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Abstract

Introduction: Inflammation is a prominent feature of arrhythmogenic cardiomyopathy (ACM), but
whether it contributes to the disease phenotype is not known. To define the role of inflammation in the
pathogenesis of ACM, we characterized effects of inhibition of inflammatory signaling in ACM models
in vitro and in vivo, and in cardiac myocytes from patient induced pluripotent stem cells (hiPSCs).
Results: Activation of NFkB signaling, indicated by increased expression and nuclear accumulation of
phospho-RelA/p65, occurs in both an in vitro model of ACM (expression of JUP?*"®'2 jn neonatal rat
ventricular myocytes), and in a robust murine model of ACM (homozygous knock-in of mutant

desmoglein-2; Dsg2™"™"

) that recapitulates the cardiac manifestations seen in ACM patients. Bay 11-
7082, a small molecule inhibitor of NFkB signaling, prevented development of ACM disease features in
vitro (abnormal redistribution of intercalated disk proteins, myocyte apoptosis, release of inflammatory
cytokines) and in vivo (myocardial necrosis and fibrosis, LV contractile dysfunction, ECG

abnormalities). Hearts of Dsg2™"™"

mice expressed markedly increased levels of inflammatory
cytokines and chemotactic molecules which were attenuated by Bay 11-7082. Salutary effects of Bay
11-7082 correlated with the extent to which production of selected cytokines had been blocked. NFkB
signaling was also activated in cardiac myocytes derived from a patient with ACM. These cells
produced and secreted abundant inflammatory cytokines under basal conditions, and this was also
greatly reduced by Bay 11-7082.

Conclusions: Inflammatory signaling is activated in ACM and it drives key features of the disease.

Targeting inflammatory pathways may be an effective new mechanism-based therapy for ACM.
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Clinical Perspective

What is new?
e NF«B signaling is activated in cardiac myocytes in arrhythmogenic cardiomyopathy.
e Bay 11-7082, a small molecule inhibitor of NFkB signaling, prevents development of major
features of the disease phenotype.
e Cardiac myocytes express large amounts of inflammatory cytokines and chemotactic molecules
in arrhythmogenic cardiomyopathy reflecting activation of an innate immune response in the

heart.

What are the clinical implications?
e Clinically important features of arrhythmogenic cardiomyopathy - myocardial injury and
arrhythmias - are driven by activation of an immune response in the heart.
e Anti-inflammatory drug therapy may be an effective, mechanism-based strategy to reduce

myocardial damage and risk of sudden death in patients with arrhythmogenic cardiomyopathy.



Introduction

Arrhythmogenic cardiomyopathy (ACM) is a familial non-ischemic heart muscle disease that
causes sudden death in the young and especially in athletes. The only strategy proven to prevent
sudden death in ACM patients at risk is an implantable cardiac defibrillator. No mechanism-based drug
therapies are currently available.

Molecular mechanisms responsible for the pathogenesis of ACM are incompletely understood.
However, considerable evidence implicates abnormal signaling by glycogen synthase kinase-3p
(GSK3p) in ACM.*® A small molecule, SB216763, annotated as an inhibitor of GSKSB,7 prevents
and/or reverses the ACM disease phenotype (including redistribution of cell-cell junction proteins in
cardiac myocytes, arrhythmias, exercise-induced sudden death, ventricular myocyte injury and
apoptosis, and contractile dysfunction) in ACM models in vitro, in zebrafish and mouse models in vivo,
and in buccal mucosa cells and hiPSC-cardiac myocytes derived from ACM patients.>®° The key
insight to emerge from studies in vivo is that the clinically important features of the disease phenotype —
arrhythmias and myocardial damage — arise via a common disease mechanism that can be blocked by a
single small molecule. However, effective mechanism-based drug therapy of ACM to reduce sudden
death will likely require chronic administration, and long-term inhibition of GSK3p and its effects on
Wnt/B-catenin signaling pathways could have unacceptable adverse consequences including increased
risk of developing cancer.’’ Thus, to identify potential new targets for drug therapy, we looked
downstream of GSK3f and focused on inflammatory signaling.

Inflammation has long been recognized as a feature of ACM.™*? First described by autopsy
pathologists,*? inflammatory infiltrates occur in the hearts of 60 to 88% of ACM patients, and are
especially common in ACM patients who died suddenly.*** They are often seen in both ventricles even
when macroscopic disease is confined to the right ventricle.*® It has been suggested that a histologic
picture reminiscent of acute myocarditis may reflect an active phase of ACM associated with accelerated

disease progression.* It has also been shown that ACM patients have elevated circulating levels of pro-
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inflammatory cytokines, and cardiac myocytes themselves produce potent cytokines in ACM.*® Thus,
inflammation in ACM involves infiltrating inflammatory cells and activation of an innate immune
response in cardiac myocytes, one or both of which could contribute to disease onset and progression.
However, the role of inflammation as a driver of the ACM disease phenotype has not been studied
previously.

NF«B is a master regulator of cellular inflammatory responses initiated by diverse injurious
agents including stress, pro-inflammatory cytokines, reactive oxygen species, heavy metals, UV
radiation, oxidized LDL and bacterial/viral antigens.®*’ There are clear links between GSK3p and
NF«B signaling pathways, and abundant evidence indicates that activation of GSK3p promotes
inflammation through NF«B, whereas inhibition of GSK3p limits inflammation.’***  Accordingly, we
tested the hypothesis that inflammatory signaling mediated by NFkB promotes myocardial damage,
contractile dysfunction and cytokine production in ACM. Here, we show that NF«B signaling is
activated in ACM. Moreover, inhibition of inflammatory signaling with a small molecule inhibitor of
NF«B shows a remarkable ability to rescue the disease phenotype in ACM models in vitro and in vivo
involving expression of three different alleles known to cause disease in patients.

