this effect was

strongly dependent on the viral strain used.

MYOCARDITIS

THE CARDIOMYOCYTE

The cardiomyocyte is a highly specialized cell with three primary functions: continuous

conduction of force, intercellular electrical communication, and long-term survival.

While coxsackieviruses can affect many tissues, infection of cardiomyocytes is of
particular concern. Cardiomyocyte regeneration is slow, and until recently it was
controversial that cardiomyocytes were replenished at all during adult life(159). Taking
advantage of the altered atmospheric content of carbon-14 caused by 20™ century
nuclear weapons testing, Bergmannet al. convincingly demonstrated that adult
cardiomyocytes were regenerated during adult life and were much older than
surrounding non-cardiomyocytes. This established regeneration was possible but it was
still a slow and inefficient process accounting for less than 1% turnover per year in
adults (160). Indeed models projected in this study established something on the order
of 60% of cardiomyocytes being maintained from birth to the age of 75. Because a
functioning heart is essential for unassisted survival, slow or low regenerative capacity

presents a particular problem during a lytic infection.

The cardiomyocyte is distinguished by specialized structures including the sarcomere
(like all striated muscle), and cell-cell connections known as intercalated discs (161).
The sarcomere is the individual unit of force generation within the cardiomyocyte.
Sarcomeres consist of a series of modules each consisting of a Z-line which is
connected to thin filaments, which associate with thick filaments, a second set of thin

filaments and then a final Z-line (i.e.: Z-thin-thick-thin-Z). The active part of force
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generation comes from the thick filaments, which are composed mainly of myosin but
also some associated modifying proteins. Myosin cross-bridges with the thin filaments
(composed mainly of actin), and pulls them towards the center of the sarcomere in an
ATP consuming reaction. This process is regulated in a number of ways including by
tropomyosin which blocks actin-myosin interaction sites and troponin, which displaces
tropomyosin in a calcium ion (Ca?*) dependent manner (162). The thin filaments are
joined on either end of the sarcomere to the Z-disc, a multiprotein structure which acts
as an anchor for the sarcomere. The Z-disc includes a-actinin as a primary cross-
linking protein, as well as many others performing a variety of mechanical and signaling
functions. The Z-disc proteins MURF1 and the transcription factor NFAT3 are located in
both the nucleus and the Z-disc indicating the Z-disc may be a site involved in
transcriptional regulation. The thick filaments and z-discs are both anchored to the
sarcolemmal membrane (the cardiomyocyte plasma membrane) via the costameres in
which the Z-disc a-actinin is connected to desmin intermediate filaments, gamma actin,
vinculin, and importantly dystrophin. These linker molecules then attach to the
dystroglycan complex (R-dystroglycan is the transmembrane component), and the
dystroglycans connect with the extracellular matrix. Taken together, calcium flux
followed by myosin ATP hydrolysis in the sarcomere pulls actin, which through the Z-
disc moves the cytoskeleton and the plasma membrane through intermediate filaments,

dystrophin and the dystroglycan complex(161).

Unlike skeletal muscle, cardiomyocytes are joined end to end by structures known as
intercalated discs with two functionally distinct sub-units. The first is mechanical
integration achieved intercellularly through the fascia adherens, which is composed of
homotypic N-cadherin interactions. The cadherins are joined to the actin cytoskeleton
via plakoglobin and the catenins. Intracellular desmosomes anchor the intermediate
(Desmin) filaments to the intercalated discs through plakoglobin, and desmoplakin. The
second key feature of the intercalated disc is electrical coupling through the gap junction.
Gap junctions are composed of two interlocking hemi-channels called connexons, each
of which is formed by six connexin proteins. Cardiomyocyte gap junctions are
composed of connexin 37, connexin 40, connexin 43 and connexin 45 (Cx37, Cx40,
Cx43 and Cx45). Gap junctions can be formed by homotypic and heterotypic
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interactions though not every variation leads to a functional channel. Gap junctions are
permissive for passage of molecules up to 1000 Da, and this is especially important

during the conduction of the cardiac action potential (163, 164).

MYOCARDITIS PER SE

The first known observation of myocarditis was by Fiedler in 1899, and was translated
from German in 1963 (41, 165) as follows:

“INTERSTITIAL TISSUE 1S DENSELY PERMEATED WITH NESTS OF
MONONUCLEAR LEUCOCYTES... THE MUSCLE FIBER SHOWS SWELLING
AND DECAY OF THE CROSS BANDS .. THE NUCLEI ARE USUALLY
CONSERVED BUT AT TIMES ARE SWOLLEN AND STAINED MORE
INTENSELY THAN NORMAL... WITHIN THE MUSCULATURE THERE ARE
AREAS OF NECROSIS...”

This encapsulates most of the important features of myocarditis as set down by an
expert group of eight pathologists in 1987 as the Dallas Criteria(166). The criteria state
that myocarditis is defined within an endomyocardial biopsy (EMB) by cardiomyocyte
necrosis, or cardiomyocyte degeneration which is adjacent to inflammatory infiltrate.
The criteria require both to be in immediate proximity because either feature taken
alone can be artefactual. Necrosis may be observed pathologically as vacuolization, but
this alone can be the result of sample preparation and staining. Similarly, fibroblasts, or
other cardiac cells can be misinterpreted as a few isolated leukocytes. The criteria
further categorize infiltration as mild, moderate or severe; and the distribution of infiltrate
as focal, confluent or diffuse. Criticism of the Dallas Criteria is abundant (167, 168) and
focused on its limited prognostic value and relative subijectivity. Clinicopathologic
descriptions of myocarditis expanded beyond histological features to describe common
patient features and classes. In fulminant myocarditis, patients present with flu-like
symptoms, deteriorate rapidly, and multifocal or confluent infiltration are observed within
myocardial biopsies. Patients developing fulminant myocarditis paradoxically have an
excellent prognosis if they are able to survive the initial hemodynamic compromise(168,

169). Acute myocarditis is described as a gradual deterioration preceded by nothing
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distinct. Chronic persistent myocarditis is a condition where myocarditis recurrently
presents by EMB, with no deterioration and minimal accompanying clinical
features(168). Modern diagnosis of myocarditis is a multistage process that integrates
serum cardiac biomarkers, cardiac magnetic resonance imaging and
electrocardiograms. Endomyocardial biopsies remain the gold standard for definitive
diagnosis (170), and immunohistology is recognized to be the most powerful prognostic
test in myocarditis (171). Myocarditis can lead to sudden and unexpected death by
introducing fatal arrhythmias by direct cardiomyocyte necrosis (39). Myocarditis can
also lead to death by cardiogenic shock, where heart function is suppressed to the point
that it can no longer supply the body (and itself) with enough blood to survive, as in
fulminant myocarditis (168, 169, 172). Dilated cardiomyopathy (DC) is a similar heart
condition characterized by decreased force generation of the heart associated with a
thinning of the heart muscle, and an enlargement of the heart chambers. DC can result
from mutations in key structural proteins within the cardiomyocyte (173). Both viral and
inflammatory mechanisms have been implicated in the etiology of DC (174). Enteroviral
MRNA persistence is more frequently identified in DC patients than in controls (113),
but by the time DC has developed, virus is more usually absent (175). During long term
follow-up studies, the incidence of patients diagnosed with acute myocarditis going on
to develop DC varies enormously between studies (0% and 52%) (176). DC
pathogenesis is certainly heterogeneous, microarray expression studies on EMB
samples indicate the disease can be sub-classified as at least two diseases:
inflammatory and non-inflammatory (177). Mechanistic understanding of the relationship
between viral infection, myocarditis and DC is complicated by heterogeneity in disease

presentation, description and likely disease etiology (41).

EXPERIMENTAL PATHOGENESIS

Several experimental models of myocarditis exist including reovirus (178-180), and
encephalomyocarditis virus induced myocarditis (181-183), and experimental
autoimmune myocarditis (EAM). By far the best studied is coxsackievirus B3 induced
viral myocarditis(15, 184-187). The pathogensis of viral myocarditis depends on the
strain of virus used (23, 24, 157), as well as host genetic background (25-27, 135, 145,
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188), rendering a description of a general scheme complicated. Following infection,
most mouse strains will remain asymptomatic for roughly 48 hours, however high titers
of virus will be present in most tissues tested including the heart and liver. Serum
Interferon-R is elevated starting at 48 hours in response to virus indicating an innate
immune response. By 4 days post infection, resistant strains begin to become
distinguishable from susceptible strains. In resistant strains, viral load is either no longer
increasing or declining by 4 days post infection, while in susceptible strains viral
replication can continue to climb(189-191). Between days 3 and 6, sarcolemmal
disruption is clearly evident by evans blue dye staining (EBD is a dye which on injection,
binds serum albumin and enters necrotic cells)(192, 193). An inflammatory infiltrate
becomes evident between days 6 and 8 and peaks rapidly. The infection can then
resolve with sterilizing immunity, persist with lingering viral replication and inflammation,

or be acutely fatal.

THE IMMUNE RESPONSE TO COXSACKIEVIRUS INFECTION

The innate immune system is a first line of defense against pathogens and consists of
germ-line encoded mechanisms for responding to infection. Innate immunity can
broadly be broken down into sensing receptors, signalling pathways, effector
mechanisms, and cellular innate immunity. There are four main classes of innate
receptor for sensing viral pathogens, the Toll like receptors (TLR), the retinoic acid-
inducible gene 1 (RIG-I) like receptors (RLR), the nod like receptors (NLR) and the
STING activating cytosolic DNA sensors.

INNATE SENSING: TLRS

Direct pathogen sensing remained elusive until the discovery that the Toll gene in
drosophila was found to be essential for recognition of fungi, and led to activation of
NFkB(194, 195). The existence of at least one mammalian homologue raised the
possibility that toll like receptors might play a similar role in mammals (196). Bolstering
this hypothesis, insensitivity to bacterial lipopolysacharide (LPS) in C3H/Hed and
C57BL/10ScCr mice, attributed to the Lps locus, was found to be due to a defect in

TLR4 (197, 198). Therefore, germ line encoded receptors could sense specific



43

pathogen associated molecular patterns and lead to relevant and immediate immune
responses. TLR4 recognizes LPS, but it has also been found to recognize viral, and
endogenous ligands during infection or stress(199, 200). Of the 10 human (TLR1-10)
and 11 mouse TLR (TLR1-7, 9, 11-13) identified to date, TLR9 receptor was the first
identified as recognizing virus. The ligand to TLR9 was originally found to be DNA
containing unmethylated CpG motifs, a common feature of bacterial but not mammalian
DNA (201, 202). Other TLR recognizing viral nucleic acids include TLR7 (in mice) and
TLR8 (in humans), which recognizes single stranded viral RNA and TLRS3, which
recognizes double stranded RNA (203). The nucleic acid sensing TLR reside within the
endoplasmic reticulum and within endosomes, requiring endosomal acidification for
proper function. Shared features within the TLR family include an ectodermal leucine
rich repeat domain (LRR) as well as an intracellular domain shared between TLR and
the interleukin 1 receptor (TIR domain) that mediates signal transduction with the TLR
adaptor molecules. Once a pathogen associated molecular pattern has been detected
through one of the TLRs this signal is relayed through adaptors in a signaling cascade
ultimately reaching transcription factors, which will initiate molecular counter measures.
Signal conduction of viral recognition by TLR is so far known to signal through two
distinct pathways both of which depend on the intracellular TIR domain (204). TLR7,
TLR8 and TLR9 begin signaling by interacting with the Myeloid differentiation primary
response 88 (MyD88) adaptor molecule, MyD88 then interacts with IL-1 receptor
associated kinase 1 (IRAK1), IRAK4, TRAF6, IKKa, leading to the activation of
transcription factors IRF7 and NFkB(203-205). The existence of a MYD88-independent
pathway was suggested, as both TLR3 and TLR4 were able to stimulate an IFN
response in the absence of MyD88. Investigations based on homology of the TIR
domain led to the identification of TIR domain-containing adapter inducing IFN-B
(TRIF)(206, 207). From TRIF the signal leads to NF-kB activation through two pathways,
one involving TRAF6 (as in the MyD88-dependant pathway) and another through RIP1.
TRIF then relays signal in a pathway dependent on TRAF family member associated
NF-kB activator binding kinase 1 (TBK1), and leads to activation of the transcription
factor IRF3 and the production of type | IFN.
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INNATE SENSING: RLRS

Though TLRs reside within endosomal compartment or plasma membrane and are not
cytosolic, many viruses replicate in the cytoplasm. Cytosolic administration of double
stranded RNA induced a strong type | IFN response in a TLR3 independent pathway,
suggesting another receptor (208). Three such sensors have been discovered, though
only two act as positive regulators of the innate immune response. Retinoic acid
inducible gene | (RIG-1) and melanoma differentiation associated gene 5 (MDAS) were
both found to recognize cytosolic double stranded RNA. RIG-I is critical for recognizing
several viruses including SeV, VSV, Influenza, Hepatitis C and JeV (209, 210).
Remarkably, RIG-I recognizes single stranded RNA, but only when the RNA strand is
capped with a &’ triphosphate group not present in most eukaryotic RNAs. Those which
do have &’ triphosphate cap are either obscured within ribosome (5S rRNA), or heavily
substituted such as in tRNAs, which decreases RIG-I specificity (211). MDAS5 is strongly
activated by double stranded RNA, and picornaviruses in particular (212). MDAS is
preferentially activated by long RNA strands, as it stacks into filamentous structures
where the signaling caspase activation and recruitment (CARD) domains can
oligomerize (213). Following recognition of viral nucleic acid, both RIG-l and MDA5
share a common adapter, the mitochondrial antiviral signaling protein (MAVS), which
they interact with via their CARD domains. This leads to a similar signaling cascade as
for the TLR, including a TBK1 dependent pathway leading to transcription factor IRF3
activation and a Fas (TNFRSFG6)-associated via death domain (FADD) dependent
pathway leading to NF-kB activation(214).

INNATE SENSING: CYTOSOLIC DNA SENSORS

Conceptually similar to the RLRs, it has long been known that cytosolic DNA activates
TBK1/IRF3 and NF-kB response. It is also known that upstream of this signaling
cascade the stimulator of interferon genes (STING) adapter played an essential role
(conceptually similar to MAVS, TRIF and MYD88)(215). The actual DNA receptor has
remained controversial as several candidates were identified. The first of these to be
identified was Z-DNA binding protein (DAI or ZBP1)(216) though DAI deficiency did not

recapitulate the effects of STING or TBK1 deficiency in response to vaccines or viral
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infection(215). Other putative sensors identified include RNA polymerase |ll, LRRFIP1,
DHX9, DHX36, Ku70 and IFI16. STING is also known to become activated by cyclic di-
GMP, a bacterial second messenger (217). James Chen’s group recently demonstrated
that introduction of DNA into the cytosol led to the production of an endogenous second
messenger cyclic GMP-AMP (cGAMP) through the activity of the DNA binding protein
cyclic GMP-AMP synthase (cGAS)(218, 219). It remains unclear whether or how the

various and putative cytosolic DNA sensors are integrated in the context of infection.

TYPE | INTERFERON AND INTERFERON STIMULATED GENES

Anti-viral type | Interferon was discovered in 1957 as a factor interfering with influenza
virus infection (220). Chorio-allantoic membrane cells were rendered resistant to
infection after exposure to heat inactivated virus; this interference occurred maximally if
the cells had some time to react, and activity was transferrable into the media.
Interferon is a primary antiviral mediator in most cell types. Once type | IFN is produced,
it is secreted and signals through the type | interferon receptor (IFNAR1 and IFNAR2) in
both an autocrine and paracrine manner. Upon ligand binding, the interferon receptor
initiates a signaling cascade through the activation Janus kinases (JAK) including JAK1
and TYK2. JAK1 and TYK2 phosphorylate STAT1 and STATZ2, which together with IRF9
form a trimer called IFN stimulated gene factor 3 (ISGF3), which translocates to the
nucleus. In the nucleus, ISGF3 will bind to IFN stimulus response elements (ISRE), a

promoter which activates hundreds of genes to respond to infection (221).

Hundreds of genes are stimulated by IFN, and are known to exert some antiviral activity
though the precise mechanisms of many are unknown. Only a small handful of ISGs
have characterized non-redundant roles in antiviral immunity, though dozens are known
to exert strong antiviral effects on a range of viruses (222). Since the localization of the
Mx gene (see Outbred lines above), it was been found to be a GTPase involved in
either sequestering viral mMRNA in the nucleus or in sequestering of viral capsid proteins
(223). A total of four families of IFN inducible GTPases have been found, including the
p47, p65, Mx and VLIG families, with the exception of Mx their roles in vivo remain
largely unclear. Other effectors include the OAS1 and RNaseL system(221). OAS was

known to produce the oligomerization of ATP by catalyzing 2’-5’ phosphodiester bonds
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into pppA(2’p-5’A)n. The presence of 2’-5-oligoadenylates, in turn effects the
dimerization and activation of latent RNase L, which degrades single-stranded RNA
(224-227). In addition to degradation of viral genome or anti-genomes, RNase L may
also produce small dsRNA which re-activate sensor molecule such as RIG-l and MDA-5
enhancing IRF3 signaling(228). RNaseL deficiency leads to increased susceptibility to
several RNA viruses in mice. Other interferon-stimulated genes (221) (ISG) include
PKR, a latent kinase that is activated upon binding of viral RNA. The activated enzyme
phosphorylates eukaryotic translation initiation factor 2A (EIF2a), which blocks GDP
recycling thus halting protein translation. PKR has been found to be involved in
response to multiple RNA viruses. The highly induced ISG15 protein is an ubiquitin
homologue that is bound to a number of substrates and may be a regulator of interferon
signaling. ISG15 deficiency in mice results in increased susceptibility to influenza,
herpes viruses, Sindbis virus as well as human immunodeficiency virus (HIV) (229).
Apolipoprotein B mRNA editing enzyme catalytic polypeptide 3 (APOBEC3G) prevents
efficient HIV reverse transcription by first being packaged into progeny virions, and then
deaminating cytidine residues to uracil, causing an excess of C->T substitutions(230). A
simplified schematic diagram of the key components involved in innate sensing of viral
pathogen associated molecular patterns, and the type | interferon response is illustrated

in Figure 2.

FIGURE 2: TOLL AND RIGI LIKE RECEPTOR MEDIATED SENSING OF VIRUS
AND THE TYPE | INTERFERON RESPONSE

Upon viral infection, virus is initially detected by two classes of receptors. TLR3, 7 and 9
are located in the endosomal compartment and require Unc93b1 for maturation. TLRs
3,7 and 9 bind viral nucleic acid. TLR4 binds an endogenous ligand in the context of
viral infection. The cytosolic helicases RIG-lI, MDA5 and cGAS perform similar functions
in the cytoplasm. Upon binding a PAMP, signal is relayed through an adaptor molecule
such as MYD88, TRIF, STING or MAVS to a series of kinases and ultimately to
transcription factors such as IRF3, IRF7 or NFkB, which induce the expression of Type |
IFN and an inflammatory cytokine response. IFN signals to self and neighbouring cells

through the IFN receptor. A signalling cascade involving JAK and TYK2 form the ISGF3
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transcription factor from STAT1, STAT2 and IRF9. The transcription factor leads to the
production hundreds of genes including anti-viral effector molecules such as MX, PKR
and OAS1D.
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The TLRs and RLRs principally (though not exclusively(231)) recognize pathogen
associated molecular patterns (PAMPs). TLRs and RLRs mediate their activity primarily
by activating transcription factors and downstream effector genes. This creates a first
transcriptional signal for activating of inflammation by transcribing 1l-1. The NOD like
receptors (NLRs) provide a second protein-activating signal. NLRs recognize both
PAMPs as well as damage associated molecular patterns (DAMPs). The NLR proteins
share similar domain structure, although these are rearranged across the families.
Common features include an interaction domain (PYD, CARD, or BIR), a nucleotide
binding domain, and a carboxy terminal leucine rich repeat (LRR) domain. Following
LRR binding of their respective ligand, NLRs are brought together through
oligomerization domain (NOD) domains. These complexes then recruit pro-caspase-1,
either directly through the CARD domains on the NLR and pro-caspase-1, or indirectly
via an adapter molecule. Their oligomerization in a large multiprotein complex termed
the inflammasome causes the activation of caspase-1. Caspase-1 activity cleaves the
pro-form of inflammatory cytokines interleukin-1R (IL-13) and interleukin-18 (IL-18) to

induce an inflammatory response(232-234).

INNATE IMMUNITY AND CVB3

The innate immune response to coxsackievirus infection is complex. As a picornavirus,
coxsackievirus is expected to be sensed at the cytosolic level by MDAS5. Indeed,
absence of MDAS5 leads to severe liver necrosis and early mortality(235). However,
unlike in the C57BL/6 background, in the 129SvJ background MDAS deficiency has no
apparent effect (236), indicating lack of MDAS is mitigated somehow in the 129SvJ
background. Absence of the MDAS5 signalling adapter MAVS in the C57BL/6 mice also
leads to a similar hepatitis phenotype. Absence of the Type | IFN receptor leads to
severe hepatitis and early mortality as well (237). Furthermore, when Interferon-i3 is
knocked out, the phenotype is recapitulated (190): hepatitis and early lethality with no
effect on cardiac viral replication. CVB3 also actively dampens innate RNA-sensing. In
vitro experiments have shown conclusively that CVB3 3CP™ cleaves MAVS, TRIF and
RIGI while 2AP® targets MAVS and MDAS5 to supress Type | IFN production and
apoptosis (238, 239)
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Absence of TLR3 increased susceptibility to myocarditis, but not hepatitis. In TLR3
deficient hearts, inflammatory cytokines (including IL-1B, IFN-y, and IL-12) were
significantly reduced compared to wild-type. No significant differences in Type | IFN
expression was observed. In IFNAR1 knockout mice, TLR3 overexpression was
sufficient to rescue the mice from fatal infection(240). However, the TLR3 phenotype
may be cardiac independent as transfer of wild-type macrophages into TLR3 deficient
mice decreased heart damage, inflammation and increased survival almost to wild-type
levels (241). The role for TLR4 in CVB3 infection was established in a knockout model
of that gene. Early during infection (day 2) TLR4 knockouts had increased viral
replication in the heart relative to wild-type mice. During what is usually the resolving
phase (day 12) TLR4 knockouts had less myocardial inflammation and lower levels of
virus in the heart and pancreas(242). Somewhat similarly, the absence of one of the
TLR4 adapter molecules, MYD88, increased survival of infection dramatically, limited
myocarditis, and led to more rapid clearance of virus(243). Unlike MYD88 removal of
the TLR3 and TLR4 adapter TRIF led to a cardiomyocyte specific increase in viral
replication, inflammation and greatly decreased survival of infection (244, 245).
Moreover, whereas TLR3 and TRIF knockout mice both develop increased viral
replication and inflammation 10 days post infection, only TRIF knockout mice go on to

develop dilated cardiomyopathy (245).

