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Abstract

Arrhythmogenic cardiomyopathy (ACM) is a primary disease of the myocardium, predominantly caused
by genetic defects in proteins of the cardiac intercalated disc, particularly desmosomes. Transmission is
mostly autosomal dominant with incomplete penetrance, ACM also has wide phenotype variability,
ranging from premature ventricular contractions to sudden cardiac death and heart failure. Among other
drivers and modulators of phenotype, inflammation in response to viral infection and/or immune triggers,
have been postulated to be an aggravator of cardiac myocyte damage and necrosis. This theory is
supported by multiple pieces of evidence, including the presence of inflammatory infiltrates in more than
two-thirds of ACM hearts, detection of different cardiotropic viruses in sporadic cases of ACM, the fact
that ACM patients often fulfill the histological criteria of active myocarditis, and the abundance of anti-
desmoglein-2, anti-heart and anti-intercalated disk autoantibodies in patients with arrhythmogenic right
ventricular cardiomyopathy (ARVC). In keeping with the frequent familial occurrence of ACM, it has
been proposed that, in addition to genetic predisposition to progressive myocardial damage, a heritable
susceptibility to viral infections and/or immune reactions may explain familial clustering of ACM.
Moreover, considerable in vitro and in vivo evidence implicates activated inflammatory signaling in ACM.
While the role of inflammation/immune response in ACM is not entirely clear, inflammation as a driver of
phenotype and potential target for mechanism-based therapy warrants further research. This review
discusses the present evidence supporting the role of inflammatory and immune responses in ACM

pathogenesis and proposes opportunities for translational and clinical investigation.
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Non-standard abbreviations and nonstandard acronyms

ACM arrhythmogenic cardiomyopathy

AHA anti-heart autoantibodies

AIDA anti-intercalated disk autoantibodies

ALVC arrhythmogenic left ventricular cardiomyopathy
ARVC arrhythmogenic right ventricular cardiomyopathy

FDG-PET 18F-fluorodeoxyglucose positron emission tomography
SCD sudden cardiac death



1. Inflammation — the missing piece in the pathogenesis of ACM?
Arrhythmogenic cardiomyopathy (ACM) is a genetically determined myocardial disease, characterized by
fibrofatty myocardial infiltration and a high degree of electrical instability associated with significantly
increased risk for sudden cardiac death (SCD)." ? Life-threatening ventricular arrhythmias, the cardinal
manifestation of ACM, may occur at any disease stage, but typically precede ventricular dysfunction and
pathological abnormalities.®> The classical form of ACM, arrhythmogenic right ventricular
cardiomyopathy (ARVC), has been recognized for centuries and was formally defined in 1982.! More
recently, disease subtypes with predominantly left ventricular (LV) or biventricular involvement were
described following wider implementation of post-mortem autopsy, increased use of contrast-
enhancement cardiovascular magnetic resonance imaging (CMR) and detailed endocardial and epicardial
voltage mapping, and improved understanding of genotype-phenotype associations.>> This warranted the
shift of the nomenclature from ARVC to ACM, which collectively reflects ARVC, arrhythmogenic left
ventricular cardiomyopathy (ALVC), and biventricular ACM.%°

ACM is a primary genetic disorder caused principally by desmosomal and infrequently by non-
desmosomal gene variants.” Remodeling of desmosomes leading to abnormal cardiac myocyte response to
mechanical stress and subsequent myocyte loss is considered central to the disease pathogenesis (Figure 1,
pathways A and B).® However, the incomplete penetrance and the wide phenotypic variability among
identical variant carriers has sparked numerous theories about the potential involvement of non-genetic
factors in shaping the ultimate ACM phenotype.’ Endurance exercise has been shown to significantly
increase the risk of ventricular tachyarrhythmias and disease penetrance in desmosomal pathogenic variant
carriers, likely related to physical-stress-induced recurrent desmosomal damage.’® Additionally
inflammation of infectious and/or immune etiology has been suggested to influence ACM
pathophysiology. Initially, this concept was supported by the fact that patchy inflammatory infiltrates have
been found in up to two thirds of ARVC hearts (Figure 2).* With increased recognition of ACM as a
distinct clinical entity, there have been reports of ACM cases misdiagnosed as myocarditis (lymphocytic
and granulomatous), or vice versa, highlighting the close resemblance of their clinical presentation (Figure
3).2*% These preliminary findings open the door to a discussion whether an inflammatory process
secondary to infection or immune mechanism may trigger ACM disease initiation or progression in
genetically predisposed subjects. The absence of manifest disease in ACM-associated pathogenic variant-
positive patients, rare progressive degenerative/dysplastic process in pathogenic variant-positive patients
and phenotypically similar disease process in some pathogenic variant-negative patients support
inflammation as a driving force in ACM phenotype.'® The voltage mapping data (repeated at two different
time periods) and excellent response to ablation during long-term follow-up provide evidence that ACM

phenotype develops as a result of acute triggering event followed by longer periods of quiescence and/or



very slow progression.>*’

