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Abstract

Virus infection can inflict significant damage on cardiomyocytes through direct injury and
secondary immune reactions, leading to myocarditis and dilated cardiomyopathy. While viral
myocarditis or cardiomyopathy is a complication of systemic infection of cardiotropic viruses,
most individuals infected with the viruses do not develop significant cardiac disease. However,
some individuals proceed to develop severe virus-mediated heart disease. Recent studies have
shown that viral infection of cardiomyocytes is required for the development of myocarditis and
subsequent cardiomyopathy. This suggests that viral infection of cardiomyocytes can be an
important step that determines the pathogenesis of viral myocarditis during systemic infection.
Accordingly, this article focuses on potential defense mechanisms within the cardiomyocyte
against virus infection. Understanding of the cardiomyocyte defense against invading viruses may
give us novel insights into the pathophysiology of viral myocarditis, and enable us to develop
innovative strategies of diagnosis and treatment for this challenging clinical entity.
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Virus infection of the heart can cause severe damage to cardiomyocytes through multiple
mechanisms. Direct virus-mediated injury and secondary immune reactions, including
inflammatory and autoimmune responses, have been reported both in animal models and in
humans [1,2]. Since viral infection of the heart is almost exclusively accompanied by
histological inflammation of heart muscles, ‘viral myocarditis’ has become standard
terminology to express virus-mediated cardiomyopathy.

The epidemiology of viral myocarditis is poorly understood because of its wide spectrum of
clinical presentations including asymptomatic cases and a lack of non-invasive markers for
diagnosis [3,4]. The Dallas criteria, a histopathological criteria requiring endomyocardial
biopsy, has been used as a gold standard for diagnosis; however, the sensitivity of diagnosis
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for viral myocarditis is not sufficient to warrant the use of invasive procedures as a routine
[5]. In a patient population diagnosed as having myocarditis based on multiple criteria
including clinical and histopathological observations, the 5-year survival rate has been
reported to be 56-70% [6,7]. In contrast, the long-term survival rate of patients with
fulminant myocarditis is surprisingly high (93% at 11 years) once they are successfully
treated for fatal outcomes. These data imply that fulminant myocarditis is not merely a
severe form of acute myocarditis [7]. In patients with dilated cardiomyopathy (DCM),
various viral genomes can be identified in endomyocardial biopsy samples [8,9]. However,
the impact of the presence of viral genomes on cardiac function and clinical outcome in
humans is still controversial [10,11]. To date, despite evidence that viral myocarditis can
lead to cardiomyopathy and heart failure [7,12], it is still unclear as to what percentage of
idiopathic DCMs is developed from viral myocarditis.

A variety of viruses have been identified in patients with myocarditis by serological
analysis, PCR, immunohistochemistry, in situ hybridization and electron microscopy.
Among the various cardiotropic viruses, adenovirus and enterovirus have long been
considered the most important viruses leading to myocarditis [13]. In a recent US
multicenter analysis of histologically identified myocarditis, adenovirus, enterovirus and
cytomegalovirus were the viruses most commonly identified by PCR from endomyocardial
biopsy samples [8]. In studies performed in Germany, a high prevalence of parvovirus B19
has been found in patients with a history of clinically suspected myocarditis or idiopathic
DCM [9,11,14], while parvovirus B19 has also been identified in patients who do not have
myocarditis [15-17]. The geographical difference in viruses identified from endomyocardial
biopsy samples suggests the need for future worldwide multicenter studies with consistent
inclusion criteria to verify these results. In spite of the involvement of many viruses, the
cellular and molecular mechanisms of viral myocarditis have been most thoroughly
investigated in murine models with coxsackievirus B3 (CVB3) infection. Therefore, the
mechanistic experiments described in this article focus primarily, but not exclusively, on
CVB3-infected murine models. It is important to note that CVB3 are members of the
Picornaviridae family, genus enterovirus.

Pathogenesis of CVB3 myocarditis

It has been presumed that CVB3 infection can lead to viral myocarditis and subsequent
cardiomyopathy through three phases; acute, subacute and chronic [18,19]. In the acute
phase, direct injury of cardiomyocytes due to the virus infection can be observed with
minimal mono-nuclear cell infiltration. In response to viral infection, innate immune cells
such as dendritic cells (DCs), natural killer (NK) cells and macrophages migrate into the
heart and limit viral propagation until the specific, adaptive immunity can respond. The
critical protective role of NK cells against viral myocarditis has been confirmed in studies
using NK-cell-depleted mice [20]. Once the virus has been recognized by innate antigen-
presenting cells such as DCs, the fragmented viral antigens are presented by MHC class 11
with costimulatory molecules, resulting in the full activation of antigen-specific T cells. A
recent study indicated that T-cell priming via CD4~/CD8* DCs is an important factor that
determines susceptibility to CVB3 myocarditis [21].

In the subacute phase, inflammatory cell infiltration composed of antigen-specific T
lymphocytes becomes prominent in the heart. The CD8" cytotoxic T cells specifically
recognize the virus-infected cardiomyocytes presenting the viral antigens via MHC class |
on their surface. These cells proceed to lyse infected cardiomyocytes. Antibody production
against the virus also peaks during this period. Although these immune responses are crucial
for clearing the virus, overly activated immune reactions through cytotoxic T lymphocytes
or the appearance of autoimmunity against cardiac proteins can cause further damage to
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salvaged cardiomyocytes. It is generally believed that these factors (direct viral injury and
host innate and adaptive immune responses) determine the severity of the acute to subacute
phases of viral myocarditis.

In the chronic phase, while active viral infection and immune reactions disappear, an auto-
immune response and/or low-grade inflammation of an unknown mechanism seem to last
for years. This can be a detrimental factor for the development of subsequent DCM in
combination with the extent of cardiac remodeling due to the loss of cardiomyocytes in the
acute and subacute phases. A low level of persistent CVB3 genomes can also be found in the
heart despite the absence of replication-competent virus particle in this phase [22,23].
Although a number of mechanisms have been suggested for persistent viral infection [24],
the mechanism by which long-term coxsackievirus persistence occurs in the presence of an
intact immune system remains unclear. While the presence of replication-incompetent
CVB3 genome is sufficient to induce cardiomyopathy in a mouse model [25], the
pathological effects of the viral genomes on cardiac function and clinical outcome in
humans is still controversial [10,11]. Further exploration of the molecular mechanisms
underlying the persistence of virus genomes in the heart and viral genome-mediated
cardiomyopathy must await future study.

