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Abstract

Rational—Viral myocarditis is a life-threatening illness that may lead to heart failure or cardiac
arrhythmias. A major causative agent for viral myocarditis is the B3 strain of coxsackievirus, a
positive-sense RNA enterovirus. However, human cardiac tissues are difficult to procure in
sufficient enough quantities for studying the mechanisms of cardiac-specific viral infection.

Objective—This study examined whether human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) could be used to model the pathogenic processes of coxsackievirus-
induced viral myocarditis and to screen antiviral therapeutics for efficacy.

Methods and Results—Human iPSC-CMs were infected with a luciferase-expressing
coxsackievirus B3 strain (CVB3-Luc). Brightfield microscopy, immunofluorescence, and calcium
imaging were utilized to characterize virally-infected hiPSC-CMs for alterations in cellular
morphology and calcium handling. Viral proliferation in hiPSC-CMs was quantified using
bioluminescence imaging. Antiviral compounds including interferon beta 1 (IFNB1), ribavirin,
pyrrolidine dithiocarbamate, and fluoxetine were tested for their capacity to abrogate CVB3-Luc
proliferation in hiPSC-CMs in vitro. The ability of these compounds to reduce CVB3-Luc
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proliferation in hiPSC-CMs was consistent with reported drug effects in previous studies.
Mechanistic analyses via gene expression profiling of hiPSC-CMs infected with CVB3-Luc
revealed an activation of viral RNA and protein clearance pathways after IFN1 treatment.

Conclusions—This study demonstrates that hiPSC-CMs express the coxsackievirus and
adenovirus receptor, are susceptible to coxsackievirus infection, and can be used to predict
antiviral drug efficacy. Our results suggest that the hiPSC-CM/CVB3-Luc assay is a sensitive
platform that can screen novel antiviral therapeutics for their effectiveness in a high-throughput
fashion.

Keywords
Stem cell; cardiomyocyte; myocarditis; Coxsackie type B; drug screening

INTRODUCTION

Myocarditis is characterized by myocardial inflammation that can progress to dilated
cardiomyopathy (DCM) and heart failurel: 2. Upwards of 20% of all sudden cardiac deaths
in young adults may be caused by myocarditis, which arises via systemic bacterial or viral
infections®: 4. Viral myocarditis remains a difficult disease to diagnose definitively, partly
because the preferred diagnostic method is invasive myocardial biopsy®. Group B
coxsackieviruses are single-stranded, positive-sense RNA viruses belonging to the
Enterovirus genus and may be implicated in 30-50% of all myocarditis cases® 7. The B3
strain of coxsackievirus (CVB3) has been the most commonly used strain in animal and
cellular models of viral myocarditis®. CVB3 proliferates rapidly within human
cardiomyocytes, entering the cell via a transmembrane coxsackievirus and adenovirus
receptor (CAR) that is differentially expressed on various cell types, is highly-expressed in
cardiomyocytes, and is essential for mammalian cardiogenesis®-11. CAR also functions as
an intercellular adhesion molecule and associates with extracellular matrix glycoproteins
such as laminin and fibronectinl2. Differential expression of CAR may determine tissue-
specific susceptibility to CVB3 infection, and cardiac tissues highly express CAR during
development and in DCM13-18, Following internalization in primary human
cardiomyocytes, CVB3 can induce viral cytopathogenic effect and myofiber necrosis within
hours!0. Given the life-threatening consequences of cardiac viral infection, it is critical to
further elucidate the mechanisms of CVB3-induced viral myocarditis.

Obtaining primary human cardiac tissues for research purposes requires invasive surgical
procedures. Thus, these tissues are scarce and cannot be cultured easily in vitro, limiting
their utility for studying cardiac disease mechanisms!’. While animal models can partially
recapitulate human cardiovascular disease phenotypes, they exhibit inter-species differences
in heart rate, electrophysiology, and cardiogenesis8. However, with the advent of human
induced pluripotent stem cells (hiPSCs), difficult-to-procure cell types, such as human
cardiomyocytes, can now be mass-produced in vitrol® 20, These hiPSC-derived
cardiomyocytes (hiPSC-CMs) could be used to investigate the pathophysiology and
molecular mechanisms of acquired cardiac disorders such as viral myocarditis. While other
cell types such as HEK293T and HeLa have been used to study coxsackievirus infection,
these non-cardiac cells are not ideal for modeling cardiomyocyte infection in viral
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myocarditis?l: 22, Other cardiac cells, such as HL-1 mouse atrial tumor cells, are
immortalized, proliferative cells that are not reflective of adult human cardiomyocytes?3.
Thus, hiPSC-CMs are ideal cells for studying the mechanisms of coxsackievirus-induced
viral myocarditis as they are non-immortalized human cardiomyocytes that can be mass-
produced and express relevant ion channels and sarcomeric proteins found in adult human
cardiomyocytes20. Because there are limited therapeutic options for eliminating
coxsackievirus-induced infections, hiPSC-CMs could provide a novel platform for screening
compounds aiming to treat diseases, such as viral myocarditis, that are caused by
coxsackievirus infection??,

Here, we derived hiPSC-CMs to model CVB3-induced viral myocarditis. We studied CAR
expression using immunofluorescence and quantitative gene expression assays and
determined that, like primary cardiomyocytes, hiPSC-CMs express CAR and are susceptible
to coxsackievirus infection. We also employed brightfield microscopy,
immunofluorescence, and calcium imaging to characterize alterations in hiPSC-CM
structure and function due to CVB3 infection. Finally, we utilized a luciferase-expressing
CVB3 strain (CVB3-Luc) to quantify viral replication on hiPSC-CMs. This study represents
the first time that hiPSC-CMs have been used to quantitatively assess the efficacy of
antiviral compounds in reducing coxsackievirus proliferation on human cardiomyocytes,
thus providing a new platform for screening novel antiviral therapeutics.

