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9Association between Histological 
Changes and Clinical 
Manifestations of Fulminant 
Myocarditis

Chen Chen and Dao Wen Wang

Myocarditis is an inflammatory disorder of the 
myocardium, usually involving mononuclear 
cells infiltrating the myocardium. The lesions can 
be focal or diffuse. The core mechanism of myo-
carditis is the pathophysiological changes caused 
by an inflammatory response [1]. Fulminant 
myocarditis, an acute form of myocarditis, 
involves the rapid generation of numerous inflam-
matory cells that invade the heart [2] (Fig. 9.1).

Based on the type of infiltrating cells, myocar-
ditis can be classified as lymphocytic, giant cell, 
eosinophilic, or cardiac sarcoidosis [2], while 
based on the clinical course of the disease, it can 
be classified as fulminant, acute, chronic active, 
or chronic persistent [3]. In general, the patho-
physiological processes of the different types of 
myocarditis are similar. Viral infections are the 

main cause of myocarditis, and enterovirus infec-
tions are the most thoroughly studied ones, espe-
cially the Coxsackievirus B3 (CVB3) infection 
[4]. At the cytological level, the pathophysiologi-
cal process of myocarditis is divided into three 
stages, acute: viral colonization and replication, 
subacute: inflammatory cell infiltration, and 
chronic: ventricular remodeling (Fig.  9.2) [5]. 
Most viruses that cause myocarditis are localized 
in cardiomyocytes, but some viruses can also 
infect the non-cardiomyocyte cells of the heart 
such as endothelial cells and lymphocytes 
(Table 9.1). Cardiac damage during viral myocar-
ditis occurs mainly through two aspects: direct 
damage caused by virus infection and indirect 
damage caused by the immune response of the 
host [1].
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Fig. 9.1 Disordered myocardial cells infiltrated by numerous inflammatory cells (blue blobs indicated by arrows), as 
detected by hematoxylin and eosin staining of myocardium of mice with fulminant myocarditis
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Fig. 9.2 Three stages of viral myocarditis in mice
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Table 9.1 Target cells of different pathogenic viruses in 
myocarditis

Virus Main target cells
Adenovirus Myocardial cell, fibroblast, 

endothelial cell
Enterovirus/
Coxsackie virus

Myocardial cell

Parvovirus Myocardial cell, endothelial cell
Human herpes virus Endothelial cell?
Cytomegalovirus Myocardial cell
EB virus Lymphocyte
Influenza virus Macrophage, lymphocyte
Hepatitis C virus Myocardial cell
HIV Myocardial cell

9.1  Lymphocytic Myocarditis

Lymphocytic myocarditis is the most common 
type of myocarditis, and viral myocarditis mostly 
manifests as lymphocytic myocarditis. The 
pathology of lymphocytic fulminant myocarditis 
is characterized by a huge infiltration of lympho-
cytes in the myocardial and perivascular intersti-
tium, along with the presence of edema (fluid 
trapped in gaps between cardiomyocytes) and 
plasma cells (Fig.  9.3). Immunohistochemical 
studies followed by classification of the infiltrat-
ing lymphocytes identified CD3+, CD4+, and 
CD8+ cells as well as CD20+ B lymphocytes. 
Furthermore, an equivalent number of CD56+ 
macrophages as well as MPO+ monocytes are 
also presented (Fig. 9.3).

The classification of the inflammatory cells 
provides important clues regarding the mecha-
nism of action of the pathogenic molecules; the 
molecules act on the pattern recognition recep-
tors of cardiomyocytes, resulting in the 
 production of cytokines and chemokines and the 
infiltration of monocytes or macrophages. This is 
followed by the initiation of the adaptive immune 
response via a series of mechanisms that include 
production of lymphocytes and plasma cells, 
which leads to an immoderate immune activation 
and inflammatory storm [6].

In clinical practice, 32 patients of lymphocytic 
fulminant myocarditis, as confirmed by endo-
myocardial biopsy, who initially appeared 
healthy, experienced a sudden onset of symptoms 

after prolonged stress and arrived at the hospital 
within 3–5 days in a state of hypotension, shock, 
and with recurrent syncope.

It has long been recognized that myocarditis is 
primarily caused by viruses; studies have identi-
fied CVB3 receptors in cardiomyocytes and 
established mouse models of myocarditis accord-
ingly [7]. Although viruses were not detected in 
most patients, the role of viral infections as initia-
tors of the immune response cannot be excluded. 
The results of the study in the CVB3 mouse 
model are briefly introduced below.

Myocarditis caused by CVB3 infection is 
divided into a pre-infection period (stage 0) fol-
lowed by three post-infection periods (stages 1, 
2, and 3) [7]. The pre-infection period (stage 0) is 
very important for the prevention of fulminant 
myocarditis, which can be effectively prevented 
if susceptibility to viral infection is rapidly iden-
tified and appropriate measures are taken. Stage 1 
comprises the acute phase during which the virus 
actively replicates in myocardial cells; most 
patients with fulminant myocarditis present in 
this phase. Stage 2 is the subacute phase during 
which viral replication ceases. However, the viral 
genome continues to be expressed in the myocar-
dial cells and can effectively recruit inflamma-
tory cells to infiltrate and induce an immune 
response that damages the myocardium. Stage 3 
is the chronic phase, during which the viral genes 
have been cleared, but the immune response per-
sists, and the heart remodels. There is a high 
probability that the virus will not be detected in a 
Stage 3 myocarditis patient.