CVB3 infection of the heart is required for the development of myocarditis

While viral myocarditis is a complication of systemic infection of cardiotropic viruses, most
individuals infected with the viruses do not develop significant cardiac disease. However,
some individuals proceed to develop severe virus-mediated heart disease. Interestingly, there
is no evidence that the latter individuals are more susceptible to infectious diseases, in
general, than the former. It has recently been reported that infection of cardiac-specific
coxsackievirus—adenovirus receptor (CAR) knockout (KO) mice with CVB3 results in few
or no infections of cardiomyocytes [26,27]. Given that CAR is an established receptor for
CVB3 infection, this result seems to be obvious. However, importantly, common findings
such as infiltration of mononuclear cells, necrosis and fibrosis are also minimal or absent in
the CAR KO heart while other organs are similarly infected with CVB3 compared with
wild-type mice. These data indicate that infection of the cardiomyocyte is required for the
induction of subsequent histological and functional abnormalities in the heart when
systemically infected with CVB3. From the point of view of pathogenesis in viral
myocarditis, these data also suggest that virus infection of the cardiomyocyte may be an
important step that determines the severity of myocarditis and subsequent development of
DCM. While our understanding of the pathogenesis of cardiomyopathy post-virus infection
of the heart has improved, relatively little is known about factors that determine
susceptibility of the cardiomyocyte to viral infection. Recent studies have indicated the
presence of susceptibility factors to CVB3 infection within the cardiomyocyte using cardiac-
specific transgenic mouse models [28,29]. The fact that the cardiomyocyte itself plays an
important role in protecting against viral myocarditis sheds light on the previously
underestimated defense mechanisms within the cardiomyocyte. Accordingly, this article
focuses on the recently reported antiviral mechanisms in various host cells that may also
play an important role within the cardiomyocyte. It should be noted that unlike CVB3, some
viruses found in human endomyocardial biopsy samples do not always infect
cardiomyocytes [30]. Thus, we do not exclude the possibility that these viruses can induce
myocarditis in the absence of infection of the cardiomyocyte.

Innate immunity

The immune system of higher vertebrates is divided into two broad categories, innate and
adaptive immunity. Innate immunity is a defense mechanism that mounts a counterattack
immediately after a pathogen enters the body by recognizing pathogen-associated molecular
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patterns (PAMPs). The innate immune system is evolutionarily conserved. Moreover, it is
the first line of the defense against microbial pathogens until the antigen-specific, adaptive
immunity becomes fully active. In an animal model of CVB3 myocarditis using Balb/c
mice, few mononuclear cell infiltrates are observed in the heart during the first 4-5 days
post-viral infection, while a substantial virus infection of cardiomyocytes starts from 3 days
post-infection [29]. Furthermore, it has been reported that an increase in virus-specific 1gG
is detectable from 7 days post-CVB3 infection in both Balb/c and C57B6 mice [31]. This
indicates that innate immunity takes a major role in antiviral defense at least in the first 5-7
days post-CVB3 infection in mice.

Role of cytokines signaling within the cardiomyocyte

The expression of various cytokines and chemokines such as IL-1, IL-2, IL-6, IL-10, TNF-q,
IFN-y and CXCL10 can be detected in the heart during the acute phase of viral infection
[20,32]. Given that these cytokines are elevated prior to inflammatory cell infiltration, cells
intrinsic to the myocardium such as cardiomyocytes, endothelial cells and fibroblasts as well
as innate immune cells are thought to play central role in their expression. While these
cytokines are crucial for the recruitment and activation of immune cells, the endocrine,
paracrine and autocrine effects of cytokines on cardiomyocytes also act as the first line of
defense against virus infection. However, because of their modulatory effects on systemic
immunity, it has been difficult to evaluate the direct effect of cytokines on cardiomyocyte
susceptibility to virus infection in vivo. The crucial role of cytokine-mediated cardiac
protection against CVB3 infection has been shown using cardiac-specific suppressor of
cytokine signaling (SOCS)-1 and -3 transgenic mice [28,29]. SOCS family proteins are a
key negative-feedback regulator of JAK and STAT signaling [33]. Many cytokines are
known to activate the JAK-STAT signaling pathway, which subsequently activates the
transcription of cytokine-responsive genes including SOCS family genes. The induced
SOCS proteins inhibit JAK-mediated phosphorylation of the cytokine receptor by binding to
JAK or the receptor, thus leading to the shutoff of subsequent activation of STAT
molecules. This negative-feedback regulation via SOCS tightly regulates the duration and
intensity of cytokine-induced JAK-STAT signaling. CVB3 infection is associated with
activation of JAK-STAT signaling in the heart with the expression of SOCS1 and SOCS3
MRNA [29]. To understand the in vivo significance of JAK-STAT activation and SOCS
expression in the heart during CVB3 infection, cardiac-specific transgenic mice that express
SOCS1 or SOCS3 under the direction of a-myosin heavy chain promoter were infected with
CVBa. Interestingly, the hearts of both the cardiac-specific SOCS1 and SOCS3 transgenic
mice exhibit dramatically increased susceptibility to CVB3 infection compared with their
wild-type littermates [28,29]. Given that the expression of SOCS1 or SOCS3 is limited to
cardiomyocytes, the increased cardiac susceptibility is thought to be independent of
alterations in systemic immune response to CVB3 infection. These data indicate that the
activation of JAK-STAT signaling through cytokines during CVB3 infection can drive
antiviral mechanisms within the cardiomyocyte and may be an important determinant of the
initial infection of the heart in the very early stages of CVB3 infection. Although the
nonspecific effects caused by transgenic expression of SOCS molecules need to be
considered, these findings suggest that the innate mechanisms within the host cardiomyocyte
could be a novel target for future diagnostic and therapeutic strategies against viral
myocarditis.

Do interferons play a key role in cardiac antiviral defense?