METHODS

An expanded Methods section is available in the Supplemental Materials.

Differentiation of hiPSC-CMs from hiPSCs

Lentiviral reprogramming was used to generate three hiPSC lines from skin fibroblasts of
three healthy individuals in a 7-member family cohort2>. An additional three hiPSC lines
were generated with a previously-published Sendai virus reprogramming protocol using
peripheral blood mononuclear cells from three healthy individuals?®. These 6 hiPSC lines
were differentiated into hiPSC-CMs using a 2D monolayer differentiation protocol and were
maintained in a 5% CO,/air environment as previously published?5: 27, Briefly, hiPSC
colonies were dissociated with 0.5 MM EDTA into single-cell suspension and resuspended
in E8 media (Life Technologies) containing 10 UM Rho-associated protein kinase inhibitor
(Sigma). Approximately 100,000 cells were replated into 6-well dishes pre-coated with
Matrigel (BD Biosciences). Next, hiPSC monolayers were cultured to 85% cell confluency.
Cells were then treated for 2 days with 6 pM CHIR99021 (Selleck Chemicals) in RPMI
+B27 supplement without insulin to activate Wnt signaling and induce mesodermal
differentiation. On day 2, cells were placed on RPMI+B27 without insulin and CHIR99021.
On days 34, cells were treated with 5 pM IWR-1 (Sigma) to inhibit Wnt pathway signaling
and induce cardiogenesis. On days 5-6, cells were removed from IWR-1 treatment and
placed on RPMI+B27 without insulin. From day 7 onwards, cells were placed on RPMI
+B27 with insulin until beating was observed. At this point, cells were glucose-starved for 3
days with RPMI (no glucose)+B27 with insulin to purify hiPSC-CMs, as cardiomyocytes
can selectively metabolize fatty acids as a source of cellular energy?8. Following
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purification, cells were cultured in RPMI+B27 with insulin. When replating hiPSC-CMs for
downstream use, cells were dissociated with 0.25% trypsin-EDTA (Life Technologies) into
a single-cell suspension and seeded on Matrigel-coated plates.

CVB3-Luc infections and antiviral treatments

Stocks from a previously-published CVB3-Luc strain expressing Renilla luciferase were
stored at —80°C until needed?®. IFNB1 (Life Technologies), ribavirin (MP Biochemicals),
PDTC (Sigma), and fluoxetine (Sigma) stocks were dissolved in water. Before CVB3-Luc
infection, day 30-35 post-differentiation hiPSC-CMs were pretreated with antiviral
compounds for 12 hours unless noted otherwise.

Bioluminescence imaging

Day 30-35 post-differentiation hiPSC-CMs were plated in RPMI+B27 with insulin on
Matrigel at a density of 40,000 cells per well of a 96-well plate. At the time of CVB3-Luc
infection, 6 uM Enduren extended duration coelenterazine (Promega) was added. Following
infection, bioluminescence imaging was conducted using a Xenogen IVIS 100 Imaging
System. Living Image software (Perkin Elmer) was used for image analysis.

Ca?* imaging

Dissociated day 30-35 post-differentiation hiPSC-CMs were reseeded in Matrigel-coated 8-
well Lab Tek Il chambers (Nalge Nuc International) and were treated with 5 uM Fluo-4 AM
and 0.02% Pluronic F-127 (Molecular Probes) in Tyrode’s solution for 15 minutes at 37°C.
Cells were washed with Tyrode’s solution afterwards. Ca2* imaging was conducted using a
Zeiss LSM 510Meta confocal microscope (Carl Zeiss AG) and analyzed using Zen imaging
software. Spontaneous Ca?* transients were obtained at 37°C using a single-cell line scan
mode.

Cell metabolism and viability assays

WST-1 reagent (Abcam) was used to determine hiPSC-CM metabolism and viability
following antiviral treatment. After 48-hour treatment with antiviral compounds, 10 uL of
WST-1 reagent was added to 100 uL RPMI+B27 with insulin on day 30-35 post-
differentiation hiPSC-CMs. After 24 hours, a microplate reader (Promega) was used to
quantify conversion of tetrazolium salt WST-1 into formazan dye at 420-480 nm
absorbance. Absorbance reading correlated directly with cell viability.