Materials and Methods
Transparency and Openness Promotion

The data that support the findings of this study are available from the corresponding author upon
reasonable request.
Animal Studies

All animal studies were in full compliance with policies of Beth Israel Deaconess Medical
Center, Johns Hopkins School of Medicine and St. George’s University of London. They also
conformed to the Guide for the Care and Use of Laboratory Animals from the National Institutes of

Health (NIH publication no. 85-23, revised 1996). In vitro studies involved transfection of cultured



neonatal rat ventricular myocytes with a mutant allele of the desmosomal protein plakoglobin
(JUP?®7%12) a5 previously described.” In vivo studies were performed in mice with homozygous knock-
in of a mutant form of Dsg2, the gene encoding the desmosomal cadherin desmoglein-2 (Dsg2™ /™
mice) as previously described.® This mutation entails loss of exons 4 and 5 which causes a frameshift
and premature termination of translation.
Preparation of primary cultures of neonatal rat ventricular myocytes

Primary cultures were prepared from disaggregated ventricles of 1-day-old Wistar rat pups
(Charles River) as previously described.” At 24 hours post-seeding, cultures were transfected with an
adenoviral construct expressing plakoglobin with the 2157del2 mutation (JUP?>"%?) as previously
reported .” At 24 hours post-transfection, cultures were treated with Bay11-7082 (Sigma, 5uM) for an
additional 24 hours. This concentration of Bay 11-7082 has been used in numerous in vitro studies to
inhibit NFkB signaling (see #*® for example). Transfected cultures treated with vehicle only (DMSO)
and non-transfected cultures were used for control purposes.
In vivo drug treatment

Four cohorts of mice at 8 weeks of age were anesthetized and implanted with subcutaneous
osmotic mini-pumps (Alzet, Model 1004). These included: 1) Dsg2™™" mice with pumps containing
50ug/UL Bay11-7082 in a vehicle of 65% DMSO, 15% ethanol, and 20% saline; 2) Dsg2™/™ mice
with pumps containing an equivalent volume of vehicle; 3) wildtype mice with pumps containing
50ug/uL Bay11-7082 in a vehicle of 65% DMSO, 15% ethanol, and 20% saline; and 4) wildtype mice
with pumps containing an equivalent volume of vehicle. Mice in cohorts 1 and 3 received 5mg/kg/day
of Bay11-7082 by continuous infusion; those in cohorts 2 and 4 received an equivalent volume of
vehicle each day for 4 weeks. At 12 weeks of age, mice were re-anesthetized and new Alzet pumps
were implanted for an additional 4 weeks of treatment. This dose of Bay 11-7082 has been shown in

numerous studies to block NF«B signaling in vivo.?**’



Mouse echocardiography and electrocardiography

At the end of the 8 week drug treatment protocol, cardiac function was assessed in all mice by
transthoracic echocardiography and electrocardiography (ECG) as previously described.® Echocardio-
graphic measurements were made according to American Society of Echocardiography guidelines %% in
non-sedated mice using a Vevo 2100 Visualsonic imaging system. Parasternal long-axis views of the
left ventricle (LV), at the level of the papillary muscles, were acquired at a sweep speed of 200
mm/second. Three to five measurements were acquired from each mouse and averaged to assess LV
function as previously described.® ECG measurements made in anesthetized mice in which wire
electrodes had been sutured in place in the right and left arms to obtain standard lead | ECG recordings.
Recordings were captured via PowerLab and analyzed via the LabChart Pro ECG Analysis Add-on
Software (LabChart Pro 8, MLS360/8, AD Instruments). ECGs were recorded for 15 minutes and all
ECG wave and amplitude parameters were analyzed as signal averaged ECGs (SAECGS). Following
completion of functional studies, mice were euthanized and hearts were excised and processed for
additional studies either by freezing fresh tissue (-80C) or fixing tissue in 10% buffered formalin and
embedding in paraffin.
hiPSC-cardiac myocyte differentiation and Bay11-7082 treatment

These studies involved a previously characterized hiPSC line from an ACM patient with a

€.2013delC (p.Lys672Argfs*12) mutation in plakophilin-2 (PKP2) originally produced by Joseph Wu at
Stanford and described previously,® and an unrelated healthy control hiPSC line previously derived at
Johns Hopkins by Gordon Tomaselli and colleagues.” Stem cell lines were cultured as monolayers and
differentiated into cardiac myocytes according to a published protocol with minor modifications.*
Briefly, hiPSCs were plated in 6-well culture plates coated with 1:200 Geltrex LDEV-free reduced
growth factor matrix:DMEM/F-12 with HEPES (both Gibco). They were maintained for the first 18

hours in Essential 8 medium (E8, Gibco) with 10 uM Y-27632 dihydrochloride (Tocris Bioscience,



Bristol, UK), and then subsequently fed daily with E8 medium for a total of four days. Cells were plated
at a density sufficient to produce 70-90% confluence at 4 days, at which time differentiation was
initiated (defined as day 0 or “d0”).

On dO, E8 media was replaced with RPMI 1640 medium supplemented with B-27 supplement
minus insulin (Gibco) and 6 uM CHIR-99021 (Selleck Chemicals, Houston, TX) to initiate
differentiation. Thereafter, media was changed as follows: RPMI 1640 medium with B-27 supplement
(minus insulin) on d2, RPMI 1640 medium with B-27 supplement (minus insulin) and 5 uM IWR-1
(Sigma-Aldrich Corp., St. Louis, MO) on d3, RPMI 1640 medium with B-27 supplement (minus
insulin) on d5 and d7, and RPMI 1640 medium with B-27 supplement (with insulin) on d9 and beyond.
Spontaneous beating was first observed at d7-9. At d13-15, cells were dissociated using 0.05% trypsin-
EDTA, mixed and re-plated on fresh Geltrex-coated 6 well plates. They were then metabolically-
purified using lactate supplemented glucose-free DMEM/F12 for 4 days, with media changed every
other day. Cells were then switched back to B-27 supplemented-RPMI and either maintained for further
use or cryopreserved.

On day 30 from the start of differentiation, myocytes were plated at a density of 300,000 cells/cm?
to produce confluent monolayers in 12-well plates or on Thermanox coverslips in 24-well plates, both
coated with 1:200 Geltrex:DMEM/F12. They were cultured in B-27 supplemented-RPMI for 1 week
and allowed to form a contracting syncytium. Half of the wells were treated with Bay 11-7082 (10uM)
for 8 days, with media replaced every other day. Media removed at each change was stored at -80C for
subsequent cytokine assays. At day 8, cells were lysed with TRIzol Reagent (Ambion, Life
Technologies) and the lysate was stored at -80°C for cytokine assays.

