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REVIEWS

M) Check for updates

Myocarditis and inflammatory
cardiomyopathy: current evidence
and future directions

Inflammatory cardiomyopathy is defined as myocarditis
in association with cardiac dysfunction and ventricular
remodelling*. Despite extensive research and improved
diagnosis and understanding of the pathogenesis of
inflammatory cardiomyopathy, this disorder is still
associated with a poor prognosis when complicated
by left ventricular (LV) dysfunction, heart failure (HF) or
arrhythmia’. Furthermore, fulminant myocarditis, a rare,
sudden and severe cardiac inflammation, is one of the
main causes of cardiogenic shock in young adults*’.
Prompt diagnosis and specific treatment strategies are
needed to reduce mortality and the need for heart trans-
plantation in these patients*’. Many questions remain
unanswered regarding the pathogenesis of inflammatory
cardiomyopathy and the role of the viral infection, the
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Abstract | Inflammatory cardiomyopathy, characterized by inflammatory cellinfiltration into the
myocardium and a high risk of deteriorating cardiac function, has a heterogeneous aetiology.
Inflammatory cardiomyopathy is predominantly mediated by viral infection, but can also be
induced by bacterial, protozoal or fungal infections as well as a wide variety of toxic substances
and drugs and systemic immune-mediated diseases. Despite extensive research, inflammatory
cardiomyopathy complicated by left ventricular dysfunction, heart failure or arrhythmia is
associated with a poor prognosis. At present, the reason why some patients recover without
residual myocardial injury whereas others develop dilated cardiomyopathy is unclear. The relative
roles of the pathogen, host genomics and environmental factors in disease progression and
healing are still under discussion, including which viruses are active inducers and which are only
bystanders. As a consequence, treatment strategies are not well established. In this Review,

we summarize and evaluate the available evidence on the pathogenesis, diagnosis and treatment
of myocarditis and inflammatory cardiomyopathy, with a special focus on virus-induced and
virus-associated myocarditis. Furthermore, we identify knowledge gaps, appraise the available
experimental models and propose future directions for the field. The current knowledge and
open questions regarding the cardiovascular effects associated with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection are also discussed. This Review is the result of
scientific cooperation of members of the Heart Failure Association of the ESC, the Heart Failure
Society of America and the Japanese Heart Failure Society.

immune system, the host genetic background and the
environment in disease progression and prognosis.
These gaps in knowledge highlight the need for advanced
experimental systems that can better model the human
immune system and the need to improve the characteri-
zation and classification of the patients, for example, with
the use of phenomapping and phenomics, which involve
detailed evaluation of immune status, viral presence
and/or other biomarkers.

In this Review, we discuss the available evidence and
identify the gaps in our understanding of the pathogen-
esis, diagnosis, treatment and prognosis of myocarditis
and inflammatory cardiomyopathy, appraise the availa-
ble animal and cell models of these conditions and pro-
pose future directions for the field. We discuss the role
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Key points

* The role of specific viruses, immune cells and autoimmunity in the pathogenesis of
myocarditis and inflammatory cardiomyopathy is still incompletely understood, and
advanced animal and cell models are required for future research.

* Advanced animal models that take into account immune experience and exposure to
environmental factors and in vitro models with immune cell interactions are needed
to facilitate better clinical translation of the findings.

* Improved standardization of available invasive and noninvasive diagnostic tools
and a consensus on their specific use are needed to allow specific diagnosis and
stratification of patient cohorts for the implementation of aetiology-based therapies.

* To develop aetiology-based therapies, the efficacy of many existing, repurposed or
emerging therapies needs to be evaluated in large, controlled, randomized trials.

of viruses as active inducers or as potential bystanders of
myocarditis and inflammatory cardiomyopathy. We
assess the relevance of histology, immunohistology and
molecular biology techniques for the analysis of endo-
myocardial biopsy (EMB) samples, as well as advanced
imaging methods and the role of inflammatory and
immune cell markers, immune cell ratios, microRNAs
and antibodies for the diagnosis, guidance of therapeu-
tic decisions and management in patients with myo-
carditis and inflammatory cardiomyopathy. We outline
patient-specific therapeutic options that are based on an
accurate diagnosis, covering current and novel strategies.
The aim of the Review is to help clinicians and scientists
apply the best diagnostic and therapeutic approaches to
solve individual patient problems in clinical practice.
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This Review is the result of a scientific cooperation of
members from the Heart Failure Association of the ESC,
the Heart Failure Society of America and the Japanese
Heart Failure Society.

Pathogenesis

The role of viruses

Myocarditis is an inflammatory cardiac disorder induced
predominantly by viruses®” but also by other infectious
agents including bacteria (such as Borrelia spp.), proto-
zoa (such as Trypanosoma cruzi) and fungi. Myocarditis
can also be induced by a wide variety of toxic substances
and drugs (such as immune checkpoint inhibitors)® and
systemic immune-mediated diseases’. Importantly, the
aetiopathogenesis, induction and course of myocarditis
related to different infectious agents vary considerably.
The most common viruses associated with inflamma-
tory cardiomyopathy include: primary cardiotropic
viruses that can be cleared from the heart, including
adenoviruses and enteroviruses (such as coxsackie
A viruses or coxsackie B viruses, and echoviruses);
vasculotropic viruses that are likely to have lifelong
persistence, including parvovirus B19 (B19V; from the
erythrovirus family); lymphotropic viruses with lifelong
persistence that belong to the Herpesviridae family (such
as human herpesvirus 6 (HHV®6), Epstein-Barr virus
and human cytomegalovirus); viruses that indirectly
trigger myocarditis by activating the immune system'*"’,
including human immunodeficiency virus (HIV), hep-
atitis C virus (HCV), influenza A virus and influenza
B virus; and viruses from the Coronaviridae family,
including Middle East respiratory syndrome corona-
virus (MERS-CoV), severe acute respiratory syndrome
coronavirus (SARS-CoV) and SARS-CoV-2, which
have angiotensin-converting enzyme 2 (ACE2) tropism
and can potentially mediate direct cardiac injury. These
coronaviruses are also suggested to indirectly trigger
myocarditis, in a similar manner to influenza A and
B viruses, via cytokine-mediated cardiotoxicity or by
triggering an autoimmune response against components
of the heart'” (TABLE 1). The exact pathological mecha-
nisms underlying SARS-CoV-2-associated heart disease
are so far unknown and require in-depth investigation of
EMB and autopsy samples from affected patients.

A distinction is needed between virus-induced
inflammatory cardiomyopathy and virus-associated
inflammatory cardiomyopathy (in case of viral latency),
which depends on the causality between the virus and
the pathogenesis of inflammatory cardiomyopathy.
Furthermore, a clear classification should be made to
distinguish between viruses that directly (cardiotropic
and vasculotropic viruses) or indirectly (lymphotropic
viruses) infiltrate the heart, and viruses that might not
necessarily infect cardiac cells but indirectly induce
cardiac injury and negative inotropy by triggering
a cytokine storm or a cellular immune response by
molecular mimicry.

The ESC guidelines require viral diagnostics?, invol-
ving viral genome analysis of EMB samples via quan-
titative PCR, to define the underlying aetiology of
inflammatory cardiomyopathy. By contrast, the AHA
does not recommend routine viral genome analysis for
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Table 1] Viruses associated with myocarditis and inflammatory cardiomyopathy

Treatment for associated heart
disease

IFNa or IFNB (?); direct-acting
antiviral therapy (?); intravenous
immunoglobulins (?)

No need for antiviral therapy

Intravenous injection of
immunoglobulins (?)

No need for antiviral therapy

Anti-herpesvirus drugs

Direct-acting antiviral therapy

Potential treatments currently
under investigation: remdesivir;
hydroxychloroquine and azithro-

Viral tropism Virus Viral Virulence
genome
Cardiotropic ~ Adenoviruses dsDNA  Virulent
Enteroviruses (+)ssRNA
(coxsackieviruses,
echoviruses)
Vasculotropic  Parvovirus B19 ssDNA Bystander: latent; low viral
DNA copy numbers in cardiac
tissue; with or without cardiac
inflammation
Virulent: high viral DNA copy
numbers in cardiac tissue
(>500 viral DNA copies per micro-
gram cardiac DNA) with cardiac
inflammation or systemic infection
Lymphotropic  Cytomegalovirus; dsDNA  Bystander: latent; low DNA copy
Epstein—-Barr numbers in cardiac tissue; with or
virus; human without cardiac inflammation
IS IS Virulent: high cardiac DNA
copy numbers; with cardiac
inflammation
Cardiotoxic Hepatitis Cvirus;  (+)ssRNA  Virulent: cardiac inflammation
HIV; Influenza with viraemia
viruses
ACE2-tropic;  Coronaviruses (+)ssRNA  Virulent: viraemia; cardiac
cardiotoxic (?) (MERS-CoV, inflammation (?)
SARS-CoV,
SARS-CoV-2)

mycin; darunavir and cobicistat;
lopinavir—ritonavir; favipiravir;
ribavirin; IFNa; camostat mesylate

‘(?) indicates unclear, needs further investigation; ACE2, angiotensin-converting enzyme 2; dsDNA, double-stranded DNA;
HIV, human immunodeficiency virus; MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV, severe acute
respiratory syndrome coronavirus; ssDNA, single-stranded DNA; (+)ssRNA, positive-sense single-stranded RNA.

the diagnosis of (viral) inflammatory cardiomyopathy*’,
but this technique is discussed in a 2020 scientific
statement as a potential option in cases of diagnostic
uncertainty’. Further prospective studies are needed to
determine and validate the role of viral genome detec-
tion in the heart in the diagnosis and management of
inflammatory cardiomyopathy.

In the past two decades, BI9V and HHV6 have been
more frequently detected in EMB samples from patients
with myocarditis than enteroviruses or adenoviruses,
and approximately 30% of patients have multiple viral
infections'®*. In infants, a high number of cases of acute
enterovirus myocarditis has been observed in the past
5 years'>"". In general, the detection frequency of the
viruses associated with inflammatory cardiomyopathy
has changed over time, partly influenced by the eval-
uation of a broader repertoire of viruses (FIG. 1). Many
viral infections have a characteristic seasonal distribu-
tion. For example, influenza viruses are prevalent dur-
ing the winter months, whereas enteroviruses, including
coxsackie A and B viruses, and echoviruses, are more
frequently detected during summer and autumn'®.
However, regional climate differences can influence
the seasonal variation of viral infections'®. Enteroviral
myocarditis predominates in male adolescent and adult
patients'’. Male sex is also a major risk factor for death
in patients with coronavirus disease 2019 (COVID-19),
which is caused by SARS-CoV-2 infection®, suggesting

that the outcome of virus-associated heart disease might
depend on differences in the immune responses between
women and men?"*.

Adenoviruses and enteroviruses. Enteroviruses, most
commonly coxsackie B viruses, and some adenoviruses
are established causes of acute myocarditis and inflam-
matory cardiomyopathy'®. These viruses infect cardio-
myocytes by binding to a common transmembrane
receptor (the coxsackievirus and adenovirus receptor
(CAR)*) and can thereby induce direct myocardial
injury, including cytoskeletal disruption®, and trigger
an uncontrolled immune response even after viral clear-
ance. These viruses are examples of cytolytic viruses,
which trigger myocarditis by inducing viral replication
inside the host cell followed by lysis of the cell for viral
release. Persistence of adenoviruses and enteroviruses in
the myocardium leads to LV dysfunction, poor clinical
outcomes and increased mortality in these patients'**.
However, about 50% of patients with enterovirus-
induced or adenovirus-induced myocarditis completely
recover without residual injuries, resulting in healed
myocarditis®. Patients carrying the CCR5A32 deletion
(which results in deficiency of CC-chemokine receptor 5
(CCRb)), either in heterozygosity or homozygosity,
showed spontaneous clearance of enterovirus infec-
tion compared with patients carrying the wild-type
CCRS5 (REF?), a finding that accentuates the importance
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CD8* T cells

A subpopulation of MHC
class I-restricted T cells
and mediators of adaptive
immunity. They include
cytotoxic T cells, which are
important for killing cancerous
or virus-infected cells, and
CD8* suppressor T cells,
which block certain types
of immune response.
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Fig. 1| Prominent viruses associated with inflammatory cardiomyopathy over time. Over the years, the number
of recognized viruses associated with inflammatory cardiomyopathy has grown. This evolution is partly influenced by
the intentional detection of a broader repertoire of viruses over time as well as by the occurrence of novel viruses or
virus genotypes in the heart. The association between severe acute respiratory syndrome coronavirus (SARS-CoV) and
SARS-CoV-2 and inflammatory cardiomyopathy is not yet clear. /(?)’ denotes unclear, needing further investigation;
HIV, human immunodeficiency virus. Based on data from REF.*%.

of the genetic background on disease progression and
outcome. Furthermore, mutant strains of coxsackie-
virus B3 (CVB3) with 5’-terminal deletions in their
genomic RNA have been isolated from a patient with
idiopathic dilated cardiomyopathy (DCM), a mutation
that has been suggested as a possible mechanism of viral
persistence in the heart”. Indeed, a later study showed
that persistent forms of group B enteroviruses harbour a
5’'-terminal deletion in their genomic RNAs and that
these viruses can impair cardiomyocyte function
through the proteolytic activity of viral proteinase 2A
in patients with unexplained DCM*. Beyond providing
a potential mechanism for viral persistence, this study
suggests that conventional PCR might not be capable of

detecting these mutant viruses™.