9.1.1  Stage 0 (Pre-Infection Stage)

In terms of clinical value, prevention of myocar-
ditis reduces its morbidity and mortality radi-
cally, and should therefore be prioritized. 
Advances in immunization against enteroviruses 
have proven to be effective in preventing myocar-
ditis [8–10]. However, since the morbidity and 
mortality rates of various types of viral myocar-
ditis, especially fulminant myocarditis, are cur-
rently unclear, the risk-benefit ratio of using viral 
vaccines to prevent myocarditis is unknown. 

9 Association between Histological Changes and Clinical Manifestations of Fulminant Myocarditis
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Fig. 9.3 The pathology of endocardial biopsy sample of 
a patient with lymphocytic fulminant myocarditis. 
Hematoxylin and eosin staining (a, b) showing infiltration 
of neutrophils and lymphocytes in endocardium and myo-
cardial interstitium, degeneration and partial lytic necrosis 

cardiomyocytes, and interstitial edema; as well as immu-
nohistochemical staining of CD3 (c), CD4 (d), CD8 (e), 
CD20 (f), CD56 (g) and MPO (h) showing the infiltration 
of various classes of lymphocytes and neutrophils
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Hence, they are not yet suitable for promotion in 
the general population.

Factors that influence the susceptibility of 
the heart to viral infections are not completely 
understood yet. Why do some people contract 
viral infections after exposure while others do 
not, despite living in the same closed environ-
ment? Why do individual symptoms of infec-
tion vary from mild discomfort to acute 
myocarditis or even to fulminant myocarditis? 
The influence of genetic as well as environmen-
tal factors on the development of myocarditis, 
especially fulminant myocarditis, deserves fur-
ther investigation.

Normally, the non-pathogenic strain of cox-
sackievirus, CVB3/0, does not attack the heart, 
but the occurrence of genetic mutations in six 
nucleobases renders its genome (CVB3/0Se-) 
identical to that of pathogenic strains (CVB3/M1 
or CVB3/20), causing it to develop pathogenicity 
and increasing the incidence of viral myocarditis 
in selenium-deficient mice [11].

Susceptibility to viral myocarditis is affected 
not only by the genetic variation of viruses but 
also by the genetic polymorphism of the host. In 
2010, genes of 57 patients who had positive 
endomyocardial biopsies for enterovirus infec-
tion were sequenced, which led to the identifica-
tion of genetic variants of the TLR3 (Toll-like 

receptor 3) gene that increased host susceptibility 
to viral cardiomyopathy [12]. Mutations in the 
TLR3 gene (P554S or L412F) inhibits the NF-κB 
and type I interferon signaling pathways, attenu-
ates cardiac autophagy and repair functions, 
enhances viral replication in the heart, and acti-
vates abnormal immune responses, ultimately 
resulting in impaired cardiac function [12].

There are limited genetic studies on myocar-
ditis, most of which have been disseminated as 
small sample reports. Although polymorphisms 
in genes, such as HLA-DQ and CD45, have been 
reported to be associated with the risk of develop-
ing myocarditis, validation of the sites of these 
genetic variances using large multicenter samples 
and biological studies to determine the specific 
mechanisms by which these polymorphisms lead 
to myocarditis, especially fulminant myocarditis, 
are required [13, 14].

9.1.2  Stage 1 (Acute Stage)

This stage comprises the period from the begin-
ning of the viral infection in the heart to the ces-
sation of viral replication, which is usually within 
2  weeks of infection; fulminant myocarditis is 
typically presented at this stage. The pathophysi-
ological processes include: (i) entry of the virus 

g h

Fig. 9.3 (continued)
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into cardiomyocytes, (ii) virus replication within 
the cardiomyocytes, (iii) direct viral damage to 
cardiomyocytes, and (iv) transcellular viral infec-
tion of adjacent cardiomyocytes. The treatment 
of viral myocarditis could target these key 
processes.

9.1.2.1  Entry of Virus into 
Cardiomyocytes

It has been previously demonstrated that cox-
sackieviruses and adenoviruses are mediated into 
host cells by the Coxsackievirus and adenovirus 
receptor (CAR) [15]. Additionally, these viruses 
can infect host cells via decay-accelerating factor 
(DAF, CD55) or integrin (αvβ3 and αvβ5) that 
act as receptors [16].

The CAR is a transmembrane protein belong-
ing to the intercellular adhesion molecule family 
that mediates rhinovirus and enterovirus infec-
tion in host cells. It has a region comprising two 
extracellular immunoglobulin structural domains 
that forms an inverse parallel dimer by binding to 
another CAR on an adjacent cell (Fig. 9.4). In the 
physiological state, CARs are localized in the AV 
node and mediate electrical conduction; there-

fore, their impairment by the virus leads to the 
development of different forms of arrhythmia in 
patients of myocarditis.

9.1.2.2  Replication of Virus
Once the virus enters the host cell, it utilizes vari-
ous host cell molecules for replication, including 
proteins and non-coding RNAs, thus further aggra-
vating the damage to cardiac function that could 
even progress to dilated cardiomyopathy. Various 
signaling pathways in the host cell have been iden-
tified to play important roles in the different stages 
of the viral life cycle, such as viral entry, replica-
tion, release into other cells, and evasion of the 
host’s immune response (Fig. 9.5) [17].