2. The complex genetics and pathophysiology of ACM

Most genetic forms of ACM are transmitted as an autosomal dominant trait, with variable penetrance.
Causative variants in desmosomal genes, namely plakophilin 2 (PKP2), desmoplakin (DSP), desmoglein 2
(DSG2), desmocolin 2 (DSC2), and plakoglobin (JUP), are the most prevalent and well validated of the
genetic basis of ACM." Desmosomes are intercellular adhesion complexes, which in the heart reside
within the intercalated disc. They anchor transmembrane cadherins to the desmin cytoskeleton via linker
proteins, providing the heart with mechanical strength. Over the past decade, variants in genes encoding
non-desmosomal proteins have been implicated in ACM, particularly in ALVC and biventricular ACM.
These genes encode proteins with a diverse range of biological functions, including maintenance of
cytoskeletal and nucleoskeletal architecture, nuclear envelope stability, calcium handling, sodium

transport and cytokine signaling,® *°

suggesting that ACM pathophysiology involves perturbation of
multiple signaling pathways (Figure 4).

The pathophysiology of ACM is complicated and insufficiently understood. Previous studies have
identified four features that are often evident in ACM patients regardless of the underlying pathogenic
variant, hence are likely part of a final common molecular pathway: 1) decreased immunoreactive signal
for plakoglobin at cell-cell junctions, suggesting redistribution of plakoglobin from membrane to
intracellular pools;*® 2) gap junction remodeling indicated by decreased immunoreactive signal for the
major ventricular gap junction protein, connexin 43 (Cx43), at cell-cell junctions:® 3) myocardial
apoptosis;?* and 4) high circulating levels of proinflammatory cytokines and expression of cytokines by
cardiac myocytes.”* The first three features have been reviewed elsewhere;® *° here we focus on

inflammation and immune response in ACM.

3. Evidence from human ACM histopathological studies

In their original clinicopathological description of ARVC cases, Marcus et al.! reported histiocytic and
lymphocytic infiltrates in the interstitium of affected RV areas in ARVC biopsy samples. Following this
report, sporadic cases of viral myocarditis facilitating arrhythmias or disease progression in ARVC
patients were reported.?” # Yet, while inflammatory infiltrates are common, they are not universally
present in ARVC hearts.?* In 1991, Thiene et al.?* reported on gross and pathohistological examinations
and immunohistochemistry studies of 19 ARVC hearts. In six (32%) out of 19 cases, they found active
inflammatory processes consisting of patchy CD45" mononuclear infiltrates surrounding myocardial
damage and necrosis, consistent with the histological definition of myocarditis. The authors drew parallels

with an experimental model of perimyocarditis in BALB/c mice due to Coxsackie B3 virus, resulting in



isolated RV wall thinning and aneurysms in later stages,” and proposed that genetic factors may not only
predispose to susceptibility for infection/inflammation but also play a role in the site of cardiac
involvement — the epicardium of RV (Figure 1, pathway C).** Another key study by Basso et al.!
described patchy inflammatory infiltrates, consisting of CD45" and CD43" lymphocytes, associated with
cardiac myocyte death in 20 (67%) out of 30 ARVC hearts. Electron microscopy examination revealed
lymphocytic infiltrates around capillary vessels, and cardiac myocyte debris within the fibrotic areas,
attributable to recent cell death. Later, Corrado et al.”® showed that interstitial mononuclear infiltrates,
located mainly in the subendocardial layers around necrotic or degenerative myocytes (Figure 1, pathway
D), were more often found in cases with LV involvement (88%), as compared to those with isolated RV
disease (30%), and infrequently showed features of focal giant cell myocarditis. More recently,
Campuzano et al.” identified ventricular multifocal inflammatory infiltrates in 14 (39%) out of 36 ARVC
postmortem human heart samples. A subset of seven (19%) cases showed predominantly T cells, while in
another seven cases, infiltrates were composed of mainly neutrophils, less of mast cells and macrophages,
whilst T cells were absent. Infiltrates were more frequently identified in areas of fibrofatty replacement
and when present, correlated with more severe structural cardiac abnormalities and biventricular
involvement, implicating inflammatory triggers as a potential modulator of the ACM phenotype.
Interestingly, the fibro-fatty pathology of ACM is not seen in viral myocarditis or autoimmune forms like

giant cell or eosinophilic myocarditis.