Parvovirus B19. B19V infection is associated with a
broad range of clinical manifestations. B19V infec-
tions are usually mild and self-limiting, but can also
induce severe septic and haematological complications.
B19V can cause acute cardiac infection during severe
viraemia®, but B19V infection can also persist in the heart
with virus reactivation episodes®. This vasculotropic
virus can enter endothelial cells and trigger the release
of pro-inflammatory cytokines mediated by the toxic,
non-structural viral protein NS1 (REF.*'). BI9V infec-
tion of endothelial cells can thereby induce cardiomyo-
cyte apoptosis, as shown in vitro in B19V-infected
endothelial cells co-cultured with cardiomyocytes™.
Sustained severe cardiac inflammation, especially in the
setting of acute B19V infection, might lead to cardio-
myocyte necrosis®. How B19V persistence in the heart
affects clinical outcomes is still under discussion**. The
aetiological role of BI9V infection in the development
of myocarditis is also unclear, given that B19V is often
found in myocardial autopsy samples from individuals
without myocarditis or DCM?*”. This observation sug-
gests that the presence of B19V DNA in cardiac tissue
might indicate in most cases that BI9V is a non-specific
bystander of myocarditis rather than the main path-
ogen causing the disease®. Only the presence of high

copy numbers of BI9V DNA in cardiac tissue (>500 viral
DNA copies per microgram of cardiac DNA) is currently
considered to be related to myocarditis”. Beyond a high
B19V DNA copy number in the heart'"", the pres-
ence of active replicating B19V with detectable viral
RNA*, as well as the co-presence of lymphotropic viruses
(such as HHV6)*, is thought to be related to myocarditis,
but this finding needs to be further investigated*. The
majority of EMB samples from patients with acute myo-
carditis or inflammatory cardiomyopathy have low copy
numbers of BI9V DNA, which raises the question about
the aetiopathogenic role of persistent B19V infection as
arelevant trigger of chronic inflammatory heart disease.

Herpesviridae. Viruses belonging to the Herpesviridae
family (such as Epstein-Barr virus, HHV6 and cyto-
megalovirus) can have lifelong persistence in the
body. Epstein-Barr virus was found to induce a severe,
chronic active infection of CD8'T cells in the myocar-
dium in a patient with ongoing perimyocarditis*. The
most prevalent cardiac herpesvirus, HHV6, which also
infects T cells, is divided into the subgroups HHV6A
and HHV6B. Interestingly, the HHV6 genome can be
integrated into the DNA of somatic cells or germ line
cells**. Whether the integrated HHV6 copies can be
reactivated and induce myocarditis is still unclear.

HIV, hepatitis C virus and influenza A and B viruses.
Myocarditis associated with HIV*, HCV* or influenza
virus* infections has been suggested to result from
immune-mediated effects. The persistence of HCV
infection and development of DCM have been linked
to the genetic background of the patients, with HLA-
DPB1*0901 and HLA-DRBI1*1201 alleles being more
prevalent in these patients*.

Coronaviridae. Coronaviruses, belonging to the
Coronaviridae family, are classified into four groups,
Alphacoronavirus, Betacoronavirus, Gammacorona-
virus and Deltacoronavirus, of which Alphacoronavirus
and Betacoronavirus are known to cause infection in
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T helper 1 cells

(T, 1 cells). A subset of T helper
cells that primarily secrete
IFNy, which is associated with
protection against intracellular
microbes (predominantly
viruses) and the onset of
antitumorigenic or
pro-tumorigenic effects.

T helper 2 cells

(T2 cells). A subset of T helper
cells that fight parasitic
infections by secreting specific
interleukins, including IL-4,
IL-5 and IL-13.

humans*. Different members of Coronaviridae con-
stantly circulate in the human population, usually caus-
ing mild respiratory diseases®. By contrast, MERS-CoV,
SARS-CoV and SARS-CoV-2 can be transmitted from
animals to humans to cause severe respiratory diseases™.
To date, older age (>60 years), male sex and presence
of comorbidities, including hypertension and obesity,
are known to be the major risk factors for death in patients
with COVID-19 (REFS*"*). Presence of cardiac injury
(defined by elevated troponin levels in plasma), increased
levels of D-dimer or IL-6 in plasma, and acute respira-
tory distress syndrome are other strong and independent
factors associated with mortality in these patients®.
The suggested mechanisms of myocardial injury in
patients with COVID-19 include myocardial damage by
a cytokine storm triggered by an imbalanced response
of T helper 1 cells (T};1 cells) and T helper 2 cells (T2
cells)***, and respiratory dysfunction and hypoxaemia
caused by SARS-CoV-2 infection®. Myocardial injury
might also be attributable to decreased activity of the
ACE2-angiotensin (1-7) axis, which has cardiovascu-
lar protective effects as a counter-regulatory element of
angiotensin II signalling®. ACE2 and angiotensin (1-7)
levels have been shown to be reduced in autopsy heart
samples from patients with a positive test for SARS-
CoV™. In addition, ACE2 is the entry receptor for coro-
naviruses, including SARS-CoV*® and SARS-CoV-2
(REF™), into host cells. SARS-CoV and SARS-CoV-2 entry
into the host cell requires binding of the viral spike
protein to ACE2 and spike protein priming mediated
by the host cell serine proteases TMPRSS2, cathepsin B
and cathepsin L*>%. TMPRSS2 is present on lung cells
that express ACE2, and has been shown to be essential
for viral entry”. Nicin and colleagues showed that car-
diac cells including cardiomyocytes, pericytes, fibro-
blasts, endothelial cells and leukocytes from patients
with HF with reduced ejection fraction or with aortic
stenosis express ACE2 (REF.)). Similar to these findings,
our group analysed a single EMB sample from a patient
with DCM and found that ACE2 is mainly expressed in
cardiomyocytes, pericytes and fibroblasts, although these
cardiac cells did not express TMPRSS2 (N.H, H.M., C.T,,
S.V.L., unpublished observations). SARS-CoV-2 has also
been detected in macrophages in cardiac tissue, which
suggests that SARS-CoV-2 can reach the heart during
transient viraemia or through infiltration of infected
macrophages into the myocardium®. Furthermore, pres-
ence of viral elements within endothelial cells and an
accumulation of inflammatory cells in the myocardium,
with evidence of endothelial and inflammatory cell death
indicative of endotheliitis, has been reported®. So far,
the classic type of acute lymphocytic myocarditis or lym-
phocytic inflammatory cardiomyopathy has not been
detected in patients with COVID-19 (REF'%. Further
insights into SARS-CoV-2 infection and myocardial
damage are needed for the appropriate classification of
the associated heart disease.

Knowledge gaps and future directions.
* Improve viral detection methods, given that current
diagnostic methods have low sensitivity for viral

genome detection in heart samples.

REVIEWS

* Adopt next-generation sequencing (NGS) and
metagenomics approaches that allow unbiased path-
ogen detection® to improve the accuracy of diag-
nosis, given that knowledge about mutant viruses
and ‘new’ viruses associated with inflammatory
cardiomyopathy is lacking.

Understand the diagnostic distinction between active
versus persistent and/or latent viral cardiac infection.
Understand the pathogenic and prognostic importance
of viral load.

Understand the role of the patient genetic back-
ground and sex on the progression and outcome of
viral myocarditis.

Develop registries to assess the presence and type of
viruses in acute myocarditis versus chronic inflam-
matory cardiomyopathy and paediatric versus adult
patient populations.

* Develop vaccines against viruses related to myocarditis.
Understand the pathogenic mechanisms of
SARS-CoV2-associated heart disease.

Role of immune cells

Our understanding of the role of immune cells in
inflammatory cardiomyopathy is evolving. The impor-
tance of immune cells in the pathogenesis of viral
myocarditis and viral inflammatory cardiomyopa-
thy has been demonstrated in experimental mouse
models®.The pathogenic process of viral inflammatory
cardiomyopathy can conceptually be divided into three
phases: an acute phase of viral entry into the cell and
activation of the innate immune response (which can
last 1-7 days), a subacute phase with activation of the
adaptive immune response (which can last 1-4 weeks),
and a chronic phase that can last from months to years,
in which delayed or ineffective viral clearance together
with chronic inflammation and cardiac remodelling can
lead to DCM*®.

Upon infection, the innate immune response is
activated. Innate immune cells, as well as cardiac cells
including cardiomyocytes, are activated via recognition
by pattern recognition receptors, including Toll-like
receptors (TLRs)®” and nucleotide-binding oligomeri-
zation domain-like receptors®®®, of specific molecular
patterns of pathogens (termed pathogen-associated
molecular patterns (PAMPs)) and patterns released from
endogenous damaged cells (termed damage-associated
molecular patterns (DAMPs)), such as released ATP,
S100A8 and S100A9 (REF.”). The type of pattern recog-
nition receptor and downstream signalling can differ
depending on the pathogen or DAMP. The activated
innate immune cells and cardiac cells release cytokines,
chemokines, interferons and alarmins, leading to fur-
ther activation and homing of innate immune cells to
the heart, including mast cells, neutrophils, dendritic
cells, monocytes and macrophages’'. Monocytes and
macrophages are the main inflammatory cell sub-
sets found in human and experimental myocarditis.
Although activation of the innate immune response in
the heart is beneficial to the host owing to its antiviral
effects, excessive or persistent activation of the innate
immune system can lead to an exaggerated and/or
chronic inflammatory process that triggers myocardial
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Fig. 2 | Cardiosplenic axis in coxsackievirus B3-induced myocarditis. In the heart, coxsackievirus B3 infection of
cardiomyocytes leads to cell damage and death and the release of IL-1p and damage-associated molecular patterns
(DAMPs), which trigger the recruitment and activation of cells from the innate immune system. Pain, anxiety and the
release of danger signals into the systemic circulation trigger emergency haematopoiesis in the bone marrow, leading
to medullary monocytopoiesis as well as release of myeloid progenitor cells into the circulation. Myeloid progenitor
cells then migrate to the spleen, where extramedullary monocytopoiesis takes place to replenish the pool of pro-
inflammatory Ly6C"¢" monocytes, which can be rapidly mobilized to the damaged heart. In the heart, [FNy released

by infected cardiomyocytes boosts the production by fibroblasts of the pro-inflammatory C-C motif chemokines CCL2
and CCL7, which promote the homing of Ly6C"s" monocytes to the heart. Given that the spleen is a target organ of
coxsackievirus B3 and monocytes target cells of coxsackievirus B3, the recruited Ly6C"'s" monocytes might be infected
with coxsackievirus B3 and thereby transport the virus into the heart, further contributing to the viral infection.
Activation of the innate immune system in the heart is beneficial for its antiviral effects but excessive or persistent
activation can lead to exaggerated and/or chronic inflammation that triggers myocardial destruction and remodelling,

culminating in cardiac dysfunction.

destruction and remodelling, culminating in cardiac
dysfunction’.