The suppressors of cytokine signalling family of proteins (SOCS1, SOCS2, SOCS3,
CISH) are expressed in response to a variety of stimuli and exert a negative feedback
effect on cytokine signalling (246). Infection of mice with cardiac specific transgenic
overexpression of the suppressors of cytokine signalling 1 and 3 (SOCS1, SOCS3)
have demonstrated a clearly cardiomyocyte specific role for innate immunity (247, 248).
SOCS1 overexpression greatly enhanced myocarditis, and myocardial necrosis. Gene
transfer of a dominant negative form of SOCS1 (dnSOCS1) enhanced neonate rat
ventricular myocyte (NRVM) STAT3 and NF-kB responses to CT-1 and TNFa
respectively. Mouse hearts subjected to dnSOCS1 gene transfer were protected mice
from CVB3 infection and necrosis (248).
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A growing picture of multiple innate immune circuits is emerging. Resistance to
coxsackievirus infection is determined in the liver by a MDA5, MAVS, IFN-B3, IFNAR1
dependent circuit, though the specific downstream effectors of this resistance remain to
be elucidated. In the heart, a TLR3 and TRIF dependent mechanism is required for
control of infection. Cardiac specific SOCS1 and SOCS3 proteins also strongly
negatively regulate the heart response to CVB3, suggesting the innate response in the
heart is at least partly cardiomyocyte driven. Taken together, these studies suggest one
or more non-IFN IRF3 transcriptional target is crucial for a balanced in vivo cardiac

response to CVB3 infection.

CELLULAR IMMUNE RESPONSE

Sensing, signaling and the innate response occurs as a cell-autonomous process within
infected tissues, but also in specialized cellular modules of the innate immune system.
These serve as a primary defense against infection, but also to provide the cytokine
contexts for the generation of an acquired immune response. The cells of the innate
immune system can be coarsely subdivided into the myeloid cells, and the innate
lymphoid cells. The myeloid compartment contains primarily antibacterial, antiparastic
and antifungal granulocytes such as neutrophils, eosinophiles and basophiles; as well
as the professional antigen presenting cells (APC) such as the macrophages and
dendritic cells. The innate lymphoid cells (ILC) are functionally subdivided based on
cytokines they produce. Group 1 ILCs including natural killer cells produce IFN-y, group
2 |ILCs produce T-helper 2 (Th2) cytokines IL5, IL9 and IL13, and group 3 ILCs produce
the Ty17 cytokines IL17 and IL-22(249). In the context of viral infection, the natural killer
(NK) cells are of particular importance. Originally identified for the ability to
spontaneously lyse tumour cell lines, NK cells have also been shown kill virally infected
cells as well. NK cell recognition and killing is determined by a balance between
absence of normally ubiquitously expressed inhibitory signals on target cells, and the
presence of abnormal activation signals. NK effects are mediated by release of cytolytic
granules, induction of apoptosis through death receptors, and via cytokine production
and secretion (250-253).
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Adaptive lymphocytes become activated when they are presented with antigens in the
context of major histocompatibility (MHC) class | or MHC class Il molecules. Antigens
are specific peptides, sugars, glycopeptides, or lipids that can be recognized by a T or B
cell receptor; antigens are the functional units of recognition in the acquired immune
system. T and B lymphocytes are able to recognize an immense repertoire of non-self
antigens due to a process of genomic recombination of the T or B cell receptor during
infection within each cell, followed by an affinity maturation during infection. MHC class |
molecules are expressed on all nucleated cells, and class | antigens are recognized by
the CD8 cytotoxic T lymphocytes (CTL). CTL directly Kill target cells, and are an antigen
specific cell functionally similar to the NK cells. MHC class Il molecules are present only
on professional antigen presenting cells such as macrophages or dendritic cells, and B-
cells. Antigens presented in a class Il context lead to a CD4 “helper” T lymphocyte
response, and B lymphocyte antibody response to infection. Much like ILC cytokine
production shapes the T cell response, the CD4 T-cells shape the acquired immune
response into one favouring cytotoxic cellular immunity (CD4 Tu1), one favouring
antibody production (CD4 Ty2), or favouring granulocyte driven inflammation (Ty17)
(254). T lymphocytes are subject to a positive (can recognize MHC) and negative (react
to self antigens) selection process that minimizes auto-reactivity within the T cell
repertoire. During infection antigen specific lymphocytes clonally expand, and following
clearance of infection, most of this expanded population is eliminated by apoptosis. The
T and B responses are considered acquired immunity in that they both may create a
subset of long-lived memory cells. These memory cells are capable of responding to
subsequent infection more rapidly and specifically than during the initial infection (214,
255).

The definition of myocarditis includes an inflammatory infiltrate: the composition and
relative contribution of different cellular subsets has been extensively characterized.
Several cell types have been shown to infiltrate the infected heart at approximately the
same time, including neutrophils, macrophages, NK cells and T cells (CD4 and CD8)
(256).



52

Natural killer cells play a role early during infection, this was shown by depopulating NK
cells using a similar methodology as in the T cell experiment below. Anti-NK cell anti-
serum increased viral replication in the heart by up to 670-fold at day 3 post infection.
Though inflammation was similar indicating that NK cells contribute to control of viral
replication but not inflammation(19). NK cell activation was found to be specific for
infected cells, as uninfected fibroblasts were not lysed(257). 32-microglobulin (B2M) is a
key subunit of MHC class |, and knocking out B2M abrogates surface expression of
MHC class I, a key inhibitor of NK cell activity. After knocking out B2M, viral replication
was dramatically reduced (2-4 logs) following CVB3 infection(258). The importance of
NK cells was more recently demonstrated by the genetic manipulation of CXCL10, a
chemokine that attracts a variety of CXCRS3 expressing cells including CTL and NK cells.
Both knockout and transgenic overexpression of CXCL10 were compared to wild-type.
Consistent with previous NK findings, it was found that at day 3 post-infection CXCL10
knockout mice developed increased viral replication, and transgenic overexpression led
to decreased viral replication. During the acquired immune phase (days 7 and on) viral
replication was equivalent, but biomarkers of heart damage (seum cardiac troponin [)
concentrations were elevated in knockouts, and lower in transgenics (259). A key
component of the cytolytic granules in CTL and NK cells is perforin, and perforin
knockouts have increased survival, and decreased inflammation, while having
equivalent levels and tissue distributions of viral replication (260). Interleukin 12 (IL12) is
a potent activator of IFN-y by inducing a signal transducer and activator of transcription
4 (STAT4) response in IFN-y producing cells such as ILC1, Ty1 and CDS8. In IL12
knockout mice, late myocardial inflammation and viral replication was increased. This
effect was replicated by both STAT4 and IFN-y knockouts, and chronic inflammation
(day 35) was greatly significantly increased(261). IFN-y has also been demonstrated as
essential for survival of CVB4 infection, mice with a global knockout of IFN-y succumb
to lethal pancreatitis. Transgenic overexpression of IFN-y in the pancreas decreased
viral replication not only in the pancreas but also in all other tissues studied (spleen and
kidneys)(262). Together, these results indicate that NK cells are crucial to the control of
early viral replication and necrosis in the heart. And that this may be mediated by a

perforin independent mechanism, such as cytokine production or apoptosis induction by
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death receptors. NK cells do not seem to be central for the generation or control of

subsequent cellular infiltration.

The role for T-cells was first identified by Woodruff, who administered an anti-T-cell
serum (which lytically depopulates the body of T-cells) prior to CVB3 infection, and
found that while viral replication was roughly equivalent, inflammation was greatly
decreased(263). This suggested that T cells might be pathogenic during viral
myocarditis. Furthering this hypothesis, splenic lymphocytes (a mixed population) from
infected mice were found to be lytic for not only CVB3 infected cells, but also for
uninfected fibroblasts. Lytic activity of splenocytes was maximal in cells isolated
between days 3 and 5, and declined to background levels by day 7 (264). Woodruff also
demonstrated that administration of cortisone, an immunosuppressive led to greatly
increased viral replication, extensive necrosis, but also to an equivalent level of antibody
production and less infiltration of the myocardium(18). The existence of autoreactivity
was confirmed by Rose (one of the first to describe autoimmunity(265)), who went on to
show that heart specific autoantibodies were produced following CVB3 infection(266).
The interplay between CD4 and CD8 T cells is complex. CD4 knockouts develop severe
myocarditis, but less viral replication, suggesting some functional compensation by
cytotoxic CD8 T cells. Indeed, depletion of CD8 cells within CD4 knockouts decreases
myocarditis, but increases heart viral titres (258). More directly, knockouts of CD4, CD8,
CD4 and CD8, and the T cell receptor (TCR) were compared with each other. Deletion
of either CD4 or CD8 alone had little effect, and CD8 deletion alone decreased survival.
The double knockout, or TCR knockout were significantly more resistant to myocardial
inflammation, while antibody production, viral replication and necrosis remained
relatively unchanged across groups or tissues studied (267). Therefore, T-cells appear
to be redundant in resolving CVB3 infection, and can also be pathogenic for myocardial
inflammation. However, broad suppression of the immune system leads to uncontrolled

viral replication and sarcolemmal damage.

TREATMENTS AND POSSIBLE TREATMENT OPPORUNITIES
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Current treatment options for coxsackievirus infection, myocarditis are limited and in
many cases still experimental. Only two compounds have been demonstrated to be
effective clinically: Pleconaril and IFN-. Pleconaril is an antiviral compound specific to
picornaviruses, which blocks the uncoating of the virus by binding to and stabilizing the
VP1 capsid protein (268, 269). Pleconaril has been shown effective in the treatment of
disseminated infant coxsackieviral infection (270). However, it has also been
demonstrated that escape mutants exist, and that only one amino acid substitution is
required to achieve resistance (271). In mice the deletion of the IFN-3 gene or its
receptor, has no clear effect on CVB3 replication in the heart (190, 237). However, the
administration of type | IFN (272) or IFN stimulating compounds such as TLR3 agonists
(273), prior to infection greatly ameliorates viral myocarditis. This contradiction may be
accounted for in a number of ways: administration of IFN before infection renders other
tissues refractory to viral infection (274), alternatively IFN is also known to significantly
boost NK cell killing activity(250). In a small and uncontrolled trial in patients with
chronic viral myocarditis, it was shown that treatment with IFN-3 significantly
ameliorated patient heart function, and cleared enterovirus from the heart. A controlled
clinical trial is currently underway (NCT00185250) to assess if IFN- treatment performs

significantly better than placebo.

Other treatments that seem promising include ribavirin, which was able to protect mice
from early mortality, cardiac inflammation and necrosis, but only if treatment was started
early (275). Nitric oxide (NO) donors such as glycerol trinitrate (GTN, nitroglycerin) have
been shown to inhibit proteases 2A and 3C in vitro, and in mice reduce CVB3 induced
inflammation. Despite anti-protease activity in vitro no effect on viral replication or
survival was observed in treated mice(276). Targeting viral 2A protease directly by RNA
interference was moderately protective when administered in the context of highly
susceptible IFNAR1 knockout mice (277). Inhibition of the p38 MAP kinase in vitro
appears to inhibit necrosis and decrease the amount of released viral particles following
infection(108). In vivo p38 inhibition has also been reported to decrease inflammation

and the percent area of myocardium with replicating virus (278).
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The Myocarditis Treatment Trial was less successful. During the trial, 64 patients were
given the immunosuppressives cyclosporine and prednisone, and 47 controls were
given the standard of care to treat heart failure with no immunosuppressives. No effect
was observed (P=0.96). One possible confounder could have been that patient inclusion
was based on Dallas criteria, but did not require EMBs to be negative for viral
replication. Immunosuppression has long been reported to be deleterious in response to
CVB.

Lacking clinical trial evidence for specific treatments for viral myocarditis, the current
standard of care is largely supportive. Current treatments address the heart failure
resultant from myocarditis rather than the myocarditis per se (170). These include
decreasing cardiac work and stress through avoiding exercise, as exercise significantly
exacerbates myocarditis(279, 280). Pharmacological interventions such as diuretics to
prevent fluid overload, or angiotensin converting enzyme (ACE) inhibitors to decrease

cardiac load and limit progression to dilated cardiomyopathy(170).

RATIONALE, HYPOTHESIS AND OBJECTIVES

RATIONALE

Coxsackievirus B3 (CVB3) infection is a common cause of myocarditis, a potentially
fatal inflammation of the heart. In newborns, severe cases of viral hepatitis are also
reported. At present, treatments and prognostics are scarce and non-specific for these
devastating conditions. This effort is markedly hindered by the diverse nature of the
pathogenesis of coxsackievirus infection, which can be fulminant, acute, resolving,

persistent and all things in between.

Since their discovery in 1947, our understanding of coxsackieviral infection has been
advanced through the use of mouse models. Some aspects of infection include: 1) viral
ability to attach, enter and replicate within target cells; 2) a cell autonomous innate
immune response to the virus; 3) an inflammatory cellular response to the virus and 4)
the ability of the host to resolve infection completely. However several unanswered
questions persist. Which factors govern why severe disease outcomes affect only a
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subset of individuals during an outbreak? Which factors determine why some individuals
are highly susceptible to coxsackieviral hepatitis, whereas others are more susceptible
to coxsackieviral myocarditis? Finally, there is a persistent sub-textual debate within the
literature on whether inability to control coxsackievirus replication causes severe
myocarditis, or if it is a differential inflammatory response to an equivalently controlled

coxsackievirus infection, or both?

HYPOTHESIS

Natural variation between genetically inbred strains of mice in response to susceptibility
to CVB3 infection exists, and is poorly understood. We hypothesize that differences in
susceptibility between genetically inbred strains of mice during CVB3 infection is under
genetic control. We also hypothesize that through interrogation of genetically
determined resistance or susceptibility to CVB3 infection we may identify genes whose

involvement in coxsackievirus infection has not previously been reported.

OBJECTIVES

AIM 1: PHENOTYPE THE AcB/BcA PANEL, IDENTIFY AND CHARACTERIZE
DEVIANT STRAINS.

Inbred mouse strains respond differently to CVB3 infection including susceptible strains
with A/J background and resistant strains with C57BL background. Forward genetic
analysis using mouse models constitutes a powerful tool to study natural variation in
human complex traits and disease. We have previously made use of such a forward
genetic approach on susceptibility to CVB3-induced myocarditis, and significant linkage
was identified with at least 3 separate loci. In order to identify additional loci controlling
susceptibility to CVB3 infection the recombinant congenic AcB/BcA panel was screened.
Recombinant congenic strains are generated by two sequential backcrosses of one
inbred donor strain (12.5% of the genome) to a background recipient strain (87.5% of
the genome) and have been developed as a tool for complex trait mapping. We will then
use the strain distribution pattern (SDP) of the RCS to identify interesting and highly

discordant strains. Following this, we will characterize discordant strains with a
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phenotyping panel of serum biomarkers for tissue damage, and measure viral
replication within selected tissues. After identifying a discordant strain with discordant
phenotype, an outcross will be performed with a closely related strain of mouse to
identify genetic linkage to the trait of interest. Identification of linkage within a deviant

strain will provide a new genetic model of susceptibility to CVB3 infection.

AIM 2: CONFIRM, CHARACTERIZE AND REFINE LINKAGE OF VMS1 ON
MOUSE DISTAL CHROMOSOME 3

We have previously used a forward genetic approach to identify significant linkage
between myocardial inflammation and necrosis with mouse distal chromosome 3 at the
Vms1 locus. In order to replicate linkage to Vms1, we will phenotype and characterize
consomic mice containing a donor chromosome 3 from the susceptible strain in a
resistant background i.e.: C57BL/6J-Chr3*//NaJ (CSS3). We will then perform an F
test cross between CSS3 and C57BL/6 mice with the aim of providing confirmation that
myocarditis is linked to distal chromosome 3. Subsequently, CSS3 and C57BL/6 mice
will be characterized earlier during infection at 1, 2 or 4 days to determine if differences
in viral replication levels or Type | IFN production precede inflammatory infiltration of the
myocardium. Subsequent to identifying a day on which differences in viral replication
are evident, but Type | IFN and inflammation are equivalent, we will employ microarray
analyses on cardiac tissue to generate further insights into the expression profiles of
resistant and susceptible hearts. Finally, integration of data from [B10.AxA/J]JF, and
[B6XCSS3]F, will be performed to boost our power to refine the interval and identify
candidate genes. Confirmation and refinement of linkage to distal chromosome 3 will
provide new insight into how natural variation in susceptibility to CVB3 infection is
determined between A/J and C57BL mice.

AIM 3: CHARACTERIZE THE CONTRIBUTIONS OF TNNI3K TO THE HOST
RESPONSE TO CVB3

Our third aim seeks to asses the effect of overexpression of the cardiac specific kinase
TNNI3K on host susceptibility to viral myocarditis. DBA2/J mice carrying a cardiac
specific transgene for the TNNI3K gene (TNNI3K") will be compared to wild-type
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littermates (DBA2/J) following infection. Viral replication will be measured at 2, 4, 6 and
8 days post infection to determine whether TNNI3K has any effect on viral RNA
replication or released viral particles. Sarcolemmal necrosis and myocardial
inflammation will be measured on days 4, 6 and 8 post infection to determine whether
TNNI3K overexpression has an impact on the development of cardiac pathology
following CVB3 infection. Microarray analysis will again be employed at a time
preceding outright inflammatory infiltration to identify differences characterizing resistant
and susceptible hearts. Expression of genes selected to represent functional modules
from this analysis will be measured at days 2, 4, 6 and 8 following infection to create
temporal associations with our phenotypes of interest. Selected candidate response
genes will also be pursued ex vivo in adult primary cardiomyocytes infected with CVB3.
Little is known about the natural function of TNNI3K, and nothing in the context of CVB3
infection. These experiments will allow us to identify a possible pathway that can be

modulated to control the pathogenesis of viral myocarditis.
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CHAPTER 2: MAPPING OF A QUANTITATIVE TRAIT LOCUS
CONTROLLING SUSCEPTIBILITY TO COXSACKIEVIRUS B3
INDUCED VIRAL HEPATITIS.
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BRIDGING STATEMENT FROM CHAPTER 1 TO CHAPTER 2

A/J and C57BL/ strains have previously been demonstrated to differ in their
susceptibility to CVB3 infection. A/J strains develop more severe inflammation and
necrosis following infection with the CVB3-CG strain of virus, whereas C57BL/6 and
C57BL/10 strains are relatively resistant and survive the infection. Previous screens of
inbred and recombinant inbred lines have identified the H2 locus, and a locus on central
chromosome 14 close to the myosin heavy chain alpha (Myhc6) gene. We had also
identified linkage to a locus on distal chromosome 3 (Vms1) controlling myocarditis, as
well as loci on chromosomes 1, and 4 controlling sarcolemmal disruption. Nevertheless,
it remained unclear whether other genes or combinations of genes might determine
susceptibility in the A/J and C57BL/ backgrounds.
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ABSTRACT

The pathogenesis of coxsackieviral infection is a multifactorial process involving host
genetics, viral genetics and the environment in which they interact. We have used a
model of infection with Coxsackievirus B3 (CVB3) to characterize the contribution of
host genetics to survival of infection and viral hepatitis in mice. We screened 25
AcB/BcA RC mouse strains by CVB3 infection in order to map genes controlling
coxsackieviral infection. As compared to its relatively resistant C57BL/6 background, the
BcA86 strain was found to be particularly susceptible to early mortality and hepatitis
necrosis as measured by serum ALT levels. Linkage analysis in the BcA86 strain
revealed a new locus on chromosome 13, which controls ALT levels as early as 48
hours following infection, and lead to elevated expression of type | Interferon. These
results provide new evidence for the presence of a locus contributing to the

susceptibility of mice to viral hepatitis.
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INTRODUCTION:

Coxsackievirus B3 (CVB3) is frequently studied in the context of myocarditis and its
long-term sequela dilated cardiomyopathy. However, coxsackievirus infection is
systemic: early accounts detail that CVB3 is capable of inducing myositis, meningitis,
pancreatitis, hepatitis as well as myocarditis (281). A recent study in diabetic individuals
estimates that up to 75% of people are seropositive to any single strain of
coxsackievirus (CVB3=66%)(44). In contrast, severe symptoms are comparatively rare.
In newborns, severe cases of viral hepatitis are periodically reported as a result of group
B Coxsackieviruses (CVB), including CVB3(33-35). Clinically observed heterogeneity is
recapitulated in the mouse model, where disease progression and presentation depend
on both host and viral factors(20, 26, 184, 185).

