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Coxsackievirus B3 (CVB3) is a well-studied virus that has been identified as a causal agent of myocarditis in

various models, along with other viruses such as adenovirus, parvovirus B19, and SARS-CoV-2.

coxsackievirus B3 (CVB3) myocarditis dilated cardiomyopathy (DCM) metabolic remodeling

| 1. Introduction

Myocarditis is an inflammatory disease of the heart muscle commonly caused by viruses including coxsackievirus
B3 (CVB3), SARS-CoV-2, parvovirus B19, influenza viruses, adenoviruses, and enteroviruses; extensive studies
have been executed using CVB3 infection models LI2IEI4! The prognosis of myocarditis is diverse; most patients
make a recovery, while up to 20% develop chronic myocarditis . Dilated cardiomyopathy (DCM) is a
consequence of long-term myocarditis, a severe heart disease characterized by heart enlargement, ventricle
chamber dilation, and systolic dysfunction . DCM is usually presented with progressive dyspnea, ankle
swelling, arrhythmia, thromboembolism, and sudden cardiac death; it has a 5-year survival rate of approximately
50% when left untreated [8l. DCM can also be caused by drugs, toxins, genetics, and metabolic and endocrine
disturbances . A high prevalence of viral genomic RNA has been demonstrated in the heart tissues of patients
with DCM, suggesting that viral myocarditis plays a significant role in causing DCM 192 However, the molecular
pathways that lead to the transition from viral myocarditis to DCM and heart failure are complex. Previous research
revealed that viral pathogenesis of myocarditis is attributed to direct damage of cardiomyocytes by viral proteases
and immune- and autoimmune-mediated cardiac injury. The cleavage of host immune proteins by proteases is

consequential, causing several downstream effects that further progress cardiomyopathy.

2. Inmune-Associated Pathogenicity of Coxsackievirus B3
(CvB3)

2.1. CVB3 Proteases 2A and 3C Cleave Proteins Involved in Inmune Responses

Infectious pathogens can directly damage host cells by introducing foreign proteins that are toxic to host cells. In
CVB3 infections, viral proteases 2A and 3C can impair cellular functions by cleaving an array of host proteins
(Figure 1). Host eukaryotic translation initiation factor 4 gamma (elF4G) is a well-studied target of CVB3
proteases. Cleavage of elF4G by CVB3 2A halts host protein synthesis and induces cell apoptosis 12, Other

protease substrates include intercalated disk structural proteins desmocollin-2 (DSC2) and desmoglein-2 (DSG2),
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which are important for binding and signal transmission between myocardial cells to maintain the integrity of the
myocardium; TRAF6-binding protein (T6BP), which is involved in clearing damaged mitochondria; and death-
associated protein 5 (DAP5), a translation initiation factor that can enhance host cell apoptosis when truncated 13
(14][15]116] The cleavage of numerous host proteins by CVB3 proteases can impair cellular functions to expedite
cardiac cell necrosis and, thus, impair cardiac structure and function. This entry will focus on proteins that are
associated with the immune response during CVB3 pathogenesis and disease transition. Thus, only select proteins

cleaved by CVB3 proteases will be reviewed out of an extensive list.
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Figure 1. Coxsackievirus B3 (CVB3) protease-mediated alteration of host immune responses by cleaving target
proteins. Grey arrows indicate cleavage, green arrows indicate upregulation, and red arrows indicate
downregulation. Figure includes 3C protease cleaves mitochondrial antiviral-signaling protein (MAVS) and TRIF,
which are important for downstream antiviral responses such as the activation of NF-kB, 2'-5' OAS, PKR, and Mx,
and caspase-dependent apoptosis. As shown, 2A protease disrupts NF-kB activation by cleaving NFAT5 and
SQSTM1. Cleavage of elF4G by 2A to disrupt translation can be inhibited by ISG15. Both 2A and 3C are required

for cleavage of CARDS, which normally functions to inhibit activation of CASP1 and pyroptosis.