Cytokine assays in mouse hearts and patient hiPSC-Cardiac myocytes
Myocardium from mice was lysed in RIPA buffer and cardiac myocytes from patient hiPSCs were

lysed in TRIzol, and protein in lysates was quantified by standard BCA protein assay. Mouse (R&D



Systems, Cat. No. ARY028) and Human (R&D Systems, Cat. No. ARY022B) Proteome Profiler XL
Cytokine Arrays were blocked at room temperature for Lhour before being incubated overnight at 4°C
with 200 pg of myocardial protein in blocking buffer supplied by manufacturer. Additional arrays were
incubated overnight at 4°C with 200 pl of hiPSC-cardiac myocyte culture medium according to the
manufacturer’s protocol for cell supernatants. Following overnight incubation, arrays were washed four
times (10 minutes/wash), incubated at room temperature for 1 hour with Antibody Detection Cocktail,
washed an additional four times (10 minutes/wash), then incubated with 1:2,000 Streptavidin-HRP in
blocking buffer for 30 minutes at room temperature. Arrays were then washed four times, and
chemiluminescence was performed using the Chemi Reagent Mix included in the assay Kits.
Statistical Analysis

Data are presented as mean + SEM. Specific n-values and descriptions of statistical analyses are
included in legends for each figure and table. P<0.05 was considered statistically significant.
Differences in measured variables were assessed using one-way analysis of variance (ANOVA) with
Tukey’s post-hoc analysis to correct for multiple comparisons. In view of sample sizes, Gaussian
distributions were assumed. Pearson’s correlation coefficients (r) were calculated to determine
correlations between (i) percent ejection fraction and percent myocardial fibrosis and apoptosis; and (ii)
expression levels of selected cytokines and percent ejection fraction. Pearson's correlation matrix tables
were constructed to correlate the expression level of each individual cytokine with expression levels of
all other cytokines. All statistical analyses were validated by a biostatistician from the Johns Hopkins
Institute for Clinical and Translational Research (ICTR) Biostatistics Core and analyzed with Prism 7
GraphPad Software.
Other Methods

Descriptions of methods for in vitro immunofluorescence, in vitro apoptosis assays, in vitro

cytokine assays, quantification of myocardial fibrosis, mouse myocardial tissue immunofluorescence



and immunoperoxidase, and total RelA/p65 and phospho-RelA/p65 western blots are included in on-line
supplemental files for this paper.
Results
Inhibition of NFkB signaling reverses ACM disease features in vitro

Primary cultures of neonatal rat ventricular myocytes that express a mutant form of the
desmosomal protein plakoglobin (JUP?"®?) known to cause ACM in patients, exhibit several
features in vitro that are also seen in the hearts of ACM patients.®®?!°32 These include redistribution of
plakoglobin (also known as y-catenin) from cell-cell junctions into the cytosol and nucleus; loss of cell-
surface immunoreactive signal for the major cardiac gap junction protein, connexin43 (Cx43);
redistribution of GSK3p from the cytosol to the cell surface; and myocyte apoptosis. We have shown
previously that all of these features are normalized when transfected cells are incubated with SB216763,
which inhibits GSK3B.>® We now show in Figure 1A that immunoreactive signal for phospho-
RelA/p65 (Ser536) accumulates in the nuclei of cardiac myocytes expressing JUP?5"% indicating
activation of NFxB signaling in this in vitro model of ACM. Treatment of these cells with Bay 11-7082
prevented nuclear accumulation of phospho-RelA/p65, thus confirming that this small molecule inhibits
NF«xB signaling (Figure 1A). Furthermore, incubation of these ACM cardiac myocytes with Bay 11-
7082 for 24 hours normalized the aberrant distribution of key proteins (Figure 1B). The pattern of
distribution of plakoglobin, Cx43 and GSK3p in treated cells was indistinguishable from that seen in
control (non-transfected) cardiac myocytes (Figure 1B). In addition, myocyte apoptosis, measured by
TUNEL labeling, was increased by roughly 10-fold in ACM myocytes but returned to control levels
after exposure to Bay 11-7082 for 24 hours (Figure 1C and D). Treatment of control (non-transfected)
neonatal rat ventricular myocytes with Bay 11-7082 under identical conditions had no apparent effect on
the distribution of immunoreactive signals for phospho-RelA/p65 (Ser536), N-cadherin, plakoglobin,

Cx43 or GSK3p, and no effect on myocyte apoptosis (Supplemental Figure 1).
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We have reported previously that expression of JUP?*7%'2 causes neonatal rat ventricular
myocytes to produce and secrete cytokines into the culture media.® A repeat of these studies confirmed
that cells expressing mutant plakoglobin produce and secrete a wide variety of inflammatory cytokines
and chemoattractant molecules (Figure 2). In addition, we now show that incubating these cells with
Bay 11-7082 for 24 hours greatly reduces accumulation of these factors in the culture media and
produces a picture nearly identical to that seen in control (non-transfected) myocytes (Figure 2).
Because these cultures contain no leukocytes and consist of >90% cardiac myocytes, these observations
indicate that JUP?>"%"2 stimulates secretion of inflammatory mediators by cardiac myocytes under the
control of NFxB.

Inhibition of NFkB signaling prevents development of ACM disease features in vivo

2mut/mut

To determine if NFkB signaling is activated in the hearts of Dsg mice, we performed
western blots to measure expression levels of total RelA/p65 and phospho-RelA/p65 (Ser536) in
myocardial homogenates. As shown in Figure 3A and B, the amount of total myocardial RelA/p65 was

2mut/mut

equivalent in control (wildtype) and Dsg mice, but the amount of phospho-RelA/p65 was

2mut/mut 2mut/mut

significantly increased in the hearts of Dsg mice. Treatment of Dsg mice with Bay 11-
7082 reduced the amount of phospho-RelA/p65 to levels equivalent to that seen in control hearts. These
observations indicate that NFkB signaling is activated in the hearts of Dsg2™"™" mice and Bay 11-7082
acts to block this signaling pathway.