The pain, anxiety and released danger signals
(including alarmins and IL-1P) triggered by the cardiac
damage induce emergency haematopoiesis in the bone
marrow, leading to medullary monocytopoiesis™ (FIC. 2).
Monocytes and myeloid progenitor cells leave the bone
marrow and myeloid progenitor cells migrate to the
spleen, where extramedullary monocytopoiesis takes
place™. Consequently, the pool of pro-inflammatory
monocytes in the spleen is replenished and can be
mobilized to the damaged heart. The homing of immune
cells, mainly monocytes, from the spleen into the heart
(the so-called cardiosplenic axis) has been particularly
assessed in the context of ischaemic heart disease’”®. Our
understanding of the importance of the cardiosplenic
axis in inflammatory cardiomyopathy and as a target to
modulate the trafficking of immune cells to the heart”””*

in inflammatory cardiomyopathy stems from findings in
mice with CVB3-induced myocarditis. In this mouse
model, blunting the CCR2-CCL2 axis, which is involved
in the recruitment of pro-inflammatory Ly6C"¢" mono-
cytes to the heart, attenuates myocarditis”-*. By contrast,
blockade of the CX,C chemokine receptor 1 (CX,CR1)-
CX,C chemokine ligand 1 (CX,CL1) axis, which is
involved in the recruitment of anti-inflammatory
monocytes, worsens CVB3-induced myocarditis®'.
Of note, the spleen is a target organ of CVB3, with mouse
splenic B cells, CD4" T\, cells and macrophages and
monocytes expressing aMp2 integrin (also known as
Mac 1) as the target cells for CVB3 (REF*). In humans,
monocytes have also been identified as target cells of
CVB3 (REF*). Therefore, homing of CVB3-infected
immune cells into the heart can further contribute to
cardiac viral infection and chronic inflammation’®*.
Modulation of the cardiosplenic axis might help to block
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Regulatory T cells

(T Cells). A subpopulation

of CD4+ T cells, constituting
5-10% of the peripheral

T cells, that have a pivotal

role in the induction and
maintenance of immune
homeostasis and tolerance.
T, Cells have multiple effector
functions and execute their
regulatory potency by directly
suppressing T cells, B cells
and antigen-presenting

cells, and also by interacting
with non-immune tissue cells.

Antigen-presenting cells
(APCs). A heterogeneous group
of immune cells that mediate
the cellular immune response
by processing and presenting
antigens recognizable by

T cells. Classic APCs include
macrophages, dendritic cells,

B cells and Langerhans cells.

Neutrophil extracellular
traps

Complexes of chromosomal
DNA, histones and granule
proteins that are released by
neutrophils and can entangle
bacteria, thereby limiting
infection.

Experimental autoimmune
myocarditis

(EAM). EAM can be induced
in susceptible mouse strains
by immunization with self-
peptides derived from the
myosin H chain together with
a strong adjuvant, or by
injection of activated, myosin
H chain-loaded dendritic cells.

T,17 cells

A subset of T helper cells that
fight microbial pathogens by
secreting cytokines such as
IL-17A, IL-17F and IL-22.

this process; for example, with therapies that reduce
monocytopoiesis, such as IL-1f inhibitors™, or with
transfer of regulatory T cells (Treg cells)® and mesenchy-
mal stromal cells®*”**°, which block the recruitment of
pro-inflammatory monocytes into the heart.

Mast cells, natural killer cells and dendritic cells. Mast
cells are among the first cells to respond to viral infec-
tion of the heart. Mast cells degranulate within 6 h of
infection and produce pro-inflammatory cytokines such
as tumour necrosis factor (TNF), IL-1f and IL-4. High
numbers of mast cells are found in mice susceptible to
autoimmune heart disease after CVB3 infection®. Viral
infection also leads to the recruitment of natural killer
cells** and dendritic cells®, which prevent the develop-
ment of myocarditis. In mice with enterovirus-induced
myocarditis, signalling mediated by the activating recep-
tor NKG2D in natural killer cells was found to protect
against progression to inflammatory cardiomyopathy,
leading to effective clearance of CVB3 from the heart®.
Dendritic cells have been reported to accumulate in the
mouse heart after viral infection of the myocardium,
coincident with monocyte infiltration and loss of resi-
dent reparative, embryonic cardiac macrophages®. After
ingesting dead and damaged cardiomyocytes, dendritic
cells migrate to regional lymph nodes and the spleen to
present antigens to naive B cells and T cells, which ini-
tiates the activation of the adaptive immune response.
The relevance of dendritic cells as antigen-presenting cells
has been demonstrated in mouse studies showing that
cardiac dendritic cell depletion abrogated the genera-
tion of antigen-specific CD8" T cells, promoting the
progression of subclinical cardiac injury into overt HF*.
Denderitic cells can also process endogenous antigens
and, therefore, might also trigger autoimmune myocar-
ditis. Indeed, dendritic cells loaded with myosin pep-
tides have been used to develop an experimental model
of myosin-induced autoimmune myocarditis™.

Neutrophils. Neutrophils are among the first lines of
defence against infection. In a mouse model of CVB3
myocarditis, an early (2.5 days) and abundant mobili-
zation and influx of neutrophils into the heart and the
pancreas occur after CVB3 infection®. This mobili-
zation occurs earlier than that of any other infiltrated
innate immune cells. Depletion of neutrophils in
CVB3-infected mice results in reduced myocarditis®.
Neutrophils can maintain inflammation by a specific
process called NETosis, which involves the formation of
neutrophil extracellular traps. The role of NETosis in pro-
moting cardiac inflammation has been shown in mice
with experimental autoimmune myocarditis (EAM)*, and
the severity of acute myocardial inflammation in these
mice is strongly associated with neutrophil accumula-
tion in the heart’. The alarmins S100A8 and S100A9
released by neutrophils (and monocytes) are also
involved in promoting inflammatory cardiomyopathy,
as demonstrated by a study showing that $100a9~"~
mice were protected from the detrimental effects of
CVB3 infection”. Neutrophil numbers in blood posi-
tively correlate with the level of cardiomyocyte necrosis
(measured by troponin I levels in plasma) in patients
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with acute coronary syndrome®. Likewise, plasma lev-
els of the SI00A8-S100A9 heterodimer are increased
in patients with acute myocarditis when myocytolysis
occurs, compared with the levels in healthy individuals™.

Monocytes. Monocytes are crucial effector cells in
myocarditis”, comprising a major proportion of infil-
trating cells in the heart. Monocytes are a heterogeneous,
multifunctional cell population with a critical role in the
pathogenesis of myocarditis. The role of the different
monocyte subsets has been investigated in mouse mod-
els of myocarditis but so far has not been addressed in
patients with myocarditis. In mice, the pro-inflammatory
CD115*CD11b*Ly6ChshCCR2Me"CX3CR1"" and
CD115*CD11b*Ly6CmiddeCCR2M8"CX3CR1""" mono-
cyte subsets (which are considered the counterparts
of human classic CD14**CD16-CCR2"&"CX3CR1""¥
and CD14**CD16*CCR2™4cCX3CR1"e"CCR5*
monocytes’) infiltrate sites of cardiac inflamma-
tion and damage in response to chemokine signals®”.
The infiltrated monocytes differentiate into inflam-
matory macrophages that secrete pro-inflammatory
cytokines, such as TNF and IL-6, and contribute to
tissue degradation and T cell activation*®. By con-
trast, CD115*CD11b*Ly6C**CCR2°*CX3CR1hih
monocytes (corresponding to human non-classic
CD14*CD16**CCR2"**CX3CR1"8" monocytes®)
recruited to the inflamed cardiac tissue are more likely
to differentiate into macrophages that secrete anti-
inflammatory cytokines and contribute to tissue
repair’®*. Cardiac fibroblasts secrete chemokines that
promote the migration of monocyte subsets to the
myocardium® and also facilitate the differentiation
of Ly6Ch#" monocytes and Ly6C" monocytes into
macrophages in mice with myocarditis'®.

T cells and B cells. T cells, and to a certain extent B cells
specific for viral antigens, are critical mediators of cardiac
damage in experimental models of myocarditis®>*»'%!-1%%,
Activation of the T cell system is believed to be the
major pathophysiological mechanism underlying auto-
immune myocarditis and autoimmune inflammatory
cardiomyopathy'®. The presence of activated T cells is
essential for the cardiac damage in virus-induced myo-
carditis, as shown by studies indicating that impaired
T cell maturation protects against CVB3-induced
myocarditis in mice'”". In another study in mice with
CVB3-induced myocarditis, disease severity increased in
mice lacking the CD8 receptor and was attenuated
in mice lacking the CD4 receptor compared with wild-type
mice, suggesting that different T cell subsets have dif-
ferent functions in virus-induced myocarditis'®. Similar
findings were observed in another study in which defi-
ciency of CD8" T cells in mice led to increased CVB3-
induced cardiac injury and chronic myocarditis, a process
that was unrelated to perforin-mediated cytotoxicity'®.
Mice lacking T-box transcription factor TBX21
(T-bet) — which is essential for T,;1 lineage differen-
tiation and IFNy production — are highly susceptible
to autoimmune myocarditis owing to the induction of
IL-17 production'”. In mice with EAM, T,;17 cells pro-
mote the progression to DCM'*. By contrast, T, cells,
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which are reduced in patients with myocarditis or
DCM'%, protect against the development of CVB3-
induced myocarditis in mice by attenuating cardiac
inflammation®-'*. IL-23, which is primarily secreted
by antigen-presenting cells, induces an increase in the
ratio of T;17 cells to T, cells by promoting the matura-
tion of T;17 cells'”, and is an important trigger for the
initiation of autoimmune myocarditis in mice'"’.

Limited data are available on the role of B cells in
the progression of myocarditis to DCM. Detection
of infected activated B cells both in the heart tissue of
CVB3-infected immunocompetent mice and in severe
combined immunodeficient mice receiving splenocytes
from CVB3-infected syngeneic donors* supports the
concept that B cell traffic might contribute to the mainte-
nance of chronic inflammatory heart disease. B cells are
a crucial link between the innate and adaptive immune
system. In addition to antigen-specific B cell receptors,
B cells also express TLRs. TLR signalling is associated
with B cell activation and tolerance and with diverse
pathological conditions, such as viral myocarditis and
septic cardiomyopathy'''. Most of the information on
the role of B cells in inflammatory cardiomyopathy is
derived from the identification of autoantibodies impli-
cated in DCM'"". Autoantibodies, such as those against
B,-adrenergic receptor, mitochondrial components,
cardiac myosin heavy chain isoforms, cardiac troponin,
Na*/K*-ATPase and other heart-related proteins, might
contribute to cardiac dysfunction'"'. Additionally, find-
ings from a study in patients with subacute or chronic
inflammatory myocarditis suggest that CD20" B cells —
which induce myocardial damage in mice by activating
T cells'*? and triggering monocyte mobilization'" —
could have a pathophysiological role in inflammatory
cardiomyopathy' .

Eosinophils. Patients with eosinophilia frequently
develop cardiomyopathies' . Eosinophils are also impli-
cated in parasite-mediated, drug-induced or hyper-
sensitivity myocarditis with progression to DCM, as
shown by studies in mice with EAM. Eosinophil-
deficient mice with EAM were protected from develop-
ing DCM, whereas hypereosinophilic mice with EAM
had a more rapid progression to DCM, mediated by
eosinophil-derived IL-4 (REF.'"). The eosinophil cationic
protein derived from degranulation of eosinophils has
an important role in the pathogenesis of eosinophilic
myocarditis in mice''°. Major basic protein, the most
abundant protein in eosinophilic granules, is highly
thrombogenic and contributes to the high rate of vas-
cular thromboembolism in patients with eosinophilic
myocarditis'”. Treatment with mepolizumab, an anti-
body against IL-5 (a key mediator of eosinophil matura-
tion and survival), was found to be effective in a patient
with eosinophilic myocarditis''®.

Knowledge gaps and future directions.
e Improve our understanding of how the immune cell
response switches from host defence to host injury.
* Generate data on ratios of T, cells to T;;17 cells
in patients with myocarditis or inflammatory
cardiomyopathy.

* Understand why only some patients with viral myo-

carditis or inflammatory cardiomyopathy show

autoimmunity or abnormal immune cell responses.

Understand why some patients with autoimmunity

or abnormal immune cell responses do not develop

myocarditis or inflammatory cardiomyopathy.

* Improve our knowledge of the genetic and epige-

netic factors involved in maladaptive immune cell

responses.

Understand how to target autoimmunity or neutral-

ize immune cell functions involved in the pathophys-

iology of inflammatory cardiomyopathy without an

associated risk to the host.

Improve our knowledge of the role of neutrophils in

viral myocarditis.

Assess whether genetic cardiomyopathies have an

immune cell component.

 Understand how research on cardiac immune cells
from mouse models can be applied to humans.

