ABSTRACT
RIVERA SERRANQ EFRAIN E. Cardiac Cell TypeSpecific Antiviral Responses and
Mechanisms of Viral Antagonism of Cellular Innate Respor(s#sler the direction dbr.
BarbaraSherry).

Viral myocarditis is a leading cause of sudden death in young adults and is found in
approximately 10% of patients with unexplained heart failure. The pathologies observed in
cases of viral myocarditis are associated with direct cytopathicitgriiac cells and/or are
mediated by infiltrating cells of the immune system. The protective type | interferon (IFN
U/ b) system provides a first l ine of defens
antiviral protection against myocarditis. lonpantly, ineffective viral clearance and/or
exacerbated inflammatory responses in the heart contribute to the progression of myocarditis
to dilated cardiomyopathy and cardiac failure. Our laboratory has previously demonstrated
that antiviral responses ithe heart are cardiac cell tygpecific and form an integrated
network of signaling events for organ protection. Here, we further characterized antiviral
signaling pathways that are differentially regulated in cardiac cells. Additionally, we
identified anovel mechanism for viral antagonism of host cellular antiviral responses.

First, we characterized the spontaneous activation of an antiviral signaling pathway in
cardiac myocytes that determines the high basal expression édIFN n t hese cel
demonsrate that components downstream of the MAVS signaling pathway are activated in
uninfected cardiac myocytes but not in cardiac fibroblasts or skeletal myotubes. Moreover,
we identified MAVS to be required for high basal expression ofbfFNi n c artdsi ac my
highlighting a novel role for this protein in the antiviral protection of this poorly
replenishable cell type. Second, we used a comparative analysis between cardiac myocytes

and fibroblasts to test their responsiveness tarftammatory stimuli. Weshow that cardiac



fibroblasts readily respond to several types of stimuli and activate responses that are
regulated by the transcription factor fFB . Il n contrast, cardiac my
tosupport NFe B acti vati on f ol lhisolilkely flugctioestas anprdtegtive o n a
mechanism to prevent ovstimulation of NFe Bdependent prinflammatory responses in

the heart. These two projects provide novel insights into the specialized regulation of cellular
antiviral responses in differentggs of cardiac cells.

Next, we used mammalian reovirus to study mechanisms of viral subversion of
cellular antiviral responses. In mice, reovirus induces myocarditis and protection against this
disease is largely dependent on the /N sy st e m. tdteu? vepresges IFp r o
signaling, which correlates with increased reovimexliated damage to cardiac cells and
myocarditis in mice. Here, we demonstrate that the p2 protein from reovirus strains that are
known to repress IFf si gnal i ng ackarcspeckkes, evisich are hullearn
domains enriched in components of the-mNA splicing machinery. We demonstrate that
M2 binds to and targets the pr&RNA splicing factor SRSF2. We define novel roles for
SRSF2 in the induction of interferatimulatedgenes and for events that are upstream of
reovirus subversion of IF§ si gnaling responses. Furthern
replication and cytopathic effect are enhanced in cells depleted for SRSF2. Lastly, reovirus
was found to induce changes in tHeem@ative splicing of several genes involved in RNA
posttranscriptional regulation and maturation. These results highlight a novel positive role
for SRSF2 in cellular antiviral responses and demonstrate that it can serve as a target for viral

antagonism.
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Efrain is an XY chromosomer hominidHpmo sapiens sapienslominidae) who
behavesfor the most part,saatypical member of his specie&ccording to the Internaticai
Union for Conservation of Nature (IUCN), the conservatiothef mammalian species falls
i n tehaestd LCo n c ealomgwitl ot exanple, ynost domesticated animals and
rural pests.He is the result of a single sexual reproduction event between two other
multicellular organisms thatheow r ef ers to as Omom6é and O0da:
the rural parts of the city of Ponce, the third most populous city in the island of Pieato R
where he lived for twentpne yearsand five months+ four days) Efrain is one of those
creatures who a social scientist would find fascinagngely as a subject of study, but that
most people would find to be extremely awkward. This awkwardréssacterized by a
rather asocial behavior, a severe undiagnosed ADHD, bamdly detectable levels of
melatonin served as the foundation for his passwwaardsscientific inquiry.He received his
bachel or 6s d(@®uynma@umilLaujiélom thd Rmtifigal Caholic University of
Puerto Ricoin 2009and hi s masterd6s degree in plant b
State Universityin 2012 Efrain was lucky enough to land in the laboratoryDof Barbara
Sherry for his dissertation researchhere hs passion for biological research increased
significantly (P < 0.001).Outside the lab, he is an avid ledstance runner, gyraddict
confocal microscopist*, and father dflf a dozenrescue dogsGanis lupus familiaris
Canidageanother speciesconsided as OLCH by the |1 UCN

*The microscope is technically outside the lab, so it does count as a hobby.
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CHAPTER 1

The Protective Roles of Cardiac Intercellular

Communication in the Control of Viral Myocarditis



ABSTRACT

Viral myocarditis is recognized as the second leading cause of sudden unexpected
death in young adults. Over twenty different viruses have been associated with this disease;
yet their mechanisms of pathogenesis ia tleart remain largely unknown. Intercellular
communication between cardiac cells plays a pivotal role in innate immune signaling,
recruitment of myeloid and lymphoid cells, and ultimately in cardiac remodeling. Vast
experimental and clinical data have wmothat the host type | interferon system and
controlled inflammatory responses are important factors in cardiac antiviral protection.
Importantly, the magnitude to which different cardiac cells synthesize and respond to these
signaling cues are largely lceype-specific and together provide an integrated cytokine
signaling network between cardiac cells that ultimately orchestrate antiviral responses.
Because both the extent and duration of these innate immune signaling responses are critical
in the develpment of myocarditis, regulation of these responses is a major target of clinical
cardiac therapy. This review summarizes some of the key aspects in our current
understanding of how innate immune signaling regulates cardiac antiviral protection and
determnes organ outcome in a cell typpecific manner, and how cardiac cells establish a
coordinated interplay of signaling pathways to regulate these responses both spatially and

temporally during viral infection.

INTRODUCTION
In vertebrates, the heart is the first organ to develop and plays critical roles in the

distribution of nutrients and oxygen throughout the body. Despite the essential functions of



the heart, this organ displays limited plasticity after cardiac injurycolmrast with some
amphibians and the zebrafish, the cardiac myocytes found in the adult mammalian heart
possess extremely limited regenerative capdait@). The yearly cardiac myocyte turnover

rate is about 1% in young adults and decreases to about half that frequency in thé3Iderly
Thus, even under optimal regenerative conditions, the heart is unable to regenerate the ~25%
of cardiac myocytes that can be lost during a single myocardial infai@ofmportantly,

the lack of protective physical structures akin to the blm@ih-barrier that protects the
neurons in the central new® system (CNS) renders cardiac cells exposed to a myriad of
biotic and abiotic agents that can compromise organ function.

Myocarditis is clinically and broadly defined as damage and inflammation of the
myocardium, the muscle tissue of the hé€&)t This condition can progress to more severe
conditions such as dilated cardiomyopathy (DCM) and heart failure; the latter representing
one of the major causes of morbidity and mortality worldw@&jeTo date, the only therapies
available for these conditions aim to ameliorate the effects of a myocardial damage but ar
incapable of promoting regeneration of the myocardium to its original -onak@).
Myocarditis is recognized as the second leading cause of sudden death in youn{8pdults
and found in close to 10% of patients with unexplained hearrdégi®). While this disease
has been associated with a wide array of infectious andnfectious agents, in the Western
world viruses are the most common cause of myocarditis, with enteroviruses and
adenoviruses representing the most prevalent viruses foumibmsies (5, 10-12). The
clinical outcome is dictated by the balance between the virulence factors of the virus and the

immunological barriers imposed by the host, in addition to the effects of antivitardan



inflammatory therapy during patient treatméh®). Due to the difficulties in early diagnosis

of this typicallyasymptomact condition, however, medical intervention usually plays a role
solely during the last stages of disease. Many of the signals responsible for mounting strong
innate antiviral responses and inflammatory mediators are dictated by intercellular
communicationbetween different cardiac cells, as well as infiltrating cells of the immune
system once they are recruited to the injured heart. The integration of these responses is
largely cardiac cell typspecific and together orchestrate defense mechanisms teahhet
pathological outcomes. This review summarizes the current knowledge regarding signaling
factors important during cardiac disease and the integration of these intercellular networks in
the control of viral replication. Additionally, it describes tmveral challenges in studying

viral myocarditis in the human population and the current approaches being exploited as

potential therapeutics for cardiac disease.

MYOCARDITIS T WHAT, WHERE, AND HOW

The cardiac muscle is a highly organized tissue mainimposed of cardiac
myocytes, cardiac fibroblasts, and smooth muscle ¢@éBs Myocardial impairment in
mammals is typically the result of a synergistic coalition between the loss and insufficient
regeneration of cardiac myocytes, the contractile cells ahgrecardium. The limited ability
of the differentiated cardiac myocyte to enter the cell cycle and contribute to tissue repair
after injury has long been a subject of contrové€isgl, although it is genaily accepted that
at least a minimal percentage of the cardiac myocyte population has regenerative potential

(15). Although most cases of myocarditis are asymptomatic and resolve spontaneously,



development of this condition leads to DCM in approximately-tbire of patients
presenting viral myocartis (11), which frequently culminates in cardiac fail§ég 10). The
development of DCM is thought to be a consequence of a chronic inflammatory state as a
result of incomplete viral clearance and/or autoimmune reactions against cardiac
autoantigengl11). Due to the insidious ahnin many cases, idiopathic nature of this disease,
epidemiological data relies almost exclusively on poettem investigation§l6-18). These

studies indicate that myocarditis accounts for approximately 20% of sudden death in young
adults (8, 19-21). Nonetheless, due to the lack of specific symptoms associated with this
disease and even misdiagnosed cases, a general consensus regarding the incidence of
myocarditis in the human population is not yet available. The limited existing data fro
living patients comes from studies using endomyocardial biopsies; however, these results
have been shown to lack accura@2, 23). Infectious agents, toms, drugs, and even
systemic diseases have all been associated with the development of myocarditis in humans
(5, 9). As a result, both the prognosis and clinical treatment vary according to the etiological
cause of disease. To date, the only definite therapy for developed DCM is heart
transpantation(12, 24), which is limited in its nature in addition to availability of matching
donors.

Although mo$ myocarditic patients manifest a subclinical condition, the most
common clinical features include difficulty breathing, chest pain, and arrhytl{g&asrhe
histopathological criteria for defining viral myocarditis involve infiltration of inflammatory
immune cells with or without necrosis of resident cardiac myod@@s It is yet unclear,

however, whether the primary detenant of cardiac damage is due to direct vinduced



cardiac loss or by pathologies mediated by the infiltrating leukod@@s Due to the
challenges and limitations of tissue sampling, experimergasisvities, and diagnostic
interpretations that are inherent to these types of bibpsgd approachgg28), the use of
norrinvasive cardiac magnetic resonance imaging (CMRI) is becoming a more frequent
diagnostic tool(29-32). However, the requirement of specialized equipment and relevant
expertise still presents difficulties for CMRI to be the gold standard identification tool for
myocarditis. Moreover, this approach fails to recognize the originating and/or ongoing nature
of the myocarditis; information that is most certainly valuable for treatment of the disease
once diagnosed. The general treatment for myocarditis involves the use of inhibitors of
angiotensirconverting enzymes, angiotensine ¢ e p t o-bloskers(E,r188); albof which
act to reduce blood pressure and increase blood flow. In diagnoses where cardiac viral
infection is identified, both ribavirin and type | interferon (HEN b ) therapy hay
shown to be promising treatments to control and eliminateses from the heart and
subsequently improve systolic function in human patients and murine models of &kase
42). Additionally, drugs that block virion uncoating have been shown to be beneficial for
controlling enterovirus replicatiof®3, 44). Nonetheless, all the pharmacological agents used
thus far to treat viral myocarditis are supportive and rely primarily in controlling active viral
replication and do not necessarily promote cardiac remodeling.

The prognosis for patients with myocarditis is influenced by a large number of
variables including the cause of disease, the stage of disease at the time of diagnosis,
magnitude of leukocyte infiltratlg and degree of left ventricle dilatiqd0). Cohorts of

biopsyconfirmed myocarditiss/DCM cases have been used to estimate-yehvesurvival of



approximately 50%11). Not surprisingly, these estimates are affected by the causative agent
and by host determinants that are crucial in the control and development of the condition
itself. Host factors such as age, sex, ethnic backgrounds, nutritmmgition, and pregnancy
status influence the susceptibility to viral myocarditi$, 45-47). The effects of host genetic
background is exquisitely reflected during CVB3 infections, where susceptible mouse
backgrounds develop an ongoing myocarditis while resistant mice are able to eliminate the
virus shortly after the early at phase(27). Altogether, myocarditis and its potential to
progress to DCM and heart failure represents a clinical challenge due to the barriers present
from the time of diagnosis to treatment and resofuti Further understanding and
development of biomarkers of disease are needed to accurately identify and treat this

condition.

VIRUSES ASSOCIATED WITH MYOCARDITIS

A wide array of both intrinsic and extrinsic pathological triggers have been associated
with myocarditis in both humans and animal models of dis€8kelInfectious agents
including bacteria, protozoans, fungi, and over twenty different common viruses have been
identified to be associated with myocarditis worldwi(de 12). In North America and
Western Europe, viruses are the most common cause of viral myocdrdiis, 48). Due to
the nature and function of the organ itself, viruses that gain satcethe blood have the
potential of reaching the heart and induce cardiac damage either directly or indirectly.

Although the exact mechanisms by which infections induce cardiac myocyte loss are largely



unknown for most viruses, the common observations frmman biopsies include necrotic
myocytes and infiltration of myeloid and lymphoid cells to the myocardileble 1.1).

Historically, enteroviruses and adenoviruses have been the most frequently identified
viruses in postmortem studieg17, 18, 48). Thus, it is not surprising that members of these
groups of viruses, particularly coxsackievirus B3 (CVB3), have been the model of choice to
study viral myocarditis(49, 50). Interestingly, the prevalence of other viruses such as
parvovirus B19, herpesvirus 6, hepatitis C virus, and Ep8ain virus in more recent
human biopsies have surpassed that of the more classical (itiséd). The differences
reflected in the epidemiological estimates provided by different research groups are likely to
be dependent on human host factors, such as age and geographical distribution, as well as the
evolution of diagnostidools used in the distinct clinical studies conducted thus far. It is
important to note, however, that more than 25% patients display presencentéction
with two or more viruseq18), which further contributes to the difficulty for clinical
researchers to directly correlate and describe the observed pathologies with a specific
primaryinfecting virus. Moreover, for the majority of viruses associated with myocarditis a
mild-to-strong immune response characterized by an increase in leukocyte infiltration in the
heart has been a landmark in histological samplaeblé 11), but likely indstinguishable
between different viruses.

In the context of a viral infection, both direct cytopathic effects by the virus and/or by
secondary immuneediated pathologies have been associated with the loss of cardiac
myocytes. Extensive studies using CVB8ve contributed to our overall knowledge of the

distinct phases of myocarditiFigure 1.1). At the cellular level, infection of cardiac



myocytes with CVB3 results in their vacuolation, apoptosis, and necrosis prior to the
subsequent recruitment of immucells (11, 49, 50). The role of T cells in the development

of CVB3-induced myocarditis was first observed in 1974, when it was reported that mice
lacking T cells exhibited decreased cardiac inflammation and necrosis, which resulted in
increased protection against CVB3 ldtirE#ection (52). However, this protean was not

seen in mice lacking both B and T cells, which instead displayed increased cardiac damage,
viremia, and mortality(53), highlighting the protective role of humoral immunity in CVB3
pathogenesis. Nonetheless, T -e¢e#diated clearance of infected cells is also detrimental to
cardiac function de to the loss of poorly replenishable cardiac myocggds Similarly,
natural killer (NK) cells and invariant natural killer T (iNK T) cells are beneficial for cardiac
protection against CVB3 by controlling induced cell death in infected myocytes and by
increasinghe production of IFRNd , T N48,land I410 early in disease, respectivésp,

56). However, differences in virus tropisend mechanisms of pathogenesis highlight the
complexity of viral myocarditis. For example, in contrast with CVB3 where infection of
cardiac myocytes is required for myocarditis in a murine model of myocardial d{&ase
parvovirus B19 infects primarily endothelial cells in the heart and presents a clinical
manifestation different from that of CVE38).

Importantly, both Tand B cells have been shown to be protective and not required for
reovirusinduced myocarditis in the moug89, 60), indicating that the role of adaptive
immunity in the host is viruspecific. Unfortunately, very few studies have focused on
studying the underlining mechanisms of pathogenesis and disease determinants fionmost

enteroviruses associated with myocarditis, particularly in the study of direct viral damage to



cardiac myocytes prior to immune cell infiltration. The latter represents a crucial yet largely
unexplored factor that may represent new avenues for theiapeas trials with
immunosuppressive drugs have not proven to provide-termg benefits in human patients

(12, 61, 62). More recentlyjn vitro CVB3 infections using human induced pluripotent stem
cdl (hiPSC)-derived cardiac myocytes is currently being exploited as a novel platform for
antiviral drug discovery(63). Noneheless, the type and extent of immune responses
activated during virusnduced myocarditis differs between viruses and influences the
development of cardiac damage. Thus, insights into the specific mechanisms by which
different viruses induce cardiac dagea shall provide significant information for the

treatment of viral myocarditis.

THE CARDIAC MYOCYTE 7 HIGH VULNERABILITY, LOW TURNOVER

Cardiac myocytes constitute approximately 57% of the number of cells in the adult
murine myocardiun{13). In contrast witlthe vast majority of cell types, mammalian cardiac
myocytes rarely enter the cell cycle and if they do this process is almost never fully
completed. Studies have reported that murine cardiac myocytes maintain their regenerative
potential for up to a weektar birth (64) and this is followed by a dowregulation of genes
involved in cytokinesis during cardiac development that results in the loss of proliferative
activity and succeeding binucleation of the cardiac myo¢gte 66). During human
myocardium development, however, the result of an incomplete cell cycle is a polyploid
cardiac myocytg(3, 67-70) with a rather stable DNA content during adultho@ 71).

Remarkably, adenovirumediated delivery of the cell cycle regulator cyclin A2 to porcine
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infarcted heartg72) or myocytespecific overexpression of cyclin D2 gene in the murine
model (73, 74) promotes myocyte mitotic activity and cardiac regeneration. However, results
obtained by myocyte cell cyclargeting approaches are not consistent in improving
outcomes after cardiac infarctign5). The experimental results obtained from both mice and
human studies that aim to determine the extent of cardiascytey turnover during
homeostasis and disease varies among reseaf@ieerslowever, with the exception of one
research grou77-79), several independent groups have demonstrated only a -barely
detecaible renewal ability in cardiac myocytes that ranges from 0.04 to 4% in both human
and mouse speci€3, 65, 67, 80-83). Studies using carbehd (C4) birth dating in the human
population have demonstrated that cardiac myocyte rdniswargely dependent on age,

with an annual turnover decrease from 1% at the age of 25 to a 0.45% renewal rate by the age
of 75 (3). More recently, sintar results were obtained by isolating cardiac myocytes from
flash-frozen human myocardium, suggesting that aberrant proliferation of cardiac myocytes
could influence cardiac diseases that are prevalent in the young adult pop(8ajioA

recent study has suggested the existence of a second wave of cardiac myocyte proliferation
that occurs prior to adolescencemice (84, 85); but so far other groups have not been able

to support hese dat#86, 87). The limited mitotic activity displayed by cardiac myocytes in

the mature heart would imply that cells that are lost duntyocardial injury are virtually
incapable of regeneration from existing myocytes to the extent of the originalupakehe

heart, in contrast with the regenerative potential seen in other muscle tissues such as skeletal
muscle(88, 89). Importantly, the heart of some vertebrates, such as zebrafish and newts, does

have the ability to regenerate after cardiac injury and tteeidiac myocytes have a higher
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degree of cell cycle activity compared to the mammalian myoc$tex 90). In zebrafish,

for example, cardiac myocytes maintain the plasticity eénmering the deécycle and the
mitotic division of these prexisting specialized cells is important for cardiac generation,
leading tode novoregeneration of cardiac tiss@2 90-93). In mammals, however, it has
been generally accepted that the bulk of cardiac repair mechanisms involventvalref
diseased myocytes by macrophages followed by the replacement of lost cells by other
poorly-contractile cardiac resident cells and to the hypertrophy ofexisting cardiac
myocytes, which leads to formation of scar tis¢84, 95). Although the existence and
importance of cardiac stem cells (CSCs) was reported over a deca(86,a90, the source

that contributes to the majority of myocyte replacemeninduaging or after myocardial
injury appear to be derived from the geisting differentiated cardiac myocyté82).
However, the mechanism(s) by which cardiac myocytes are ableetateethe cell cycle

after injury remains unknown. It is worth mentioning that, from a therapeutics perspective,
transplantation of cardiosphederived cells has proven to be benefit@kthe myocardium

by inducing proliferation of both cardiac myocytes and C&1s98-101), likely involving
exosomemediated intercellular cell communicatigh02, 103). In addition, the ability of
cardiac fibroblasts to differentiate into myofibroblasts as the result of injury and stimulatory
signals and their roles in cardiac repair has been a subject of extensive studies in the past few
decadeq104, 105. However, the limited turnover of cardiac myocytes still represents the

major barrier in cardiac regenerative medicine.
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THE CARDIAC FIBROBLAST i MAINTANING CARDIAC HOMEOSTASIS

Depending on the experimental method, estimates have suggestedartthiaic
fibroblasts are approximately < 27% of the total cell population in the adult muringI®art
106). Historically, cardiac fibroblasts have been identified by their cagpacific
expression of the collagen receptor discoidin domain receptor 2 (DDR2) throughout cardiac
development and adulthood. Similarly, the high expression of the intermediaterfilam
protein vimentin observed in cardiac fibroblasts compared to cardiac myocytes has been used
to histologically differentiate them from cardiac myocytés07, 108). Differential
immunostaining with antibodies against vimentin and akdraomeric actid -8rdl) can
readily be used to distinguish the cardiac fibroblast and aarchyocyte populations,
respectively, in both histological myocardial sections and in primary cultures of murine
cardiac cellskigure 1.2). In contrast with other cell residents of the heart, cardiac fibroblasts
are organized in a way in which essenti@lery cardiac myocyte is in close proximity to a
cardiac fibroblas{109-111).

Importantly, comparative transcriptomic approaches have shown that fibroblasts
derived from diferent human tissues are phenotypically distinct and should be examined as
differentiated cell type112). In the heart, fibroblasts are critical for maintaining cardiac
homeostasis by contributing to the constant deposition and degradation of multiple types of
collagen and other excellular matrix (ECM) componen{d13), cardiac electrophysiology
(114 119, and intercellular signaling with cardiac myocytes and even other cardiac
fibroblasts(107, 116). These cells exhibit an extensive endoplasmic reticulum network and a

conspicuous Golgi apparatus that refleatithmajor roles in synthesis and secretion of
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cytokines and ECM proteind07). As will be discussed later on, cardiac fibroblasts are the
major contributors of pranflammatory cytokines in the heart, and the cdmition of these
cytokines impacts their ability to further amplify signaling pathways, proliferative properties,
differentiation, and recruitment of cells of the immune system to the injured heart.
Importantly, extensive cardiac fibroblast proliferatiom a@sult in an increase in ECM
content deposition, which in turn contributes to stiffening of the myocardium and cardiac
dysfunction (117, 118. Cardiac ECM turnover during disease contributes to tissue
remodeling and increased infiltration of inflammatory cells.

Secretion of cytokines and growth factors by infiltrating leukocytes stimulates
fibroblast migration and trastfferentiation to myofibroblast$119-121). The reversible
transition of cardiac fibroblastso myofibroblasts is accompanied with an increased
expr essdmao tolf nus-SMA snmatht muscle Mybsin heavy chain, extra
domairA fibronectin, tensin, paxillin, and fibroblast growth factr(122). This
differentiation isalso seen in culture after a few passade?) or after stimulation with
transforming grwtdand actt ber @EA0(1FLEEY. Becgusef act or
inflammatory cells secrete these factors after they migrate into the heart during cardiac
injury, it is believed that this may serve as the primary stimulus for this cellular
differentiation. Myofibroblasts, in turn, are highly responsive tmgiatory signals and are
able to secrete numerous cytokines, small molecules, and components of tHa@LNh
addition, myofibroblasts provide the structural tension that is needed during wound healing
due to their ability to express proteins involved in contract{@24). Interestingly,

mechanical stretching forces alone in cardiac fibroblasts is sufficient to induce their synthesis
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of ECM proteins and cytokines, and their supernatanteitro are suffigent to activate
inflammatory cells and induce their transendothelial migrati@8). Because most viruses
associated with myocarditis elicit a prdlammatory response, it is tempting to hypothesize
that viral infection could result in a dynamic change in the fibroblast population that
stimulatestheir differentiation and support of a prolonged-prtammatory stage, akin to

the one seen in the liver during hepatitis C infec{i®b).

CELL -TO-CELL COMMUNICATION IN THE HEART

Extensive cetto-cell communication occurs between cardiac cells in the intact heart.
Microscopy studies have reved that cardiac fibroblasts form a thaenensional
interconnected network of ECM that orchestrates contact and communication between
cardiac cells and could have implications in cardiac remod€glihd). To date, four different
main types of communication have been identified in cardiac cells.ifdteype involves
the secretion of soluble factors, such as chemokines and cytokines, and serves as a means to
promote cellular communication with other neighboring and even more distant cells
expressing the specific receptors. Innate immune responsésceliluring viral infection
usually result in secretion of soluble cytokines that act in a paracrine manner to either
stimulate signaling pathways in surrounding cells or to recruit cells of the immune system.
The magnitude of these responses is largapeddent on cetb-cell communication,
concentration gradients, and amplification of these chemical signals. Additionally, this type
of communication can act in the secreting cell itself to further positively amplify specific

cellular signaling pathwaysni an autocrine fashion. The specifics of this type of
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communication during viral myocarditis will be discussed in detail later. Gap junctions and
members of the connexin and cadherin families of proteins represent the second type of
intercellular communidson between cardiac cel{$26). This type of junction is essential for
cardiac function and is enriched in the intercalated disks found in directly adjacent cardiac
myocytes(127) where they are primarily respongbfor the exchange of ions and small
solutes responsible for propagation of electrical currents within the (A28t Specifically,

the connexins Cx45 and Cx43 are involved in myojablast and in fibroblasiibroblast
communication, respectivelfL08 129). The third type of communication is represented by
complex intracellular signaling pathways that are elicited by engagement of components of
the ECM with intracellular signals, which are themselves mediated by adhesion complexes.
This type of communication is important for signaling involving integrins and growth factors
that regulate organ siZ&30). Lastly, the recent characterization of secreted exosomes as a
fourth mechanism of communication along with the criticales of their specific
biochemical contents in promoting cardiac homeostasis and repair are only now starting to be
elucidated(102 103 131-134). Altogether, multiple types of intercellular communication
between cardiac cells contribute to the propagation of btehnal and external signals that
ultimately regulate cardiac function. Most of the research emphasis thus far, however, have
focused on studying cardiac cell communication during homeostasis or spontaneous
myocardial injury; yet little is known regardingdse events in the presence of infectious

agents.
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ANTIVIRAL RESPONSES IN THE HEART T INTERFERONS

Viral infection in the heart typically elicits two major waves of intercellular signaling.

The first major response to viral infection involves an increasgdession and secretion of
cytokines and chemokines by cardiasident cells, such as interferons (IFNs), tumor
necrosi s factor al pha (Figh& ))., Sigralimgl from the e r | e u
secreted cytokines are involved in bathsitu cardiacprotection and in the recruitment of
leukocytes to the heart. These infiltrating cells provide the second wave of intercellular
signaling cascades, augmenting cytokined chemokingnediated communication in the
heart. This type of communication has bebown to be beneficial during viral myocarditis
during early stages of disease, but a sustained production of cytokines is detrimental for
cardiac function. The low turnover exhibited by cardiac myocytes makes them a susceptible
cell type and their lossriposes a burden to the functionality of the heart. Hence, a regulated
integrated network of signaling events is critical for proper cardiac homeostasis and
recovery.

The IFNU/ b system represents one of the fir
almost every mammalian nucleated cell. Sensing of pathagsociated molecular patterns
(PAMPs) in the nucleic acids of viruses by pattern recognition receptors (PRRS) in the
infected cell triggers a signaling cascade that culminates in the expressiors (135N The
moieties ecognized by the PRRs are highly specific and, as a consequence, a typical cell
expresses a variety of PRRs that are able to sense a repertoire of PAMPs present in different
viruses and/or generated during their replication cycle. Because of this, théicspec

components of downstream viral sensing are largely dependent on the type of infecting virus
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and, in some cases, the type of cell infected. The synthesized IFI§ i n t he infec
secreted into the extracellular space and binds to its recHfi{i#xR, on the initially infected

cell and on neighboring cells. This cytokireceptor engagement triggers activation of the
JakSTAT pathway and the formation of the heterotrimeric interfestomulated gene factor

3 (ISFG3) complex that promotes the egsion of interferostimulated genes (ISGs), many

of which have direct antiviral activit{l36, 137). This innate ativiral response is important

for cardiac antiviral protection against many viruses and for priming cells of the adaptive
immune systenf138 139). Remarkably, the behavior of this nepecialized system in the

heart is cardiac cell typspecific in both the absence and presence of a viral infection and
contributes to antiviral protectio(140-142). Prior to infection, cardiac myocytes express

higher basal levels of I, -UBEN and a subset of HA@s that
IRF7 (140-142), the latterbeing an important transcription factor for further expression of

IFN-b (143-145). This higher expression levels of IIN aneJ4l FM unsti mul at e
myocytes results in basal activation of phosphorylated STAT1 and STAT2, two components

of the ISGF3 heterotrimeric compl€k41), and subsequent expression of IGH), 141). In

contrast, cardiac fibroblasts are more responsive to extracellulaid FMue to their

increased expressionofthe N/ b r eceptor on their cell sur '/
of components of the JEKTAT pathway in their latent/neactive stat€141). The high basal

levels of IFND and s pontiennot IFNfE sicdnalaitng i n cardi
i mportant for controlling -ar mal t heml iacgaati incs
infections (141). The basal IFN0 s ecr et ed by myocytes appear ¢

autocrine and not pacrine protection141). In the context of a viral infection,olwever,
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secretion of virusnduced IFNb i n cardi ac myocytes is |ikel
adjacent and highlyesponsive surrounding cardiac fibroblasts to limit viral replication in the
heart.