Gene expression and immunocytochemistry

For gRT-PCR, RNA was extracted with the miRNeasy kit (Qiagen). cDNA was synthesized
using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and real-time
PCR was conducted on an Applied Biosystems 7900HT Fast Real-Time PCR System.
Primers are listed in Online Table I. For additional gene expression analysis, a GeneChip®
Human Gene 2.0 ST DNA Microarray was used (Affymetrix). Immunostaining was
performed according to previous protocols?3. Imaging was performed using a DMIL-LED
microscope (Leica Microsystems) or a Zeiss LSM 510Meta confocal microscope (Carl Zeiss
AG) using Zen imaging software.
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Statistical Methods

Data are presented as mean = SEM. Comparisons were conducted via student’s t-test with
significant differences (*) defined by p<0.05. For microarray results, multiple p-value
comparisons were made using a one-way between-subject ANOVA (p<0.05) using
Affymetrix Transcriptome Analysis Console (TAC) 2.0 software. Microarray data was
deposited under NIH GEO (GSE57781).

RESULTS

Expression of cardiomyocyte markers in hiPSC-CMs

Undifferentiated hiPSCs expressed standard pluripotency markers as shown previously
(Online Figure 1)25. We produced hiPSC-CMs from hiPSCs using a monolayer-based
cardiac differentiation protocol?”. We achieved upwards of 90% differentiation efficiency
and generated spontaneously contracting sheets of hiPSC-CMs (Online Movie I). Next,
hiPSC-CMs were purified via glucose deprivation and replated for downstream analyses
(Figure 1A). Cells exhibited regular beating patterns after replating (Online Movie 11). Using
immunofluorescence, we confirmed that hiPSC-CMs express cardiac-specific, sarcomeric
proteins. Expression of cardiac troponin T (cTnT) showed a striated pattern intercalated with
a-actinin expression along sarcomeric Z-lines (Figure 1B).

Expression of coxsackievirus and adenovirus receptor

Immunofluorescence revealed that hiPSC-CMs expressed the coxsackievirus and adenovirus
receptor (CAR) at cell-cell junctions (Figure 1C). Nuclear stain for CAR in CMs has been
previously reported and may represent antibody cross-reactivity with a nuclear antigen30.
CAR is also expressed in hiPSCs, suggesting that both hiPSCs and hiPSC-CMs are
susceptible to coxsackievirus infection (Online Figure I, Online Figure 11). In HL-1 cells,
CAR is also expressed at points of cell-cell contact (Online Figure I11). We used gRT-PCR
to confirm significant downregulation of pluripotency gene expression (POU5F1) and
significant upregulation of cardiac-specific structural gene expression (MYH6) in hiPSC-
CMs after 15 days of cardiac differentiation (Figure 1D). We also observed an
approximately two-fold reduction in expression of CXADR, encoding for CAR, after 15 days
of cardiac differentiation (Figure 1D). CXADR expression in hiPSC-CMs is 30-fold less than
primary adult human left ventricular myocardium sample (Online Figure 1V). However,
CXADR expression in hiPSC-CMs is 10-fold higher than in HL-1 mouse cardiac cells
(Online Figure 1V). These results demonstrate that hiPSC-CMs express CAR along with
cardiac-specific markers.

Characterization of hiPSC-CMs infected with CVB3-Luc

Purified hiPSC-CMs were infected with a B3 strain of coxsackievirus expressing Renilla
luciferase (CVB3-Luc). CVB3-Luc gene expression strongly correlated to luciferase
luminescence in infected hiPSC-CMs, suggesting that luminescence could be used as a
direct measure for CVB3-Luc proliferation (Online Figure V). At multiplicity of infection
(MQI) 5, virally-induced cytopathic effect appeared at 6-8 hours post-infection,
corresponding to the completion of the CVB3 replication cycle3l. We did not observe a
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difference in time to cytopathic effect onset between our 6 hiPSC-CM lines at CVB3-Luc
MOI 5 (Online Figure VI). Complete cell detachment was apparent at 24 hours post-
infection (Figure 2A). Starting at 6 hours post-infection with CVB3-Luc MOI 5, cells
displayed irregular beating patterns that became increasingly erratic over time, culminating
in the eventual cessation of beating after approximately 12 hours of infection (Online
Movies I11-1V). Onset of cytopathic effect in a purified population of hiPSC-CMs
corresponded to increased expression of VVP1, a component of the viral capsid (Figure 2B)31.
Notably, hiPSCs were also susceptible to CVB3-Luc infection and displayed an increase in
VP1 expression after infection (Online Figure VII). Only a small proportion of HL-1 cells in
a homogenous population expressed VP1 after CVB3 infection, as described previously
(Online Figure 111)32, In a heterogeneous, unpurified population of hiPSC-CM:s after a low-
efficiency cardiac differentiation, cTnT* hiPSC-CMs were more susceptible to CVB3-Luc
infection than non-CM, a-SMA*, mesenchymal cells (Figure 2C). Calcium imaging of cells
(n=12) infected with CVB3-Luc at MOI 5 for 7 hours showed a significant reduction in
beating rate and increases in calcium transient duration, time to transient peak, and standard
deviation of transient intervals, suggesting that CVB3-Luc infection results in disrupted
intracellular calcium handling in hiPSC-CMs (Figure 2D). Taken together, these results
suggest that hiPSC-CMs are highly susceptible to coxsackievirus infection and that viral
infection causes detrimental alterations in hiPSC-CM structure and function.