Role of autoimmunity

The involvement of autoimmunity in inflamma-
tory cardiomyopathy is well established. Inflammatory
cardiomyopathy fulfils the Rose-Witebski diagnostic
criteria for organ-specific autoimmune disease, includ-
ing: presence of immune cell infiltrates and abnormal
expression of HLA class IT and/or adhesion molecules
in the absence of viral genomes in EMB samples from
both index patients and family members*'"’; presence of
circulating heart-specific autoantibodies in patients with
inflammatory cardiomyopathy and their relatives>'*"-'*%
availability of animal models of experimentally induced
inflammatory cardiomyopathy, with or without a DCM
phenotype, after immunization with specific auto-
antigen(s)>'*"'*; and response to immunosuppression
or immunomodulation in patients with virus-negative

inflammatory cardiomyopathy?>'**-',

Heart-specific autoantibodies. Heart-specific autoanti-
bodies are present in up to 60% of patients with inflam-
matory cardiomyopathy and their relatives>'*>'*. These
autoantibodies recognize many cardiac autoantigens,
particularly cardiac a-myosin heavy chain (also known
as myosin 6) and B-myosin heavy chain (also known as
myosin 7) isoforms'*'. Some of these autoantibodies seem
to have a direct pathogenic and/or prognostic role"*>'*.
Immunization of animals with autoantigens that have
been identified in patients with inflammatory cardio-
myopathy, such as ,-adrenergic receptor, muscarinic
acetylcholine receptor M,, cardiac myosin heavy chain
isoforms and cardiac troponin'**-'>>1*-%, leads to cardiac
abnormalities that mimic the human disease phenotype.
Passive transfer of antibodies purified from rats immu-
nized with cardiac myosin leads to antibody deposition
in the myocardium and myocyte apoptosis, producing
cardiomyopathy in recipient animals'*. Both antibody-
mediated and cell-mediated autoimmune forms of
inflammatory cardiomyopathy have been shown in animal
models, but whether both forms can be found in patients
is still unknown because most studies in patients with
inflammatory cardiomyopathy to date have investigated
humoral rather than cellular immune mechanisms.
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Gene-environment interactions. Autoimmune inflam-
matory cardiomyopathy can occur in the context of
systemic immune-mediated diseases’ or be iatrogenic
(for example, induced by immune checkpoint inhibitor
therapy®). Inflammatory cardiomyopathy might also
have a hereditary component, as shown in a genome-
wide association study in patients with DCM'”". This
study revealed a risk locus for idiopathic DCM encod-
ing HLA class I and HLA class II proteins, suggesting a
role for genetically driven, autoimmune inflammatory
processes in the pathogenesis of idiopathic DCM'"".
After the MOGE(S) classification'**"*°, autoimmune
inflammatory cardiomyopathy probably represents
a common end-stage resulting from a combination
of several aetiological factors in a multifactorial cas-
cade involving gene-environment interactions'*. For
example, patients with myocarditis have detectable
immune reactivity to both myosin 6 antigens and myo-
sin peptide mimics derived from commensal Bacteroides
species from the gut'*'. These findings fit with the
gene-environment interaction model and suggest that
targeting the microbiome of genetically predisposed
patients with myocarditis might reduce disease severity
and, therefore, might help prevent the potentially lethal

consequences of inflammatory cardiomyopathy'*'.

Knowledge gaps and future directions.

e Understand how the genetic background influences
the susceptibility to immune-mediated disease in
patients with inflammatory cardiomyopathy, including
the role of HLA genotyping for disease management.

* Improve our understanding of autoimmunity triggers

(for example, viruses, drugs and other environmental
agents).

Improve the definition of potential humoral pre-
dictors (such as distinct autoantibody specificities,
pathogenic immunoglobulin class and IgG subclass,
autoantibody titre and new relevant autoantigens)
and cellular predictors (immune phenotype of circu-
lating T cells, in particular Ty,1, T,;17 and T,,, cells, and
of myocardium-infiltrating cells, such as T cells,
B cells and myeloid cells) of the risk of progression to
HE, death or heart transplantation, and of spontane-
ous or immunosuppressive therapy-induced recovery
in patients with inflammatory cardiomyopathy.
Assess the potential role of peripheral and myocar-
dial levels of inflammatory and pro-fibrotic cytokines
(for example, IL-1, IL-6, IL-17, IL-23 and TGFp) in
patient risk stratification.

Understand how to distinguish a beneficial immune
reaction to clear a pathogen from a pathogenic
autoimmune reaction.

Assess the effect of gut microbiome modulation on
the course of inflammatory cardiomyopathy.

Translational research models

Several animal models of myocarditis have been
developed and tested that cover different underlying
aetiologies, including virus-induced myocarditis,
Trypanosoma cruzi-induced myocarditis and auto-
immune myocarditis”*~*. The approaches include the
use of pathogens as well as engineered models such as
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transgenic mice (for example, II5-transgenic mice, which
develop eosinophilic myocarditis)'”*. The advantage of
infectious models is that they more closely reflect the
physiological processes of the human disease than mod-
els of autoimmune myocarditis, given that infectious
models couple the immune response involved in patho-
gen clearance with autoimmune responses. Conversely,
autoimmune myocarditis models facilitate the investiga-
tion of the progression of myocarditis to inflammatory
cardiomyopathy and DCM and the involvement of spe-
cific components of the immune system in the disease
process'* (for example, use of P417~ mice to assess the
role of the immune checkpoint PD1 (REF.")).

The mouse model of CVB3-induced myocarditis was
established 60 years ago'*’ and has become the stand-
ard for the evaluation of virus-induced myocarditis
given its similarity to the myocardial injury observed
in humans'*. However, these mice have severe pancre-
atitis and a high systemic inflammatory response and,
therefore, mainly mimic CVB3 infection in infants rather
than in adult patients'*. A study in a mouse model of
CVB3 infection targeted to the heart and with attenu-
ated virulence in the pancreas indicates that the systemic
inflammatory response, rather than the cardiac damage
induced by the infection, underlies the cardiac dysfunc-
tion observed in the classical CVB3 myocarditis model.
Further refinement of this new model is still needed to
allow representation of CVB3-induced myocarditis in
adult patients. In addition, to improve the clinical rele-
vance of animal models of viral myocarditis, models of
B19V-induced myocarditis need to be developed given
that B19V is currently the most frequently detected virus
in EMB samples from patients with myocarditis'’. Data
indicate that this vasculotropic virus*>* induces endothe-
lial damage’>'* and that patients with B19V infection
have diastolic dysfunction'*” and elevated levels of circu-
lating endothelium-derived microparticles'*’. However,
whether persistent BI9V infection is a bystander or has a
causal role in inflammatory cardiomyopathy is unclear™.
Humanized mouse models of B19V infection will shed
light on the aetiological role of B19V infection in the
development of inflammatory cardiomyopathy.

The influence of the mouse strain'*’ and sex*' on the
immune status and, consequently, on the model of myo-
carditis is well established. However, the role of hous-
ing conditions on the outcome of myocarditis in mice
remains under-studied. Mice are kept in ‘pathogen-free’
conditions in animal facilities and, consequently, have a
predominantly naive immune system, which contrasts
with the experienced immune system of patients. Other
housing factors can also affect the clinical relevance of
the myocarditis model; for example, mice exposed to
bisphenol A leached from plastic cages and water bottles
had increased myocarditis and pericarditis compared
with mice housed in glass cages that drunk out of glass
water bottles"*’. This finding clearly highlights that to
improve the translation of experimental results to the
clinical setting, advanced animal models are needed
that better represent the human conditions, and which
take into account not only the immune experience of the
animal model, but also the environmental factors com-
mon to a Western lifestyle, such as exposure to plastics,
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intake of processed foods, antibiotic usage, physical
inactivity and HF medications'*-*%. The complexity of
the immune system and its involvement in inflammatory
cardiomyopathy further underscore that experiments
in animal models are essential to understand the fun-
damental mechanisms underlying the pathogenesis of
this disease. In vitro models, including inducible pluri-
potent stem cell (iPSC)-derived cardiomyocytes, have
been developed as antiviral drug screening platforms'*.
These cells could be used to test the efficacy of antiviral
agents in counteracting the direct cytotoxic effects of
the virus. However, the use of iPSC-derived cardiomyo-
cytes in vitro does not mimic the in vivo conditions
for toxicity testing and does not take into account the
systemic immune effects associated with inflammatory
cardiomyopathy'**.

Knowledge gaps and future directions
* Develop advanced animal models that more closely
represent the human disease process, such as immune
experience and exposure to environmental factors.
e Develop in vitro models that allow the study of
immune cell interactions.

Diagnosis and prognosis

Clinical scenarios

The typical symptoms and signs at presentation in
patients with acute myocarditis include chest pain,
dyspnoea, fatigue, palpitations, syncope and cardiogenic
shock’. Acute myocarditis can also present as sudden
cardiac death, accounting for approximately 10% of
deaths from sudden cardiac death in young individuals
(aged <35 years)'*. Prodromal manifestations, including
fever, gastrointestinal disorders and influenza-like symp-
toms, are recorded in up to 80% of patients with acute
myocarditis in the weeks preceding the acute phase’.
A multicentre study showed that the type of presentation
— specifically, complicated myocarditis (LV ejection
fraction (LVEF) <50% on first echocardiography, sus-
tained ventricular tachycardia or haemodynamic insta-
bility at presentation) versus uncomplicated myocarditis
— is associated with outcomes in patients hospitalized
with suspected acute myocarditis (cardiac death or
heart transplantation at 5 years was 14.7% versus 0%)’.
In patients with preserved LVEEF, assessment of late gad-
olinium enhancement (LGE) distribution patterns on
cardiac MRI can improve patient risk stratification'**'*’.
Among patients with fulminant myocarditis (patients
who present with cardiogenic shock needing inotropes
and/or mechanical circulatory support (MCS)), the his-
tological subtype subtending the myocarditis, including
giant-cell and eosinophilic myocarditis, is independently
associated with increased mortality'*.

Finally, inflammatory cardiomyopathy can be the
first presentation in patients with HF symptoms and
can be the result of a delayed diagnosis of acute myo-
carditis. Therefore, defining the time of cardiac symp-
tom onset is crucial. A mild elevation of troponin levels
in plasma that is disproportionate to the severity of the
LVEF impairment and associated with a dilated left
ventricle at presentation is suggestive of inflamma-
tory cardiomyopathy rather than acute myocarditis'**.

Patients presenting with inflammatory cardiomyopathy
are often haemodynamically stable owing to a grad-
ual and unrecognized attenuation of LV systolic dys-
function and remodelling. However, the recovery rate of
patients with complicated myocarditis is only 50%'*.
Currently, no established clinical markers are available to
characterize the prognosis of patients with inflammatory
cardiomyopathy.

Knowledge gaps and future directions.

* Determine the factors involved in the transition from
acute myocarditis to chronic inflammatory cardio-
myopathy in patients (an issue that has been addres-
sed by few clinical studies'®’). Establish whether
chronic inflammation, specific infection or both
in the myocardium is critical in this transition or
whether other mechanisms have a role, and determine
the real incidence of the transition from acute myo-
carditis to chronic inflammatory cardiomyopathy
among adults.

Develop clinical research tools, including prospec-
tive registries of diverse patient populations, aimed
at identifying patients at low risk versus those at high
risk of developing chronic inflammatory cardio-
myopathy. The accuracy of the risk stratification
should be confirmed on the basis of uncomplicated
versus complicated clinical presentation at the time of
hospitalization® or on the basis of immunohistological™
or viral analysis data>** from EMB samples.

Improve EMB-based diagnosis and identify inno-
vative, non-invasive approaches for the diagnosis of
myocarditis.

* Develop a multimarker approach including cardiac
MRI to enable prognosis independently of the use
of the LVEE.

Identify specific biomarkers to guide diagnosis and
treatment decisions.

Imaging

Currently, the non-invasive gold-standard method for
the diagnosis of myocarditis is cardiac MRI (class I
recommendation, level of evidence C in the 2012 ESC
guidelines'®"). In 2018, consensus guidelines recom-
mended the addition of T2-weighted cardiac MRI to the
pre-existing Lake Louise criteria (LLC) for the diagno-
sis of myocarditis'®>. The 2018 LLC showed better diag-
nostic performance than the original criteria owing to
increased sensitivity'®”. T1 and T2 mapping have added
further diagnostic information and accuracy to cardiac
MRI'**-'%, In addition, parametric cardiac MRI modali-
ties, such as T1 and T2 mapping, can facilitate the objec-
tive assessment of myocardial inflammation or diffuse
myocardial fibrosis. However, the diagnostic accuracy
of cardiac MRI might vary according to the clinical
presentation and extent of cell necrosis in patients with
EMB-proven acute myocarditis'’’. Cardiac MRI diag-
nostic sensitivity is high for infarct-like presentations,
low for cardiomyopathy-like presentations and very low
for arrhythmia presentations'”’. Furthermore, the type
of myocarditis (that is, the specific immune cell infiltra-
tion and the underlying aetiology) cannot be established
with the use of cardiac MRI. In routine clinical practice,
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many patients have borderline ‘normal’ T1 and T2 map-
ping values, which potentially leads to false-negative
exclusion of myocarditis as a diagnosis. Data about the
diagnostic and prognostic value of ‘borderline’ results
are not available.