Next, to determine if inhibition of inflammatory signaling mitigates development of the ACM
phenotype in vivo, we treated Dsg2™/™" mice with Bay 11-7082 by continuous infusion over an 8 week
period beginning when the mice were 8 weeks of age. As reported previously,® Dsg2™"™! mice show
little if any apparent cardiac structural or functional derangements at 8 weeks of age, but during the

ensuing 8 weeks, they develop a robust phenotype that recapitulates the most important clinical features

seen in ACM patients, namely myocardial damage and arrhythmias. This includes progressive
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deterioration of ventricular contractile function associated with development of extensive myocardial
necrosis, fibrosis and inflammation. It also includes ECG abnormalities and arrhythmias. These
structural and functional changes are associated with marked shifts in the distribution of various cardiac
myocyte proteins including desmosomal proteins, connexins and ion channel proteins, proteins involved
in the Wnt/B-catenin signaling pathway, and synapse associated protein 97 (SAP97), a chaperone protein
involved in ion channel transport to intercalated disks.®® As shown in Figure 3C-J, treatment of

2mut/mut

Dsg mice with Bay 11-7082 substantially mitigated this phenotype. Contractile function was
normalized and there was a marked reduction in the amount of ventricular myocardial necrosis and
fibrosis, along with a significant reduction in the number of apoptotic cells seen by TUNEL labeling.
Abnormalities in the signal averaged ECG were also corrected. Finally, abnormal distributions of
plakoglobin, Cx43, GSK3p and SAP97, which also occur in patients with ACM,*#32 were fully

corrected in Dsg2™ VMt

mice treated with Bay 11-7082. Treatment of control (wild type) mice with Bay
11-7082 by continuous infusion for 8 weeks had no effect on cardiac structure or function
(Supplemental Figure 2). There was no histologic evidence of myocardial fibrosis or inflammation,
and LV ejection fraction and other echocardiographic measures of contractile function were normal.
Quantitative data for all morphologic, echocardiographic and electrocardiographic parameters measured
in all mouse cohorts are shown in Table 1.
Cytokines are produced by cardiac myocytes and infiltrating inflammatory cells in ACM

To characterize production of chemical mediators of the immune response in ACM, we used
arrays to measure 111 different cytokines in the hearts of Dsg2™/™ mice and compared the amounts to
those measured in the hearts of WT mice and Dsg2™"™" mice treated with Bay 11-7082. We observed

substantial expression of multiple cytokines in the hearts of Dsg2™"™

mice. Figure 4 shows data for
selected cytokines (the complete data set is included in Supplemental Table 1). Powerful inflammatory

mediators were expressed in Dsg2™/™" hearts including IL-1B (up by ~13-fold compared to WT hearts),
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IFNy (~5-fold), IL-12 (~6-fold) and TNFa (~2-fold). Similarly, various chemotactic molecules were
greatly increased in Dsg2™Y™ " hearts compared to WT hearts, including the B-cell chemoattractant
CXCL13 (up by ~6-fold), M-CSF (~20-fold), and the neutrophil chemoattractant L1X (CXCLS5; ~60-
fold). And, expression of various pleomorphic molecules with multiple actions was also greatly
increased including HGF (~15-fold) and P-selectin (~40-fold). Finally, there were increases in some
molecules that fulfill anti-inflammatory roles such as IL-1Ra (up by ~4-fold). In most, but not all, cases
increased expression of these molecules in Dsg2™"™" hearts was blunted or fully normalized by
treatment with Bay 11-7082 (Figure 4).

Expression of chemical mediators of the immune response is generally considered to be the
province of the professional cells of the adaptive immune system, mainly lymphocytes and
macrophages. However, parenchymal cells of most organs, including cardiac myocytes, are capable of
producing inflammatory mediators, and we know from the in vitro studies shown in Figure 2 that
neonatal ventricular myocytes that express mutant plakoglobin produce and secrete diverse cytokines.

To identify the cellular source of cytokines in Dsg2™™"

mice, we stained sections of myocardium with
antibodies against representative key molecules including IL-1p3, TNFa and MCP-1a. As shown in
Figure 5, positive immunoreactive signal for IL-1p, TNFa and MCP-1a was apparent in cardiac
myocytes and signal for IL-18 and TNFa was seen in infiltrating mononuclear inflammatory cells in
Dsg2™Y™hearts. Signal intensity in both myocytes and inflammatory cells was reduced in mice treated
with Bay 11-7082. From the cytokine assays shown in Figure 4, expression of IL-1p and TNFa in the
hearts of Dsg2™"™ mice suggests a role for monocyte/macrophages and expression of IFNy suggests a
role for T-cells. In fact, both macrophages and T-cells were present in the inflammatory cells infiltrating

the hearts of Dsg2™ /!

mice (Figure 5). Taken together with data in Figure 2, these observations
indicate that inflammation in ACM involves activation of an innate immune response in cardiac

myocytes driven, at least in part, by NFkB signaling. Treatment of Dsg2™/™" mice with Bay 11-7082
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not only reduced overall cytokine production (as shown in Figure 4), but also reduced the total number
of infiltrating inflammatory cells in the heart based on a careful survey of myocardial sections.
Prevention of ACM disease features correlates with reduction in cytokine expression

Data shown in Figures 2-5 clearly implicate activation of an immune response in the
development of the ACM disease phenotype in Dsg2™"™ mice. However, this does not prove that
immune signaling and production of cytokines are directly responsible for driving this phenotype.
Nevertheless, we were able to gain further insight into this potential causal relationship by correlating
the extent to which Bay 11-7082 mitigated the disease phenotype in individual animals. For example, 3
of 17 treated ACM mice failed to respond to NFkB inhibition. On further investigation, we discovered
this was related to a technical failure of drug delivery by implanted Alzet minipumps. As shown in
Figure 6, these 3 mice (non-responders) had worse cardiac function (i.e., lower ejection fractions) than
the other Bay11-7082-treated mice (responders) in this experiment, in which there was a significant
inverse correlation between ejection fraction, the amount of myocardial fibrosis and apoptosis.