3C viral proteases can hinder host immune defense by cleaving mitochondrial antiviral-signaling protein (MAVS)

and TIR-domain-containing adapter-inducing interferon-p (TRIF) 22, MAVS is the adaptor molecule downstream of
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both melanoma differentiation-associated protein 5 (MDA5) and retinoic acid-inducible gene | (RIG-I) viral DNA
detectors, which mediate the activation of nuclear factor kB (NF-kB) and interferon regulatory factor 3 (IRF3) 1.
The cleavage of MAVS has been shown to diminish type 1 interferon (IFN) signaling and is important for the
expression of effector proteins 2'-5' OAS, Mx, and PKR, which collectively help degrade and inhibit viral RNA
translation 27118 Furthermore, MAVS and TRIF are implicated in caspase-dependent apoptosis, which eliminates
infected cells to suppress viral replication and prevent viral dissemination 21920121 By cleaving MAVS and TRIF,
the immune response can be dampened and cell apoptosis can be reduced, leading to prolonged myocarditis and
enhanced viral propagation 7. 2A viral proteases can cleave nuclear factor of activated T cells 5 (NFAT5), a
transcription factor in the NF-kB signaling pathway for the transcription of proteins involved in immune responses
against cellular stress, including inducible nitric oxide synthase (iINOS) 3122 Furthermore, 2A can cleave
sequestosome 1 (SQSTM1), an adaptor protein that loses its ability to activate the NF-kB pathway upon cleavage,
thus diverting resources from host protein synthesis to viral protein synthesis 2623 To counteract this mechanism,
the host immune system can induce the expression of IFN-stimulated gene 15 (ISG15), which binds to 2A and
inhibits its ability to cleave elF4G [24], |SG15-deficient mice were shown to have significantly increased CVB3 virus
titers at 8 days post-infection (dpi), greater areas of inflammation that were predominantly composed of
macrophages, persistent viral RNA at 28 dpi, and fibrotic tissue development 24, Proteases 2A and 3C are both
required for the cleavage of caspase recruitment domain protein 8 (CARDS8) inflammasome, which results in
inflammasome activation, caspase 1 (CASP1) activation, and CARD8-driven pyroptosis [22. Thus, CVB3 proteases

cleave an array of host proteins to delay and prolong infection and impair normal host functions.

2.2. CVB3 Indirectly Impairs Cardiac Function by Inducing Inflammation That
Results in Cardiomyocyte Necrosis and Fibrosis

Infectious pathogens can indirectly damage the myocardium by triggering and sustaining immune responses. Viral
double-stranded RNA, including replication intermediates of single-stranded viral genomes, can be detected by
Toll-like receptor 3 (TLR3) that is localized to cell surfaces and endosomes 281271281 T| R7 and TLR8 can detect
single-stranded RNA, such as the CVB3 genome, whereas TLR9 can recognize unmethylated cytosine—
phosphate—guanosine (CpG) DNA, which is abundant in viral genomes 2929  After being activated by viral
components, TLRs form dimers that recruit myeloid differentiation primary response 88 (MyD88)/TRIF-related
adaptor molecule (TRAM) adaptor proteins B, These proteins activate transcription factors specific to each
pathway, including activator protein 1 (AP-1), NF-kB, and IRF3 B, Cytoplasmic helicases RIG-I and MDA5 can
recognize distinct viruses and activate type 1 IFN production B2, For instance, MDA5 activation induces IFN-o
production, TLR3 activation induces interleukin 12 (IL-12) production, and the activation of both MDA5 and TLR3
induces IL-6 production 22, Type 1 IFNs activate the production of ISGs to promote antimicrobial states which limit
infection and recruit innate immune cells 2. Various cytokines are important for cellular communication and viral
clearance; however, they can also cause cytokine storms and significant cell stress. Consequently, studying the
effective time points and interactions between cytokines will provide valuable information for understanding viral