4. ‘Hot phase’ clinical presentation in ACM

Several studies reported that inflammatory cells tend to be particularly abundant in the affected
myocardial tissue during the so-called ‘hot phases of disease’, observed in some patients with ACM. At
this stage, patients may present with signs of myocarditis, such as chest pain, elevated troponin levels,
ECG abnormalities, or myocarditis pattern on CMR.%3L Fyrthermore, various cardiotropic viruses,
including enterovirus, adenovirus, cytomegalovirus, hepatitis C virus and parvovirus B19, have been
detected in myocardial samples from sporadic ARVC cases.**** Whether or not viral infection has a
pathogenic role in disease causality or progression, and whether these infections were superimposed on an
already affected myocardium that is susceptible to viral infections, remains unknown.

An interesting study by Lopez-Ayala et al.*

examined the incidence and genetic basis of acute
myocarditis in patients with ARVC or ALVC and their pathogenic variant-carrier family members. Over a
median of 34 months follow-up, 6/131 (4.6%) patients, including one with ARVC, four with ALVC, and
one with biventricular ACM, and 1/64 (1.6%) clinically healthy variant carrier developed acute chest pain,
with associated increase of the troponin | values and progressive worsening of the LVEF, without an

episode of fever or infection in the weeks prior to acute myocarditis.*® Notably, laboratory tests performed



at the time of the episodes did not show elevations in C-reactive protein or leukocytes, nor did CMR
demonstrate pericardial effusion or myocardial edema. Myocarditis clustered in families with the DSP-
.1339C>T (Glu447*) and LDB3-c.1051A>G (Thr351Ala) variants. Similarly, Bariani et al.** have
recently reported that among 560 ACM probands and family members only 23 (5%) presented with a ‘hot
phase’, often at pediatric age. While only 10/23 (43%) patients met the diagnostic criteria for ARVC at
first presentation, all but one individual fulfilled the 2010 Task Force criteria for ARVC after a mean
follow-up of 17-years.

There are limited data on the presence of active myocarditis in living patients with ARVC using
non-invasive imaging techniques. Campian et al.*" assessed regional myocardial inflammation with *’Ga
scintigraphy in 8 ARVC patients and 9 controls. They found significantly higher ’Ga uptake in the RV
wall in ARVC cases than in controls, while ®’Ga uptake was not different between both groups in the
interventricular septum and LV wall. Protonotarios et al.*® used ‘®F-fluorodeoxyglucose positron emission
tomography (FDG-PET) to assess the prevalence of myocardial inflammation in patients with ARVC.
Among 16 definitive ARVC patients, 7 (44%) had positive FDG-PET scans, 2 of whom had cardiac
sarcoidosis on endomyocardial biopsy. Of the remaining 5, 2 carried pathogenic DSP variants. FDG
uptake was found in the LV myocardium in all cases, with only one patient having RV uptake
additionally.

Recently, Poller et al.*® described a novel, recurrent myocarditis-like phenotype in two brothers
heterozygous for the pathogenic DSP-p.Argl458Ter variant. In both brothers, these episodes were
characterized by chest pain, myocarditis-like ECG-changes, and massive increase of troponin T, and
occurred after competitive sports activities. While neither brother fulfilled histological or CMR criteria for
ARVC, both showed multifocal subepicardial late gadolinium enhancement (LGE) in the LV.
Immunohistochemistry showed complete loss of desmoplakin protein from the myocardium of these
patients despite their heterozygous desmoplakin defect at the genome level. Such acute myocardial injury
occurs in approximately 15% of patients with pathogenic DSP variants, and is strongly associated with LV
(90%) LGE even with normal LVEF.*’ Childhood episodes of acute myocarditis have been described in