To determine if the amount of expression of any specific cytokine correlated with cardiac
function as measured by ejection fraction, we first analyzed all 111 cytokines included in Supplemental
Table 1. Of these, 34 cytokines showed significant up- or down-regulation when comparing WT vs.
Dsg2™Y™" mice and/or untreated vs. Bay 11-7082-treated Dsg2™"™" mice. We then assessed cytokine
expression levels in each individual animal to determine if expression of any of these 34 cytokines
correlated with cardiac function as measured by ejection fraction. Of these 34 molecules, the levels of
LIX (CXCL5) and osteopontin (OPN) both showed a significant inverse correlation with ejection
fraction (Figure 6) and a significant positive correlation with myocardial injury (percent fibrosis and
apoptosis) and with each other (Supplemental Figure 3).

We then created a Pearson’s correlation matrix to characterize the relationship between levels of

LIX and OPN and the 32 other cytokines reported above. Levels of both LIX and OPN showed
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significant correlations with 7 other cytokines: CCL21, complement factor D, DPP-IV, GAS6, IFNy,
IL-1Ra and IL-27 (Supplemental Figure 3). As discussed below, this network of cytokines regulates
fundamental features of the inflammatory response including apoptosis, fibrosis and remodeling of the
extracellular matrix. Taken together, these observations clearly implicate NFkB-mediated cytokine
production as drivers of the ACM disease phenotype.
ACM patient iPSC-cardiac myocytes express abundant cytokines under the control of NFkB

It is not possible to identify and quantify the relative contributions of the innate immune
response in cardiac myocytes vs. activation of inflammatory signaling in professional immune cells in
studies in Dsg2™“™" mice presented in Figures 3-6. It is likely that both play a role in the pathogenesis
of the disease phenotype. However, to gain further insights into the immune response in cardiac
myocytes in ACM, and to determine if this occurs as a cell autonomous mechanism in patients with
ACM, we characterized immunoreactive signal for phospho-RelA/p65 (Ser536) and cytokine production
in cultures of cardiac myocytes derived from hiPSCs obtained from a patient with documented ACM
caused by a mutation in the desmosomal gene PKP2. These cultures are composed of more than 95%
pure cardiac myocytes, and they are devoid of lymphocytes and macrophages. As shown in Figure 7,
when grown under basal conditions in the absence of any provocative stimuli used in previous studies to
induce various features of the ACM phenotype, these cells displayed marked nuclear accumulation of
phospho-Rel A/p65 (Ser536) indicating activation of NF«kB signaling pathways. They also expressed
and secreted into the culture medium large amounts of cytokines including essentially all that were

expressed in the hearts of Dsg2™ /!

mice. Exposure of ACM patient hiPSC-cardiac myocytes to Bay
11-7082 prevented nuclear accumulation of phospho-RelA/p65 and greatly reduced the amount of
cytokines in cells and culture media (Figure 7). No nuclear signal for phospho-RelA/p65 (Ser536) was

seen in control hiPSC-CMs including those treated with Bay 11-7082 under identical conditions nor was

there any change in the distribution of plakoglobin (Supplemental Figure 4). Supplemental Tables 2
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and 3 show data for all cytokines measured in control and patient hiPSC-cardiac myocytes and in their
culture media. These observations provide additional independent evidence of activation of an innate

immune response in cardiac myocytes in ACM under the control of NF«kB signaling.

Discussion

ACM is a complex disease characterized by early onset of arrhythmias followed by progressive
myocardial damage that can lead to heart failure.’® Exactly how mutations in desmosomal genes cause
such a complex clinical picture is incompletely understood but increasing evidence implicates abnormal
activation of Wnt/B-catenin signaling via GSK3B.*® The fact that SB216763, a small molecule inhibitor
of GSK3p, can reverse both the myocardial injury and arrhythmia components of ACM shows that a
common pathway drives the clinically important features of the disease.>® Now, we provide new
evidence that this pathway also involves inflammatory signaling. First, we showed that NFkB signaling
is activated in three different experimental models of ACM involving expression of three different
desmosomal gene variants known to cause disease in patients. This conclusion is based on observing
increased expression and nuclear accumulation of phospho-RelA/p65, which are hallmarks of activation
of the NF«B signaling cascade.'®*’ Such changes in phospho-Rel A/p65 were blocked by Bay 11-7082,
thus confirming that it acts to inhibit NFkB signaling. Next, we showed that Bay 11-7082 has a
remarkable ability to rescue the full ACM phenotype both in vitro and in a robust mouse model in vivo.
Taken together, these observations provide new insights into immune mechanisms in the pathogenesis of
ACM and identify potential new therapeutic strategies to limit myocardial damage and reduce the risk of
serious arrhythmias in patients with ACM.

The immune response in ACM consists of two components, both of which likely contribute to
disease pathogenesis. The first component, infiltration of the myocardium by “professional” cells of the
adaptive immune response (lymphocytes and macrophages), is the most conspicuous. Indeed,

inflammatory cells can be so abundant in the hearts of ACM patients that the disease may be
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misdiagnosed as myocarditis.3* However, it has never been clear if inflammatory cells accumulate in
the heart in ACM only as a reparative response to myocardial damage or if such cells actually promote
arrhythmias and/or myocyte injury mediated by immune mechanisms. The second component involves
activation of an innate immune response in cardiac myocytes in ACM. How this occurs is unclear
although it is known that activation of GSK3f promotes inflammation through NF«B signaling."*% In
any event, we show here that NFkB signaling is activated in cardiac myocytes that express variants in
three different desmosomal genes known to cause ACM in patients. These cardiac myocytes produce
and secrete large amounts of diverse chemical mediators of the immune response in a cell autonomous
fashion. Many are powerful chemoattractant molecules that likely mobilize bone marrow-derived
inflammatory cells to the heart. Cardiac myocytes in ACM also produce powerful pro-inflammatory
mediators such as IL-1p and TNFa, both of which are considered primordial cytokines of the innate
immune response. This suggests that activation of immune signaling within cardiac myocytes may play
an important role in driving the key clinical features of the disease. It also raises the interesting
possibility that cytokines secreted by cardiac myocytes act in an autocrine fashion to alter ion channel
function and promote arrhythmias in ACM. If so, this would add to the traditional view of the role of
inflammation in arrhythmogenesis which holds that cardiac ion channel dysfunction is mediated by
cytokines produced by lymphocytes and macrophages that infiltrate the heart in myocarditis or other
inflammatory heart diseases.*®

One striking observation in this study is the production and secretion of diverse pro-
inflammatory cytokines and chemoattractants by ACM patient-derived cardiac myocytes grown under
basal conditions in vitro. In previous studies of such cell lines,*® it was necessary to use a combination
of provocative stimuli (dexamethasone, 3-isobutyl-1-methylxanthine, rosiglitazone and indomethacin) to

induce metabolic changes seen in patients with ACM. By contrast, we show that expression of a

common pathogenic variant in PKP2 is sufficient to activate NFkB signaling and induce marked
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expression of immune mediators by human cardiac myocytes under basal conditions and in the absence
of inflammatory cells. These observations provide further evidence that ACM disease alleles activate an
innate immune response in cardiac myocytes independent of the actions of professional inflammatory
cells.