Cardiac MRI also allows the objective evaluation of
myocardial deformation (strain), either with the use
of new post-processing software tools on existing cine
images or by acquisition of specific sequences (such as
displacement encoding with stimulated echoes (DENSE)
MRI or fast strain-encoded MRI). Strain can be evalu-
ated in different layers of the myocardium and also in
the right ventricle and left atrium'”". Even years after
acute myocardial inflammation, patients might pres-
ent clinically with dyspnoea; by using strain analysis,
diastolic impairment can be detected either by echo-
cardiography or with a more complete assessment of
the heart by cardiac MRI'**'*>'”2, However, data on the
combination of different cardiac MRI parameters and
their added diagnostic and long-term prognostic value
in patients with myocardial inflammation are still
rare. In addition, current recommendations are based
on classic assessment of cardiac MRI parameters and do
not take into account advanced cardiac MRI parame-
ters such as parametric mapping and strain. Moreover,
cardiac MRI protocols for acute or chronic myocarditis
specific for the different magnetic field strengths (1.5T
and 3.0 T) and for MRI scanners from different vendors
need to be validated, and proof of the prognostic value
of these protocols in large, multicentre trials is neces-
sary to provide the basis for guideline recommendations.
Cardiac MRI is also a potent tool for therapy monitor-
ing in selected patients'” (TABLE 2). However, data on the
best timing to perform follow-up cardiac MRI for ther-
apy control in patients with myocardial inflammation
are lacking.

Although the value of cardiac MRI in acute myocar-
ditis has been widely proven, the technology continues

REVIEWS

to be under-used, partly owing to the limited availa-
bility of cardiac MRI in standard clinical practice'”*"'"®
(TABLE 2). Potential solutions to overcome this limitation
might be the use of mobile cardiac MRI units associ-
ated with expert centres for interpretation, diagnosis
and therapy recommendation. Additional essential fac-
tors to increase the use of cardiac MRI are appropriate
training and increased awareness of the utility of car-
diac MRI for the diagnosis of myocardial inflammation.
Another factor limiting the widespread use of cardiac
MRI in clinical practice are the difficulties for the reim-
bursement of cardiac MRI associated costs in many
regions worldwide, even though cost-effectiveness and
value for the health-care system have been proven for
various clinical indications'”’~'”". In addition, the utility
of cardiac MRI is often limited in patients with haemo-
dynamic instability owing to fast or irregular heart rates
and mechanical ventilation®'*. In these patients and in
patients with myocarditis presenting as acute HF with
high-grade heart block, symptomatic ventricular tachy-
cardia or shock, an EMB-guided approach is recom-
mended (AHA and ESC class I recommendation, level
of evidence B)*'*'*" (TABLE 2). New real-time cardiac
MRI protocols for the assessment of anatomy, function
and flow in these patients are under development's"'#.
Likewise, an EMB-based diagnostic approach is needed
in patients in whom the onset of the disease occurred
>3 months previously and the diagnostic accuracy of
cardiac MRI is low'*>'%%1%3 'such as in patients with HF
of >3 months duration that is associated with a dilated
left ventricle.

Patterns of LGE, the potential progression of LGE
and the extent of focal fibrosis on cardiac MRI have
been shown to predict the risk of hospitalization and
adverse cardiovascular events in patients with suspected
myocarditis'**~'*. Even in patients with myocarditis who
seem to show clinical improvements, LGE can increase
on imaging and should be considered as an indicator of

Table 2 | Cardiac MRI versus endomyocardial biopsy in routine clinical practice

Clinical scenario Characteristics Cardiac Endomyocardial
MRI biopsy
Suspected acute myocarditis  Cardiogenic shock - ++42b
(disease onset <30 days)
Complicated, impaired ejection fraction or arrhythmias ~ ++
Uncomplicated, stable, preserved ejection fractionand  + —/(+)>€
no arrhythmias
Suspected inflammatory Persistent heart failure symptoms in preserved EF ++¢ +ab
cardiomyopathy
(disease onset > 30 days) Persistent heart failure symptoms and reduced EF ++4€ ++42b
despite optimal medical therapy
Significant arrhythmias despite optimal medical therapy — ++¢ +42b
Suspected acquired dilated Impaired EF and dilated LV of unknown etiology ++ +/++20
cardiomyopathy with a
disease onset of months
Ongoing clinical management  NA + —/+4

—, not recommended; +, recommended; ++, highly recommended; NA, not applicable. °For differential diagnosis; specific therapy
decision and selection. ®Cardiac MR or electroanatomical mapping-guided endomyocardial biopsy in selected patients. “A negative
result does not exclude the persistence of low-grade cardiac inflammation in patients with severe cardiac complaints, refractory

to therapy. “Option in selected patients who do not respond to therapy, to re-evaluate the diagnosis or to exclude viral reactivation.

Based on data from REFS71199:162307,
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a Acute lymphocytic myocarditis
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Fig. 3 | Diagnosis of lymphocytic myocarditis. Acute and healing lymphocytic
myocarditis is diagnosed with histology and immunohistology of endomyocardial
biopsy samples. a | Acute lymphocytic myocarditis caused by enterovirus A71 infection.
Histology image showing cardiomyocyte necrosis (as revealed by the haematoxylin
and eosin (HGE) staining in the left panel)) and immunohistology image showing diffuse
infiltration of CD3* T cells (as shown by anti-CD3 antibody staining (brown) in the

right panel). b | Healing lymphocytic immune-mediated myocarditis. Histology image
showing fibrosis but no cardiomyocyte necrosis (left panel) and immunohistology
image showing the presence of infiltrated CD3* T cells (right panel). Allimages x400.

Dallas criteria

The Dallas criteria were
proposed in 1986 and
provide a histopathological
categorization for the diagnosis
of myocarditis. According to
the Dallas criteria, myocarditis
requires an inflammatory
infiltrate and associated
myocyte necrosis or damage
not characteristic of an
ischaemic event, whereas in
borderline myocarditis, a less
intense inflammatory infiltrate
and no light-microscopic
evidence of myocytolysis
(myocyte destruction)

is evident.

the risk of adverse cardiovascular events'®’. Use of LGE
parameters could also be an option for risk stratifica-
tion in patients with cardiac sarcoidosis, independently
of LVEF'*. 8F-Fluorodeoxyglucose (*¥F-FDG) uptake
is a quantifiable surrogate parameter of increased glu-
cose metabolism, which is a hallmark of inflammation.
Therefore, "*F-FDG PET is a valuable tool for diagno-
sis and monitoring treatment response in patients with
cardiac sarcoidosis. In selected patients with myocardi-
tis, the use of "*F-FDG PET in addition to cardiac MRI
might provide complementary information on disease
progression'.

New technologies to assess intraventricular pres-
sure gradients or LV kinetic energy by 4D flow cardiac
MRI are under development. Evaluation of LV kinetic
energy or haemodynamic forces will potentially allow
better characterization of patient populations at various
stages of HF'" by providing quantitative measures, and
might be of interest for diagnosis and therapy control in
patients with myocardial inflammation.

The clinical value of vasodilator stress cardiac MRI
for the quantitative assessment of microvascular disease
has been proven. However, data about the use of this
modality in patients with acute cardiac inflammation
are sparse. Together with the quantitative assessment
of myocardial strain, diffuse myocardial fibrosis and
oedema by parametric mapping, cardiac MRI data might

facilitate the generation of a potential objective cardiac
MRI-based inflammation score.

Knowledge gaps and future directions.

* Current imaging methods have low predictive value in
patients with chronic inflammatory cardiomyopathy
and ongoing low-grade inflammation.

Current imaging methods cannot detect the under-
lying aetiology of myocardial inflammation (for
example, viral persistence), with the exception of PET
for cardiac sarcoidosis.
Develop standardized protocols specific for myocar-
ditis across different cardiac MRI field strengths and
scanners from different vendors.
Generate data on advanced cardiac MRI parameters
and their predictive value (including myocardial
strain, parametric T1 and T2 mapping, 4D flow and
LV kinetic energy, and haemodynamic forces) in
patients with myocarditis.
* Assess for microvascular disease with the use of
stress cardiac MRI in patients with suspected acute
myocardial inflammation.
Perform studies to assess the value of combining dif-
ferent imaging modalities for diagnosis and therapy
control in patients with acute or chronic myocarditis.
e Evaluate cost-benefit, cost-effectiveness and budget-
impact models that include appropriate imaging
methods for the management of acute or chronic
myocardial inflammation.
* Develop a cardiac MRI inflammation score that is
based on conventional and advanced cardiac MRI
parameters.

Endomyocardial biopsy

EMB is the gold-standard method for the diagnosis of
acute or chronic inflammatory heart diseases. Right ven-
tricular (RV) and LV EMB are well accepted as stand-
ard procedures in the diagnostic work-up of patients
with myocarditis, because biopsies are often the only
method that allows the identification of the underlying
aetiology of cardiac inflammation>'*>*"'*, A 2013 ESC
position paper advocates the characterization of car-
diac inflammation using immunohistochemistry and
viral genome analysis with quantitative PCR (real-time
PCR and nested PCR with reverse transcription) for
the diagnosis of myocarditis and the selection of ther-
apeutic regimens™'”’. Immunohistochemistry with the
use of a panel of monoclonal and polyclonal antibod-
ies (including anti-CD3, anti-CD68 and anti-HLA-DR
antibodies) is recommended for the characterization of
the inflammatory infiltrate’”*. Compared with the his-
tological Dallas criteria, immunohistochemistry is more
sensitive'”” and has prognostic value’>'”'. Given that car-
diac inflammation often has a patchy distribution, analy-
sis of at least five or six tissue samples is suggested to
reduce the EMB sampling error'* (FIC. 3). Furthermore,
given the focal nature of many viral infections, two
or three EMB samples are also recommended for the
detection of viral nucleic acids to avoid false-negative
results'””"*® (FIG. 4). Despite this knowledge and the risk
of under-diagnosing patients, the acceptance by clini-
cians of the need to take more than four EMB samples
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during a routine clinical procedure is often low, owing
to the fear of complications such as ventricle perfora-
tion. Therefore, combined strategies involving EMB and
imaging or electroanatomical mapping could be helpful
in overcoming this problem. T2-mapping cardiac MRI
might facilitate the identification of patients who would
potentially benefit from undergoing EMB for therapeu-
tic decision-making'*** (TABLE 2). Moreover, use of 3D
electroanatomical voltage mapping?'~*", cardiac MRI*”
or F-FDG PET*” to guide EMB has been found to be
helpful for increasing the sensitivity and specificity of
the conventional EMB approach, by reducing sampling
errors and allowing a deeper insight into different (local)
pathologies™ (FIG. 5).

At present, comprehensive datasets of the inflamed
heart can be derived only from sophisticated mole-
cular analyses of heart tissue samples, mainly obtained
by EMB. Beyond the classic (immuno)histological
and virological analyses, gene expression profiling has
been suggested to contribute to the differential diag-
nosis of idiopathic giant-cell myocarditis and cardiac
sarcoidosis®”. Targeted biopsies of the inflamed heart are
required to study the role of omics technologies, such as
genomics, epigenomics, proteomics and metabolomics,
in diagnosis and drug discovery, which have to be cor-
related with state-of-the-art methods including histol-
ogy, immunohistochemistry and molecular virology.
A study using global proteome profiling has shown that
inflammatory heart disease is associated with extracel-
lular matrix remodelling and a decrease in the levels of

a Enterovirus RNA

50um

Fig. 4 | Visualization of viral nucleic acids in acute myocarditis. Viral nucleic acids
in heart tissue samples from patients with acute myocarditis can be detected with
radioactive in situ hybridization (black spots). Cell nuclei (purple) and cell cytoplasm
and extracellular matrix (pink) are visualized with haematoxylin and eosin staining.
Enteroviruses (panel a) infect and lyse cardiomyocytes, parvovirus B19 (panel b) infects
endothelial cells, and human herpesviruses (panel c) and Epstein-Barr viruses (panel d)
replicate in immune cells. Panels a and b x400, panels c and d x630.
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proteins involved in carbohydrate metabolism, the tri-
carboxylic acid cycle and oxidative phosphorylation®*.
Mass spectrometry analysis of EMB samples, which
allows region-specific evaluation of protein profiles,
allowed patient clustering to discriminate patients
with from those without cardiac inflammation®”. The
characterization of patient epigenetic profiles combined
with other genetic approaches including NGS can shed
light on complex gene networks in patients with myo-
carditis who develop HF*"’. Use of NGS has led to the
identification of an increasing number of gene variants
and mutations associated with the risk of heart dis-
eases such as DCM. With the expanded use of genome
sequencing, the identification of further high-risk gene
variants seems likely, which will thereby improve the
clinical decision-making process and provide insights
into the pathogenetic mechanisms of inflammatory
cardiomyopathy. Successful integration of these omics
techniques into existing diagnostic algorithms will con-
tribute to a more sensitive, specific and cost-effective
approach for the personalized treatment of patients with
inflammatory cardiomyopathy’''. Use of NGS will also
facilitate the detection of so-far-unknown pathogenic,
cardiotropic agents, such as DNA and RNA viruses, in
myocarditis*'”.