pathogenesis.
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Collagen deposition and modification of the extracellular matrix (ECM) are compensatory repair mechanisms used
to stabilize the site of injury. However, an imbalance of collagen synthesis and degradation by myofibroblasts can
result in cardiac fibrosis, a condition characterized by excessive collagen deposition, which forms permanent scar
tissue that disrupts cardiac function and decreases contractile efficiency 4. These alterations contribute to cardiac
remodeling, a process of interstitial changes that includes changes in the size, structure, stiffness, and functioning
of the heart, all of which contribute to heart failure 2. Altogether, the fibrotic response and the immune response
work together to repair tissue damage caused by viral infection and inflammation. Significant fibrosis can be
detected in mice by day 21 of CVB3 infection 28, Granulocytes, monocytes, macrophages, and dendritic cells
(DCs) contribute to cardiac fibrosis by producing profibrotic cytokines tumor necrosis factor alpha (TNF-a) and
transforming growth factor beta (TGF-B) 2837, The differentiation of fibrocytes, which produce type 1 collagen, is
largely dependent on CD4* T cells and the conditions that activate these T cells 8. The supporting factors
supplemented by CD4* T cells play important roles in the differentiation of monocytes into fibrocytes [B8. The
presence of IL-2, IL-4, TNF, or IFN-y due to polyclonal T-cell activation can inhibit the differentiation of murine
monocytes into fibrocytes 28, Specific combinations of those cytokines resulted in nearly complete suppression of

fibrocyte differentiation and collagen deposition 28,

3. Inflammation-Associated Metabolic Remodeling during
CVB3-Induced Myocarditis

3.1. Impaired Mitochondrial Functions and Ferroptosis Caused by CVB3 Infection
and Altered Iron Metabolism

Iron is an essential mineral for energy metabolism and is a component of iron—sulfur cofactors found in several
complexes of the mitochondrial respiratory chain 2. Iron deficiency is a prevalent characteristic of cardiac
disorders, such as dilation, left ventricular (LV) hypertrophy, and fibrosis; studies have demonstrated that iron
deficiency can reduce cardiomyocyte contractility and relaxation, leading to complications in cardiac function 43411,
A study on myocarditis and iron homeostasis found that serum from myocarditis patients showed decreased iron
levels, along with increased levels of ferritin, an iron-storing protein 2. This indicates an alteration in iron
homeostasis and an increased iron demand during myocarditis 42, Further, cardiomyocytes treated with serum
from myocarditis patient showed elevated levels of transferrin receptor 1 (TFR1), a receptor for iron import that is
upregulated in response to low intracellular iron levels 4243l TFR1 expression was positively correlated with 1L-6
and C-reactive inflammatory protein (CRP) levels from patient sera, suggesting a relationship between
inflammation and iron demand 22, Iron metabolism also showed differences between cardiomyopathy etiologies.
Virus-positive cardiomyopathy presented with greater iron demand compared to virus-negative cardiomyopathy,
indicating the potential influence of inflammatory profiles on the progression of cardiomyopathy 4. These findings
suggest that inflammation can disrupt iron metabolism and cause iron deficiency, which can impair mitochondrial

function and cardiac function.

Iron overload has also been associated with cardiomyopathy. Ferroptosis is a form of cell death caused by

excessive amounts of iron, which interferes with the antioxidative functions of glutathione peroxidase (GPx)
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(Figure 2) 3] This results in iron-dependent lipid peroxidation and leads to oxidative cell death 42, During CVB3
infection, the myocardium showed a significant increase in ferrous iron levels, which can lead to the generation of
hydroxyl radicals through Fenton reactions and damage biomolecules 2847, This was observed along with
changes to mitochondrial morphology, such as defective cristae, condensed mitochondrial membranes, and the
accumulation of malondialdehyde (MDA), which demonstrates increased lipid peroxidation €. [ron accumulation
and increased viral RNA transcripts were detected in cardiomyocytes as early as 6 dpi 28, Iron deposits remained
in damaged cardiomyocytes 2 months after CVB3 infection, even after inflammation was diminished 8. These
findings demonstrate that both increases and decreases in iron levels occur during myocarditis and are destructive.
However, the determinant of iron levels during infection—whether biological differences, diet, or pathology—is

unclear.
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Figure 2. Relationship between CVB3 infection, iron metabolism, and mitochondria dysfunction. Green arrows
indicate associated stimulative effects, while red arrows indicate associated inhibitory effects. CVB3 has been
associated with altered iron homeostasis (both up- and down-regulated). Altered iron homeostasis can impair
peroxidase activity or increase inflammation, which contributes to defective mitochondria, metabolic remodeling,

and altered immune responses.