Quantification of CVB3-Luc proliferation on hiPSC-CMs

We next utilized bioluminescence imaging to quantify CVB3-Luc proliferation on hiPSC-
CMs. Purified hiPSC-CMs were infected with decreasing MOI of CVB3-Luc in the presence
of Enduren, an extended-duration coelenterazine (Figure 3A). CVB3-Luc proliferation was
quantified based on bioluminescence intensity (radiance), corresponding to the amount of
luciferase, and thus virus, being produced. At MOI 5, bioluminescence signal spiked at 6
hours post-infection, corresponding to the completion of the first viral replication cycle.
Signal intensity increased until 12 hours post-infection, at which point bioluminescence
diminished due to cell death (Figure 3A, 3B). At lower MOls, there was a delay in time to
peak of bioluminescence signal, likely because multiple CVB3-Luc replication cycles were
required before the luciferase signal could be detected. For example, at MOl 5x1074,
approximately 24 hours elapsed before onset of the bioluminescence signal. Treatment of
hiPSC-CMs with decreasing MOI of CVB3-Luc also resulted in concentration-dependent
reduction in pathologic phenotype after 24 hours and a delay in cytopathic effect onset
(Figure 3C). MOI 5x107> CVB3-Luc infection on 40,000 hiPSC-CMs still led to delayed
well-wide cytopathic effect and complete hiPSC-CM cell death, suggesting that a single
digit number of viral particles is able to propagate the CVB3-Luc infection in a well of
hiPSC-CMs (Figure 3D, Online Figure VII1). CVB3-Luc proliferation was substantially
lower in HL-1 cells in comparison to hiPSC-CMs (Online Figure I11). These results
demonstrate that the hiPSC-CM/CVB3-Luc platform can be used to quantify viral
replication in human cardiomyocytes.

Antiviral drug treatments abrogate CVB3-Luc proliferation

We utilized the hiPSC-CM/CVB3-Luc system to test the efficacy of antiviral compounds in
abrogating viral proliferation in vitro (Table 1). We first treated hiPSC-CMs with interferon
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beta 1 (IFNB1), as IFNB1 treatment is able to eliminate cardiotropic viruses in patients with
myocarditis and reduce CVB3 proliferation in hESC-CMs in vitro33: 34, We observed a
concentration-dependent reduction in CVB3-Luc proliferation after 12 hour pretreatment
with 0.5-8 ng/mL IFNB1 (Figure 4A). At 8 ng/mL IFNp1, we observed a greater than 50%
reduction in CVB3-Luc proliferation on hiPSC-CMs (Figure 4B). However, IFNB1 was
unable to significantly reduce CVB3-Luc proliferation on HL-1 cells (Online Figure 1X).
When IFNB1 was added concurrently with the virus, it was not as effective in reducing
CVB3-Luc proliferation on hiPSC-CMs, perhaps because the 12 hour pre-treatment allows
time for the activation of IFNB1 downstream pathways and expression of viral clearance
proteins such as RNase L and PKR (Online Figure X)3®. As a negative control, the antibiotic
PenStrep did not cause a significant reduction in CVB3-Luc proliferation in hiPSC-CMs.
Treatment with up to 8 ng/mL IFNB1 alone did not cause significant alteration in hiPSC-CM
cellular metabolism when measured with a WST-1 colorimetric assay (Figure 4C). IFNB1
treatment at 8 ng/mL also did not induce visible alterations in hiPSC-CM monolayer
morphology or beating patterns, suggesting that IFNB1 reduces CVB3-Luc proliferation in
hiPSC-CMs without inducing cardiotoxicity (Figure 4D).

Ribavirin is a nucleoside inhibitor that inhibits viral RNA synthesis36. We observed a
concentration-dependent reduction of CVB3-Luc proliferation on hiPSC-CMs infected with
CVB3-Luc after 12 hour pre-treatment with 25-800 puM ribavirin (Figure 5A). Pre-treatment
with 800 UM ribavirin caused an approximately 50% reduction in CVB3-Luc proliferation in
hiPSC-CMs (Figure 5B). Similarly, ribavirin significantly reduced CVB3-Luc proliferation
on HL-1 cells (Online Figure IX). Ribavirin was also moderately effective in reducing
CVB3-Luc proliferation in hiPSC-CMs and HL-1 cells when added concurrently with
CVB3-Luc, perhaps because as a small molecule compound, it is immediately able to
function as a nucleoside inhibitor to reduce viral RNA transcription (Online Figure X).
Ribavirin treatment up to 800 uM did not cause significant alterations in hiPSC-CM
metabolic output, as measured by WST-1 assay (Figure 5C), or any visible detrimental
effects to hiPSC-CM morphology or beating patterns (Figure 5D).

Next, we tested the effect of fluoxetine, a selective serotonin reuptake inhibitor, in reducing
CVB3-Luc replication. Fluoxetine is an effective inhibitor of coxsackievirus replication in
HeLa cells3”. We treated hiPSC-CMs with fluoxetine at concentrations ranging from 1-32
UM and observed that it had no significant effect in reducing CVB3-Luc proliferation at 1-2
UM (Figure 6A—6B). However, at 4-8 UM fluoxetine, we observed a significant drop in
CVB3-Luc proliferation with no cardiotoxicity observed at these concentrations (Figure 6B—
6C). At 16 uM and above, fluoxetine was visibly toxic to hiPSC-CMs and resulted in
decreased hiPSC-CM metabolic output and significant cell death (Figure 6C-6D).