Entry of viruses into epithelial cells via tight 
junctions is mediated by Fyn and Abl kinases 
[18]. Coxsackievirus infection activates the tyro-
sine protein kinase p56lck, MAPK1/2 kinase, 
and protein kinase C (PKC) signaling pathways, 
which in turn activate the host cell immune 
response while promoting viral replication [19]. 
In addition, the virus-induced p38 MAPK as well 
as glycogen synthase kinase (GSK-3β) pathways 
promote apoptosis and necrosis, which then pro-

Fig. 9.4 Entry of CVB3 into cardiomyocytes via CAR
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Fig. 9.5 Life cycle of CVB3

mote the release of the virus from the cell, facili-
tating subsequent cell invasion and infection 
[20]. Administration of p38 MAPK inhibitors to 
mice with coxsackievirus infection-induced 
myocarditis reduced viral replication in cardio-
myocytes, attenuated myocardial injury, and 
improved cardiac function [21]. Notably, these 
pathways are unable to mediate the injurious 
effects of viruses on the heart independently and 
require interaction with each other. Furthermore, 
viruses utilize different signaling pathways of 
host cells at various life cycle stages to ensure 
their continued survival.

Viruses are able to exploit non-coding RNAs, 
especially microRNAs (miRNAs), present in 
host cells to promote their own replication and 
inflict damage on the host cells. Infection with 
coxsackieviruses promotes the expression of 
miR-141, which was the first miRNA identified 
to be associated with coxsackievirus replication. 
MiR-141 blocks the expression of various pro-
teins in host cells by inhibiting eIF4E [22]. Host- 
derived miRNAs can also interact with viral 
genomes; host miR-10a-3p promotes viral syn-

thesis by interacting with a sequence of coxsacki-
evirus RNA [23].

Although most virus-induced host miRNAs 
promote viral replication and host cell destruc-
tion, some of them, such as miR-221 and miR- 
222, protect the host from viral invasion. These 
miRNAs, whose expression is significantly ele-
vated in coxsackievirus-induced myocarditis, 
inhibit viral replication as well as host cell 
inflammatory responses, and reduce host cell 
apoptosis, mainly by suppressing host genes such 
as interferon regulatory factor 2 (IRF2), C-X-C 
Motif Chemokine Ligand 12 (CXCL12), and 
B-cell lymphoma 2 (bcl-2) [24].

9.1.2.3  Direct Viral Damage 
to Cardiomyocytes

After a successful evasion from the host’s innate 
immune response, the virus begins to replicate in 
host cells and produces viral proteins that directly 
attack the cardiomyocytes (Fig. 9.6). Therefore, 
viral infection of immunodeficient mice led to 
severe symptoms that manifested as fulminant 
myocarditis [25].

9 Association between Histological Changes and Clinical Manifestations of Fulminant Myocarditis
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Fig. 9.6 Direct cell damage by CVB3 after cell entry

The enterovirus genome encodes protease 2A 
and protease 3C, which process the viral polypro-
teins into separate structural or nonstructural pro-
teins that are essential to complete the entire viral 
life cycle. These proteases inhibit the formation 
of translation initiation complexes and prevent 
the production of cell membrane repair proteins 
[26]. In addition, protease 2A specifically affects 
many host proteins related to cardiomyocyte 
structure, signal transduction, and contractile 
function. It is capable of shearing the host eukary-
otic initiation factor-4G (eIF4G), a key initiation 
factor required for translation, and inhibiting the 
synthesis of contractile proteins in cardiomyo-
cytes [27]. It also shears the hinge 3 region of the 
cell repair-related protein dystrophin. This dis-

rupts the integrity of the myocardial membrane, 
increases cell permeability, promotes virus 
spread to neighboring cells, and increases the 
susceptibility of the heart to the virus [28, 29].

Autophagy is an important mechanism by 
which cells repair themselves. During CVB3 
infection, cell function is damaged due to shear-
ing of glycine at position 241 in Sequestosome 1 
(SQSTM1), an important protein in the 
 autophagic response, which leads to the impair of 
autophagic response, reduction in the clearance 
of damaged proteins and subsequent accumula-
tion of misfolded proteins [30].

To investigate the role of proteinase 2A, trans-
genic mice with high expression of proteinase 2A 
in cardiac myocytes were developed. These mice 

C. Chen and D. W. Wang
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displayed rapid enlargement of heart chambers, 
decreased cardiac function, cardiac fibrosis, dis-
turbed cardiomyocyte arrangement, and impaired 
cardiac cytoskeletal structure, suggesting that 
proteinase 2A causes direct damage to the struc-
ture and function of cardiac myocytes [31].

During viral infection, proteinase 2A also 
shears the melanoma differentiation-associated 
protein 5 (MDA5) of the host, inhibits the pro-
duction of type I interferon, and weakens the 
host’s virus-clearance mechanism [32]. In addi-

tion to shearing proteins, proteinase 2A and pro-
teinase 3C activate the exogenous 
(caspase-8-mediated) and the endogenous (mito-
chondrial) apoptotic pathways, directly causing 
cardiomyocyte apoptosis or necrosis.

These studies demonstrated that virus- 
encoded proteases can directly attack cardiomy-
ocytes in several ways (Table  9.2), suggesting 
that effective inhibition of viral protease func-
tion is necessary for the treatment of viral myo-
carditis [33].

Table 9.2 Targets of enterovirus proteases

Type Protease Virus Target genes
Cytophylaxis 2A PV, EV71 MDA5

2A, 3C CVB3, HRV, EV71, PV MAVS
3C CVB3, PV, EV71 RIG-I
2A, 3C EV71 NLRP3
3C EV71, CVB3 TRIF

RNA/protein synthesis 2A PV DCP1a
3C PV La/SSB
2A CVB3 p62/SQSTM1
2A, 3C CVB3 NBR1
3C CVB3 RIP3

Cell integrity 2A CVB3 Dysferlin
2A CVB3 Dystrophin
2A HRV Cytokeratin 8
3C PV MAP-4

Gene transcription 3C PV Oct-1
2A PV TBP
3C PV TFIIIC
3C PV CREB
2A CVB3 SRF
3C CVB3 AUF1
3C PV PTB
3C PV hnRNP M
2A PV Gemin3
3C CVB3 TDP-43