In addition to cardiac myocytes, primary hippocampalirons have been the only
other cells to date shown to express high basal levels of type | IFNs and a subset of ISGs
when compared to mouse embryonic fibroblasts (MEFs) and this provides protection against
neurotropic viruses early in infecti¢h46). Interestingly, the specific subtypes of type | IFNs
expressed at higher basal levels in hippocampal neurons do not include IFAind i ncl uc
instead many of the I s ubt ypes not found nfeotedoaediahi ghl y
myocytes(142, 146). Albeit these differences, however, there are some similabé®geen
the two populations of nerenewable cell types in their IFN responses. For instance, both
cardiac myocytes and neurons appear to express lower basal levels of latent STATs
compared to cardiac fibroblasts and MEFs, respectiyéii, 146). Additionally, both
cardiac myocytes and hippocampal neurons display reduced responses to exogesbus IFN
compared to their fibroblast counterpafistl, 146). Evidence for changes in abundance of
components of the IFN signaling pathway during neuronal differentiation and a subsequent
increase in antiviral protection has also been reported and is thought to be a determinant of
agedependent susceptibility to someuses(147-149). Thus, it appears that differences in
constitutive and induced IFN/ b responses create a signali ng
populations hat is essential for maximal antiviral protection within the heart and the CNS;

likely reflecting the particular needs of these organs to preventividuse damage.
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More recently, our laboratory has identified a critical role for the adapter protein
MAVS and a spontaneous activation of the MAVS signaling pathway and determines the
high basal levels of IFd s peci fi cal | y GOhapter@anrthisidiasertatiiny oc y t e
This pathway is typically activated upon viral sensing by the cytosolic hedi¢ai€el and
MDA5 (150152). Once activated, they associate with mitoahr@tlocalized MAVS and
this results in the formation of a MAVS signalosome at the mitochorassciated
endoplasmic reticulum membranes (MAKD53-155). Downstream factors, such as the E3
ubiquitin ligaseTRAF3, then translocate to these specialized membrane domains where they
interact and ultimately allow the activation of the transcription factors IRF3 aral §E53
155. Our recent data indicate that this pathway is spontaneously activated in uninfected
cardiac myocytes and promotes HBN e x pr es si o n . tedTbl the intimate ap pr ¢
association of mitochondria with the MAM and MAVS interaction with downstream TRAF3
in cardiac myocytes, which serves to activate TRAF3 and the downstream kinase TBK1.
Moreover, the high basal levels of IIN i n car di ac enmdgnd cnyMA¥S ar e
expression, demonstrating the critical role of this mitochondrial adapter in cardiac protection.

The consequences of these cardiac cell-ggeific differences can be appreciated in
the context of reovirus infection. Infection of primarymme cardiac cultures with reovirus
strain type 3 Dearing (T3D), a nanyocarditic strain and strong inducer of type | IFNs in
cardiac cells, results in higher induction of BN mMRNA i n car di ac myocy
induction of ISGs in cardiac fibroblastl40, 142). Additionally, the important role of IFN
U/ b si gnal i-medided myocarditio isireflacted in the increased myocarditic

potential seen in a nemyocarditic reovirus when IFN signaling is dampened by addition of
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neutralizing antiFN-U/ b a n(156). Smikkry, impaired induction of IFNb , as seen
mice deficient in the transcription factor IRF3, enhances reovirus myocarditic potential
independent of humoral or cellular immun{ty57). The essential role of IKNN/ b si gnal i r
in the antiviral protection of cardiac myocytes has simild¥en documented for the
pathogenesis of other cardiotropic viruses including CYB38 159), highlighting its

importance irthe control of cardiac viral infections.

PRO-INFLAMMATORY RESPONSES IN THE HEART

In addition to the antiviral roles of IFN/ b si gnal i ng, an ear|l
inflammatory response elicited by the infiltrating immune cells is beneficial for cardsae tis
repair and for priming the adaptive immune system. For example, cardiac remodeling after
myocardial infarction is impaired in the absence of macrophages or their acti(&gi@n
161). Spedically, macrophages are important for myofibroblast infiltration, secretion of
TGFD, coll agen deposition, and efficient my
(161). A constitutive and prolonged inflammatory state, however, is detrimental for cardiac
function and can be an indicator of cardiac arrest and even patient prdde@sig he term
Acytokine hypothesi so wa she ole of areedacarbatedtovee 1 9 9
production of cytokines in the progression of heart dis€b88. In this model, cytokines
themselves are not responsible for heart failure but contribute to the progression of cardiac
disease to heart failure. Due to their specific roles in cardiac disease, cytokines are grouped
into either vasoconstrictor or vasodegsor (prenflammatory) cytokines. The first group

include endothelirl (ET-1), a peptide that acts both as a hormone and as a cytokine and
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whose overexpression has been associated with lysis of cardiac myocytes and myocardial

fibrosis (164). Moreover, elevated plasma levels of-EThave been correlated with the

severity of congestive heart fark and patient prognosil65. The preinflammatory

cytokines group, in contrast, includes the extensigélgied molecules tumor necrosis

factoralpha (TNFU) and sever al members of the inter]l
TNF-U i s a pytokine that reguaies cellcproliferation, differentiation, cell

death, and further induces the production of other cytokines. hinmmiine cells, including

cells of the myocardiunfl66), TNFU si gnals through the- ubiqu

receptor 1 (TNFR1) almost exclusively. The TNR1 molecule contains a death domain

(DD) important for proteirprotein interactions and recruitment aflaptor proteins to

facilitate an intracellular platform that propagates TMfediated signaling167). The

outcomesof TNRJ si gnal transduction are | argely de

factors that include extracellular concentrations of TNF a n d  spEedific regponges. In

rat cardiac myogtes, for example, TN\ i nduces a-eoBi v atiocqigdhoAKNF

However, although both AKT andJun are critical for the prapoptotic effects of TNEJ i n

the heart, blocking any of these factors either alone or in combination does not seem to

sensitize cardiac myocytes to the detrimental effects of-ONFs i g (168l This dast

observation is in contrast with results obtained in other cell types and suggests that cardiac

myocytes regulate the papoptotic effects of TN v i a-camonicalgpathway. TNE

also contributesotthe proliferation and invasion of human primary cardiac myofibroblasts as

well as their secretion of matrix metalloprotein@s€MMP-9) (169, which both play

important roles in cardiac remodeling after injury. Several studies have reportdévatsh
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of TINFU i n patients with myo 1@0¢1d4), althosgh thenekactc hr o n |
origin and mechanism(s) for these high cytokine levels remain unknown. Discouragingly, the
results from targeted therapies against TNF in clinical trials for cardiac failure have not
proven to be successful. It appears that, although antagonistic TNF therapy is beneficial to
heart failure human patients early in treatment, the-teng use of this therapy worsens the
cardiac condition(162, 175 176). Multiple explanations for this ineffectiveness include the
cytotoxicity of the therapeutic molecules themselves and/or that antagonizingl TNF
responses results in the loss of the beneficial effects oftONFi n car di ac r e moc
protection under certain circumstan¢&g7, 179).

Members of the IL family, particularly HL b  a r6dhave klso been extensively
studied for their major rolem cardiac disease and resoluti(#v9-181). Both interleukins
are found to be upregulated during poatdiac injury(180 182 183), yet their specific roles
in cardiac repair are not redundant. In cardiac fibroblasts, the main cardiac producers of IL
106 af t e r-reparfesiorn damageg181), IL-1 b pr omo t-dependévitA &K
migration and production foMMPs (184, 185. In cardiac myocytes, HL b |l eads t
contractile dysfunction by several distinct mechani¢bh®6-188 and mice lacking the Hl1
receptor (I-1R) present an attenuated inflammatory response and reduced collagen and
MMP production after ischemieperfusion damag@83), providing extensive evidence for
the role of IL-1 signaling in cardiac repair after injury. InterestinglyylIlb pr omot es c a
myocyte growth but inhibits cardiac fibroblast proliferati@89).

In contrast to IE1 b , -6 doés not seem to alter the migration of cardiac fibroblasts

(184 nor does it have the same effects asllb i n E C M18%),uandit pronetes
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cardiac fibroblast proliferation rather than inhibiting this processdsbL. d1®@. Studies

usingilé”- mice have sbwn differences in cardiac cell population, with an increased number

of cardiac fibroblasts and a decrease in cardiac myocyte nyd®Br However, similar to

ll1r”- mice, GP13dnediated decrease in -& signaling protects against apoptosis and
reduces infarct siz€192), yet continuous GP130 activation contributes to myocardial
hypertrophy(193). Although both cardiac myocytes and cardiac fibroblasts can synthesize

and respond to H6, cardiac fibroblasts secrete the bulk of6lleven under homeostasis

(199). Interestingly, 16 also appears to be important for cardiac myactipteblast
communication(191). Thus, it is likely that the H6 produced by cardiac fibroblasts
influences cardiac myocyte function during cardiac damage as has been documémted in

vitro studies in states of homeostadi95). In fact, secreted levels of 4& are higher in co

cultures of cardiac myocytes and fibroblasts compared to cultures of either cell type alone,
suggesting a crodslk between the two cardiac populatiqd90). Lastly, the expression of

both IL-1 b  a m6dn cardiac fibroblasts can be upregulated by INF vi a p38 MAP|
PI3K/Akt, and NFe B p at(hO@aagdsi-1 b it sel f ¢ an6ekpuessiommer i n
through angiotensin (181, 197).

The apparent opposite roles for-1Lb  a r6din thelheart suggest an integrated
regulated network of cardiac cell tygpecific preinflammatory signaling events that
orchestrate cardiac repair and remodeling. &mmple, TNFU-mediated responses also
result in increased levels of the amilammatory cytokine IE10 after cardiac reperfusion or
heart failureg(198 199). It appears that H10-mediated effects are important during the initial

acute adaptive responses changes in heart homeostasis, but it is overwhelmed by the
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unbalanced prinflammatory responses during the chronic stages of digg&sk 201).
Despite the apparent minimal contributions of1lQ to cardiac protection, #LO can
counteract TNFRJinduced oxidéive stress and apoptosis in rat cardiac myocytes by
i nhibiting phosphorylation of the | 8B-KkKinase
9 B act (202a Admmistration of recombinant HLO attenuates inflammatory cell
infiltration and myocardial cytokine gene expression in mice after amyecardial
infarction (203). Moreover, bone marrow mononuclear airived 1.-10 has similarly been
shown to improve cardiac function by decreasing T cell infiltration and myocardial collagen
deposition (204). Thus, the potential for targeting prand antinflammatory cytokine
production by different types of cardiaand norcardiacresident cells offers promising
opportunities to regulate inflammatory responses.

As previously mentioned, inflammation is a hallmark landmark of most viral
myocardiis (Table 1). Similar to congenital, developmental, and experimental models of
cardiac disease, the outcomes of inflammatory responses in the context of a viral infection
largely depend on the magnitude and temporal regulation of signaling fee@ackor
example, administration of exogenous -dL at the time of inoculation of
encephalomyocarditis virus (EMCV) in mice is beneficial to the heart and increases survival
rate (205), but transgenic mice overexpressing humait Itlisplay reduced viral clearance
and increased myocardial inju06). The role of 16 in myocarditis has also been
demonstrated for CVB3 where there is a transient upregulation®ifriLcardiac fibroblasts
during the acute phase of infecti¢p07), but il-6" mice present an aggravated chronic

CVB3-mediated myocarditis with a concomitant increase in levels of-ONF-10, land
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monocyte/macrophage infiltration with no changes in viral replina{R08. Similarly,

reduced CVB3 clearance and ongoing myocardial injury has been documented in mice
deficient in IL-10 (209. Additionally, CVB3 infection in mice and in cardiacyotyte

cultures results in production of4dL b and acti vation of the NLRF
which are important for CVB&hduced myocarditi$210). Altogether, these results illustrate

the contribution of proand antiinflammatory cytokines during cardiac viral infection and

highlight the essential regulation of their production in dictating disease outcome.

NF-s B A MASTER REGULATOR OF ANTIVIRA L AND INFLAMMATORY
RESPONSES

The nuclear factor kappaB(NB) f ami |l y of transcription
extensively studied regulators of gene expression in the heart. The role of the most common
NF-eB heterodi mer, f or me ds, hasybeen shwn goSrégulagenttle p 6 5
expression of more than ohendred genes involved in regulation of qm8ammatory
responses, cell survival, apoptosis, stress responses, innate immune signaling, among others
(212-213. Due to the many roles diFFe B i n t he regul ation of C
surprising that poorlyeplenishable cardiac myocytes have evolved specialized ways 4o fine
tune the activation of these pathways. It has been demonstrated that cardiac myocytes derived
from neonatal ratdisplay a delayed and attenuated response to theflanmmatory stimuli
of |l i popol ysaccharide (LPLSH) coormptahree dc yttoo kfientes
due to a developmental impairment in the activation of the upstream IKK complex that

presumaly occurs after birt{214. Accor di ngl vy, expression of
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driven by the cardiac myocy® p e ¢ Hrfydsin heévy chain promoter results in embryo
lethality as early as E9.5; and their hearts display disorganized contractile filaments,
inflammation, and cardiac myocyte dedf1l5. The lethality seen in these mice can be
rescued by expression of a mut ataed pravidingsi on
evidence for the dependence of-NFB acti vati on in the pathol og
model (215. Moreover, cardiac myocyiepeci fi ¢ expression of | KK
gainof-function transgenic mouse model results in myocyte atrophy, inflammatory DCM,
and hearfailure (216). Gene expression analysis in these mice revealed an upregulation of
ISGs and others genes involved in cell migration, and apoptosis. Upregutdt the
ubiquitin-like protein ISG15 and a concomitant widespread proteome ISGylation, a
ubiquitinatiorlike posttranslational modification mediated by ISG15, was also observed in
this model. Interestingly, both the IKikduced cardiac pathology ancethSG15 proteomic
signature seen in this mouse model closely resembles that of an acute CVB3 myocarditis
(216, 217).

Transgenic mice expressing a phosphorylatioes i st ant ver $£%on of
S364 specifically in cardiac myocytes exhibit improved survival, cardiac remodeling, and
reduced fibrosis, agosis, and expression of the pnflammatory cytokines TNfEJ , -61 L
and Ik1 b compared to |ittermate controls after
failure (212). The authors also provided evidence that p65 (also known as RelA) is the major
NFFeB subuni't t haty detvated nnethe healt rfallawing: @yodardial
infarction. Importantly, these studies were performed using samples obtained from either

whole hearts or wholergan cardiac primary cultures. Thus, even though the transgenic mice
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express cardiac myocyspecfic proteins, these assays may include responses generated by
other cardiagesident cells such as cardiac fibroblasts. In fact, extensive evidence supports a
model where cardiac fibroblasts are the main contributors tenfleonmatory cues during
different types of cardiac disease. In sum, cardiac myocytes have evolved an impaired IKK
system to dampen downstream-BBdependent signaling, which minimizes the effects of
pro-inflammatory stimuli that could lead to myocyte cell death and cardiac dysfunction.
Despite this, inflammation remains a major contributor to heart disease, and the role of
specific preinflammatory cytokines in activation of signaling pathways in cardiac myocytes

continues to be an area of extensive research.

FUTURE OF CARDIAC REPAIR THERAPEUTICS

Cardiac myocyte loss during disease coupled with their low regenerative potential in
mammalian species has contributed to extensive research with the goals of providing the
foundations for translational cardregenerative medicinal approach{@48). Most of these
efforts in the last years have been targeted towards the development of stbaseell
therapeutics to promote cardiac repdir 71, 219, 220). The existence of resident cardiac
stem cells (CSCs) irhe adult mammalian myocardium that have the ability to differentiate
into cardiac myocytes have provided exciting new avenues for targeting cardiag9épair
221, 222). However, it is unlikely that teipopulation of cells is sufficient to support cardiac
myocyte turnover(1, 71) that, under normal conditions, occurs at an extremely low rate
(223. It has been suggested that the cardiac microenvironment during conditions such as

ischemia, fibrosis, and praiged inflammation may negatively affect the activation and/or
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recruitment of CSC&18). Because of this and several other challenges, many different cell
types have been considered for their therapeutic potentilumans but, thus far, no
consensus has been reack22¥). The extensie list of cells that have been considered for
this purpose include skeletal myoblasts, embryonic stem cells, endothelial progenitor cells,
mesenchymal stem cells, and the endogenous CSCs them&@&i@sEach one of these
candidates has different inhererdvantages and disadvantages that range from their ability
to successfully differentiate into cardiac myocytes and provide the intercellular signals
required to maintain cardiac homeostasis to ethical concerns regarding the source and the
logistics of tleir isolation(219. Moreover, the many observations suggesting that only a
minimal fraction of the transplanted cells actually take residence in the heart but there is a
significant cardiac im@vement, suggests that paracrine factors from these cells may be
sufficient for promoting cardiac repd225-228). The list of secreted factors that have been
proposed to contribute to the positive effects seen in cardiac stem cell therapy is extensive
and include individual soluble factors and those secreted in microvesicles and exosomes.
Stem cell transplantatiorppears to decrease the circulating levels of thergtammatory
cytokines TNFU, -6JahdI:1 b i n r es pons €27 Moreovars thkipiaotal i nj ur
roles of TGFb i n cardi ac regeneration are highlig
regeneration where it regulates the ability of cardiac myocytesdotegthe cell cycle after
injury (229).

Another approach that has beemleited as a means of providing alternate routes of
cardiac regeneration includes the genetic reprogramming of existing cardiac fibroblasts into

cardiac myocytes. This approach provides several advantages compared to transplantation
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such as the avoidanoé allogeneic rejection and fewer ethical concerns. However, the vast
efforts with the goal of obtaining a high efficiency of differentiation has been rather
unimpressive compared to, for example, differentiation of fibroblasts into skeletal myotubes
uponoverexpression of the myogenic transcription factor MyaB0). The first attempts at
inducing cardia differentiation identified the transcription factors MEF2C, GATA4, and
TBX5 as sufficient to activate thdyh6 cardiac promoter in about 20% of postnatal cardiac
fibroblasts when overexpressed in combina{@il). Unfortunately, only approximately 4%

and 1% 6 these cells expressed sarcomeric proteins and displayed functional contractile
properties attributed to cardiac myocytes, respectively. Using mouse embryonic fibroblasts
(MEFs), another research group showed that overexpression of OCT4, SOX2, KLF4, and c
MYC (known as the O6Yamanaka factorsodo), I n
sufficient to initiate cardiac reprogrammi(@32). Using this approach, the authors obtained

a more robust differentiation efficiency (~40%) compared to the first reports. Importantly,
the differentiation proceseequired the use of pharmacological agents to block the- JAK
STAT pathway to avoid maintenance of pluripotency in these cells. As discussed previously,
this signaling pathway is crucial for establishing an innate antiviral response against many
viruses inthe early stages of infection and the effects of BKAT inhibitors during cardiac
differentiation and the susceptibility to viral infection remains to be addressed. More
recently, chemical activators of cardiogenic pathways have been used to induce
differentiation of fibroblasts into chemicadduced cardiomyocytike cells (CiCMs) as an
approach to avoid several disadvantages of gene trébeded therapy such as genomic

insertions(233). Further characterization of the behavior ofstheellsin vivo and during
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different causes and stages of myocardial injury will provide more definite foundations for
the use of these approaches in cardiac therapeutics.

To date, only a few studies have reported the use of sterhasat therapies imé
context of modulating pathogenesis of infectious agents in the heart using model organisms.
For example, tail vein emjection of embryonic stem (ES) cells and EMCV improves
survival of mice compared to those injected with EMCV al{2®#4). Moreover, mice who
received ES cells were found to have reduced inflammatory cell infiltration and number of
myocardial lesions. More recently, similar results were obtained after intramyocardial
transplantation of cardiac mesenchymal stensd@MSCs) into a mouse model of chronic
cardiomyopathy induced byrypanosoma cruzinfection (235, a major parasitic agent of
myocarditis in Latin America. Interestingly, the ES cells injectedhie first report were
found to migrate into the heart and differentiate into cardiac myocytes, whereas the CMSCs
injected directly in the myocardium of thle cruzi mouse model did not appear to have
differentiated. These observations may simply reflde differences in experimental
conditions used in these studies, such as the types of cell used, method and time of deliver,
and disease model. Nonetheless, it would be crucial to determine the outcomes of different
therapeutic approaches in different ratsdof infectious disease at different stages of disease.
The evidence for the use of stem cells to modulate myocarditis in the CVB3 model is
minimal, but promisingln vitro sudies using primary mesenchymal stem cells (MSCs),
which are resistant to CVB8fection, have shown that they reduce CViB8uced oxidative
stress, apoptosis, and virus progeny release whanltged with Hl-1 cardiac myocyte

cells (236). Moreover, injection of MSCs also reduced cardiac damage and improved left
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ventricular function in a murine model of CVB&duced mypcarditis. The use of MSCs to

attenuate CVB3nduced myocarditis has several advantages due to their immunomodulatory
properties I n regul ating T c el linflammatoryy at i on
mi croenvironment 6 (33, twotirhpertant chbractercstics of rC¥B3i t y
pathogenesis. Additionally, human induced pluripotent steradeeiNed cardiac myocytes
(hiPSGCMSs) are being used as a platform for the identificationovel antiviral drugs using

a luciferaseexpressing CVB3 recombinant strg3). However, the recent associations of
re-activation of latent herpesviruses and their getlipathologies after stem cell therapy in
immunocompromised humai(@38-240) indicate that more detailed studies are necessary to
understand the consequences of distinct types of therapies in the diverse human population.

In summary, the limited mitotic activity displayed by cardiac myocytes coupled with
their rapid lossduring viral infections in the heart poses a major problem in the human
population. Extensive efforts have been devoted to understanding mechanisms of cardiac
repair and avenues for regenerating the diseased heart. Nonetheless, the specific functions
and daracteristics of cardiac myocytes go beyond their ability to contract and their
excitability, as reflected by their specialized antiviral responses both under -stataly
conditions and during a viral infection. In addition, the contribution of higédponsive
cardiac fibroblasts and myofibroblasts in amplifying antiviral and-ipilammatory
responses as a result of cardiac injury should not be omitted, and adds another layer of
complexity to the field of cardiac repair. Considerations regarding tyfesardiac

regeneration approaches, such as stem cell type to be used and the maintenance of a proper
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cardiac cell type makeup in the repaired heart, will prove to be crucial for proper cardiac

repair and future maintenance of homeostasis in this essangfa.
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TABLE 1.1. Viruses associated with myocarditis and their reported pathologies.

Pathological characteristics seen in human cases and/or animal

Virus Family Species . Ref.
models of disease
Adenoviridae Adenovirus Infiltration of lymphocytes, histiocyteplasma cells, and granulocytes (241
necrosis of myocardial fibers; interstitial edema, hemorrhage; likely 244)
cell-mediated response.
Coronaviridae Severe acute
respiratory Cardiomyocyte hypertrophy; interstitial fibrosis; macrophage (245
syndrome infiltration.
Rabbit Myocyte necrosis, calcification, and cytolysis; interstitial edema; (246,
Coronavirus  hemorrhage; dilation of left ventricle. 247)
Flaviviridae Dengue virus Infiltration of inflammatory cells; necrosis of myocardial fibers; (248
interstitial edema. 249

Yellow Fever
virus

Hepatitis C virus

Zika virus

Hepadnaviridae Hepatitis B virus

Fragmentation and granular degeneration of the myocardium; myo«
nuclear pleomorphism; vacuolar degeneration; hemorrhage; infiltrat (250,
of mononuclear angdolymorphonuclear leucocytes, lymphocytes, an 251)
plasma cells.

Myocyte hypertrophy; fibrosis; infiltration of inflammatory cells (2458@
Swollen muscle fibers; some loss of striations sax@olemma; (253

infiltration of macrophages.

Unknown; likely involving both direct cytopathicity and an immune (254,
response. 255
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TABLE 1.1. Continued

Herpesviridae  Cytomegalovirus Enlargement of cardiomyocytes; necrotic cells; infiltrate of leucocytr (256-

EpsteinBarr
virus

Human
herpesvirus

Varicella-zoster
virus

Orthomyxoviridae  Influenza A
virus

Influenza B virus

Paramyxoviridae Human
parainfluenza
virus

Measlesvirus

Mumps virus

Respiratory
syncytialvirus

and lymphocytes. 258
Direct cytopathicity; infiltration of leukocytes, histiocytes and (259
lymphocytes. 261)
(239
Interstitial and intramyocardial infiltration of inflammatory cells. 262
264)

Infiltration of mononuclear and polymorphonuclear cells, lymphocyt (265
and plasma cells near necrotic cardiac myocytes; interstitial edema 269)

Infiltration of pro-inflammatory leukocytes and degeneration of cardi
myocytes; thickened mitral valve with exudates; dilation of cardiac (270,
chambers. 27}

Interstitial infiltration of lymphocytes, neutrophils, and eosinophils ir (272,
the heart. No signs of cardiac myocyte loss in human patients. 273

Interstitial infiltration of lymphocytes, neutrophils, and eosinophils ir

myocardialand pericardial tissues. (2277;'
Scattered infiltrates of histiocytes and lymphocytes throughout the 276
heart; some foci of myocardial necrosis; interstitial edema; presenc 278)
giant cells in the myocardium.

Interstitial myocardial fibrosidpci of necrotic myocytes; some 279
mononuclear cells present near the foci of necrotic myocytes.
Undescribed (280
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TABLE 1.1. Continued

Parvoviridae

Picornaviridae

Poxviridae

Rhabdoviridae

Reoviridae

Parvovirus B19

Echovirus 1

Coxsackievirus
B

Vaccinia virus

Rabies virus

Mammalian
reovirus

Infection of endothelial cells in cardiaessels, infiltration of (281,
inflammatory cells, myocyte necrosis. 282

Cellular infiltrate, necrosis, and calcification in myocardium. Promin
tissue damage to the left ventricular wall and intraventricular septur (283

Vacuolation, apoptosis, and necrosis of cardiac myocytes followed
infiltration of immune cells. Clearance and loss of infected cardiac
myocytes by T cells.

(11, 49,
50, 54)

Leukocyte infiltration at the intermuscular septums; degeneration of
myocardial fibers. Clusters of virions in the cytoplasnthefinfected (284
cardiac myocyte; changes in the morphology of their mitochondria, 287)
dilation of the sarcoplasmic reticulum, and necrosis.

Interstitial infiltration of polymorphonuclear leucocytes, macrophage
and plasma cells in the heart. Capillary dilatation, edema and
degeneration of myocardifibers.

(288
290)

Infiltration of leukocytes, cardiamyocyte vacuolization, nuclear
pyknosis, edema, and necrosis. Disease manifestation present in n
lacking B and T cells (i.e. nemmune mediated) and determined by -
hostIFNU/ b response.

(59, 60,
201,
292)
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TABLE 1.1. Continued

Retroviridae

Togaviridae

Human immune
deficiency virus

Chikungunya
virus

Rubella virus

Multifocal or interstitial infiltrates of lymphocytes (mainly T cells) wit
isolated cardiac myocyte necrosis. Disease is thought to be mediat (293
either direct HIV or antiretroviral therapy (ART) toxicity, opportunist

infections, nutritional deficiencies, chronidlammation and/or cardiac 294

autoimmunity.

Undescribed. (295
296)

Loss of myocytestriations; swelling of myocardial fibers; myocyte (297
nuclear pleomorphism; necrosis; fatty degeneration.
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Phase | - Viral entry
and active viral replication

* Infection of cardiac cells
- Direct myocardial injury
Loss of cardiac myocytes
* Apoptosis and necrosis

* Innate Immune Responses

* Type | and type Il IFNs
* TNFaq, interleukins (ILs), and
other chemokines and cytokines

Improvement &
- Viral clearz
- Formation

Figure 1.1. Phases of viruanduced -cardiac pathologies and progression to
cardiomyopathy. Working model forthe distinct phases of viral myocarditis as described

during CVB3 pathogenesis based on informatioiii€).
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Al Mouse myocardium tissue section | B Primary cardiac myocyte culture |

Primary cardiac fibroblast culture

Myocytes/ Fibroblasts Nuclei

Figure 1.2 Association of cardiac cells in the heart and generation gdrimary cardiac
cultures for the study of viral myocarditis. (A) Crosssectionof a myocardiumfrom an
adultmouse(B) primary cardiac cultures generated fronomatal mice were immunostained
with antibodies againssarcomeric actin(green) and vimentinréd) to depict cardiac
myocytes and cardiac fibroblasts, respectively. Nuclei was counterstained with(iédéd)l

Scale bar = 20 ym
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CHAPTER 2

Mammalian Reovirus as a Model to Study Cardiac Cell
Type-Specific Innate Antiviral Responses and

Non-Immune-Mediated Myocarditis
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ABSTRACT

Viral myocarditis, defined by damage and inflammation of the myocardium as the
result of a viral infection, is a leading cause of sudden death in young adults. Many different
viruses have been associated witis thisease, yet the mechanisms of pathogenesis for most
of them remain largely unknown. For some viruses, cardiac damage is attributed to a
combination of both direct virahduced cytopathicity and infiltrating cells of the immune
system. However, most dhe research thus far has focused solely on imrmuediated
pathologies and very limited information exists for mechanisms of direct viral damage to
cardiac myocytes. Mammalian reovirus induces a-inanune mediated myocarditis, and
protection in mice islependent on the host interfefo b r esponse. | mportan
strain and cardiac cell typspecific events seen vivo recapitulate those obtainéa vitro
using primary cultures of murine cardiac myocytes and fibroblasts. Thus, correlation of
cardiac damage in primary cardiac cultures coupled with the powerful genetic tools to
manipulate the reovirus genome allow the identification and characterization of both virus
and host determinants of cardiac pathogenesis. This review summarizes #rendiff
mechanisms employed by mammalian reoviruses to induce cell death, the ways by which
they activate innate host antiviral responses, and the strategies that different reoviruses

employ to repress these hdsffenses.
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MAMMALIAN ORTHOREOVIRUS i VIRION ORGANIZATION AND LIFE
CYCLE

Mammalian reoviruses are members of Beoviridaefamily, the largest and most
hosttropism diverse of the nine families of douskeanded RNA (dsRNA) viruses. This
family includes important mammalian pathogens suchotgviruses and orbiviruses, in
addition to ubiquitous viruses that infect a wide variety of mammalian andnaammalian
animal species, plants, fungi, and protoZda The namereovirus is an acronym for
respiratoryenteric orphan virus; as human infections with reoviruses typically involve the
respiratory and gastrointestinal tracts with minimal to no associated disease symptoms.
Members of this family are characterized by a sphericalemweloped virion of 65 to 80 nm
in diameter with icosahedral symmetry composed of one to three concentric capsid layers.
Their genome is composed of 9 to 12 distinct dsSRNA gene segments that are thought to
remain inside the inner capsid of the virion throughout the virus life cycle. Mammalian
reoviruses were first isolated from children in the late 193psind were the first dSRNA
viruses to be describd@, 4). Newborn mice are susceptible to reovirus infection and serve
as a model for studying reovirus pathogenesisiwerde organs. The initial discovery of
reoviruses from <childrenoés stool sampl es
corresponding to three different serotypes that are frequently used as prototype strains in
research: type 1 Lang (T1L), type 2 Joii€8J), type 3 Abney (T3A), and type 3 Dearing
(T3D) (2).

The virion of mammalian reoviruses is approximately 85 nm in diameter and is

composed of two concentric protein Beethat surround and protect ten discontiguous
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dsRNA gene segments present in equimolar amdung7). The ten gene genents can be
resolved by polyacrylamide gel electrophoresis and are classified by their size into three
large (), three mediumN]), and four small$ segmentg7-9), which encode thr
€, and four 0 pteinspraspectivalyfable Z1). ahte Blcand MP gene
segments are polycistronic and each encode two proteins as the result of different start codon
usage(10-12). The open reading frames (ORFs) are flanked by short untranslated regions
(UTRs) and transcribed inside the core into-fefigth mRNAsS generated using the negative
([-]) strand of each dsRNA segment as templates. Reovirus dsRNA speriest adicap a 50
in the plus strand of each gene segment necessary for exonuclease prdiER)ion
recognition by the translation initiatioiactor elF4E, and subsequent ribosome binding to
viral transcriptg14, 15). Notably, early reoviruRNA synthesis studies were responsible for
the discovery of the 50 methylated cap mMRNA
eukaryotic mMRNAs(16-18). In contrast with most eukaryotic mMRNA species, however,
reovirus RNA species are not pagenylatedl).