The accumulation of calpain-1, the main calpain involved in CVB3-induced myocarditis, was observed in the
mitochondria during CVB3 infection (42, Calpains are proteases activated by intracellular Ca2* that are involved in
cell necrosis and have been implicated in the development of cardiac fibrosis and dysfunction following long-term
CVB3 infection 2. Calpains initiate pyroptosis, a form of necrotic and inflammatory programmed cell death, by
activating the NLR family pyrin domain-containing 3 (NLRP3) inflammasome 2, Calpain cleaves calcineurin A into
its active form, which dephosphorylates dynamin-related protein 1 (Drp-1) and promotes the translocation of Drp-1
from the cytoplasm to the outer mitochondrial membrane B, The translocation of Drp-1 activates mitochondrial

fission and results in the release of cytochrome c, indicating the activation of apoptosis 2%, CVB3 infection may
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also contribute to cardiomyocyte apoptosis by increasing Drp-1 expression B9, Additionally, calpain-1 contributes to
the loss of mitochondrial membrane potential (MMP), alterations to mitochondrial structure, and cleavage of ATP
synthase-a (ATP5A1) involved in energy production, leading to a decrease in ATP-linked respiration during CVB3
infection 2. The loss of cardiomyocyte MMP was positively correlated with the amount of CVB3 virions,
suggesting that CVB3 infection promotes mitochondrial membrane depolarization in cardiomyocytes B,
Mitochondria were found to co-localize with lysosomes in CVB3-infected cardiomyocytes and were degraded by
PTEN-induced putative kinase protein 1 (PINK1)/Parkin-mediated mitophagy; this finding is consistent with
previous observations of mitophagy induced by the loss of MMP B, Mitochondrial fragmentation during CVB3
infection resulted in the formation of mitophagosomes that can aid in viral dissemination 152 Additionally, the
degradation of RIG-I and MDA5 was observed along with impaired recruitment of MAVS due to Parkin-mediated
K48-linked polyubiquitination BBl Since MAVS is essential for mediating interactions with the innate antiviral
response kinase TANK-binding kinase 1 (TBK1) and IRF3, Parkin-mediated mitophagy can also result in the
suppression of type 1 and 3 IFN production B2I53],

3.2. Impaired Lipid and Glucose Metabolism Mediated by CVB3-Induced
Inflammation

Anomalies in energy metabolism caused by inflammation can compromise cell and organ function B4 During
acute CVB3-induced myocarditis, a transcriptomic analysis of patients suggests that genes belonging to several
metabolic pathways, including fatty acid [3-oxidation, the TCA cycle, and the electron transport chain (ETC), are
downregulated B4, ETC complex protein levels and cytochrome c oxidase enzyme activity were decreased,
indicating anomalies in mitochondrial oxidative phosphorylation B4, The infected hearts also expressed decreased
levels of mitochondrial transcription factor A (TFAM), which is a mitochondrial biogenesis regulator that enables
mitochondrial DNA transcription and maintenance B4BSIBSILT - Since the heart is an energy-demanding organ,
impairments in mitochondrial function can significantly contribute to the cardiac diseases 2. Cardiac metabolic
remodeling was supported by the evidence of decreased ATP, ADP, AMP, NAD, and cardiolipin, and an increase in
UDP-GIcNAc and arachidonic acid in CVB3-myocarditis hearts B4, UDP-GIcNAc modifies proteins by O-
GlcNAcylation, which can alter protein function and key cellular processes 28, Cardiolipin is a phospholipid found
mainly in the inner mitochondrial membrane; modified species of cardiolipin from remodeling can cause oxidative
stress and mitochondrial dysfunction B2, The oxygenation of arachidonic acid through cyclooxygenases or
lipoxygenases leads to the production of prostaglandins and leukotrienes, respectively, which are known mediators
of inflammation 9. Thus, these cardiac metabolites are potential contributors to cardiac remodeling following
CVB3 infection.