those with homozygous variant carriers.™

5. Autoantibodies in ACM hearts

Circulating anti-DSG2 autoantibodies,* anti-heart autoantibodies (AHAs) and anti-intercalated disk
autoantibodies (AIDAs)*” were identified in patients with ACM, in keeping with the theory that
autoimmune response against intercalated disk components and myosin is involved in ACM
pathogenesis. Moreover, anti-DSG2 antibodies were present in Boxer dogs with ARVC, and absent in

those without.** In humans, the level of anti-DSG2 antibodies correlated with the burden of premature
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ventricular contractions, and antibodies caused gap junction dysfunction, a common feature of ARVC.*
Similarly, positive AHA status in patients with ARVC was associated with lower LVEF, higher frequency
of cardiac symptoms and implantable cardioverter defibrillator implantation, and positive AIDA with
lower biventricular ejection fraction.” Remarkably, anti-DSG2 antibodies were present in ARVC subjects
regardless of presence of or type of the underlying pathogenic variant, suggesting that a final common
pathway can underlie gene-elusive ARVC cases.** An increased frequency of AHAs and AIDAs in ARVC
patients and relatives in comparison with controls was reported. Of note, AHA- and AIDA-positive status
was more common in familial than in sporadic pedigrees (85% vs 45%). Overall, these primary studies
implicate anti-DSG2 autoantibodies, AHAs, and AIDAs as sensitive and specific biomarkers and new
therapeutic targets for ACM. However, the detection rate of anti-DSG2 antibodies was not investigated in
disease entities overlapping with ACM, and the specificity of these antibodies requires further

investigation.

6. The molecular crosslink between inflammatory signaling and ACM pathogenesis
6.1. TGFp3 signaling and replacement-type fibrosis in ACM

The hypothesis that cytokine signaling plays a role in ACM pathogenesis first gained attention when the
gene locus in one large ARVC family was mapped to 14g24.3, which includes the TGFB3 gene, encoding
transforming growth factor-B3 (TGFP3).® After screening of the coding region of TGFB3 and of
additional four genes within the critical region failed to reveal genetic alterations, Rampazzo et al.**
identified a rare, non-coding G>A nucleotide substitution (c.—30G>A) in the 5' untranslated region (UTR)
of TGFB3, which co-segregated with the disease in all affected family members.* Investigation extended
to 30 unrelated ARVC patients negative for pathogenic variants in the known ARVC genes, identified an
additional substitution variant (c.*495C>T) in the 3'UTR of TGFB3 in one proband.* Expression of UTR
mutant TGFB3 in murine myoblast cells significantly increased translation of luciferase reported gene,
indicating gain-of-function. Interestingly, in keeping with the knowledge that TGFB3 induces a fibrotic
response by promoting expression of extracellular matrix genes and by suppressing the activity of matrix
metalloproteinases, the authors suggested that UTR variants in the TGFB3 gene lead to increased
myocardial fibrosis (Figure 1, pathway E).* In accord with this theory, endomyocardial biopsies in the
two probands with TGFB3-mediated ARVC showed extensive replacement-type fibrosis. Signal-averaged
ECG, which strongly correlates with the extent of replacement fibrosis in ARVC hearts,*® revealed late
potentials in six affected members of the 5' UTR-TGFB3 family.*

Thus far, no pathogenic TGFB3 variants have been subsequently reported in ARVC. A recent
ClinGen expert-curation of published studies revealed limited evidence to support the causal role of

TGFB3 variants in monogenetic ARVC;"® however, given the regulatory role of TGFP3 in cellular



adhesion and extracellular matrix formation, its paracrine and autocrine signaling warrant further
investigation with relation to ACM.
Interestingly, there is evidence of activation of the TGF-f profibrotic pathway in more cases of the

ACM with different genetic backgrounds. Maione et al.*’

observed higher levels of circulating TGF-p1
and higher levels of fibrotic markers in cardiac biopsies from desmosomal or gene-elusive ARVC patients
than in healthy controls. ARV C-patient derived cardiac mesenchymal stromal cells were more responsive
to TGF-B1 treatment, in terms of pro-fibrotic differentiation and higher activation of the SMAD2/3
signaling pathway, than those from healthy controls. Also, in a PKP2"~ mouse model and neonatal rat
ventricular cardiomyocytes, loss of PKP2 was shown to promote TGF-$1/p38 MAPK-dependent fibrotic
gene expression in cardiac myocytes.*® Notably, other pathways, including the Wnt pathway, have been

postulated in promoting fibrosis in ACM hearts but there is thus far no clear evidence.