Although our results to do not prove that cytokines are responsible for causing myocardial
damage and arrhythmias in ACM, there was a clear correlation between activation of an immune
response and expression of the disease phenotype. Expression levels of two cytokines in particular, LIX

2mut/mut mice.

(CXCL5) and osteopontin (OPN), were found to correlate with ejection fraction in Dsg
LIX was increased by >50-fold in Dsg2™"™" mice and its level was markedly reduced in ACM mice
treated with Bay 11-7082. Production of L1X is stimulated by IL-1p and TNFa. It promotes chemotaxis
of neutrophils and also plays a role in fibrosis. OPN expression was increased by >40-fold in

2mut/mut

Dsg mice and it too was reduced by Bay 11-7082. OPN regulates cell adhesion and survival. It
also acts as a Th1l cytokine and participates in cell-mediated immune responses. In turn, expression of
LIX and OPN was correlated with expression of other mediators including CCL21 (a T-cell and
dendritic cell attractant), complement factor D (required for activation of the alternative pathway), DPP-
IV (a dipeptidyl peptidase involved in immune regulation and apoptosis), GAS6 (which plays a role in
fibrosis), IFNy, IL-1Ra and IL-27 (which induces T-cell differentiation and upregulates IL-10 which
itself was increased in ACM mice). These observations suggest that networks of immune mediators,
likely derived from both cardiac myocytes and infiltrating inflammatory cells, interact in a complex
fashion to promote the ACM disease phenotype.

Our results raise the possibility that targeting immune signaling could be an effective
mechanism-based therapy in ACM. This notion is in keeping with recent insights into the role of

immune activation in coronary artery disease and heart failure. For example, long-term use of

canakinumab, a monoclonal antibody against IL-1f significantly reduced major adverse cardiac events
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in patients with coronary artery disease in the CANTOS trail.*

The fact that IL-1p expression was
increased by ~13-fold in in Dsg2™Y™" mice warrants further investigation as a possible therapeutic
strategy in ACM. Finally, strenuous exercise is known to accelerate disease penetrance and increase
arrhythmic risk in ACM patients.>”® It remains to be determined if exercise intensifies the immune

response in ACM and, if so, whether anti-inflammatory therapy might mitigate its adverse effects.
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Figure Legends

Figure 1. Activation of NFkB and reversal of ACM features by Bay 11-7082 in neonatal rat
ventricular myocytes (NRVMSs) expressing a deletion mutation in the gene for plakoglobin (JUP
2157del2y © A Representative confocal immunofluorescence images from control (non-transfected)
NRVMs and NRVMs expressing JUP 2"%2jn the absence or presence of Bay 11-7082 showing the
distribution of phospho-RelA/p65 (pRelA/p65). Nuclear accumulation of immunoreactive signal,

indicating activation of NF«xB, is readily apparent in cells expressing JUP 2157del2

(asterisks) but is absent
in such cells after treatment with Bay 11-7082. Scale bar = 50um. B. Representative confocal
immunofluorescence images from control (non-transfected) NRVMs, and NRVMs expressing

JUP 2157%12 i the absence or presence of Bay 11-7082. Arrows show localization of immunoreactive
signal at the cell surface. The normal distribution of N-cadherin in all cells is shown as a positive
control. Untreated JUP ?*7%"2 ce]ls showed abnormal distribution of plakoglobin, Cx43 and GSK3.
The amount of signal for plakoglobin and Cx43 at cell-cell junctions was greatly reduced in these cells
whereas signal for GSK3f, which normally resides in the cytoplasm, was seen at the cell surface.
Asterisks identify apparent nuclear localization of plakoglobin in JUP #57% cells. The abnormal
distribution of plakoglobin, Cx43 and GSK3p was normalized in JUP 21570e12 o5 treated with Bay 11-
7082. Scale bar = 50um. C. TUNEL labeling in control NRVMs, and NRVMs expressing JUP 2157412
in the absence or presence of Bay 11-7082. Representative confocal images show increased TUNEL +
nuclei (arrow heads) in cultures of cells expressing JUP °"®'2 and normalization after treatment with
Bay 11-7082. Scale bar = 50um. D. Graph showing the percent (%) apoptotic nuclei in 5 microscopic
fields from each condition. * P<0.0001 for JUP?*"®!2 cells vs. control cells; T P<0.0001 for Bay 11-
7082-treated vs. untreated JUP?*>"®'2 cells determined by one-way ANOVA with Tukey’s multiple
comparisons test.

Figure 2. Bay 11-7082 reduces cytokines in the culture media in neonatal rat ventricular myocytes

(NRVMs) expressing a deletion mutation in the gene for plakoglobin (JUP ?%*7%2) " Representative
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cytokine arrays are shown for control (non-transfected) cells and NRVMs expressing JUP 2*"®2in the
absence or presence of Bay 11-7082. The spots in the upper right and left and lower left corners are
reference markers (Ref Bands) to compare overall exposure levels.