The significant effect of JAK-STAT signaling within the cardiomyocyte against CVB3
infection raises the question of whether interferons (IFNs) play an important role in cardiac
antiviral defense. This is critical given that IFNs are potent and pivotal antiviral cytokines in
mammals. To date, three types of IFNs have been identified [34]; these include type | IFN
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(mainly o/B), type 11 IFN (y) and type 111 IFN (). Of the IFNs, type I IFN is known to play
central role in innate antiviral immunity. Indeed, most of the innate mechanisms sensing
PAMPs eventually induce the production of type I IFNs. In innate immune cells, the
plasmacytoid DC mainly produces type I IFNs in response to viral infection [35].
Interestingly, in isolated adult mouse cardiomyocytes, stimulation of type Il IFN, IFN-y,
induces no antiviral effects against CVB3 infection. Conversely, type I IFN, IFN-j,
significantly inhibits virus infection [28]. This suggests the importance of type | IFN
signaling rather than type Il IFN signaling in adult cardiac antiviral defense. The protective
effect of type I IFN administration against CVB3 myocarditis has also been confirmed in
Balb/c mice [36]. However, it has yet to be determined whether endogenous type | IFN
production is required for limiting CVB3 infection of the heart. The expression of IFN-3
MRNA becomes detectable in the heart from 3 to 4 days post-CVB3 infection [31,37];
however, it is well known that there are already significant numbers of infected
cardiomyocytes at these time points. To examine the role of activation of endogenous type |
IFN signaling in the heart, mice lacking type I IFN receptor were infected with CVB3.
These mice showed markedly increased viral replication in the liver with a significantly
earlier mortality as compared with wild-type mice. However, there was no significant
increase in the viral RNA in the type | IFN receptor-deficient heart when estimated by RNA
in situ hybridization. This indicates that the increased mortality of the KO mice may have
nothing to do with viral infection of the heart. Furthermore, these data cast doubt on the
functional contribution of endogenous type I IFN signaling against CVVB3 infection in the
heart [38]. Similarly, an absence of IFN-B causes a marked increase in mortality after CVB3
infection, but there is no significant increase in CVVB3 titer in the IFN-B-deficient heart
compared with wild-type heart [39]. These results demonstrate that type | IFNs are essential
for limiting systemic viral replication; however, whether endogenous type I IFNs can
efficiently prevent CVB3 from infecting and spreading in the heart remains unclear. Given
the impact of viral infection of the heart on the development of myocarditis, and the
potential importance of persistent infection by enteroviruses in the pathogenesis of
cardiomyopathy, the innate antiviral mechanisms within the cardiomyocyte, including the
effect of type I IFNSs, should be thoroughly elucidated in the future.

Toll-like receptors

Toll-like receptors (TLRs) are a hallmark of innate immunity that activate defense
mechanisms against microbial pathogens by recognizing PAMPs. To date, 10 and 13 TLRs
have been identified in humans and mice, respectively [40]. Although TLRs are ubiquitously
expressed at low levels in nonimmune cells, relatively high-level expression can be observed
in innate immune cells such as macrophages and DCs. TLR signaling is activated by a
variety of ligands that are generally associated with infectious pathogens. Of the TLRs,
TLR2, TLR3, TLR4, TLR7, TLR8 and TLR9 are reported to activate antiviral effects by
inducing type | IFNs (Figure 1) [30,41]. In the process of enterovirus infection of the heart,
TLR3 and TLR7/8 are thought to be mainly involved in the virus sensing mechanisms since
these receptors can recognize dsRNA and ssRNA, respectively. The enterovirus genome is
positive ssSRNA and serves as a template for the generation of negative-stranded viral RNA
during replication. In this process, the formation of dSRNA composed of the positive and
negative stranded RNA, termed replication intermediates, can be observed. These viral
ssRNAs and dsRNAs can potentially be ligands for TLR3 and TLR7/8.

It has been reported that germ-line KO of TLR3 markedly increases CVB3 and CVB4
infection of the heart [42-44]. Intriguingly, the disruption of TLR3 has no significant effect
on type I IFN mRNA expression in the heart, whereas TLR3-deficiency abolishes type | IFN
expression in DCs post-CVB3 infection [42,44]. Furthermore, adoptive transfer of wild-type
macrophages partially rescues antiviral effects in TLR3 KO mice following CVB4 infection
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[43]. This suggests a crucial role of TLR3 signaling in innate immune cells against
Coxsackievirus infection; however, the role for TLR3 signaling in the cardiomyocyte is still
obscure. Infection of TLR3 KO mice with encephalomyocarditis virus (EMCV), another
picornavirus that causes myocarditis, also leads to significantly earlier mortality in
association with increased viral replication and myocardial injury [45]. Unexpectedly, there
was a significant increase in IFN- in the heart even in the absence of TLR3 after EMCV
infection. This suggests that TLR3 may not be a key factor for the IFN-f induction in the
heart. Moreover, the discrepancy between IFN-f level and the virus titer in the heart implied
a relatively minor role of IFN-B in cardiac antiviral defense. Recently, it has been reported
that transgenic expression of TLR3 under the direction of the B-actin promoter can rescue
the phenotype of type I IFN receptor KO mice following CVB3 infection, indicating the
presence of a novel TLR3-mediated antiviral signaling pathway that does not require type |
IFN induction [42]. Nevertheless, while there is no doubt about the protective role of TLR3
signaling in systemic antiviral defense, it is still uncertain how much TLR3 signaling
contributes to defense mechanisms within the cardiomyocyte during CVVB3 infection. Future
study should clarify whether TLR induction of type I IFN signaling in the cardiomyocyte is
likely to have a significant effect on viral infection of the heart or whether other TLR
downstream signaling mechanisms might be important.