Heart tissue samples have a considerable cell hetero-
geneity, which makes establishing the contribution
of specific cell types to the pathogenesis of myocar-
ditis difficult. New methods such as single-cell RNA
sequencing of cardiomyocytes offer great opportunities
for studying cardiac pathology at single-cell resolution®"’.
Single-cell RNA sequencing also opens up the field of
cardio-immunology, as shown by a study that mapped
the immune cell activation profile in the heart in a mouse
model of HF?".

The profound characterization of EMB samples via
phenomics (such as proteomics, viral diagnosis and
immune cell profiling) together with the clinical charac-
terization of the patient (known as phenomapping?**"*,
that includes, for example, electrocardiography, echo-
cardiography and laboratory and physical tests) will
allow improved diagnosis and differentiation of the
type of inflammatory cardiomyopathy, with the ultimate
goal of defining therapeutically homogeneous patient
subpopulations to improve patient outcomes®” (FIC. 6).

Knowledge gaps and future directions.

e Standardize the diverse immunohistochemistry
markers and protocols for analysing EMB samples;
for example, use of formalin-fixed tissue versus fro-
zen tissue sections or the most appropriate antibodies
to use'”.

Define thresholds for the number of different cell types

required for diagnosis and prognosis of myocarditis

and inflammatory cardiomyopathy.

Standardize the number of biopsies required for

histology, immunohistology and viral diagnostics.

* Develop a more detailed classification of the specific
immune cell subtypes (such as T, cells, T,,17 cells and
pro-inflammatory and anti-inflammatory monocyte
and macrophage subsets) involved in myocarditis and
inflammatory cardiomyopathy.
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Genetic testing and biomarkers

Genetic testing. Monogenetic familial forms of acute
myocarditis or chronic inflammatory cardiomyop-
athies are rare. Nevertheless, arrhythmogenic cardio-
myopathies, in particular those caused by heterozygous
pathogenic variants in DSP, have been associated with

Electroanatomical voltage mapping
7) v v
) .

Voltage mapping
negative area

Endomyocardial biopsy

increased cardiac inflammation and a clinical presenta-
tion of acute myocarditis with elevated plasma troponin
levels in addition to typical cardiac MRI or PET-CT scan
abnormalities”'*~**. A homozygous but not heterozygous
carrier state of rare variants in genes associated with
inherited arrhythmogenic cardiomyopathies is signifi-
cantly more frequent in children with acute myocarditis
than in healthy individuals**'. The mechanisms under-
lying the increased cardiac inflammation in arrhythmo-
genic cardiomyopathies remain unclear. Nevertheless,
genetic testing should be considered in all familial forms
of myocarditis, in familial cardiomyopathy or when
signs of arrhythmogenic cardiomyopathy are present in
imaging or electrophysiological tests.

MicroRNA profiling in EMB samples and blood. Epi-
genetic factors influence the expression of different
genes and the genetic susceptibility to developing myo-
carditis and inflammatory cardiomyopathy. MicroRNAs
(miRNAs) have emerged as important epigenetic regu-
lators of the immune response in the heart?”. Therefore,
miRNA profiling of EMB samples might help distin-
guish different forms of myocarditis. For example,
107 miRNAs were found to be differentially expressed
in RV septal samples from patients with acute viral
myocarditis compared with heart samples from control
individuals*. Cardiac miRNA profiles also differ in
patients with myocarditis with or without CVB3 per-
sistence, whereby the expression of eight miRNAs was
strongly increased in samples from patients with late
viral persistence and progressive cardiac dysfunction
compared with samples from patients with spontaneous
virus clearance and cardiac recovery?**. The expression
of 113 of 641 miRNAs analysed was significantly altered
in heart samples from mice with Trypanosoma cruzi-
induced myocarditis compared with heart samples from
control mice’”. A study assessing heart-associated,
fibrosis-associated and leukocyte-associated miRNAs
in blood found that only miRNAs related to cardio-
myocyte injury (including miR-208 and miR-499) were
elevated in patients with acute myocarditis compared
with control individuals***”’. However, these mark-
ers of cardiomyocyte injury are non-specific because
they are also increased in patients with acute ischae-
mic or hypertensive cardiac events”*****. Interestingly,
the plasma levels of miRNAs related to inflammation,

Fig. 5| Electroanatomical voltage mapping to guide
endomyocardial biopsy. Identification of a myocardial scar
area with the use of 3D electroanatomical voltage mapping
in a patient with suspected cardiac sarcoidosis. The left
square in the top panel marks a scar area identified by the
presence of low voltages (red and yellow). Subsequent
analysis of endomyocardial biopsy samples from this region
identified the presence of a sarcoid granuloma in the scar
area, visualized with haematoxylin and eosin staining (H&E),
with the presence of CD68* cells (macrophages), CD3* cells
(T cells) and CD20* cells (B cells), as revealed by antibody
staining (brown). By contrast, analysis of endomyocardial
biopsy samples from a non-scar area, identified by high
voltages (purple) in electroanatomical voltage mapping,
showed normal tissue structure and no infiltration of
immune cells. All histology images x100.
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Clinical characterization

Demographics:

Endomyocardial biopsy analysis
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Identification of patient subpopulations
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EIgs, S Cluster 2
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Sisléfactors:u Hoertio immune cell infiltrates, Fl’atient— Cluster 4
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coronary artery disease, depression, . L o LE
lung diseases Patients{|
Quality of life:
questionnaires, NYHA status
Immunohistology:
Physical tests: + characterization and -
blood pressure, heart rate, PvOZ, quantification of immune
6-min walking test cellinfiltrates (CD3* cells,
CD68* cells, CD20" cells)
Laboratory tests:
electrolytes, hsCRP, haemoglobin, R‘?SU“S of
leukocytes, GFR, natriuretic peptides clinical and
endomyocardial
ECG: Molecular viral analysis: biopsy analysis
heart rhythm, ST-segment changes adenoviruses, enteroviruses,
X . parvovirus B19, herpesviruses,
Echocardiography and cardiac MRI: influenza viruses,
ventricular diameters, ejection hepatitis viruses, HIV
fraction, myocardial strain,
T1/T2 mapping

Fig. 6 | Improving the subclassification of patients with inflammatory cardiomyopathy. Clinical characterization

of the patient (using risk factors and demographic and quality of life parameters, in addition to basic, physical and
laboratory tests, and electrocardiography (ECG), echocardiography and cardiac MRI measurements) — known as
phenomapping — combined with histology, immunohistology and viral diagnosis of endomyocardial biopsy samples will
allow the classification of patients with inflammatory cardiomyopathy into different clusters, with the ultimate goal of
defining therapeutically homogeneous patient subpopulations to improve outcomes. The figure shows a schematic
example of a heatmap with hierarchical clustering of the patients on the basis of clinical parameters and endomyocardial
biopsy results. GFR, glomerular filtration rate; HIV, human immunodeficiency virus; hsCRP, high-sensitivity C-reactive
protein; PvO,, mixed venous oxygen tension.

including miR-21, miR-146b and miR-155, were not  Blood biomarkers. In addition to EMB-based bio-
increased in patients with acute myocarditis compared — markers, several blood biomarkers, including high-
with control individuals even though leukocyte counts  sensitivity C-reactive protein, N-terminal pro-B-type
were elevated”, which possibly reflects the absence of natriuretic peptide (NT-proBNP), troponin T and
miRNA release by inflammatory cells. In general, the  soluble IL-1 receptor-like 1 (IL1RL1; also known as
correlation between circulating and tissue miRNAs  ST2), have been studied in the context of myocardi-
is not clear and needs further investigation. Future tis and inflammatory cardiomyopathy****°. In men,
investigations to further profile miRNAs, mRNA and  but not in women, aged <50 years with clinically sus-
proteins should focus on both circulating leukocytes  pected or EMB-confirmed myocarditis, elevated serum
and EMB samples to provide a better reflection of dis-  levels of soluble ST2 are associated with an increased
ease pathophysiology. These studies might provide risk of more severe HF, as assessed by NYHA class™.
new ways to distinguish different forms of myocar-  This finding highlights the potential of using soluble
ditis as well as to differentiate between myocarditis ST2 as a biomarker to predict the risk of HF in men
and ischaemic injury, which is an important unmet and the importance of analysing inflammatory bio-
medical need. markers such as soluble ST2 according to sex and age,

and indicates the need for biomarkers that predict the
EMB transcriptome-based biomarker. In addition to  risk of HF in women with myocarditis*>. Myocarditis-
miRNAs, a panel of mRNAs has been shown to be highly  specific blood biomarkers that can inform the diag-
predictive of the presence or absence of lymphocytic  nosis in patients with suspected myocarditis and can
myocarditis’’. A microarray-derived, transcriptome-  determine the presence or absence of active myocar-
based biomarker had a 100% sensitivity and specific-  dial inflammation have not been established so far>®.
ity for the detection of myocarditis in EMB samples”.  Preliminary evidence indicates that plasma levels of the
The most parsimonious transcriptomic signature was ~ S100A8-S100A9 heterodimer, which is predominantly
highly enriched for immune markers, notably various released by monocytes and neutrophils, accurately
members of the TLR family. This transcriptome-based  reflect disease activity in cardiac tissue samples from
biomarker effectively detected lymphocytic myocarditis ~ patients with recent-onset myocarditis™. In addition,
and active cardiac inflammatory disease in EMB sam-  these preliminary data suggest that SI00A8-S100A9
ples from patients with rheumatic disease or peripartum  could serve as a diagnostic and therapy-monitoring
cardiomyopathy**. Work is ongoing to test this approach  biomarker in patients with suspected acute myocarditis
for liquid biopsy. (=30 days after myocarditis onset)”.
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Patients with autoimmune myocarditis**’ or idio-
pathic DCM*! have lower numbers of circulating
T, cells and greater response of circulating T,;17 cells
than healthy individuals. Therefore, measuring blood
T, cell and T,;17 cell numbers in these patients might
be beneficial in guiding therapeutic decisions and for
therapy follow-up, given the availability of therapies that
increase the T, cell to T;;17 cell ratio. Inflammatory
cardiomyopathy has been shown to be driven, at least
in part, by the activation of heart-specific CD4* T cells
induced by myosin peptide mimics derived from
Bacteroides thetaiotaomicron, an intestinal commensal
bacterium. This finding suggests that the analysis of IgG
antibodies specific for this gut bacterium species might
help guide antibiotic treatment decisions'"'.

In the future, analysis of liquid biopsies might help
dissect the high heterogeneity of cardiac tissue by
providing information on circulating cell types (such
as immune cells) and their products at specific time
points, thereby allowing real-time monitoring of dis-
ease evolution. Use of innovative NGS platforms to
analyse blood samples might help identify novel circu-
lating biomarkers, including DNA methylation, histone
modification and miRNA makers, as crucial patho-
genic determinants of inflammatory heart diseases™”’.
Another interesting approach is to evaluate whether
the analysis of the proteome of exosomes present in
serum can help identify the different types of myo-
carditis and whether exosomal protein analysis can be
used for the development of predictive and prognostic
biomarkers™”.

Knowledge gaps and future directions.

e Understand why variants in DSP that are associated
with arrhythmogenic cardiomyopathies have been
associated with a clinical presentation of myocarditis
on cardiac MRI scans.

Develop myocarditis-specific blood biomarkers that
can inform the diagnosis in patients with suspected
myocarditis and help to determine the presence or
absence of active myocarditis.

Develop markers for therapy monitoring.

Develop biomarkers that predict the risk of HF in
women with myocarditis.