The central role of the host immune response to determining the outcome of CVB3
infection has been clearly demonstrated in a number of reverse genetic (knock-out)
studies. The type | Interferon (IFN) axis seems to be central in controlling viral
replication within the liver, but may be redundant in controlling viral replication in the
heart. IFN receptor (/fnar1) knockout mice succumbed early to lethal infection, with
greatly increased viral replication in the liver, and ten-fold higher liver damage as
measured by serum alanine aminotransferase (ALT) compared to wild type. However
no significant changes in viral replication or inflammation were observed in Ifnar1”
hearts (282). These results are consistent when the Interferon 3 gene (/fnb1) is knocked
out instead of Ifnar1(190). Whereas abrogation of type | IFN had a great effect on the
liver, and no apparent effect on the heart, abrogation of all JAK/STAT signalling by
transgenic overexpression of the suppressor of cytokine signalling 1 (Socs17), greatly
enhanced myocarditis and no effect was observed in the liver(248). Deficiency for toll-
like receptor 3 (TIr3), a viral pattern recognition receptor sensitive to lumenal double
stranded RNA, increases susceptibility to myocarditis, but not hepatitis (241). Absence
of the cytoplasmic dsRNA sensor Melanoma Differentiation-Associated protein 5 (/fih1
or MDAS5) leads to greatly increased mortality, accompanied by severe hepatic

necrosis(235), and greatly elevated ALT levels. Absence of the MDA-5 transducing
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mitochondrial antiviral signalling protein (Mavs) also leads to early mortality (day 2-3)

accompanied by severe hepatic necrosis.

Further complicating matters, genetic background effects contribute to pathogenesis
and tissue tropism, presumably through as yet unmapped genes. For example, in the
C57BL/6 genetic background MDAS is essential for survival of CVB3 infection and
protection from hepatic necrosis, however MDAS deficiency in the 129SvJ background

has no apparent effect (236).

Forward genetic analysis using mouse models constitutes a powerful tool to study
natural variation and background variation in complex traits and disease. It is known
that the A/J and C57BL/6 strains are respectively susceptible and resistant to CVB3
infection(27). We have previously made use of a forward genetic approach to scan the
mouse genome for loci linked to susceptibility to CVB3-induced myocarditis between the
A/J and C57BL/6 strains(135, 188). In order to identify additional loci controlling
susceptibility to CVB3 infection the recombinant congenic AcB/BcA panel derived from
A/J and C57BL/6 progenitors was screened (283). Recombinant congenic strains are
generated by two sequential backcrosses of one inbred donor strain (12.5% of the
genome) to a background recipient strain (87.5% of the genome) and have been
developed as a tool for complex trait mapping. Following a screen of the AcB/BcA panel,
one strain (BcA86) with a dramatically discordant phenotype was singled out for further
analysis. Viral replication and common serum biochemical markers were tested to
characterize pathogenesis in BcA86 mice. Serum ALT in the BcA86 mice was found to
be elevated compared to other strains, and was pursued using an informative F, cross
approach. Linkage analysis revealed a single significant locus on distal chromosome 13

that controls ALT levels.
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MATERIALS AND METHODS

MICE, CELLS AND VIRUS

Inbred C57BL/6J (B6), C57BL/10, and A/J mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). The set of 36 AcB/BcA recombinant congenic strains
(RCS), derived from A/J and B6 parents, were generated according to a previously
described breeding scheme and genotyping protocol (283). (BcA86 X C57BL/10) and
(C57BL/10 X BcA86) F4 crosses were generated; F, crosses were then performed by
standard (Fibrother X Fisister) mating. The mice were maintained in the McGill
University animal facility in compliance with the Canada Council on Animal Care as
approved by the McGill University Animal Care Committee. Coxsackievirus B3 used for
all experiments was the CVB3-CG strain as previously described (284). HelLa cells
(ATCC: CCL-2) were grown and maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS, 100 ug/mL Penicillin/Streptomycin (1X media).
Homogenized organs were serially diluted 10-fold in non-supplemented DMEM and the
dilutions were used to infect HeLa cells in triplicate for 60 minutes. After initial infection
by homogenate, HelLa cells are covered in a layer of 2%FBS DMEM media with 0.25%
agarose and incubated for three days. Cells were fixed in formaldehyde and stained

with crystal violet to count plaques as previously described (188).

MOUSE INFECTION AND PHENOTYPE DETERMINATION

For each experiment, a vial of viral stock was thawed and diluted in cold PBS at 5x10*
plague forming units (PFU) per ml. Inbred, F; and F, mice were inoculated
intraperitoneally with 400 PFU of CVB3-CG per gram of body weight at seven to nine
weeks of age. Animals were weighed daily and observed for changes in fur
characteristics, level of activity and appearance of respiratory distress. During the
recombinant congenic strain survival screen, moribund mice were humanely euthanized
at an acceptable clinical endpoint. A total of 70 BcA mice and 30 AcB mice, and 210
[BcA86xC67BL/10]F2 mice were phenotyped. Following the survival screen, mice were
euthanized at day 2 post-infection, and exsanguinated by cardiac puncture to serum.

Heart and Liver tissues were removed aseptically snap frozen and stored at -80°C in
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two separate aliquots. One portion was subsequently homogenized and submitted to
three freeze-thaw cycles to release infectious virus for determination of viral titre by
plague assay. RNA was extracted from the other portion by TRIzol (Invitrogen), and
reverse transcribed by MMLV (New England Biolabs) according to the manufacturers’
instructions. Serum levels of creatine kinase (CK) and alanine aminotransferase (ALT)
were measured by the McGill Comparative Medicine Animal Resources Centre's
Diagnostic and Research Support Service using a colorimetric method. Quantitative
PCR primers for were designed to span exon junctions with the help of
Primer3plus(285). Cytokine gene expression and relative CVB3 quantification were

determined relative to the house keeping gene Gapdh by 2*-00Ct calculations(286).

LIST OF PRIMERS USED:

CVB3-H3 forward: ATGGCAGAAAACCTCACCAG, CVB3-H3 reverse:
ATGTTCTGCCCAAACAGTCC; Gapdh forward: AAGGGCTCATGACCACAGTCC,
Gapdh reverse: GATGCAGGGATGTTCTGG; Tnfa forward:
CATCTTCTCAAAATTCGAGTGACAA, Tnfa reverse:
TGGGAGTAGACAAGGTACAACCC, Ifnb1 forward: TGACGGAGAAGATGCAGAAG,
Ifnb1 reverse: ACCCAGTGCTGGAGAAATTG

GENOTYPE ANALYSIS

The C57BL/10 strain is not a Mouse Phenome Project priority strain
(http://phenome.jax.org/), and so existing publically available genotype information is
limited. Most SNPs polymorphic between C57BL/10 and C57BL/6 for use in the
generation of a panel capable of distinguishing between C57BL/10 and BcA86 were
identified using the JAX Diversity Array (287). In this panel, 7499 SNPs were
polymorphic between C57BL/6 and C57BL/10, though these tended to be clustered and

gaps remained [Supplemental Figure 2]. These gaps in the genetic map were filled in by

comparing the genotype of C57BL/6 against all other C57BL strains available in all
datasets contained within the Mouse Phenome Database. When the C57BL/6 genotype
was divergent, C57BL/6 and C57BL/10 were genotyped by Sanger sequencing to
confirm the private C57BL/6 SNP. Finally, the map was completed with microsatellites


http://phenome.jax.org/

66

identified by us as previously(135), and in collaboration with others(288) for a total of
107 markers that are informative between BcA86 and C57BL/10 [Supplemental Table 1].
All SNP genotyping was performed by Sequenom iPlex Gold technology. Genotyping of
the F, was performed at the McGill University and Genome Quebec Innovation Centre).
Microsatellite PCR Reactions performed manually used a 10 ul total reaction volume,
200 M dNTPs, 1.5 mM MgCl,, 2 pmol of each primer and 0.5 U of Taq polymerase
(Invitrogen, Burlinton, ON). Reactions were performed as follows: 96° for two minutes;
30 cycles of 94° for 45 seconds, 56° for 45 seconds, 72° for 60 seconds; and a final
extension step 72° seven minutes. PCR products were then separated on 2-4% high-
resolution agarose (USB, Cleveland, OH) gels containing Ethidium bromide and

visualized under UV light.

STATISTICAL ANALYSIS

Statistical analyses were conducted with the freely available program R; linkage was
performed with the package ‘R/qtl’ version 3.02. Survival analysis was performed using
the ‘Survival’ package version 2.37. Skewness was detected using the D’Agostino test
from the ‘moments’ package version 0.13. ALT, Liver and Heart Viral titre F»
phenotypes were normalized using the Box-Cox(289) method as implemented in the
‘Caret’ package version 5.17. Viral replication is also reported as Logio[PFU/mg] in
figures for the sake of interpretability. The scanone function of the ‘R/qtl’ package
version 1.28-19, was used to perform Haley-Knott regression (HK) of the phenotype on
genetic markers. Significance values were evaluated with 10 000 permutations. The
LOD support interval of QTL peaks was calculated using a 1.5-LOD drop by ‘R/qtl’ on
the interval map. P-values shown in the figures are a result of two-tailed t-Tests with
*P <0.05, *P < 0.01, and ***P < 0.001 unless otherwise indicated.
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RESULTS

MICE OF THE BCA86 RECOMBINANT CONGENIC STRAIN SUCCUMB TO LETHAL
CVB3 INFECTION

The course of infection with Coxsackievirus B3 is highly variable and depends on both
host and viral background(20, 26). It is known that the A/J and C57BL/6 strains are
respectively susceptible and resistant to CVB3 infection(27), though little is known about
the genetic determinants underlying this trait. It was therefore of interest to challenge
the recombinant congenic strain (RCS) panel of AcB/BcA mice with CVB3 infection. The
screen was undertaken using an infectious dose which had previously been used to
study myocarditic potential of CVB3 in A/J and B10.A-H2? mice(135). It was observed
early into screening the RCS panel that the majority of AcB (A/J background, C57BL/6
donor) and BcA (C57BL/6 background, A/J donor) mice did not survive the infection
until the previously established experimental endpoint on day 8. Therefore survival of
infection was used as a phenotype. In total, 109 male RC mice were screened, with
between 2 and 6 per strain (median 4) [Figure 1]. Consistent with previous reports of the
involvement of H2 in susceptibility to CVB3 infection(25-27), the two H2° carrying BcA
strains (BcA69 and BcA74) were relatively resistant, and survived infection. Most other
strains were comparatively susceptible to lethal infection. In particular, the BcA86 strain
succumbed to early mortality between days two and five post infection (N=6, P=0.0012
compared to C57BL/6).

Further phenotyping was conducted in a panel of A/J, BcA86, C57BL/6 and the closely
related C57BL/10. C57BL/10 mice were included knowing that the genetic architecture
underlying the phenotype of BcA86 might include not only A/J loci, but also de novo
mutations on the C57BL/6 background. Two de novo mutations have been mapped so
far within the AcB/BcA panel on the background strain(290, 291). Reports of early
mortality within CVB3 infection have implicated metabolic failure secondary to hepatic
necrosis (118, 235, 237), so viral replication in the heart and liver, as well as serum
biomarkers for heart and liver damage were assessed at the early time point of 48 hours

post infection [Figure 2]. It was found that viral replication in BCA86 was slightly higher
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in the heart than in C57BL/6 (one-way ANOVA with Tukeys multiple comparison test,
P=0.03), while being comparable in the spleen and liver. No significant differences in
the heart damage biomarker creatine kinase (CK) were observed at this time point.
BcA86 mice showed a marked increase in serum levels of the liver damage biomarker
alanine aminotransferase (ALT) as compared to A/J, C57BL/6 and C57BL/10 mice
(one-way ANOVA with Tukeys multiple comparison test P=0.0005, 0.0055, 0.0007). The
BcA86 phenotype of elevated ALT relative to C57BL/10 mice was reproduced in

independent experiments (Supplemental Figure 1)

SEGREGATION ANALYSIS OF SERUM ALANINE AMINOTRANSFERASE LEVELS,
AND VIRAL REPLICATION REVEALS COMPLEX INHERITANCE

In order to identify genetic determinants conferring susceptibility to BcA86 mice, we
undertook a [C57BL/10x BcA86]F, cross (N=210). Segregation analysis indicated that
serum ALT levels, liver and heart viral replication were all highly skewed distributions
(skewness=2.45, 2.90, 6.61 respectively, all p<1e-9). To facilitate genetic mapping,
these phenotypes were normalized using the Box-Cox method and the transformed
data was compatible with a mixture of random normal variables [Figure 3]. Liver viral
replication was significantly correlated with serum ALT (R2=0.44), and also with heart
viral replication but to a lesser degree (R?=0.30). Heart and Liver viral replication were
also correlated to each other (R?=0.36). These results are consistent with common and

distinct genetic determinants of susceptibility within the [BcA86x B10]F, mice.

LINKAGE ANALYSIS REVEALS TWO LOCI CONTROLLING SUSCEPTIBILITY TO
CVB3 INFECTION IN [BCA86X B10]F, MICE

In order to perform linkage analysis, a panel of genetic markers was created to
distinguish between BcA86 and C57BL/10 backgrounds (described further in methods).
The full panel of polymorphic markers between C57BL/6 and C57BL/10 has been
successfully used and described elsewhere(288, 292). Linkage to serum ALT was
identified with a single significant peak on distal chromosome 13 with LOD=4.50,

P=0.003 and 9.4% variance explained, peak marker rs3702296 [Figure 4 and Figure
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5A]. Chromosome 13 in the BcA86 strain does not contain any A/J donor genome
segments. No significant linkage was found to viral replication in the liver, however a
suggestive QTL with maximum LOD score (2.81) and P value (0.14) was also detected
at marker rs3702296. Linkage to viral replication in the heart revealed one peak on
chromosome 17 of LOD=3.4 and with borderline significant P=0.046. The 1.5-LOD
support interval on chromosome 13 extends between 80.3 Mb 110.3 Mb, with a peak of
linkage at 102Mb. On chromosome 17, the 1.5-LOD support interval extends between
49.7 Mb and 69.7 Mb. The BcA86 strain carries an A/J haplotype block beginning at
47.7Mb and extending to 58.6Mb, is present within the chromosome 17 interval (127).
Allele effect plots indicated that in both cases, the BcA86 genotype conferred
susceptibility at the two loci. Mice inheriting homozygous BcA86 genotype on
chromosome 13 had an median serum ALT level of 88201U/L and mice homozygous for
C57BL/10 had a median serum ALT level of 1986IU/L [Figure 5B and 5C]. These same
mice homozygous for chromosome 13 had median liver viral replication of 4.84
Log[Pfu/mg] and 4.48 Log[PFU/mg] respectively. Mice inheriting homozygous BcA86
genotype on chromosome 17 had median heart viral titre of 4.35 Log[PFU/mg] and mice
homozygous for C57BL/10 had median heart viral titre of 3.78 Log[PFU/mg] [Figure 5E
and 5F].

DIFFERENTIAL CONTROL OF TYPE | INTERFERON IN BCA86 AND B10 MICE AND
IN F2 MICE

Given the known role of the Type | Interferon circuit in hepatic control of CVB3(190, 241,
248, 282), quantitative RT-PCR was performed to ascertain differences in gene
expression between C57BL/10, and BcA86 for coxsackieviral mRNA, and selected
cytokines [Figure 6]. In addition to the parental strains, [BcA86xC57BL/10]F, mice
homozygous at the peak marker (rs3702296) for each genotype were included in the
analysis. Unlike viral titre by plaque forming assay [Figure 2B], differential control of viral
replication between BcA86 and B10 was observed using the more sensitive technique
of RT-PCR (P=0.008, Mann-Whitney). Differential control of viral replication was not
recapitulated in the F, mice consistent with no significant linkage between rs3702296

and control of viral replication [Figure 6A]. Type | Interferon measured by Ifnb was
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elevated in BcA86 mice as compared to C57BL/10 (P=0.01) as well as in F2 mice
carrying BcA86 genotype (P=0.026 one-tailed T-test). Other cytokines (/I6, II1b, Tnfa)
were similarly tested, but none achieved statistical significance within the F> mice (not

shown).

These results identify the presence of a locus controlling susceptibility to CVB3 infection,
which results in elevated serum ALT, and increased hepatic expression of interferon 3

following infection.
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DISCUSSION

Most individuals appear to become infected with Coxsackievirus B3 or closely related
species at some point in their lives(44, 293, 294), and systemic infection can be
severe(33-35). The contrast raised between comparatively rare reports of severe
symptoms with a common infection suggests a non-uniform response to the virus.
There remains a need to account for divergent clinical presentation between otherwise
normal and immunocompetent individuals. Mouse models represent a simplified system
where aspects of pathogenesis can be modulated and interrogated one at a time.
Natural variation in response to Coxsackievirus in the mouse model is diverse, and
depends on host genetic factors (25, 26, 135, 143, 188), viral genetic factors(22, 295,
296) and also environmental factors such as age(297), sex(298, 299) or diet (17, 191).

To study host genetic factors which determine ability to control infection within relatively
resistant C57BL/6 and relatively susceptible A/J mice, we have made use of a
recombinant congenic strain panel (RCS)(283). In a typical RCS study(290, 300),
strains are compared against their respective genetic background (e.g.: BCA vs.
C57BL/6 and AcB vs. A/J) to identify discordant strains. In this manner, donor segments
conferring susceptibility (or resistance) can then be mapped either directly or in a
subsequent test cross. In the present study, it was determined that most BcA strains
were more susceptible to CVB3 infection than C57BL/6 mice. This suggests that the
resistance of C57BL/6 mice is either relatively easily overcome by a polygenic A/J
donated susceptibility, or that susceptibility conferring mutations had occurred during or
before the creation of this panel. Three out of seventeen strains challenged completely
survived CVB3 infection, of these were the only two that carried the A/J allele of the
major histocompatibility complex (H2?). Previous reports have indicated a role for H2 in
controlling CVB3 infection, but also that non-H2 loci seem to control the majority of
phenotypic variance between strains(25, 26, 143). This is in agreement with our findings,
and so the specific role of H2? in enhancing or maintaining C57BL/6 resistance was not
pursued further. Of the BcA strains, the most discordant studied was strain BcA86,
which succumbed to infection rapidly (2-4 days), and presented greatly elevated serum

ALT (a marker of necrotic hepatocyte death) 48 hours post-infection.
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Using an informative F, mapping cross between BcA86 and C57BL/10 revealed one
locus on chromosome 13 that controlled serum ALT. The locus increased median ALT
levels by 6834 IU/L in mice homozygous for BcA86 at this locus (median 8820IU/L) over
mice homozygous for C57BL/10 (median 19861U/L). Further phenotyping of F2 mice
with a homozygous BcA86 genotype at this locus revealed approximately double the
levels of Ifnb1 expression as compared to mice homozygous for C57BL/10. Lack of
significant linkage of viral replication and chromosome 13, with no observed difference
in viral RNA levels in these same F, mice suggests a novel phenotype unlike MDA-5,
IFNAR1 or IFN-R knockouts (190, 235, 282), where high viral replication in the liver is

usually accompanied by hepatic necrosis and early mortality.

The 1.5-LOD interval was calculated using interval mapping as being between 80.3Mb
110.3Mb. This region contains over 148 known protein coding genes, several of which
would make interesting candidates for further study. The RAS P21 Protein Activator
(GTPase Activating Protein) 1 (Rasa7) gene located towards the proximal end of the
interval (85.2Mb) was recently identified to be strongly antiviral in the context of CVB3
infection of polarized human brain microvascular endothelial cells(301). Coagulation
factor Il (thrombin) receptor (F2r or PAR1) located at 95.6Mb has been shown to control
CVB3 infection in the heart and liver at late (but not early) time points, and may be
involved in cooperative signaling with TLR3(302). 3-hydroxy-3-methylglutaryl-Coenzyme
A reductase (Hmgcr 96.6Mb), the enzymatic target of statin class of pharmaceuticals,
performs a rate limiting step in cholesterol biosynthesis. The link between CVB3
replication and cellular cholesterol availability was recently established in a study that
demonstrated CVB3 causes cholesterol to be trafficked from the plasma membrane and
specialized organelles for viral production (73). Phosphatidylinositol 3-kinase, regulatory
subunit, polypeptide 1 (p85 alpha) (Pi3kr1) located at 101Mb is a regulatory subunit of
PI3K. It has been shown in HelLa cells that PI3K signaling is beneficial for CVB3
replication, presumably by providing a survival signal (possibly via NFkB) to counter
apoptotic signals(303, 304). A gene cluster of NLR family, apoptosis inhibitory proteins
(Naip1-Naip7, 100Mb) have been reported to bind bacterial components and lead to
cellular pyroptosis(305, 306). Distally, the IL-6 receptor signal transducer (/l6st, or
gp130) is located at 112Mb. Gp130 signalling does not appear to be directly antiviral,
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but provides a strong cytoprotective effect in the context of CVB3 infection. Furthermore,
cardiac specific ablation of gp130 signaling by SOCS3 overexpression leads to greatly
increase cardiac necrosis, and lethality between 4 and 6 days after infection(307).
Chromosome 13 comes from an originally C57BL/6 segment in the BcA86 strain of mice.
Genotyping results from the diversity chip [Supplemental Figure 1] strongly suggest that
distal chromosome 13 is shared ancestrally between C57BL/6 and C57BL/10. This
suggests a possible de novo mutation in BcCA86 mice at this locus. Mutations in one or
more of the discussed genes, or others with no known role in CVB3 infection are
possible, and further studies will include exome sequencing and candidate gene

analysis.
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FIGURE AND LEGENDS TO FIGURES:

FIGURE 1: SURVIVAL OF CVB3 INFECTION IN ACB/BCA RECOMBINANT
CONGENIC STRAINS OF MICE

(a) Strain distribution plot of meant standard deviation of survival time for recombinant
congenic strains of mice. Between 2 and 8 male mice per strain (median 4) were tested
for a total of 109 mice. Both H2? carrying BcA strains (BcA69 and BcA74) survived

infection.