Figure 3. Activation of NFkB and reversal of ACM disease features in Dsg2™"™ mice in vivo by
inhibition of NFkB signaling with Bay 11-7082. A. Western blots of total RelA/p65 and phospho-
RelA/p65 in homogenates of hearts from vehicle-treated wildtype (WT) mice, and vehicle- and Bay 11-
7082-treated Dsg2™ ™" mice. B. Group data for total-Rel A/p65 and pRelA/p65 (Ser536) protein levels

2MUUMUt pijca  C,

in hearts of vehicle-treated WT mice, and vehicle- and Bay 11-7082-treated Dsg
Representative short-axis m-mode echocardiograms of vehicle-treated wildtype (WT) mice, Dsg2™"™m
mice and Dsg2™"™" mice treated with Bay 11-7082. D. Group data for % ejection fraction in vehicle-
and Bay 11-7082-treated wildtype (WT) mice, and vehicle- and Bay 11-7082-treated Dsg2™/™" mice.
E. Representative long-axis sections of the hearts stained with Masson trichrome from wildtype (WT)
mice, Dsg2™"™" mice and Dsg2™"™" mice treated with Bay 11-7082. Scale bar = Imm. F. Group
data for % of left ventricular area occupied by fibrosis in Masson trichrome-stained sections of hearts

from vehicle- and Bay 11-7082-treated wildtype (WT) mice, and vehicle- and Bay 11-7082-treated

Dsg2™Y™ mice. G. Representative images showing TUNEL labeling in sections of hearts from

2mut/mut 2mut/mut

wildtype (WT) mice, Dsg mice and Dsg mice treated with Bay 11-7082. Arrows show
TUNEL+ nuclei. Scale bar = 10um. H. Group data showing % apoptotic nuclei in TUNEL-labeled
sections of hearts from vehicle- and Bay 11-7082-treated wildtype (WT) mice, and vehicle- and Bay 11-

7082-treated Dsg2™"™ mice. 1. Representative signal-averaged electrocardiograms (SAECGs) from

2mut/mut 2mut/mut

wildtype (WT) mice, Dsg mice and Dsg mice treated with Bay 11-7082. J. Representative
confocal images of immunostained hearts from wildtype (WT) mice, Dsg2™"™! mice and Dsg2™"™
mice treated with Bay 11-7082. Arrows show localization of immunoreactive signal at the cell surface.

The normal distribution of N-cadherin in all cohorts is shown as a positive control. Untreated
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Dsg2™Y™ mice showed abnormal distribution of plakoglobin, Cx43, GSK3p and SAP97. The amount
of signal for plakoglobin, Cx43 and SAP97 at cell-cell junctions was greatly reduced, whereas signal for
GSK3p, which normally resides in the cytoplasm, was seen at the cell surface. These abnormal protein
distributions were normalized in Dsg2™"™" mice treated with Bay 11-7082. Scale bar = 10pum.
Quantitative data in panels B, D, F and H are shown as mean + SEM; n=10 for vehicle-treated WT mice;
n=5 for Bay 11-7082-treated WT mice; n=9 for vehicle-treated Dsg2™"™" mice; and n=17 for Bay 11-
7082-treated Dsg2™ ™" mice. * P<0.001 for vehicle-treated Dsg2™"™" mice vs. vehicle-treated WT
mice; T P<0.001 for Bay 11-7082-treated Dsg2™"™" mice vs. vehicle-treated Dsg2™"™" mice as
determined by one-way ANOVA with Tukey’s multiple comparisons test.

Figure 4. Cytokine expression in the hearts of Dsg2™/™* mice and its attenuation by Bay 11-7082.

2mut/mut

A. Representative cytokine arrays from hearts of vehicle-treated wildtype (WT) mice, Dsg mice

and Dsg2™"™" mice treated with Bay 11-7082. The spots in the upper right and left and lower left

corners are reference markers (RBs) to compare overall exposure levels. B. Quantitative data for

2mut/mut

expression of selected cytokines in hearts of vehicle-treated wildtype (WT) mice, Dsg mice and

2mut/mut

Dsg mice treated with Bay 11-7082. Data are shown as mean + SEM; n=5 for each cytokine in

vehicle-treated WT and Dsg2™"™" mice; n=10 for each cytokine in Bay11-7082-treated Dsg2™"™"

mice. * P<0.05 for any cohort vs. vehicle-treated WT mice; T P<0.05 for Bay 11-7082-treated

2mut/mut 2mut/mut

Dsg mice vs. vehicle-treated Dsg mice as determined by one-way ANOVA with Tukey’s

multiple comparisons test.

Figure 5. Cytokine expression in cardiac myocytes and infiltrating inflammatory cells in hearts of

2mut/mut

Dsg mice. A. Representative immunoperoxidase stained sections of myocardium from vehicle-

treated wildtype (WT) mice, Dsg2™"™" mice and Dsg2™"™" mice treated with Bay 11-7082 showing
immunoreactive signal distributions for IL-1p, TNFa and MCP1a. Signal intensities for all 3 cytokines

2mut/mut

were increased in myocardial sections from Dsg mice. Signals for IL-1p and TNFa were seen in
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both cardiac myocytes and infiltrating inflammatory cells in hearts of Dsg2™"™ mice. Treatment with
Bay 11-7082 reduced signal intensity. B. Immunoperoxidase stained sections of myocardium from
Dsg2™Y™ mice showing the presence of both macrophages (CD68 + cells) and T-cells (CD3 + cells)
(asterisks). Scale bar =25 pm.

Figure 6. Correlations between cardiac function, myocardial injury and cytokine expression in
Dsg2™Y™ " mice. A. Pearson’s correlation between cardiac function (ejection fraction) and myocardial
fibrosis in Dsg2™"™" mice treated with Bay 11-7082 (showing responders and non-responders). B.
Pearson’s correlation between cardiac function (ejection fraction) and myocardial apoptosis in
Dsg2™Y™ mice treated with Bay 11-7082 (showing responders and non-responders). C. Pearson’s

correlation between cardiac function (ejection fraction) and myocardial fibrosis in vehicle-treated WT