Finally, we tested the antiviral efficacy of the antioxidant pyrrolidine dithiocarbamate
(PDTC), which reduces CVB3 replication through inhibition of the ubiquitin-proteasome
proteolysis pathway38. PDTC also inhibits the activation of 3DP!, a viral RNA
polymerase3?. We observed a concentration-dependent reduction in CVB3-Luc proliferation
after 12 hour pretreatment of hiPSC-CMs with 25-800 uM PDTC (Online Figure XI).
Pretreatment with 800 uM PDTC caused a significant reduction in CVB3-Luc proliferation
(Online Figure XI). PDTC significantly reduced CVB3-Luc proliferation on HL-1 cells
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(Online Figure IX). PDTC was also highly effective in reducing CVB3-Luc proliferation on
hiPSC-CMs and HL-1 cells when added concurrently with CVB3-Luc or even after viral
infection, reflective of its ability as a small molecule compound to rapidly inhibit activation
of 3DP°! and stymie viral RNA transcription (Online Figure 1X). When quantified using a
WST-1 assay, higher concentrations of PDTC led to increased hiPSC-CM metabolic output
(Online Figure XI). PDTC treatment for 72 hours at 800 uM did not cause a visible
detrimental alteration in hiPSC-CM morphology or beating patterns (Online Figure XI).
Taken together, these results show that the hiPSC-CM/CVB3-Luc system can be used to
screen for the functional efficacy and potential cardiotoxicities of antiviral compounds in
vitro.

hiPSC-CMs provide mechanistic insight into IFNB1-induced viral clearance pathways

We next assessed the specific molecular mechanisms by which hiPSC-CMs are able to clear
viral mMRNA and proteins to reduce coxsackievirus proliferation. We pretreated hiPSC-CMs
with 8 ng/mL IFNB1 for 12 hours and subsequently infected cells with CVB3-Luc (MOI 5)
for 8 hours. Cells were then harvested for gene expression analysis using an Affymetrix
DNA microarray. We observed that 139 genes were differentially expressed between
infected hiPSC-CMs that did or did not receive IFNB1 (Figure 7). Notably, IFNB1 treatment
significantly increased the expression of 22 genes previously implicated as mediators of
viral clearance pathways (p < 1.605E-31) (Online Table Il). These genes encode proteins
that assist with a diverse range of antiviral functions such as ribonuclease activation, viral
mMRNA degradation, viral capsid protein degradation, viral particle sequestration, and
interferon signal transduction?0. These results suggest that in hiPSC-CMs, IFNp1 treatment
activates a network of downstream antiviral genes that reduce CVB3-Luc proliferation
following infection.

DISCUSSION

Viral myocarditis is a disease for which there remains no effective antiviral treatment. Our
results suggest that hiPSC-CMs can be used to study the mechanisms of CVB3-induced viral
myocarditis. Notably, hiPSC-CMs express CAR and are susceptible to coxsackievirus
infection. We observed a downregulation in CAR expression over a 15-day differentiation
from hiPSCs to hiPSC-CMs, and previous studies have also illustrated that CAR mRNA
expression decreases after 14 days of hESC to hESC-CM differentiation using embryoid
body differentiation protocols33. Adult cardiac tissues exhibit lower CAR mRNA levels than
embryonic cardiac tissues, which is understandable given CAR’s established role for
promoting proper embryonic cardiogenesis via maintaining myofibril integrity°: 16. 30,
However, we found that CAR expression is significantly lower in hiPSC-CMs in
comparison to adult human left ventricular myocardium, perhaps reflecting the previously-
observed functional immaturity of hiPSC-CMs*L,

Cardiomyocytes can be infected by CVB3 and undergo apoptosis following completion of
the CVBS3 replication cycle33 42, Following CVB3 internalization in CMs, viral protease 2A
cleaves dystrophin, which connects the cardiomyocyte cytoskeleton with the extracellular
matrix#3. This could impair the mechanical transduction of force normally generated by the
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sarcomeres. Cleavage of dystrophin also disrupts cell membrane integrity, allowing for
efficient release of newly created CVB3 viral particles*3. Increased cell membrane
permeability likely causes leakage of intracellular ions such as K*, NaZ*, and Ca2* that
maintain membrane potential and propagate the cardiac action potential necessary for
normal cardiomyocyte excitation-contraction coupling. This interplay between viral
protease-mediated disruption of intracellular structural proteins and subsequent loss of cell
membrane integrity, combined with the viral load created during the CVB3 replication
cycle, likely results in the irregular beating, abnormal calcium transients, and eventual
cessation of beating that we observed following CVB3 infection in hiPSC-CMs.
Additionally, VP1, a component protein of the CVVB3 capsid, shares up to 40% homology
with cardiac myosin, and thus, antibodies against VVP1 can cross-react with myosin®4,
Indeed, we observed the VVP1 stain intercalating with the cTnT stain in the sarcomere. In
spite of cross-reactivity, our VP1 antibody detects significant viral replication-induced
increase in VVP1 expression over time. We also observed a delayed, well-wide cytopathic
effect by infecting 40,000 hiPSC-CMs with MOI 5x10~> CVB3-Luc, suggesting that a
single digit number of viral particles (approximately 2 in a well of 40,000 hiPSC-CMs) is
able to propagate the viral infection across the entire well of hiPSC-CMs. This indicates that
hiPSC-CMs are extremely susceptible to coxsackievirus infection.