(b)The BcA86 strain succumbed to early mortality between days two and five post
infection (N=6, P=0.0012 compared to C57BL/6).
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FIGURE 2: ELEVATED SERUM ALT IN BCA86 MICE COMPARED TO GENETIC
BACKGROUND AND DONOR STRAINS

Mean + standard deviation for viral replication measured in the heart (a), liver (b) and
spleen (c) were measured in A/J, BcA86, C57BL/6 C57BL/10 mice. Only viral replication
in the heart was statistically significantly different between the four strains of mice (one-
way ANOVA with Tukeys multiple comparison test, P<0.05). Levels of the serum
biomarker for necrotic heart damage (c) creatine kinase (CK), and liver damage (d)
alanine aminotransferase (ALT) showing hepatic damage specifically in BcA86 (one-

way ANOVA with Tukeys multiple comparison test P=0.005).
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FIGURE 3: DISTRIBUTIONS OF VIRAL REPLICATION AND ALT WITHIN F2
MICE

Histograms of distribution of serum ALT (a), viral replication in the liver (c) and heart (e)
in [BcA86xC57BL/10]F, mice. Strong skewness was detected in the three phenotypic
distributions, and so phenotypes were normalized by Box-Cox (b, d, f) for further

analysis.
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FIGURE 4: GENOME WIDE LINKAGE ANALYSIS IN [BCA86XC67BL/10]F2
MICE REVEALS TWO LOCI SIGNIFICANTLY

Genome wide linkage scans for ALT (black line), viral replication in the liver (blue line)
and in the heart (red). Linkage analysis was performed on normalized phenotypes, and
genome wide significance was determined by 10 000 permutations, with alpha = 0.05
shown as a dashed horizontal line). A single locus on distal chromosome 13 was
significantly linked to ALT levels (LOD=4.50, P=0.003). An additional locus on

chromosome 17 was linked to viral replication levels in the heart (LOD=3.4, P=0.046).
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FIGURE 5: LINKAGE OF CHROMOSOME 13 AND 17 TO CVB3 VIRAL
REPLICATION AND SERUM ALT LEVELS

(a): LOD score plot for ALT (black line), viral replication in the liver (blue line) and in the
heart (red) calculated using interval mapping. Peak linkage to ALT on distal
chromosome 13 occurs at rs3702296 with LOD 4.50 and p=0.003.

(b): Phenotypes by genotype plot of 210 F, mice for normalized serum ALT levels at
rs3702296. Where 86/86 represents animals homozygous for BcA86 alleles, B10/B10
represents animals homozygous for C57BL/10 alleles, and 86/10 represents animals
heterozygous for the two allele types. F, mice homozygous for the BcA86 allele at this
locus showed increased susceptibility to CVB3-induced viral hepatitis. (c): Phenotypes

by genotype plot of for raw serum ALT levels at rs3702296.

(d) LOD score plot for ALT (black line), viral replication in the liver (blue line) and in the
heart (red)on chromosome 17 calculated using interval mapping; peak occurs at
D17Mit88 with LOD 3.4 and p=0.046

(e): Phenotypes by genotype plot of 102 F, mice for viral replication in the heart at
D17Mit88. F, mice homozygous for the BcA86 allele at this locus showed increased
susceptibility to CVB3-induced viral hepatitis. (F): Phenotypes by genotype plot of for
viral replication in the heart in Log1o pFU/mg units at D17Mit88.
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FIGURE 6: DIFFERENTIAL EXPRESSION OF TYPE | INTERFERON BASED
ON GENOTYPE AT DISTAL CHROMOSOME 13.

(a) Quantitative RT-PCR (gPCR) in liver tissue comparing CVB3 mRNA levels in
C57BL/10 and BcA86 mice 48 hours post infection. As well as [BcA86xC67BL/10]F,
mice homozygous for BcA86 at rs3702296: F2-chr13@102(BcA86) compared to F;
mice homozygous for the C57BL/10 genotype: F2-chr13@102(B10). Significantly higher
viral replication was detected in BcA86 mice (P=0.008, Mann-Whitney), but CVB3
mRNA was equivalent between the selected [BcA86xC67BL/10]F, mice (P=0.6, one-tail

Mann-whitney).

(b) Quantitative RT-PCR (qPCR) in liver tissue comparing Interferon 3 mRNA levels in
C57BL/10 and BcA86 mice 48 hours post infection. As well as [BcA86xC67BL/10]F;
mice homozygous for BcA86 and B10 at rs3702296. Significantly higher Ifnb7 RNA was
detected in BcA86 mice (P=0.010, T-test), and also in F2-chr13@102(BcA86) mice as
compared to F2-chr13@102(B10) mice (P=0.263, one-tail T-test). Data shown as mean

+ standard deviation for both panels.
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SUPPLEMENTAL FIGURE 1: BCA86 ALT ELEVATED RELATIVE TO C57BL/10

(a) Serum ALT levels in mice used as controls during infections of [BCA86xC57BL/10]F,

mice. Each bar represents 10 mice and represents data pooled from multiple

experiments.
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SUPPLEMENTAL FIGURE 2: DIVERSITY CHIP SNPS POLYMORPHIC
BETWEEN C57BL/6 AND C57BL/10

(a) Each vertical line corresponds to a mouse chromosome and each horizontal line
corresponds to one SNP polymorphic between the C57BL/6 and C57BL/10 strains.
Blocks of dense polymorphism suggest different origins for the two strains in these
genomic regions. Only polymorphic SNPs are shown, and each chromosome actually

begins at 1bp.
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SUPPLEMENTAL TABLE 1: BCA86 AND C57BL/10 MAPPING PANEL

SNPs and microsatellites polymorphic between BcA86 and C57BL/10 used for mapping

in [C57BL/10 x BcA86]F,. Microsatellite genotypes are given as PCR amplicon size.

Chromosome Position (Mb) DSO C57BL/10 BcA86 C57BL/6
(BCA86)

Mod4c2_64_1 2 64.506226 C57BL/6 112 112 120 -
D8mit30 8 67.95025 AlJ 164 176 164 176
D8Mit156 8 131.419404 AlJ 140 154 140 154
D9mit137 9 116.167899 AlJ 145 131 145 131
D12mit112 12 47.855788 AlJ 154 136 154 136
D12MIT214 12 82.743296 AlJ 146 170 146 170
D12mit101 12 103.73305 AlJ 170 118 170 118
D15mit85 15 40.145172 AlJ 195 179 195 179
D15mit63 15 65.076746 AlJ 146 138 146 138
D17mit57 17 9.705768 AlJ 300 320 300 320
D17mit139 17 52.659266 AlJ 136 164 136 164
D17mit20 17 57.227447 AlJ 180 170 180 170
D17mit88 17 57.368714 AlJ 242 186 242 186
D18mit68 18 21.578635 AlJ 113 95 113 95
D18mit184 18 66.944612 AlJ 172 147 172 147
rs3708897 1 22.348543 C57BL/6 GG AA AA AA
rs32737961 1 39.032305 C57BL/6 TT CcC CcC TT
rs13475886 1 61.228463 C57BL/6 CcC TT TT CcC
rs13475913 1 70.127169 C57BL/6 CcC TT TT CcC
rs31767016 1 82.636707 C57BL/6 CcC TT TT CcC
rs6327099 1 131.282938 C57BL/6 GG AA AA GG
rs31375526 1 138.180275 C57BL/6 CcC TT TT CC
rs13476182 1 153.950459 C57BL/6 GG TT TT GG
rs6341208 1 165.06283 C57BL/6 AA TT TT AA
rs3680295 1 190.724768 C57BL/6 GG AA AA AA
rs13476344 2 9.314267 C57BL/6 GG TT TT GG
rs13476872 2 159.118061 C57BL/6 GG AA AA GG
rs27312411 2 169.27213 C57BL/6 GG AA AA GG
rs13476956 3 5.370727 C57BL/6 AA GG GG AA
rs31500060 3 16.369915 C57BL/6 CcC TT TT CcC
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BRIDGING STATEMENT FROM CHAPTER 2 TO CHAPTER 3

Our studies in the RCS mice, and in [A/Jx B10.H2*]F, mice provided compelling
evidence for multiple loci controlling distinct aspects of the host response to
coxsackieviral infection. Distal chromosome 13 was linked to the amount of hepatic
necrosis as measured by serum alanine aminotransferase and potentially represents a
novel mutation within the BcA86 strain. In other previous work, loci on chromosomes 1
and 4 (Vms2 and Vms3) were linked to control of sarcolemmal necrosis, and a locus on
distal chromosome 3 (Vms1) was linked to control of both myocarditis and sarcolemmal
necrosis. Vms1 was an attractive QTL for further study because the effect of
chromosome 3 on more than one phenotype suggested it might be a central regulator of
myocarditis. Linkage to distal chromosome 3 was highly significant and the Vms1* allele
promoted susceptibility to myocarditis instead of resistance. The effect size and
significance of Vms? were identified in a segregating [A/Jx B10.H2"|F; intercross, and it
was therefore unknown what if any effect would be observed upon isolation in a fixed
genetic background. Isolation of Vms71* on the B6 background rather than in the
B10.H2* background would also mean fixing 3 susceptibility donating QTL: Vms2%,
Vms3® and H2".
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ABSTRACT:

Coxsackievirus B3 (CVB3) infection is the most common cause of viral myocarditis. The
pathogenesis of viral myocarditis is strongly controlled by host genetic factors. While
certain indispensible components of immunity have been identified, the genes and
pathways underlying natural variation between individuals remain unclear. Previously,
we isolated the Viral Myocarditis Susceptibility 1 (Vms17) locus on chromosome 3, which
influences pathogenesis. We hypothesized that confirmation and further study of Vms1
controlling CVB3-mediated pathology, combined with pathway analysis and consomic
mapping approaches, would elucidate both pathological and protective mechanisms
accounting for natural variation in response to CVB3 infection. Vms1 was originally
mapped to chromosome 3 using a segregating cross between susceptible A/J and
resistant B10.A mice. To validate Vms?, C57BL/6J-Chr 3*/NaJ (CSS3) were used to
replicate susceptibility compared to resistant C57BL/6J (B6). A second segregating F2
cross was generated between these confirming both the localization and effects of
Vms1. Microarray analysis of the four strains (A/J, B10.A, B6 and CSS3) illuminated a
core program of response to CVB3 in all strains that is comprised mainly of interferon
stimulated genes. Microarray analysis also revealed strain specific differential
expression programs and genes that may be prognostic or diagnostic of susceptibility to
CVB3 infection. A combination of analyses revealed very strong evidence for the
existence and location of Vms1. Differentially expressed pathways were identified by
microarray and candidate gene analysis revealed Fpgt, H28 and Tnni3k as likely

candidates for Vms1.
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INTRODUCTION:

Viral myocarditis and its long-term sequela, dilated cardiomyopathy (DC), are a
common cause of morbidity and mortality(308). Adenoviruses, influenza, herpesviruses
have been implicated; however, enteroviruses particularly coxsackie B3 (CVB3) strains
are the most prominent etiology(184). In mice, experimental infection with CVB3 has
served to elucidate three distinct clinical aspects of human disease progression 1) an
initial phase of viral replication and cytolytic damage of cardiomyocytes; 2) a phase of
intense myocardial infiltration by immune effectors, which may resolve infection or
persist indefinitely in susceptible animals(309); 3) a delayed phase in which initial
infiltration and response may transition into autoimmune or inflammatory
cardiomyopathy(310). Furthermore, different individuals or inbred mouse strains display
variable degrees of cardiomyopathy, likely influenced by their genetic background.
Myocarditis and DC can also be induced experimentally in the absence of virus by
administration of cardiac myosin with adjuvant. As with viral myocarditis, inbred strains
of mice also differ in their inherent susceptibility to experimental autoimmune
myocarditis (EAM), implicating genetic controls of myocardial inflammation(311).
Therefore, two outstanding questions in the field are: 1) does uncontrolled viral
replication drive inflammation during myocarditis, or is virus merely an equivalent trigger
to unequal inflammation; 2) which host genetic variants are associated with the outcome

of virus-induced disease.

Phenotype characterization of CVB3 infection in mutant mouse stocks has so far
delimited three major systems essential in predicting disease severity: integrity of
myocardial structure, protection by innate immunity, as well as the balance between
curative immunity and chronic inflammation or autoimmunity. The cytoskeletal protein
dystrophin is cleaved by CVB3 protease 2A, a protein essential for viral life cycle; this
cleavage affects cardiac function and morphology(312). Type | interferon (IFN) is
produced by immune and non-immune cells in response to pathogen sensing through
innate receptors. High levels of type | IFN activate antiviral response systems(313), and
enhance early cytotoxic effectors such as natural killer (NK) cells(314). Thus, mice

deficient in toll-like receptor 3 (TLR3) suffer from severe myocarditis and a high viral
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load in the heart and liver(315). Similarly, type | IFN receptor-(282) and IFN--knockout
mice(316) show increased viral burden in the liver and heart respectively. These data
strongly suggest a protective role for type | IFN, particularly IFN-3, during coxsackieviral
infection. Recently, the constitutive expression of CXCL10 in the heart has been shown
to attract NK cells to the heart reducing overall viral replication(317). Though much
progress has been made, there is still a need to account for differential susceptibility to

viral myocarditis among otherwise normal individuals due to natural variation.

The major histocompatibility complex (MHC) genes have been linked to susceptibility to
myocarditis in both humans and experimental mouse models(145, 318). Non-MHC
genes may also have an important impact on disease susceptibility. Recently, functional
TLR3 variants (homozygous 412F and heterozygous P554S) were found in excess
among patients presenting enteroviral myocarditis or DC(319). To identify novel genetic
factors associated with disease, we have applied quantitative trait locus (QTL) mapping
in an experimental mouse model. Previously, using an F, cross between susceptible A/J
and resistant B10.A-H2? (B10.A) mice, we identified three quantitative trait loci (QTL) on
chromosomes 1 (Vms2), 3 (Vms1) and 4 (Vms3). Only Vms1 was linked to the three
phenotypes under study, i.e. myocarditis score (P=0.005), extent of sarcolemmal
damage (P=0.001)(284), and heart viral load (P=0.010). This suggested that Vms1 is a
central determinant of disease severity; in the present study we seek to determine the
precise contribution of Vms17 in viral myocarditis. To achieve this, we validated the
existence of Vms1 through phenotyping of a chromosome substitution strain (CSS) that
carries a diploid A/J chromosome 3 (CSS3) on a C57BL/6 (B6) background(320). We
then used a second F; cross, this time between B6 and CSS3 mice, to refine the Vms1
genetic interval. Investigation of the mechanistic basis of Vms7 function using genome-
wide expression and pathway analysis in the four parental strains (susceptible A/J and
CSS3 mice, as well as resistant B10.A and B6 mice) indicated that Vms1 susceptibility
alleles impair antiviral mechanisms downstream of viral sensing or type | IFN pathways.
This combined effort demonstrated that viral load and myocarditis severity are likely
controlled by a more resolved locus, Vms1.1, whose critical interval contains three
candidate genes: Fpgt, H28, and Tnni3k.
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MATERIALS AND METHODS:

MICE AND VIRUS:

Inbred A/J (000469), B10.A-H2a H2-T18a/SgSnJ (B10.A, 000646), C57BL/6J-Chr
3A/J/NaJ (CSS3, 004381) and C57BL/6J (B6, 000664) mice were purchased from
Jackson Laboratories. The mice were maintained in the McGill University animal facility
in compliance with the Canada Council on Animal Care as approved by the McGill
University Animal Care Committee. Coxsackievirus B3 used for time course and
microarray experiments was CVB3-CG strain as previously(284). All other experiments
including CSS3/B6/F1 as well as [CSS3 x B6]F2, were infected with the plaque purified
CVB3-H3(321) generously provided as a plasmid by the lab of Dr. Kirk Knowlton
(University of California, San Diego). Like CVB3-CG, CVB3-H3 was also derived from
the highly myocarditis CVB3 Woodruff lineage(321). In this model it behaves
comparably to CVB3-CG and has the added benefit of being a known and widely used

genotype allowing for more direct comparisons by other researchers.

MOUSE INFECTION AND PHENOTYPE DETERMINATION:

Mice were inoculated intraperitoneally with 400 PFU of CVB3-CG per gram of body
weight (or 10PFU/g of CVB3-H3) diluted in sterile PBS at seven to eight weeks of age.
Experiments shown in Figure 1 were replicated with both viruses with equivalent results.
Uninfected controls in microarray experiments were mock infected with PBS in parallel.
Survival, weight, and signs of infection were evaluated on a daily basis and the mice
were humanely sacrificed one, two, four or eight days post-infection. Moribund mice
were humanely euthanized at an acceptable clinical endpoint. At necropsy, mouse
hearts were removed aseptically, cut in half sagitally and fixed in buffered formaline, the
remainder was stored at -80°C. The apex of hearts were subsequently homogenized
and submitted to three freeze-thaw cycles to release infectious virus. After
centrifugation at 1,000 g for five minutes to remove debris, the supernatant was isolated
for quantification by plaque assay. Samples to be used for microarray were taken from

a transverse section above the apex of approximately 30mg.
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PLAQUE ASSAY:

HelLa cells (ATCC: CCL-2) were grown and maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS, 100 pg/mL Penicillin/Streptomycin (1X
media). One day prior to infection, the cells were harvested at 70-80% confluence and
plated on 12-well plates, at 3.1 x 10° cells per well. Homogenized organs were serially
diluted 10-fold in non-supplemented DMEM and the dilutions were used to infect HeLa
cells in triplicate for 60 minutes. After initial infection by homogenate, HelLa cells are
covered in a layer of media with 0.25% agarose and incubated for three days. Cells

were fixed in formaldehyde and stained with crystal violet to count plaques.

GENOTYPE ANALYSIS:

Genomic DNA was prepared from tail biopsies of individual F, mice by overnight
incubation at 55°C in 700 pl of a buffer (100 mM Tris-HCI, pH 8.0, .0.5 mM EDTA, 200
mM NaCl, 0.2% SDS) containing 0.5 mg/ml Proteinase K, and followed by RNAse
treatment (0.3 mg/ml; 2 h at 37°C). DNA was purified by serial phenol-chloroform
extractions and ethanol precipitation. In this genome scan, 9 MIT markers spaced
approximately 15cM apart from each other, with increased density towards distal
chromosome 3 to distinguish between A/J and B6 alleles (D3Mit164, D3Mit224,
D3Mit346, D3Mit291, D3Mit147, D3Mit128, D3Mit116, D3Mit19, D3Mcg1). Markers in
the peak of Vms1 were chosen to match those previously used to facilitate direct
comparison between the two datasets. Reactions performed manually used a 10 pl total
reaction volume, 200 yM dNTPs, 1.5 mM MgCl,, 2 pmol of each primer and 0.5 U of
Taq polymerase (Invitrogen, Burlinton, ON). Reactions were performed as follows: 96°
for two minutes; 30 cycles of 94° for 45 seconds, 56° for 45 seconds, 72° for 60
seconds; and a final extension step 72° seven minutes. PCR prodcts were then
separated on 2-3% high-resolution agarose (USB, Cleveland, OH) gels containing
Ethidium bromide and visualized under UV light. Identification of likely genotyping errors
was performed using R/qtl; all genotypes with error LOD scores greater than 3 were

repeated and verified(322).

STATISTICAL AND BIOINFORMATICS ANALYSIS:
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Statistical analyses were conducted with the freely available program R and linkage was
performed with package ‘R/qtl'. The scanone function of the ‘R/qtl’ library was used to
perform maximum likelihood interval mapping (EM) of phenotype on genetic markers.
Significance values were evaluated with 10 000 permutations. In joint analysis between
[A/J x B10.AJF, and [CSS3 x B6]F,, combined cross analysis was performed with
experimental cross used as a covariate term in all calculations as previously
described(192). LOD support interval was calculated using a 1.5 LOD drop by ‘R/qtl’.
SNPs were identified using the mouse phenome database
(http://phenome.jax.org/SNP ) and were also provided by the mouse genome project
group at the Wellcome Trust Sanger Institute and can be obtained from
(http://www.sanger.ac.uk/resources/mouse/genomes/). SNPs were analyzed using the
SIFT algorithm(323) for potentially deleterious effects. Interferon stimulated genes were
annotated using the ISG and Interferome databases(324, 325), DAVID(326) and by
Ingenuity Pathways Analysis (Ingenuity® Systems, ingenuity.com). Pathways identified
through Ingenuity are characterized with a ‘Network Score’, which is defined as the
negative exponent of the right-tailed Fishers exact test. P-Values shown in figures are a
result of two-tailed T-Test with *P<0.05, **P<0.01 and ***P<0.001.