2mutlmut 2mut/mut

and Dsg mice, and Dsg mice treated with Bay 11-7082. D. Pearson’s correlation between
cardiac function (ejection fraction) and myocardial apoptosis in vehicle-treated WT and Dsg2™ /™
mice, and Dsg2™"™" mice treated with Bay 11-7082). E, F. Pearson’s correlation between expression
levels of LIX (Panel E) and OPN (Panel F) and ejection fraction in each animal in all cohorts (vehicle-
treated WT and Dsg2™/™ mice, and Dsg2™"™" mice treated with Bay 11-7082). Data in panels A-D
are shown as mean + SEM; n=10 for vehicle-treated WT mice; n=9 for vehicle-treated Dsg2™"™" mice;
and n=17 for Dsg2™"™" mice treated with Bay 11-7082. Data in panels E, F are shown as mean + SEM;
n=5 for vehicle-treated WT and Dsg2™"™" mice; n=8 for Dsg2™"/™" mice treated with Bay 11-7082. All
correlation coefficients (r) and p-values were calculated using two-tailed Pearson’s correlation analysis.
Figure 7. Activation of NFkB and cytokine expression in control and ACM patient derived
hiPSC-cardiac myocytes. A. Representative confocal immunofluorescence images from cultures of
cardiac myocytes (CMs) derived from a control hiPSC cell line and a line from an ACM patient with a

pathogenic variant in plakophilin-2 (PKP2) grown in the absence or presence of Bay 11-7082. Virtually

all PKP2 cells are positive for cardiac troponin-1 (cTnl) indicating they are cardiac myocytes. Control
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hiPSC-CMs showed normal prominent cell surface staining for plakoglobin. Marked nuclear
accumulation of immunoreactive signal for phospho-RelA/p65 (pRelA/p65) is seen in PKP2 hiPSC
CMs but not in control cells. Treatment of PKP2 hiPSC CMs with Bay 11-7082 prevented nuclear
accumulation of phospho-RelA/p65 signal. Scale bar = 20um. B. Representative cytokine arrays
prepared from cultures of cardiac myocytes derived from a control hiPSC cell line and a line from a
patient with a disease causing variant in plakophillin-2 (PKP2). Arrays are shown for cells grown in the
absence (untreated) or presence of Bay 11-7082. The spots in the upper right and left and lower left
corners are reference markers (RBs) to compare overall exposure levels. C. Quantitative data (mean +
SEM; n=3 for each cohort and condition) for expression of selected cytokines in control and PKP2 cells
with or without Bay 11-7082. * P<0.05 for any cohort vs. control cardiac myocytes; T P<0.05 for Bay
11-7082-treated PKP2 cardiac myocytes vs. untreated PKP2 cardiac myocytes. D. Representative
cytokine arrays prepared from culture media (supernatant) from cardiac myocytes derived from a control
hiPSC cell line and a line from a patient with a disease causing variant in PKP2. Arrays are shown for
media isolated from cells grown in the absence or presence of Bay 11-7082. The spots in the upper right
and left and lower left corners are reference markers (RBs) to compare overall exposure levels. E.
Quantitative data (mean + SEM; n=3 for each cohort andcondition) for expression of selected cytokines
in media from control and PKP2 cells with or without Bay 11-7082. * P<0.05 for any cohort vs. control
cardiac myocytes; T P<0.05 for Bay 11-7082 treated PKP2 cardiac myocytes vs. untreated PKP2 cardiac
myocytes. Statistical analyses in panels C and E were performed using one-way ANOVA with Tukey’s

multiple comparisons test.
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Table 1. Quantitative morphometric, echocardiographic and electrocardiographic data

mut/mut
Parameter wWT + Ba;’}q_?ogz Dsg2™ ™" +[E)BS§3/211-7082
Morphometric
n 10 5 9 17
RWT (mm) 0.63 +0.02 0.67 +0.08 0.55 + 0.04 0.64 +0.02
LVM (mg) 81.9+4.9 87.9+12.1 96.3 + 6.03 92.9 +3.08
HW/BW (mg/g) 46+0.2 48+0.2 5.0+0.2 47+0.1
Echocardiography
n 10 5 9 17
FS (%) 54.0+ 1.5 53.1+4.3 32.9 + 3.4*T# 495+1.9
IVSd (mm) 0.88 + 0.03* 1.07+0.2 0.91 + 0.04* 0.95 + 0.02*
LVIDd (mm) 2.87 +0.07 2.73+0.26 3.22+0.17 2.96 + 0.06
LVIDs (mm) 1.32 +£0.05 1.28 +0.18 2.16 + 0.16*™* 1.50 +0.08
Electrocardiography
n 10 5 9 17
Heart Rate (bpm) 498 + 12 464 + 177 506 + 12 512 + 12
RR-I (ms) 121+2.8 130 + 4.47 119 +2.7 118+ 2.5
PR-I (ms) 40.0+0.9 441+2.3 403+1.6 39.0+0.9
Pd (ms) 11.7+0.2 10.1+0.6 10.3+0.6 10.1+0.5
QRSd (ms) 125+ 0.4 12.7+0.7 13.8+ 15" 11.4+0.4
P-Amp (mV) 0.08 + 0.01 0.07 £ 0.01 0.06 + 0.01 0.06 + 0.003*
R-Amp (mV) 0.84 +0.07 0.70 + 0.03 0.55 + 0.04* 0.66 + 0.04*
Q-Amp (mV) -0.03+0.01 -0.03 + 0.004 -0.11 + 0.02*™* -0.06 +0.01
S-Amp (mV) -0.25 +0.04 -0.16 + 0.02 -0.042 + 0.05* -0.09 + 0.04*

WT, wildtype; RWT, relative wall thickness; LVM, left ventricular mass; HW, heart weight; BW, body
weight; FS, fractional shortening; 1VSd, interventricular septum thickness at end-diastole; LVIDd, left
ventricular internal diameter at end-diastole; LVIDs, left ventricular internal diameter at end-systole;
RR-I, R-R interval; PR-I, P-R interval; Pd, P-wave duration; QRSd, QRS-wave duration; P-Amp, P-

wave amplitude; R-Amp, R-wave amplitude; Q-Amp, Q-wave amplitude; S-Amp, S-wave amplitude.

Data are shown as mean + SEM; * P<0.05 for any cohort vs. vehicle-treated WT mice; T P<0.05 for any

30



cohort vs. Bay11-7082-treated Dsg2™/™" mice; ¥ P<0.05 for any cohort vs. Bay11-7082-treated WT
y

mice determined by one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 3.

LV short axis, m-mode
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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