There is a shortage of treatments for combating coxsackievirus infections and CVB3-
induced myocarditis. Interferons have shown potential for eliminating cardiotropic viruses in
vivo and in vitro and for improving ventricular function in patients with chronic
myocarditisl0: 33: 34,36 Other compounds have shown modest effects in reducing CVB3-
proliferation by interfering with viral capsid function4. However, none of these therapies
has received FDA approval, and thus, there is significant interest in finding safe and
effective antiviral compounds for treating coxsackievirus infection and CVB3-induced
myocarditis. The advantage of using hiPSC-CMs instead of commonly-used cell lines, such
as HEK 293T or HeLa cells, for antiviral drug screening is that hiPSC-CMs are more
representative structurally and physiologically of the cardiac cell populations damaged
during CVB3-induced myocarditis. Additionally, we believe that hiPSC-CMs are superior to
HL-1 cardiac cells for modeling CVB3 infection on cardiomyocytes and for antiviral drug
screening. CXADR expression in hiPSC-CMs is substantially higher than in HL-1 cells and
is also closer to CXADR levels found in primary human cardiac tissue. CVB3-Luc
proliferates in hiPSC-CMs at a significantly higher level than in HL-1 cells. IFNB1 was
unable to reduce CVB3-Luc proliferation on HL-1 cells, suggesting that IFNS1-mediated
antiviral response pathways may be significantly altered in these cells. These discrepancies
between hiPSC-CMs and HL-1s are likely because HL-1 cells are an immortalized mouse
cardiac line derived from a tumor lineage, and therefore, may not be as useful as hiPSC-
CMs for recapitulating adult human cardiomyocyte gene expression, viral infection, and
drug responses. Testing novel therapeutics on hiPSC-CMs also allows for the assessment of
potential cardiotoxicities and drug-induced arrhythmias, which are leading causes of drug
withdrawal from the pharmaceutical market4°.

We employed CVB3-Luc to quantify the ability of a select group of compounds to reduce
and delay coxsackievirus replication on hiPSC-CMs without inducing visible cardiotoxicity
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(Table 1). IFNP1 was able to abrogate CVB3-Luc proliferation in a concentration-dependent
manner and at very low concentrations, as demonstrated previously33. Using a DNA
microarray, we found that IFNB1 reduces viral proliferation by priming hiPSC-CMs against
viral infection and activating multiple genes associated with viral RNA and protein
clearance (Figure 7, Online Table 11)4°. In infected hiPSC-CMs treated with IFNp1, we
detected a ten-fold upregulation in the expression of OASL, which encodes for an activator
of antiviral ribonuclease L (RNase L)*6. Additionally, we observed a five-fold upregulation
in the expression of EIF2AK?2, which encodes for protein kinase R (PKR), an inhibitor of
viral mMRNA translation that acts by phosphorylating the eukaryotic transcription initiation
factor (EIF2)#6. Ribavirin and PDTC were also effective in inducing a concentration-
dependent reduction of CVB3-Luc proliferation on hiPSC-CMs, as they are well-established
inhibitors of viral replication38: 47, Importantly, IFNp1, ribavirin, and PDTC did not induce
significant cardiotoxic effects on hiPSC-CMs. Interestingly, PDTC caused an increase in
hiPSC-CM metabolic output as measured by WST-1 assay, which we attribute to an off-
target, PDTC-induced hyperactivation of mitochondrial dehydrogenase enzymes that are
required to cleave WST-1 substrate into formazan dye. We observed significant hiPSC-CM
death following treatment with high concentrations of fluoxetine, which in our assay
reduced CVB3-Luc proliferation at 4-8 uM. Fluoxetine overdose-induced arrhythmias have
been reported previously but not cardiac cell death, as we have shown here8. Although the
aforementioned compounds were successful in reducing and delaying viral proliferation, we
observed that a single digit number of viral particles may be sufficient to propagate CVB3-
Luc infection on an entire well of hiPSC-CMs, based on results from Figure 3D and Online
Figure XIII. Thus, we confirmed the antiviral properties of three compounds and the
potential cardiotoxicity of a fourth compound using the hiPSC-CM/CVB3-Luc system. We
envision that this system could be utilized in a high-throughput manner to screen for novel,
non-cardiotoxic, antiviral therapeutics.

In summary, we have for the first time used hiPSC-CMs to model the mechanisms of viral
myocarditis. Our results suggest that hiPSC-CMs express the coxsackievirus and adenovirus
receptor needed for CVVB3 internalization and are susceptible to infection by CVB3. Gene
networks known to be associated with viral MRNA and protein clearance are also activated
following antiviral treatment in hiPSC-CMs infected with CVB3. Additionally, the hiPSC-
CM/CVB3-Luc system can be used to screen for antiviral compound efficacy. Ultimately,
we believe that hiPSC-CMs represent a powerful tool for modeling disease mechanisms and
for drug discovery purposes.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

CAR coxsackievirus and adenovirus receptor
cTnT cardiac troponin T
CVB3 coxsackievirus B3
DCM dilated cardiomyopathy
hESC-CM human embryonic stem cell-derived cardiomyocyte
hiPSC-CM human induced pluripotent stem cell-derived cardiomyocyte
IFNB1 interferon beta 1
LV left ventricle
MOI multiplicity of infection
MYHG6 myosin heavy chain 6, alpha
OKSM Oct4, KIf, Sox2, c-Myc
PDTC pyrrolidine dithiocarbamate
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Novelty and Significance
What Is Known?