MICROARRAY AND QPCR

Hearts used for microarrays were first perfused with cold sterile buffer (110mM NaCl,
10mM NaHCO3, 16mM KCI, 16mM MgClI2, 1.2mM CaCl2, SU/L Heparin, pH 7.9) and
tissues were preserved in RNA-later stabilization reagent (ambion) before being frozen
at -80C. Total RNA was extracted from ~30mg of heart tissue from a transverse section
using Qiagen RNeasy extracton kit. Quality control by agilent bioanalyzer, cDNA
synthesis and microarray hybridization was performed at the McGill University and
Genome Quebec Innovation Centre. Three infected and three uninfected female mice of
each genotype were independently prepared and analyzed on an lllumina Mouse-WG6
version 2.0 array (one genotype and 6 mice per array, 4 arrays total). A/J vs. B10.A and
CSS3 vs. B6 experiments were performed and analysed separately. Raw data is
available through NCBI GEO with accession number GSE19496. Normalization, and

analysis was performed using FlexArray(327), expression values were normalized using


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=vtgndcqsmoqwino&acc=GSE19496
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the log2, RMA and configuration of Lumi. Principal component analysis figures
(Supplemental Figure 3) were also generated within FlexArray. Genes were filtered for
consideration as follows: the 40" percentile was determined across all normalized
probes as an arbitrary cutoff value. If no probes from any experimental group were
greater than the 40" percentile, the gene was considered absent in all samples and not
considered further. A starting list was use where at least one genotype either infected or
uninfected met this criterion for 20261 targets. Paired experimental groups (e.g.: A/J
infected vs. uninfected) were compared by CyberT(328) with default parameters and
considered to be differentially expressed if the fold change (FC) was less than 0.5 or
greater than 2 and unadjusted P-value was less than 0.05. Interaction between strain
and genotype was defined as: at least one strain is differentially expressed (0.52FC=2,
P<0.05), ANOVA [strain:infection] significant (P<0.05); as well as the absolute
difference of difference between strain means [|((Uas-MAJ infected) = (MB10.A-MB10.A infected))| >
1.25]. This final step was determined as an effective filter in removing parallel changes
between genotypes following infection. This much-abbreviated list was then annotated
to identify which strain was significantly different (e.g.: AJ responds to infection by
increasing expression of a gene, B10.A does not; this is an AJ specific gene). See
Supplemental Figure 1 for example and distribution of this parameter. Highly
differentially expressed genes were chosen identified with an arbitrary cutoff of
(0.2=2FC=5, P<0.05). Quantitative PCR primers were designed to span exon junctions

with the help of primer3plus(285).

LIST OF PRIMERS USED:

CVB3-H3 forward: ATGGCAGAAAACCTCACCAG, CVB3-H3 reverse:
ATGTTCTGCCCAAACAGTCC, Gbp1 forward: ACTGAGAAGATGGAGCAGGAAC,

Gbp1 reverse: GTTGCAAGCTCTCATTCTGG, H28 forward:
ACAGGACTGGATTTGCCTTG, H28 reverse: GCATGCTTTCAACCAGAGAC, Ifnb1
forward: TGACGGAGAAGATGCAGAAG, Ifnb1 reverse:

ACCCAGTGCTGGAGAAATTG, Tnni3k (as  described in (329))forward:
AGATTTCTGCAGTCCCTGGAT, Tnni3k reverse: AAGACATCAGCCTTGATGGTG,
Eifde forward: TACCACTAATCCCCCACCTG, Eifd4e reverse:
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GGTTTGCTTGCCAAGTTTTG, Lrrc40 forward: CCACAAAAACGACCCTCATC, Lrrc40
reverse: CCAACACCATTTCCTTCAGTC, Gapdh forward:
AAGGGCTCATGACCACAGTCC, Gapdh reverse: GATGCAGGGATGTTCTGG, Adh1
forward: TGTGGCTGACTTCATGGCTA, Adh1 reverse: TGGTGCTTGAATCAGTCTGG,
D3Mcg1 forward: GGAGTTCTGAGGAGGTCGAG, D3Mcg1 reverse:
CATGGCGTAACGAAACAAAA.

CYTOKINE MEASUREMENT:

Interferon 3 concentration was measured using an ELISA kit from PBL interferon source.
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RESULTS

CHROMOSOME 3 CONTROLS VIRAL MYOCARDITIS SEVERITY

In mice, severity of viral myocarditis is controlled by genetic background(27). Strong
linkage of chromosome 3 to myocarditis, sarcolemmal disruption(284), and viral titer
[Supplemental Figure 2] encouraged us to isolate the role of chromosome 3 in viral
myocarditis. The CSS3 mice are ideally suited to assess the contribution of
chromosome 3, as CSS3 mice carry the susceptible A/J allele of Vms?1 (Vms1°), while
controlling for background compared to B6. Differential control of viral replication was
observed at Day 8, with CSS3 mice being significantly more susceptible than B6 mice
(2.61 £ 0.13 Vs. 4.04 + 0.08 Log[PFU/mg], P<0.001) [Figure 1A]. Furthermore, CSS3
mice have significantly higher levels of inflammation in the heart than B6 mice (2.85 +
0.26 Vs. 1.4 = 0.23, P<0.001) [Figure 1B]. No significant differences were observed
between the sexes and [CSS3 X B6]F4 mice were not significantly different from B6
mice in terms of viral replication or inflammation. These results replicate Vms1?®
susceptibility to viral replication and intensity of peak inflammation; they also suggest

Vms1® is recessive to Vms1".

GENOME WIDE LINKAGE REPLICATES VMS1

To characterize the inheritance of susceptibility to CVB3, we determined heart viral titer
and myocarditis in 126 [CSS3 X B6]F, mice. The mean of F, viral titers (3.22 +0.09) and
myocarditis scores (1.73 +0.11) were similar to that of the B6 parental strain, which is
consistent with a major gene effect and recessive Vms1°® susceptibility [Figure 2A, 2B].
As shown in Figure 2c, correlation was noted between viral load and myocarditis
severity (Spearman, p=0.54, P<0.0001). Unlike the previous [A/J x B10.A]F,, sex
differences in susceptibility within the F, mice were not evident in either myocarditis or
viral replication (P=0.470, 0.305).

Linkage analysis revealed a locus on distal chromosome 3, overlapping the
previously described Vms1 locus, controlling heart viral titer (LOD= 3.74; P=0.018)
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[Figure 3a]. Vms1" mice were protected from high viral load in the heart (2.87 + 0.29 Log
[PFU/mg]) when compared to Vms1® (3.75 = 0.13 Log [PFU/mg]) [Figure 3b]. Vms1
linkage to inflammation was also significant (LOD= 3.57; P=0.0032); Vms1" (1.07 +
0.23) mice were protected compared to Vms7°® mice (2.28 + 0.24). In a single QTL
model, Vms1 accounted for 11.89% of the variance observed in viral titer and for
11.02% in myocarditis score, a notable increase from respectively 5.87% and 3.25% in
the [A/J x B10.A]JF, cross. The Vms1 interval in both crosses is defined between
D3Mit291 and D3Mcg1, spanning 16¢cM and 16Mb.

DIFFERENTIAL CONTROL OF VIRAL REPLICATION OCCURS BETWEEN TWO AND
FOUR DAYS POST INFECTION.

Differential gene expression in response to infection may be causally related to
the observed phenotypes, or may be a reaction secondary to the primary causal locus.
Understanding differential gene expression globally and within Vms7 will aid in
identifying potential candidates for Vms7. Presumably, the gene mediating Vms1"
resistance or Vms1° susceptibility to viral myocarditis exerts some effect before the
peak of myocarditis at day 8. As a prerequisite to transcriptional profiling by cDNA
microarray, we first ascertained at which time point expressed genes might play a role.
We assessed viral titer at multiple time points in A/J and B10.A mice [Figure 4A], as well
as in CSS3 and B6 mice [Figure 4b], prior to the development of inflammation. After 96
hours PI, A/J and CSS3 mice have significantly higher levels of viral replication than
B10.A or B6 mice. Higher type | IFN levels have been reported in the B6 strain(330),
suggesting a possible mechanism for resistance. We observed that susceptible A/J
mice produce significantly more IFN- than resistant B10.A mice during infection [Figure
4c]. CSS3 and B6 mice did not produce significantly different amounts of IFN- at the
times measured. These observations are consistent with a genetically determined lack
of ability to control viral replication by 96 hours after infection, which is not accounted for

by higher IFN-f in resistant mice.

MICROARRAY ANALYSIS OF RESISTANT AND SUSCEPTIBLE HEARTS REVEALS
A CORE PROGRAM OF RESPONSE TO VIRAL MYOCARDITIS
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Global gene expression 96 hours Pl was compared by microarray in A/J, B10.A, CSS3
and B6 hearts. Although it has not yet been demonstrated that Vms7 is a heart specific
effect, the lack of difference in viral control at 48 hours Pl suggests an equal seeding of
the myocardium followed by an unequal response to infection towards 96 hours PI
[Figure 4b]. Therefore, the heart seemed the most likely tissue to interrogate in order to
identify mechanisms or cells identifiable by gene expression. Principal component
analysis (PCA) indicates that infection accounted for the majority of variation, as
expected [Supplemental Figure 3]; followed by variation due to genotype in A/J vs.
B10.A and CSS3 vs. B6 mice.

Genes highly expressed or repressed after infection (at least a 5 fold change in all
strains) were considered to be part of a common pathway. This set of 129 genes was
strongly indicative of an interferon response: 46 of the 129 (35%) genes were annotated
as being interferon induced(325). The interferome database used for comparison
contains 1925 mouse genes annotated as being interferon induced in various cell types,
corresponding to 6.3% of the arrays used in this study. Of the 46 genes identified, 14
suggested a type | IFN response, 1 a type Il IFN response, and the remaining 31 were
inducible by either. Functional clustering of these by DAVID revealed that the strongest
enrichment terms were ‘response to virus’ and ‘RIG-I-like receptor signalling’
(P<0.00005). Highly expressed genes included effector interferon-stimulated genes
(ISG) (Oas1g, Mx1), transcription factors (/rf7), and class one MHC (H2-d1, H2-k1).
These results are summarized in Figure 5 and detailed in Supplemental Table 1. The
observation that ISG pathways themselves are strongly upregulated in resistant (B6,
B10.A) and susceptible (CSS3, A/J) strains is consistent with the hypothesis that though
IFN is required to survive systemic CVB3 infection (282, 316), IFN may not be sufficient

to control cardiac viral replication(331, 332).

DIFFERENTIAL MICROARRAY ANALYSIS REVEALS MYOCARDITIS
SUSCEPTIBILITY EXPRESSION PROGRAMS

As a robust IFN response seems approximately equal between strains, differential
expression of sets of genes within a pathway may represent unequal mechanisms of
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adaptation to infection or pathological processes. In order to determine expression
programs differentially activated by infection, sets of genes were created which identify
qualitatively different expression patterns (e.g.: A/J increase expression of H28 after
infection, but B10.A do not). Using these priority ranked lists [Supplemental Table 1],

pathway analysis and functional grouping was performed.

A/J specific programs [Figure 6a] were involved in metabolism, cell structure, and
cardiovascular development pathways. B10.A differed in that cell mediated immunity
markers, antigen presentation, and immune cell trafficking were identified as primary
pathways for this strain [Figure 6b]. The CSS3 specific pathway [Figure 6c] shared
several component genes with A/J, most of which are not located on chromosome 3.
CSS3 specific pathways were identified to be tissue and organ development related.
Notably, cell-mediated immune response pathways not present in A/J were expressed
in B6 and CSS3 hearts. No B6 specific pathways were identified and only five genes are
particular to a B6 response (Chad, Dkk3, Mybphl, Prss35 and Sin); of these, only

Mybphl is expressed on chromosome 3, over 30cM away from Vms1.

Differentially expressed genes following infection within Vms1 (Adh1, Gbp1, and HZ28)
were identified between A/J and B10.A, and confirmed in CSS3 and B6; no genes were
found within Vms1 that were differentially expressed between CSS3 and B6 but not
between A/J and B10.A [Figure 7].

Similarly, genes not differentially expressed following infection, but with basal
expression differences (e.g.: B10.A express Tnni3k before and after infection at
equivalent levels while A/J do not) represent possible candidate genes, as presence or
absence of one or more key genes may provide a mechanism of resistance (or
susceptibility) whose activity does not require induction. Between CSS3 and B6, a total
of 28 genes with basal expression differences were identified. Of these, 14 were located
on chromosome 3 and four of those were located within Vms1: Gbp1, Eif4e, Tnni3k,
and Lrrc40.

REFINED QTL AND CANDIDATE GENE PRIORITIZATION
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A common set of genetic markers, as well as the high degree of similarity between
B10.A and B6 on chromosome 3, permitted a joint analysis with the aim of increasing
linkage resolution using both the previous [A/J x B10.A]JF, and the present [CSS3 x
B6]F, crosses. An increased number of meioses in the combined cross has
considerably shortened the interval under consideration. The interval controlling viral
replication was narrowed between D3Mit116 and D3Mcg1 (78.7cM to 83.29cM), which
we will refer to as Vms1.7a. Using the same technique, a region between D3Mit128 and
D3Mcg1 (76.7cM to 84cM) was found to control inflammation, which we refer to as
Vms1.1b. The Vms1 interval is thus reduced from 16cM or 16Mbp as defined
previously(284) to 6.3cM or 9Mb containing Vms71.17a and Vms1.1b. The region
containing both Vms1.7a and Vms1.1b will be referred to as Vms1.1 for the sake of

simplicity [Figure 7A, 7B].

Candidate gene analysis for Vms1 (as defined by either F, cross) identified seven
candidate genes for Vms1 on the basis of allele specific expression, differential
response to infection or coding sequence variation. Of these, only Tnni3k, Lrrc40, H28,
and Fpgt are contained within Vms1.1. Confirmation of significantly higher basal
expression levels were found in Thni3k by gPCR (Figure 7d), but not in Lrrc40 (data not
shown). Tnni3k was found to be 2.7 fold less expressed in Vms1° than Vms1" mice.
Increased expression of H28 following infection in Vms1° and not Vms1" mice was also
confirmed by qPCR (Figure 7c). Finally, 5 coding non-synonymous SNPs (cnSNP)
within 5 genes (Tyw3, Tnni3k, Fpgt, Sfrs11, and Rpe65) have been identified within
Vms1.1, but only two are predicted to be non-conservative and damaging to function:
Fpgts30293%47-C (C517R) and Tnni3k™s*7'?233T (TE591). After alignment, Fpgts30203847-C
allele possessed by B6, AKR, and 129S1 mice is predicted to be damaging (score 0.03)
since the Fpgts3020%%47R gjiele (A/J, BALB/c, C3H) is shared with most vertebrates. In
fact, the cnSNP in Tnni3k predicted as damaging is secondary to a more recently
identified SNP rs49812611, which accounts for the lack of basal expression of Thni3k in
A/J or CSS3 mice due to aberrant splicing(329). This interval shortens the list of likely
candidate genes for Vms1.1 to H28, Tnni3k or Fpgt.
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DISCUSSION

The myocarditic potential of the coxsackieviruses was recognized shortly after their
discovery(333). Despite considerable progress in the understanding of CVB3
pathogenesis, coxsackieviral infection is a persistent cause of human disease (30, 334).
There remains, however, a need to account for variation of clinical presentation
between any two otherwise healthy, normal, and immunocompetent individuals.
Surveys of inbred mouse strains have long indicated a genetic component in
susceptibility to CVB3-induced disease(27, 318). Our previous analysis identified a
locus on chromosome 3, Vms1, which controlled several aspects of disease. This led us
to isolate the role of chromosome 3 from other potentially segregating or confounding

loci.

Chromosome substitutions strains (CSS) represent a valuable model in which to study
complex traits. As a prelude to further refinement and positional cloning of Vms1, it was
necessary for us to at least replicate our initially observed phenotypes in the CSS3 mice.
CSS3 mice control for other previously identified loci respective to B6 (Vms2, Vms3 and
H2); however, it was not obvious that Vms7°® susceptibility would be recaptured. Unlike
our initial [B10.A x A/J]F, cross (all H2?), CSS3 and B6 mice are H2% H2 is already
known to be a strong modifier of disease(27, 318). CSS3 are also on a C57BL/6 and not
C57BL/10 background; though B6 and B10 are closely related, we have found at least
7500 SNPs (unpublished and previous data (335)), some of which may cause inter-
strain differences in response to infection. Nevertheless, phenotypes of both myocardial
inflammation and viral replication were recapitulated. Variability in mean viral titer was
similar in [CSS3 x B6]F, (3.22 +0.09 Log[PFU/mg]) compared to the larger [A/J X
B10.A]F; cross (3.01 £ 0.06 Log[PFU/mg]); however, Vms1 explained more variance in
the present cross (11-12% vs. 3-6%). Even in this genetically simplified context, a
considerable amount of variation exists between mice, even of identical genotype (see
Figure 1). As an enterovirus CVB3 exists as a quasispecies with a high mutation rate
(~1 amino acid substitution/genome)(336, 337), providing ample opportunity for every
possible mutation within an infection where of infected tissue can contain as many as

10° pfu/mg. This provides an example of increased resolution and power by isolating
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genetic variation to a single chromosome in spite of considerable environmental
variation. Replication of linkage between distal chromosome 3 and both inflammation

and viral titer phenotypes strongly supports the strong role of Vms1 in infection.

Previous studies have successfully used gene expression to better understand
myocarditis and dilated cardiomyopathy(311, 338-340). In addition to identifying likely
candidate genes, global expression analyses give us key mechanistic insights that aid
in the identification of Vms1. Since viral replication in the heart is controlled in Vms1"
mice as early as four days post infection, this time point was chosen for expression
analysis. It has previously been reported that A/J and B6 mice differ substantially in their
production of Type | IFN following infection(330, 341). Another QTL that has never been
cloned, but influences peak interferon levels called /f1 colocalizes with Vms1(342).
These together suggested an initial hypothesis that a sensing or signalling defect in IFN
might be present in susceptible mice. However, in this study IFN response between
susceptible and resistant mice was roughly equivalent or in the case of A/J and B10.A
mice, higher viral load was accompanied by higher IFN. Susceptible Vms7° mice sense
virus and produce antiviral IFN- with similar kinetics and magnitude as compared to
Vms1"mice. This makes it so that a defect in viral sensing, signalling or response to IFN

is unlikely to underlie Vms15.

Strain specific expression analysis revealed similarities to previous work and several
novel results. Comparison between A/J and B10.A mice showed A/J preferentially
express genes and pathways involved in cardiovascular development and metabolism.
This was consistent with previous findings (also A/J mice), which postulated that these
changes reflect undamaged cardiomyocytes compensating for damaged neighbors(340).
A notable addition to the A/J specific response was Amical (also known as JAML),
which was highly induced (19.6 fold) in A/J compared to B6, B10.A or CSS3 mice (1.3-3
fold). Amica1 is a co-stimulatory molecule that becomes strongly induced on yo T-cells
upon ligation to the CVB3 receptor (Cxadr) on injured cells(343). yo T-cells are known to
play a pathogenic role during viral myocarditis(344). Conversely, all mice of the B6/B10
background, including susceptible CSS3 mice, expressed several markers (Cd8b1,
Nkg7, Cd244/2B4, Kira7) of antiviral CD8/NK immune responses. Lack of CD8/NK cells
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and overabundance of inflammatory yo T-cells in A/J mice suggests that this is another
possible (non-Vms7°) mechanism accounting for A/J specific susceptibility to CVB3
infection. In contrast to A/J vs. B10.A mice, expression profiling did not reveal any
Vms1°® or Vms1" specific cell type suggesting that Vms7 does not control the recruitment

of a cellular immune response.

Three candidate genes were identified within the refined Vms1.1 locus via expression
and publically available SNP data (150-159.6Mb on Chromosome 3): H28, Tnni3k, and
Fpgt. This method of identifying candidate genes via associative data is limited in that if
a modest (less than twofold) change in expression underlies our phenotype, it would be
missed. An alteration of protein function, but not expression level in genes containing
non-synonymous SNPs (Tyw3, Sfrs11 or Rpe65) is also possible even in the absence
of predicted negative impact. We have also treated Vms17.7a and Vms1.1b controlling
viral replication and myocarditis score respectively as a single entity Vms17.1, which
controls both. In the absence of congenic and sub-congenic mice that parse individual
gene contributions, it is impossible at this stage to identify whether changes in
expression are causal or consequential and of which phenptype. However, differential
control of viral replication before myocarditis suggests protective mechanisms acting at
day four or earlier in Vms1" mice at which time H28, Tnni3k and Fpgt remain the most

attractive candidates.

H28 is expressed in the Vms1° genotype following infection but not in Vms1". H28 has
no known function and has only been previously described as being presented during
allograft rejection between BALB.B (H2°) and B6 mice. Of the 5 coding non-
synonymous SNPs (cnSNPs) in Vms1.1 (Tyw3, Tnni3k, Fpgt, Sfrs11, and Rpe65), only
Tnni3k and Fpgt were both expressed in the heart and predicted to be deleterious. Fpgt
catalyzes the formation of the fucosyl donor GDP-B-fucose, as part of the fucose
salvage pathway (345). L-fucose is a sugar present in glycoproteins involved in
inflammation and immunity, e.g. sialyl-lewis X, the inflammatory ligand of selectins,
contains L-fucose. A possible link between the ability of infected cells to effect

immediate inflammatory signals and Fpgt may make this gene an attractive candidate.
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Tnni3k was identified as having a basal expression difference: Vms1" mice express
significantly higher basal levels of the gene than Vms7® mice. Indeed, the SNP
rs49812611 was recently identified as leading to nonsense mediated decay of Tnni3k
transcripts(329). Thni3k was identified as a cardiac specific tropinin interacting kinase in
2003(346). Although the normal function of Tnni3k is still obscure, some recent results
have somewhat clarified the situation. Transgenic overexpression of Tnni3k in
differentiated P19cl6 cells led to increased contractile force and frequency, as well as to
increased adrenergic response and protection from ischemic injury (347). Thni3k has
also been implicated in dilated cardiomyopathy (338) and heart failure. Mice not-
expressing Tnni3k were resistant to CSQ heart failure (DBA/2, BALB and C3H) whereas
‘normal’ expressers (B6, 129/X1 and AKR) or mice transgenic for the human allele were
highly susceptible to heart failure (329). This raises the possibility that Tnni3k may
prevent myocardial injury during acute injury (347), but also become pathogenic and

increasingly disregulated during chronic disease (329, 338).

This work was begun with the understanding that the outcome of CVB3 infection is
largely influenced by three factors: integrity of the myocardium, interferon response, and
progression to adaptive immunity. Here, we present evidence that differential viral
replication and myocardial inflammation at early time points may be controlled by
Tnni3k (implicating myocardial integrity), Fpgt (implicating cellular immune response) or
H28 (by unknown mechanisms). Future work will include the generation of congenic and
sub-congenic mice, as well as reverse genetic approaches, in order to assess the

contribution of individual genes before progressing further.