Different morphotypes of reovirus particles can be generated during infection that
include genomeontaining virions, infectious swearion particles (ISVPs), and core particles
that differ in their pysical properties, outarapsid protein composition, levels of infectivity,
and other characteristi¢d). Both ISVPs and core particles can be generatedtro after
treatment with specific proteases under specific condi{ib®<20). The reovirus virion outer
capsid is mainly composed of €1 and a3 hete
specific locations by turrdt i ke structur es f Thesentrdets beyve a82 per

portals for protrusion of fil a(hé Bt Thaisnert r i mer
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capsid is composed mainly of 21 and 02; and
| SVPs |l ack (03 but do retain the at@atément |
biochemical differences in ISVPs confer a tfotd increase in infectivity for strain T1L, but
a 10fold decrease in infectivity for T3D relative to virions due to additional cleavage of the
T3 D @2 In additon to ISVPs, an intermediate particle referred to as ISVP*,
characterized by the |l ack of 0 123aingdnerdted f er er
from ISVPs during infection. Unlike virions and ISVPs, ISVP*s have been shown to be
transciptionally active(21). Lastly, cores lack all of the outer capsid proteins except for the
a2 t-like pergatmers, which reduces their infectivity by about one mifldeh compared
to native wions(24. The reovirus cor e, howevexappehas th
viral mRNA in vitro (25), and a similar intr&ore transcription mechanism is thought to
occur after virion uncoating situ.

Thereov r us protein 01 ser v(Zzsandaas a tohsequeadet a ¢ h n
plays major roles in determining cellular and tissue tropism in the(Bds28). The initial
tethering of the reovirus virion to the host cell surface is matliayea low affinity binding
of 01 t (@93t).Sgrotyper L uses the glycan portion of the ganglioside G2
whereas the T3D serotype engages a broader range of sialylated B@&e8% 33). After
this initial engagement to glycans, 01 binoc
moleculeA (JAM-A) protein, which serves as receptor for all three reovienstgpes(34,
35. The biochemical struct ur e-Abdve shovn thattbem T 1L
affinity of this interaction is similar for both strains and occurs via conserved ep{@fes

suggesting that the differerecen tropism and pathogenesis by these strains is not dictated by
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0 1JAM-A interactions. JAMA appears not to be essential for reovirus replication in the
intestine and the central nervous system (CNS), but it is required for infection of vascular
endothekl cells and for efficient hematogenous dissemination in the (8%t More
recently, the Nogo receptor (NgR1) was identified as a receptor for reovirus in the CNS and
required for reovirus neurotropis(@8). The internalization of reovirus particles is mediated
byreceptoome di at ed endocyt osi s -integkins,land clathriwoatédv i n g
vesicles(20, 39-42). Shortly after entry, reovirus docalizes with and activates the kinase

Src, which is important for reovirus sorting to endocytic compartments and subsequent virion
disassembly(43). Reovirus trafficking involves transport through early, late, and recycling
endosomes in dynamitiependent andndependent pathway@2, 44). The proper sorting

and subsquent disassembly of reovirus requires functional microtubules and the GTPases
Rab5 and Rab7{45, 46). The disassembly of reovirus within endosomes results in the
stepwise pHdependent conversion of the virion to ISVP and later to ISVP* as a consequence
of proteolytic cleavages and conformational changes that occur in the outer capsid proteins
(47, 48). The specific enzymes and specific host cell determinants involved in these events
appear to be cell typgpecific but generally involve endosomal acidic pH and multiple
lysosomal cysteim proteases from the cathepsin fani@§-54) and specific membrane lipids

such as phgshatidylcholine and phosphatidylethanolam{BB). During these processes, the

el protein undergoes proteolytic cleavages

membrane penetration events required for the release of the viral core into the cy{@flasm
23, 56-58). The released coreogtains the viral genome and the enzymes necessary for the

synthesis of viral mMRNA transcripts.
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|l nside each reovirus <core particle resid
RNA-dependent RNA polymerase (RdARp) 59). 3 1s also thought to
activity required for unwinding of the genomic dsRNA prior to viral mMRNA transcription
using the {] strand astemplate (60). As the nascent transcript
phosphate at the 56 end is removed by the R
59,6l)and is 1 mmediat el y modicépped tanderiptthatdstiero yi e
able to exit the core partic(é2-64. The €2 protei n KE5ndbglayss s RNA
both NTPase and RNA 506 triphosphate ctivit
67), ard is thought to function as a€oact or f or 3. The observa:
di splay reduced &2 acti vit y-untappsd transadiptsta@ t he
synthesized by the progeny particles rather than the initial infecting (@8469). As the
infection advances, the synthesis of viral protemgeases and cellular protein synthesis
decreases, with a translational bias for specific viral trans¢rpt3 1).

Reovirus genome replication and virion assembly occur inside highly specialized
cytoplasmic structures referred to as viral factories (VFs) firat within a membranous
network surrounding the cell nucleus shortly after infection and that increase in size over
time (72-76). VFs contain both virions and empty particles embedded in a matrix that
contains RNA, ribosomal subunits, and translation factors; providing evidence that both
transcription and translation occursthin these structure§&7, 78). VF-like structures are
also created during infection with other members of Reoviridae family such as
rotaviruses, orbiviruses, and phytoreovirug@9-81). These structures are thought to

facilitate the virus life cycle by concentrating factors required for replication and assembly.
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Additionally, the sequestration of viral mMRNA in VFs may serve to minimize recognition by
patternrecognition receptors (PRRahd subsequent innate immune responses similar to the
membranous webs formed during hepatitis C virus (HCV) infe¢@@h The VF matrix is
structured by the scaffoldingnent r uct ur al protein &€NS and ect
250 Gtermimal amino acids is sufficient for the formation of Mke structureg72, 73, 83).
Reovirus &eNS recruits core proteins t-o VFs
terminal region(72-74, 84-86), which is required for viral replicatio(67), yet the exact
mechanism for recruitment of the other core proteins has not yet been determined. In addition

to eNSM3gehe produces a second translation
consequence of an alternativefiame start codoi(87). This ~ 5 kDa shortened version of

eNS appears to be dispensable for viral re
described67). I nterestingly, ttuhre 6mov/rFpsh odli of gfye rasf i tnt
isolate of serotype T3D. In contrast to the filamentous morphology of the VFs produced by

most strains, including those by T1L, the VFs produced during infection with this T3D
isolate appear as large dense globular stras (72). These structural differences are
determined by a temperattsee nsi t i ve mutation in a atingle
det er mi nes alquitdatian rseatdsaand wseability to bind to and stabilize

mi crotubules, which | i nks \@s72 75088).tAltheughc yt o s k
microtubules are required for reovirus sorting and disassembly after internali@gjpthe

microtubulebi ndi ng i mpair ment i n T3D ¢ 2roles@aece not

rys

factor of a3 (@9. Recéntstutlies usmg ttansmiaston edentron microscopy

and threedimensional image reconstructions have revealed that reovirus VFs are themselves
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surrounded by mitochondria and membranes of the rougbp&sinic reticulum and contain
microtubules within then{76). Future functional studies are necessary to better understand
the reorganization and functional role(s) of these membranes during reovirus infection.

The soting of reovirus dsRNA and packaging during particle assembly remains
largely undescribed. Much of the insights to this fieldReoviridaehas come from studying
bluetongue virus (BTV). For BTV, these processes appear to be regulated by supramolecular
conpl exes that recognize information present
and it is likely that they are sorted in a specific order determined by the size of each gene
segment(89-91). Similarly, little is known about reovirus virion assembly within sVt
does appear that dsRNA synthesis and inner capsid assembly occur in parallel followed by
assembly of the outer capg@2, 93). Notally, empty outer capsid shells lacking cores and
dsRNA can be observed during replication of some temperatustive reovirus mutants,
andcord i ke particles can be generated by expre
cells using a hybrid vaatia virus as an expression systédd, 95). To dag, the activity of
the chaperones Hsp70 and Hsp90 has been determined to be requiredeforin@l
trimerization of the att ach@@9o)Adgtiomaltyehen a1 [
chaperone Hsc70, a close homolog of Hsjp&@ecruited to VFs likely through its binding to
e N %98) and has been implicated in reovirus disassen@®. The specific events that
regulate reovirus progeny egress has been largedxplored, but may involve cell type
specific mechanisms that lead to viinduced apoptosis and/or cell lys{¢00-109.
Importantly, reovirus egress in polarized human brain microvascular endothelial cells

(HBMECS) is directional and occurs exclusively from the apical cell surface by a mechanism
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that does not involve cell lysis or apopto€l®6). Thus, it is likely reovirus has evolved
different mechanisms to regulate cellular fate and virion release as a means to effectively

influence spread in the host.

GENETIC TOOLS TO STUDY REOVIRUS BIOLOGY AND PATHOGENESIS

Classic studies on reovirus biology and pathogenesis relied extensively on the use of
reassortant viruses. Reassortment, or gene segment exchange, is a commoaf fBatdre
viruses with a segmented genome such as members ofOtti®myxoviridae and
Bunyaviridae Reassortment takes place when two or more virusege a single cell and
one or more genomic segments are exchanged during packaging into progeny virions,
leading to hybrid virusesF{gure 2.1A, (107)). The exchange of RNA alleles requires the
conservation of assortment signals and interactions between the RNA molecules and viral
proteins to ensure that a virion receives a single copy of each one of its segments both
specifically and efficiently(107). Additionally, the hybrid progeny must not only undergo
proper packaging for their emergence in the population, but they must also display sufficient
viral fitness to maintain their presence. This genetic exchange is not completely a stochastic
event and several lines of evidence suggest that the packaginds signamembers of
Reoviridaer esi de in the 56 and Q0). Moredver, theré ard he R
particular reovirus gene segment pairs thatsegregate nerandomly (108). These
observations would suggest that specific 4oomalent RNARNA or RNA-protein
interactions occur during segregation of particular segments or that several gene segment

pairs cannot be segregated without major detrimental effects on viral f{tt@3s In the
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case of different reovirus strains, the signature of the electrophoretic dsSRNA segments during
migrationin acrylamide gels allows researchers to quickly assess the origin of each genomic
segment in the reassortant progeny comparing it with the parentalecong strains(1,

109 110. Altogether, reassortment provides a powerful tool for genetic linkage of a
biological property with a gene segment(s).

Mice coinfected with strains T1L ahT3D yield reassortant progeny, indicating that
this mechanism does occur vivo (111). A similar experiment resulted in the isolation of
reovirus 8B from the brain of T1L + T3D gofected neonatal roe (112). 8B is an
interesting reassortant virus due to an unusual enhanced cytopathicity and myocarditic
potential compared to the parental viruge$2 113). This vrus contains eight genes from
T1L and only two genes, th81 and M2 segments, derived from T3[@12). Follow-up
studies using reassortant viruses concluded, however, that the novel myocarditic phenotype
of 8B was the result of a mutation in a viral protein rather than a novel T1L/T3D gene
association(113). This led to the generation of new sets of reassortant viruses from L929
cells coinfected with 8B itself and nemyocarditic viruses, and the subsequent
i dent i f i c aendobngMlgedne as thegeen? associated with the 8B myocarditic
phenotype(113. In the context of reovirusiduced myocarditis, the use of reassortant
viruses has been critical for the identification of both viral and host determinants of viral
pathogenesis and cardiac protecijbh3-116) and will be discussed in further detail later.

The selection of mtants with different biological and biochemical properties has
similarly contributed to our overall knowledge of reovirus form and function. Probably the

most widely studied are temperatg@ensitive {s) mutants that display reduced replication
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when growm at a restrictive high (3@ 0 ¢ C) temperatures but nor ma
l ower ( 31e C(109 L1& M) e Jelactiam ofehds mutant viruses typically start
with inducing genomic mutations by chemical mutagd®®, 119, and serially passaging at
high multiplicity of infection (MOI) (120 or in persistently infected culture§l21).
Experimental characterization of the trait that renders the growth defect tarthgants is
then followedby the identification of the gene segment responsible for the phenotype.
Importantly, both the reversion of thg point mutation to the original amino acdi#l17) or
the emergence of a new mutation in a different gene that suppresses the defect feom the
mutation have been shown to ocqd2 123). In addition, the study of both reovirus
mutants that either lose gene segments during serial pas§h2#tP6) or gain mutations to
overcome <cellul ar det er nradnaapnttesd 0¢1RMm aAdrastIs )r e p
been used to reveal different characteristics of reovirus entry and genomic packaging. As
with almost every genetic analysis, mutant phenotypes must be genetically complemented to
validate the role of the viral protein in cue with a particular property. For example, the stable
expression of OGNS or € 2 compl e memissve vi r al
temperatures displayed by th&smutant counterparts’4, 129). In addition, the use of cells
stably expressing small interfering RNAs (siRNAs) that target specific viral transcripts
during infection have also been used to assign protein fun@®n30-132). The inhibitory
effects of the siRNAs can then be complementedllysequent expression of viral genes
with silent mutations in the siRNA target sequence to prevent transcript degradation.

Mammalian dsRNA viruses were the last group of RNA viruses for which a

bioengineering protocol to generate recombinant virusesnatigg from plasmids was
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developed133. Until then, the study dReoviidae family members by reverse genetics was
limited to ssRNAtransfection based metho(ls34) or partid plasmidbased methodgL35

t hat all owed the replacement -génemat ioan ot woe
genetics system was successful in the creation of recombinant reoviruses by solely
expresing the cloned cDNA reovirus gene segments in mammalian cells without the
requirement of a helper virus or viral replication prote{Rggure 2.1B, (133). In this

method, the ten gene segments of reovirus are cloned waitkirig T7 RNA polymerase
promoter (T7P) and the antigenomic hepatitis delta virus ribozyme {RibYand expressed

in L929 cells previously infected with a replicatidefective T7expressing vaccinia virus.

The nascent viral [+$ense RNAs contain the hat e 50 e n d gleavagenofithet he s
HDV-Ri b produces the native 30 ends in each
thought to serve as template for both the translation of viral proteins and for the synthesis of
dsRNA gene segments. After 5 daffse cells are lysed and viable recombinant viruses are
isolated by plaque ass#&¥33). An i mpr ogveende rGamtthiocbémnfice generation

of recombinant reoviruses was developed shortly &ft86, 137). This new technology

allowed a more efficient and rapid method to rescue mutant viruses and reduced the amount
of plasmids to be transfected from the argiten (i.e. one plasmid per gene segment) to

four. This was accomplished by combining viral gene segment cassettes in single
multicistronic plasmids. Additionally, the improved method could also be used in T7 RNA
Polexpressing baby hamster kidney (BHRK) cells; avoiding the necessity for infecting the

cells with T7#expressing vaccinia virus prior to plasmid transfect{@B86 137). These

technologies allowed the production of recombinant reoviruses that could be, for example,
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mutated in desiredmino acids or engineered to express gene segments from other stains to
test biological function(67, 104, 116 138140), be tractable by their expression of GFP
tagged chimeric viral protein(d33), and even serve as vectors for heterologous expression of
antigenic epitopes from other viruses that could serve as basis for vaccine(tié&jgnro

date, similar and more advanced reverse genetics approaches have been developed for other
Reoviridaememberg142); including a ceklfree method for the reconstitution of infectious

BTV core particles derived froimn vitro synthesized [+pense ssRNAs and proteijig3).

REOVIRUS-INDUCED MYOCARDITIS

Reovirusinduced myocarditisni a neonatal mouse model of disease is caused by a
nornrimmune mediated direct cytopathic effect (CPE) in cardiac €@l 144 145).
Specifcally, reovirus infection results in myocarditis in mice lacking T and B lymphocytes
(112 145, which are indispensable for adaptive immune responses. This is in contrast with
the wellstudied coxsackievirus 3 (CVB3) model of myocarditis where cardiac damage is the
result of both direct virusmduced CPE and T cethedided response§l46). Within the
heart, reovirus direct damage to cardiac cells can be appreciated by focal lesions throughout
the three cardiac walls and calcification of the surface of the Wwaarminimal infiltrate of
cells of the immune syste(i12). Thehearts from neonatal mice inoculated intramuscularly
with the potently myocarditic reassortant 8B are characterized by numerous calcified
macroscopic lesions covering most of the surface of the organ that correlate with damage and
inflammation of the enté heart(112). The cardiac lesions present in-B®culated mice

expand in size over time during the first wes infection, as does the extent of leukocyte
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infiltration. Cardiac damage in the form of cardiac myocyte vacuolization, nuclear pyknosis,
and edema can be appreciated after three daysnpasion. There is evidence for necrosis

of necrotic cardiac nocytes with loss of sarcoplasm at day five go&ction; which
progresses in severity in the following two days accompanied by myocyte calcificti)n

At the ultrastructural level, 8Bduced cellular pathologies include organelle swelling,
fractured mitochondria of amorphous densities, and damaged sarcolemofaylich are
characteristic of necros{¢12). Even though thextent of viral replication in the heart is not
the predominant determinant of reovirus myocarditic pote(kit?, 113), 8B does replicate

to high titers in this organ, the liver, and the brain. Hence, the lethality observed in the
neonatal mouse model after 8B inoculation can be a consequence of failure of thege or
other organ(sj112.

The capacity of reovirus to induce cardiac damage is stp@nific and is determined
primarily by the host IFNO/ b response. Specifically, t he
reovirus strains inversely correlates with its ability to induce and respond to the antiviral
effects of IFNU/ b i n ¢ ar d11%.cRemarkablyg, ynomeyscarditic reoviruses
induce cardiac damage whenthe BN b sy st em i(kl5 H46149. Genstic s e d
association has demonsti@téhat reovirus myocarditic potential segregates with Ntie
gene, which encodes the p2 protein, but is also influenced bgihkl, andL2 gene
segments(113 150. The M1 gene similarly determines the extent of viral replication
between different reoviruses in cardiac myocyf@$l). Importantly, M1-dependent
differences in viral replication displayed by naoyocarditic reoviruses can be ogeme by

inhibiting the IFNU/ b r e($1p, d.39s Bloreover, u2 actssaan IFNb si gnal i ng
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antagonist, providing evidence for critical roles for both the hostUFINb r esponses
ability of a particular reovirus strain to repress these responses in determining disease
outcome(116, 139).

The strong correlation between reovirus myocarditic poteimtiaivo and the CPE
observed in primary cardiac myocyte cultures have extensively demonstrated the power of
this in vitro model for studying virusnduced cardiac damag&44, 152). That is, reovirus
strains with myocarditic potential induce apoptosis in primary cardigocyte culture§153
157). Myocarditic reoviruses activateaspasé and caspas@ through death receptor
mediated extrinsic apoptotic signaling, but only minimally activate the intrinsic
mitochondrial apoptotic pathway through casp@sen cardiac myocytes(155).
Pharmacological inhibition of caspases or the protease calpain in the neonatal mouse model
diminishes the prapoptdic properties of myocarditic reovirused54, 156), further
supporting the role of virumiduced myocyte death in the development of myocarditis.
Activation of caspas8 in the heart and the brain is reduced in reoviruses unable to express
Gd1ls wi t im@nedvirusatitets(@s8), indicating that while

replication it is required for maximal induction &boptosis in these organs.

CARDIAC CELL TYPE -SPECIFIC INNATE ANTIVIRAL RESPONSES TO
REOVIRUS INFECTION

The ability of reovirus to undergo genome reassortment between different strains
during caeinfection has led to the mapping of genetic determinants of reewidused acute

myocarditis in mice(113 150. The myocarditic potential seen in mice injected with
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reassortant reoviruses correlates with their induction of cell death in primary cardiac
myocytes, but noin cardiac fibroblasts, providing an excell@ntvitro model for the study
of cell typespecific events important for determining disease outc@Mé& 144). This
model served to unveil the correlation between ptae@gainst myocarditis and induction
ofIFN-b, the sensitivity of th® wigualtogthand
proteins associated with these respor(s&s). First,the magnitude of induction of IFR i n
cardiac myocytes is higher for nomyocarditic reoviruses and is associated withMiie S2
andL2 viral gene segmen{415), all of which encode structural proteins. Second, reassortant
reoviruses that are strong inducers of IFN ar e al so more senUW/ifi,i ve t
as their viral replicationsidecreased in cardiac myocytes cultures previously stimulated with
exogenous IFNJ / (B15). Third, addition of neutralizing artFN-U/ b anti body t o
cardiac myocytes cultures is sifycantly more beneficial for nomyocarditic viruses than
for myocarditic viruses. These effects were found to be celldppeific, as viral replication
of nonmyocarditic viruses did not increase in presence of neutralizingfU/ b ant i bod
in differentiated skeletal muscle cellsl5. And fourth, the essential protective roles of {FN
U/ b r es pons e sindacedariyotarditis weee alenmiomsmagadvivo by injecting
neonatal mée with neutralizing aniFN-U/ b anti body pri or to reo
these conditions of impaired IFNN/ b s i g n a-myocaglitic reass@rtanh wirus DB188
is capable of inducing cardiac lesions, providimgivo evidence for the capacity t#N-U / b
signaling in modulating reovirus myocarditic poten¢tel5).

The use of primary cardiac cultures asranitro model of reovirus pathogenesis has

also revealed many important celfpespecific events in the cardiac innate antiviral
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response. A comparison of basal and reovindsiced mMRNA levels of IF and t he
representative IFMtimulated genes (ISGs)RF7 and ISG56 revealed an interesting
conundrum. Basal mRNA transcript levels§IFN-b and | SGs were found
cardiac myocytes than in cardiac fibroblasts, but reovirdaced expression of ISGs was

higher in cardiac fibroblasts than in cardiac myocytEs9, 160). In addition to IFNb ,

cardiac myocytes express higher levels of the-Fl subt ype, but t he ©ba
IFN-U1, -U2FN-US5FEN IBNAUB/ 6 are similar be(6éeen th
Expression of differentFN-U s peci es during reov4anduBNUi nf ec't
subtypespecific, likely due to the specific requirement of vimduced IRF7 activation for

their induction through a positivemplification loop and the differences in the kinetics of

this event between the two cardiac cell ty(le&l).

The cell typespecific ativiral responses between cardiac myocytes and cardiac
fibroblasts prompted the search for the underlying determinants that result in higher basal
levels of ISGs in cardiac myocytes, yet higher responsiveness to the effects of IFN in cardiac
fibroblasts. ISGs are typically induced after activation of the -$aAT pathway upon
engagement of the secreted N b mol ecul es with their recept
the higher basal levels of ISGs in cardiac myocytes were found to be dependentdn IBN
signaling, as these levels are drastically reduced in cardiac myocytes lacking tkhk/ BN
receptor(159. Importantly, baddevels of IFNb and | SGs wer e found to
are critical in the antiviral protection of cardiac myocyte80. These studies revealed that
high basal levelsof IF r esul ts in greater | evel2sasof ba

determined by their phosphorylation and nuclear localization in wild type cardiac myocytes
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but not in myocytes lacking the IFN/ b r e(16@.plntayestingly, the levels of
latent/noractivated components of this pathway, includidakl, Tyk2, STAT2 and IRF9,

were found to be higher in cardiac fibroblasts than in cardiac myo(y68s Additionally,

the expression levelsofthe IR/ b r ecept or components | FNARI1
cardiac fibroblast$160), explaining the exquisite responsiveness for this cell type to-virus
induced IFNB (159 160).

Reovirus infection or stimulation with exogenous feN b r eveal ed di f f e
kinetics for activation of ISGF3 complex between the cell types. Specifically,
phosphorylation of STAT1 and STATZ2 occurs more efficientlgandiac fibroblasts than in
cardiac myocyte¢160). Thus, while high basal expression of BN i s | mpo+ t ant
arming cardiac myocytes against viral infection, cardiac fibroblasts largely depend on virus
induced ISG expression for thantiviral protection(159, 160). Interestingly, addition of
uninfected cardiac myocytes to reovhingected fibroblasts had no impact on reovirus
replication, suggesting that the higher basal levels offFNi n myocyt es ar e no
protect adjacent cardiac fibroblasts in tleart(160). It is plausible, however, that secretion
ofinduced IFNb i n cardiac myocytes during v-iral [

responsive surrounding cardiac fibroblasts to limit viral replication.

STRAIN-SPECIFIC DIFFERENCES IN REOVIRUS INDUCTION AND
REPRESSION OF IFN RESPONSES
Reassortant reoviruses derived from the prototypic reovirus strains T1L and T3D

have been extensively studied for their robust differences in myocarditic potential, magnitude
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for induction of IFNbB in cardiac cells, and sensitivity to the antiviral effects of downstream

IFN-b  signaling. Correl ative smypcarditicaréovirasn st u
reassortant 8B, along with the parental strains and reassortants derived from reovirus 8B
itself, provided the initial evidence for the role oftkH-e ncoded protein €2 i
of the host IFN responses and reovirus myocarditic potgdtid 113). In addition to the

M1 gene, genetic analysis also identified the and L2 genes to be associated with
myocarditic potential (150); all of which encode core proteins involved in viral RNA
synthesis. Importantly, while viral RNA synthesis in infected cardiac myocytes correlates

with myocarditic potential, it does not with the generation of progeny {iri4. This led to

the hypothesis that perhaps a protective cytekneeliated response generated after sensing

of viral nucleic acids is @eterminant of reovirugduced acute myocarditis. Indeed, non
myocarditic reoviruses were found to induce higher levels ofiFNand t o be mor e
to the antiviral effects exerted by IFM/ b t han my o ¢ a(il®).i These reov
phenotypes were associated with M#&, S2 andL2 genes; which encode the core proteins

e 2, a2, and (218). More eeseptly, sihgle \amihoyacid polymorphisms have

been identified in €2 and-ba2antdhastensedgulvartt g
respectively(139, 162).

Induction of IFN by reovirus requires genomic dsRNA, as empty viral particles fail to
activate the transcription factors IRF3 or IRF7 or induce IFN expreddi68 164).
Interestingly, while genomic viral dsRNA in virions is sufficient for the activation of IRF3
and IRF7,de novoviral RNA synthesis does not appear to be required for the activation of

these transcription factor€l64). The critical role of IRFs during reovirus infection is
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highlighted by the observations that members of this family are either necessary for control

of reovirusinduced disease or antagonistically targeted by reovirus proteins. Overexpression

of a dominatrnegative version of IRF3, which is typically activated during viral infection to

induce expression of IFHN (165 166), demonstrated that this transcription factor is essential

for reovirusinduced IFN in cardiac myocyte$167). Additionally, reovirusinduced
myocarditisin vivois enhanced in mice lacking IRF3, providing evidence for the important
protective roles of IRF8lependent IFN responses in reovirus cardiac patiesie(147).

Reovirus activation ofRF3, but not NFe B, is dependent on the <cy
acid sensor RIG and the adapter protein MAV@64). Other studies have demonstrated that

either RIGI or MDAS5 can facilitate induction of ISG expressiby the reovirus dsRNA
genome(168 169). 't was not un-diphdsh a & e-goht€rbig présénat t h e
in the reovirus dsRNA was identified as the moiety recognized bylRIGing reovirus

infection to induce expression of type | IFN and subsequent control of reovirus infection
(170. Additionally, the difference in length seen in different reovirus dsRNA gene segments

can differentially activate Rl and MDAS5 (168). Moreover, reovirus virions can be sensed

by both toltlike receptor (TLR) pathways in addition to RiIGand MDAS in polarized

intestinal epithelial cells, whereas ISVPs appear to be sensed strictly throughaRtG

MDAS5 and, thus, elicit areduced IFN r esponse compared(lo vi ri
Furthermore, a different setff helicases that forms a complex with the adaptor TRIF are
required for induction of IFN by reovirus in myeloid dendritic cells independent of the

adapter MyD88(172, 173. Thus, it is likely that the apparent redundant roles of dsRNA
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sensors and the spkcirequirements for reovirus induction of IFN and ISGs are cell-type
and RNA speciespecific.

Although the exposure of reovirus RNAs to cytosolic sensors is thought to be
minimal as the result of viral transcription taking place inside the virus(tprevhich are
themselves spatially separated in VFs where translation oi&)rst is possible that under
certain phases of the life cycle viral RNA speces uncovered and prone to detection by
host sensors. The protein kinase R (PKR) is anUFNiiduced enzyme that it is activated
by autophosphorylation and dimerization after binding to dsRMA4176), including
during reovirus infection in IFNreated cells(177). Activated PKR phosphorylates the
eukaryotic initiation factor el2 U, resulting in both transl ati
IFN-b e x pr e s s i-selhnRNA gensmg1r8d80). At least one of the RNAinding
proteins of reovirus, th84e ncoded 03, h disd déR&A and mrdventAKR t o
activation(181, 182). TheS4gene has also been associated with sspétific differences in
inhibition of cellular protein synthesi§70), which could reflect differences in PKR
inhibition. Interestingly, a virus with &8 mu t at i ® that displaysiincreased dsRNA
binding is also more resistant to the antiviral effects of-tH483). It is unclear, however,
whet her this | FN resi st an c-dsRNAshindihg er tostreel el vy
observed decr eas e(@83,bwhichchasmaen shdwn to fe@ucetthe biradihg
capacities of (03 t(®82.dnsp&NAnduUryi, nd eit refred toigmomnu s
can rescue an interferaensitive vaccinia virus that lacks its PKR repressor through the

ds RNA binding (184.0 plehret ioevseroefx pr3essi on of reov
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also been shown to reverse the RPiKiRdiaed host translational shutoff properties of simian
virus 5 (SV5) and adenovirus mutafi85 186).

Even though theS4 gene was not found to be associated with sspercific
differences in induction of or sensitivitg IFN in primary cardiac myocyte culturéklb), it
i s | i k enegliated mhbition©f3PKR activation is important but neither necessary nor
sufficient for the these properti€s37). Although activation of PKR does not seem to control
reovirus replication or diminish viraaduced cell death(188, PKR is requied for
protection against reovirtieduced cardiac damag@d49. More recently, a mutant T1L
reassortantvirus@r essing the capsid proteins €1 and
acid substitution ienll3Y2548) ptrivatei mor(fTelrLd Ti3t
(133 189 was shown to induce severe myocarditis with a concomitant higher expression of
the preinflammatory cytokines It6 and IFNo compared to the -parent
e 10 3 J190. Reovirus capsid instability was shown to enhance reovirus replication,
dissemination, and hest-host spread190). It remains to be elucidated whether capsid
instability by mut ati ons i rbindidlg3 propeetigsaand v e | y
subsequent PKR inhibition that woluhllow cytosolic exposure of RNA species to be sensed
by PRRs.

Nonetheless, these observations do not necessarily explain the-spwaific
differences seen in the magnitude of inductionof-BN b and | SGs di spl aye
in primary cardiac cékultures, fibroblasts, and differentiated skeletal muscle cell ((hES
116, 159161). Viruses commonly target specific components of the helailar pathways

involved in induction and signaling of IKN/ b as a means to favor
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dampening the host innate immune respoi$8%). Using reoviruses T1L and T3D, which
differ in their induction of IFNO and myocarditic potential, [
induction of a subset of ISGs displayed by T1L compared to T3D was due, at least in part, by
its ability to repress IFN signaling through the-BKAT pathway(116). Reovirus repression
of IFN signaling was genetically mapped to thd gene; which is both necessary and
sufficient for this phenotypél16). The ability of reovirus T1L p2 to repress IFN signaling is
associated with nuclear hypaccunulation of the ISGF3 component IRF9, but not the
degradation or inhibition of nuclear translocation of activated STAT1 and STAT2 proteins
(139. Although the exact mechanism and cellular consequences for the eotuitere
accumulation of IRF9 in the nucleus has not been yet described, it is a characteristic similarly
seenin reassortant myocarditic reoviruses that repressdFNs i g (d1#)] Furthey studies
using recombinant reoviruses demonstrated that a single amino acid poligmyramino
acid 208, in €2 is responsi bl e f ébr irne pcraersdsiia
cells, and modulation of reovirusduced myocarditis in a mouse mod&B9. This same
amino acid resi due i n -medliated IRFD nudeart lypemi n e s
accumulation Chapter 5 in this dissertatignimportantly, this amino acid is also associated
with the stability and ubiquitination | evel:
bind to and stabilize microtubules and, as a result, determine viral factory morp®ogy
75,88). Whethertheledes of ubiquitination on €2 and/ or
associated with repression of IFN signaling has not yet been addressed.