6.2. Proinflammatory cytokines and plakoglobin translocation
Another piece of evidence supporting the role of cytokine signaling proteins in the ACM pathogenesis is

|,13

the key study by Asimaki et al,” which showed marked reduction in the immunoreactive signal for
plakoglobin at cardiac myocyte junctions in patients with granulomatous myocarditis, similar to findings
in patients with ARVC. In contrast, plakoglobin signal was not depressed in non-granulomatous
(lymphocytic) myocarditis. In vitro, brief exposure of cultured neonatal rat ventricular myocytes to low
concentrations of interleukin (IL)-17, tumor necrosis factor-a (TNFa), and IL-6 — cytokines implicated in
granulomatous myocarditis — caused translocation of plakoglobin from junctional to intracellular sites,
whereas other potent cytokines implicated in non-granulomatous myocarditis had no effect on plakoglobin
localization. Immunostaining of human ARVC myocardial samples revealed higher myocardial expression
of IL-17 and TNF-a compared to controls. A sensitive immunoassay revealed elevated levels of multiple
proinflammatory cytokines, including IL-6 receptor, IL-8, monocyte chemoattractant protein 1,
macrophage inflammatory protein 1, TNF-al and TNF-aR2, and a significant reduction in the levels of
IL-1R2, an anti-inflammatory protein, in the serum of ACM patients compared with controls. Remarkably,
inflammatory mediators including IL-6, TNF-a, MIP-1a, and the chemokine RANTES, were also shown
to be secreted by neonatal rat ventricular myocytes transfected to express JUP?*"®?2 % These findings
implicate cytokines, including those produced by the damaged cardiac myocytes, in redistribution of

desmosomal proteins and pathogenesis of ARVC (Figure 1, pathway F).

6.3. Transcriptional link between PKP2 and host-response proteins in cardiac myocytes
Recently, Delmar and colleagues investigated the transcriptional link between PKP2 and the

inflammatory/immune response in adult cardiac myocytes, and tested the hypothesis that PKP2 deficiency



endogenously activates a transcriptional program that can lead to a ‘sterile myocarditis’.>® Cardiac-
specific, tamoxifen-activated PKP2-knockout mice (PKP2cKO) were crossed with a RiboTag line to allow
characterization of the ribosome-resident transcriptome of cardiac myocytes after PKP2 knockdown. In
PKP2cKO/RiboTag adult murine cardiac myocytes, analysis of biological processes of upregulated
transcripts showed over-representation of transcripts involved in platelet activation and chemokine
signaling, viral response, inflammatory and immune pathways. The transcriptional changes in myocytes at
this stage coincided with the presence of infiltrates positive for T-cell marker CD45 and for the neutrophil
marker Ly-6G/Ly-6C. At an earlier stage, when apparent histological changes are still absent, the authors
observed nonmyocyte cells and injured myocytes in the subepicardial region of the myocardium using
serial block face scanning electron microscopy. Further, the authors assessed the correlation of PKP2
transcript with all others in the transcriptome of the left ventricle of 386 human decedents in the GTEx v8
database. Analysis of the transcripts that inversely correlated with PKP2, as in the case of
PKP2cKO/RiboTag, revealed a predominance of functional pathways related to viral infection, platelet
activation, inflammation, and immune response networks, indicating that the relation between PKP2
transcript levels and the abundance of transcripts involved in the inflammatory/immune response are
independent of the presence of a cardiac disease. In a further step, the authors extracted transcripts
significantly and inversely correlated with PKP2 in the PKP2cKO/RiboTag data and localized those in the
GTEXx data. Functional pathways from overlapping datasets were consistent with inflammation/immune
response, in particular with pathways associated with viral infections. Collectively, these data support the
concept that PKP2 might be transcriptionally linked, in cardiac myocytes, to genes coding for host-
response molecules even in the absence of an exogenous trigger (Figure 1, pathway G). While there is no
evidence for direct regulation of transcription by PKPZ2, it is known that PKP2 transcript abundance can
affect the localization and function of intercalated disc proteins that affect transcription, particularly beta-