112

ACKNOWLEDGEMENTS:

We are grateful: to Francois Pepin for his continuing support with R; to Tony Kwan for
his advice on expression analysis; to Mahmoud Aly, Emeric Bojarski, and Han Yao for
[A/d x B10.A]F, data acquisition; and to Eve-Marie Gendron-Pontbriand for her editing

services.



113

FIGURE AND LEGENDS TO FIGURES:

FIGURE 1: REPLICATION OF VMS1 PHENOTYPES IN C57BL/6J-
CHR3"/NAJ

A: Viral titer in CSS3, B6 and [CSS3 X B6]F+ mice 8 days post infection, as measured
by plaque assay. CSS3 mice of both sexes have significantly more virus in the heart
than B6 or [CSS3 X B6]F; (P<0.001).*

B: Myocarditis is scored with 4 being most severe and 0 being no inflammation evident.
CSS3 mice were more susceptible than B6 or [CSS3 X B6]JF;{ (P<0.05). N=11 per

group).*

*Both A and B represent a composite of multiple CVB3-H3 infections ([CSS3 X B6]F»
controls) and were replicated with CVB3-CG.
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FIGURE 2: PHENOTYPE DISTRIBUTIONS WITHIN THE [CSS3 X B6]F>
POPULATION.

A: Histogram of the distribution of viral titers in [CSS3 x B6]F, mice, with a mean of 3.22
+0.09.

B: Histogram of the distribution of myocarditis scores in [CSS3 x B6]F, mice, with a
mean of 1.73 £0.11.

C: The distribution of [CSS3 x B6]F, mice, showing significant correlation (R*2=0.29,
P<0.0001) between myocarditis score and viral titer. This reveals a trend where higher

myocarditis score is correlated to higher viral titer.
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FIGURE 3: LINKAGE OF CHROMOSOMES 3 TO CVB3 REPLICATION IN THE
HEART AND TO MYOCARDITIS.

A, C: Overlapping LOD plots of [A/J x B10.A]F2 (black) and [CSS3 x B6]F, (grey) mice
shows significant linkage on distal chromosome 3 to viral replication in the heart (A) and
to myocarditis (C). Threshold values corresponding to a=0.05 are represented as
horizontal lines of corresponding shade. Peak linkage to viral replication and to
myocarditis in [A/J x B10.A]JF, occurred at D3Mit19(284). Peak linkage to viral
replication and to myocarditis in [CSS3 x B6]F, occurs at D3Mit19 (LOD= 3.74;
P=0.018) and D3Mit116 (LOD= 3.57; P=0.0032).

B: Viral titer vs. genotype at D3Mit19 shows that the AA genotype leads to a higher viral
titer than BB in both crosses: 3.5+0.11 vs. 2.84+0.12 Log [PFU/mg] in [A/J x B10.A]F>
and 3.75 £ 0.13 vs. 2.87 £ 0.29 Log [PFU/mg] in [CSS3 x B6]F».

D: D3Mit19 genotype of AA leads to higher myocarditis scores than BB in both crosses:
2.83+0.11 vs. 2.06£0.12 in [A/J x B10.A]F2 and 2.28 + 0.24 vs. 1.07 £ 0.23 in [CSS3 x
B6]F..
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FIGURE 4: VIRAL REPLICATION IS HIGHER IN A/J AND CSS3 THAN IN B10.A
AND B6 96 HOURS AFTER INFECTION.

A, B: Level of infectious CVB3 within the heart measured by plaque assay at 24, 48 and
96 hours in A and B. Differential control is significant at 96 hours post infection in both

comparisons (P<0.05).

C, D: Concentrations of interferon beta (IFN-R) in the serum were measured by ELISA
in the same animals as in A,B. Significantly higher amounts of IFN-R were detected in
A/J mice compared to B10.A at 48 and 96hrs Pl (P<0.05). No significant differences

were observed between CSS3 and B6 mice.

(A, C: N=4 per time point, B, D: N=6 per time point, replicated with N=8 per strain at 48

hours).
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FIGURE 5: CORE PROGRAM OF HIGHLY AND NOT DIFFERENTIALLY
EXPRESSED GENES RESPONDING TO CVB3 INFECTION.

Microarray analysis of A/J, B10.A, CSS3, and B6 hearts at 4 days Pl. Genes highly
expressed or repressed after infection (at least 5 fold change in all strains) were
considered to be part of a common pathway. Mice strains (A/J, B10.A, CSS3, and B6)
are represented in rows stratified by infection status where + indicates infected tissue
and — indicates mock-infected control tissue. This set of 129 genes constitutes a shared
program of response to infection and damage in both susceptible and resistant mice.
Pathway analysis of these genes identifies inflammation and response to infection.
Functional clustering suggested RIG-I like signaling was involved and Interferome
annotation identified 46/129 genes as known interferon-stimulated genes. Network
score represents a statistical likelihood that the pathway identified is involved in the

tissue analyzed given the genes involved.
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FIGURE 6: DIFFERENTIALLY EXPRESSED GENES IN A/J, B10.A, CSS3, AND
B6 MICE IDENTIFY COMMON AND DISTINCT PATHWAYS.

Mice strains (A/J, B10.A, CSS3, and B6) are represented in columns stratified by
infection status where + indicates infected tissue and — indicates mock-infected control

tissue.

A: A/J specific genes (increased or decreased expression in A/J mice after infection, but
not in B10.A) cluster into pathways involving cardiovascular development, survival,

inflammatory disease, and metabolism.

B: B10.A specific genes differentially expressed compared to A/J were primarily

involved in cell mediated immunity and strongly indicative of a cytotoxic response.

C: CSS3 specific genes (increased or decreased expression in CSS3 mice after
infection, but not in B6) were less numerous than A/J, but fell into similar functional

categories of development. There were no B6 specific pathways identified.
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FIGURE 7: ENHANCED RESOLUTION OF LINKAGE OF VMS1 TO
CHROMOSOME 3 BY COMBINED ANALYSIS AND INTEGRATION OF
CANDIDATE GENE ANALYSIS.

A: Linkage of viral replication to distal chromosome 3 is shown as LOD profiles of A/J x
B10.A]JF, and [CSS3 x B6]F, (grey and black lines) for the 16 cM support interval of
Vms1. Combining both analyses leads to significantly improved resolution (dashed line),

with a new support interval of 4.5 cM linked to viral titer referred to as Vms1.1a.

B: Linkage of myocarditis score to distal chromosome 3 shown as in (A) with a new

support interval of 7.5 cM myocarditis score referred to as Vms1.1b.

The overlapping region of Vms1.7a and Vms1.1b is Vms1.1. Candidate genes identified
by differential expression (Adh1, Gbp1, H28), by basal expression difference (Tnni3k),

and containing non-synonymous mutations (Fpgt) are shown in approximate position.

B: Boxplots of microarray data for candidate genes with expression differences.
Horizontal lines represent the 40" and 60" percentile of expression of all genes. Adh1,
Gbp1, and H28 are expressed at significantly higher levels in A/J and CSS3 mice
following infection, but not in B10.A and B6 mice. Gbp1, Eifde, and Tnni3k were

expressed at different levels even in the absence of infection.

C, D: Quantitative RT-PCR (gPCR) confirmation that H28 is induced preferentially in
Vms1® following infection and that Thni3k transcript is less present in Vms1°® at basal

levels.



8 Vmsi.la g Vms1.1b
-
[
5 '_
6 & monigk” 9]
o . o
8 8
o PP e Fpgt @
044"
g Ay
| << |
adht TP
2 >> >> 2 Gbp1
N 5 8 2 e WS s8¢ o
= T EE ED 8 » T £ E E¥
3 -8 3 :E: =
0 F Q T T Ql Q 8| % 0‘ F Q T T QlQ 8! %
60 65 70 75 80 60 65 70 75 80
Map paosition (cM) Map position (cM)
e [B6XCSS3]F2  emmm[B10.AXA/M]JF2 === Combined
5 Adh1 Gbp1 . H28
210l 124 = - b T
@] 104 6 -
£ & % M- = s] B _E?
S . 6 4] J
84
] @i 'é 4'-—-5——5- 3_"’.1-@6
CVB3 -+ -+ - |F[- ¥ IFIRICARAE IR REIEAE IRAE IR
Strain | A4 | B10 CS83| B6 A/ | Bi0 CSS3[ B6 Al [ B10 CSS3| B6
- Thni3k = == D :
59.54 S= =g so3 s
@ 9 PR ® ©
n @ o M
L85 o £ o
2 g -E g 81 52
W75 L = i IS : oL,
CVB3 -+ -I+[-+-+ CSS3 _ B6 = _f,;ssa Ee
Strain AW | B10 [CSS3 | B6 H28 nni3

126



127

CHAPTER 4: TNNISK MODULATES CARDIOMYOCYTE INNATE
IMMUNITY DURING VIRAL MYOCARDITIS
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BRIDGING STATEMENT FROM CHAPTER 3 TO CHAPTER 4

In the previous chapter, we provided confirmation of the existence of Vms? in an
independent test cross, refined the Vms17 interval, and identified a small handful of
candidate genes that might play a role in conferring the Vms7 phenotype. One
candidate gene Tnni3k was located near the peak of linkage in our interval. Tnni3k is a
heart specific kinase that has been described as being activated following stress.
Moreover, differential RNA and protein level expression had already been characterized
in between strains, so Tnni3k seemed like an excellent candidate gene for further study

in the context of viral myocarditis.
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ABSTRACT

The pathogenesis of viral myocarditis is a complex process. We previously made use of
a genetic model to identify candidate genes controlling the pathogenesis of
Coxsackievirus B3 (CVB3) induced viral myocarditis. Here we report on the role of one
such candidate: the cardiac specific Tnni3 kinase (Tnni3k). The contribution of a human
TNNI3K transgene was compared to mice expressing very low levels of Tnni3k in the
DBAZ2/J background. We show that viral replication is modulated by TNNI3K, and that
myocardial necrosis and inflammation are greatly enhanced across the course of
infection. We show that TNNI3K transgenic hearts are distinguished by a unique gene
signature involving IFNy TNFa and NFkB/IKKR regulated genes. We also show that
isolated cardiomyocytes from transgenic mice allow enhanced CVB3 RNA replication
and chemokine transcription compared to those from wild-type littermates. These
results indicate that TNNI3K function manifests early during the course of CVB3
infection, originates from the cardiomyocyte itself and it can be exploited by the virus for

its own replication.
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INTRODUCTION:

Coxackievirus infection is a known cause of viral myocarditis, a disease
characterized by inflammation and necrosis of the heart (184, 308). Control of viral
myocarditis is highly complex, and experimental models have identified at least three
key phases in determining pathogenesis. The initial phase of primary replication within
the cardiomyocyte depends on a number of host factors including sarcolemmal
integrity(98, 348) and the innate immune response within the cardiomyocyte(185, 240,
245, 247, 248, 259). This is followed by a phase of myocardial infiltration by immune
effector cells, which may aid in clearing infection (309). Finally, infiltration of the
myocardium may trigger autoimmunity, or fail to clear the virus leading to

cardiomyopathy or death (310).

Infection of mice with CVB3 results in a wide spectrum of clinical symptoms that
varies among inbred mouse strains, suggesting a contribution of the genetic
background in the control of the infection. Previously using segregating crosses
involving mice of either susceptible A/J or resistant C57BL (B10 and B6) genetic
backgrounds, the viral myocarditis susceptibility 1 (Vms71) locus was identified in [B10.A
x AIJJF2 mice(135), and confirmed in [B6x B6.chr3**]F, mice (188). We showed that the
Vms1 locus was linked to virus replication, cardiomyocyte injury and myocarditis
whereas the target Vms1 interval contained a small handful of promising candidate
genes. In particular the Tnni3 interacting kinase (Tnni3k) was of great interest. Tnni3k is
expressed differently in resistant and susceptible strains; Tnni3k is extremely cardiac
specific in its expression (349-351). Tnni3k also modulates hypertrophy and heart
failure in the mouse (350, 352-354). A recent report has described that Tnni3k is
responsible for an activation of the p38 signaling cascade, generation of increased
reactive oxygen species in cardiomyocytes, and enhanced necrosis, all following

reperfusion injury (349).

It was of interest to test directly whether Tnni3k would play a role in CVB3
pathogenesis. To this end, a DBA2/J mouse over-expressing a human cDNA transgene
of TNNI3K (DBA2/J.TNNI3K') was compared to wild-type DBA2/J littermates, across 4
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time points from early infection, and leading up to the peak of inflammation (day 2, 4, 6
and 8). For the purpose of comparison to previous Vms17 results, DBA2/J is resistant to
infection and requires fifty times more CVB3 inoculum to show symptoms of infection as
compared to C57BL/6 or C57BL/10. It has long been known that different combinations
of strain, sex and virus (including C57BL/6 and DBA2) can produce markedly different
pathogenesis in infected mice (26, 118). It was found that TNNI3K'® mice produce more
viral RNA from early time points, then go on develop increased cardiac necrosis, and
inflammation compared to littermates. Microarray analysis earlier in infection indicated
the presence of heightened inflammatory gene expression before cellular infiltration of
the heart was observed. This result was supported using primary ventricular
cardiomyocytes in which TNNI3K overexpression led to an increase in cardiomyocyte
viral replication, and inflammation. This work has demonstrated that TNNI3K
overexpression leads to increased inflammation at the cellular and tissue level through

a cell-intrinsic CVB3-mediated mechanism that also promotes virus replication.
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MATERIALS AND METHODS

MICE, CELLS AND VIRUS

Inbred DBA2/J mice were purchased from the Jackson Laboratory (Bar Harbor, ME),
and DBA.TNNI3K' mice (line 23) were generously provided by Douglas Marchuk and
described previously (350, 353). DBA.TNNI3K' mice were maintained and bred on the
DBA2/J background which expresses almost no endogenous Tnni3k(350). The mice
were maintained in the McGill University animal facility in compliance with the Canada
Council on Animal Care as approved by the McGill University Animal Care Committee.
Coxsackievirus B3 used for time course and microarray experiments was CVB3-
H3(321) generously provided as a plasmid by the lab of Dr. Kirk Knowlton (University of
California, San Diego). Mice were inoculated intraperitoneally with 500PFU/g of CVB3-
H3 diluted in sterile PBS at seven to eight weeks of age. Uninfected controls in
microarray experiments were mock infected with PBS in parallel. Survival, weight, and
signs of infection were evaluated on a daily basis and the mice were humanely
sacrificed two, four, six or eight days post-infection. Evans blue dye was injected in a
1% solution 24 hours prior to necropsy as previously described (135, 355). At necropsy,
hearts used for microarrays and EBD were first perfused with cold sterile buffer (110mM
NaCl, 10mM NaHCO3, 16mM KCI, 16mM MgCl2, 1.2mM CaCl2, 5U/L Heparin, pH 7.9).
Hearts were then cut in half sagitally and fixed in buffered formaline or frozen in OCT
medium. Tissues for RNA extraction were preserved in RNA-later stabilization reagent
(ambion) before being frozen at -80C. The apex of hearts were stored at -80°C,
homogenized and submitted to three freeze-thaw cycles to release infectious virus.
After centrifugation at 1,000 g for five minutes to remove debris, the supernatant was
isolated for quantification by plaque assay as previously(135, 188). All experiments
comparing DBA2/J and TNNI3K' were performed on littermates. Each day in the time
series experiments was performed as a separate experiment, and results are shown

together for simplicity.

STATISTICAL AND BIOINFORMATICS ANALYSIS
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Statistical analyses were conducted with the freely available program R and Graphpad
Prism version 6. Time course data was analyzed by two way ANOVA. P-values within
time course figures represent Sidak corrected row means comparisons with p-values
generated *P<0.05, **P<0.01 and ***P<0.001, ****P<0.0001. Evans Blue image analysis
was performed using Imaged software(356) and is expressed as the percent of EBD
positive surface, area relative to total myocardial surface area. Microarray analysis was
performed as previously described to identify differentially expressed genes and those
highly expressed in both strains(188). Interferon stimulated genes were annotated using
the ISG and Interferome databases(324, 325, 357), DAVID(326) and by Ingenuity

Pathways Analysis (Ingenuity® Systems, ingenuity.com) upstream analysis tool.

ISOLATION ,CULTURE AND INFECTION OF ADULT VENTRICULAR
CARDIOMYOCYTES

Isolation of mouse adult ventricular cardiomyocytes was performed according to
previously described methods(247). Briefly, mice were heparinized with 50U heparin in
PBS before being anaesthetized with sodium pentabarbital. Hearts were removed
aseptically and mounted on a canula and perfused retrogradely for 2-3 minutes in heart
solution in containing in (mmol/L) 120 NaCl, 5.4 KCI, 1.2 MgSQOg4, 1.2 NaH;PO4, 20
NaHCO3, 5.6 D-glucose, 20 of 2,3-butanedione monoxime (Sigma-Aldrich, St Louis,
Mo), 5 taurine, and 1 pyruvate. This was followed by enzymatic digestion for 10-20
minutes with 1.5mg/ml of type 2 collagenase (Worthington Biochemical, Lakewood) in
heart solution. Gravity sedimentation in heart solution containing 5mg/mL BSA (A1470,
sigma) was followed by two was steps in increasing calcium concentration (0.2mM,
0.4mM, 0.6mM). Cardiomyocytes were plated in heart medium (M1018 Sigma)
containing (in mmol/L) 4.16 NaHCO3; and 9.89 2,3-butanedione monoxime on 6-well
plates coated with 1-2ug/cm? laminin (L2020, sigma). Cardiomyocytes were cultured
overnight prior to infection. Infection was performed using CVB3-H3 virus purified by
pelleting at 189,000 x g(20), quantified by plaque assay and resuspended in heart
medium. Infections were carried out at an MOI of approximately 10X for 1 hour. After 1
hour, heart medium was changed, and 1 well was immediately extracted as baseline

t=1hr RNA; collections also occurred 24, and 48 hours later. RNA was prepared using
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RNeasy spin columns as per the manufacturer’'s instructions. Gene expression and
relative CVB3 quantification was calculated relative to t=1hr by 27-60Ct

calculations(286).

MICROARRAY AND QPCR

Total RNA was extracted from ~30mg of heart tissue 4 days post-infection from a
transverse section using Qiagen RNeasy extracton kit. Quality control by agilent
bioanalyzer, cDNA synthesis and microarray hybridization was performed at the McGill
University and Genome Quebec Innovation Centre. Three infected and three uninfected
female mice of each genotype were independently prepared and analyzed on an
lllumina Mouse-WG6 version 2.0 array. Normalization, and analysis was performed
using FlexArray(327), expression values were normalized using the RMA, VST and
Robust Spline options of lumi. Quantitative PCR primers were designed to span exon

junctions with the help of primer3plus(285), experiments were performed in duplicate.

LIST OF PRIMERS USED:

CVB3-H3 forward: ATGGCAGAAAACCTCACCAG, CVB3-H3 reverse:
ATGTTCTGCCCAAACAGTCC, Cxcl1 forward: CACCTCAAGAACATCCAGAGC, Cxcl1
reverse: CTTGAGTGTGGCTATGACTTC, Gapdh forward:
AAGGGCTCATGACCACAGTCC, Gapdh reverse: GATGCAGGGATGTTCTGG, Sele
forward: CCATGTGCCTTCTTACAACG, Sele reverse: TTAAGCAGGCAAGAGGAACC,

lcam1 forward: AGACGCAGAGGACCTTAACAG, lcam1 reverse:
ACTGTGGGCTTCACACTTCAC, Tnfa forward: CATCTTCTCAAAATTCGAGTGACAA,
Tnfa reverse: TGGGAGTAGACAAGGTACAACCC, Ifng forward:

CACGGCACAGTCATTGAAAG, Ifng reverse: CATCCTTTTGCCAGTTCCTC



135

RESULTS

INCREASE IN ACUTE MYOCARDIAL VIRAL REPLICATION IN TNNI3K™ MICE

We had previously identified the Vms1 locus on distal chromosome 3 as a modifier of
viral myocarditis(135, 188). Mice with the A/J allele of Vms1 (Vms1?) are less able to
control viral replication, while expressing equivalent levels of type | interferon in the
heart. A/J and Vms1? hearts carry the same allele of Thni3k as DBA2/J, C3H/HeJ, and
BALB/c. These strains express carry a SNP (rs498126119) that is recognized by the
nonsense mediated decay pathway resulting in extremely low levels of Tnni3k
transcript(350, 353, 358). The C57BL/6, C57BL/10, 129, AKR and MRL strains carry the
(rs498126119) version of Tnni3k and express the gene at normal levels exclusively
within the myocardium. Cardiac specific overexpression (5-20X) of a human cDNA copy
of TNNI3K (TNNI3KY9) has been shown to recapitulate phenotypic aspects of
rs498126119(350, 353). The coincidence of Tnni3k with the peak of genetic linkage to
viral myocarditis, and the cardiac specificity of Tnni3k encouraged us to test whether

overexpression of Tnni3k might modify the progression of viral myocarditis.