B e ¢ a u-ppemoiéiés in the reovirus genome serve as agonist for thd Bd@sor

(170, yet the magnitude of stimulated IFN di f f er s si gni fi cantl y b
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(115 at different times poshfection, it is tempting to hypothegizhat certain reoviruses,

such as T1L, employ mechanisms to dampen induction oblIFNi n addi ti on t o r
IFN-b si gnaling. For exampl e, six of the reov
acids (1), including €2 itself whi6&hThib propetgis bot h
|l i kely necessary for the NTPa¢6199,dlteould f ¢ 2
alsoreflect a yet undescribed mechanism for reovirus to protect its nucleic acids from host
sensing beyond PKR similar to what has been observed for the influenza NS1 (1@3in

194). Another possibility that has remained unexplored involves the role of reovirus VFs in
regulation of host innate immune responses. It is possible that the compartmentalization of
the reovirus transcription and translation mactjna VFs reduces the likelihood of viral

RNA species to be detected by dsRNA sensors in the cytosol of the infected cell during
active viral replication. This is indeed the case of HCV, where the membranous webs formed
during infection serve to protectetviral genome from exposure to the sensor-R(B82).

Moreover, several RNA viruses have been demonstrated to dampen IFN responses by using
their VRlike structures to sequester proteins involved in these pathways. For example, the
inclusion bodie formed during human respiratory syncytial virus (RSV) infection serve to
sequester the sensor MDA5 and MAVS through interaction with several viral pr(i@bs

Similarly, several groups have reported that the NSs protein from severe fever with
thrombocytopenia syndrome virus (SFTSV) interacts with-RIG T RI M25, TBK1, a
in inclusion bodies; and mutations the NSs that renders it unable to form IBs are also
incapable of antagonizing induction of IFN(196-198). Moreover, SFTSV appears to use

these cytoplasmic structures to dampen downstream IFN signaling by sequestering STAT1
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and STAT2 and preventing their nuclear translocation upon exogenous IFN tregit@8pnt

Although reovirus does na@ppear to sequester components of the ISGF3 complex in VFs

(116), the possibility for sequestration of components of the-Rpathway in VFs has not

yet been docuented. Moreover, because different reoviruses that differ in their ability to
inducelFNb al so di ffer in the structural morphol
are determined by the €2 protein, udutesims tem

the compartmentalization of host factors important for maximatBFNi nduct i on.

CORE PROTEIN p21 A SWISS ARMY KNIFE FOR REOVIRUS

The reovirugvil gene segment is 2,304 base pairs in length and encodes a 736 protein
of a theoretical molecular wght of 83 kDa although it migrates at approximately 72 kDa in
SDSPAGE((87,200. The transl ated protein €2 initiat
posttranslationally modified by acetylation and phosphorylatigh05 200 201).
Bi ochemically, ¢ 2-bindng@otemwithdNTPase activityi treat biRds £o
microtubules andat t he VF matri x scaffolding prote
morphology(65, 66, 75). It is the only reovirus structural protein without an available crystal
structure, and bioinformatic analyses of its conserved regions show lack of significant
homology to other proteins, highlighting the exclusiveness of the protein. Nonetheless,
predictions for the secondary structure of ¢
suggested that the protein can be divided into four different regiansliffer in both their
conservation and structural propertieg(re 2, (202). The first 157 anmo acids are highly

conserved between isol ates -haend carse amase dihatees

93



(202. The second region, spanning between amino acids 157 and 450, is variable among
isolates and contains many of the polymorphisms that will be discussed in further detail here.
Structurally, this region is predicted to be quite complaxso st i ng o fhelicest er s p «
a n dshefets(202). Another highly conserved region is present between amino acids 450
through 606 and t ho thgite$(203. dhe fasi 13d amina dcids ofhthel t i p |
protein are the least conserved among isol¢zég), yet no critical pr o|
been mapped to this region. The over af | str
protein (202, but little is known experimentally beyond thesilico predictions mentioned
above.

The predominant | ocal i z attriaoms foefc tei20 nd uwiitnh
VFs (66, 72, 75, 88), but can also be visualized diffusely throughout the cytoplashiretine
nucleug(67, 75, 203). I n addition to the rol edepeadente 2 am
VF morphology(67, 75, 88), amino acid 383 also appears toiln@ortant for VF structure in
L929 cells(67). The nuclear |l ocalization of €2 is

signal (NLS) present in the-drminal polybasic region of the protein specifically located

betweenamino acids 100 and 1167). Because mutant viruses 1in
i mpaired viral replication, it has been sugog
for completion of the infectious cycle o&avirus (67). I niti al studies of
|l ocali zation suggested that €2 nuclear expo
were no differences in the localization of

pharmacologically inhibited with Leptomycin B (LME®)7). However, recent data from our

| aboratory have demonstrated t hat €2 under
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through a CRMidependent mechanism, but the predontinatracellular localization is
strainspecific Chapter 5 in this dissertation It is likely that the different conclusions
reflect the different viruses used for each
changes during different stagestbé reovirus life cycle to modulate cellular responses and
achieve different outcomes. Moreover, because the previously identifiedibtélSequence
of €2 1s identicalFigured wegrtTlIheanodcB3IDz@tio
strains is drstically different Chapter 5 in this dissertatignit is likely that other sequences
in €2 or interactions with cellul ar protein
viral protein. However, t he s pecndéscribped,r ol e (
particularly in the context of different stages of reovirus replication.

Al t hough the €2 proteins from T1L and T3
level (204 they exhibit drastic functional differences that could, directly or indirectly,
explain the differences in IFN responses between reassortantusssvinarboring th#ll
gene from either parent al strain. For examg
specific differences in the morphology of VE&), but also the rate of their formation in
L929 murine fibroblastg203). Additionally, €2 determines
productive virion assembly within VFs in Madidarby canine kindey (MDCK) cellg05).
Thee Aependent arrested replication of T3D seen in MDCK cells can be partially rescued
by infecting cell s 8deg¢e s tait i goldiagtatidéoh e Bt7 ¢ IC
stability similar to the amino acid 208 polymorphi¢&8). The efficiency of replication in
MDCK cells, howeverappears to depend on €2 amino aci

(206). Notabl vy, both amino acids are present [
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could differentially be responsible for a temperatseasitive folding defect in certain cell
types.

Most of the strairspecific phenotyie differences related to interactions with cellular
factor s, however, are typical lRgua2socThe ed2 w
derived from strain T3D contains a serine residue, whereas the sequence of strain T1L
encodes a proline. Thegngle residue determines the level of degradative polyubiquitination,
and hence stability, 0 {depentlent manB€B88p. The inleeremt i n a
instability displayed by T3D €2 results in
induces the formatiorof filamentous VFs due to its ability to bind to and stabilize
microtubules(75, 88). Importantly, amino acid 208 is both necessary and sufficient for the

microtubuleb i ndi ng pr dfbe Astmergiened @reviogsly, amino acid 208 also

determines the capacity of reovirus to repréSNND s i gnal i ng and modul ¢
(139. Whether conditional eehn c e ment of €2 stability, and
render strain T3D the abilitytorepress BN si gnal i ng remains to be

Aside from the €2 ami no-coaserved impundreceptorr p hi s
tyrosinebased activation motif ITM) pr esent between amino aci
all reovirus serotypes has been recently identified as an important domain of this protein in
modulating innate immune and apoptotic responses in a celspgmfic manner(105).
Characterization of the €2 I TAM demonstrate
activation of NFe B b y nd goR indaction of IFND . The actioBatbiyone 20f
requires the intermediate signaling mediator Syk, which is recruited to VFs in a manner that

requires the €2 |1 TAM. The downstreasm eafnfdect
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IFN-b pat hywaey2s olr t he €2 | TApdcifimant refledt theaspeeificc e | |
roles of these mediators in cell fate. In L929 fibroblasts, whereNF I s r equi r ec
reovirusinduced apoptosi§207), the €2 | TAM mut ant i's | ess
reovirus, suggesting that the €2 | TAM is bei
cardiac myocytes, however, where the BN r esponse iis <critical f
reovirusand NFe B i s not r e g-unducee dpopfoxgis3),r etolve r @8 | TA
mutant is more cytopathic and replicates at higher titers than the wild type vires. Th
differences in replication are dependenton-FN si gnal i ng, i ndicating
disadvantageous for viral replication in cardiac myocytes due to activation of cellular innate
responses by (1095.dntenestinglg, ITAM pequence® were also identified in
the reovirus G2 and &2 protethat, piataiddst e
are associated with induction of IFN i n c ar d i(ld%. Howgverc rgcorebsmant
reoviruses with mutations in the adititt TAM f
functionality beyond requirement for viral r
ITAM will expand our knowledge on activation of different cellular signaling pathways by
reovirus proteins during replication.

We have recently characizedthesulmuc | ear | ocali zation of ¢
it can localize to and modulate the function of nuclear speckles (also known as
interchromatin granule clusters, or IGC&hg@pter 5 in this dissertatignThe work is the

subject of Chapter i this dissertation.
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MECHANISMS OF REOVIRUS -INDUCED CELL DEATH

Most viruses modulate the signaling pathways that control cellular fate to their
benefit. The consequences of these events range from inhibition of apoptosis to maximize
progeny virus prodetion to the stimulation of cell death to favor viral spread. Reovirus
induced cell death is a determinant of damage in several organs including the heart. Classical
studies have indicated that neither presence of genomic dsRNA nor active intracellular
reovirus transcription are required for inducing apopt@2@38 209, indicating that one or
more structural protein(s) are responsible for the capacity of reovirus to induce cell death.
The magnitude of induced cekath by reovirus is both cell typand reovirus strakspecific
and likely reflect the requirements of a specific reovirus strain in different organs. In most
cell types, reovirus T3 strains are more apoptotic compared to T1 strains, a property that
segrg at es with differences in the 01 421G achmer
212. Thebii ng of -A ik requived fbrAapbptosis during infecti¢®d), although
antibodymediated uptake of virions can also lead to cell dé2il3). In addition to viral
entry, disassembly of virions into V®&s is also a determinant inducing cell de¢2B(8).
Given the major roles that virigduced cell death has on viral pathogenesis and spread, it is
not surprising that the pathways that reovirus uses to activatapppiotic signaling has
been extensively studied.

Two canonical pathways leading to apoptosis, intrinsic or extrinsic, have been
extensively described in the literature; and reovirus infection has been shown to activate both
these pathways during infection. The intrinsic pathway is triggered when aaceitrgss

signal is sensed in the cytoplasm by Bét8y members of the B& family, such as Bax and
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Bak, which leads to insertion of B2lfamily members into the mitochondrial membrane and
the subsequent release of cytochramend Smac/DIABLO from the itochondrion to the
cytosol (214). Cytosolic cytochromec activates caspase and the formation of the
apoptosome that mediates the activation of the effector proteases easpabeaspase.

The Smac/DIABLO protein contributes to the maximal activation of caspasel caspase

by acting on inhibitors of amosis (IAPs) to reduce their inhibition of the effector caspases
(215. The release of both cytochromeeand Smac/DIABLO to the cytoplasm has been
documented during reovirus infection in HEK 293 cl46). Additionally, overexpression

of Bcl-2 renders cells resistant to reoviinduced apoptosi€10, 217), supporting reovirus
activation of the intrinsic pathway.

The extrinsic pathway responds to extracellular stimuli and is activated by
interactions between death domaibD-) containing cell surfaz receptors of several types,
including Fas and the receptors for TNF and TRAI L. These intera
formation of the deatinduced signaling complex (DISC), which contain adaptor proteins
that mediate the activation of casp&s€18. The downstream signaling consequences of
caspase activation are largely cell tygspecifc and result in either direct activation of the
effector caspas8 and caspasé or in amplification of the triggering signal through
activation of Bid, another member of the BdBly member of the Be? family that links the
intrinsic and extrinsic pathwa by acting on Bak to promote release of cytochror(#l9,

220). Evidence for reovirus activation of this pathway comes from the genetic upregulation
of the TRAIL receptors, the increase in released soluble TRAIL observed in infected cells

(221), and the requirement of downstream TRAIL signaling for maximal induction of
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apoptosis(217, 221). Importantly, activation of this pathway alone is insufficient for a
maximal response and requires mitochoneltggppendent amplification of the intrinsic
pathway(217, 221).

As mentioned previously, the most abundant surface reovirus protein pl is a
determinant of strakspecific differences in induction afpoptosis. Ectopic expression of
full-length pl or its @ er mi nal « domain is sufficient t
infection (222 and, interestingly, the same domain responsible for itsapoptotic
pathways is also a determinant of pl localization to the endoplasmic reticulum,
mitochondria, and lipid droplef222). The biochemical properties of ul allow this protein to
disrupt the architecture of biological membraneddryning pores in endosomal membranes
during virion disassembly and the subsequent release of the ISVP into the cytoplasm of the
cell (21, 56, 223 224). Importantly, compromised capacity of pl to disrupt cell membranes
correlates with reduced reovirus gapoptotic properties in culture and virulence in mice
(109. Al t hough incubation of cells with a synt
pl is sufficient to destabilize membrané&?5 the critical amino acids necessary for
regul ating membrane penetration during infe
the middle region of the prein (104). These observations are thought to be a consequence of
altered pl structure that similarly affects viral replicat{®@4). Concordantly, generation of
reovirus mutants in the « domain of 01 displ
t h elomain in membrane desthbation (138). Importantly, these results also revealed that
membrae penetration and induction of apoptosis by ul can be genetically uncdLp8d

The current data support a model where membrane penetration by pl in endosomes functions
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as an initial delivery mechanism to release-gpoptotic u1 fragments into the cytosol that
could function by directly altering mitochondrdépendeniapoptotic signaling pathways
(138 225.

Reovirus infection leads to downstream activation of the transcription factees BIF
and eJun, but only the first appears to be required for apoptosis in most cel(1}2:207,
226, 227). Members of the B f ami ly of transcription fac
array of different stimuld.i that result in tF
act on phosphorylation of the inhibitor of NFB1 § B) to facilitate 1 1t:
proteolytic degr adatBi otno osfwi k@B d&lrloonwsanNHF ne¢
cytoplasm to an active state that readily translocates to the nucleus to bind DNA regulatory
elements and modulate gene expresqip2d). The kinetics for N B acti vati on
assocated with strairspecific differences in induction of apoptosis. Specifically, only those
strains that are strong inducers of apoptosis appear to inhibit a second waveadB NF
activation late in infectior{153). This second phase of ANbNB r egul ati on by r
necessary for maximal reovirus apoptotic potential and is characterized by prevention of
| o Ri&hradation that ultimately sensitizes the cells to extrinsic apoptotic signaling such as
TRAIL-dependent apoptosi®29. Activation of NFe B i s al so | inked 1t
pathway as seen by its requirement for activation ofd&gdendent apoptosis and fatal
encephalitis during reovirus infectiof230), likely through disruption of mitochondrial
membraneg222, 231). I n addition to regulating membr a

appears to be associated with activation of-a\NB(138). Thus, activation of several
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convergent signaling pathways during reovirus disassembly work as a regulatory biphasic
network necesary for maximal virusnduced apoptosis.

AlthoughNFe B pl ays <criti cal roles as a-potent
induced apoptosis in a diverse array of cell types and organs, its activation is dispensable for
virus-induced cardiac myocyteedth (149 154). Instead, activation of NBB i n car di e
myocytes is critical for protection against reovirus through induction ofdFNe x pr es si o
(149, and be IFNb  ant i vi r al response 1is a critical
reovirus myocarditid 14, 116 117, 140, 149 151, 165). Indeed, normyocarditic reoviruses
are strong inducersof IFN i n car di ac cel |l s. Homyecarditc, t hi S
reovirues induce apoptosis in most cell types other than cardiac myocytes, including cardiac
fibroblasts. The minimal activation of N8B in cardiac myocytes in contrast to its strong
activation in cardiac fibroblastChapter 4 in this dissertatiQnsuggests thain cardiac
fibroblasts, protective NlBB effects outweigh their potentially destructive consequences. In
accordance with this, nemyocarditic reoviruses induce expression of-jpiftammatory
cytokinesin cardiac fibroblast$233), many of which are regulated at least partially by NF
9B and c amcialpolesiy limiirgg viglfreplication. Although infections with non
myocarditic reoviruses results in the loss of cardiac fibrob(@83, this population of cells
is readily replenishable and the temporary loss of infected fibroblasts would likely be
beneficial to the heart by limiting viral spread. Altogether, latipn of NFe B act i vati on
different reovirusnduced signaling cascades contributes to cell death, but the outcome is
cell typespecific and likely reflects evolutionary advantages for reovirus replication and

survival in different organs.
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In additionto apoptosis, reovirus induces an alternate form of necrotic cell death
known as necroptosis in some cell typ¥83). This cell death pathway is similar to apoptosis
in that it also involves death receptor engagement and disruption of membrane potential, but
the activation of effector spase3 and caspase is not required233). Instead, this type of
cell death requires the activity of receptor interacting protein 1 (RIP1) or @833234). In
L929 cells, reovirus strain T3D induces more cell death and greater c&spasetivity
compared to strain T1L independent of-BB and caspases but depen
implicating necroptosis in reovirdeduced cell deatf{103. Moreower, reovirusinduced
necroptosis is dependent on viral RNA and protein syntli#8 235, while these events
are dispensable for reovirirsduced apoptosi§lo4, 138 213). In addition to apoptosis, the
attachment protein 01 is a determinant of ne
which serves to potentiate viral gene expres$i3b). Thus, it appears that reoviruses that
are strong inducers of apoptosis are similarly potent stimulators of necroptosis. However, the
requirements to activateither or both pathways are likely to be activated at different
temporal stages of the virus replication cycle and are dependent on cepgpc
expression or activation of specific cellular pathways. Evidence for necroptosis in cardiac
cells is laking, yet could represent a mechanism by which reovirus strains induce different

types of cell death in a cell tyygpecific manner.

CONCLUDING REMARKS
Viral myocarditis continues to present a burden for the human population insthe 21

century. Although the development of novel technologies and therapeutics have been

103



developed for early diagnosis and amelioration of myocarditis, respectively, a definite
treatment is lacking. Reovirus offers an excellent tractable model for studyiAghname
mediated myocarditis vivoand the dissection of the viral determinants of pathogenesis and
the specific host signaling pathways that are involved in the control of viral replication
specifically in cardiac cellsn vitro. Extensive research hagmdonstrated that different
cardiac types in the heart respond differently after a viral encounter through activation of cell
type-specific molecular pathways. Moreover, the population of bystandeinfexted cells

also respond differently to secreted gmme factors and the consequences are also specific
to the stimulated cell type. The extent of natural variation between reovirus strains coupled
with the biological tools available for the genetic mapping and/or bioengineering of desirable
traits in the reovirus genome allows for the characterization of both viral and host
determinants of pathogenesis in a relatively streighward manner. Nonetheless, many
unanswered questions remain involving viral activation and/or manipulation of host factors
and te cellular responses that occur as a result.

Despite the small genome of reovirus, several viral proteins are of particular
importance for understanding reovirus pathogenesis in the heart. The pu2 protein has been
identified as a determinant of severabvieus properties in cardiac cells that range from
induction of IFND , sensitivity to -bheigmalivngal vief éalk
cytopathic effect in cardiac myocytes after viral spread, and modulation of myoc@rtiiis
113 115 139 150 151). At least a subset of these phenotypes could be explained by the
strainspecific ability of p2 to repress induction of IS@k16 139, a cellular response

critical for reovirus myocarditic potentiél15 116 139, 164). Although represion of IFN-b
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signaling is associated with altered IRF9 localization, the exact mechanism by which p2 is
able to dampen host antiviral responses remains undescribed. Recent evidence from our
laboratory implicates the mRNA splicing factor SRSF2 as nece&sangaximal induction
of ISGs and for plependent mitocalization of IRF9; suggesting that SRSF2 directly or
indirectly act upstream of reovirus repression of N s i g nCadptern5gin this
dissertation. The observation that yu2 associates with SR&fkd that the critical amino acid
residue necessary and sufficient for repression ofiFNs i gnal i ng i's simil ar
co-localization with SRSF2 provides further evidence for the involvement of SRSF2 in this
response. It is likely that the wostream effects in changes of the host mRNA splicing
landscape create a suitable cellular environment for viral replication. Importantly, SRSF2
expression in the heart has been shown to be necessary for proper cardiac myocyte
physiology and cardiac funotn (236). Lastly, the hypothesis of viral myocarditis resulting as
a consequence of viral targeting of SR proteins or gslators has been already proposed
(236), although experimental data in the context of infection in cardiac cells to atissver
paradigm is currently lacking.

The other two proteins that have been genetically associated with-sgieaific
differences in induction of and sensitivity to I|N i n car di ac c(#b.l s ar e
Although p2 appears to be both necessary and sufficient for these responses, the possibility
of @22 and 02 to act together with 02 duri ng
RNA synthesis correlates with strespecific differemes in myocarditic potentig|114).
B e c a u s gp moletees i the reovirus RNA serve as agonists fo-rRIF0), one could

hypothesize that differences in rates of viral transcription would consequently results in
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different amounts of RNA ligand species to be recognized by cytoplasmic RNA sensors. The
02, >P2 @andteins all | ocalize to the <core
together, for example, in regulating dynamics of viral RNA transcription. Additionally, the
observation that these three proteins share in common the presence of an ITAM domain
(105 raises the question of whether they engage similar or different signaling intelesedia

To date, only the functionality of the p2 ITAM through Syk has been charactddigéy

|l eaving the role of the &2 and 02 | FAMs | a
translational modifications on these viral proteins, such as the acetylation and
phosphorylation status of pA05 201), could also benvolved in the regulation of these
responses.

The recent evidence for the role of capsid stability in controlling viral replication in
multiple organs, including the heart, and dissemination adds a new chapter for the diverse
array of mechanisms that uses employ to survive and spread from Hiodtost(190). The
existing data supports a model where the rate of virion disassembly modulates reovirus
myocarditic potential by increasing innate immune responses and necrosis of cardiac
myocytes in the heart. While reovirosediatedcell death in most cells requires NFB
activation (207), this is not the case in the heét8. As a result, the consequences of
reovirus actiation of NFe B on cel | fate and -specfi@dandcare pl i c a
be either beneficial or detrimental to the hd€i5). The apparent dispensability of NFB f o r
reovirusmediated cell death in the heart are likely the result of the minimal capacity-of NF
9B activation that i s cQ@hapteradcir tlislissestation237e f c ar «

239). Interestingly, while reovirus myocarditic potential correlates with induced cell death in
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cardiac myocytes but not cardiac fibroblagig4), nonmyocarditic reoviruses are more
cytopathic in cardiac fibroblas{232). Because cardiac fibroblasts can readily activate NF

8 B d ur itiangwith anrfomngocarditic reovirus Chapter 4 in this dissertation its

activation can lead to control of viral replication by promoting-BEN r e s ponses an
inducing apoptosis in the infected fibroblast. Thus, one can hypothesize that genetic or
phamacological inhibitonof N B acti vation i n cardiac fibr
reovirusinduced cell death similar to cardiac myocytes.

Altogether, the simplicity of the reovirus genome and the feasibility to employ
forward and reverse genetipproaches to study its pathogenesis offers an excellent tractable
model to study noimmmune myocarditis in the mouse model. The critical role of the non
specialized IFNo r esponse in determining reovirus m
new avenuesof the discovery of novel determinants of pathogenesis from both the host and
the virus side that could be extrapolated to other systems. Moreover, the differences in
responsiveness, and subsequent consequences, to reovirus infection in distinct dardiac ce
populations has provided many insights in how these different cell types establish an
integrated network of signaling pathways that ultimately contribute to the control of viral
replication. Further studies will continue to expand our knowledge omtpact of virus
mediated damage to cardiac cells and the innate immune responses that are critical for their
antiviral protection. This information is critical for the development of novel cardiac
regenerative therapeutics by, for example, maintaining elielar identity of cardiac cells

from an innate immunity perspective.
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TABLE 2.1. Reovirus proteins and their functidns

Gene Protein  Localization in virion  Function(s)
Minor innercapsid (a) Catalytic subunit of the viral RNdependent RNA polymerase
L1 a3 ;
protein (RdRp)
. : (a) Addition of a 506 methyl a
L2 &2 Core spike protein pentameric turret for insertion of the attachmenmt ot e i n
L3 51 Major innercapsid Putative roles as an (a) RNA helicase and in the (b) removal of
protein terminal phosphate from nasc:
(a) Stabilization of microtubules; (determines morphology of vire
factories; (c) norspecific RNAbinding protein; (d) interferon
M1 5 Minor innercapsid signaling antagonist; (e) activatesfdFB s i gnal i ng;
H protein functions as an (f) RNA polymerase-faxtor, and in the (Q)
removal of terminal phosphate fromnas nt mMmMRNA pr
capping, (h) binds to host mMRNA splicing factor SRSF2.
Maior outercansid (a) Important for penetration of viral core into endosomal
M2 pul J Fcap membranes; (b) induction of cell apoptosis; (c) may regulate late
protein .
MRNA synthesis.
(a) Associates with viral mMRNA; (b) induces formation of and se
UNS Non-structural protein as scaffol ding protein in vi
M3 3, 02, G2, and UNS.
MNSC Non-structural protein (a) Unknown; (b) not required for vireplication in cell culture.

130



Table 2.1 Continued

(a) Binds to celsurface glycans and junctional adhesion molecu

a1 Attachment protein  (JAM-A); (b) determines tropism and (c) routes of spread in the
host.
St (a) Required for virusnduced celcycle arrest; (b) required for
0 1 s Nonstructural protein virus hematogenous dissemination; (c) influences caspase
dependent apoptosis in the brain and heart.
S2 a2 Major innercapsid (a) Binds to dsRNA (weak interaction)

protein

(a) ssRNAbinding protein; (b) recruits components of the 43S
S3 0 NS Nonstructural protein translation prenitiation complex to margins of viral factories; (c)
associates with elF3A and the ribosomal subunit pS6R.

s4 a3 Major outercapsid (a) Non-specific dsRNAbinding protein; (b) influences efficiency
protein of translation; (c) inhibits activation of PKR.

*Modified and updated fror(i).
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Strain A Strain B Plasmids with clone¢DNAs
(e.g. T1L) (e.g. T3D) from each gene segment

x @ @ Introduce desired changes
O in plasmids such as:
O O O  t2AYd Ydzil
O @ w / KAYSNRO 3
/ O O w Cfd2NBaodsSy
Same cell — —r”
co-infection |
Same cell
co-transfection
@ Reassortant 1
progeny Rescue recombinant
reovirus with desired trait

Identify viral gene(s) associated Characterize properties of
with phenotype recombinant reovirus

O

..“Y

Figure 2.1. Generation of reassortant and recombinantreoviruses. A) Reassortment
occurs as the result of exchange of one or more genomic dsRNA segments duriagediingle
co-infection with two different reovirus strain¥he hybrid progeny virus populatios then
experimentally used to define the gene segment(s) associated with the phenotype of interest.
B) Synthesis of recombinant reoviruses by the pladmaskd expression of all ten cloned
gene segments. Expression and translation of viral genes resulke production of

recombinant reoviruses that are then rescued and isolated.
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residue.The u2 proteinharbors domains thaan function as a paial nuclear localization

signal (NLS), an immunoreceptor tyrosihased activation motif (ITAM), and enzymatic

NTPase activity. The amino acid residue 208 determines the levels of polyubiquinati®n on

and, as a consequence, the stability ofpfeéein.Polymorphism in amino acid 208 has been

associated with straigpecific differences in microtubule binding, repression of -B-N

signaling, andu2 localization to nuclear speckléBhe amno acids 347 and 383 have been

identified as importantor viral replication in MDCKcells and VF morphology in L929

cells, respectively.
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ABSTRACT

Viral myocarditis is a leading cause of sudden death in young adults as the limited
turnover of cardiac myocytes renders the heart uniquely vulleet@alyiral damage. Viruses
induce an antiviral type | interferon IFNl/ b) response in essentiall
an immediate innate protection. Cardiac myocytes express high basal levelstf IRNo h el p
prearm them against viral infectionepwever the mechanism underlying this expression
remains unclear. Using primary cultures of murine cardiac and skeletal muscle cells, we
demonstrate here that the mitochondrial antiviral signaling (MAVS) pathway is
spontaneously activated in unstimulategrdiac myocytes but not cardiac fibroblasts or
skeletal muscle cells. Results suggest that MAVS association with the mitochondrial
associated ER membranes (MAM) is a determinant of high basalb IEXpression.
Together, results provide the first mechanfemspontaneous high expression of the antiviral

cytokine IFNb in a poorly replenished and essential cell type.

INTRODUCTION

Viral myocarditis is recognized as the second leading cause of sudden death in young
adults(1, 2) and is found in approximately 10% of patients with unexplained heart failure
(3). Although most cases resolve spontaneously, viral myocarditis can progress to dilated
cardiomyopathy and cardiac failufe 4); the latter representing one of the major causes of
morbidity ard mortality worldwide(5). The unimpeded cardiac access afforded to viruses
during virema as well as the severely limited capacity of cardiac myocytes to enter the

mitotic cycle(6) contribute to the unique vulnerability of the heart to viruses.
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Type | interferon (IFNU/ b)) treat ment can be an eff e«
myocarditis(7-10), and defects in the host or cardiac myocyte-lFN b r esponse ag
virus-induced damage in mouse models of myocarditis or in primary cultures of cardiac
myocytes(11-15). While viral myocarditis can reflect immumeediated damage to cardiac
myocytes, most myocarditic viruses, including reovirus, inducecticytopathic effects in
these cell¢1, 3) and can induce myocarditis in the absence of the adaptive immune response
(16-19). For reovirus,the primary determinant of protection against winduced cardiac
damage is the host IFN/ b r e(ELpl8 f4s 16, 19-23). Reovirusinduced cytopathic
effect in primary cultures of murine cardiac myocytes accurately recapitulatesebottus
strainspecific differences in induction of myocarditis and the critical role for-UFN(B3,

14, 16). We have previously shown that cardiac myocytes express higher basal levels of
IFN-U / than cardiac fibroblasts do, whereas the latter are more responsive 10 /IFIN
signaling (20, 24, 25). This integrated signaling network helps to -pren poorly
replenishable cardiac myocytes and amplify antiviral signaling in carftagblasts to
eliminate the viral infection25). However, the mechanism by which cardiac myocytes
express high basal levelsof IFIN has not been el uci dated.

Viral inductionof IFNU/ b expression is initiated whe
is recognized by its sensors, in this case retinoic acid induciblel exé-I)-like receptors
(RLRs), including RIGI itself and melanoma differentiatieassociated gen5 (MDAS) (26-

28). RLRs then translocate from the cytosol to intracelloi@mbranes to interact with the
adapter mitochondrial antivirgignaling (MAVS; also known as IPF Cardif, and VISA)

protein and promote MAVS oligomerizatig@9-33). MAVS localizes primarily to the outer
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mitochondrial membran@9), but also to peragomes(34) and to specialized domains of the
endoplasmic reticulum (ER) that are in constant communication with the mitoch{@@jria
These mitochondrisdssociated ER membranes (MAM) are an important site for induction of
IFN-U/ b expression and (31, 85 36a Whea campoypents ofdne al i n g
MAVS pathway translocate to the MAM they induce EN b e x 31,85 37). mn
contrast, peroxisomal MAVS plays a role in induction of &N e x pr essi on i n mt
epithelial cells(31, 38-41). Interactions of MAVS at the MAM activates the E3 ubiquitin
ligase tumor necrosis factor (TNF) recepassociated factor 3 (TRAF3®2-44), which
activates TANKbinding kinase 1 (TBK1J4547)and member s of t he | oE
family (48-50). These kinases then phosphorylate and activate the transcription factors IRF3,
ATF-2/c-Jun and NFe B ; a lich ar@réquinechfor maximal IFN/ b e x (50,626 s i on
Secreted IFNJ/ b t hen binds its sioe ofdfNstinulated gedes i nduc
(ISGs), most of which have direct antiviral proper{e3 54).