Adiponectin (APN) is a cytokine secreted by adipose tissues and a regulator of homeostatic pathways such as lipid
and glucose metabolism in distant tissues 81, However, emerging studies have demonstrated higher levels of APN
in the coronary sinus compared to the aortic root, suggesting that APN is also synthesized within the heart and may
contribute to the development of cardiovascular diseases 2. APN interrupts TLR3 signaling in cardiac and
immune cells by inhibiting the expression of CD14, which is the co-receptor crucial for TLR signaling 3. In turn, T

cell responses are reduced during the sub-acute phase of myocarditis along with diminished viral clearance [£3l. In
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APN knockout mice, the upregulations of IFN-B, IFN-y, TNF-a, IL-1(3, IL-6, and IL-12 were restored to levels
comparable to those observed in non-infected mice €31, During myocarditis, IL-12 signaling increases IL-1f8 and IL-
18, while IL-12 deficiency decreases inflammation and viral replication during myocarditis 4. In mice, TLR4
deficiency has been shown to decrease levels of IL-1p and IL-18, as well as viral replication and myocarditis 62!,
This suggests that TLR4 may share a downstream pathway with IL-12, given the similarities in the pathogenicity
between these phenotypes 2. |L-13 also regulates IL-1p and IL-18 levels by decreasing CASP1 activation, which
downregulates the conversion of inactive precursors to active forms of IL-18 and IL-18 B8, Upregulated T cell
proliferation and expression of the pro-inflammatory cytokines IL-1(3, IL-18, IFN-y, TGF-B1, and IL-4 can suppress
regulatory T cells, leading to increased anti-cardiac myosin autoantibodies, inflammation, and cardiac fibrosis 68,
APN deficiency accelerates viral clearance while reducing inflammation, necrotic lesions, and the release of

troponin |, ultimately maintaining left ventricular function (2!,

CVB3 may indirectly cause a reduction in energy metabolism during myocarditis. Notably, oxidative
phosphorylation or fatty acid B-oxidation gene expression, including ETC complexes | and Il and very long-chain
acyl-CoA dehydrogenase (VLCAD), remain unchanged during CVB3 infections lasting up to 72 h B4l |nstead,
CVB3 infection increases the expression of cardiac TNF-a, an activator of the NF-kB immunoregulatory pathway,
and NF-kB pathway proteins, including NF-kB inhibitor alpha (IkBa) and transcription factor p65 B4, TNF-a levels
were inversely correlated with the expression of VLCAD, ETC complexes I, Il and Ill, and peroxisome proliferator-
activated receptor (PPAR) gamma 1 alpha (PGC-1a) B4l Together, the transcriptomic analyses suggest that CVB3
infection induces the release of cytokines that contribute to energy metabolism anomalies. Increased anaerobic
glycolysis is evidenced by increased expressions of glucose transporter-1 (Glutl), lactate dehydrogenase-1 (LDH-
1), lactate transporter monocarboxylate transporter-4 (MCT-4), and other glycolytic enzymes [24l. The increase in
anaerobic glycolysis suggests that energy production is diverted from the normal aerobic pathway in the
mitochondria. This can be a result of insufficient oxygen supply, damage to mitochondrial respiratory chain

proteins, or increased energy demand, which can occur when mitochondrial functions are impaired.

The transcripts of fatty acid metabolism regulators PGC-1a, PGC-1[3, and PPAR-a were found to be decreased in
viral myocarditis hearts B4IB7, PPARs are anti-inflammatory nuclear receptors that can be expressed in immune
cells 87, They function as a transcription factor and can regulate the activity of other transcription factors, such as
the inhibition of NF-kB 84, The activation of PPAR-a inhibits Th17 cell differentiation by suppressing IL-17, IL-6,
TGF-B, p-STAT3, and ROR-yt expression, which are critical for Th17 differentiation 68169 PPAR-a and its
coactivators stimulate lipid catabolism by increasing fatty acid uptake, fatty acid oxidation, and lipoprotein
assembly; they are highly expressed in organs that depend largely on oxidative metabolism for energy Q7172
The deficiency of PGC-1a and PGC-1[3 has been shown to accelerate heart failure, leading to oxidative stress,
decreased cardiac deficiency, and reduced glucose metabolism B4Z3I74] These observations coincided with
decreased ejection fraction and fractional shortening. Moreover, these findings suggest that metabolic remodeling
begins as early as acute myocarditis, it occurs before structural remodeling, and it contributes to cardiomyocyte

dysfunction by driving cell death 34!,
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