« Viral myocarditis is a debilitating condition that can lead to cardiac arrhythmias
and heart failure.

«  Viral myocarditis can be caused by the B3 strain of coxsackievirus (CVB3), a
common human pathogen that can rarely infect the heart and cause a life-
threatening medical situation.

e Itisdifficult to obtain human cardiac tissues with which to study the
mechanisms of cardiac viral infection, but thanks to recent discoveries in stem
cell biology, we can now make an unlimited number of human heart cells
(cardiomyocytes) from a patient’s own skin cells.

What New Information Does This Article Contribute?

» By acting as a model for true human heart tissue, human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) can be used to study the
mechanisms of viral myocarditis.

»  These hiPSC-CMs express the proteins needed for CVB3 to enter the
cardiomyocyte, and as a result, CVB3 can invade the cell and replicate rapidly
within it.

» A genetically-modified strain of CVB3 can be used in conjunction with hiPSC-
CMs to quantify viral replication, and thus, this system can be used to test for
the efficacy of antiviral compounds in reducing viral proliferation on human
cardiomyocytes.

Viral myocarditis is a life-threatening cardiac disease that arises when the heart is
infected by a virus such as CVB3. However, it is difficult to obtain human heart tissues
with which to study the mechanisms of this disease because cardiac biopsies are invasive
and expensive. Recent advances have allowed for the mass production of human heart
cells from a patient’s own skin or blood samples. Using this hiPSC-CM technology, we
were able to study the mechanisms of CVB3 infection on human cardiomyocytes. We
found that hiPSC-CMs express the coxsackievirus receptor needed to internalize CVB3,
and hiPSC-CMs are highly susceptible to CVB3 infection because the virus is able to
proliferate rapidly and destroy the cells in a matter of hours. Notably, we used hiPSC-CM
technology in conjunction with a genetically-modified strain of CVVB3 that expresses
luciferase, a bioluminescent protein. This allowed us to quantify viral proliferation on
hiPSC-CMs and screen for the antiviral efficacy of a panel of antiviral compounds. The
CVB3/hiPSC-CM system that we established here could serve as a platform for
discovering novel antiviral compounds that can effectively treat patients suffering from
viral myocarditis.
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Figure 1. hiPSC-CMs express intracellular sarcomeric proteins and CAR at cell-cell junctions
A, Flow chart illustrating study design. Skin fibroblast samples obtained from 3 healthy
individuals in a 7-member patient family cohort were reprogrammed using lentiviral vectors
expressing OKSM. Peripheral blood mononuclear cells were also isolated from 3 additional
healthy individuals and reprogrammed using a Sendai virus vector expressing OKSM.
Subsequent hiPSC colonies were differentiated into hiPSC-CMs. Downstream analyses such
as immunofluorescence, calcium imaging, and antiviral drug efficacy testing were then
conducted on hiPSC-CMs infected with CVB3-Luc. B, Confocal microscopy images of
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single hiPSC-CMs demonstrates the presence of sarcomeric proteins such as ¢TnT and a-
actinin. C, Confocal microscopy demonstrates the presence of CAR at hiPSC-CM
intercellular junctions (arrow). D, qRT-PCR of hiPSC-CMs at days 0 and 15 following
cardiac differentiation reveals a decrease in POUSF1 expression (left), an increase in MYH6
expression (middle), and a decrease in CXADR expression (right). ** p<0.01; ****
p<0.0001
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Figure 2. hiPSC-CMs are susceptible to infection by CVB3-Luc and display irregular
intracellular calcium handling phenotypes during infection

A, Brightfield images of hiPSC-CMs infected with CVB3-Luc (MOI 5) show the
progression of cellular cytopathic effect due to viral infection over 24 hours. B,
Immunofluorescence images of hiPSC-CMs infected with CVB3-Luc (MOI 5) illustrate
increasing VP1 expression in a homogeneous population of cTnT* hiPSC-CMs over 8 hours
following infection. C, Immunofluorescence images of a heterogeneous, differentiated cell
population illustrates VP1 expression in cTnT* hiPSC-CMs (left, middle), but not in non-
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CM, a-SMA*, mesenchymal cells (right) 7 hours after infection with CVB3-Luc (MOI 5).
D, Single-cell Ca2* imaging of uninfected hiPSC-CMs and hiPSC-CMs 7 hours after
infection with CVB3-Luc (MOI 5). * p<0.05; ** p<0.01
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Figure 3. CVB3-Luc infection of hiPSC-CMs allows for quantification of viral proliferation
using bioluminescence imaging
A, Representative 96-well plate containing hiPSC-CMs infected with CVB3-Luc visualized

over 36 hours using bioluminescence imaging. A decrease in MOI corresponds with a delay
in signal onset. B, Quantification of CVB3-Luc proliferation on hiPSC-CMs. A decrease in