The identification of MAVS as aritical mitochondrial adapter for Ik e x pr es si o
introduced mitochondria as essential components in theblFNr e s (8% 30,558 56).
While MAVS is ubquitously expressed, its expression is much higher in cardiac and skeletal
muscle compared to other organs and tiss(3, suggesting cells with abundant
mitochondria might have an enhanced 6N r e s pons e. Il ndeed, ectopi
in other cell types induces IFBl ex pr essi on through spontaneou
9 B(29, 30, 56). We therefore hypothesized that differences in MAVS abundance and
localization in cardiac myocytes might drive spontaneous downstream signaling and

expression of IFAb  thenabsence of viral infection.
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Here, we used primary cultures of murine cardiac and skeletal muscle cells to identify
differences between skeletal and cardiac muscle cells, and to identify the mechanism for high
basal IFNb e x pr essi on i Rirstove fouhd that sketejalonuscle esls.do not
express high basal levelsof IFN, i ndi cating that this is not
general. Remarkably, in unstimulated cardiac myocytes but not cardiac fibroblasts or skeletal
muscle cells MAVS is spontaneously activated to associate with the MAM resulting in
activation of TRAF3 and TBK1. Accordingly, MAVS expression is required for high basal
IFN-b expression in cardiac myocytes. Togeth
spontaneos high expression of the antiviral cytokine HBNin a poorly replenished and
essential cell type, and highlight a novel role for mitochondrial abundance in antiviral

protection.

RESULTS

Cardiac myocytes express high basal levels of IFBl compar edidc t o c a
fibroblasts and skeletal myotubes.Our laboratory previously reported that cardiac
myocytes express higher basal levels of fFNN -UEN and a subset of |
cardiac fibroblastg13, 14, 24, 25). Given the differences in cellular physiology between
cardiac myocytes and cardiac fibroblasts, we first askesther the high basal expression of
IFN-b i s specific to cardiac myocytes or a <co
types. Primary cultures of murine cardiac myocytes, cardiac fibroblasts, and skeletal muscle
(Figure 3.1A) were analyzed for #ir expression of basal levels of IFN b y -POQRR T

(Figure 3.1B). Cardiac myocytes expressed two four-fold more IFNb t han car di
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fibroblasts did, and thrego ninefold more IFNb t han di fferenti ated s
did. Results confirmed high basal expression of IFBl i n car di ac myocyt e:
fibroblasts and demonstrated that this is not a conserved property of all muscle cells.
Mitochondria and MAVS are more abundant in muscle cells than cardiac
fibroblasts. Given that mitochonda are key organelles in innate immune signa{big 57)
and that cardiac myocytes display the highest mitochondrial density among cel{S38pes
we asked \wether spontaneous signaling originating in this organelle was responsible for
high expression of IFdb i n car di ac myocytes. | mportant
adaptor protein is highly expressed at the transcript level in muscle t{88ue§otal levels
of TOM20, a marker of outer mitochondrial proteins, and MAVS were evaluated by
immunofluorescenceFgures 3.2A-B) and immunoblot Kigure 3.2C) in the different
primary cultures. Both cardiac myocytes and skeletal muscle cells exphégisedlevels of
mitochondrial proteins, including MAVS, than did cardiac fibroblasts, indicating that
mitochondrial and MAVS abundance alone is not sufficient to drive spontaneous expression
of IFN-b. However, while the mitochondrial localization of MAM&as confirmed in our
cardiac cultures, the morphology of the mitochondria in cardiac myocytes was strikingly
different from that in the other cell typesigure 3.2D).
Mitochondria are highly associated with the MAM in cardiac myocytesSkeletal
muscle cls did not express high basal levels of BNFigure 3.1B) but they did contain
abundant mitochondria and express high levels of MANM8ufe 3.2A-C). Therefore, we
next probed the association of mitochondria with other intracellular structures kneenvéo

as platforms for MAV&lependent innate immune signalingPrimary cultures were
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immunostained and analyzed for the association of mitochondria (TOM20) with the MAM
(FACL4) and peroxisomes (PMP70). Mitochondria were intimately associated with the
MAM specifically in cardiac myocytesigure 3.3A-B), but not with peroxisomes-igure

3.S1). Furthermore, the level of MFN2, a protein involved in mitochondrial fusion and ER
mitochondria tethering59, 60), was significantly higher in cardiac myocytes than the other
cell types Figures 3.3C and 3.S2), providing one potential mechanism for the increased
contacts between these two organelles in cardiac myocytes. Notably, MAVS expression is
not required ér the association of mitochondria and the MAM nor the high levels of MFN2
in cardiac myocytesHjgure 3.S2). Together, results confirmed the intimate relationship
between mitochondria and the MAM in cardiac myocytes, likely by the higher expression of
tethering factors such as MFN2.

MAVS is highly associated with the MAM in cardiac myocytes.Given the
intimate association of mitochondria with the MAM specifically in cardiac myocytes, we
next probed MAVS localizatiorPrimary cultures were immunostathand analyzed for the
association of MAVS with the MAM and peroxisomdsgure 3.4A-B). Not surprisingly,
the association of MAVS with either the MAM or peroxisomes in unstimulated cardiac
fibroblasts was minimal and reflected the mitochondrial locabmatif MAVS in these cells
(Figure 3.3A-B). To determine whether MAVS signaling occurs primarily through the
MAM or peroxisomes in cardiac cells, cardiac fibroblasts were stimulated with Poly(1:C) by
lipid-mediated transfection to activate RIGlependent ignaling. In stimulated cardiac
fibroblasts there was significant association of MAVS with the MAM but not with

peroxisomesKigure 3.4B), indicating that activation of RLRs in cardiac fibroblasts induces
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association of MAVS specifically with the MAM. Remkably, MAVS calocalized with the

MAM in unstimulated cardiac myocytes but not skeletal muscle cells to a degree similar to
that in stimulated cardiac fibroblasts. Importantly, MAVS was not significantly associated
with peroxisomes under any of the comahs tested Kigure 3.3A-B) or upon RNA virus
infection (data not shown). Together, results indicate that the MAM, but not the peroxisome,
is the primary site for MAVSIependent signaling in cardiac cells and indicate that MAVS is
highly associated with 6@MAM in cardiac myocytes.

MAVS is intimately associated with TRAF3 in unstimulated cardiac myocytes
independent of RIGI and MDA5S expression.Activated MAVS oligomerize$32, 33) and
associates with members of the TRAF family, including the E3 ubiquitin ligase TEBAF3
61-64), and this interaction occurs as part of the MAVS signalosome at the KBANB7).

Thus, we asked whether MAVS localization to the MAM in cardiac myocytes results in its
association with TRAF3. We used @nsitu proximity ligation assay (PLA) which allows the
visualization and quantitation of two indiwdl proteins in close proximity in the form of
fluorescent PLA dot§65). Antibodies against TRAF3 and the mitochondrial protein TOM20

as a negative control did not generate significant PLAagy confirming the specificity of

the PLA and that abundant mitochondria in cardiac myocytes do not generate spurious PLA
signals Figure 3.5). Antibodies against MAVS and TRAF3 demonstrated that these two
proteins are found in close proximity in unstiated cardiac myocytes but not in cardiac
fibroblasts. Importantly, the primary cardiac cultures were derived fromIRMDA5"

mice, indicating that expression of these upstream sensors is not required for the association

of MAVS and TRAF3. Specificitywas confirmed using cardiac cultures derived from
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MAVS”' mice. In sum, results demonstrate that MAVS and TRAF3 are found in close
proximity with each other in unstimulated cardiac myocytes and that this association is
independent of RIG and MDAS.

TRAF3 is spontaneously activated in cardiac myocytes and its activation is
MAVS-dependent The observation that TRAF3 is in close proximity with MAVS in
unstimulated cardiac myocytes-igure 3.5) prompted us to ask whether TRAF3 is
spontaneously activated. Qglr sensing of viral nucleic acid leads to fragmentation of the
cis-Golgi, and the redistribution of TRAF3 to ER/Gelgsociated compartments is required
for its ability to interact with MAVS61). Intracellular distribution of TRAF3 was used as a
marker of its activation status in oprimary cultures Figure 3.6). In unstimulated cardiac
fibroblasts, TRAF3 localized diffusely throughout the cytoplasm, but upon stimulation with
Poly(l:C), TRAF3 localized to punctate bodies in perinuclear compartments reminiscent of
rearrangements of éhGolgi Figure 3.6A). Infection of cardiac fibroblasts with reovirus
T3D, a strong inducer of the RIBVMIAVS pathway (12, 14, 24, 66), induced a similar
redistribution of TRAF3, and this redistribution was dependent on MAN&§u(e 3.6B).
Remarkably, TRAF3 localized to similar punctate bodies in perinuclear comgds in
unstimulated cardiac myocytes, suggesting spontaneous activation of TRAF3 in these cells.
This redistribution of TRAF3 was specific to cardiac myocytes and was not observed in
skeletal muscle cells. Finally, the spontaneous activation of TRAE3rdiac myocytes was
MAVS-dependentKigure 3.6C) but independent of the upstream sensors-Ra6d MDA5S
(Figure 3.6D), consistent with results for MAVSRAF3 associationRigure 3.5). Together,

results demonstrate that TRAF3 is spontaneously activatedstimulated cardiac myocytes
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and this activation requires the expression of MAVS but not the upstream viral RNA sensors
RIG-I and MDAS5.

TBK1 is spontaneously activated in cardiac myocytes and its activation is
MAVS -dependent. MAVS-dependent stimulationf TRAF3 induces activation of TBK1,
throughphosphorylation of TBK1 at serine residue {82) bya t her TBK1 i tself
(68). To determine whether the spontaneous activation of Ma¥Sndent signaling in
cardiac myocytesHigures 3.5-6) resulted in activation of TBK1, the phosphorylation status
of TBK1 was probed in our primary cultureiqure 3.7). TBK1 was phsphorylated
specifically in cardiac myocytes but not in any of the other cell types analyzed, and
phosphorylation was MAV&ependent consistent with results for TRAF3 basal activation
(Figure 3.6C). Together, results indicate spontaneous activation of MA®endent
signaling in cardiac myocytes for phosphorylation of TBK1.

MAVS is a determinant of high basal expression of IFN0 i n car di.ac myo
Results indicated spontaneous activation of a MAMBendent signaling pathway in cardiac
myocytes, suggestinthat MAVS expression should be required for high basal expression of
IFN-b i n cardiac myocyt ébs.i nBasaaldiexp rceud stiuane so f
wild-type or MAVS" mice was measured by gFPICR Figure 3.8A). Results demonstrated
a fourfold decrease in the basal levels of BN i n “McArdli&® myocytes compared to
wild-type cells, but no difference in IFl e x pr es s i o Atypeband MA/En wi | d
cardiac fibroblasts. Together, results demonstrate spontaneous activation of the MAVS
signaling pathway in cardiac myocytes but not cardiac fibroblasts or skeletal muscle cells

(Figure 3.1) leading to spontaneous high basal expression ofdARgure 3.8B).

143



DISCUSSION

Cardiac myocytes constitute over 90% of the adult heart yet in cotdréis¢ vast
majority of cell types, they rarely enter the cell cycle and display limited turnover throughout
adulthood(69, 70). The heart lacks protective physical structures analogous to the- blood
brain-barrier in tle central nervous system, leaving cardiac cells vulnerable to numerous
biotic and abiotic agents with the potential to compromise organ function. The innake IFN
response represents a rgpecialized yet critical antiviral response available to virtually
every mammalian cell. Cardiac myocytes are exquisitely dependent on this innate response
for their protection against viruses, and remarkably, have evolved a unique regulation of this
response for their protection. Specifically, cardiac myocytes exprgbsrhibasal levels of
IFN-b t han do <cardiac f i Hr ohbellapsst spr oatnedc tt hti hse m
infection (13, 14, 24, 25). Here, we report the mechanism for high basal expression &b IFN
in cardiac myocytes: spontaneous activation of a MABendent signaling pathway likely
originating at the MAM.

Cardiacmyocytes express higher basal levels of fFN -UFN and a subset
than do cardiac fibroblaste20, 24, 25). Accordingly, cardiac myocytes express basal
activation ofthe IFNb s i gnal i n g -gnarg mechapismeagandral mfecdons
(25). The transcription factor IRF7 is an@Sthat functions in a positive feedback loop to
further induce IFN71) and is expressed at higher basal levels in cardiac myo@#4e25).
However, IRF7 function requires phosphorylation events that are triggered by viral infection
(71-73) and, thus, IRF7 expression alone would likely be insufficient to induce strong

expression of basal IFN in cardiac myocytes. However, given that TBK1 is one kinase
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responsible for this phosptylation (46), the MAVS-dependent spontaneous activation of

TBK1 in cardiac myocytesFgure 3.7) could well be sufficient to activate IRF7 for

amplification of basal IFNb e x pr essi on. Regul at i m, 79,f | RF7

and the role of IRF7 in cardiac myde basal expressionof IFBl i s ri pe f or st uc
Cardiac myocytes have the highest density of mitochondria per cell volume,

consistent with their high demand for ene(§§). Given that cardiac myocytes and skeletal

myotubes have comparable levels of mitochondrial MA¥®Wre 3.4A-C) but express

significantly different basal levels of IFN Figure 3.1B), MAVS abundance alone cannot

be sufficient to drive spontaneous downstream signaling in cardiac myocytes. The

mitochondria in cardiac myocytes are exceptionally \@sfiociated with the sarcoplasmic

reticulum (SR; the muscispecific ER) to facilitate calcium (€% transfer, reactive oxygen

specis (ROS) communication, and apoptotic signaling between these two orgdiélles

79). Our results suggest that the intrinsic association of the SR and mitochondria in cardiac

myocytes likely facilitates the synthesis of basal f5N-igures 3.3-4). The association of

these two organelles in cardiac myocytes may reffextgreater expression of the tethering

factor MFN2 Eigure 3.3D), although the role of MFN2 in ERitochondria interactions

(59) has been recently debateg@®0-82). Unfortunately, the essential roles of -SR

mitochondrial contacts in regulating cardiac myocyte {&8®85) prevent us from directly

addressing their requirement for basal BN e x pr essi on. | n-medchteéd t i on,

or pharmacologic disruptioof the MAM in other cell types enhances RIGignaling and

IFN-b expression following viral i nfection, p
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(31). Thus, these methods would not be useful to provide additional evidence that the MAM
is critical for high basalIFb ex pr essi on i n cardiac myocytes
During viral infection, MAVS interacts with its downstream partner TRAF3 at the
MAM (31). Given that mitochondriaMAVS is highly associated with the MAM in
unstimulated cardiac myocyte§&iqure 3.3-4), it is likely that the observed association
between MAVS and TRAF3F{gure 3.5) occurs in these specialized cellular structures and
serves as an initial trigger for TR activation. TRAF3 has been localized to compartments
associated with the early secretory pathway, and stimulation of-l Ri€ults in
fragmentation of the Golgi to punctate structures to facilitate TRAF3 interaction with MAVS
(61). These punctate structures are reminiscent of the ones present in unstimulated cardiac
myocytes and in stiomlated cardiac fibroblast$igure 3.6). However, we were unable to
detect cdocalization of TRAF3 with thecis-Golgi marker GM130 (data not shown) as
reported by other§61) and thus the origin and identity of these punctate bodies in cardiac
cells remain unconfirmed. Importantly, the distribution of TRAF3 to these compartments in
cardiac myocytes is dependent on MAVS but not RRléhd MDA5 (Figure 3.6B-C),
suggesting that gnaling downstream of MAVS is required for fragmentation of specific
domains of the Golgi. Notably, MAVS is required fois-Golgi structure specifically in
cardiac myocytesHigure 3.S3 but not for the association of the mitochondria and the ER
(Figure 3.S2). Whether the disruption of thes-Golgi seen in MAVS cardiac myocytes is
direct or indirect (e.g. through regulation of Golgi structural proteins), and whether there are

consequences to cardiac myocyte physiology has yet to be addressed.
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To datethe only other cells that express high basal levels of type | IFN and ISGs are
the neurons of the hippocamp@$, 87), suggesting a role for basal IFN in the protection of
susceptible nowlividing cells. High baal IFN in this cell type correlates with changes in
abundance of components of the IFN signaling pathway during neuronal development and a
concomitant increase in neuronal antiviral protec(i®8 88, 89). The specific type | IFN
subtypes expressed at higher basal levels in these neurons are, however, different from the
ones expressed in cardiac myocyi2d 24, 87). Despite these differences, cardiac owes
and hippocampal neurons share striking similarities, including lower basal levels of latent
STATs and reduced responsiveness to exogenowbIFNc o mpar ed t o cardi ac
mouse embryonic fibroblasts, respectivédp, 87). Thus, it appears that evolutionary forces
have remodeled generalized antiviral signaling pathways for their specializatfoghly
susceptible and largely n@eplenishable cell types.

Lastly, although the role of both mitochondria and the ER as platforms of antiviral
responses in most cells has been extensively studied in many cel(3§p8S, 57, 90), this
report provides the first evidence that the enhanceemB&chondrial coupling that is
characteristic of cardiac myocytes has an important role beyond muscle cell physiology.
Specifically, results here highlight the critical role of-BRochondrialcontacts for high

basalIFNb expression in the uniquely vulnerable

MATERIALS and METHODS
Primary cardiac cultures. Ti med pr egnant Cr: NI H(S) mi ¢

Cancer Institute were maintained as a colony in a facility accreljtete Association for
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Assessment and Accreditation of Laboratory Animal Care. \yj}¢ C57BL/6, MAVS"
(91), and RIGI""MDA5" (92) mice were maintained as antiouse colony and used for
timed matings. All animal procedures were approved by the North Carolina State University
Institutional Animal Care and Use @mittee (IACUC). Primary cardiac myocyte cultures
were generated as previously descrilf@® f r om 1 day ol d neonat al i
resulting from timed pregnancies. For RNA or protein harvest, cardiac myocyte and
fibroblast culturesn Dulbecco MEM(DMEM; Gibco #11965092) supplemented to contain
7% fetal calf serum (FCS; Atlanta Biologicals) andrifim| gentamycin (Sigma, #G1272)
were plated at k 10° or 5 x 10° cells per wellin 24-well or 48well clusters, respectively.
For confocal microscopy, cardiacyocyte or cardiac fibroblast cultures were plated at 3.5 x
10° or 1.75 x 18cells per chamber in-&ell poly-D-lysine-coated chamber slides (Corning),
respectivelyCardiac myocyte cultures were also supplemented to contain 0.06% thymidine
(to inhibit cadiac fibroblast growth). Cardiac myocytes and cardiac fibroblasts cultures were
0 90% andO 95% pure, respectively, as estimated by immunostaining against sarcomeric
actin (alpha Sfl) and vimentin (data not shown). For all experiments, cultures were
inclbat ed at 3;foet@o days poSséedity®efore use, and were never passaged.
Primary skeletal muscle cultures.Timedpregnant mice and mouse colonies for
timed matings were maintained as above, and all procedures were tAQw@ved. Muscle
from the limbs of neonatal mice less than 24 h old was dissected away from other tissues into
Hanksd balanced salt <9D28/CV)tthetBSS (wabkBaspiBated, &dr ni n
the muscle was minced with sterile scissors and incubated in freshly preparégp2 Il

collagenase (Worthington Biochemical, #L.S004174) in HBSS for 30 min with vortexing
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every 10 min. Cells were pelleted by centrifugation at 28Q@or 5 m at room temperature,
resuspended in HBSS, and-pelleted as above. Cells were resuspended®MEM
supplemented to contain 6% FCS, 2 mMylutamine (Corning #2805-Cl), and 10ng/ml
gentamycin, and passed through a fi0cell strainer (Falcon, #352360). Cells resuspended

to 4 x 1C per ml in supplemented DMEM were plated8at 10° cells per vell in 24-well
clusters for RNA or protein harvest, 2.8 x> Ills per chamber in-&ell poly-D-lysine-

coated chamber slides for confocal microscopy. Afterc ubat i on aifor®@ e C i n
days, media was replaced with DMEM supplemented as abovan@iiferentiated skeletal
muscle cell cultures) or DMEM supplemented as above but at 3% instead of 6% FCS (for
differentiated skeletal muscle cell cultures). Cultures were incubated an additional two days
before use to allow differentiation, and were ngy&ssaged.

Viral infections. CsClpurified reovirus type 3 Dearing (T3D) was maintained as a
low-passage laboratory stock and stored 8t0 ¢ TGD was chosen as a strong inducer of
IFN-U/ b expr es s i o(b4 20 ») traughdhe RIG/MAVS Ipdthsvay (12, 66).

For infections, cardiac cultures plated mv8Il chamber slides were inoculated with reovirus

T3D at a multiplicity of infection (MOI) of 25 plague forming units (PFU) per cell in 200 pl

of supplemented DMEMAN additional 300 pl of supplemented DMEM svadded after 1 h

of i ncubation at 37eC, anfectioncMotkinfectedvauliuees f i x e d
were treated similarly but received supplemented DMEM as inocula.

Stimulation with Poly(l:C). Cardiac fibroblasts were stimulated with 25 pg/ml
Poly(I:C) (Invivogen; #tlrkpic) using Lipofectamine 2000 (Thermo Fisher Scientific;

#11668027) for a total of 4 h according to t
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Antibodies. Antibodies used for immunoblotting and their corresponding dilutions
were aniMAVS (Santa Cruz Biotech s865334; 1:500), arfTOM20 (Santa Cruz Biotech
s¢11415; 1:300), antdlpha Srl (Abcam ab28052; 1:1,500), afftiactin (Santa Cruz
Biotech se1615hrp, 1:2,000), atMFN2 (Cell Signaling #9482; 1:800), ariBK1 (Cell
Signaling #35@; 1:1,000), antphospheTBK1 (Ser172) (Cell Signaling #5483; 1:700), goat
antirabbit IgGHRP (Millipore #12348; 1:2000), and goat asmtiouse IgGHRP (Millipore
#12-349; 1:2,000). Primary antibodies used for immunofluorescence wetglAMS (Santa
Cruz Biotech se365334; 1:100 dilution), ariOM20 (Abcam ab56783; 1:100 dilution),
ant-rFACL4 (Thermo PAR7137; 1:50), aiPMP70 (Abcam ab3424; 1:650), aMFN2
(Cell Signaling #9482; 1:50), arliRAF3 (Santa Cruz Biotech 9828 or Thermo Fisher
Scientfic PA1-41107; 1:50), atalpha Sl (Abcam ab28052; 1:50), arvimentin (Thermo
Fisher Scientific PA116759; 1:2,000), antcM130 (BD Biosciences #610822; 1:250), and
anttr e ovi r us U0 194)5n@xeof 122/5aD ea@H). Sécondary antibodies were Alexa®
488, Alexa® 594 or Alexa® 647conjugated goat anthouse antirabbit or antichicken
IgG (Thermo Fisher Scientific; 1:750.:1,000).

Indirect immunofluorescence.Cells in 8well poly-D-Lysine-coated chamber slides
were fixed in 4% paraformaldehyde (PFA; Electron Microscopy Sciences) in phoesphate
buffered sahe (PBS) for 20 min, and permeabilized with 0.25% Tritorl00 (Sigma,
#X100) in PBS at room temperature for 10 min. Slides were rinsed in PBS and blocked with
5% normal goat serum (Sigma; #G9023) diluted in PBS at room temperature for 60 min.
Cells werethen incubated in 300 nM DAPI (Sigr#ddrich; #D8417) diluted in PBS for 20

min prior to immunostaining sequentially with the indicated primary antibodies diluted in
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0.01% IgG and proteaséree BSA (Jackson ImmunoResearch Laboratories, Inc.) for 60 min
eaxh at room temperature. Slides were rinsed in PBS and incubated with the appropriate
speciesspecific secondary antibodies for 60 min at room temperature. Slides were washed in
PBS, and coverslips were mounted on slides using ProLong Gold (Invitrogen).

Quant i tative (real ti me) revecCdsn2dweh nscr i p
clusters were lysed using a QlAshredder (Qiagen, Inc.) and total RNA was harvested using
an RNeasy kit (Qiagen, Inc.). RNA was treated with RNese DNase | (Qiagen, Inc.) to
remove genomic DNA prior to generation of cDNA by reverse transcription in a total
reaction volume of 25 ¢l or Ta@bufeerl (Thermont ai ni
Scientific); 7.5 mM MgC; 1 mM dithiothreitol; 1 mM (each) deoxynucleotide triphosphate,
067 U/ ¢l RNasin and 0.2 U/ ¢l of avian myel ob
Corp.). For reatime PCR, 10 or 20 percent of the reverse transcription product was
amplified on a LightCycler® 480 fluorescence thermocyler (Roche Life Science}weld6
pl at es. Each 25 e-Wwell gdatesngohtanedrle @uantiiech ISYBR mgreed 6
master mi X (Qi agen, Il nc.) and 0.3 €M (eac
abundance of IFb was obtained by compari sormeridlo a s
dilutions of a DNA standard and normalized to the expression of glycerald8ipluesphate
dehydrogenase (GAPDH). Primer sequences forfFNand GAPDH transcrip
standards have been previously publisfizi.

SDSPAGE and immunoblotting. Whole cell protein extracts were obtained by
lysing cells plated in 24vell clusters using radioimmunoprecipitation assay (RIPA) lysis

buffer (50 mM Tris HCI [pH 7.4], 1% NRO, 0.25% sodium deoxycholate, 150 mM NacCl, 1
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mM EDTA) supplemented to contain 1%odium dodecylsulfate (SDS), a cocktail of
protease and phosphatase inhibitors (Sigdaich; P8340 and P2850), and 1 mM
phenylmethylsulfonyl fluoride (PMSF; Sigr#ddrich, P7626). Cells were rocked on ice for
20 minutes and centrifuged at 14,00@at £C for 10 min to remove cellular debris. A
bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific) was used to calculate
protein concentrations. A total of - pg of protein from each lysate was boiled for 5 min

in 1x Laemmli sample buffer andesolved using 7:85% SDSpolyacrylamide gel
electrophoresis (SDBAGE). The resolved proteins were transferred to either nitrocellulose
or polyvinylidene fluoride (PVDF) membranes in transfer buffer (48 mM Tris, 39 mM
glycine, 0.04% SDS, and 20% methgrfor 20-45 minutes at 15 volts in a seqhy transfer
apparatus (Bidrad). Membranes were then blocked feB8 h at room temperature with 5%
milk or 5% bovine serum albumin (BSA; Sigmddrich) in Tris-buffered saline (20 mM

Tris HCI [pH 7.6], 137 mM NaQlcontaining 0.08.2% Tween 20 (TBS') and probed with

the indicated primary antibodies overnight at 4°C. Membranes were waghéth8s with
TBST buffer and incubated with the appropriate horse radish peroxidateP-)
conjugated, speciespecific seondary antibodies at room temperature for 1.5 h. Membranes
were washed -5 times in TBST and proteins were visualized using Amersham enhanced
chemil umini scence (ECL) or ECL Plus kits
Membranes were exposedfiion and scanned using an HP Scanjet G4050. Quantification of
band intensity was determined using thedOR BioSciences Image StudibLite Software
(version 5.x); and the intensity value of each band of interest was normalized to the

corresponding bandhit e n s tattiy. of D
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MitoTracker® Red staining. Cells in 8-well poly-D-Lysine-coated chamber slides
(BD Biosciences) were incubated in 200 nM MitoTraékBed CMXRos (Thermo Fisher
Scientific; #M7512) diluted in serwfnree media for 30 min at SZ. Cells vere then
immediately fixed in 4% PFA and treated as for indirect immunofluorescence.

In situ Proximity Ligation Assay (PLA). Cells in 8well poly-D-Lysine-coated
chamber slides were fixed in 4% PF2ells were then permeabilized in 0.25% Tritor1 80
for 10 min at room temperature and blocked with Dudlifocking Solution for 1 h at
room temperature. Slides were then incubated sequentially with primary antibodies against
TRAF3 and MAVS or TOM20 diluted in 0.1% Ig@nd proteaséree BSA in PBS for 1 h at
room temperature. For the PLA reactions, all incubations were performed in a 37°C
incubator with increased humidity according
the Duolink® In Situ Detection Regents Red kit (Sigma, DUO92101). Dried slides were
mounted on Duolink® Mounting Medium with DAPI (DUO82040) and imaged by confocal
microscopy as Atacks to image the total volume of each cell.

Confocal microscopy and image analysisA Zeiss LSM 710 confocal microscope
equipped with a 40 C-apochromat / 1.INA water immersion objective from the Cellular
and Molecular Facility (CMIF) at NC State University was used for all experiments. The
pinhole diameter was maintained at 1 Airy unit (A.U.) and all images were obtained using
multitrack sequential scanningorf each fluorophore to prevent bledgdough. The
excitation/emission wavelengths during micrograph acquisition were 488 nsb492m for
Alexa Fluof 488, 561 nm/584666 nm for Alexa Fludt 594, MitoTracke? and PLA

Duolink® Red, 633 nm/65009 nm for Abxa Fluof 647, and 405 nm/40%07 nm for
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DAPI. Images were processed for presentation using Photoshop® CS4. Intensity plot profiles
were generated using ImageJ softwd®®). Quantification of cell area occupied by
mitochondria and the scoring of PLA dots per cell were performed usnggtticle analysis
t ool of | ma g-lecilizatiod en@exes wanedobtainedusing ImageJ software and
the Just Another Colocalisation Plugin (JACoP) moda&.