Protein translation 2A CVB3, PV, EV71, RV eIF4GI, eIF4GII
2A, 3C CVB3, PV PABP
2A CVB3 DAP5
3C CVB3, PV, HRV eIF5B
3C PV PCBP
3C PV, HRV p65-RelA

Others 3C CVB3 IKBa
2A, 3C CVB3 GAB1
2A HRV Nup
3C PV, CVB3, EMCV G3BP1

CVB3 Coxsackie virus, EMCV encephalomyocarditis virus, EV enterovirus, HRV human rhinovirus, PV poliovirus

9 Association between Histological Changes and Clinical Manifestations of Fulminant Myocarditis
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9.1.2.4  Host Defense—Innate Immune 
Response

Once a virus is successfully bound to a receptor, 
it confronts the host’s immune response; this is 
inevitable and crucial for the clinical regression 
of myocarditis, especially for fulminant myocar-
ditis. The immune system of higher vertebrates is 
divided into two main categories: innate and 
acquired immunity. Innate immune responses are 
not antigen-specific and can occur rapidly after 
pathogen stimulation of the immune system, 
whereas acquired immune responses are antigen- 
specific. In addition to pathogens such as viruses, 
other non-infectious etiologies can activate innate 
and acquired immunities in the host via various 
mechanisms.

The innate immune response is highly con-
served in interspecies evolution and is the host’s 

first defense against invading pathogens. Upon 
activation by TLRs, the innate immune response 
induces macrophages and natural killer (NK) 
cells, which constitute the main inflammatory 
cells that infiltrate the heart in lymphocytic myo-
carditis (Fig.  9.7). During the first 4–5  days of 
viral infection in the myocardium, acquired 
immune response is not activated, and the innate 
immune response induces the release of a variety 
of cytokines, including interleukin-1 (IL-1), IL-6, 
and tumor necrosis factor α (TNF-α), to limit 
viral replication and dissemination. Previous 
studies have suggested that activation of endo-
plasmic reticulum stress inhibits macrophage 
infiltration in the hearts of mice with viral myo-
carditis, thereby reducing inflammatory factors 
released by macrophages and improving cardiac 
function [34, 35]. Recently, it has been reported 
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Fig. 9.7 Immunohistochemical staining showing infiltration of macrophages (brownish areas marked by arrows) and 
NK cells in the heart of mice with fulminant myocarditis
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that the inflammatory response induces neutro-
phils to migrate to the heart, promote cardiomyo-
cytes to undergo pyroptosis, and impairs cardiac 
function [36].

However, by the time the innate immune 
response manages to remove the virus in fulmi-
nant myocarditis, the immune system becomes 
over-activated and recruits a high number of 
inflammatory cells to the heart, all of which 
release large amounts of inflammatory factors. 
The resultant “inflammatory storm” magnifies 
the damage to the patient’s heart, leading to a dra-
matic decrease in cardiac function. 
Simultaneously, the “inflammatory storm” also 
induces the release of large amounts of vasoac-
tive substances that dilate blood vessels and 
result in shock (see Chap. 3, Pathogenesis of ful-
minant myocarditis: The role of cytokine storm 
in the development of fulminant myocarditis). 
Therefore, proper control of the “inflammatory 
storm” to limit the damaging effects of the 
immune response is one of the priorities in the 
early stages of fulminant myocarditis treatment. 
In case the immune response fails to clear the 
virus completely, the disease becomes chronic 
and may develop into dilated cardiomyopathy.

Interferons
This is a class of powerful antiviral cytokines and 
important effector molecules of the innate 
immune response. Type Ι interferons include 
interferons α and β, while type II includes inter-
feron γ. In vitro cellular assays have demon-
strated that exogenous type I and type II 
interferons inhibit coxsackievirus replication in 
cells, while exogenous type Ι interferons improve 
the impaired cardiac function in mice with 
coxsackievirus- induced myocarditis [37]. To 
investigate the role of endogenous interferon 
molecules in the pathophysiology of viral myo-
carditis, mice with type Ι or type ΙΙ interferon 
receptor deficiency were infected with coxsacki-
evirus. Mice with type Ι interferon receptor defi-
ciency displayed a significant increase in viral 
replication in the liver and in mortality. However, 
there was no increase in viral RNA titers in the 
heart, suggesting that the increase in mortality 
was not secondary to heart infection. Similar 
results were observed after coxsackievirus infec-

tion in mice with interferon β deficiency. This 
suggests that the endogenous type Ι interferon 
receptor signaling pathway plays a critical role in 
organ damage due to viral infection, such as liver 
damage, but not in viral replication in the heart 
during the early stages of infection. The absence 
of the endogenous type ΙΙ interferon signaling 
pathway resulted in a slight increase in viral titers 
in the heart and liver but did not have any effect 
on mortality. These suggest that there may be 
other molecules that mediate the role of 
interferon- related signaling pathways in myocar-
ditis, thus necessitating further investigation.