While A/J and DBAZ2/J are essentially a null for Tnni3k expression, and C57BL/6,
C57BL/10 are normal expressers, TNNI3K' express between 5X and 20X normal levels
of Tnni3k. If no Tnni3k expression in Vms1? was causally related to higher viral
replication relative to normal Tnni3k in Vms1®, then it might be expected that
overexpression of TNNI3K in TNNI3K' mice would confer even more resistance than
the Vms1® allele in inbred mice. At day 8 post infection, virus was cleared more
effectively (T-Test P=0.0334) and in many mice to undetectable levels in TNNI3K'® mice
as compared to wildtype seeming to support our initial hypothesis (Supplemental Figure
1). However, phenotyping at earlier time points in a similar manner to experiments on
Vms1? vs. Vms1® mice, revealed a more complex situation. Viral replication as
measured by plaque assay was relatively low and virtually identical across days 2 and
day 4 post infection; furthermore, the significance of the difference seen at day 8 did not
survive correction for multiple testing (P=0.0784) [Figure 1A]. Since CVB3 genomic
RNA is more abundant than fully infectious plaque forming units (PFU), we next sought
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to confirm our plaque assay results by the more sensitive quantitative RT-PCR (gPCR)
for CVB3 genome and also to include a time point 6 days post-infection to see if a trend
emerged. Across the course of infection TNNI3K' mice have significantly higher viral
RNA in their hearts than wildtype DBA2/J (P=0.0030). This difference was significantly
different as early as 2 days post-infection (P=0.0094), and continued through days 4
(P=0.0008), and 6 (P<0.0001) post infection. These results taken together indicated that
from early time points in infection, overexpression of TNNI3K led to increased levels of

virus replication in the heart.

INCREASE IN SARCOLEMMAL DISRUPTION AND MYOCARDITIS IN TNNI3K™
MICE

We had previously described significant correlation between viral replication and
sarcolemmal disruption in [B10.A x A/J]F2 mice (Spearman p =0.61, p<0.0001)(188).
Tnni3k expression has been found to decrease myocardial integrity under acute insults
such as ischemia(349), and chronic insults such as transverse aortic constriction or
calsequestrin overexpression (350, 352). Given a suggestive increase in viral replication
as early as day 4, it was of interest to determine if sarcolemmal disruption would
correlate with viral replication. It was found that while viral replication occurs at high
levels four days post infection, very little sarcolemmal disruption occurred until six days
post infection when it was significantly higher in TNNI3K' than in wild-type mice
(P=0.0030) [figure 2]. This trend shifted by day 8 post infection where sarcolemmal
disruption in TNNI3K' mice remained relatively high, but the mean difference compared
to wildtype decreased from 7.2+2.0% at day 6, to 4.0£1.9 at day 8.

Inflammation in the heart was not clearly present on day 4 in either group [Figure 3].
Myocarditis score in TNNI3K' increased to an average score of 2.8+0.52 by day 6, and
continued to worsen on day 8 at an average score of 3.2+0.28. Inflammation is
comparatively mild in the wild-type DBA2/J mice with average myocarditis scores of
0.59+0.19 at day 6, and 1.33+0.25 at day 8. Both of these differences were highly
significant (P<0.0001). No histological differences were observed in uninfected animals,
and both TNNI3K" and wild-type DBA2/J exhibited occasional dystrophic calcification
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[Supplemental figure 2](130-132). These results taken together with viral replication
data indicate that TNNI3K overexpression leads to an early increase in replicating virus,
followed by an increase in sarcolemmal damage, and fulminant inflammation of the

sarcolemmal tissue.

MICROARRAY ANALYSIS OF DBA2/J AND TNNI3KTG REVEALS COMMON AND
DIFFERENTIAL GENE EXPRESSION IN RESPONSE TO CVB3

By day 4 post infection there is no clear infiltration of the myocardium, or extensive
necrosis [Figures 2 and 3], but viral replication has reached a high level and is
differentially controlled between TNNI3K' and wild-type mice. We therefore chose this
time point to use global transcription profiling to ascertain factors that might account for
the intense necrosis and inflammation occurring at later time points. Genes with
absolute fold changes following infection in both strains greater than 1.65
(corresponding to the top 106 probes, or 72 genes) were first analyzed using the DAVID
bioinformatics tool. Functional annotation clustering identified “immune response” and
“antigen processing and presentation” as being the most significant gene ontology (GO)
terms present in the data (q=9e-13 and 6.1e-8 respectively). The strong up regulation of
class | MHC molecules was consistent with interferon stimulus, so highly expressed
genes were then analyzed with the Interferome bioinformatics tool. Of the 72 genes in
the dataset, 42 were consistent with a type | or type Il interferon response and 9 were
consistent with a type | response only. This suggests the sensing and signaling
pathways involved in generating and responding to a type | interferon signal are
essentially intact in both DBA2/J and TNNI3K' mice. This is supported by no significant
differences in qPCR results for /fnb1 across the course of infection [Supplemental

Figure 3].

Differentially expressed genes were identified using a stepwise approach: only probes
where mean expression in at least one condition was above the bottom 40% all probes
were included, to reduce spurious results. Only genes where the ANOVA interaction
term between strain and infection was significant were included. Only genes where

either genotype was differentially expressed (1.5 fold change, p<0.05) were included.
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Finally, genes were ranked by difference in strain means, and a threshold was set such
that only genes in the top 5% of difference were included. This list was further
incrementally simplified to remove genes where expression differences were parallel or
where unlikely to be meaningful, as previously(188). A total of 65 genes were identified
as preferentially expressed in TNNI3K' hearts. DAVID functional annotation clustering
identified “immune response”, “defense response” and “inflammatory response” as the
most significant GO terms within the gene list (g= 1.5e-5, 3.5=-5 and 7.9e-5
respectively). Interferome analysis of this genelist indicated that unlike the core
expression program, which could be explained by type | interferon alone, TNNI3K"
specific expression also pointed to type Il interferon [Figure 5a]. This was refined further
using Ingenuity Pathway Analysis upstream analysis tool which confirmed that a
signature of interferon-y was strongly present, but also TNF-a and IKK2/NF-kB signaling.
Genes corresponding to these pathways and their corresponding fold changes are
shown in [Figure 5b]. Selected cytokines, chemokines and adhesion molecules
associated with inflammation were tested to both verify microarray results and further
characterize response. The most differentially expressed cytokine, Cxcl1 (KC) from the
microarray was found to be highly differentially expressed as early as day 4 post-
infection. Also identified at day 4, were the adhesion molecules Sele (e-selectin) and
lcam1 (ICAM-1). These were followed by Ifng (IFN- y) and Tnfa (TNF-a) by day 6.
Cxcl10 (IP10) expression was significantly increased across the entire infection
(P=0.0082), but was not significantly different at any individual time point. These results
taken together suggest that both DBA2/J and TNNI3K are responsive to CVB3
infection in a number of equivalent ways, but that TNNI3K'® hearts also respond with an
early burst of KC as well as upregulation of adhesion molecules. This is followed by an
increase in cytokine markers of inflammation at a time point when necrosis and

inflammation becomes histologically apparent.

DIFFERENTIAL VIRAL REPLICATION AND INFLAMMATORY RESPONSE IN
PRIMARY CARDIOMYOCYTES

In view of the discrepancy of phenotype between Vms7® and TNNI3K™ mice, we

questioned the role of TNNI3K in virus replication and inflammatory response in primary
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cardiomyocytes. The cardiomyocyte is known to be a TNF-a producing organ under
stress conditions (359), and this occurs at least partially in a p38 dependent manner
(360). Primary cardiomyocytes have also been convincingly demonstrated to produce
IP10 upon treatment with type Il interferon (259). To ensure that early elevation of Cxcl1
and viral RNA were originating from cardiomyocytes expressing TNNI3K transgene
rather than another cell-type contained within whole heart tissue, adult primary
ventricular cardiomyocytes were isolated and infected with CVB3. In cardiomyocytes
infected with CVB3, it was determined that TNNI3K' cells produce both more viral RNA
following infection and also express more Cxcl/1. The presence of TNNI3K'" resulted in
significantly increased CVB3 and Cxcl1 across the observed 48-hour infection
(P=0.0036, 0.0080), and in particular at 24 hours post infection (P=0.011, P=0.031).
These data indicate that TNNI3K overexpression leads to increased viral replication and

inflammation in cardiomyocytes.
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DISCUSSION

The relationship between viral infection, myocarditis and cardiomyopathy is complex(41,
184, 185), and clearly heterogeneous(115, 175, 186, 361). Factors controlling
experimental viral myocarditis include availability of viral receptor(45, 46, 53), innate
sensing of virus (240, 244, 298, 362, 363), production of and response to cytokines(242,
243, 248, 299, 364-366), infiltrating immune cells(259, 367, 368), generation of an
adaptive immune response, the development of autoimmunity(133, 186, 369) and
more(184, 185, 267, 370, 371). Nonetheless, to date it remains unclear which host
genetic factors describe the remarkable degree of clinical heterogeneity in dilated
cardiomyopathy and myocarditis (177, 361). Multiple groups have analyzed natural
variation in patients (372), and in model organisms(20, 118, 135, 143, 186, 188) to
understand. So far, the role of the mouse major histocompatibility locus (H2)(25, 26),
the T-cell receptor locus(143), and proximal chromosome 1 have all been genetically
implicated(134, 369). We previously identified the viral myocarditis susceptibility 1
(Vms1) locus on mouse distal chromosome 3 as determining early viral replication,
acute infiltration and sarcolemmal necrosis. The Vms1 locus was confirmed by
replication in two separate test crosses, [B10.A x A/J]F, (135), [B6x B6.chr3™F, (188),

and also using congenic lines of mice [unpublished data].

The leading candidate gene for the Vms17 locus is the Tnni3k gene. Peak genetic
linkage was found to correspond with the location of Tnhni3k(135, 188). Tnni3k is
expressed at different levels in inbred strains due to a SNP (rs49812611%?) that results
in nonsense-mediated decay and extremely low levels of Tnni3k transcript(350, 353,
358). Tnni3k is expressed exclusively in the heart(349, 351, 353, 354), and appears to
become activated under stress conditions including heart failure(349, 350, 353, 373-
376). Tnni3k is known to modulate heart failure, hypertrophy, cardiomyocyte necrosis,
ROS species and the p38 signaling cascade (349-354). The sub-cellular localization
and function of TNNI3K is currently in dispute. One study demonstrated collocalization
with the cardiomyocyte nucleus in neonatal rat ventricular cardiomyocytes by western
blot and immunostaining (349). The other possible location of TNNI3K within the cell is

in the sarcomeric Z-disc, within the desmin ring structures. This was also determined by
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immunostaining but in DBA2/J, C57BL/6 and TNNI3K" adult mice (353). To test
whether or not Tnni3k could play a role in viral myocarditis we investigated the response
of DBA-TNNI3K' mice to infection with CVB3.

Using a Tnhni3k humanized mouse for TNNI3K'® model, we found that TNNI3K
overexpression led to an increase in viral replication and inflammation in response to
CVB3 infection at the level of isolated cardiomyocytes. This increase in viral replication
was recapitulated at the organ level of the heart during acute infection. While highly
significant differences in viral RNA were detected in the heart, differences were
tempered at the level of viable plaque forming units. Furthermore, both TNNI3K' and
wildtype mice appear to be able to clear virus from the heart, and though TNNI3K
overexpression allows higher peak viral replication, TNNI3K' mice also cleared virus
more rapidly by day 8 post-infection. This rapid clearance is associated with a high cost,
as TNNI3K'® mice also develop substantially greater necrosis and inflammation in the

process.

The molecular mechanism underlying TNNI3K enhancement of inflammation is still
unknown, but gene expression profiling combined with studies by other groups provides
some clues. At basal conditions Tnni3k deficient and Tnni3k sufficient mice exhibit no
apparent cardiac differences; however, under stress conditions Tnni3k sufficient or
TNNI3K overexpressing mice develop severe pathology (349, 350, 353, 358, 377).
TNNI3K is phosphorylated under stress conditions such as transverse aortic
constriction(353). These results are consistent with a hypothesis that Tnni3k is a kinase
activated via phosphorylation during cardiac stress. Tnni3k has been described to
phosphorylate and thereby activate the p38-signaling pathway(349). The p38 kinase is
a well-known modulator of both inflammation and cardiac hypertrophy(378, 379).
TNNI3K modulation of p38 might serve to account for both cardiac hypertrophy seen in

TNNI3K' mice(353), as well as the altered inflammation reported here.

Alternatively, the TNNI3K'® expression program seen here might be the result of
increased IKK2/NF-kB activity. Inhibitor of kappaB kinase beta (IKK2) activates NF-kB
by phosphorylating the inhibitor IkB leading to its degradation and freeing NF-kB. IKK2 is

itself activated when phosphorylated so it is also a potential direct or indirect target of
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TNNI3K kinase activity(380). Remarkably CVB3 infection alone of HelLa cells is
sufficient to activate NF-xB signaling by an apparently 1kB independent and Akt
dependent mechanism. In the context of CVB3 infection, blocking NF-«xB activation
markedly decreases infected cell viability and released viral particles. This suggests that
the NF-kB pathway may be important for maintaining cellular survival during infection.
However, sustained activation of NF-kB by TNF-a also leads to cell death, indicating

that a delicate balance is required(303).

An apparent contradiction of phenotypes exists between of TNNI3K overexpression in
TNNI3K' mice (high inflammation, high necrosis, high acute viral replication) and
Tnni3k expressing Vms1® mice (reduced inflammation, necrosis and viral replication). A
number of factors may help to explain this: Vms1® and TNNI3K' mice were studied on
different genetic backgrounds, and background effects certainly play a role in
experimental CVB3 infection. The TNNI3K transgene is expressed between 5-20X more
than natural Vms1® expression levels. Regulation of inflammation within the context of
viral myocarditis is critical. If Tnni3k positively modulates innate cardiomyocyte driven
inflammation, then normal expression may be beneficial whereas overexpression is
conducive to excessive inflammation. A noteworthy example is the chemokine CXCL10,
whose expression is significantly stimulated by the presence of the TNNI3K transgene.
CXCL10 secretion by cardiomyocytes has been shown to be critical for the recruitment
of NK cells and viral clearance at early time points during infection. However at later
time-points the chemokine correlates with infiltration of activated thymocytes during the
myocarditis phase without affect on virus load(259). Despite a significant initial benefit
for virus growth, we have observed lower titers in hearts of TNNI3K'Y mice late in
infection. Thus it would be of value to examine in more detail the ability of TNNI3K to
elicit cell-mediated antiviral responses to better comprehend possible advantages of

natural Vms1° expression.

Comparatively greater viral replication may also be explained through a p38 specific
mechanism, as recent in vitro based study demonstrated that p38 signaling was anti-
apoptotic and conducive to increased viral replication(108). /n vivo inhibition of p38 also

enhanced viral replication as measured by in situ hybridization of virus in the heart (278).
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Hence, activation of p38 could also explain the dramatic loss of cardiomyocyte
membrane integrity typical of necrotic death revealed by Evans blue staining in hearts of
in TNNI3K'® mice as well as elevated virus progeny. CVB3, like other viruses, subvert
host-signalling pathways for their own benefit. It is then reasonable to ask if the
TNNI3K-mediated response, which is clearly of advantage for initial propagation of

CVBa3, is manipulated directly or indirectly by the virus itself.

Counterintuitive results in myocarditis studies are not unusual. Clinically it has been
reported that patients who initially present with the most severe symptoms of
myocarditis (fulminant myocarditis) recover more commonly than those with merely
acute myocarditis (168). This result was replicated in a broader study, demonstrating
that though fulminant myocarditis could be lethal if untreated, long-term prognosis was

substantially better than for acute and chronic myocarditis (381).

It is clear that Thni3k does play a role in viral myocarditis, in particular by permitting
higher viral replication and leading to heightened inflammation. The role of Tnni3k in the
context of specific signaling cascades, in particular p38 or NF-kB, and under different

genetic backgrounds will require further studies.
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FIGURE AND LEGENDS TO FIGURES:

FIGURE 1: ELEVATED VIRAL REPLICATION IN TNNI3K'™® MICE COMPARED
TO WILD-TYPE

(a) No significant difference detected in viral replication as determined by plaque
forming assay in TNNI3K' and wild-type DBA2/J mice at days 2, 6 and 8 post-infection
(two-way ANOVA genotype effect P=0.5997). (b) Log10 of relative expression of CVB3
RNA is significantly higher in TNNI3K' mice across the course of infection (two-way

ANOVA genotype effect P=0.003).
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FIGURE 2: ELEVATED SARCOLEMMAL DISRUPTION IN TNNI3K™ MICE

(a) Significantly higher sarcolemmal disruption in TNNI3K' is observed across the
course of infection (two-way ANOVA genotype effect P=0.0009) at day 6 (P=0.0030)
and suggestively at day 8 (P=0.1092). Values of sarcolemma disruption were calculated
as the fraction of affected area relative to total myocardial surface area using Evans
blue dye image analysis at the indicated times. Mean and standard error obtained for at
least N=7 mice/time-point are shown. (b) Representative sections showing damaged
myofibres in both DBA2/J and TNNI3K' mice at day 6: light areas correspond to

fluorescence due to EBD uptake.
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FIGURE 3: ELEVATED INFLAMMATION IN TNNI3K™ MICE

(a) Greatly increased inflammation in TNNI3K' from days 6 to 8 post infection
(P<0.0001). H&E stained sections were performed twice Day 8 once using cryosections
as part of EBD image analysis, and a second time with paraffin embedded formaline
fixed sections shown in (b). Data are shown as mean +/- standard error for at least N=7
mice per time point per group. Results were comparable by both embedding techniques
but only the formaline fixed sections are shown in this figure. (b) Top: Representative
sections showing intense necrosis, with large and diffuse leukocyte infiltration foci in
TNNI3K mice. DBA2/J mice have low to moderate focal myocarditis. Bottom:
identically digitally magnified regions of inflammation are shown with arrows indicating

corresponding region of original unmagnified image.
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FIGURE 4: INTERFERON RESPONSE COMMON BETWEEN TNNI3K™® AND
DBA2/J HEARTS FOLLOWING INFECTION

The core response program of genes highly (but not necessarily differentially)
responding to CVB3 infection in TNNI3K'® and DBA2/J hearts 4 days post-infection. All
genes with fold changes of at least 1.65-fold (increase or decrease) in both TNNI3K'"
and DBA2/J mice (106 probes corresponding to 71 genes) were included. (b) Interferon
sub-type analysis showing 48 of 71 genes identified as either responsive to Type-| or

Type-ll interferon by Interferome (357).
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FIGURE 5: UPSTREAM ANALYSIS INDICATIVE OF RESPONSE TO TNFA,
IFNY AND NF-kB

Microarray fold changes of genes identified to be preferentially upregulated for
TNNI3Ktg mice 4 days post-infection were further subsetted using IPA upstream
analysis tool for the top 3 biologically relevant pathways: response to TNFA, IFNY and

IKK2/NF-kB stimulus.
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FIGURE 6: DIFFERENTIAL EXPRESSION OF CYTOKINES AND ADHESION
MOLECULES

Quantitative RT-PCR (qPCR) comparing mRNA levels for differentially regulated genes
in TNNI3Ktg and DBA2/J hearts at 2, 4,6 and 8 days post CVB3 infection. Normalized
gene expression data are shown as mean +/- standard error for at least N=5 mice per

mice per time point per group.
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FIGURE 7: DIFFERENTIAL EXPRESSION OF CYTOKINES AND ADHESION
MOLECULES

Quantitative RT-PCR (qPCR) comparing CVB3 mRNA levels in primary cardiomyocytes
isolated from TNNI3Ktg and DBA2/J hearts, and infected in vitro. Normalized gene
expression data are shown as mean +/- standard deviation for at least N=5 mice per

mice per time point per group.
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SUPPLEMENTAL FIGURE 1:

Viral replication at day 8 by plaque assay. Viral replication difference is significant by
two-tailed T-test (P=0.0334).

Log pfu/mg
Y ¢ $ ¥
n

O &
& <
N

Day 8 Post-Infection



160

SUPPLEMENTAL FIGURE 2:

H&E staining in the Myocardium in uninfected animals showing no clear differences.
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SUPPLEMENTAL FIGURE 3:

Interferon 3 expression after infection, no significant differences between strains at any

time point.
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CONCLUSIONS AND GENERAL DISCUSSION

Coxsackievirus B (CVB) is an enterovirus, which spreads in mid to late summer. CVB
infection is very common with estimates ranging between 9% of individuals up to 70% of
individuals possessing serological evidence of previous exposure. Severe infection is
less common though up to 5% of reported cases of CVB infection are fatal, suggesting
that the maijority of infections go unreported. Severe infections can result in fatal
meningitis, pancreatitis, hepatitis or myocarditis (30, 31, 33-35, 43, 44). Multiple
mechanisms have been proposed to account for differential virulence between infected
hosts: differential virulence between individual isolates of CVB, genetically determined
differential response of the host to infection, environmental factors in the context of
infection, or simply bad luck. Which of these factors controls the severity and specific
pathogenesis of any given CVB infection? After over 65 years of research on CVB

infections (8), we can definitively say all of the above.

Bad luck: As an enterovirus, CVB replicates its genome as a quasi-species. Each
replication produces on average, one base pair substitution. In other enterovirus
species such as poliovirus, this diversity has been shown to be a key determinant of
virulence. Genomic diversity and quasi-species repertoire are required for access within
specific tissues, and lethality of infection (74-81). That quasi-species diversity, or that
generation of virulent sub-strains of coxsackievirus within a single infection, lead to
severe outcomes has yet to be formally demonstrated. However, even within a
controlled environment, the inter-individual variability of phenotypic responses is
considerable. This variability is high within a single experiment, under identical housing
conditions, at identical ages, on identical diets, within a single genetically defined inbred
mouse strain, even when starting with a clonal isolate of CVB (see chapter 2, Figure 1,
and figure 2A, 2B from (135)). Though the quasi-species nature of CVB3 may be one
mechanism to generate this variability, others surely exist. Similar intrastrain variability
is also evident during experimental autoimmune myocarditis (see figure 1A, 1B from
(133)), demonstrating that high variability in myocarditis phenotypes is not solely
dependent on coxsackieviral infection. Stochastic phenomena beyond host and viral



163

genotype clearly play a substantial role in determining the course of pathogenesis

during CVB3 infection and myocarditis.