Statistical analysisA St ud e nt 0 stestt(ppaed gasaamqe) was applied

using Systat software. Results were considered significant i viadue was < 0.05.
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| Cardiac fibroblasts || Cardiac myocytes |

IFN-B Copies Normalized to GAPDH (x 107)

Sarcomeric actin (alpha Sr-1) / DAPI

Figure 3.1. Basal IFNb expression is higher in cardiac myocytes than in cardiac
fibroblasts and skeletal muscle cells(A) Primary cultures of murine cardiac and skeletal
muscle cells were generated framld-type mice and were immunostained for the muscle
specific sarcomeric actin alpha-8rNuclei were countestained with DAPI. Scale bar = 50
pm. (B) RNA was harvested from the indicated cardiac cell or skeletal muscle cell primary
cultures, analyzed bgRT-PCR, and copy number was normalized to GAPDH. Data are
representative of means for two independent experiments from two indapgrgpnerated

primary cultures*, Significantly different than all other® (< 0.05).
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Figure 3.2. Mitochondrial proteins and MAVS are more abundant in muscle cells than
cardiac fibroblasts. (A) Primary cardiac or skeletal muscle cultures were immunostained
with antibodies against TOM20 or MAVS. Nuclei were counterstained with DAPI. Scale bar
= 50 um. B) Quantification of mitochondrial or MAVS density in the cell measured as the
fraction of the cell occupied by either TOM20 or MAVS (mean +* 3Ds 6-12). *,
Significantly different from cardiac myocytes and skeletal muscle cBlls 0.05). (C)
Whole-cel protein extracts were harvested from the indicated primary cultures, resolved by
SDSPAGE, and immunoblotted using the indicated primary antibodies. Densitometry values
for normalized TOM20 or MAVS band intensities are expressed relative to the barsitynte

of cardiac fibroblasts. (D) Primary cardiac cultures were incubated with MitoTracker, fixed,
and immunostained using an antibody against MAVS. Scale bar = 10 um. Results are

representative of at least two independent experiments.
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Figure 3.3. Mitochondria are highly associated with the MAM in cardiac myocytes

compared to cardiac fibroblasts and skeletal muscle cellsA) Primary cultures were
immunostained with antibodies against TOM20 (mitochondria) and FACL4 (MAM); and

nuclei were countstained with DAPI. Images are representative of at least two independent
experiments and > 10 cells analyzed p-er exp
localization coefficient (mean £+ SEMj = 812) of pixel overlap between TOM20 and

FACLA4. *, Significantly different from cardiac fibroblasts and skeletal muscle célls (

0.05). C) Wholecell protein extracts from the indicated primary cultures were resolved by
SDSPAGE and immunoblotted using the indicated primary antibodies. Densitometry values

for MFN2 band intensities normalized to actin are expressed relative barlleintensity of

cardiac fibroblasts.
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Figure 3.4. MAVS is highly associated with the MAM, but not with peroxisomes, in
stimulated cardiac fibroblasts and unstimulated cardiac myocytesA) Primary cultures

were immunostained with antibodies agaidMAVS and FACL4 (MAM) or PMP70
(peroxisome); and nuclei were counterstained with DAPI. Images are representative of at
least two independent experiments and > 10 cells analyzed per experiment. Scale bar = 10
Om. B) Plecalization sogfficiert @ren + SEM;n = 8-12 cells per condition) of

pixel overlap between MAVS and FACL4 or PMP70. *, Significantly different from cardiac

fibroblasts and skeletal muscle cePs<0.05).
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Figure 3.5. MAVS and TRAF3 are intimately associated inunstimulated cardiac
myocytes independently of RIGI and MDAS5 expression Primary cardiac cultures
generated from either RKG"MDA5” or MAVS™” mice were fixed and subjected to &n

situ proximity ligation assay (PLA) using the indicated primary adibs and the respective
speciesspecific secondary PLA probes. Confocal microscopy was used to obssitkz
images of PLA signals (red) and nuclei (blue) representative of the total volume of the cells.
Scale bar = 10 um. The number of PLA signals prwas quantified for each condition

and each plotted value represents a single scored cell. *, Significantly different from cardiac

fibroblasts and skeletal muscle cels<{0.05).
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Figure 3.6. TRAF3 is spontaneously activated in unstimulatedardiac myocytes and its
activation is MAVS-dependent A) Primary cultures were immunostained for TRAF3 and
nuclei were counterstained with DAPI. Histograms display measured fluorescence intensity
along the drawn line in the inset panels. B) Cardiac filasib derived from either witype

or MAVS’ mice were infected with reovirus T3D and immunostained for TRAF3 and viral
antigen. Arrows depict redistribution of activated TRAF3 to perinuclear punctate bodies
upon virus infection. C,D) Cardiac myocytesigeated from MAVS (C) or RIGI”- MDAS5"

" (D) mice were immunostained as in panel A. Scale bar = 10 pm. Results are representative

of at least two independent experiments and > 20 cells per condition.
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C57BL/6 MAVS-/-
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(Ser172)
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p-TBK1/TBK1: 1.0 28.4 0.1 0.4 0.8 0.1

Figure 3.7. TBK1 is activated inunstimulated cardiac myocytes and its activation is
MAVS -dependent Wholecell protein lysates obtained from the indicated primary cultures
were resolved by SDBAGE and immunoblotted with antibodies against TBK1 (total) or
phosphorylated TBK1. Densitomgtvalues for normalized phosphR®BK1 band intensities

are expressed relative to the band intensity of-tyitge cardiac fibroblasts.
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Figure 3.8. MAVS is a determinant of high basal levels of IFNb expression in cardiac

myocytes A) Primary cardiaanyocytes and fibroblasts were generated from wither-wild

type or MAVS" mice. RNA was harvested and analyzed by ¢®JOR, and IFNb copy
number was normalized to GAPDH. Data are representative of means for two independent
experiments from two independentiyenerated primary cultures. *, Significantly different

than all othersK < 0.05). B) Model for basal expressionof HEN i n car di ac cel |
components are indicated by dashed borders and grey lettering. Components that were not

directly assesseare indicated in italics.
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Figure 3.S1. Minimal association of mitochondria with peroxisomesA) Primary cultures

were immunostained with antibodies against TOM20 (mitochondria) and PMP70
(peroxisomes); and nuclei were counterstained with DAPI. Imagesepresentative of at

least two independent experiments and > 10 cells analyzed per experiment. Scale bar = 10
Om. B) P elacaligatiom @eefficier (mean + SEMj = 812) of pixel overlap

between TOM20 and PMP70.
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Figure 3.S2. MAVS is not regired for mitochondria-MAM association nor the high
levels of MFN2 in cardiac myocytesA) Primary cultures derived from MAVSmice were
immunostained with antibodies against TOM20 (mitochondria) and FACL4 (MAM); and
nuclei were counterstained with DARistograms display measured fluorescence intensity
along the drawn line in the inset panels. B) Primary cultures derived from MANiSe

were immunostained with antibodies against MFN2 and vimentin (fibroblast marker); and

nuclei were counterstained WiDAPI. Scale bar = 10 pm
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Figure 3.S3. MAVS is required for integrity of the cis-Golgi in cardiac myocytes.
Primary cultures derived from eith®tAVS** or MAVS” mice were immunostained using
an antibody against GM13@i$-Golgi marker); and nuclevere counterstained with DAPI.
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CHAPTER 4

NF-aB Activation is Cell Type-Specificin the Heart

Efrain E.RiveraSerrano and Barbara Sherry

Department of Molecular Biomedical Sciences and Comparative Medicine Institute, College

of Veterinary Medicine, North Carolina State University, Raleigh, NC, USA
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ABSTRACT

Viral myocarditis is common and hadet potential to progress to dilated
cardiomyopathy and cardiac failure as a result of cardiac myocyte loss and chronic
inflammation. During acute infection, cardiac cell{mméammatory responses are critical for
promoting viral clearance and cardiac refaking. However, sustained inflammatory
responses contribute to cardiac damage and disease progression. The transcription-factor NF
aB regulates expression of many pndlammatory cytokines. Although the detrimental roles
of exacerbated inflammatory respges in the heart have been studigtensively, basal NF
aB activation andthe NFaB responses in different cardiac cell types have not been
compared. Here, we used primary cultures of murine cardiac myocytes and cardiac
fibroblasts to identify cardiac bdype-specific events. We show that cardiac myocytes are
largely recalcitrant to Nl B acti vati on, whil e cardiac fib
stimulated for NFe B acti vati on a-mfthmneatory cymldnes. Mareoverf pro
we show that cardc myocyte subpopulations differ in their dFB s ubcel | ul ar | o
and identify thecis-Golgi as a cardiac myocyspecific host compartment. Together, results
indicate that NFeB-dependent signaling in the heart is cardiac cell -ggeific, likely
reflecting mechanisms that have evolved to balance cardiac responses that can be either

protective or damaging to the heart.

INTRODUCTION
Viral myocarditis is a leading cause of sudden death in young adults and occurs in

approximately 10% of patients with unexpected heart failiv4). Although most cases of
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myocarditis are asymptomatic and reso spontaneously through regulated -pro
inflammatory responses, incomplete viral clearance and/or autoimmune responses against
cardiac autoantigens can result in chronic inflammation, dilated cardiomyopathy (DCM) and
cardiac failure(2-4). Thus while cytokines expressed in the heart help maintain normal
cardiac function and repair, th@verproduction can result in heart diseés€).

The expression of many cytokines is regulated by the family of transcriptiardact
NFFeB, which differ dependi@8nhl§FaoBn itsh ehierl ds ui bnuancit
cytoplasmic compl ex with i osphorylatel antd indctivates | o B.
| 8 B, I ndouBc itnfrga nNsH ocat (QoTherd, NFoeBhé nducksus$ he e X
of hundreds of genes that regulate processes including cell survival, apoptosis, inflammation,
and antiviral responsg9-11). The consequences of NFB act i vat i gpecifiar e ce
and depend on the type, magnitude, and duration of the stigi2us3).

TheroleoftheNFe B family of transcription factor
been welstudied, particularly during acute ischemia/reperfusion in{8ry12). In primary
cultures of rat cardiac myocytes, the extent ofNB act i v at-infmammatorpon pr
stimulation is dependent on both the developmental stage of the mice used to generate the
cultures, as well as the age of the cultufied. These results likely reflect a developmental
i mpairment of the |1 8B kinase b (I KKb9Bin cart
dependent expression of prdlammatory genes (14). Accordingly, conditional or
constitutive expression of recombinant | KKb
can result in their apoptosis, cardiac inflammatid@M, and heart failurél5, 16). Cardiac

damage is also induced by owetpression of TRAF3 interacting protein 2 (TRAFIP2),
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another activator of NB B(17). Thus NFe B acti vation <can be high
heart. However, N B acti vation can also be <critical
example, one importamNF-a Bregulated cytokine is IF¥ (18, 19), and the increased virus

damage induced in mice lackihgNFB can be amel i orat-B@0.by tre
The balance between positive and negative impacts ebBF t her ef or e must
regulated.

The heart achieves balance for many functions by segregatkg between its two
predominant cell types: cardiac myocytes and cardiac fibroblasts. Cardiac myocytes are
highly specialized muscle cells that are poorly replenished, while cardiac fibroblasts, found
directly adjacent to cardiac myocytes, maintain cardiaucture and are readily replenished
after injury(21). We found that these two cardiac cell types differ dramatically in both their
basal and virutsnduced IFNb r esponses, and together form a
the heart from viral damag@2-26). Importantly, NFe B acti vati on in cardi
never been compared to any other cardiac cell type, leaving the relative consequences in
cardiac myocytes and cardiac fibroblasts entirely unexplored.

Here, we comparebasal and stimulated N B acti vati on between
of cardiac myocytes and cardiac fibroblasts. Results identified cardiac myocytes as
recalcitrant to N B activation relative to cardiac f
localization ofNF-e Bt oissGolbi &n cardiac myocytes. It is likely that these distinct cell
type-specific phenotypes aid the heart in balancing the positive and negative impacts of NF

9B activati on.
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RESULTS

TNF-U-induced activation of NF-a B cardiac cell type-specific. To comparehe
kineticsof NFe B a ct i v a tcardaacellltypds prienaryncultures of murine cardiac
fibroblasts and cardiac myocytegere stimulated wh TNF-U. Lysates were probed in
immunoblots to deteadegradatiorof | & B U phesplibrylation of the NBB subunitp65
(also known as RelA), two critical steps requifedNF-a Bactivation(27) (Figure 4.1A). In
cardiac fibroblastsTNF-Uinduced rapid and transiemtr ot eol yt i ¢ devihr adat i
concomitant K Kdependent phosphorylation pé5. In cardiac myocytes, howeverrither
| @BU de gr p6hphosphmnylationeas detected at any time poirfResults suggest
that TNFU readilyinducesactivationof NF-aB in cardiac fibroblastas it does in most cell
types but does not do so cardiac myocyteslo determine downstream consequences,-qRT
PCR was used to quantitate expression of several genes known to be regulated B/ NF
following TNFU st i m@9). &ollowing TNFU st i mul ati onFaBxpres
responsive genes (L b , C C .12 CXECIP o Bddd A20) was 2to 3-fold higher in
cardiac fibroblasts than in cardiac myocytegy(re 4.1B). Notably, GM-CSF, a leukocyte
growth factor whose induction by TNF i so BiNdependent29), was induced similarly
in the two cell types. Finally, severalosynthetic enzymewhose expression is induced at
later stages poStNF-U stimulation PGES and COX2), were induced minially and
similarly in the two cell types. Together, results indicate that the kinetics and magnitude of
NFFeB activation i-specific, awitll icaad@ac noyecytds disphaying an

attenuated response to TNIBtimulation.
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NF-a Blocalizes to perinclear compartments in a subset of cardiac myocytes
The differences iNANFFe B acti vati on between Hgre4l wo ¢c a
suggested that subcellular localization might also differ. Accordingly, the BF s upb% n i t
was immunostained irprimary cultures of cardiac myocytes, cardiac fibroblasts, and
undifferentiated and differentiated skeletal muscle cells as additional muscle cell types for
comparison igure 4.2A). Cultures were also immunostained for the intermediate filament
protein vmentin as a marker that is expressed well in cardiac fibroblasts but minimally in
cardiac myocyte$30). As expected, p65 localized to the cytoplasm in unstimulated cardiac
fibroblasts and readily translocated to the nucleus upon treatment witHJTNF Howe v e r
cardiac myocytes displayed two different phgpes: some displayed a classic cytoplasmic
p65 localization while others also displayed a dramatic perinuclear p65 localization.
Perinuclear p63ocalization was specific to cardiac myocytes and was never observed in
cardiac fibroblasts or skeletal muschls.

Cardiac myocytes express high basal levels ofbFd a subset of ISGs compared
to cardiac fibroblasts that pems them against viral infectio(23-25). While NF-a B
activation is typically required fdFN-b expression, it can also be activated by the ISG PKR,
thereby providing a positive amplification loop fdF-a Bactivation. We hypothesized that
cardiac myocytes may have evolved perinucBsa Blocalization as anFN-b-dependent
mechanism to sequestbi-a Band avoid deleterious effects. HowevBif-a Bremained
perinuclearin primary cardiac myocyte cultures geated from mice lacking the IFN/ b

receptor Figure 4.2B) or the upstreantytosolic viral RNA sensors RKs and MDAS,
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indicating thatasal IFN signaling is not responsible for the unusual localization & BF i n
cardiac myocytes.

Given the precedentof postnatal attenuation of NE B si gnaling in r
myocytes(14), we compared N B | ocal i zation in cardiac my
and neonatal mice to those fromeoand tweday-old mice Eigure 4.2C). Results showed
no difference in the distribution of the two populations of cardiac myocytes. Similarly, while
prolonged culture conditions can also attenuatesN& s i gnal i ng i f(4),car di a
we found no difference in the localization of /B wh e n ¢ o dgrald culturgs td w o
four-day-old cardiac myocyte cultures (data not shown). Together, results indicate that the
unusual NFe Blocalization in cardiac myocytes is not dependent on basal IFN signaling or
postnatal changes in the heart.

Perinuclear NFe B i n car di alocalirey with gistGelgi membranes
and is present in the adult murine heart. To identity the subcellular compartments
containing NFe B , we i mmunostained cardiac myocyte
and markers for subcellular organelles. PerinucleaeN&= st r uct ur es a@sorr esp
Golgi, based on p65 docalization with GM130(31) (Figure 4.3A) but not wth
peroxisomal or mitochondrial markers (data not shown). To further confirm the
compartments asis-Golgi, cultures were treated with the pharmacological agent Brefeldin A
(BFA), which reversibly redistributes most Golgisident proteins to intermediate
compartment$31-33). Indeed, BFA treatment induced the expected redistribofi@M130
but, remarkably, also eliminated perinuclear localization ofaNBE i n car di ac my

(Figure 4.3B), confirming association of NB B w i tidiGolgi in ¢hese cells. Moreover,
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this association was evident in a subset of cardiac myocytes iacagttions of adult mice
(Figure 4.4), indicating maintenance of N6 B i as-Gblgi ia situthroughout adulthood.

Differential kinetics in basal nucleocytoplasmic shutting of NFe B i n cardi a
cells Many but not all cardiac myocytes in cultuféidures 4.2A and 4.3B) andin situ
(Figure 4.4) displayed perinucleaNF-a B . The existence of t wo p
myocytes distinguished by their ability to activate-BiIlB has been proposed
where one subset hosts a functionatNB s y dite ¢heother expresses NFB  t h a't S
resi st andependent attikaob and constitutively shuttles between the nucleus and
cytoplasm(8). To investigate - B nucl eocytoplasmic shuttling
the irreversible CRM&pecific inhibitor Leptomycin B (LMB) which prevents nuclear
export(34, 35) (Figure 45). In cardiac fibroblasts, LMB induced rapid accumulatiop®b
in the nucleus as early as 1 h pwsatment, indicating that N6 B under goes co
nucleocytoplasmic shuttling in these cells. In contrast, nuclear accumulation of p65 in cardiac
myocytes was only minimal and most evident at later timeslpdB treatment. In addition,
p65 nuclear intensitwas greater in cardiac fibroblasts than indeae myocytes at equivalent
time points. Overall, results suggest that nucleocytoplasmic shuttlinga@f BIF i n car di &
myocytes is minimal compared to cardiac fibroblasts and likely present in only a fraction of
the cardiac myocyte population.

NF-a Bnuclear translocation in cardiac myocytes is largely resistant to the
stimulatory effects of TNFU an d P.oThey imimalNF-e B nucl eocyt opl
shuttling in cardiac myocytesHigure 4.5) suggested they might be poorly responsive to

stimuli. To addresshis possibility, cultures were stimulated with either TNF or  Po |l y ( |
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a synthetic doublstranded RNA that mimics viral infectiofigure 4.6A). As anticipated,
stimulation resulted in efficient nuclear translocation p&5 in cardiac fibroblasts In

contrast, nuclear translocation of p65 was almost undetectable in stimulated cardiac
myocytes.To assess possible transient translocatoandiac cultures were stimulated with
Poly(I:C) and simultaneously treated with LMB to inhibit nuclear expgéigure 4.6B). As

expected, p65 in all fibroblasts was strictly nuclear. Strikingly, nuclear p65 was evident in
approximately twethirds of the LMBtreated, Poly(l:Gkstimulated cardiac myocytes, albeit

at a lower intensity than in cardiac fibroblasts. Resulthcate that while most cardiac
myocytes s-dgpgndenttiNle BKlfeti vati on, transl ocatio
captured only when p65 nuclear export is inhibited.

Viral infection induces nuclear translocatonof NFe B i n car di ac fi br
not in cardiac myocytes.To determine whether cardiac myocytes are recalcitrant to-virus
induced NFeB nucl ear transl ocati on, cultures wer
(T3D), a serotype known to activate dFB i n di f f g20836:38) (Figer¢ 4.7). t ype s
T3D induced p65 nuclear translocation frequently in irfe@atardiac fibroblasts but only
very rarely in infected cardiac myocytes. Furthermore, while LMB alone or in combination
with T3D infection induced p65 nuclear translocation in all cardiac fibroblasts, nuclear
translocation of p65 occurred in many fewerdiac myocytes. Indeed, nuclear translocation
of p65 in LMB-treated cardiac myocytes was not further increased by T3D infection,
suggesting that cardiac myocytes are largely resistant teimtdused NFe B act i vati on.

Pharmacological disruption of the Gdgi is insufficient to support virus-induced

NF-eB nucl ear trans/| oc atTodaterminewhether thecis@algi my oc y
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localization of p65 specifically prevents its stimuloduced nuclear translocation, cultures

were treated with BFA to disru@olgi structure and challenged with T3[Bidure 4.8A). In

cardiac fibroblasts, reovirus induced efficient activation of p65 independent of a functional
cisGolgi (Figure 4.8B). Notably, BFA activated N B e v en i n uni nfect
fibroblasts, likely hrough the unfolded protein response upon prolonged BFA exp(3fire

40). In contrast, N B was not activated i n etiedteder un
cardiac myocyteslespite their loss of Golgocalized p65 Figure 4.8C). Together, results

indicate that activation of NB B 1 n c a rtas$ is aesistant yosustained ER stress and

disruption of the Golgi is insufficientto support®MFB acti vati on upon Vvir a

DISCUSSION

Chronic cardiac inflammation is a major issue in cardiovascular health and disease.
The role of NFo B a ooh in ¥ha heart and its critical role in the regulation of cardiac
function has been the focus of research for over two de¢@d&3ardiac myocytes constitute
the majority of cardiac mass and cell number in the heart, however cardiac fibroblasts
represent a significant and important popula(@h 41). Moreover, while cardiac myocytes
have a lifetime turnover estimated to be less than(&244), cardiac fibroblasts are readily
replenished after injury21). Despite the important role cardiac fibroblasts play in cardiac
structure and function and despite the profound differences between the two cell types, most
studies of NFe B a c t in the heartohave left cardiac fibralsts unexplored and none
have compared them to cardiac myocytes. Here, we show that cardiac myocytes are largely

recalcitranttoNFe B acti vati on, while in contrast, Cc a
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forNFe B acti vati on aimfldmmatorp aytekinasi Moreover,fwe ghowothat
cardiac myocyte subpopulations differ in their-dlBB s ubcel | ul ar | ocali z
thecis-Golgi as a cardiac myocyspecific host compartment. Together, results indicate that
NF-aB-dependent signaling irthe heart is cardiac cell tyjspecific, likely reflecting
mechanisms that have evolved to balance cardiac responses that can be either protective or
damaging to the heart.

TheNF-aB dimer can be comprised of different subunits and in cardiac myocyes, th
p65 subunit is the predominant activated subunit in h€dfh and following myocardial
infarction (46). Activation of NF-eB has been demonstrated to promote adverse cardiac
remodeling, hypertrophy, endoplasmic reticulum stress, and apopt46iS0). Not
suprisingly, cardiac myocytes have evolved at least one mechanism to NifaB
activation: impaired activation of the IKK complgid4). Accordingly, its constitutive
activation incardiac myocytes results in myocarditis and heart def@étd7). Here, results
indicate thatonly a minority of cardiac myocytes (~30%) permit basal NB B
nucleocytoplasiic shuttling, and that even in those cells, nucleatoNE i s  rrigure ma | (
45). IKKb-dependent stimulation induces a larger fraction of cardiac myocytes (~70%) to
support NFe B nucl ear transl| ocat i oRigurd46). Results ares r e m.
consistent with a previously proposed model for two populations of cardiac myocytes in the
heart that differ in their capacities to support-8lB a c t (8, 81a The idantification of a
population of cardiac myocytes characterizedGulgi-associated N& B Figures 4.3-4)
suggests one possible underlying mechanism. While pharmacological disruption of the Golgi

did not render cardiac myocytes susceptible to vimdsced NFe B a c t Figue#.8),o n (

188



NF-e B may bi n déssdciatd paoteiiGihdt grevents N6B nucl ear tr ans

independent of Golgi structurButure studies will address the role of the Golgi in regulating

NFFeB activation, as hafsexpessortb2.demonstrated fo
One importantNF-a Bregulated cytokine is IFNb (18, 19). We have previously

shown that cardiac myocytes express high basal levels ofbIFNrive | t@ tardiac

fibroblasts, which serves to peem the cardiac myocytes for protection against viral

infection (23-25). Therefore, we anticipated we would find a similar difference in basal

activation of NFe B . Surprisingly, we found the opposi

basal NFe B a c t iFiguset 4.18)nand (minimal basal N® B uclear translocation

(Figure 4.2). One possibilityisthatNB B i s i ndeed activated i n c

the specific subunit p65 is not involved in basald6N e x pr essi on. Thi s see

that p65 is the primaryNB B Re | s udmcmyocytesiand the myocardiyab, 46).

An alternative hypothesis is that basal activation of-eNB t h a't IS undet e

immunoblot or immunofluorescent microscopy is nonetheless sufficient to induce minimal

IFN-b expressi on, whi ch i s N-ildecad trangcrigtidn dactor a mp | i

IRF7 in an autocrine positive amplification lo¢g3). This possibility is consistent with the

requirement for p65 in basal expression of IRF7 in mouse embryo fibrofl&s&5), and

with the >400fold decrease in basal IRF7 expression in cardiac myocytes lacking the IFN

U/ b r eanpapet o wild type cardiac myocyi@s)). Indeed, this would be an elegant

mechanism by which cardiac myocytes could capture the protectiverahimpact of basal

NF-eB acti vat i gimgdamadngeffacts. t ri gge
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Viral infection can activate NB B r esul ting i n f4br tahnedr ir
cytokines, and either direct or cytokimeluced apoptosis. The IFNN/ b r e stheons e i
primary determinant of protection against reoviindguced myocarditig22, 26, 54) and is
similarly critical for protection against other virusé®)( We have previously shown that
reovirus inducesFN-b  mor e r obust | y thanrin cardiac fibroblasts, likglpo c y t e ¢
due to the IRF#mediated amplification of IFdd e x pr essi on a3, 28escri b
Thus reovirus inductionof I i n cardi ac myocytes would re
NF-aB, consistent with our evidence thaardiac myocytes are recalcitrant MF-a B
activation (Figures 4.1 and 4.6-8). While IFN-b plays an important antiviral role, pro
inflammatory cytokines recruit cells that clear viral infectidbardiac fibroblasts are
exquisitely responsive to stimulation biF-aB and secrete a wide range of cytokines to
regulate cardiac functio(b5-59). Indeed, revirus induction of pranflammatory cytokines
in cardiac fibroblasts correlates inversely with the capacity to induce myoc&ajtisThus
activation of NF-aB in cardiac fibroblast€an be protective to the heafccordingly, we
found that TNFU act i voaBtFigide 44/ and induced N Bdependent cytokine
responsg (Figure 4.1B) more readily in cardiac fibroblasts than in cardiac myocytes. The
detectable TNFJ i nducti on of cytokines i n cardiac
activatonofNFe B i n t hose cel |l s eandlen, which dreskmvn e f f e c
to be activated by TN\E and t o snflammaioryayéne expressiqfl). Finaly,
reovirusinduced myocarditis is the result of a direct viral cytopathic effect to cardiac
myocytes (62), which is largely apoptotiq60). Reovirusinduced apoptosis requires

activation ofNF-aB in most cell typeg20, 36-38, 63-65) but not cardiac myocytg20, 38).
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Thus reovirusnduced myocarditis does not require activatiohlBfeB in cardiac myocytes,
consistent with evidence here that cardiac myocytes are recalcitrdf-0B act i vat i c
(Figures 4.1 and 4.6-8). Instead, the minimal activation &fF-eB in cardiac myocytes is
sufficient to stimulate a protectiMEN-b r e s p certherebusi dclivation oNF-aB in
cardiac fibroblasts stimulates a protective cytokine response.
In sum, both basal and stimulated activatiolNBfaB differ remarkably between
cardiac myocytes and cardiac fibroblasts, and within subsets of cardiactes/ttymselves.
These cell typespecific differencebave likely evolved as a balance between the protective

and damaging effects dfF-oB activation on the heart.

MATERIALS and METHODS

Primary cardiac cultures. C57BL/6, RIGI” MDA5” (66), and IFNU /-Ry" (67)
mice were maintained as anhiouse colonyn a facility accredited by the Association for
Assessment and Accreditation béaboratory Animal CareAll animal procedures were
approved by the North Carolina State University Institutional Animal Care and Use
Committee (IACUC). Primary cardiac myocyte cultures were generaésd previously
described(68) f r om 1 day andtedm fetad minefublesd othevise indicated)
resulting from timed pregnancie€ardiac myocyte and fibroblast culturesre platedin
Dulbecco MEM(DMEM; Gibco #11968092) supplemented to contain 7% fetal calf serum
(FCS; Atlanta Biologicals) and 1tg/ml gentamycin (Sigma, #G1272) 24-well or 48well
clusters for RNA or protein harvest, or inwgll poly-D-lysine-coated chamber slides

(Corning) for immunofluorescent microscopyCardiac myocyte cultures were also
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supplemented to contain 0.06% thymidine (to inhibit cardiac fibrolgesith). Cardiac
myocytes and cardiac fibroblastsiitures wereO 90% andO 95% pure respectively, as
estimated by immunostaining against sarcomeric actin (alptia &nd vimentin data not
shown . For all experi ment s, 5CKHIoutwednys postr e 1 nc
seeding before use, and were never passaged.

Primary skeletal muscle cultures Timedpregnant mice and mouse colonies for
timed matings were maintained as above, and all procedures were tAQw@ved. Muscle
from the limbs of newatal mice less than 24 h old was dissected away from other tissues into
HanksoO balanced salt 9D23C\V)tthe#BSS WwasEBsiBated, @ndr ni n
the muscle was minced with sterile scissors and incubated in freshly prepared 2% Type Il
collagemase (Worthington Biochemical, #LS004174) in HBSS for 30 min with vortexing
every 10 min. Cells were pelleted by centrifugation at 8QGor 5 m at room temperature,
resuspended in HBSS, and-pelleted as above. Cells were resuspended in DMEM
supplemeted to contain 6% FCS, 2 mi-glutamine (Corning #2805-Cl), and 10ng/ml
gentamycin, and passed through a i@ cell strainer (Falcon, #352360). Cells were
resuspendedh supplemented DMEM and plated 8-well poly-D-lysine-coated chamber
slides for imnunofluorescent microscopy. Afternc ubat i on aifor®@days, i n 5 %
media was replaced with DMEM supplemented as above (for undifferentiated skeletal
muscle cell cultures) or DMEM supplemented as above but at 3% instead of 6% FCS (for
differentiatel skeletal muscle cell cultures). Cultures were incubated an additional two days

before use to allow differentiation, and were never passaged.
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Viral infections. CsClpurified reovirus type 3 Dearing (T3D) was maintained as a
low-passage laboratory stockdanstored ai 8 0 e TGD was chosen as a strong inducer of
NF-aB activity (20, 36-38, 63, 64). Unlessstated otherwise, cardiac cultures plated-imel
chamber slides were inoculated with reovirus T3D at 50 plague forming units (PFt8liper
and were fixed at the indicated times piodéction. Mockinfected cultures were treated
similarly but received supplemented DMEM as the inoculum.

Stimulants of NF-aB activation and chemical treatments For dimulation of NF
9B act i vat ltues weredreated with 50 ng/md mouse TNFU ( S-Aldrioha
#T7539) diluted in supplemented DMEM or transfected with 50 pg/ml Poly(l:C) (Invivogen;
#tlrl-pic) using Lipofectamine 3000 (Thernfosher; #L3000) according to the
manuf act ur es amsl fixedh & tthe unditaied times. For disruption of Golgi
structure, cells were treated for 6 h with 10 pg/ml Brefeldin A (Sigdazich; #B7651)
maintained as a 5 mg/ml stock in ethanol and diluted in supplemented DMEM. For the
irreversible inhibition & Crm1-dependent nuclear export, cells were incubated with 20 nM
Leptomycin B (Sigma&Aldrich; #L2913) diluted in supplemented DMEM and fixed at the
indicated times.

Quantitative (real time) r evEellssverelysedanscr i
using a QIA&redder (Qiagen, Inc.) and total RNA was harvested using an RNeasy kit
(Qiagen, Inc.). RNA was treated with RN&see DNase | (Qiagen, Inc.) to remove genomic
DNA prior to generation of CcDNA reverse tra
contani ng 5 & M oTaq bwfte( (@HErmo Scikrtific); 7.5 mM Mggl 1 mM

dithiothreitol,; 1 mM (each) deoxynucl eotide
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avian myeloblastosis virus reverse transcriptase (Promega Corp.). Fome&CR, 1.5%

of the reverse transcription product was amplified on a LightCyck8® fluorescence

thermocyler (Roche Life Science) in-96e | | pl at es. Each Dbiologice
contained 11 Quantitech SYBR green master mi
and reverse primers. The primers used were: IL-1 b (fordar d:

TCACAGCAGCACATCAACAAI3 6 ; and iITGAQEACATECTGGAAGGTCE3 6 )
CCL2MCP-1 (f or waCCAATGAGTIAGGCTGGAGA3 6 ; and iever se
TCTGGACCCATTCCTTCTTG3 6 CXCLL (f or wa i TGTTGTEOGAAAAGAAG
TGCi3 6 ; and TTACAPACACAGCCBCECACAI3 § A20 forwa r di:AAAR D
AGGACCAGCCCAGATTI3 6; and iTGCTESAGOICCTGCACTGT3 o) e BU
(f or wiaGTECAGATGECTACCCGAGAG3 60 ; and ' TAGGECASETCATEOD
CTCTGTi3 6 ) , PGES 1 (GTACAQALCGITGGCEDBACCT3 0 ; and irevers
GCCATGGAGAAACAGGAGAAI3 6 ) , -2COXr wiaTTGEAGAATd GAAAGCCCT
CTid3o6; and i CEGCAAASATAGCADBCTGGAI30) -CS5M (f ot G®GLCr d: 50
AGCAGATGGAAAACCTAI3 6 ; and 1rCGTGERAAGECAGAB@IGAAGG30) ,
and GAPDH (i GGETWAGAACCACGAGAAATI3 0 ; and TrCENTEr s e : c
CACAATGCCAAAGTTI 3 0 Relative mRNA abundancer all genes was normalized to
the expression of GAPDH (glyceraldehy8ghosphate dehydrogenasegnd TNFU-
mediated foldinduction of mMRNA expression was calculated relative to rioskted cells
for eachcell type.