TLRs
TLRs are important molecules in the innate 
immune response that can recognize pathogen- 
associated molecular patterns (PAMPs) and initi-
ate innate immune defense mechanisms. Various 
pathogens can activate TLR signaling pathways 
via different ligands. Ten and thirteen TLR iso-
forms have been identified in humans and mice, 
respectively. It has been reported that mutation of 
the human TLR3 gene at P554S or L412F 
decreases its function, inhibits host NF-κB and 
type I interferon signaling pathways, attenuates 
cardiac autophagy repair, enhances viral replica-
tion in the heart, and activates abnormal immune 
responses, ultimately impairing cardiac function 
[12]. In addition, polymorphisms in TLR2 and 
TLR4 genes have been reported to be associated 
with bacterium-induced septic shock. TLR2, 
TLR3, TLR4, TLR7, TLR8, and TLR9 are capa-
ble of mediating the antiviral effects of type I 
interferons (Table 9.3). Compared with other tis-
sues, TLR3 and TLR4 expression is relatively low 
and TLR7, TLR8, and TLR9 are barely expressed 
in the human heart. Therefore, there is a high 

Table 9.3 TLRs and viral infections

TLRs Virus ligands
2 Envelope proteins of measles virus, 

cytomegalovirus, and herpes simplex virus 
type I

3 Viral double stranded RNA
4 Respiratory syncytial virus F protein, mouse 

mammary tumor virus envelope protein
7/8 Viral single-stranded RNA
9 CpG DNA

9 Association between Histological Changes and Clinical Manifestations of Fulminant Myocarditis
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probability of other signaling pathways in the 
heart that mediate the antiviral effects of inter-
feron in addition to the TLR signaling pathway.

The TLR3 and TLR7/8 signaling pathways 
are activated by double-stranded RNA (dsRNA) 
and single-stranded RNA (ssRNA), respectively. 
However, the genome of the enterovirus is an 
ortho-stranded ssRNA. Following entry into the 
host cell, viral RNA is released from the capsid 
protein and used as a template to form 
dsRNA.  Infection of TLR3-deficient mice with 
ssRNA viruses leads to the development of severe 
myocarditis with significantly higher levels of 
viral replication in the heart, greater myocardial 
damage, and ultimately, a significant increase in 
early mortality [38]. Morphological examination 
of the heart on days 3 and 5 post viral infection 
revealed that viral titers as well as inflammatory 
responses were significantly higher in the hearts 
of TLR3-knockout mice than in the hearts of 
wild-type mice. This suggests that by inhibiting 
viral replication in the heart, TLR3 plays an 
important role in the host’s antiviral response. 
Interestingly, interferon expression was signifi-
cantly higher in the hearts of TLR3-deficient 
mice, suggesting that TLR3 may activate the 
innate immune response via an interferon non- 
dependent pathway.

TLR4 mainly recognizes lipopolysaccharides 
of gram-negative bacilli. Coxsackieviruses, 
among others, activate TLR4  in macrophages, 
promoting the secretion of inflammatory factors 
and increasing viral replication in cardiomyo-
cytes [39]. However, the specific mechanism by 
which viruses activate the TLR4 signaling 
 pathway remains poorly understood. TLR9 pri-
marily recognizes CpG DNA regions of bacteria 
and viruses. The role of other TLRs in early viral 
replication in the heart has not been clarified. 
Myeloid differentiation factor-88 (MyD88) is an 
important molecule that mediates TLR2, TLR4, 
TLR5, TLR7, and TLR9 signaling pathways. 
MyD88-deficient mice revealed significantly 
lower viral titers in the hearts on days 4, 7, and 
10, along with higher survival rates, after cox-
sackievirus infection as compared to wild-type 
mice [40]. These results demonstrate the impor-
tance and complexity of TLR signaling pathways 
in cardiac regulation and suggest that viruses 

could mediate their actions in the heart via non- 
classical TLR signaling pathways. The potential 
roles of different TLRs are inconsistent and 
require further investigation.

RNA Helicases
Although the majority of TLRs are localized on 
the surface of the cell membrane, TLR3, TLR7/8, 
and TLR9 are localized in the cellular endosome 
wherein they recognize viral nucleic acids fol-
lowing viral entry into the host cell [41]. Since 
viral nucleic acid replication products may also 
be present in the cytoplasm outside the endo-
some, the TLR signaling pathway in the endo-
some may not interact with all viral nucleic acid 
molecules in the host cell. It has been demon-
strated that intracellular viral dsRNA can be rec-
ognized by two RNA helicases, retinoic 
acid-induced protein I (RIG-I) and MDA-5 [42, 
43]. Further, intracellular viral DNA can be rec-
ognized by the DNA-dependent activator of 
interferon regulatory factor (DAI, also known as 
DLM-1/ZBP1) [44]. By constructing RIG-I- or 
MDA-5-deficient mice, the anti-RNA virus prop-
erties of RNA helicases have been confirmed, but 
the anti-DNA viral role of DAI in vivo remains to 
be confirmed. RIG-I recognizes paramyxovi-
ruses, influenza viruses, and epidemic B enceph-
alitis viruses, while MDA-5 recognizes 
encephalomyocarditis viruses and dsRNA 
viruses. Both RIG-I and MDA-5 contain two 
important structural domains: the caspase activa-
tion and recruitment domain (CARD) and the 
RNA helicase domain. The RNA helicase domain 
recognizes and binds to dsRNA, enabling RIG-I 
and MDA-5 to form a dimer having an altered 
structure, thus facilitating the binding of CARD 
to downstream signaling molecules and activat-
ing a series of signaling pathways. In recent 
years, mitochondrial antiviral signaling (MAVS) 
has been found to mediate the activation of down-
stream signaling pathways of RIG-I and MDA-5 
[45]. The N-terminal region of MAVS is the 
CARD, and the C-terminal is the mitochondrial 
transmembrane structural domain. The complex 
formed by binding of dsRNA with RIG-I or 
MDA-5 attaches to the N-terminal CARD of 
MAVS and subsequently activates a series of 
transcription factors, such as NF-κB and 
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 interferon regulatory factors 3 and 7, ultimately 
producing a series of innate immune responses, 
including type I interferon release. Compared to 
wild-type mice, the viral titer in the hearts of 
MDA-5- or MAVS-deficient mice at 48  h after 
infection with encephalomyocarditis virus was 
more than 1000-fold higher than that in wild-type 
mice, suggesting that RNA helicase plays an 
important role in the removal of intracellular 
viral nucleic acids [46, 47].