catenin, plakoglobin, and protein kinase C-alpha.*

6.4. Activation of the NFkB signaling and GSK3p pathway in ACM
Considerable evidence implicates abnormal signaling by glycogen synthase kinase-3f (GSK3p) in ACM.
SB216763, a small molecule annotated as an inhibitor of GSK3p, prevents and/or reverses the ACM
phenotype (including arrhythmias, contractile dysfunction, myocyte injury and apoptosis, exercise-
induced sudden cardiac death and re-distribution of junctional proteins) in ACM models in vitro,*® in vivo
51 and ex vivo®.* These studies demonstrate that arrhythmias and myocardial damage in ACM arise via a
final common disease pathway that can be blocked by a single small molecule.* Additionally, GSK3p
distribution was found to be consistently altered in hearts of ACM patients regardless of the underlying

pathogenic variant. Under physiological conditions, GSK3f resides in the so-called degradation complex
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in cytoplasm and phosphorylate substrate proteins targeting them for ubiquitination and proteasomal
degradation. In ACM hearts, GSK3p translocates from the cytoplasm to the intercalated disk. This
‘reverse remodeling’ of the intercalated disk appeared to be specific to ACM as it did not occur in other
forms of cardiomyopathies, viral or granulomatous myocarditis.>* Insightful as these studies were,
effective mechanism-based drug therapy of ACM will require long-term administration and long-term
inhibition of GSK3p, which could have unacceptable adverse consequences, including increased risk of
carcinogenesis.

Accordingly, to identify potential new targets for drug therapy, Chelko et al.** focused on
signaling mediated by nuclear factor-kB (NFkB). A master regulator of cellular inflammatory responses,
NFkB is closely linked to the GSK3B pathway. Activation of GSK3B promotes NFxB-mediated
inflammation, whereas inhibition of GSK3p limits NF«B signaling. Activation of NF«B signaling,
indicated by increased expression and nuclear accumulation of phospho-RelA/p65, occurs in both in vitro
and in vivo mouse models of ACM (JUP?*®2 Dgg2™¥™" Bay 11-7082, a small-molecule inhibitor
of NF«B signaling, prevented the development of ACM features in vitro (redistribution of plakoglobin,
Cx43, and GSK3pB; myocyte apoptosis, release of inflammatory cytokines) and in vivo (myocardial
necrosis and fibrosis, left ventricular contractile dysfunction, abnormalities in single-averaged ECG in

2mut/mu

Dsg mice). Hearts of Dsg2™"™" mice expressed markedly increased levels of inflammatory
cytokines and chemotactic molecules that were attenuated by Bay 11-7082. Beneficial effects of Bay 11-
7082 correlated with the extent to which production of selected cytokines had been blocked. Treatment of
Dsg2™"™" mice with Bay 11-7082 also reduced the number of infiltrating inflammatory cells in the
myocardium. The levels of LIX (CXCL5) and osteopontin (OPN) showed inverse correlation with
ejection fraction and a positive correlation with myocardial fibrosis and apoptosis. NFkB signaling was
also activated in hiPSC-cardiac myocytes derived from a patient with PKP2-mediated ACM. These cells
produced and secreted abundant inflammatory cytokines under basal conditions, and this was also greatly
reduced by Bay 11-7082. These results provide additional independent evidence of activation of an innate
immune response in cardiac myocytes in ACM under the control of NF«B signaling.

Activation of the NFkB signaling was also reported in Tmem43 knock-in mouse model carrying
the p.S358L mutation, which shows features of cardiomyopathy with fibro-fatty infiltration but preserved
cardiac function.® NF«B directly drove the expression of pro-fibrotic TGFB1, and enhanced downstream
signaling, indicating that TMEM43-S358L mutation up-regulates NFxB-TGFp signal cascade during
ARVC cardiac fibrosis. Overexpression of calcineurin splice variant calcineurin AB1 (which results in
GSK3p inhibition) or chemical GSK3p inhibition improved cardiac function and increased mice life
span.>* HiPSCs harboring the TMEM43-p.S358L variant also showed contractile dysfunction that was

partially restored after GSK3p inhibition, providing solid evidence for targeting NFxB signaling in
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TMEM43-ARVC.