Antibodies. Antibodiesused for immunoblotting and their corresponding dilutions

were antip65/RelA (Santa Cruz Biotech #8@2; 1:500), antphospheRelA/p65 (Ser468)
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(Cell Signaling #3039; 1:500), afitie BU ( Sa nt a #s€37111z3008 antftaeiic h
(Santa Cruz Biotech #sl615hrp, 1:2,000 dilution), goat antabbit IJGHRP (Millipore
#12-348; 1:2000), and goat amtiouse IgGHRP (Millipore #12349; 1:2000). Primary
antibodies used for immunofluorescence were-p®fi/RelA (Santa Cruz Biotech #83@2;
1:50), antiGM130 BD Biosciences #610822.:250), antvimentin (ThermeFisher #PA1
16759; 1:2,00Q) and mouse antieovirus antisera (generated in the Sherry laboratory;
1:5,000). Secondary antibodies were Alexa-4@3exa 594 or Alexa 647conjugated goat
antrmouse, rabbit or chicken 1gG (Thersiesher; 1:1000).

SDSPAGE and immunoblotting. Whole-cell protein extracts were obtained by
lysing the cells two days peptating in 24well clusters using radioimmunoprecipitation
assay (RIPA) lysis buér (50 mM Tris HCI [pH 7.4], 1% NRBO, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented to contain 1% sodium
dodecylsulfate (SDS), a cocktail of protease and phosphatase inhibitors {(Suoh;
#P8340 and #P2850), and 1 mM phenylmethidsuyl fluoride (PMSF, Sigmaldrich;
#P7626). Cells were rocked on ice for 20 minutes and centrifuged at 14g004RC for 10
minutes to remove cellular debris. A bicinchoninic acid (BCA) protein assay (Thermo Fisher
Scientific) was used to calculateopein concentrations. A total of 2D pg of protein from
each lysate was boiled for 5 min in 1X Laemmli sample buffer and resolved usif§%.5
SDSpolyacrylamide gel electrophoresis (SPPBGE). The resolved proteins were
transferred to either nitrocelbse or polyvinylidene fluoride (PVDF) membranes in transfer
buffer (48 mM Tris, 39 mM glycine, 0.04% SDS, and 20% methanol) fet54thinutes at

15 volts in a semdry transfer apparatus (BiRad). Membranes were then blocked fes b
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at room temperaterwith 5% milk or 5% bovine serum albumin (BSA,; SigAldrich) in
Tris-buffered saline (20 mM Tris HCI [pH 7.6], 137 mM NacCl) containing % Tween

20 (TBST) and probed with the indicated primary antibodies overnight at 4°C. Membranes
were washed -3 times with TBST buffer and incubated with the appropriate horse radish
peroxidase (HRP-) conjugated, speciespecific secondary antibodies at room temperature
for 1.5 hours. Membranes were washefl 8mes in TBST and proteins were visualized
using Amesham enhanced chemiluminiscence (ECL) or ECL Plus kits according to the
manufacturerdds instructions. Membr anes wer e
Scanjet G4050. Quantification of band intensity was determined using H@ORI
BioSciences Imaget&dio™ Lite Software (version 5.x); and the intensity value of each
band of interest was normalized as indicated.

Indirect immunofluorescence of primary cardiac cultures. Cells in polyD-
Lysine-coated chamber slides (BD Biosciences) were fixed in 4% qanafdehyde
(Electron Microscopy Sciences) in phospHaidfered saline (PBS) and permeabilized with
0.25% Triton X100 (Sigma, #X100). Slides were blocked with normal goat serum (Sigma;
#G9023) , I ncubat edamidinaR-phelyinéole; S(gmha) , #DBL7),
immunostained with the indicated primary and secondary antibodies, and preserved with
ProLong Gold (Invitrogen).

Indirect immunofluorescence of heart sections from adult miceHearts from adult
C57BL/6 mice were excised, snap frozen in liquid ni#regooled isopentane, and stored at
i35eC. Transverse cryosections (1 Om) were c

i35eC. Sections were thawed d00dn PBSform®mmimi | i z e
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prior to blocking in 20% normal goat semu(SigmaAldrich) in PBS for 2 h at room
temperature. Primary antibodies were diluted in 0.1%-Ig@&d proteaséee BSA and
samples were incubated simultaneously overn
were washed with PBS and incubated with a ofiAlexa 488conjugated goat antabbit

IgG, Alexa 594conjugated goat anthouse IgG, and Alexa 64dbnjugated goat anti

chicken IgG (1:1,000 each; Therrrasher) diluted in 0.1% IgGand proteaséree BSA for

1 h at room temperature. Samples were wastieh PBS and coverslips were mounted with
ProLong Gold Antifade (Thermbisher).

Confocal microscopy and image analysisA Zeiss LSM 710 confocal microscope
equipped with a 40 C-apochromat / 1.1 NA water immersion objective from the Cellular
and Molecudr Facility (CMIF) at NC State University was used for all experiments. The
pinhole diameter was maintained at 1 Airy unit (A.U.) and all images were obtained using
multitrack sequential scanning for each fluorophore to prevent {theedgh. The
excitation/emission wavelengths during micrograph acquisition were 488 nb892am for
Alexa Fluor® 488, 561 nm/58866 nm for Alexa Fluor® 594, 633 nm/6509 nm for
Alexa Fluor® 647, and 405 nm/4®07 nm for DAPI. Images were processed for
presentation usingh®toshop® CS4, and intensity plot profiles were generated using ImageJ
software(69). The number of cells displaying nuclear B were scored manually and, for
each quantitation, cell identity was assessed by vimentimewnostaining (i.e. cardiac
fibroblasts were identified btheir high levels of vimentin, and cardiac myocytes by their
lack of vimentin expression) and only the cell type in question was scored for each condition

analyzed.
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Statistical analysisA St ude nt 0 stestt(ppaed gsasamge)l was applied

using Sytat software. Results were considered significant iPthelue was < 0.05.
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FIGURE 4.1. The magnitude of NF-aB activation after TNF-U stimulation is cardiac
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FIGURE 4.3. NF8aB perinuclear compartments are associated with theis-Golgi. (A)
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against p65 and GM130Nuclei were counterstained with DAPHistograms display
measured fluorescence intensity along the drawn line in the ovediagl. (B) Cardiac
myocytes were treated with DMSO (vehicle) orggml BFA for 6 h. Cells were then fixed
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ABSTRACT

The type | interferod/ b -UAN BN system is an i mmedi at
response and plays a crucial role in the control of viral replication by regulating the
expression of interfereatimulated genes (ISGs), many of which have direct antiviral
activity. We previously reporte t hat the reovirus protein g2
T3D, represses I si gnal ing and i nduc e-accumulaton ofc o mi t e
IRF9, a component of the heterotrimeric transcription factor complex necessary for IFN
induction of ISGsWe r epor t h e r-lecalizebwith buffdbels not drectty bind to
| RF9. Il nstead, we demonstrate that nucl ear T
where it binds to the mRNA splicing factor SRSF2 and alters its localization. Furthermore
we found that SRSF2 is required for ma Xx i ma
modulation of IRF9 localization. Reovirus T1L replication and cytopathic effect were
enhanced in SRSK&epleted cells, consistent with SRSF2 augmenting the antiviral respons
Transcriptomic analyses revealed that reovirus T1L but not T3D infection generates unique
splice variants for host genes involved in mRNA geostscriptional modifications. This
provides the first report for the involvement of SRSF2 in innate antiresgdonses and its
antagonism by a viral protein. Modulation of mRNA splicing, processing, and maturation
represents a novel mechanism by which viruses can manipulate cellular pathways for their

survival in the host.
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IMPORTANCE

The efficiency of viral relication depends on the ability of the virus to create
favorable cellular conditions and to overcome cellular antiviral responses. Here we
demonstrate that the protein u2 of mammalian reovirus, an RNA virus that replicates strictly
in the cytoplasm, locaes to nuclear speckles where it targets the cellular mRNA splicing
factor SRSF2. Expression of SRSF2 was found to be required for events associated with
reovirus repression of the host interferon response, and important for regulating reovirus
replicationand cytopathic effect. This provides the first evidence for a role of SRSF2 in
antiviral responses and the first evidence that it can be antagonized by viruses to control their

cellular environment.

INTRODUCTION

The type | interferon (IFNJ/ b)) response is an i mmedi at e
viral infection of virtually any cell type. Pattern recognition receptors (PRRS) in the infected
cell recognize specific viral nucleic acid moieties to trigger the transiepression and
secretion of IFNU / (). Engagement of secreted IFN with its receptor on primary infected
and neighboring uninfected cells activates the plasma membasaoeiated kinases JAK1
and Tyk2, which in turn promote the phosphorylation of the transcription factors Sdr 1
STAT2 in the cytoplasm. Phosphorylated STAT1 and STAT2 bind IRF9 to form the
heterotrimeric transcription factor complex H&imulated gene factor 3 (ISGF3). ISGF3
translocates to the nucleus to stimulate the expression of marstitANlated gened $G3,

whose products have antiviral effe¢® 3). The importance of IFNO/ b si gnal i ng
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control of viral infection has been extensively demonstrated for many viruses in many
species, including e and humang, 3). As obligate intracellular parasites, viruses have
evolved numerous strategies to evade the-IFNb  r e(4).pSpetiically, viruses can
prevent IFN synthesis, block activation of STATs and/or formation of the ISGF3 complex,
and even interfere with the antiviral actions of specif®G products(2, 4). The rapid
mutation rate of RNA viruses contributes to these evasion strategies, and viral mutations that
affect repression of the IFN response can determine differencesilenge between virus
strains(4, 5).

Mammalian reoviruses are doubstranded RNA (dsRNA) neanveloped viruses
that replicate in membrarassociated cytoplasmic viral factories (VKS) 7). Reoviruses
infect virtually all mammalg6), and in neonatal mice, reoviruses induce virus sspetific
pathologies. One of these, myocarditis, reflects direct cytopathic effect to cardiac myocytes
and protetton against damage is largely determined by the-bFisponse(8-10). Our
| aboratory previously reported tMigdne tahe r eo
antagonize IFN0  si gnal i ng. T h i saingpacifiaamod aorrelates withsan v i r u ¢
unusual hypeaccumulation of IRF9 in the nucle(l). A single amino acid polymorphism
in the €2 pr o-spedfindifferences ia tepressions dfriIFNi i gnal i ng,
modulates viral spread through primary cardiac myocyte cultures and myocarditis in mice
(22). The protein €2 is a minor capsid proteir
and has RNA binding13) and NTPase activity1l4, 15). It also determines virus strain
specific differences in the morphology of VFs through its capacity to bind and stabilize

microtubules(14, 16). During infection, e 2 (14, 6@, lbutzes prr
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can also be visualized diffusely throughout the cytoplasthimthe nucleuél5, 16, 19). The
rol e(s) of €2 in the numnetiaead subvarsiah oftthe ¢FIN me c h a1
response remain to be elucidated.

Her e, we show t htains tainhibitrifdNm sie@walriusg sbi n
premRNA splicing factor SRSF2 (previously known as SC33) in nuclear speckles and
generate ovel transcript splice variants for genes involved in RNA processing and
maturation. Moreover, we find that SRSF2 function is required for maximablFNs i gnal i n¢
and that depletion of SRSF2 enhances viral replication. This provides the first reparteof a r
for an mRNA splicing factor in IF si gnal ing and the first

antagonized by a virus that replicates in the cytoplasm.

RESULTS

Expression of T1L €2 i s s u-adcumalatiennof to i
IRF9, but not through a direct physical interaction. Reovirus strain Type 1 Lang (T1L)
represses IF signaling while Type (11 Stiaiesaaciiicn g (T3
differences in reovirus repression of N si gnal i ng are determined
amino acid 208 (1b fl2), enboeed by2thé/d gene. dheml gene, and
specifically amino acid 208 of ¢2, similar/l
induce miclear hypefaccumulation of IRF9Kigures 5.1A and 5.S1, (11)), a transcription
factor necessary for IFN induction of 1ISG21-24). We previously reported that ectopic
expression of T1L €2, but not T3D ¢€2; i s s

responsive reporter plasmid in HEK293 c€llg). To determine whether expression of T1L
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€2 al one i s al so s uf f-accumelatidn oft IRF9, iwe tlansfeeted n u c |
L929 cells with hemagglutinifHA-) t agged €2 and i doeahzatiof i ed t

of endogenous IRF9 by immunofluorescence and confocal micros€ogyré 5.1B). As

anticipated, e xHhAr resalted 0 nuclearf hyp&ctumulagidh of IRF9,
whereas | RF9 remained mainly cyt wefauhdithat i n c €
the predominant I ntr ac el -bpedfia Mlld HlA bdaizedat i on

primarily to the nucleus, where it 4¢ocalized with IRF9, whereas T3® ZHA localized in
the cytoplasm. Thus, e X p r effectsioforepvirosfinfecti@n ina |l o n e
its ability to repress IFMd s i g(flxand tmigduce nuclear hypaccumulation of IRF9.

The obser vat-HAdloddized tvith TREQin thezhucleus prompted us
to ask whether the two proteins interact. Mgggged IRF9 and HA agged ¢€-2 wer e
expressed in AE293 cells and the ability of IRF9 to communopreci pitate
determined Figure 5.1C). Despite strong prote@ X pr es si on, neither TI1L
i mmunoprecipitated with I RF9. Similarly, we
IRF9 in the context of reovirus infection in multiple cell types oirbgitu proximity ligation
assays (data notshowl)oget her , our results indicate the
to induce hypeaccumulation of IRF9 in the nucleus, but the mechanism is likely not to be
through dir elBR9ineractonmndi r ect €2

€2 under goes -dependentauclearsi@iMylbut the predominant
intracellular localization is strain-specific. Given that reovirus replication is exclusively
cytoplasmic(6) and that virus straispecificd i f f er ences i n €2 nucl ear

with IRF9 nuclear hypeaccumulationFigure 5.1B) , we probed €2 intrace
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further. To obtain better resolution, we used-298 cells which are larger and which
recapitulate strakspecific differences in p2 effects on IRF9 localization (data not shown).

Il nterestingly, nuclear TI1L €2 | ocalized to
microtubules and also to discrete aggregatédgufe 5.2A, arrows) . T1L €2 nuc
localizationis dependent on the nuclear export signal (NES) receptor protein CRM1/exportin
1(15. To determine whether T3D €2 has the abi
associate with similar sahuclear structures, we hibited CRM1 with the irreversible

inhibitor Leptomycin B (LMB)(25) for five hours prior to immunostainind-igure 5.2A).

Treatment with LMB revealed that T3D does indeed shuttle into the nucleus, but the
predominantocalization is cytoplasmic under normal nuclear protein export conditions. To
further probe nucleacytoplasmic shuttling, eGFERM1 or an eGFP empty vector control

was ceexpressed with p2Fjgure 5.2B). As expected, T1L pu2 was found mainly in the

nuclets when ceexpressed with eGFP, but was found in the cytoplasm in cells
overexpressing CRML1. Together, the results indicate that u2 undergoes constitutive CRM1
dependent nucleaytoplasmic shuttling, but the predominant localization is reovirus strain

spec f i c. I nterestingly, even when T3D €2 acc
CRM1 inhibition Figure 5.2A), it never associated with sutuclear structures like those

seen for T1L €2. TI1L €2 is known tasm(1B, nd an
but association with subuclear aggregates hast been previously described. While the role

of intranuclear bodies in the life cycle of several viruses is of increasing inf2gsa role

for €2 in the nucleus has not been previous|
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|l ntranucl ear €2 | oc alTo daetesming the nate ofltheea r Spt
intranucl ear T1L-2%3 csdlrlusct wee®, tHRABandsf ect e
immunostained for proteins known to localize specifically to different intranuclear structures.
We first assessed whether these aggregates corresponded to promyieokgtima (PML)
bodies, as there are many precedents for viral modulation of PML body function, particularly
relating to the IFN system (reviewed (@7, 28)) . However, T-lachlizeswth di d n
PML bodies Figure 5.3A) . Si mi | ar | yocalize Rith cbilindfFigureo 3.3B),cao
well-known marker of Cajal bodies which are sites of modification or assembly of several
small nuclear ribonucleoproteins (snRNPs) that form part of the eukaryote spliceosome and
are critical for the removal of introns in pnreRNA moleculeg29). T1L €2, -howevVe
localized with the serine/arginisrech splicing factor 2 (SRSF2, previously known as SC35
(20)), a marker of nuclear spdek also known as interchromatin granule clusters or SC35
domains Figure 5.3C). In metazoans, nuclear speckles correspond to domains enriched in
mature snRNPs, nesnRNP prenmRNA splicing factors, and polgdenylated RNA; yet
contain little or no DNA(30-32). Associ at i cclear spéckles Zas gpedifiti to n u
T1L €2, as T3D €2 failed to associate with
its nuclear localizationRijgure 3D).

€2 alters the | ocali zat-tepemderd man@REBEN2 1 n a
t hat T 1 L sdo2filarheatoua structuees in the nucle&ggre 5.2A), we further
probed €2 impacts on SRSF2 subnuclear | ocal.
in the mislocalization of SRSF2 to filamentous structures in approximately half of L929 and

AD-293 cells Figures54A and54E) . Thi s ef fect was specific
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not affect the localization of the nuclear speckle matrix protein Bigure 5.4B) . T1L €2
binds to and stabilizes cytoplasmic microtubu(2s), and not unexpectedl
localized with nuclear alphibulin in nuclear filanents Figure 54C). To determine
whet her -i hduce@ <changes I n SRSF2 | ocal i zat.
association with nuclear microtubules, we used nocodazole and paclitaxel to inhibit
polymerization of or to stabilize microtubules, respecti@83). The effects of these drugs
were confirmed in our systerfigure 54D). Importantly, depolymerization of microtubules
with nocodazol e r eduexmedsing dels thdt displayed Aosalizea f T 1 L
SRSF2 Figures 54E and 54F). Conversely, stabilization of microtubules with paclitaxel
did not result in md ocal i zed S R Sekpzessingncellst I @yether@sults
demonstrate that T1L €2, but not T3D €2, al
nuclear structures, likely by interactions with both microtubules and SRSF2.

€2 inter act snmRNA splicing fabt@ SRSF2To determine whether
TiLe 2, but not T3D ¢2, interacts with SRSF2,
T1L- and T3Du2-HA in AD-293 cells and performed an situ proximity ligation assay
(PLA) using antibodies against HA and SRSFR)(re 55A). This technology is based on
ligation and rolling circle amplification of oligonucleotides conjugated to secondary
antibodies when the target epitopes of interest are at a maximum distancéoef030m
apart, allowing the spatial visualization of individual protpiotein interactn events in the
form of PLA signals(34). As e x p e cHAgeénerated Inuch gréater PLA signals
t han THADId wsi@g antibody against tubulin (Kruskalallis nonparametric test? <

0.001), consistent with the known differences in their capacities to bind this cell gidein
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| mpor t an t-HAyalso gerdetatedeniich greater PLA signals than-H2Ddid with
erdogenous SRSF2 in the nucleus (Kruskédlllis nonparametric testP < 0.001), likely

representing the association of €2 and SRS

structures. Con s i s-mediatéd chvamgeshin Sorm lecalitaadéigbire o f € 2
54B) , PLA experi ment s -t&doesmat interact vatld Soh (dagatnot T 1 L ¢
shown) . Next, we confirmed the interaction

immunoprecipitation of lysates from AB93 cells cetransfected with T1iM1-HA and

myc-tagged SRSF2 or mytagged IRF9 as a negative contrBigure 5.5B). Myc-tagged

SRSF2, but not mytagged IRF9, co mmunopr eci pi t aHAedlidanigt h T 1 |

results obtained in thie situ PLA experiments. Together, results demonstrate that Hat

notT3be 2 i nteracts with both tubulin and SRSF2
Amino acid 208 in €2 determines €2 | oca

infection. We previously reported that ami no aci (

repression of IFNb s ing (&2y &nid here we showed thaetsame residue determines the

ability of reovirus to induce IRF9 nuclear hymacumulation during infectionF{gures

51Aand5Sl) . Thus, we asked whether this amino :

localization to nuclear speckles in the contefviral infection. AD-293 cells were infected

with either the parental reovirus strains T1L or T3D, or recombinant mutant viruses and then

i mmunostained wusing anti Figueib®€)s. alyai B g p e SRS

localized to cytoplasmic viral &ories that displayed either a filamentous or globular

morphology during T1L or T3D infection, respectively, as has been previously described

(16). Additiona-l bgal TAéd eRi tclo SRSF2 in nucl eart

223



did not, consistent with our results using plaschié r i v €&igures523-4)( Remarlably,
Substitution of the T3D €2 -@8MmM08PB) aconf I0Be advi
the ability to localize to nuclear speckles, demonstrating that this polymorphism is sufficient
for €2 |l ocalization to nuclse ae x psrpeescskilnegs .t hled
T1L but with amino acid 208 reverted to that of T3D (T3AD ML P2 08 S) abolis
localization to nuclear speckles. Together, results demonstrate thassgeeaific differences
in amino acid 208 in g82Ziant botheRPeduwicradéd z
speckles during reovirus infection.

SRSF2 is required for maximal IFNi nduced | SG exp+#ndeesli on an
hyper-accumulation of IRF9 in the nucleus A single amino acid determines the capacity
of €2 t BN-br eipmrdewcst i(I®nindaock nutléGhyperccumulation of IRF9
(Figures5.1A and 5.S1), and associate with SRSF2 in the nucldtigure 5.6), suggesting
linkage of the three events. To identify a possible role for SRSF2 ubIFNs i gnal i ng, S
expression in L929 cells was reduced using siRRgyre 57A) and IFNb 1 nduct i on
ISGs was assessed by RTR. IFNinduced expression of two representati8&s(IRF7
and STAT) was decreased in the absence of SR&#kfufe 5.7B), suggesting that SRSF2
acts as a positive regulator of IFN s i g n a-induoay phosghdéryation and nuclear
translocation of STAT1 and STAT2 were unaltered in SR&®#eted cells (data not
shown), suggesting that the effects I&G expression are downstream of ISGF3 complex
formation. Because depletion of SRSF2 reduced-BFN i nod 0fdSGs its impact on
reovirus repression of IFN signaling could not be assessed in this system. Instead, SRSF2

was depleted and Tlinduced hypeaccumulation of IRF9 in the nucleus was assessed as a
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marker of reovirus repression of IFN s i g frigurei57@). SRSF2 depletion did not
alter IRF9 localization in moekfected cells. As anticipated, T1L induced nuclear hyper
accumulation of IRF9 in cells transfected with a control-tavgeting sSiRNA whereas T3D
did not. Importantly, this consequeno& T1L infection was abolished in SRSE2pleted
cells, demonstrating that SRSF2 is required for -ifiduced IRF9 nuclear hyper
accumulation. Similar results were obtained in cells infected with the single amino acid
recombinant reovirus T3{3208P: nucleahyperaccumulation of IRF9 was lost when
SRSF2 was depletedriQure 5.7D). Together, results show that SRSF2 is required for
maximal IFNinduced ISG expression and for reovirusduced IRF9 nuclear hyper
accumulation, a marker for reovirus repressiorFo-b s i gnal i ng.

M2 nuclear localization requires SRSF2 expressiorGiven that SRSF2 is required
for reovirusinduced IRF9 nuclear hyp@ccumulation Kigure 5.7C-D), we next asked
whether this reflects an SRSF2 impact on p2 nuclear localization. Impgyrtahile SRSF2
depletion did not appear to alter p2 nuclear localization by immunoBigtires 5.7C-D),
we have found that reovirus cytoplasmic viral factories pellet with the nuclear fraction
(Figure 552 and therefore immunoblots cannot be used to sasseovirus protein
localization. SRSF2 was depleted by siRNA in L929 cells,-TdL T3D-M1-HA were
transfected, and p2 localization was assessed instead by immunofluoresgéguoe §.8).
As expected, in control siRN&ansfected cells, T1L u2 and T3 focalized primarily to
the nucleus and the cytoplasm, respectively. However, T1L p2 localization became primarily
cytoplasmic in cells with reduced SRSF2 expression, mimicking T3D p2. Thus, SRSF2 is

required for T1L p2 nuclear localization.
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Depletion of SRSF2 increases reovirus replication and cytopathic effect and
impact is strain-specific Given results that SRSF2 is required for maximum-ikdiced
ISG expression Higure 5.7B), we next asked whether SRSF2 depletion affects viral
replication and cytoghic effect. L929 cells were depleted of SRSF2 and then infected with
T1L or T3D under conditions that would assess SRSF2 impact on primary infection
(multiplicity of infection (MOI) 5; harvest at 24 or 48 h pastection) or secondary
infections followirg spread (MOI 0.1; harvest at 5 days pao&tction). SRSF2 depletion
increased T1L but not T3D replication and cytopathic effect in both prinkagures 5.9A-

B) and secondary infectionkigures 5.9C-D). The absence of an effect of SRSF2 depletion
on T3Dis consistent with previous results that dRtN-a/b antibody has no impact on T3D
replication and spread in L929 ceBb). The increased T1L replication and cytopathic effect
suggest that T1L p2 does not inhibit SRSF2 activity entirely and that further depletion of
SRSF2 is beneficial to the virus.

Reovirus T1L alters cellular mRNA spicing. SRSF2 is a preMRNA splicing
factor, but reovirus replication is exclusively cytoplasmic and there is no evidence that any
reovirus RNAs are splice(b). Changesn the host alternative splicing landscape during
reovirus T3D infection have been recently reported, however they did not identify an impact
on viral replication nor did they assess T{B6). We used RNAseq to ask whether reovirus
alters cellular mRNA splicing in a straspecific manneand under conditions of reovirus
repression of IFNb s i g Rigulei5.h0g Be€ause T3D induces significantly more BN
than T1L doeg10-12) and because IFK al one al ter s mMRNM),wep!| i ci n

compared mocknfected, untreated cells to moeoKected or reovirusnfected cells
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stimulated with IFNb . Tlibowed us &o identify differences in T1L and T3D effects on
splicing separate from differences in their induction of-BFN | mpor t ant |l vy, we
experimental conditions that we standardly use to assess reovirus T1L repressiorbof IFN
signaling(11, 12), and confirmed expected phenotypes in these RbBAsamples by gRT
PCR: IFNb i nduced | RF7° 3e-folg rTéLsifactmm repte€séd IR
stimulation of IRF7 expression 6f8ld, and T3D infection failed to repress IFN
stimulation of IRF7 expression (data not shown). Results from RétAwere analyzed by
the mixtureof-isoforms (MISO) statistical mad (37) to assess changes in mMRNA
alternative splicing Kigure 5.10A, Tables5.1-3). IFN-b st i mul ati on gener a
splicing variants in 41 different genes relative to untreated cells. Excluding those- IFN
induced variants, T3D inféon (followed by IFND st i mul at i on; AT3D+I1 FN
novel splicing variants while, remarkably, T1L+IFN generated 369. Only 35 of these
variants were found to overlap between the two reovirus strains, resulting in a total of 334
and 107 unique $iping events induced in 297 and 97 genes by T1L+IFN and T3D+IFN,
respectively. Splicing events that were induced only in T1IL+IFN were confirmed by qRT
PCR for two cases identified by MISO analydisgre 5.10B). Thus, while both reovirus
strains induce nique splicing variants, T1L+IFN induces greater than three times more than
T3D+IFN does (Chi squar®,< 0.001).

To gain further insights into reovirasduced global changes in host mRNA splicing,
we used Ingenuity Pathway Analysis (IPA) and gene ogtol(GO) analysis to identify
pathways, gene networks, cell processes, and broad categories of cell components most

affected by the genes whose splicing was altered by reovirus infection. Specifically, we
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performed IPA on the 297 and 97 genes whose sglivas altered uniquely by T1L+IFN or

by T3D+IFN, respectively. Given our evidence that T1L binds SRSF2 and represses IFN
signaling, that SRSF2 is required for maximal IFN signaling, and that T1L alters cellular
MRNA splicing, we predicted that T1L wouldted mRNA splicing in pathways related to

IFN signaling. Instead, the molecular and cellular processes and predicted networks most
affected by T1L+IFN effects on splicing involved RNA paisinscriptional modifications
(Figure 5.10C). Moreover, the top fivepredicted upstream regulators for altered splicing
events induced by T1L+IFN included SRSF1, another SR family member that is important
for the organization and assembly of splicing components to nuclear sp&8B)es
Importantly, the mimmal changes in splicing that occurred during T3D+IFN did not cluster

in any of these categories with a strong statistical significance and there was no overlap with
those obtained for T1L+IFN. Lastly, we used the network of genes affected by T1L+IFN
with the highest statistical significance to create a web according to their known and
predicted interactiond={gure 5.10D). This network depicted the changes in mMRNA splicing

for genes that are themselves involved in mRNA splicing and maturation. ThesesiH#s

were supported by GO analysis of the same datasets comparing the number of genes with
altered splicing to the number of genes indicated in each process. Specifically, the top two
processes for T1IL+1I FN were A MRNA omplexocessi
assembl yo wheraacss in giaity éor TRR+IFN, redpéctively (TIL+IFN
different from T3D+IFN atP < 0.001 andP < 0.05, respectively).In sum, results suggest
that SRSF2 is required for T1L2bmds SRSEzandke ar | ¢

antagonizes the organization of nuclear speckles, resulting in dysregulated splicing of other
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splicing factors and regulators of mRNA at the gomtscriptional leve(Figure 5.10E).
These changes could, in turn, contribute to cellubad@ions with impaired IFNb s i gnal i n¢

similar to those seen in cells with reduced SRSF2 expredaguré¢ 5.7 and 5.9.

DISCUSSION

Successful viral infection requires that the virus overcome numerous physical,
environmental, chemical, and host immumgpéal barriers. The protective IFN/ b sy st em i
among one of the first antiviral responses a virus must subvert. As a consequence, viruses
have evolved specialized mechanisms to antagonize viral induction éJ IF a #Jd b1 F N
induction of antiviral gere Here, we report that the intracellular localization of the reovirus
€2 protein, Mlngene dsestraispegific ird eorrelates with its ability to
antagonize IFNo si gnal i ng. The €2 protein frbom str
signaling, localizes to nuclear speckles where it binds to and alters the localization ofthe pre
MRNA splicing factor SRSF2. Infection with reovirus T1L alters mRNA splicing of genes
involved in mRNA processing and maturation, likely as a consequence of T1L p2
antagonistic effects on SRSF2. We demonstrate that SRSF2 is required for maximal IFN
induction of ISG expression, and that T1L replication and cytopathic effect are enhanced in
SRSF2depleted cells. This provides the first evidence that SRSF2 contributes tzll
innate protective response and that it can be a target for viral subversion of antiviral
responses.