TLR7/8 recognizes synthetic imidazoquinoline-like molecules and ssSRNA in endosomes
[46]. It has been reported that CVB3 infection increases the expression level of TLR7/8 and
induces secretion of inflammatory cytokines from cultured human cardiomyocytes, mainly
in a TLR7/8-dependent manner [47]. It was also found that CVB3 ssRNA transfected with
cationic lipids localizes in endosomes; however, it still remains unclear whether naturally
released CVB3 ssRNA genome from the virus capsid can be incorporated into endosomes.
Interestingly, a recent study has found that activation of TLR7 signaling induces autophagy
[48]. Given that CVB3 infection activates formation of autophagosomes, the
autophagosomes seems to serve as a platform of CVB3 replication and that the
autophagosomes can fuse with endosomes before becoming autolysosomes (see the
‘Autophagy and CVB3 infection’ section), CVB3 ssRNA may be recognized by TLR7
through the fusion between autophagosomes and endosomes. In fact, other RNA viruses
such as vesicular stomatitis virus, sendai virus and influenza virus are reported to be
recognized by TLR7 in autolysosomes through autophagy-mediated transportation of the
cytosolic viral replication intermediates [49]. Nevertheless, the mechanism underlying host
cell recognition of infected CVB3 ssRNA through TLR7/8 should be elucidated in the
future. In addition, it would be necessary to validate in vivo significance of TLR7/8
signaling in the innate defense against CVB3 infection using KO animals.

In addition to RNA-sensing TLRs, TLR4 deficiency is reported to increase CVB3 titer in the
heart at 2 days post-infection whereas the extent of myocarditis and the virus titer eventually
become lower at 12 days compared with wild-type mice [50]. This suggests the involvement
of TLR4 signaling in the pathogenesis of CVVB3 myocarditis; however, given that TLR4
mainly recognizes lipopolysaccharide of Gram-negative bacteria, molecular mechanisms by
which CVB3 infection affects TLR4 signaling should be determined in the future.

MyD88 is an important adaptor molecule for the majority of TLRs, including TLR2, TLR4,
TLR5, TLR7 and TLRY, but not TLR3. It has been reported that the infection of MyD88 KO
mice with CVB3 leads to a decrease in viral titers in the heart with better survival rate
compared with wild-type mice [51]. Conversely, disruption of MyD88 has been reported to
have no significant effect on CVB4 infection of the heart or survival rate [43]. These rather
unexpected results illustrate the complexity of TLR signaling regulation in the heart.
Although we still need to clarify the role of each MyD88-dependent TLR signaling pathway
in the pathogenesis of CVB3 myocarditis, based on the current experimental evidence, it is
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likely that the antiviral effect of the MyD88-dependent TLR signaling seems not to be as
essential as TLR3. In contrast to MyD88, TLR adaptor molecule 1 (TRIF), an intracellular
adaptor molecule of TLR3 and TLR4, is reported to be crucial for protection against CVB3-
mediated cardiomyopathy. TRIF KO mice infected with CVB3 show increased virus titers in
the heart and early mortality accompanied by histological cardiomyopathy and cardiac
dysfunction [52]. Based on the CVB3 infected phenotype of TLR3 and TLR4 KO mice, it is
of great interest as to whether the phenotype of TRIF KO can be explained by the inhibition
of TLR3 and TLR4 signaling. Given that TLR4 signaling requires both MyD88 and TRIF,
the inhibition of TLR3 may be a dominant factor in the CVB3 infected TRIF KO mice
phenotype.

RIG-I-like receptors & other cytosolic viral RNA & DNA sensors

TLR3 and TLR7/8 are localized on endosomal membrane and recognize dsRNA or ssSRNA
in the lumen of endosomes. Given that CVB3 RNA can be found in a variety of areas in the
cytosol, the TLR-mediated virus-sensing mechanisms may not be sufficient for detecting the
incoming CVB3 within the cardiomyocyte [53]. Recently, it has been found that
intracellular viral dSRNA and ssRNA are recognized by RNA helicases, retinoic acid-
induced protein-1 (RIG-1) and melanoma differentiation-associated gene 5 (MDA-5) (Figure
2) [54,55]. Furthermore, LGP2, a homolog of RIG-I and MDA-5 without the caspase
recruitment domain (CARD), has been shown to enhance RIG-I and MDA-5-mediated
antiviral responses, especially against EMCV [56]. Similarly, intracellular viral DNA, AT-
rich dsDNA and bacterial DNA can be recognized by DNA-dependent RNA polymerase Il
(Pol 111) in the cytosol and transcribed into 5’-triphosphorylated dsRNA. The resultant
dsRNA is eventually recognized by RIG-I and activates the RIG-1-mediated antiviral
response. Thus, Pol 111 is now regarded as a crucial cytosolic DNA virus sensor [57,58]. In
addition, DNA-dependent activator of interferon regulatory factors (DAI) has also been
identified as a cytosolic DNA sensor [59]. The in vivo significance of the RIG-1 and MDA-5
pathway in RNA virus infection has been confirmed by using RIG-I- and MDA-5-deficient
mice [60,61]. Interestingly, the affinity of each RNA helicase for a virus RNA seems to be
determined based on the viral RNA structure and length. For example, the synthetic analog
of viral dsRNA, polyriboinosinic:polyribocytidylic acid (poly I:C; >3 kbp) selectively
activates MDA-5. By contrast, short poly I:C generated by enzyme digestion (~300 bp) is
unable to activate MDA-5 but acts as a potent ligand for RIG-1 [62]. This suggests that RIG-
I and MDA-5 discriminate long and short dsRNA; however, the mechanism underlying the
sensing of nucleotide length is unknown. RIG-I can recognize a variety of viruses, including
paramyxovirus, rhabdovirus and orthomyxovirus, by interacting with not only dsRNA but
also 5'-triphosphated ssSRNA (5'ppp-ssRNA) [63,64]. MDA-5 mainly recognizes
picornaviruses such as EMCV and CVB3 as well as poly I:.C [61,65,66]. RIG-I and MDA-5
consist of three functional domains: tandem-CARDs, a DEAD box helicase-like domain,
and a well-conserved C-terminal domain (CTD). The CTD plays a critical role in the
specific recognition of dsSRNA and 5'ppp-ssRNA, while the DEAD box helicase
cooperatively enhances affinity to dsSRNA through a conformational change [67,68]. The
tandem CARDs are essential to transduce the signal via CARD-CARD interaction with a
downstream CARD-containing adaptor molecule, MAVS/IPS-1/VISA/Cardif [69-72].
Recently MAVS was also shown to localize on the peroxisome [73]. Of the RLRs, the
molecular mechanism underlying the interaction between RIG-1 and MAVS is better
characterized than MDA-5 or LGP2. The specific binding of viral RNA to CTD induces a
domain rearrangement, which stabilizes the viral RNA/RIG-I complex and exposes the
tandem CARDs, suggesting that RIG-I becomes an open conformation to interact with
MAVS through CARDs [68,74]. The interaction of viral RNA/RIG-1 or MDA-5 complex
with MAVS induces the activation of transcriptional factors such as NF-xB and IFN
regulatory factors 3 and 7, which eventually leads to various innate immune and
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inflammatory reactions including type I IFN expression [75]. The essential role of the RIG-
I/MDA-5-MAVS pathway in the innate immune response to a variety of RNA viruses has
subsequently been confirmed with MAVS KO mice [76,77]. It has been found that EMCV
titer increases by approximately 1000-fold in the heart of MDA-5 or MAVS KO mice 48 h
after infection [61,76]. This indicates a pivotal role of the MDA-5-MAVS pathway in
sensing EMCYV infection in the heart. Recently, two independent groups have also
confirmed the crucial role of the MDA-5-MAYVS pathway in systemic CVB3 infection
[78,79]. Interestingly, while both groups found a decrease in IFN-a induction in the serum
48 h post-CVB3 infection, Huhn et al. detected a fairly high level of IFN-B and IFN-
responsive gene (OAS1a and CXCL10) expression in the pancreas and liver in MDA-5 KO
mice [78]. This suggests that MDA-5 may be dispensable for the induction of type I IFN
during CVB3 infection. Since the cardiac phenotype of MDA-5 KO or MAVS KO mice
post-CVB3 infection has not been reported yet, the role of the MDA-5-MAYVS pathway in
combatting CVB3 myocarditis is still unclear and should be examined in the future.