9.1.2.5  Host Defense–Acquired 
Immune Response

After 6–7  days of viral infection, the acquired 
immune response is activated and T-lymphocytes 
begin to infiltrate the heart, which indicates the 
terminal phase of Stage 1. The peak of T lympho-
cyte infiltration usually occurs between the sev-
enth and the 14th day post viral infection [48]. 
However, in fulminant myocarditis, the acquired 
immune response is activated rapidly, within 
2–3  days after infection, or even on the day of 
infection, recruiting T-lymphocytes to the heart 
and triggering an “inflammatory storm,” which 
forms the core pathophysiological mechanism 
underlying the rapid onset and critical nature of 
fulminant myocarditis (Fig. 9.8).

Infiltration of T-lymphocytes leads to two dis-
tinct effects: the advantageous removal of virally 

infected cardiomyocytes, and the disadvantageous 
effect of damage or necrosis of cardiomyocytes. In 
a severely and acutely injured heart, upon signifi-
cant infiltration of terminally differentiated and 
non-dividing T-lymphocytes, the cellular damage 
caused by the removal of virally infected cells by 
T-lymphocytes, cannot be compensated for by the 
proliferation of normal non- infected cells, which 
ultimately leads to impaired cardiac function. A 
previous study had reported that following infec-
tion with coxsackievirus, the morbidity and mor-
tality of myocarditis were significantly reduced in 
CD4+ (helper T-lymphocytes) and CD8+ 
T-lymphocytes (cytotoxic T-lymphocytes) double-
knockout mice as compared to those in wild-type 
mice [49]. Interestingly, despite complete knock-
down of both CD4+ and CD8+ T-lymphocytes, the 
titer of coxsackievirus in the hearts of double-
knockout mice did not change significantly as 
compared to that in wild-type mice, suggesting the 
existence of a T lymphocyte-independent viral 
clearance mechanism in the heart.

9.1.2.6  Damage to Host Cells by Host 
Immune Response

In the absence of proper control of the host 
immune response, the damaging effects of the 
“inflammatory storm” caused by the over- 
activation of the immune response are stronger 
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T cellVirus mediated
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Fig. 9.8 Immune activation-mediated cellular injury during the course of viral myocarditis
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than its beneficial effects of virus clearance, ulti-
mately leading to myocardial fibrosis, ventricular 
remodeling, and even heart failure (Fig. 9.9).

Regulatory T cells (Tregs) suppress the 
inflammatory response and reduce host cell 
immune damage, whereas T helper 17 (Th17) 
cells enhance the immune inflammatory response 
and promote host cell damage; together they 
maintain a delicate yet dynamic balance in the 
development and regression of myocarditis [50]. 
Although Tregs promote the release of anti- 
inflammatory factors, such as transforming 
growth factor-beta (TGF-β) and IL-10, these fac-
tors are unable to inhibit the massive amount of 
pro-inflammatory factors (such as TNF-α and 
IL-1) consistently released by host cells during 
infection, thus leading to irreversible myocardial 
injury and even acute heart failure [51, 52].

The conversion between M1 pro- inflammatory 
macrophages and M2 anti-inflammatory macro-
phages can also influence the regression of myo-

carditis [53]. Comparison of inflammatory 
responses to coxsackievirus infection in mice of 
different sexes showed a higher expression of M1 
macrophages in the hearts of males and higher 
expression of M2 macrophages in the hearts of 
females [54]. More importantly, the myocardial 
inflammatory response in male as well as female 
mice was boosted by exogenous M1 macro-
phages, whereas M2 macrophages altered the 
inflammatory factor profile of the heart, increased 
anti-inflammatory factors, promoted Treg differ-
entiation, and significantly reduced the cardiac 
inflammatory response in male mice [54].

After the activation of the acquired immune 
response, the massive infiltrating lymphocytes 
not only removes the infected myocardial cells, 
but also causes damage to normal myocardial 
cells. In the 1970s, researchers have observed a 
significant decrease in the cardiac inflammatory 
response in T lymphocyte-deficient mice infected 
with coxsackievirus, as well as in the extent of 
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myocardial injury and mortality as compared to 
those in wild-type mice [55].

Further, it is not just the virus that induces an 
immune response in the host; the host itself pro-
duces antigens that induce an autoimmune 
response. Viral infection in cardiac myocytes 
damages intracellular autoantigens (such as car-
diac myosin), which cross-react with coxsackie-
virus antigens and induce autoimmune responses, 
which further activates B lymphocytes, produces 
large amounts of cardiac autoantibodies and 
inflammatory factors, and ultimately causes dam-
age to the cardiac myocytes [56].

Since current pathological diagnostic criteria 
define only the type and number of infiltrating 
inflammatory cells without a distinction of sub-
types or functional types, they are relatively less 
suitable for prognostic assessment. Further anal-
ysis of various cell subtypes and functions is 
required in the future.