Reovirus €2 r-bprsegsiadm ngf c b-&bumlladidneos wi t |

IRF9 in the nucleus, and this repression is determined by a simjgh® acid polymorphism
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i n t he €12 12p Hearve wel damonstrate that this amino acid similarly determines
reovirusinduced IRF9 nucleanyperaccumulation Kigures 5.1A, 5.7D, and 5.S1) and p2

localization to nuclear specklefigure 56). The Nt er mi nus of €2 includ
region that can function as a nuclear localization signal (NI1S) and, interestingly,

domains that are rich in basic amino acids have been identified as nuclear-segeiiag

signals(39). However, this €2 polybasic region 1is
indicating that the primary protein sequence alone does not predict iigdboa and that

ot her factors contribute to the differential
of €2 | ocalization to intracellular compartr
i's required for Eduebd clasmar tlhad alTi3Da tei2o d o(e s
nuclear speckles even when concentrated in the nucleus after inhibition of nuclear export
(Figure 5.3D). The requirement for SRSF2 could reflect an impact on nuclear import or
export processes or on cell protes t ha't a f Figere 5.10B). Posttrandadidndl  (

modi fications of @ and phosphorglatio(@p) have leenyrdparted, o n

yet the impact(s) of these modifications on
studies will address the roles of SRSF2 and-postans | at i onal woboetulaf i cat i
localization.

Multiple viruses regulate the cell splicing machinery to generate alternative viral
RNA products. Several DNA viruse@l1-44), and in particular tumenducing DNA viruses
(45), employ extensive alternative splicing of their mRNAs. In aoldjtinfluenza A virus
infection or ectopic expression of its NS1 protein disorganizes intranuclear structures

including nuclear speckles and Cajal bodié%, 46). NS1 binds members of the snRNP
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family of splicing factorg47,48)and pr ot e i n stermimalgpolyadesythatiod afr 3 0
host transcript$49). These events are important for splicing of influenza A virus RMAB
Retroviruses also regulate the catlising machinery to balance the generation of viral
MRNAs with maintenance of unspliced RNA for production of viral prod&®b3). There
is no evidence for splicing of viral RNA for the cytoplasmicalplicating reovirug6).
Reovirus RNAs al so | ack 1oy dnother RNAMadibcatisn a t t h
function associated with nuclear speckiggl-56). Finally, we did not detect any -re
distribution of splicing factors to cytoplasmic VFs during reovirus infection (data not
shown). Thus, there is no evidence that reovirus modulation of SRSF2 affetiRN#a,
and instead results suggest that reovirus has evolved this function to modulate the cell
transcriptome to its benefit.

Alternative splicing of cell mMRNAs can affect cell function and dis€8%&9), and
several viruses modulate cell splicing machinery to alter the cell transcriptome. The
adenovirus E4DRF4 antagonizes the function of SRSF1 and SRSF9 by binding their hyper
phosphorylated forms and protein phospbata2A (PP2A) to promote their
dephosphorylatior{60-62). The herpes simplex virus ICP27 protein binds the SR protein
kinase 1 (SRPK1) resulting in its relocalization from the cytoplasm to the nucleus to
dephosphrylate SR proteins and regulate host mMRNA splicing evig8s55). Other viral
proteins, such as the vaccinia virus VH1 phosphatase, appear to directly dephosphorylate SR
proteins (66). Instead, EpsteiBarr virus (EBV) encodes a splicing factor, SM, that
influences splicing and processing of host-pie@NAs (67, 68). Splice variants that alter

gene function, including those that encode dominant negative proteins, have been described
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for several genes involved in the IR/ b r e@9F6). Natably, the EBV SM protein
skews the mMRNA splicing patterns of STAT1, enhancing the production of the dominant
negat i ve sofernfed).1Very recently, it has been shown that the NS5 protein of
dengue virus binds to componentstioe U5 snRNP particle, interferes with spliceosome
complexes, and alters mRNA splicing of several antiviral factérs In contrast to our
results for reovirus, dengue NS5 does not appear to affect the intranuclear localization of its
splicing targetg77). Finally, in a recent report reovirus T3D was shown to alter cell mRNA
splicing, but the impact on viral replication and the underlying mechamwsne not
investigated36). Given t hat a single €2 amino acid poly
T1L and T3D deter mines bot(IR) asnd reep raessssoicoinata
SRSF2 Figure 5.6), given that SRSF2 is required for masimFN signaling Figure 5.7),
and given that that T1L induces greater than three times the novel splicing events that T3D
does Figure 5.10), we anticipated that T1L would alter the splicing of genes in the IFN
signaling pathway. The result that not agsngene known to be involved in the IFN
signaling pathway is uniquely spliced in Tinfected cells Table 5.3) suggests three points.
First: the impact of SRSF2 on the IFN signaling pathway is likely indirect, i.e. SRSF2 alters
splicing of "nRNAs whose products affect IFN response genes. Second: SRSF2 may well
affect genes involved in other processes that benefit the virus. And third: T1L effects on
SRSF2 may have consequences in addition to altered splicing that benefit the virus.

Several SRproteins play roles in addition to those in splicing that affect mature
MRNA expression and nuclear expdi8). For example, SRSF1 participates in the

organization of nuclear speckles and in promotion of decay of aberrantly spliced transcripts
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(38, 79, 80), whereas SRSF2 influences transcriptional elongation of some MmRAAs
With the exception of SRSF2, mammalian SR proteins constitutively shuttle between the
nucleus and cytoplasnf82). Once in the cytoplasm, SRSF1 impacts translation by
modulating mRNA entrance into polyribosom¢83, 84). Lastly and perhaps most
intriguingly, SRSF1 has been associated with4R&&d RNA polymerase Il (RNA Pol I1§
dependent sensing of transfected-self cytosolic DNA to fatitate IFN-b  pr o d8B¢ t i on
however its role during viral infection remains unclear. Similarly, the spliceosomal protein
SNRNP200 can also translocate to the cytoplasm where it modulates viral inductionrfof IFN
(86). While T1L did not affect splicing of SRSF1 or SNRNP200 mRNA, loss of SRSF2 can
affect SRSF1 furton (87) and the regulation of snRNPs is complex leaving open the
possibility that T1L alters cytoplasmic function of spliceosomal proteins to benefit the virus.
T1L infection dters SRSF3 splicingHigure 5.10, Table 5.3), suggesting another
possible mechanism by which T1L binding to SRSF2 could impact cell RNA function.
SRSF3 (previously known as SRpZR0)) , i s i nv o lindepahdent mteralé c a p
ribosome entry site (IREShediated translation of picornavirus transcripts through its
binding to Poly(rC) binding protein 2 (PCBP2) and viral Rk88, 89). The 2A proteinase
(2AP™) of several picornaviruses, includimpliovirus, induce a change in localization of
SRSF3 from the nucleus to the cytoplasm and stress graf@9e¢x), and depletion of
SRSF3 impacts the efficiency of poliovirus IRE#®diated translation88). Reovirus
transcr i-cpapsp ear ea ndé&ap defdeaderg dtranstation in ribosomes within
membraneassociated VF§5, 7, 92). Thus, it is unlikely thateovirus modulation of SRSF3

splicing is related to IRE8ependent translation.
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Reovirus is the first virus demonstrated to target SRSF2 and alter its localization
(Figures 5.3-4), resulting in alternative splicing of genes involved in-pieNA processing
and maturation Kigure 5.10, Table 5.3). T1L infection induces novel splice variants of
SRSF3, SRSF6, SRSF7, and SRSHigiure 5.10D), all of which have specialized roles in
posttranscriptional regulatio78). Thus, it remains possible that reovirus repression of the
antiviral response is indirectly mediated through a dysregulatioftBGfmRNA nuclear
export, processing, nonseemediated decay, and/or efficient translation through the
targeting of SRSF2 and changes in the isoforms of other SR proteins.

Lastly, reovirusn® repression of the IFHN response is a determinant of reovirus
induction of myocarditi10, 12), and the same® amino acid polymorphism that determines
this repression and severity myocarditis (12) determinesn® association with SRSF2
(Figure 5.6). Together, these results suggest that SRSF2 could participate in protecting the
heart against viral myocarditis. While this could reflect SRSF2 effects on the IFN response, it
has been shown that mutations and/or decreased expression of splicing fact@sirresult
cardiac development defedtS7), and cardiac tissugpecific ablation of SRSF2 results in
dilated cardiomyopath{93). The fact that viruses known to inducganarditis(94) such as
adenoviruses, herpesviruses, and reoviruses can modulate splicing factors raises the
intriguing possibility that altered splicing represents yet another mechanism by which viruses

induce cardiac dange.
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MATERIALS and METHODS

Cells.Mouse L929 cells were maintained in minimal essential medium (MEM; SAFC
Biosciences) as a suspension culture supplemented to contain 5% fetal calf serum (FCS;
Atlanta Biologicals) and 2 mM 4glutamine (Corning #2805-Cl). Unless stated otherwise,
exponenially growing L929 cells were plated ab61C or 1.5x 10* cells per well in éwell
clusters or 8vell poly-D-lysine-coated chamber slides (BD Biosciences), respectively, and
incubated for 3 4 hours (h) prior to infection or transfection. A93 cells,a derivative of
HEK-293 cells with improved adherence, were maintained in high glucose Dulbecco MEM
(DMEM; Gibco) supplemented to contain 10% FCS and 1% of sodium pyruvate (Corning
#25-000-Cl). Trypsinized AD293 cells were plated at>61® or 2.2x 10* cells per well in
6-well clusters or 8well poly-D-lysinecoated chamber slides (BD Biosciences),
respectively, and incubated for at lea$t3 h prior to transfection or infection.

Viruses. All viruses were maintained as lepassage laboratory stocksigimating
from either cultured virus or virus generated by reverse ger{(@bras previously described
(11, 12). For wild type T1L and T3D virus, results were the same regardless of the virus
source, but viruses generated by reverse genetics were alseysnuexperiments directly
comparing wild type to recombinant viruses. All viruses were plaguéied, amplified in
L929 cells, purified by Cs@jradient centrifugatio(©6), and stored &8 0 ¢ C.

Plasmids and phasmid transfections A plasmid expressing -@rminus
hemagglutinn (HAt agged T1L €2 in a pCAGGs b@kbone
The Gterminus HAt agged T3D €2 was ¢g-HRT8D @Y asthga r om p

similar strategy and thp r i M€ ECCCBEGTCAGCTAGCGTAATCGGAACATCGTAT
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GGGTACGCCAAGTCAGATGSAAAGCTAGTC-3 6 . T hRDK-IRKOcplasmid was

customcloned by OriGene Technologies, Inc. using the murine IRF9 cDNA

(NM_001159417) in a pCMV6 expression vectand correct amplicon was confirmed by

sequencing. The eGHR1 and eGFRHSCRM1 plasmids were obtained from Clontech

Laboratories (#6088) and GeneCopoeia (#EK0446M29), respectively. ThelsSRSF2c-

Myc in a pcDNA3.1 backbone plasm{@®7) was a gift from Kathleen Scotto (Addgene;

pl asmid #44721). Pl asmi ds wer e otrr aOn s5f eecgt/ewde |:

6-well clusters or 8vell chamber slides, respectively, using Lipofectamine® 3000 (Thermo

Fi sher Scientific) accordingi2db. the manufact
siRNAs and siRNA transfections 929 cells were plated at 1 cdls (for qRT-

PCR, plaque assay, or MTT assay)3ok 1@ cells (for immunoblot) per well in-@vell

clusters and transfectedi34 h postplating for a final 60 nM concentration of either a

control nontargeting siRNA (GE Dharmacon; #0181010) or an siRM against murine

SRSF2 (GE Dharmacon; #244306) using the transfection reagent RNAIMAX® (Thermo

Fi sher Scientific) according to -ttahskeectomanuf ac

overlaying media was replaced with fresh media.

Antibodies. The folowing antibodies and dilutions were used for immunoblotting:
ant-IRF9 (Abcam #ab51639; 1:500 or Santa Cruz Biotech183©3; 1:100), ang 2
(generated against t wo €2 pept-S$ptl SantalCguz Op e n
Biotech #s€14027; 1:500)anti-b-actin (Santa Cruz Biotech #4615hrp; 1:3,000), antt}
tubulin (Sigma #T6199; 1:10000), awgtMyc (Santa Cruz Biotech #st0; 1:3,000), arti

SRSF2 (Millipore #041550; 1:1000), aMSRSF1 (Abcam #ab129108; 1:350), mix of anti
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reovirus T1L and anreovirus T3D rabbit antisera (B. Sherry, unpublished; 1:10,000 each),
goat horseradish peroxidagelRP) conjugated antabbit immunoglobin (lg; Millipore #12
348; 1:2,000), and goat HRf®njugated amtmouse Ig (Millipore #12349; 1:2,000). For
immunaorecipitation experiments, secondary antibodies were either TrueBlot®ahbtit
IgG-HRP or TrueBlot® Ultra amtmouse IgHRP (Rockland Immunochemicals #881633
and #183881733; 1:1,000). Primary antibodies used for immunofluorescence and PLA were
antrIRF9 (Abcam #ab61539; 1:50), aifML (Bethyl Laboratories #A30167A, 1:100),
anti-coilin (Cell Signaling Technology #14168; 1:800), eé8RSF2/SC35 (Abcam #ab11826,
1:1,000), antiSon (Abcam #ab109472; 1:200), aH#\ epitope tag (GeneTex #18181;
1:1200 or Sigma #H6908; 1:1,000 or 1:1,200 for PLA), dotubulin (Sigma #T6199;
1:2,000), rabbit anit 2 a n {(9B);s1el)0G0), gnd a mix of anteovirus T1L and arti
reovirus 8B mouse antisera (B. Sherry, unpublished; 1:5,000 each). Secondary antibodies
were AlexaFluor® 488 or AlexaFluor® 594-conjugated goat anthouse or antrabbit 19G
(Thermo Fisher Scientific; 1:1000).

Chemical treatments The CRMZinhibitor leptomycin B (LMB, Sigma; #L2913)
was used at a final concentration of 20 nM in supplemented DMEM.nTibetubule
binding drugs nocodazole (Sigma; #M1404) and paclitaxel (Sigma; #T7191) were
mai ntained as a stock solution in dimethyl
supplemented DMEM prior to use. Recombinant mouse intederon( PBL Assay Sci
#124101) was used at 1000 U/ml diluted in supplemented MEM.

SDSPAGE and immunoblotting. Whole cell protein extracts were obtained by

lysing cells two days pogilating in 24well clusters using radioimmunoprecipitation assay
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(RIPA) lysis buffer (50 mM Tis HCI [pH 7.4], 1% NP40, 0.25% sodium deoxycholate, 150

mM NaCl, 1 mM EDTA) supplemented to contain 1% sodium dodecylsulfate (SDS), a
cocktail of protease and phosphatase inhibitors (Sigma; #P8340 and #P2850), and 1 mM
phenylmethylsulfonyl fluoride (PMS Sigma, #P7626). Cells were rocked on ice for 20
minutes and centrifuged at 14,000gxat 4°C for 10 min to remove cellular debris.
Cytoplasmic and nuclear protein fractions were obtained usingBEHEkit (Thermo Fisher
Scientific, #78833) accordingtoh e manuf act urer 6s i nstructi ons:¢
protein assay (Thermo Fisher Scientific) was used to calculate protein concentrations. A total
of 10-40 pg of protein from each lysate was boiled for 5 minj¥nLaemmli sample buffer

and resolvd using 7.510% SDSpolyacrylamide gel electrophoresis (SP8GE). The
resolved proteins were transferred to a nitrocellulose membrane (GE Healthcare) in transfer
buffer (48 mM Tris, 39 mM glycine, 0.04% SDS, and 20% methanol) fe4B/min at 15

volts ina semidry transfer apparatus (BRad). Membranes were then blocked feB h at

room temperature with 5% milk or 5% bovine serum albumin (BSA,; Sigldach) in Tris-
buffered saline (20 mM Tris HCI [pH 7.6], 137 mM NaCl) containing 0008% Tween 20
(TBS-T) and probed with the indicated primary antibodies overnight at 4°C. Membranes
were washed -5 times with TBST buffer and incubated with the appropriate horseradish
peroxidase (HRP-) conjugated, speciespecific secondary antibodies at room tempeeatur

for 1.5 h. Membranes were washe® 3mes in TBST and proteins were visualized using
Amersham enhanced chemiluminiscence (ECL) or ECL Prime kits according to the
manufacturero6s instructions. Membr anes wer e

Scanjé G4050. Quantification of band intensity was determined using th€QAR
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BioSciences Image Stud Lite Software (version 5.x); and the intensity value of each
band of interest was normali zeadnto the corre
Co-immunoprecipitation. AD-293 cells were plated at8 1( cells per well in 6
well clusters and transfected with plasmidsi 34 hours posplating. At 24 h post
transfection, cells were harvested, centrifuged at 50§ far 8 min, and lysed using a
modified RIPA buffe (10 mM Tris [pH 7.5], 150 mM NacCl, 0.5% sodium deoxycholate, 1%
Triton X-100) supplemented withk0 mM N-ethylmaleimide (Sigma; #E3786) aadcocktail
of protease and phosphatase inhibit@giha; #P8340 and #P2850) while rotating for 20
mi nut es Lysates were Centrifuged at 16,080g to remove cellular debris, and
supernatants were stored at 4eC. Protein col
assay and 800 & g™RedsantidAdatfimtygelt(SigmEARINch, #86779)
accordlg t o the manufacturerodéds instructions, ar
Beads were centrifuged at 8,280Qy for 1 min, supernatant was discarded, and beads were
washed five times with ieeold TBSX (20 mM TrisHCI [pH 7.6], 137 mM NacCl, 2 mM
EDTA, 1% Triton X1 00 ) . After the final wash, xbeads
Laemmli sample buffer, boiled for 5 min, and centrifuge#,200x g for 1 min. Supernatant
was removed and subjected to SBAGE (10% polyacrylamide gel) and immunoblottamsy
described above.
Indirect immunofluorescence.Cells in 8well poly-D-Lysine-coated chamber slides
(BD Biosciences) were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in
phosphatéuffered saline (PBS) for 20 min, and permeabilized wigb®@ Triton X100

(Sigma, #X100) in PBS at room temperature for 10 min. Slides were rinsed in PBS and
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blocked with 5% normal goat serum (Sigma; #G9023) diluted in PBS at room temperature
for 60 min. Cell s wer e t hedamidino2-phénglindele, i n 3
Sigma; #D8417) diluted in PBS for 20 min prior to immunostaining sequentially with the
indicated primary antibodies diluted in 0.01% lg@nd proteaséree BSA (Jackson
ImmunoResearch Laboratories, Inc.) for 60 min each at room tempeltdes were rinsed
in PBS and incubated with the appropriate spespesific secondary antibodies for 60 min
at room temperature. Slides were washed in PBS, and coverslips were mounted on slides
using ProLong Gold (1l nvi t2raodgSR8FR during oepvirus mmu n o
infection, cells were fixed in 100% methanol for 5 minutes2t0 e C and | mmunost :
described above.

In situ Proximity Ligation Assay (PLA). Transfected cells in polp-Lysine-coated
8-well chamber slides were fixed with 4% RFCells were then permeabilized in 0.25%
Triton X-100 for 10 min at room temperature and blocked with Duolink® Blocking Solution
for 1 h at room temperature. Slides were then incubated sequentially with primary antibodies
against the HA tag and either SRQ / S C 3-@ibulm dilutétl in 0.1% IgGand protease
free BSA in PBS for 1 h each at room temperature. For the PLA, all incubations were
performed in a 37AC incubator with increas:t
recommendations using the Dud® In Situ Detection Regents Red kit (Sigma,
#DUO92101). Dried slides were mounted on Duolink® Mounting Medium with DAPI
(#DUO82040) and imaged assfacks by confocal microscopy.

Quantitative (real time) r evi®ddeanindheanscr i

impact of SRSF2 on IFW induction of ISGsL929 cells were transfected with SIRNA as
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described above. At 24 pestedia change, cells were trypsinized;ptated in 24-well

clustersat 4x 1@ cells per well and incubated for an additional 24 h padréatment with

either 1000 U/mlof IFN0 or medi um only (6mockd) for an
using a QIAshredder (Qiagen, Inc.) and total RNA was harvested using an RNeasy kit
(Qiagen, Inc.). RNA was treated with RNdsee DNase | (Qiagennt.) to remove genomic

DNA. Onethird of the RNA from each sample was converted to cDNA by reverse
transcription in a total react i onTayboffeu me of
(Thermo Scientific); 7.5 mM MgG] 1 mM dithiothreitol; 1 mM (each) deoxynucleotide
triphosphate, 0. 67 U/ el RNasin and 0. 2 u/
transcriptase (Promega Corp.). For #@le PCR, 5% of the reverse transcription product

was amplified on a LightCycler®80 fluorescence thermocyler (Roche Life Science) in 96

wel | pl at es. Each Dbiological 25 ¢l sampl e 1
master mix (Qiagen, I nc.) and 0.3 €M (each)
were as previously desbed (99). Relative mRNA abundance foRF7 and STAT1were

normalized to the expression of GAPDH (glyceraldeRygdhosphate dehydrogenase) and

IFN induction of mRNA expression was calculated relativenitacktreated cells for the
corresponding siRNAransfected cells. For confirmation of MISO results, oligonucleotide
primers for the two representative genes were designed to amplify either the full length
transcript or specifically the alternative splicariant. Primers sequences for these genes are

as foll ows: RanBP3 st a-AGAGGANCAGGAGBECCAAG3pat; ( For

Rever sABCCAGAACAGCATCCTCAT-3 06 ) , RanBP3 splice wvari:

CGACCGTCTGTCTTTGTGTTH3 0 ; Re v AAACATGACCEGATCAAAA-3D ) ,
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SRSF3 standard t r-GQGGAGOAGQRICACTTFQ@IA3NG;r d Re \bedr s e :
CGAGACGGCTTGTGATTTCT3 6 ) , and SRSF3 splice var.i
TGATTACCGCAGGAGGAGTG3 6 ; R e vIeACSETGAMAGGGCTAGTF3 0 ) .

Cytoplasmic and nuclear fractionation of siRNAtransfected cells L929 cells
were transfected with SiRNA as described above. At 48mpeslia change, cells were either
harvested for whole cell protein to assess gene knockdown or infected with reovirus at a
multiplicity of infection (MOI) of 50 plaqudorming units (PFU) for 25 h. Cytoplasmic and
nuclear protein fractions were obtained usingaMER kit according to t|
instructions.

Viral replication and cytopathic effect in siRNA-transfected cells L929 cells were
transfected with siRNAsdescribed above. At 24 pasedia change, cells were trypsinized,
re-platedin 96-well clustersat 4x 10* cells per well and incubated for an additional 24 h. For
single cycle replication assays, cells were then infected with reovirus at an MOI of fiePFU
cell for viral replication or 100 PFU per cell for cytopathic effect (CPE). After incubation at
37eC i mnpfoblo%, te hoculum was removed and cells were overlaid with 200 pl of
supplemented media and incubated for 24 or 48 h. For multi cyelergplication and CPE
assays, cells were infected as for single cycle replication but at an MOI of 0.1 PFU per cell
for 5 days. The siRNAnediated knockdown efficiency of SRSF2 was maintained
throughout the experiment as confirmed by immunoblotting (datashown). For viral
replication, infected cells were storedd® 0 e C and s ubj etltatveydesprior t wo f
to lysis with 0.5% NRO0. Viral replication was assessed by plaque assay using serial

dilutions of the lysates to infect monolayers of2B9cells as previously describ€ti00).
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Virus-induced CPE was determined using an MTT assay as previously desg)ed
Viability was expressed aspercentage relative to moakfected cells for the corresponding
SIRNA used.

Confocal microscopy and image analysisA Zeiss LSM 710 confocal microscope
equipped with a 40 C-apochromat / 1.1 NA water immersion objective from the Cellular
and Molecular Fabtity (CMIF) at NC State University was used for all experiments. The
pinhole diameter was maintained at 1 Airy unit (A.U.) and all images were obtained using
multitrack sequential scanning for each fluorophore to prevent {theedgh. The
excitation/emision wavelengths during micrograph acquisition were 488 nr¥3%g@2nm for
Alexa Fluor® 488, 561 nm/58866 nm for Alexa Fluor® 594 and PLA Duolink® Red, and
405 nm/407507 nm for DAPI. Images were processed for presentation using Photoshop®
CS4. Intensityplot profiles were generated using ImageJ softwadd). Quantification ofin
situ PLA signals per cell was performed using the particle analysis tool of ImageJ.

RNA-sequencing (RNAseq) L929 cells were plated at6 1 cells per well in 24
well clusters, incubated for 3 h, and thiafected at an MOI of 100 PFU per cell. After
i ncubati on aiford [ edditionahsugpléme@ded media was added for a final
volume of 1200 pl. After 20 h additional incubation, overlays were removed and 500 pl
supplemented media or mouse HBNliluted in supplemented media to 1000 units / ml was
added. After 5 h incubation, overlays were removed and total RNA was harvested,
contaminating DNA removed, and an aliquot of the RNA was converted to cDNA using
AMV reverse transcriptase as described vabol'lL repression of IF¥ signaling was

confirmed by qRTPCR using a method previously descrilfet) (data not shown).
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Total RNA samples were submitted to the North Carolina State University Genomic
Sciences Laboratory (Raleigh, NC, USA) for lllumina RNA library construction and
sequencing. Prior to library construction, RNA integrity, purity, and conretsonr
wereassessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip (Agilent
Technologies, USA). Purification of messenger RNA (mRNA) was performed using the
oligo-dT beads provided in the NEBNExt Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs, USA). Complementary DNA (cDNA) libraries for lllumina sequencing
were constructed using the NEBNext Ultra Directional RNA Library Prep Kit (NEB) and
NEBNext Mulitplex Oligos for lllumina (NEB) using the manufactuspecified protocol.
Briefly, the mRNA was chemically fragmented and primed with random oligos for first
strand cDNA synthesis. Second strand cDNA synthesis was then carried out with dUTPs to
preserve strand orientation information. The dowttanded cDNA was then purified, end
repai r edt aainlde dMA f or adaptor | igation. Foll ow
for a final library size (adapters included) of 2800 bp using sequential AMPure XP bead
isolation (Beckman Coulter, USA). Library enrichment was performed aruifispadexes
for each sample were added during the protgpekified PCR amplification. The amplified
library fragments were purified and checked for quality and final concentration using an
Agilent TapeStation with a High Sensitivity DNA chip (Agilenedhnologies, USA). The
final quantified libraries were pooled in equimolar amounts for clustering and sequencing on
an lllumina NextSeq 500 DNA sequencer, utilizing a 75x2 bp paired end sequencing reagent

kit (Illumina, USA). The software package Real Tidealysis (RTA), was used to generate
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raw bcl, or base call files, which were thenrdeltiplexed by sample into fastq files for data

submission.

Annotation and clustering of changes in alternative splicing during reovirus
infection. Reads for each satepwere trimmed for adapter sequence and quality using
Trimmomatic(102) keeping only those reads with a minimum of 50 bp. The fastx_trimmer
tool from the FASTXToolkit (http://hannonlab.cshl.edu/fasteolkit/) was then used to trim
all remaining reads to exactly 50 bases. These trimmed panickdeads were mapped to the
mm10 mouse reference genome using TopHa@d) and the results merged to create a
singl e bam file for each sampl e. Pi c:
(http://picardsourceforge.net) was run on each of these bam files to obtain insert size mean,
median and standard deviation for each sample. MISO (Mixture of Isoforms) so{@are
was run using the 50 bp mappings and the individual insert metrics for each of the 4 samples
to calculate the isoform expression fAPercent
skipped exon events provided on the MISO website were included intherdhh e y val u
calculated for the exons for each sample were compared and a Bayes Factor computed.
Bayes Factor results were filtered requiring at least one read supporting each isoform and at
least a total of 10 reads across all isoforms. Additionalyy,thabs ol ut e di fferen
mu s t be O 0.20 and the Bayes Factor > 10.
generated using Ingenuity Pathway Analysis (IPA; www.ingenuity.com). Briefly, genes
whose mRNA splicing patterns were found to be diffetermugh MISO analysis and that
were both absent from AMocko and fAMock + | F

| FNoO and AT3D + | FNO sampl es-specdic @ternatséee d t 0O
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splicing events. These gene lists were used to obtdinlateand molecular pathways,
predicted upstream regulators, and network analyses. The gene interaction network analysis
was generated using the network identified by IPA with the highest score and number of
focus mol ecules for 0 E lists were usde Nodidentify hffeted s a m
processes using a generic gene ontology (GO) term mapper (http://go.princeton.edu/cgi
bin/GOTermMapper).

Statistical analysis.Unl ess stated other witese(pooled st ud ¢
variance) was applied uginSystat software. Results were considered significant ifPthe

value was < 0.05.
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Figure 5.1. Reovirus p2 amino acid 208 determines nuclear hypaccumulation of

IRF9, but they do not physically interact (A) L929 cells were infected with the indicated
reoviruges at an MOI of 50 PFU per cell for 20 h and treated with 1000 U/ml oblBNeft

untreated for 5 h. Cytoplasmic and nuclear protein fractions were resolved by /SBIS for

transfer and immunoblotting with the indicated antibodies. Purity of the cgtoplaand

nuclear fractions was determined Byubulin and Sp1 immunoblotting. Densitometry values

for normalized I RF9 band intensities are ex
infected, mock IFNo 6 i n cytopl asmi c o9 celiswmere gaasfectddr ac t i
with M1-HA from reovirus T1L or T3D, fixed after 20 h, and immunostained with antibodies
against HA and IRF9. Nuclei were counterstained with DAPI. Scale barem1The graph

shows the percentage of MHA-transfected cells (b 20 cells) displaying predominantly an

IRF9 nuclear localization for a representative of two independent experiments. (293AD

cells were transfected with the indicated plasmids and wdelle lysates were
immunoprecipitated using artiMyc-conjugated agase beads. A fraction of the input (20

Hg) and the immunopreciptated proteins (500 pg) were resolved byPADE for transfer

and immunoblotting with the indicated antibodies. Results are representative of at least two

independent experiments.
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Figure 5.2. p2 undergoes constant CRMilependent nuclear shuttling but the
predominant intracellular localization is strain-specific (A) AD-293 cells were
transfected with reovirus Ttlor T3D-M1-HA for 20 h and treated with media alone (mock)
or the CRMLlinhibitor Leptomycin B (LMB) for 5 h. Arrows depict2 localization to
intranuclear bodies. Scale bar =&@. The graph shows the percentage of transfected cells
(meant SEM, n = 4671 197 cells per condition) with nuclear p2 from ttmfour
independenéexperiments. (B) AER93 cells were ctransfected with reovirus Tlor T3D-
M1-HA and either an eGFP or eGERRM1 plasmid. Scale bar = Xon. The localization of
€2-HA in co-transfected cells was scored and presented as percentage of cells Gitdn

n =181 71 cells per condition) displaying nucleg? for two independent experiments. *,

Significantly different P < 0.05).
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Figure 5.3. Intranuclear T1L p2 specifically localizes to nuclear speckle®\D-293 cells

were transfected with reovirus Tdar T3D-M1-HA for 20 h, fixed, and immunostained with
antibodies against HA and markers of either (A) PML bodies (PML), (B) Cajal bodies
(cailin), or (C) nuclear speckles (SRSF2). (D) £B3 cells were trafected with T3D M1

HA for 18 h, treated with LMB for 5 h, and immunostained as in panel C. Nuclei were
counterstained with DAPI. Histograms display measured fluorescence intensity along the

drawn line in the overlay inset panels. Scale bar sm0
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