It is well known that two IFN-responsive genes, 2-5 (A) synthetase and dsRNA-activated
protein kinase (PKR), drive antiviral effects by sensing dsRNA. The binding of dsRNA to
2-5 (A) synthetase activates the polymerization of ATP into 2'-5'-linked oligoadenylates of
various lengths. The synthesized 2-5 (A), in turn, activates a latent ribonuclease, RNAse L,
leading to RNAse L-mediated ssSRNA cleavage. Although the importance of 2-5 (A)
synthetase/RNAse pathway against picornavirus replication is fairly well characterized in
cultured cells, the in vivo significance of the pathway in the pathogenesis of viral
myocarditis has not been examined yet. Interaction of PKR with viral dSRNA or long
dsRNA induces autophosphorylation of PKR. The phosphorylated PKR subsequently
phosphorylates elF2a, which blocks construction of the smaller ribosomal subunit, thereby
preventing viral and host protein synthesis. Recently, PKR was found to also recognize
sSRNA in a 5'-triphosphate-dependent fashion [80]. Therefore, the role of the PKR-mediated
ssSRNA sensing mechanism should be reconsidered as an alternative mechanism to RIG-I
signaling for certain RNA viruses There have been no reports as to whether PKR can
recognize CVB3 RNA. Since the picornavirus RNA carries a small protein (virion protein,
genome; VPg) covalently attached to its 5’ end [81], if PKR can interact with CVB3 RNA,
the dsRNA replication intermediate may serve as its ligand. This should be explored in the
future experiments.

Protein degradation system & CVB3 infection

Autophagy & CVB3 infection

Autophagy is an evolutionarily conserved ‘eating of self’ process involving the degradation
of long-lived cytoplasmic proteins and damaged organelles by lysosomal hydrolyases [82].
There are three known forms of autophagy; macroautophagy, microautophagy and
chaperone-mediated autophagy, of which macroautophagy is the most common in
mammalian cells, and will be henceforth referred to as autophagy. The histological hallmark
of autophagy is the presence of cytoplasmic double-membrane vesicles called
autophagosomes in which cytoplasmic constituents are sequestered. Matured
autophagosomes eventually become autolysosomes by fusing with lysosomes, leading to the
degradation and/or recycling of the trapped constituents. This autophagy-mediated clearance
and/or reuse of cellular proteins plays a crucial role in maintaining cellular homeostasis, thus
affecting a broad range of health and disease states including aging, development,
neurodegenerative diseases, cardiovascular diseases and cancer [83-86]. Recent studies have
also shown that autophagy functions in coordination with innate and adaptive immunity in
response to bacterial, parasitic and virus infection [87,88]. Interestingly, while autophagy is
largely involved in defense mechanisms against pathogen infections, some viruses such as
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enterovirus and coronavirus seem to use autophagosomes as a platform for their replication,
facilitating progeny virus production [89].

It has been reported that CVB3 infection increases autophagosome formation in HEK293
cells in vitro and in pancreatic acinar cells in vivo, accompanied by an increase in the LC3-
I1/LC3-I ratio, a marker for the activation of autophagy [90,91]. Although the underlying
molecular mechanisms are not fully understood, the expression of viral proteinases such as
2BC and 3A, and activation of host elF2a or calpain seem to be involved in virus-mediated
autophagosome formation [91-93]. It should be noted that virus-induced vesicles are
sometimes called ‘autophagy-like vesicles’ because of the differences in average diameter
(autophagy-like vesicles; 200-400 nm, classical autophagosome; 800 nm) and autophagic
flux. However, given that these two types of vesicles share many common characteristics
such as double membranes, cytoplasmic localization, co-expression of LC3 and lysosomal-
associated membrane protein (LAMP)-1, and increased LC3-I1 formation [94], here we
simply call virus-induced vesicles ‘autophagosomes’. While the activation of autophagy is
not beneficial for many viruses, enteroviruses seem to have evolved to subvert this host
antiviral mechanism. In fact, the treatment of HEK293 or primary neurons with 3-MA, an
inhibitor of autophagosome formation, decreases the replication of CVB3 or CVB4,
respectively. This indicates that coxsackieviruses utilize host autophagy machinery for
progeny production. Interestingly, despite the upregulation of autophagosome formation in
CVB3-infected cells, protein degradation through autophagic machinery is inhibited when
estimated by the accumulation of p62, a specific substrate that is degraded by autophagy
[90,91,95]. It has been reported that several viruses such as influenza A, HIV and HCV have
unique mechanisms to increase their replication by reducing host autophagic flux, a dynamic
process comprising the formation of the autophagosome, amphisome (autophagic vacuoles
formed by the fusion of an autophagosome with an endosome) and autolysosome
(autophagic vacuoles formed by the fusion of an autophagosome with a lysosome). These
viruses prevent the formation of amphisomes or autolysosomes by inhibiting the fusion of
autophagosomes with endosomes and/or lysosomes, resulting in a decrease in host
autophagic flux [96-98]. In the case of CVB3-infected pancreatic acinar cells, amphisome
formation is intact whereas autolysosome formation is inhibited, suggesting that CVB3
limits the fusion of autophagosomes and/or amphisomes with lysosomes [90]. The beneficial
effect of inhibition of autolysosome formation on CVB3 replication has also been confirmed
by knocking down LAMP-2, a lysosomal membrane protein critical for autolysosome
formation [91]. These data suggest that CVB3 infection induces autophagosome formation
while inhibiting subsequent autolysosome formation, leading to the accumulation of
autophagosomes in host cells. Given that inhibition of autophagosome formation decreases
viral replication, and the induction of autophagosome formation or prevention of subsequent
autolysosome formation increases viral replication, autophagosomes may be a crucial
platform for CVB3 replication [89].