9.1.3  Stage 2 (Subacute Stage)

This stage ranges from a few weeks to a few 
months after viral infection. Studies on animal 
models have shown that coxsackieviruses persist 
in cardiomyocytes for an extended period follow-
ing infection, even without replication. In order 
to investigate whether the persistence of the non- 
replicating genome of coxsackievirus in cardio-
myocytes promotes the development of dilated 
cardiomyopathy, cardiac-specific coxsackievirus- 
mutant transgenic mice were constructed, in 
which low levels of intact coxsackievirus were 
expressed in the heart. However, these were inca-
pable of forming intact viral particles and were 
therefore unable to replicate. The lack of intact 
viral particles also prevented the production of 
corresponding antibodies in the host. 
Histomorphological examination depicted a 
series of typical dilated cardiomyopathy pheno-
types such as interstitial fibrosis of cardiomyo-
cytes, myocardial hypertrophy, and 
cardiomyocyte degeneration in the hearts of these 
transgenic mice [57]. In clinical practice, viral 
genome expression is detected in myocardial 
biopsy specimens of patients of myocarditis or 
dilated cardiomyopathy; however, replicative 

state viruses are rarely detected in the specimens 
from patients of myocarditis. These results sug-
gest that the mere presence of the viral genome is 
sufficient for the development and progression of 
cardiomyopathy.

9.1.4  Stage 3 (Chronic Stage)

This stage mostly ranges from several months to 
years after viral infection. Since the majority of 
the patients at this stage fail to detect the pres-
ence of the virus or viral genome in the myocar-
dium, they are often diagnosed and treated for 
other types of heart disease. Even in cases where 
dilated cardiomyopathy is diagnosed, the cause 
remains undetermined since the previous infec-
tion is unconfirmed. Therefore, the importance of 
diagnosis early in the infection is even more 
emphasized along with an urgent need to design 
tests that are more specific, as well as sensitive, to 
the detection of viral infection.

9.2  Giant Cell Myocarditis

Giant cell myocarditis (GCM) is a rare and 
extremely critical myocarditis that was first 
reported in 1905 [58]. The onset of the disease is 
acute, with rapid deterioration of cardiac function. 
Prior to the introduction of heart transplantation 
or immunomodulatory drugs, almost all patients 
of GCM perished within a few days of onset, rely-
ing solely on autopsy findings for diagnosis. The 
onset age of GCM patients is about 40 years old, 
and 20% of patients have a history of autoimmune 
diseases [59]. Most patients of GCM present with 
acute heart failure, with approximately 50% of 
them developing ventricular tachycardia, different 
degrees of atrioventricular block, and having a 
median survival time of 3 months without resort-
ing to heart transplantation or treatment with 
immunomodulatory drugs [60].

GCM is a T lymphocyte-mediated autoimmune 
disease; gene expression profiling of myocardial 
tissue from patients of GCM showed an abnor-
mally enhanced immune response in their hearts, 
particularly a marked increase in the expression of 
chemokines associated with Th1 activation in T 
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helper (Th) cells [61]. In contrast to viral myocar-
ditis, cardiac autoantibodies are uncommon in 
patients of GCM, suggesting that the pathogenesis 
of GCM is dominated by T-lymphocytes, rather 
than B  lymphocyte- mediated autoimmune 
responses. The main pathological feature of GCM 
is the formation of multinucleated giant cells fol-
lowing massive lymphocyte infiltration is the main 
pathological feature of GCM, with highly acti-
vated T cells, leading to an inflammatory storm.

Monotherapy with glucocorticoid-based 
immunosuppressants does not improve the 
prognosis of GCM. However, the combination 
of concurrent T cell-targeted immunosuppres-
sants effectively mitigates GCM progression. 
Nevertheless, drug therapy is less effective than 
heart transplantation and is associated with 
multiple cardiovascular complications. 
Moreover, even after heart transplantation, 
GCM recurs in approximately 25% of post-
transplant patients [60].

9.3  Eosinophilic Myocarditis

Eosinophilic myocarditis is caused by a variety 
of etiologies and comprises eosinophil infiltra-
tion into the heart followed by myocardial endo-
cardial fibrosis. Eosinophils comprise 
cytoplasmic granules which release cytotoxic 
proteins in response to immunogenic stimulation, 
thereby inducing oxidative stress and leading to 
apoptosis or necrosis. Furthermore, eosinophils 
can directly damage cardiomyocytes.

One of the etiologies of eosinophilic myocar-
ditis is drug allergy, associated with the use of 
drugs (antibiotics, such as penicillin, diuretics, or 
dopamine) or vaccines (such as smallpox vac-
cine), with a very rare onset. Usually, the onset 
occurs at the time of administering the drug; 
however, in rare cases, the onset occurs after sev-
eral years of drug administration [62].

9.4  Sarcoidosis Myocarditis

Sarcoidosis is an inflammatory disease involving 
multiple organs and systems (such as the eyes, 
skin, lungs, or heart). The pathogenesis of sar-

coidosis has not yet been elucidated; histomor-
phologically, it manifests as an accumulation of 
T-lymphocytes, mononuclear phagocytes, and 
non-neoplastic granulomas. The main pathologi-
cal feature that differentiates sarcoidosis from 
GCM is the presence of granulomas which appear 
as follicular structures composed of tightly 
packed lymphocytes (especially CD4+ T cells), 
giant cells, and epithelial cells, and surrounded 
by fibroblasts and more lymphocytes (including 
B cells, CD4+ T cells, and CD8+ T cells) [63]. In 
the early stages of the nodal disease, Th1 cells are 
stimulated to mediate the activation of the inflam-
matory response in the heart, as well as to interact 
with antigen-presenting cells (APCs) to form 
granulomas. Subsequently, Th2 cells are acti-
vated, leading to fibrosis. Sarcoidosis patients 
have increased levels of Th1 cell-associated cyto-
kine expression in the heart [64]. Myocardial tis-
sue biopsies of sarcoidosis myocarditis patients 
had revealed a high number of CD209+ dendritic 
cells as well as CD68+ macrophages, whereas the 
number of CD163+ M2 macrophages was low 
[65], suggesting a higher number of injurious 
macrophages. Although the pathogenesis of sar-
coidosis myocarditis is clearly different from that 
of lymphocytic myocarditis or GCM, there are no 
specific biomarkers available yet for the clinical 
diagnosis of sarcoidosis myocarditis [66].