Establish the reason for the lack of correlation
between miRNAs levels in blood and in EMB samples.
Determine whether potential markers that are devel-
oped on the basis of circulating cells would be more
sensitive and specific in diagnosing and discriminat-
ing myocarditis from other causes than markers that
are developed on the basis of EMB samples.

Therapy

Management of HF and arrhythmias

Patients with myocarditis and reduced LVEF are treated
with optimal medical care, according to guidelines
for the management of HF***. However, many patients
with myocarditis have preserved LVEE. Whether early
initiation of treatment with inhibitors of the renin-
angiotensin-aldosterone system or with B-blockers can
reduce inflammation, adverse remodelling and scar for-
mation in these patients is questionable. In particular,

the risk of arrhythmia is increased in patients with
myocarditis independently of LVEF*.

In patients with myocarditis, life-threatening
bradyarrhythmias and tachyarrhythmias can occur
at any stage of the disease and lead to sudden cardiac
death'">**. Ventricular arrhythmias (VA) are mostly
reported in patients with giant-cell myocarditis or
cardiac sarcoidosis, with a prevalence of 29%*” and
55%%*%, respectively. Supraventricular arrhythmias
occur more frequently than VA in patients with myo-
carditis and can vary in prevalence depending on the
type of myocarditis*”. Atrioventricular block is less
common in patients with acute or fulminant myocar-
ditis than in patients with cardiac sarcoidosis, and has
a variable, but mostly low prevalence in patients with
giant-cell myocarditis’. The frequency of cardiac electri-
cal conductance disturbances decreases from giant-cell
myocarditis to eosinophilic myocarditis to lymphocytic
myocarditis**’. The high prevalence of cardiac electrical
conductance disturbances in patients with myocarditis
highlights a clinical need to identify patients with myo-
carditis at risk of arrhythmia, independently of LVEF
and LGE.

Several pathogenic mechanisms have been postulated
to explain the presence of different arrhythmias observed
in patients with acute myocarditis, including electrical
instability due to direct cytopathic effects, ischaemia due
to coronary microvascular or macrovascular disease, gap
junction dysfunction, abnormal calcium handling and
involvement of the cardiac conduction system. The risk
of sudden cardiac death in patients with acute myocar-
ditis is not always associated with the severity of myo-
cardial inflammation*", and can persist after the acute
phase of myocarditis is resolved'’. Post-inflammatory,
scar-related VA can present as monomorphic ventricu-
lar tachycardia in patients with healed myocarditis*.
Post-inflammatory scar-related VA occurs in regions
of myocardial fibrosis, which appear as low-voltage
regions on electroanatomical voltage mapping or as
LGE on cardiac MRI. Although systolic dysfunction is a
common finding in patients with myocarditis with VA,
an arrhythmogenic scar can occur in patients with pre-
served LVEF". EMB is recommended for the diagnosis
of myocarditis in patients with VA and acute cardiomy-
opathy because the risk of VA is increased in patients with
inflammation in EMB samples**' (TABLE 2). The presence
of viral nucleic acids in EMB samples can also indicate
an increased risk of VA and late myocardial damage
with progressive electrical conduction defects. In a
mouse model of CVB3-induced myocarditis, modulat-
ing, time-dependent effects of the CVB3 infection were
found in the cardiac ion channels KCNQI, hERG1 and
Ca,1.2 in heterologous expression, providing an expla-
nation for the development of arrhythmias in enteroviral
myocarditis**’. Given that EMB for the diagnosis of car-
diac inflammation in patients with VA can have a high
sampling error in patients with focal myocarditis and
especially in patients with cardiac sarcoidosis, electro-
anatomical voltage mapping can be used to target the
bioptome (the instrument used to obtain EMB samples)
to areas with <0.5mV amplitude and fractionated
electrogram signal®'*"* (FIG. 5).
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Immunoadsorption
Selective apheresis method
for the removal of specific
antibodies and immune
complexes through high-
affinity adsorbers, achieved
by passing a patient’s plasma
over columns that remove
immunoglobulins. The
adsorbed plasma is then
reinfused into the patient.

Intravenous
immunoglobulin

(IVIG). Therapy based on the
intravenous administration of a
blood product prepared from
the serum of 1,000-15,000
donors per batch. IVIG therapy
is the treatment of choice

for patients with antibody
deficiencies and is commonly
used after immunoadsorption.

Symptomatic VA in patients with acute myocarditis
is usually managed with antiarrhythmic drugs, but the
efficacy of this approach has not been tested. Cardiac
device implantation for the management of VA should
be evaluated after the resolution of reversible acute
myocarditis, generally 3-6 months after initiation of
the acute phase*”. However, the timings for the place-
ment of an implantable cardioverter—defibrillator (ICD)
remain unclear. Temporary pacing might be required on
presentation, but decisions for chronic pacing typically
require a period of observation, histological examination
of EMB samples and assessment of the disease course.
Early de novo ICD implantation in patients with reduced
LVEF alone should be avoided, and the use of a weara-
ble cardioverter—defibrillator (LifeVest, ZOLL) should
be considered in patients at high risk of sudden cardiac
death®”, in patients with lymphocytic myocarditis and
in patients with myocarditis and VA in the acute phase
of disease’*. Nevertheless, the best timing of wearable
cardioverter—defibrillator use has not been prospectively
investigated. Patients with giant-cell myocarditis and VA
with a heart transplant-free life expectancy of >1 year
should receive an ICD. Risk management in patients
with cardiac sarcoidosis is most probably independent of
LVEE, indicating that LVEF-independent markers need
to be identified.

Knowledge gaps and future directions.

e Assess the role of classic HF medications for the pri-
mary prevention of HF in patients with myocarditis.
Characterize the role of LVEF for predicting the risk
of sudden death in patients with myocarditis.

Assess the influence of the different forms of inflam-

matory cardiomyopathy on the risk of sudden car-

diac death (for example, cardiac sarcoidosis versus

lymphocytic myocarditis).

Assess the best timing for cardiac pacing device

implantation.

Investigate the role of a wearable cardioverter-

defibrillator in patients with myocarditis with pre-

served LVEF and with signs of clinically significant

cardiac rhythm abnormalities.

Develop a patient stratification model for the risk of

sudden death in patients with myocarditis.

Perform clinical trials to assess the efficacy of antiar-

rhythmic drugs in patients with cardiac inflammation.

e Investigate the effect of (intensive) exercise on the
propensity to sudden cardiac death and HF*"".

Drugs and biologics

Several treatment options have been studied in spe-
cific cohorts of patients with inflammatory cardio-
myopathy that have been developed on the basis of the
EMB-defined presence of viral genome (virus type and
viral load) and immune cell infiltrates.

Virus-negative inflammatory cardiomyopathy. Studies
and registries of EMB samples from patients with virus-
negative, chronic inflammatory cardiomyopathy sug-
gest that the use of immunosuppressive therapy with
prednisone and azathioprine can improve cardiac
function'#”'##*4%#° These findings contrast with results

REVIEWS

from earlier studies in patients with acute cardiomy-
opathy in which viral pathogens were not assessed.
A single-centre, observational study found that 53% of
patients with inflammatory cardiomyopathy who do not
respond to steroid-based therapy had CD20* B cells in
EMB samples''*. In this subset of six patients with virus-
negative inflammatory cardiomyopathy and CD20*
B cell-positive EMB results, treatment with rituximab
(a chimaeric monoclonal antibody against the pan-B cell
surface molecule CD20) improved cardiac function and
alleviated signs and symptoms of HF from baseline'",
suggesting that rituximab therapy has beneficial effects
in this patient population. Alternative treatment regi-
mens for patients with virus-negative or autoimmune
inflammatory cardiomyopathy include steroid-based
treatment combined with cyclosporine®’ or myco-
phenolate mofetil*', or immunoadsorption with subse-
quent intravenous immunoglobulin (IVIG) therapy”*-***
(immunoadsorption-IVIG). Removal of circulat-
ing antibodies by non-specific immunoadsorption
has been successful in the treatment of several auto-
immune diseases?>**°. Pilot studies indicate that
immunoadsorption-IVIG improves myocardial func-
tion in patients with DCM*” and reduces myocardial
inflammation®’. However, these novel findings should
be viewed as hypothesis-generating and more data
are required from randomized trials. Indeed, a large,
placebo-controlled multicentre study to investigate the
effects of immunoadsorption-IVIG on LV function in
patients with DCM or inflammatory cardiomyopathy is
ongoing™®. The randomization phase of this study was
completed in 2019. An alternative to immunoadsorp-
tion is the intravenous administration of small soluble
molecules (such as peptides or aptamers) that specifi-
cally target and neutralize autoantibodies against the
B,-adrenergic receptor’”. Of note, the use of antibody-
targeting approaches does not depend on the presence
of cardiac inflammation (FIC. 7).

Virus-positive inflammatory cardiomyopathy.
Differentiating between virus-induced active myocar-
ditis (for example, caused by adenoviruses or entero-
viruses) and virus-associated myocarditis (in which the
viral genome is detected in EMB samples but whether
the virus is a bystander is not clear; for example, caused
by latent infections with herpesviruses or B19V) is
important (FIG. 7). To date, the therapeutic efficacy of
targeting the viral infection in acute viral myocarditis
has not yet been established in randomized clinical tri-
als. The phase I BICC trial**° investigated the effects of
immunomodulation with IFNf therapy on viral clear-
ance in patients with inflammatory cardiomyopathy
and myocardial viral persistence (adenoviruses, enter-
oviruses or B19V). Trial participants with enterovirus-
positive myocarditis or adenovirus-positive myocarditis
(as assessed with EMB) showed viral clearance after
treatment with IFNP***°, but IFNp therapy was not
associated with viral DNA clearance in patients with
B19V-positive myocarditis'*®**". The antiviral drugs
pocapavir and pleconaril as well as IVIG therapy are
effective in neonates with enteroviral myocarditis'>-"".
In patients with latent infection with Epstein-Barr virus,
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Fig. 7| Gaps in evidence for endomyocardial biopsy-guided therapy in myocarditis and inflammatory cardio-
myopathy. Patients with myocarditis or inflammatory cardiomyopathy can be classified into four groups on the basis

of endomyocardial biopsy (EMB) results: inflammation-negative, virus-negative; inflammation-positive, virus-negative;
inflammation-negative, virus-positive; and inflammation-positive, virus-positive. In patients with virus-positive inflamma-
tory cardiomyopathy, a clear distinction between virus-active and virus-associated inflammatory cardiomyopathy is
required. Given the different aetiologies and clinical presentations of the four groups, specific therapy regimens are
suggested for each group (blue boxes), in addition to approved optimal medical therapy for heart failure and risk-adjusted
therapy. Immunosuppressive therapy is mandatory for specific forms of virus-negative autoimmune myocarditis, such as
eosinophilic myocarditis, giant-cell myocarditis and cardiac sarcoidosis. Immunosuppressive therapy is also safe and
effective in clinically unstable or non-resolving lymphocytic virus-negative myocarditis and in lymphocytic virus-negative
myocarditis refractory to standard heart failure therapy. Autoantibody targeting can be achieved with immunoadsorption
or with newly developed small molecules (aptamers) that neutralize specific autoantibodies. Autoantibody targeting is
also under investigation for the treatment of non-primary inflammatory heart diseases, in which autoimmunity could have
arole in disease progression. However, knowledge gaps remain about the type and length of immunosuppression and on
novel biological agents to target specific immune pathways or autoantibodies. Data from registries and large randomized
clinical trials are needed to evaluate the efficacy of the different proposed regimens, which will contribute to improving
the clinical value of EMB-guided diagnosis. The role of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection in myocarditis and corresponding treatment options are still unclear; therefore, SARS-CoV-2 is not included in
the figure. (?) denotes unclear, needs further investigation; B19V, parvovirus B19; HCV, hepatitis C virus; IVIG, intravenous

immunoglobulins.

cytomegalovirus or HHVG6, the use of anti-herpesvirus
drugs is an option to reduce viral copy numbers*'.
Whether a combination of antiviral and immunosup-
pressive drugs can be an option in selected patients with
virus-positive inflammatory cardiomyopathy depending
on the stage of the disease needs to be investigated.
IVIG is often used in patients with severe B19V virae-
mia and clinical complications. New antiviral strategies
against B19V infections are under investigation™ and
include the synthetic nucleotide analogues cidofovir
and brincidofovir, flavonoid molecules, and hydroxy-
urea. However, no therapy options are so far available
for B19V-associated inflammatory cardiomyopathy.
The consensus is that no therapy is needed if low B19V
copy numbers are detected in cardiac tissue samples in
the absence of cardiac inflammation®. Evidence from
small observational studies indicates that immuno-
suppressive treatment has beneficial effects in patients
with low B19V DNA load in the myocardium and with
cardiac inflammation (CaPACITY programme)’*, and
in patients with BI9V RNA positivity, from treatment
with the antiviral drug telbivudine, owing to its

immunomodulatory properties*>'*’. However, placebo-
controlled clinical trials are needed to validate these
observations. Of note, immunoadsorption-IVIG was
found to be safe and effective in improving clinical
symptoms in patients with virus-positive inflammatory
cardiomyopathy, regardless of BI9V or HHV6 presence
in EMB samples””. By contrast, IVIG did not show any
beneficial effects in patients with DCM in a study that
did not evaluate cardiac viral persistence*. Registry data
indicate that IVIG is associated with clinical improve-
ment in patients with B19V-associated inflammatory
cardiomyopathy®®. IVIG was associated with a reduc-
tion in cardiac inflammation whereas cardiac B19V
eradication was limited, as assessed on EMB samples®®.