MOI corresponds to a delay in bioluminescence signal and viral proliferation. C, Brightfield
images at 0 and 24 hours post-infection of hiPSC-CMs infected with decreasing amounts of
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CVB3-Luc. D. Quantification of time of onset for CVB3-Luc cytopathic effect at decreasing
MOlIs on a pure population of 40,000 hiPSC-CMs.
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Figure 4. IFNB1 treatment reduces CVB3-Luc proliferation on infected hiPSC-CMs in a
concentration-dependent fashion

A, Representative 96-well plate containing hiPSC-CMs infected with CVB3-Luc and pre-
treated with IFNB1 for 12 hours, visualized over 12 hours using bioluminescence imaging.
B, Quantification of CVB3-Luc proliferation on hiPSC-CMs pretreated with IFNB1. C,
WST-1 assay quantifying cellular metabolic output and viability following treatment with
increasing amounts of IFNBL. D, Stills from videos of hiPSC-CMs treated with 8 ng/mL
IFNB1 for up to 72 hours. These hiPSC-CMs continue beating after 72 hours of IFNp1
treatment.
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Figure 5. Ribavirin treatment reduces CVB3-Luc proliferation on infected hiPSC-CMs in a
concentration-dependent fashion

A, Representative 96-well plate containing hiPSC-CMs infected with CVB3-Luc and
pretreated with ribavirin for 12 hours, visualized over 12 hours using bioluminescence
imaging. B, Quantification of CVB3-Luc proliferation on hiPSC-CMs pretreated with
ribavirin. C, WST-1 assay quantifying cellular metabolic output and viability following
treatment with increasing amounts of ribavirin. D, Stills from videos of hiPSC-CMs treated
with 800 puM ribavirin for up to 72 hours. These hiPSC-CMs continue beating after 72 hours
of ribavirin treatment.
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Figure 6. Fluoxetine treatment reduces CVB3-Luc proliferation on hiPSC-CMs at select
concentrations but exhibits cardiotoxicity

A, Representative 96-well plate containing hiPSC-CMs infected with CVB3-Luc and
pretreated with fluoxetine for 12 hours, visualized over 12 hours using bioluminescence
imaging. B, Quantification of CVB3-Luc proliferation on hiPSC-CMs pretreated with
fluoxetine. Note that at low concentrations of fluoxetine (1-2 pM), there is no significant
decrease in CVB3-Luc proliferation. At 4-8 uM fluoxetine, a significant decrease in viral
proliferation is observed. At higher concentrations of fluoxetine (16-32 uM), there is

Circ Res. Author manuscript; available in PMC 2015 August 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sharma et al.

Page 25

complete abrogation of CVB3-Luc proliferation, but this is because of cell death limiting
viral proliferation, as shown in C. C, WST-1 assay quantifying cellular metabolic output and
viability following treatment with increasing amounts of fluoxetine. Note that concentrations
of fluoxetine at 16 UM and above significantly reduce cell metabolism and viability. D, Stills
from videos of hiPSC-CMs treated with 32 pM fluoxetine for up to 72 hours, demonstrating
fluoxetine toxicity.

Circ Res. Author manuscript; available in PMC 2015 August 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sharma et al.

Page 26

Average Signal (Log,)

110 I 120

hiPSC-CMs hiPSC-CMs

+ +
CVB3-Luc CVB3-Luc
(MOI 5, 8 hr) (MOI 5, 8 hr)

+

8 ng/mL IFNB1

139 Genes Differentially Expressed
118 Upregulated After IFNB1 Treatment
21 Downregulated After IFNB1 Treatment

Figure 7. Treatment with IFNB1 leads to activation of interferon response pathways and viral
clearance mechanisms in hiPSC-CMs infected with CVB3-Luc

Heat map showing rows of differentially expressed genes (n=139) following IFNB1
treatment in hiPSC-CMs infected with CVB3-Luc. Cells were pretreated with IFNB1 for 12
hours prior to infection with CVB3-Luc (MOI 5) for 8 hours. Two samples were collected
for each experimental condition. For the heat map, red indicates high gene expression, black
indicates moderate gene expression, and green indicates low gene expression. 118 genes
were upregulated and 21 were downregulated after IFNB1 treatment. Of the 118 upregulated
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genes, 22 are known regulators of viral mMRNA and protein clearance pathways (Online
Table I1).
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Table 1

Antiviral compounds utilized to abrogate CVVB3-Luc proliferation on hiPSC-CMs

Antiviral Mechanism of Antiviral Reduced CVB3- Cardiotoxicity References
Compound Action Luc Observed on
Proliferationon  hiPSC-CMs?
hiPSC-CMs?
Interferon Beta 1  Activation of downstream Yes No Scassa et al., 201133;
(IFNB1) viral RNA and protein Kuhl et al., 200333

clearance pathways

Ribavirin Nucleoside inhibitor of Yes
viral RNA synthesis

Pyrrolidine Inhibition of ubiquitin- Yes
dithiocarbamate proteasome proteolysis
(PDTC)
Fluoxetine Mechanism unclear 4 uM, 8 uyM

No Heim et al., 199736;
Crotty et al., 2000

No Si et al., 2005%°

Yes Zuo et al., 2012%7

Circ Res. Author manuscript; available in PMC 2015 August 29.

Page 28