9.5  Connective Tissue Disease- 
Induced Autoimmune 
Myocarditis

Multiple connective tissue disorders (CTDs), 
such as systemic lupus erythematosus (SLE), 
rheumatoid arthritis (RA), scleroderma, or der-
matomyositis are complicated by myocarditis 
[67]. Approximately 10% of SLE patients show 
clinical manifestations of myocarditis, mostly 
lymphocytic; RA patients have a comparatively 
lower incidence of myocarditis, which is mostly 
interstitial or sarcoid [68].

SLE causes monocyte infiltration, formation 
of immune complexes, as well as complement 
deposition in the heart tissues of patients of myo-
carditis. In RA patients, anti-citrullinated protein 
antibodies are produced following the conversion 
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of arginase to citrulline. A study using cardiac 
magnetic resonance technique found that RA 
patients showing high levels of anti-citrullinated 
protein antibodies had a higher left ventricular 
weight index than those with low levels, suggest-
ing that RA may induce myocardial injury [69]. 
The formation of these anti-autoantibodies in 
massive numbers followed by their deposition in 
the heart activates autoimmune responses and 
impairs cardiac function.

Notably, CTDs also indirectly damage cardiac 
function by impairing blood vessels.

9.6  Immune Checkpoint 
Inhibitor-Induced 
Myocarditis

Myocarditis induced by immune checkpoint 
inhibitors (ICIs) is the most common side 
effect of ICIs in the cardiovascular system. 
Infiltration of T-lymphocytes in massive num-
bers has been observed in the hearts of cyto-
toxic T lymphocyte- associated protein 4 
(CTLA-4) and programmed cell death protein 

1 (PD-1) knockout mice, leading to autoim-
mune dilated cardiomyopathy [70]. Several 
studies have shown that PD-1 knockout mice 
are more susceptible to autoimmune myocardi-
tis and suffer greater cardiac damage than the 
wild type [71–73].

The mechanisms by which ICIs cause myo-
carditis have not been completely elucidated yet; 
multiple impairment effects (as follows) may 
synergize to affect cardiac function: (i) ICIs act 
as monoclonal antibodies that bind directly to 
antigens (such as CTLA-4) on the surface of nor-
mal cells, leading to T lymphocyte infiltration 
and complement activation, thus causing myo-
cardial tissue damage. (ii) ICI treatment enhances 
the off-target effect by promoting the function of 
T-lymphocytes, which then recognizes the tumor 
antigen or healthy tissue expressing the antigen 
through the circulatory system. (iii) ICIs increase 
the circulating as well as tissue levels of cyto-
kines and promote the infiltration of inflamma-
tory molecules in non-targeted tissues. (iv) ICIs 
promote autoimmune-associated antibody pro-
duction, leading to autoimmune responses 
(Fig. 9.10) [74].
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Fig. 9.10 Mechanisms by which immune checkpoint inhibitors damage the heart and kidney
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The CTLA-4 monoclonal antibody affects the 
binding of CTLA-4 (present on the surface of T 
cells) to B7 (present on the surface of APCs), thus 
reducing the threshold of cardiac T cell activation. 
CTLA-4 monoclonal antibody interacts with 
CTLA-4-expressing Treg cells, thereby affecting 
the inhibitory function of Tregs in vivo and leading 
to enhanced T cell activity in the heart. PD-1 anti-
bodies damage the heart by blocking the binding 
of PD-1 and its ligands to APCs and cardiomyo-
cytes, thus inducing T cell activation (Fig. 9.11).

In addition, T cells attack common antigens 
of tumors and the heart. In patients of ICI-

induced myocarditis, some of the T cells infil-
trating the myocardial tissue were identical to 
those present in tumor cells or skeletal muscle, 
suggesting that these T cells respond to a com-
mon antigen. Furthermore, an abnormal 
increase in the expression of muscle-specific 
antigens (troponin and junctional proteins) 
was observed in the tumor tissues of these 
patients. This suggests that T cells target anti-
gens common to the tumor and heart; ICIs 
damage the heart by enhancing the action of 
such T cells, leading to fulminant myocarditis 
(Fig. 9.12).
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Fig. 9.11 Immune checkpoint inhibitors disrupt the body’s immune tolerance to the heart
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All pathological types of fulminant myocardi-
tis present with rapid cardiac dysfunction and 
lethal arrhythmias. In general, lymphocytic myo-
carditis is more common. However, giant cell as 
well as eosinophilic myocarditis have a compara-
tively rapid onset and are often more severe. 
Therefore, a pathologic diagnosis is essential for 
deciding the treatment strategy.

Key Points

 1. Myocarditis is an inflammatory disorder of 
myocardial cells in which mononuclear cells 
infiltrate the myocardium.

 2. The pathophysiological process of myocardi-
tis is divided into three stages at the cellular 
level: acute stage of viral colonization and 
replication, subacute stage of inflammatory 
cell infiltration, and chronic stage of ventricu-
lar remodeling.

 3. In fulminant myocarditis patients, by the time 
the virus is removed via the immune response, 
the immune system is over-activated and 
inflammatory cells will be infiltrated. 
Meanwhile, massive inflammatory factors are 
stimulated and released, causing an “inflam-
matory storm” that amplifies the damage to 
the patient’s heart caused by pathogenic ero-
sion, resulting in a decrease in myocardial 
contractility and a sharp decline in cardiac 
function, ultimately leading to cardiogenic 
shock and arrhythmia. Inflammatory storms 
also induce the release of numerous vasoac-
tive substances, which dilate blood vessels 
and aggravate the state of shock.
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