Patients with HIV-associated, HCV-associated or
influenza-associated myocarditis or inflammatory car-
diomyopathy are treated with established antiviral drugs
(TABLE 1), including antiretroviral therapy for patients
with HIV-associated myocarditis®®, a combination of
ombitasvir, paritaprevir, ritonavir and dasabuvir for
patients with HCV-associated myocarditis*, and neu-
raminidase inhibitors (peramivir and zanamivir) for
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patients with influenza-associated myocarditis**”**%.
For patients with COVID-19, several antiviral reg-
imens are under investigation and include strate-
gies to prevent viral entry into the host cell (such as
chloroquine, hydroxychloroquine, camostat mesyl-
ate and umifenovir), protease inhibitors (lopinavir-
ritonavir and darunavir), RNA polymerase inhibitors
(remdesivir) and anti-cytokine agents (such as IL-6
receptor antagonists and IL-1p inhibitors)*.

Knowledge gaps and future directions.

e Perform large, prospective, randomized control-
led studies to explore new or existing (repurposed)
immunosuppressive or immunomodulatory regimens
and antiviral regimens in patients with myocarditis
or inflammatory cardiomyopathy.

Perform multicentre, EMB-guided or cardiac MRI-

guided trials to assess optimal treatment duration

with conventional HF drugs and, particularly, with

treatment regimens that still need to be approved for

clinical use.

e Perform sex-matched clinical studies, given the well-
known sex-related differences in immune responses”-*
and outcomes in patients with myocarditis*’.

Novel therapeutic strategies

Patients who do not respond to guideline-directed neuro-
hormonal inhibitor therapy and haemodynamic support
might benefit from therapies that either inhibit one or
more of the effector arms of the immune response
or promote regulatory elements of the immune sys-
tem. Insights from exploratory clinical trials suggest
that multiple signalling pathways can be differentially
activated in patients with myocarditis or inflammatory
cardiomyopathy. Importantly, current clinical trials are
designed on the basis of lessons learned from previous
trials on high-dose TNF inhibitor therapy in patients
with systolic HE, which did not show improvements in
patient outcomes®’'. By taking a systematic approach to
personalize targeted therapies, the current generation of
therapeutic agents are aimed at minimizing toxicity and
maximizing the likelihood of recovery in patients with
specific phenotypes of inflammatory cardiomyopathy.

Soluble anti-CAR antibody. Treatment with an engi-
neered soluble CAR fused to the carboxy terminus of
human IgG, which reduces virus uptake into host cells,
has been shown to limit the development of acute’””
and chronic””” CVB3-induced myocarditis in mice. The
potential of this approach still needs to be evaluated
in humans.

Anti-IL-1B and anti-IL-1 receptor antibodies. Findings
from studies in animal models of viral and autoimmune
myocarditis support a central role for NLRP3 inflam-
masome activation and subsequent IL-1p production
in the pathogenesis of myocarditis®®**. Treatment
with an anti-mouse IL-1P antibody at different stages
of enteroviral infection prevented the development of
chronic viral myocarditis by reducing inflammation,
interstitial fibrosis and adverse cardiac remodelling in
mice””". One clinical trial”” and several case series”**”
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support the use of an anti-IL-1p monoclonal antibody
for the treatment of recurrent pericarditis. The ongoing
ARAMIS?® and RHAPSODY*” trials are designed to
assess the efficacy of IL-1P-blocking agents in patients
with myocarditis and associated pericarditis.

Anti-IL-17 antibody. Increased IL-17-related responses
and the activation of profibrotic pathways have been
associated with a greater risk of death in mice with
CVB3-induced myocarditis**’ and with a lower rate
of functional recovery in patients with myocarditis'®.
T,;17 cells have been shown to promote the progression
to DCM in mice'”’, whereas T, cells protected against
myocarditis in mice by attenuating inflammation®>'*.
A clinical trial of secukinumab, an anti-IL-17 monoclonal
antibody, has been proposed.

Cell-based therapies. Clinical application of T cells*!

reg
or the use of IL-2 agonists®** (which promote T, cell

production and increase survival and suppressor fgunc—
tion of mature T, cells*”) are alternative approaches to
elevate the T, cell to T;;17 cell ratio. Another poten-
tial cell-based approach involves the use of mesenchy-
mal stromal cells, which have been shown to increase
the number of T, cells* and have immunomodula-
tory and cardioprotective effects in mouse models of
myocarditis®>’***, such as by modulating the cardio-
splenic axis. Therapy with allogeneic mesenchymal stro-
mal cells has also been shown to be safe and effective in
patients with non-ischaemic DCM in the POSEIDON-
DCM trial**. In this trial, a significant improvement in
LVEF with autologous mesenchymal stromal cell ther-
apy was observed only in patients who did not carry
a pathogenic gene variant associated with DCM, indi-
cating the relevance of the genetic profile of patients
with non-ischaemic DCM in dictating responsiveness
to mesenchymal stromal cell therapy**. This response
was associated with a marked reduction in circulating
TNF levels®®, suggestive of a therapeutic effect gov-
erned by immunomodulation. Taken together, these
findings indicate that cell-based therapy has a poten-
tial role in the treatment of patients with inflamma-
tory cardiomyopathy. Future trials are warranted to test
this hypothesis.

Aldosterone antagonists. Evidence shows that early
blockade (starting at the acute phase of CVB3 infec-
tion) of the mineralocorticoid receptor with eplerenone
has pleiotropic effects, including immunomodulatory,
anti-oxidative and anti-apoptotic effects, and prevents
adverse cardiac remodelling and dysfunction without
affecting viral load in the heart in a mouse model of
persistent viral myocarditis®. This finding suggests that
eplerenone is an ideal candidate as an acute treatment of
myocarditis, together with HF treatment. However, cur-
rent guidelines do not consider aldosterone antagonist
therapy for acute myocarditis, indicating the need to test
this new therapeutic concept in clinical trials.

Cannabidiol and antagomirs. Interventions that primar-
ily promote regulatory functions of the immune system
for the treatment of myocarditis are under investigation
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in experimental models. The approaches include therapy
with cannabidiol*® and therapy with antisense miRNA
complements’’ (known as antagomirs or anti-miRs).
Antagomirs injected systemically or locally can be used
as a therapeutic tool to reduce either inflammation or
virus replication”’.

Modulation of the gut microbiome. Accumulating find-
ings demonstrate the contribution of the gut micro-
biome and its derived metabolites to the underlying
inflammation associated with HF?*’. In addition, a gut
microbiota-derived myosin-mimic peptide has been
linked to inflammatory cardiomyopathy'*'. These find-
ings suggest that modulation of the microbiome and its
derived metabolites are potential preventive and
therapeutic strategies for inflammatory heart diseases.

Mechanical circulatory support in patients with fulmi-
nant myocarditis. In patients with cardiogenic shock
due to fulminant myocarditis, parenteral inotropes and
short-term MCS systems are often required. MCS can be
used regardless of initiation of immunosuppressive ther-
apy. Different MCS devices are effective for temporary
haemodynamic stabilization and can serve as a bridge-
to-transplant in patients with fulminant myocarditis,
including veno-arterial extracorporeal membrane oxy-
genation (V-A ECMO)***!, intra-aortic balloon pumps
(IABPs)*"*”, the percutaneous ventricular assist devices
TandemHeart*' and ProtekDuo””, and the Impella
microaxial flow catheters”’**>**!. These devices differ in
their mode of action, especially their effect on afterload
modification. The effect of these devices on after-
load modification might be of special interest in fulminant
myocarditis, because a rise in peripheral resistance can
also further stimulate cardiac inflammatory responses
owing to an increase in ventricular wall stress. The high
flow of V-A ECMO is known to increase LV afterload,
which has been suggested to trigger cardiac inflamma-
tory responses and unfavourable cardiac remodelling
over time. IABP and TandemHeart have a minimal
effect on LV afterload reduction, whereas intravascu-
lar aortic catheter (iVAC) and, even more effective, LV
Impella microaxial flow catheter systems (the Impella
CP, 5.0 and 5.5) support peripheral circulation in com-
bination with ventricular unloading””. Mechanical load
has been shown to activate the cardiac mechanotrans-
duction network™®, which is associated with unfa-
vourable cardiac remodelling and cardiac fibroblast
activation, and further promotion of inflammatory
processes®”. Evidence from LV assist devices in patients
with chronic HF indicates that mechanical unload-
ing can lead to reverse remodelling involving immu-
nomodulatory mechanisms***. According to first
single-centre studies, prolonged use of microaxial flow
catheters over weeks exerts unique anti-inflammatory,
disease-modifying effects beyond circulatory support
(PROPELLA concept)**>**.

In routine clinical practice, the choice of MCS device
usually depends on its availability at the centre and on
whether the left or right ventricle alone, or both, are
compromised. Patients with primarily RV or biven-
tricular failure are usually treated with an extracorporeal

centrifugal flow-based regimen (V-A ECMO, iVAC,
TandemHeart and ProtekDuo)*'. Analyses of data
from experienced centres show that the combination of
a V-A ECMO with an IABP, an iVAC (EC-iVAC) or LV
Impella (ECMELLA) is safe and probably more effec-
tive than a single V-A ECMO approach in patients with
fulminant myocarditis*>**"**>. Fewer data are available
on the efficacy of the RP Impella system and/or its com-
bination with the LV Impella in unloading both ven-
tricles (BIPELLA-concept) in patients with fulminant
myocarditis’**”’, In patients with primarily LV fail-
ure and preserved RV function, use of the LV Impella
system for unloading might be favourable'**%>3%,
More research is needed to understand the mecha-
nisms underlying the anti-inflammatory effects of
prolonged LV unloading (PROPELLA concept)** with
the use of percutaneous LV support devices, which can
serve as a bridge-to-recovery or bridge-to-transplant.
Furthermore, clinical trials are needed to validate the
PROPELLA concept, preferably including EMB analysis.
Furthermore, the question of whether pulsatile systems
(such as iVAC and IABPs) differ from non-pulsatile
systems needs to be answered.

Knowledge gaps and future directions.

* Generate prospective data from multicentre registries
to assess standardized protocols that can guide the
management of patients with fulminant myocarditis
or acute myocarditis complicated by severe HF.

e Identify the best MCS or combination of MCS that
allow optimal perfusion and LV unloading.

* Perform randomized clinical trials to assess the effi-
cacy of immunosuppressive treatments for patients
with fulminant myocarditis receiving MCS.

Conclusions

Myocarditis and inflammatory cardiomyopathy were
first defined in the early 1900s*™. Since then, mile-
stone discoveries (including the technique of EMB**,
the invention of PCR and the development of cardiac
MRI**) and consensus statements have led to a refined
definition of myocarditis and inflammatory cardio-
myopathy, with the latest major update published in
2013 (REFA). This timeline renders the field of myocarditis
and inflammatory cardiomyopathy as a fairly young area
in cardiology. Entering the 2020s, gaps remain in our
understanding of the pathogenesis of, and the diag-
nostic and therapeutic options for, myocarditis and
inflammatory cardiomyopathy. The availability of novel
sophisticated techniques, emerging and existing (repur-
posed) therapies, computational modelling and novel
insights will help address these knowledge gaps in the
near future. Specific diagnostic approaches for different
clinical scenarios will help improve the subclassification
of patients with inflammatory cardiomyopathy, and
improve the common terminology in a field that is not
completely univocal. Finally, the efficacy of many exist-
ing, repurposed or emerging therapies needs to be eval-
uated in large, controlled, randomized trials to facilitate
the development of aetiology-based therapies'’ (FIC. 7).
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