The cardiomyocyte is a terminally differentiated, nondividing cell in which basal autophagy
is likely to be important in quality control of endogenous proteins and cellular organelles.
Indeed, the disruption of autophagy machinery in the adult heart by knocking out of
autophagy related 5 homolog (ATGD5) results in cardiac hypertrophy and contractile
dysfunction that is accompanied by increased levels of ubiquitinated proteins and
ultrastructural abnormalities in sarcomere and mitochondria [86]. In addition, autophagy
seems to constitute an important physiological or pathophysiological response to cardiac
stresses such as ischemia or acute pressure overload with the accumulation of
autophagosomes both in humans and animal models [83,84,99]. It has been reported that the
ATG5-ATG12 conjugate, a key regulator of the autophagic process, plays an important role
in innate antiviral responses via inhibition of type I IFN production by directly interacting
with RIG-I and MAVS [100]. Moreover, the transportation of viral sSSRNA by
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autophagosome into lysosomes has been reported to be crucial for TLR7-mediated sSRNA
sensing [49]. Although there are still many pieces missing from a comprehensive
understanding, these recent findings imply that autophagy and the innate immune system
may be cooperatively working against a variety of stresses including virus infection within
the cardiomyocyte. While the decreased autophagic flux in CVB3-infected cells suggests the
involvement of abnormalities in autophagy in the pathogenesis of CVB3-mediated
cardiomyopathy, there has been no experimental evidence linking autophagy to CVB3-
mediated cardiomyopathy to date.

The proteasome & CVB3 infection

Apoptosis

The ubiquitin—proteasome system (UPS) is a pivotal protein degradation mechanism in
eukaryotic cells. UPS rapidly eliminates abnormal proteins and/or controls the expression
level of short-lived regulatory proteins. Inhibition of proteasomal protein degradation has
been reported to induce cardiac dysfunction in humans, indicating the essential function of
UPS in cardiomyocytes [101-103]. It has been demonstrated that viruses have evolved a
variety of mechanisms to escape from host innate and adaptive immunity by modulating
host UPS. In addition, some viruses utilize host UPS to facilitate their replication,
maturation and exit from the host [104]. CVB3 infection has been reported to increase
protein poly-ubiquitination and decreases free ubiquitin in HeLa cells. By contrast, the
treatment of HelLa cells with the proteasome inhibitor, MG132, or lactacystin markedly
decreases CVB3 replication [105]. Consistently, systemic administration of the proteasome
inhibitor, MLN353, attenuates CVB3-induced myocardial damage in mice at 9 days post-
infection [106]. Recently, the involvement of ubiquitin-independent proteasome system in
CVB3 replication has also been reported [107]. These data indicate that the activation of the
host proteasome system is beneficial for CVB3 replication in the cell. It has been reported
that proteasome subunit o type 7 (PSMAT7), a subunit of the 20S proteasome, negatively
regulates the MAVS-mediated innate immune response [108]. Given that PSMAY is located
on the outer ring of the proteasome complex and plays a key role in proteasomal activity
regulation, the inhibition of the MAVS pathway via PSMA7 may be involved in the
mechanisms by which activation of the proteasome increases CVB3 replication. The
interaction between UPS and innate immune mechanisms within the cardiomyocyte would
be an interesting topic for future research.

Viruses manipulate host cells to ensure their own replication and, at late stages of the viral
life cycle, they kill the infected host cell to facilitate their propagation in adjacent tissues.
Although virus-induced apoptosis and the underlying mechanisms are well characterized in
cultured cells, virus-induced apoptosis in vivo and the role of apoptosis in virus-induced
diseases are not fully understood. It is well accepted that host cell apoptosis before or during
virus replication can prevent and eventually limit virus propagation. However, it is still
unclear whether the apoptosis-mediated antiviral mechanism is beneficial for post-mitotic
cells such as neurocytes and cardiomyocytes. CVB3 infection is reported to induce apoptosis
in HelLa cells by activation of proapoptotic mediators and suppression of translation and
transcription through the expression of proteinase 2A and 3C [109]. In keeping with the in
vitro data, CVB3 infection of the heart can activate cardiomyocyte apoptosis in both mice
and humans [110-112]. Interestingly, the proapoptotic protein, apoptosis-inducing factor
(Siva), which binds to the CVVB3 capsid protein VP2, is strongly upregulated in the same
region where apoptosis occurs during acute CVB3-induced myocarditis [113]. However, the
significance of apoptosis in the pathogenesis of myocarditis has not been determined yet.
DeBiasi et al. demonstrated that reovirus infection of cardiomyocytes induces caspase-3
(CASP3) activation in virus-infected cardiomyocytes in vivo [114]. In addition, this group
found a significant decrease in virus-induced myocardial injury accompanied by an
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improved survival rate in CASP3 KO mice. Surprisingly, despite the decrease in apoptotic
response, the systemic virus titer including the heart is significantly decreased in the CASP3
KO mice [114]. This strongly suggests that cardiac apoptosis may not be beneficial in
inhibiting virus replication in the heart and limit the subsequent cardiomyopathy, at least in
the acute phase of infection. It has also been reported that a sarcolemmal protein, dystrophin,
limits CVB3 infection of the heart by inhibiting the virus’ propagation to adjacent
cardiomyocytes [115]. Given that dystrophin plays a central role in maintaining the
dystroglycan complex at sarcolemma, the integrity of sarcolemmal membrane is thought to
be an important factor that prevents secondary CVB3 propagation. This suggests that the
activation of apoptotic signaling may increase virus propagation by disrupting the
sarcolemmal barrier that can otherwise quarantine the virus within the infected
cardiomyocyte. Interestingly, gp130 receptor signaling, a well-characterized antiapoptotic
signaling pathway in the cardiomyocyte, also has a protective role against CVB3 infection
of the heart [28]. Unlike mitotic cells, cardiomyocytes may deliberately drive anti-apoptotic
mechanisms during CVB3 infection not only for their survival but also for limiting virus
propagation. By contrast, CVB3 may try to activate proapoptotic mechanisms to maximize
their infection in the heart. Although additional evidence is required, this may be involved in
the mechanisms by which CVVB3 achieves persistent infection in the cardiomyocyte. A
symbiotic relationship between the cardiomyocyte and CVB3 may be formed based on the
balance between proapoptotic and antiapoptotic signaling in the cardiomyocyte. It has been
reported that transgenic expression of replication-incompetent CVB3 genome in the
cardiomyocyte leads to DCM accompanied by excitation-contraction coupling abnormalities
[25]. Interestingly, no activation of apoptosis in cardiomyocytes was found under persistent
expression of the CVB3 genome, suggesting the minor effect of persistent viral genomes on
cardiomyocyte apoptosis in the chronic phase of infection. Despite this, the role of
cardiomyocyte apoptosis in the pathogenesis of viral myocarditis should be carefully
evaluated using well-characterized CVB3-infected animal models in the future.