7. Conclusive remarks

Evidence accumulated over the past decade strongly suggests that inflammation — either reactive to
internal influences or triggered by exogenous agents, such as viruses — is involved in the pathogenesis of
ACM. Mechanisms by which inflammation and/or autoimmunity contribute to the ACM pathogenesis and
the extent to which these factors shape the ultimate ACM phenotype may vary based on the causal gene
variant. Most of the evidence on the role of inflammation and autoimmunity in ACM is based on
desmosomal forms of disease; non-desmosomal disease subtypes require more research to explore
possible phenotype modifiers. Current data suggests that inflammatory/immune factor might be more
prevalent in ALVC than in typical ARVC, with DSP-cardiomyopathy typically manifesting as ALVC
being increasingly recognized as distinct form of cardiomyopathy with inflammatory component. While
patients with typical ARVC also often endorse episodes of myocarditis when asked, systematic evaluation
with CMR and FDG CT-PET does not occur. It is, therefore, likely that we will see increased RV uptake
as we systematically evaluate patients for it. Although speculative, it is plausible that inflammation may
exacerbate exercise-induced desmosomal damage in genetically-predisposed patients and vice versa but
determining the chain of causality is difficult in humans. Discerning whether there is a primary
inflammatory susceptibility or a secondary inflammatory response in ACM will be critical to targeting
these pathways; both primary and secondary inflammatory response mechanisms may be amenable to
novel therapies. Whether targeting specific inflammatory pathways will help attenuate/prevent the
phenotype in all disease forms or only be beneficial for a subgroup of patients, remains to be investigated.
Despite the challenges ahead, pharmacological targeting of inflammatory signaling might represent a
promising new avenue for treatment of ACM patients, particularly in the context of recent
accomplishments in developing anti-interleukin medications (e.g. canakinumab, a monoclonal antibody

against [IL-1p]) that is already safely and effectively used in clinical practice.
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Figure 1. Schematic diagram illustrating mechanistic pathways involved in the pathogenesis of
myocyte damage and replacement-type myocardial fibrosis in different genetic forms of
arrhythmogenic cardiomyopathy.

Please see text for details regarding the pathogenic cascade. Note, mechanisms involved in cardiac
electrical susceptibility in the context of alterations in cardiac ion channels and intercalated discs, are not

shown.

Figure 2. Histological evidence of myocardial inflammation in arrhythmogenic right ventricular
cardiomyopathy.

Histological specimen from the right ventricular myocardium of a 32-year old male patient with sudden
cardiac death and post-mortem diagnosis of typical arrhythmogenic right ventricular cardiomyopathy
showing extensive fibrosis, very few adipocytes and areas of focal inflammation in the, hematoxylin and
eosin magnified 40 x. Given sudden death was the sentinel event, no in vivo ECG or CMR data were
available. Two family members were subsequently diagnosed with ARVC. Genetic testing revealed a
truncation pathogenic variant in the PKP2 gene, which segregated with phenotype in the family and was

confirmed in the index patient.

Figure 3. Arrhythmogenic left ventricular cardiomyopathy and inflammation: case presentations.

A 49-year-old male with a history of chest pain, troponin elevation, normal epicardial coronary arteries
presented several weeks dyspnea, NTproBNP 1500 pg/ml. A 12-lead ECG showed sinus rhythm with T-
wave inversion in the lateral leads (I, aVL, V5, V6) and poor R wave progression across the precordial
leads (panel A).

A CMR showed extensive left ventricular late gadolinium enhancement with near circumferential ring-
like pattern of the basal, mid and apical segments (panels B-F). T2 STIR imaging also showed edema
(panel G). An arrhythmogenic cardiomyopathy and dilated cardiomyopathy panel was sent revealing a
pathogenic DSP variant c.478C>T (p.Argl160Ter).

An unrelated patient who had died of a sudden cardiac death event on histological analysis showed
lymphocytic infiltrates of the left ventricular myocardium (negative for viral PCR), hematoxylin and eosin

10 x panel (H) and magnified 20 x (). This patient tested positive for a truncating pathogenic DSP variant.

Figure 4. Genes associated with arrhythmogenic cardiomyopathy (ACM).
Pathogenic variants in desmosomal genes (shown in yellow) are very frequent among patients with ACM.
Less frequently, pathogenic variants in ACM patients are found in genes encoding proteins that interact

with the desmosome (CDH2, CTNNAZ3, and DES), in the genes potentially involved in expression of
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proteins (LMNA, TFGB3, and TMEM43), in the genes related to sarcoplasmic reticulum calcium
homeostasis (PLN), or in the sarcomeric gene TTN (less frequently involved genes are shown in blue).
Pathogenic variants in the SCN5A gene have been associated with defects in cadherin 2 (encoded by
CDH2) at the intercalated disc, which might underlie the mechanism of ACM (although a direct
interaction between these molecules has yet to be demonstrated). SERCA, sarcoplasmic/endoplasmic
reticulum calcium ATPase 2; TGFp, transforming growth factor-p.
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