Environment: The seasonal nature of coxsackievirus outbreaks is intriguing. What is it
about late summer that leads to the epidemic spread of coxsackievirus? The virus is
quite stable and resistant to inactivation (382). The mechanisms here are unknown, but
the phenomenon of “summer grippe” or coxsackievirus infection has been reported
since at least 1911(383). Perhaps enteroviruses are spread effectively in swimming
water? It might also be possible that coxsackievirus infection is actually endemic within
the population, but severity varies seasonally. Seasonal monitoring of immunoglobulin
levels could be measured to ascertain whether recency of infection in the population as

a whole coincides with late summer epidemics.

Keshan disease is a congestive form of cardiomyopathy that has been recognized in
regions where soil is deficient in Selenium. Consuming selenium deficient grain leads to
Selenium deficient individuals and this combined with coxsackievirus infection leads to
cardiomyopathy. Coxsackievirus within selenium deficient infected mice is rapidly
selected for cardiovirulence, indicating that host Selenium sufficiency is crucial in
determining pathogenesis (384). Caloric intake has also been shown to clearly modify
virulence, but again the precise mechanisms governing this phenomenon in CVB
infection are unclear (17, 191). In our own studies, following a transfer between two
facilities we noticed a profound shift of susceptibility between genetically defined strains.
In an attempt to follow up on this effect, we have investigated the role of diet, and found
a clear and reproducible effect of diet on multiple aspects of CVB3 pathogenesis. The

mechanism of these effects will be more fully characterized in a future publication.

Viral factors: Original isolates of coxsackievirus were characterized based on their
capacity to induce neurological symptoms: meningitis and flaccid or shaking paralysis.
Intracerebral passage of the virus created isolates that would reproducibly induce these
symptoms. Other isolates including the commonly used Woodruff lineage CVB3 isolates
(M, W, NR, CG, H3 etc...) have been prepared by passaging virus from the heart (21).
In both cases, internal pathologies caused by the virus are a probably a sideshow to its
natural life cycle. The virus passes from person to person via a fecal oral route, so
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replication within brain or heart is unlikely to lead to reproduction. Conversely, viral RNA
persistence in the heart has been described experimentally, and observed in humans.
Perhaps long term persistence within long-lived and quiescent cells such as the
cardiomyocyte or neuron is a mechanism for establishing latency? If so, reactivation

and passage of reactivated virus into the stool will still need to be demonstrated.

Virally genetically controlled mechanisms of cardiovirulence have been elucidated
including mutation in the VP2 region (21, 22). Other mutations within the 5’ untranslated
region (UTR) of the CVB3 genome have also been shown to modulate virulence (23, 24,
385). Between highly related strains virulence is clearly variable between specific
isolates. In our own studies, myocarditic strains (CVB3-CG and CVB3-H3) produced
equivalent effects in inbred strains (CSS3 and C57BL/6)(188). To achieve this
experimental outcome 400pfu/g (=8000PFU) of CVB3-CG was required, but only
10pfu/g (=200PFU) of CVB3-H3 was required. Working stocks of both viruses were
prepared in HelLa cells, quantified in several aliquots across several plaque forming
assays, and diluted in the same PBS prior to infection. Clearly some feature of the viral
genome within these two isolates influences the ability of each virus to establish

cardiovirulent infection (135, 188).

Host genetics: Surveys of genetically defined inbred strains have demonstrated a clear
role for mouse background strain in determining susceptibility to infection (20). Specific
genomic regions such as the major histocompatibility complex (H2) were able to
modulate susceptibility within a single background. Comparison between different
genetic backgrounds carrying the same HZ2 allele revealed that while H2 modulated
disease severity, it did not account for most of interstrain differences observed (26, 118).
In addition to H2, genetic mapping techniques used to study these innate differences
have so far identified several genomic regions controlling susceptibility to viral
myocarditis and related phenotypes: One gene (Abcc6) on chromosome 7 controls
dystrophic calcification and necrosis (130-132); 3 QTL on chromosomes 1, 4 and 6
control experimental autoimmune myocarditis (133, 134, 369); 3 QTL control viral
myocarditis on chromosomes 1, 3 and 4 (135); and 2 non-H2 QTL on proximal

chromosome 17 control viral autoimmune myocarditis on chromosome 17 (145). The
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Eam and Vms QTL on chromosomes 1 and 4 were linked to non-overlapping regions,
therefore to date at least 10 distinct genomic regions have been identified to contribute

significantly to myocarditis and associated phenotypes.

Following screening the BcA/AcB recombinant congenic panel, we found that most
strains were susceptible to lethal CVB3 infection. This was initially surprising, but this is
actually in keeping with other complex traits, which have been determined to be highly
polygenic and subject to pervasive epistasis (386). In a study of 90 phenotypic traits
across CSS panels and within individual CSS mice, it was found that QTL often have
larger effect sizes than expected. If each QTL contributed additively to the end
phenotype, one would expect the sum of QTL effects to equal interstrain differences
(i.,e.: Q1 + Q2 +... QN < A-B). What was found was that the average CSS phenotypic
effect was actually 76% of the interstrain difference. Further studies determined that
non-additive interactions must be a contributory factor. Our study of [B10.AXA/J]F;
identified 8 suggestively or significantly linked regions, and the susceptibility to lethal

CVB3 infection in most BcA strains is likely the result of similar phenomena.

The effects of depletion, abrogation or overexpression of specific components of the
immune system in the context of coxsackievirus infection are increasingly well
described (387). Control of survival during early infection is apparently dependent on a
prototypical innate immune sensing circuit. Global gene knockouts for cytosolic RNA
sensing MDADS5, its cognate adapter MAVS, downstream gene product IFN-B and its
cognate receptor IFNAR1 all lead to early lethality temporally associated with hepatic
necrosis and excessive hepatic viral replication (190, 235-237), showing this pathway is

non-redundant in the control of early hepatic infection.

We found a phenotype in BcCA86 mice reminiscent of a defect in this circuit: hepatic
necrosis and early mortality. Linkage analysis identified a region on distal chromosome
13 that controlled some of this difference with numerous attractive candidate genes.
Linkage to a background (non-A/J) segment of the BcA86 genome suggests the
possibility of a de novo mutation within the BcA86 strain. That F, mice homozygous for

the BcA86 genotype on distal chromosome 13 do not seem to have any problem
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producing IFN-R transcript suggests the causal mutation may be in one of the many

downstream interferon stimulated genes.

Downstream of IFNAR1 signaling, signal transducer and activator of transcription 1 and
2 (STAT1, STATZ2) combine with interferon regulatory factor 9 (IRF9) to form ISGF3 to
bind interferon stimulated response elements (ISRE) and induce interferon stimulated
genes (ISG) (214). At the time of writing, the list of genes which have been identified to
be IFN type | stimulated at a fold change of greater than 2 and a p-value less than 0.05
is 1690 in the mouse, and 2156 in humans. Including both IFN-y and IFN-A increases
the sum of ISGs to 2825 and 3747 in humans and mice (357). Recently, an IFNAR1,
IFN-R dependent and STAT1, IFNAR2 independent transcription program has also
been described (388). Which of these transcription programs (STAT1 dependent or
independent) and which of the approximately 3000 ISG is non-redundant in controlling
early viral replication and hepatic necrosis in BcA86 mice is unclear. Located within the
1.5 LOD interval on distal chromosome 13 are 149 protein coding genes, at least 22 of
which are ISG.

Consistent with the hypothesis that different type | IFN profiles and ISG contribute to
protective responses to CVB, it has been shown that survival of pancreatic islets during
CVB4 infection depends on at least two ISG. RNase L was found to be essential for in
vitro survival of infection of cells that were stimulated with interferon-a, while PKR was
required for survival in cells stimulated with IFN-y. Unstimulated RNaseL and PKR
global knockouts were highly susceptible to CVB4 infection in vitro and in vivo (389).
Host genomes evolve mechanisms to limit viral replication, and viral genomes are
selected to evade those many ISG effector mechanisms. It is therefore intuitive that a

variety of the thousands of ISG will be involved in resisting and resolving viral infections.

Administration of type | IFN or IFN inducing TLR agonists is cardioprotective in vivo
(273, 390). Moreover, unequivocal evidence that IFN-R inhibits viral replication in the
cardiomyocyte was presented ex vivo by treating primary adult cardiomyocytes with
IFN- prior to infection (247). Nevertheless, whatever protections the type | IFN system
may provide, during the course of infection it appears to be functionally redundant. In
IFNAR1 and IFN-3 global gene knockouts no significant effect on viral replication or
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inflammation in the heart was observed (190, 237). So which features of the host
response to CVB3 infection are non-redundant, and which if any are intrinsic to the

cardiomyocyte?

Sensing of CVB3 infection by TLR3 mediated mechanisms clearly plays a role. Absence
of TLR3 during CVB3 infection leads to enhanced viral replication within the heart,
delayed clearance of virus from the heart, and death. Lethal infection is associated with
myocarditis, but not hepatitis in TLR3 knockout mice, and gene expression profiling
indicate that an IL-12 and IFN-y cytokine response is different in TLR3 mice(240). TLR3
itself does appear to be expressed within cardiomyocytes and the HL-1 cardiomyocyte-
like cell line. However following the administration of a variety of ligands to the different
toll-like receptors to HL-1 cells in vitro, only ligands to TLR2, TLR4 and TLRS were able
to induce an NF-kB response as measured by expression of IL-6, KC, and MIP2.
Unfortunately, induction of IFN-y was not measured so cardiac specific recognition of
viral pathogen associated molecular pattern by TLR3 cannot be ruled out (391).
Nonetheless, transfer of wild-type macrophages into TLR3 deficient mice reverted most
of the effects of TLR3 deficiency suggesting that TLR3 recognition of dsRNA is
cardiomyocyte independent (241).

Since TLR4 signals strongly activate NF-kB responses within the cardiomyocyte (391),
it is interesting to closely examine the effects of TLR4 deficiency on the cardiomyocyte.
TLR4 global knockout leads to very early increases of cardiac viral replication (day 2),
long before infiltrating inflammation makes an appearance suggesting this is a
cardiomyocyte intrinsic response. TLR4 deficiency also leads to decreased viral
replication and inflammation at later time points in association with diminished IL-13 and
IL-18, indicating TLR4 recognition plays distinct roles during early and late infection
(242). TLR4 uses two adaptors for signalling; MYD88 and TRIF, and these appear to
play opposing roles in the cardiomyocyte response to CVB3 infection. MYD88 is clearly
pathogenic: MYD88 deficiency leads to increased survival, decreased inflammation and,
decreased viral replication at early time points (earliest measured is day 4) following
CVB3 infection. TRIF is clearly protective: TRIF deletion leads to decreased survival,

increased inflammation, and increased viral replication at very early time points (24
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hours post infection). The study of TRIF in cardiomyocyte infection further demonstrated
that this effect was cardiomyocyte intrinsic: viral replication in TRIF deficient embryonic
primary cardiomyocytes was increased (243, 244). The importance of TRIF is
underscored by viral 3CP targeting of TRIF for cleavage (238). Cardiomyocyte specific
overexpression of SOCS1 and SOCS3 recapitulate aspects of this phenotype:
enhanced inflammation and necrosis in the heart (247, 248). TLR4 expression in non-
leukocytes has been reported to be strictly intracellular, namely within the Golgi
complex (392), though its distribution within adult cardiomyocytes has not been
demonstrated. What TLR4 is responding to during a CVB3 infection also remains to be
demonstrated, as CVB3 infection does not produce the canonical TLR4 ligand: bacterial
lipopolysaccharide (LPS). Many endogenous ligands have been proposed, though
these remain controversial (199). Taken together, these studies indicate that at least
one innate pathway within the cardiomyocyte, consisting of TLR4, signalling through
TRIF under regulation of SOCS1 and SOCS3 controls myocarditis. What TLR4 is
recognizing, and whether this is occurring at the surface of the cardiomyocyte or within,

is very much an open question.

Non-redundant mechanisms of resistance outside of the cardiomyocyte have also been
described. Getting back to TLR3, TLR3 sufficiency within the macrophage compartment
was essential for protective production of IL-12 and IFN-y, and global TLR3
overexpression was protective during infection(240, 241). Other IFN-y producing cells
non-redundant for control of early CVB3 replication include the NK cells. Depletion of
NK cells greatly increases viral replication in the heart at early time points(19). NK cell
activation by virally infected cells, and not uninfected cells implies specific recognition or
cytokine activation (257). Abrogation of NK-inhibitory signal in the form of MHC class |
surface expression potently reduced viral replication in the heart as well(258). Natural
killer cells are clearly important for control of CVB3 infection, but how? Activated NK cell
effector mechanisms include production of cytolytic granules, production of cytokines
including IFN-y, and direct killing by triggering TRAIL and FASL death receptors on
infected cells (250). Other enzymes are contained within NK cytolytic granules, however
the pore forming component perforin is apparently dispensable for control of viral

replication in coxsackievirus infection (260). FAS and FASL deficient mice also show no
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significant exaggeration of viral replication following CVB3 infection (393) and TRAIL
mediated killing remains to be studied. Studies on TNF in CVB infection are limited,
however in EMCV induced viral myocarditis, TNF-a deficient mice were less able to
survive infection, and EMCV RNA was significantly higher than in wild type mice, though
this was accompanied by less inflammation. Serum TNF-a peaked between 12 and 48
hours post infection (394). Whether IFN-y itself is protective, or activates some other
protective response is unclear. Pancreatic expression of IFN-y was sufficient to lower
viral replication of CVB4 systemically (262). IFN-y itself has been demonstrated to
induce cardiomyocytes to express the chemokine IP10. IP10 is chemotactic for cells
expressing its receptor CXCR3 such as NK cells. By creating a kind of allelic series with
IP10 knockouts, wild-type mice and transgenic overexpression, it was demonstrated
that IP10 decreases viral replication by increasing recruitment of NK cells to the heart.
Though interpretation of these results was complicated by having high or deficient IP10
expression on different mouse genetic backgrounds (259). A possible mechanism for
cardiomyocyte protection by infiltrating NK cells producing high levels of IFN-y is the
induction of nitric oxide, which appears to be reproducibly, and highly protective (365,
395-397). Mechanistically, this may occur through inhibition of viral RNA synthesis,
protein translation(398) and inactivation of viral proteins(276). The mechanism of
recognition, and killing or control of viral replication by NK cells remains unclear, but
their involvement seems to contribute to control of early replication, probably through

perforin independent mechanisms.

Our results in the [B10.A/A/J]F, and [CSS3xB6]F; fit into this model as follows. A locus
on distal chromosome 3 was identified, which contributes modestly to early control of
viral replication, as well as to later control of viral replication, sarcolemmal necrosis and
myocarditis. Candidate gene analysis and refined mapping identified three genes in

particular which might underlie the Vms1 phenotype: H28, Tnni3k and Fpgt.

H28, also known as interferon induced 44-like (IFl44L) is expressed in the Vms17®
genotype following infection but not in Vms1". H28 has no known function and has only
been previously described as being presented during allograft rejection between
BALB.B (H2") and B6 mice. H28 is an ISG, and has been demonstrated in vitro to
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exhibit anti-viral activity towards several viruses including hepatitics C virus (HCV),
yellow fever virus (YFV), Venezuelan equine encephalitis virus (VEEV), and West Nile
virus (WNV); all of which are + stranded RNA viruses. During HCV infection IFI44L
appears to inhibit protein translation, and act synergistically with other ISG proteins to
inhibit viral replication(222). The closely related and nearby gene IFl44 from which
IFI144L gets is name has been shown to bind and possibly tie up cellular pools of
GTP(399). IFI44L activity might act in concert with other ISG to inhibit CVB3 infection.

No expression differences were noted in the Fpgt gene, however a coding non-
synonymous SNP predicted to be damaging was present within the protein. FPGT
catalyzes the formation of the fucosyl donor GDP-B-fucose, as part of the fucose
salvage pathway(345). L-fucose is a sugar present in glycoproteins involved in
inflammation and immunity, e.g. sialyl-lewis X, the inflammatory ligand of selectins,
contains L-fucose. Moreover, CVB3 infection alters the presence of fucosylated proteins
at the cell surface (400), and this surface difference was proposed as a possible

mechanism for NK cell recognition of CVB3 infected cells (257).

Finally TNNI3K, the best understood of our three candidate genes and the one we
decided to pursue for further studies (349, 350, 353, 401). Several features of TNNI3K
made it an attractive candidate for study. 1) TNNI3K appears to become activated and
mediate effects during cardiac stress. 2) The localization of TNNI3K either in the Z-disc,
or within the nucleus is a strong sign that TNNI3K connects cardiomyocyte functional
state with downstream gene expression. 3) TNNI3K’s reported increase of cellular

reactive oxygen species reminded us the role of reactive (and antiviral) nitric oxide.

By studying an overexpressor of TNNI3K we expected an exaggerated phenotype, and
we were not disappointed. TNNI3K overexpression leads to mild to moderate increases
in viral replication at the cardiomyocyte level, and early on during infection. Though
virus is cleared more effectively at late time points. This curious inversion of control of
viral replication result has also been described for TLR4 deficient mice (242). TNNI3K
leads to greatly increased sarcolemmal necrosis, and inflammation. Microarray analysis
of TNNI3K hearts strongly suggests upstream NF-kB activity, and ex vivo infection of

primary cardiomyocytes supported this.
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TNNI3K dependent increases in NF-kB activity could account for the Vms1 phenotypes
observed. In a normal wild-type «cell, under stressful conditions TNNI3K is
phosphorylated, and initiates a signalling cascade which includes at least p38. This
could amplify signalling through the TLR4-TRIF circuit as described above, leading to
cardiomyocyte cytokine and chemokine expression such as TNF, KC. The heart is
known as a TNF-a producing organ under stress conditions(359), and this occurs at
least partially in a p38 dependent manner(360). This would lead to modestly increased
expression of adhesion molecules, increasing infiltrating cells, and possibly inducing
directly antiviral proteins. The activity of p38 in infected cells, would also favour cellular
necrosis over apoptosis, releasing more viral particles (108, 278), but also more
replicative intermediate dsRNA. Infiltrating macrophages expressing functional
TLR3(240, 241, 372) could sense this dsRNA and begin an IL-12, STAT4, IFN-y
cascade (261). Macrophage IFN-y on cardiomyocytes would induce expression of the
NK cell attracting CXCL10 (259). NK cells arriving which would sense infected cells
more directly, and kill cells either directly, by producing bursts of IFN-y, and TNF-q,
which induce both apoptosis (reversing the p38 pro-necrosis cell death phenotype), and
nitric oxide production. This persists until infection can be cleared either by antibody
mediated inhibition of new infection, or apoptotic kiling of all infected cells. The
proposed innate system is non-redundant because coxsackieviruses are very poor
inducers of MHC class | dependent cellular immunity in vivo, CVB3 almost completely

abrogates class | presentation (402).

In the context of TNNI3K overexpression, the proposed cascade begins similarly but
somehow over-signals through the p38 and NF-kB pathways. Besides its role in
promoting inflammation, NF-kB is a survival pathway, and keeps cells viable. In vitro
experiments in the context of CVB3 infection have shown NF-kB activity is required to
maintain cells alive long enough to replicate and inhibition of NF-kB blocks viral
replication. If TNNI3K is upstream of NF-kB, then overexpression could ensure viral
replication, this is consistent with our ex vivo observation of increased KC and CVB3
RNA in TNNI3K' cardiomyocytes. The reported TNNI3K induction of p38 map kinase
signalling leading to increased cardiac superoxide levels, and necrosis(349) is

consistent with enhanced viral replication and increased necrosis observed in vivo (108,
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278). Inflammation responding to the resultant necrosis and overabundance of
pathogen and damage associated molecular patterns (PAMPs and DAMPs) would be
as severe as observed in CVB3 infected TNNI3K". The effector mechanisms, whatever
they might be are still functional within TNNI3K'® mice, and so the infection is cleared

with the heart sustaining heavy damage in the process.

This thesis was begun with the goal of further determining host genetic contributions to
CVB3 between genetically inbred strains. We were also interested in whether we would
be able to learn about host determinants of tissue specific pathology. Finally, we sought
to provide insight on whether severe viral myocarditis was a result of unequal host
immune responses to roughly equivalent infection, or if unequal control of control viral

replication precedes unequal inflammation between strains.

We have learned that CVB3 myocarditis is genetically highly complex, and like other
complex traits interstrain variation is accounted for by several non-overlapping loci. We
have learned that a locus on chromosome 13 controls liver damage following CVB3
infection. We have learned that distal chromosome 3 controls inflammation, necrosis
and viral replication following CVB3 infection. We have learned that in a Vms1 context,
heightened viral replication precedes cellular infiltration. In the TNNI3K model we also
learned that unequal control of inflammation and unequal control of viral replication are

more entangled than we initially suspected.

We are entering a phase of CVB3 research reminiscent of the pre-Gauntt era where
Woodruff reported that strain of virus and host were both important but the latter has
seen only little attention(15). In multiple laboratories, individual strains of mouse were
being infected with individual viral isolates, and different phenotypic outcomes were
reported. Like the Buddhist parable of blind monks and an elephant, this made cross

comparison difficult.

Today, we face a similar problem (see table 1 in (387)), many genes, pathways or
chemicals are being manipulated in several strains of mouse and then being infected
with various strains of virus. Many have provided specific insight, but integration and

synthesis is rendered tenuous when we know that different host, and virus combinations
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produce non-linear results (26). Systems approaches such as genome wide RNA
silencing of host genes (58), or applied predictive modeling on cell signaling (108) hold
much promise. However if history is any guide, we will at some point require large in
vivo screens interrogating multiple pathways with multiple viral isolates to learn the

answers to our initial questions.
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