Future perspective

The cardiomyocyte is a terminally differentiated, nondividing cell with a minimal renewal
capability. A recent study has demonstrated that there is only 1% turnover annually even at
the age of 25, and fewer than 50% of cardiomyocytes are exchanged during a normal life in
humans [116]. Therefore, it is clear that loss of cardiomyocytes due to virus infection cannot
be made up in a timely manner and is detrimental to the maintenance of cardiac function.
This indicates the importance of strategies that protect cardiomyocytes from the initial or
persistent virus infection. It has been demonstrated that anti-inflammatory therapy with
immunosuppressants does not have beneficial effects on cardiac function and mortality in
patients with myocarditis [117]. Although this does not completely exclude the involvement
of inflammation in the development of cardiac dysfunction, this also suggests the presence
of other important factors that may activate the development of fatal cardiomyopathy. One
important aspect not yet completely understood is the fate of cardiomyocytes after virus
infection. Based on previous publications, cardiomyocytes seem to have several fates
postvirus infection: cell death or apoptosis due to virus infection (direct effect of virus
infection), cell necrosis due to immune cell attack (indirect effect of virus infection) and
symbiosis with persistently infected viruses. While molecular mechanisms of apoptosis and
necrosis have been well characterized, symbiosis with persistently infected viruses and the
impact on the development of cardiomyopathy are relatively obscure. Clarification of these
points is awaited in the future. The persistence of the viral genome in the cardiomyocyte
raises an additional question about the fate of cardiomyocytes after virus infection; can
cardiomyocytes completely eliminate viruses from the myocyte using intrinsic antiviral
mechanisms and return to healthy conditions? Given the fact that the diagnosis and
treatment of viral myocarditis usually starts from the subacute or chronic phase of infection
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except fulminant myocarditis, this would be an interesting question to be tested in the future
from the therapeutic viewpoints (Figure 3). Since viral myocarditis or cardiomyopathy is a
complicated infectious disease accompanied by inflammatory responses, a large portion of
previous work focusing on disease mechanisms has been reported from virologists and
immunologists. Therefore, we have a significant amount of solid data about properties of
cardiotropic viruses including various strains and variants, and how adaptive and innate
immunity work in vivo during cardiotropic virus infection. Conversely, relatively little is
known about how cardiomyocytes respond against invading viruses and how the acute or
chronic response affects cardiomyocyte survival and/or total cardiac function. Given that
virus infection of the heart itself is a key factor that determines the development of
myocarditis and cardiomyopathy, research focusing on these points is necessary for a future
breakthrough in this field. Specifically, the interaction between viral RNAs and
cardiomyocyte sensors should be very important topics of research in the long run. Although
not addressed in this article, the effect of small RNAs such as microRNAs on the
development of myocarditis will also be an attractive topic in the near future. As a practical
point, we need to develop more cardiac-specific KO or transgenic animal models to
understand the in vivo significance of certain responses within cardiomyocytes in the disease
process. Furthermore, experiments should ideally be carried out using an inbred mouse line
to exclude potential variations based on the genetic background. Although this may be an
exhausting effort, it would be worthwhile for researchers to discuss if we could develop a
standard experimental protocol for viral myocarditis models including virus strain, titration
method, mouse strain, age and gender, given the presence of too many variations in the
previous publications.
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Executive summary
Introduction
»  Myocarditis is defined as histological inflammation of heart muscles.

»  The true epidemiology of viral myocarditis is poorly understood because of its
wide spectrum of clinical presentation including asymptomatic cases and a lack
of noninvasive markers for diagnosis.

»  The 5-year survival rate of myocarditis has been reported to be 56—-70%. In
contrast, the long-term survival rate of patients with fulminant myocarditis is
surprisingly high (93% at 11 years) once fatal outcomes are prevented.

»  Adenoviruses, enteroviruses and parvovirus 19 are the most commonly
identified viruses from patients with myocarditis. However, there are
geographical differences in the profiles of virus genomes identified from human
heart.

»  Coxsackievirus B3 (CVB3) infection can lead to viral myocarditis and
subsequent cardiomyopathy through three phases; acute, subacute and chronic.

» CVB3-mediated myocarditis has been most thoroughly investigated in murine
myocarditis models. CVB3 is a member of the Picornaviridae family, genus
enterovirus.

»  The presence of a replication-incompetent CVB3 genome is sufficient to induce
cardiomyopathy in the mouse model; however, the pathological effects of the
viral genomes on cardiac function and clinical outcome in humans is still
controversial.

e CVB3infection of the heart is required for the development of myocarditis
postsystemic infection. Thus, virus infection of the cardiomyocyte can be an
important step that determines the severity of myocarditis and subsequent
development of dilated cardiomyopathy.

Innate immunity

» Activation of JAK-STAT signaling during CVB3 infection activates antiviral
mechanisms within the cardiomyocyte.

»  The significance of type I interferon signaling within the cardiomyocyte should
be thoroughly elucidated in the future.

»  The protective role of TLR3-TRIF signaling in systemic antiviral defense is
clear; however, it is still uncertain exactly how much TLR3-TRIF signaling
contributes to defense mechanisms within the cardiomyocyte.

o Itis necessary to validate the in vivo significance of TLR7/8 signaling in CVB3
infection using knockout animals. However, based on MyD88 knockout mice
data, the antiviral effect does not seem to be very strong.

» The MDA-5-MAVS pathway is an important sensing mechanism for systemic
CVBa3 infection. LGP2 may also be involved. The role of the MDA-5-MAVS
pathway within the cardiomyocyte should be determined in the future.

»  Together with recently found cytosolic RNA sensors, re-evaluation of role of
classical RNA sensors (2-5 [A] synthetase and PKR), in the pathogenesis of
myocarditis is necessary.
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Protein degradation system

»  Enteroviruses seem to use autophagosomes as a platform of replication to
facilitate progeny virus production.

e CVBS infection induces autophagosome formation while inhibiting subsequent
autolysosome formation, leading to the accumulation of autophagosomes in host
cells.

» Autophagy and the innate immune system may work cooperatively against a
variety of stresses including virus infection in the cardiomyocyte.

» CVBS infection activates the host proteasome system, which appears to be
beneficial for virus replication.

Apoptosis
» Although CVBS infection induces apoptosis in vitro and in vivo, the significance
of apoptosis in the pathogenesis of myocarditis has not been determined.

* Inaretrovirus-mediated myocarditis model, despite the decrease in apoptotic
response, the systemic virus titer (including the heart) is significantly decreased
in caspase-3 knockout mice. This strongly suggests that cardiac apoptosis may
not be beneficial in inhibiting virus replication in the heart.

*  Preservation of sarcolemmal integrity by dystrophin prevents CVB3
propagation.

»  Activation of cardiac antiapoptotic signaling through gp130 decreases CVB3
infection of the heart.
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Figure 1. Toll-like receptors and their signaling against virus infection

While TLR2 and 4 recognize viral pathogens on the plasma membrane, TLR3, 7/8 and 9
recognize viral RNA or DNA in the endosome. For the induction of type | IFNSs, there are
two major pathways downstream of TLRs, MyD88-dependent and TRIF-dependent
pathways. Based on data from animal models, the TLR3-TRIF pathway seems to play an
important role against CVB3 myocarditis. Further study will be necessary for other
cardiotropic virus-mediated myocarditis. Moreover, the significance of each TLR signaling
pathway in the cardiomyocyte remains to be elucidated.

AdV: Adenovirus; EBV: Epstein—Barr virus; HCMV: Human cytomegalovirus; HSV:
Herpes simplex virus; HTLV: Human T-lymphotropic virus; Inf-A: Influenza virus A; IRF:
Interferon regulatory factor; LPS: Lipopolysaccharide; MCMV: Mouse cytomegalovirus;
MeV: Measles virus; ReoV: Reovirus; RSV: Human respiratory syncytial virus; VZV:
Varicella zoster virus.
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Figure 2. Recently discovered cytosolic viral RNA and DNA sensors and their substrates

The recognition of viral RNA or DNA in the host cytosol activates downstream signaling,
resulting in the production of type I IFNs and proinflammatory cytokines to limit viral
replication and propagation. While the importance of the MDA-5-MAVS pathway against
systemic CVB3 infection has been confirmed, the impact of the pathway on CVB3 infection
of the heart and subsequent myocarditis is not fully understood.

AdV: Adenovirus; CBV B3: Coxsackievirus B3; CTD: C-terminal domain; DAI: DNA-
dependent activator of interferon regulatory factors; EBV: Epstein—Barr virus; EMCV:
Encephalomyocarditis virus; HD: DEAD box helicase-like domain; HSV: Herpes simplex
virus; JEV: Japanese encephalitis virus; NDV: Newcastle disease virus; RIG-I: Retinoic
acid-induced protein-1; SeV: Sendai virus; VSV: Vesicular stomatitis virus.

Future Microbiol. Author manuscript; available in PMC 2012 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Yajima Page 23

& Virus particle
e Virus RNA or DNA
© Immune cells

Virus infection

=2

WL

! &
R :

£
=

Infected cardiomyocytes Noninfected cardiomyocytes

0% ...
3 . &
@ |I s @ e A
; o MW MW
I\ /\/\/\/\//\\/VVV\ , JAVAVAVAVAN
Cell death Cell survival Cell survival
(apoptosis and necrosis) (persistent infection) (virus clearance or no virus)

|

Acute and chronic myocarditis
cardiac remodeling

Cardiomyopathy Complete recovery

Future Microbiol. © Future Science Group (2011)

Figure 3. Potential fate of cardiomyocytes after virus infection of the heart

Infected cardiomyocytes are thought to die due to the direct effect of the infecting virus
(direct injury or apoptosis) and/or the attack of immune cells such as cytotoxic T
lymphocytes (necrosis or inflammation), which is usually associated with acute and chronic
inflammation in the heart. The loss of functional cardiomyocytes can directly affect cardiac
function or induce secondary cardiac remodeling, leading to dilated cardiomyopathy in the
long run. It is also known that persistence of virus RNA can be observed in cardiomyocytes
in the chronic phase of infection. However, it is still controversial whether this persistence
can induce cardiomyocyte death or chronic inflammation, or affect disease progress.
Interestingly, while the persistence of virus RNA in the heart is clear, the infectious particles
have never been isolated from patient samples in the chronic phase of infection to date. In
addition, it has not been determined whether cardiomyocytes can remove such persistently
infecting virus RNA from the cell. If possible, elucidation of these mechanisms may provide
novel insights into diagnostic and therapeutic strategies against viral myocarditis and
subsequent cardiomyopathy. Processes that have been or not been well accepted are shown
with black or red arrows, respectively.

Future Microbiol. Author manuscript; available in PMC 2012 March 1.



