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SUMMARY

COVID-19 patients often develop severe cardiovascular complications, but it remains unclear if these are caused directly by viral infection
or are secondary to a systemic response. Here, we examine the cardiac tropism of SARS-CoV-2 in human pluripotent stem cell-derived
cardiomyocytes (hPSC-CMs) and smooth muscle cells (hPSC-SMCs). We find that that SARS-CoV-2 selectively infects hPSC-CMs through
the viral receptor ACE2, whereas in hPSC-SMCs there is minimal viral entry or replication. After entry into cardiomyocytes, SARS-CoV-2 is
assembled in lysosome-like vesicles and egresses via bulk exocytosis. The viral transcripts become a large fraction of cellular mRNA while
host gene expression shifts from oxidative to glycolytic metabolism and upregulates chromatin modification and RNA splicing pathways.
Most importantly, viral infection of hPSC-CMs progressively impairs both their electrophysiological and contractile function, and causes
widespread cell death. These data support the hypothesis that COVID-19-related cardiac symptoms can result from a direct cardiotoxic

effect of SARS-CoV-2.

INTRODUCTION

With over 100 million people affected worldwide, the
outbreak of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has already left its permanent mark on hu-
man history (Hopkins, 2020; Zhu et al., 2020). SARS-CoV-2
belongs to the family of Coronaviridae, a large group of sin-
gle-stranded enveloped RNA viruses reported for the first
time in humans in the 1960s (Andersen et al., 2020; Cor-
man etal., 2018; Cui et al., 2019). Besides being long recog-
nized as one of the common cold viruses, coronaviruses
took center stage in infectious disease medicine following
the outbreaks of SARS-CoV in 2003 and of Middle East res-
piratory syndrome coronavirus (MERS-CoV) a decade later.
Coronaviruses became thus recognized as highly patho-
genic for humans, with a symptomatology that focuses
on the respiratory system while often also involving ex-
tra-respiratory organs (Alhogbani, 2016; Nishiga et al.,
2020; Oudit et al., 2009; Zhou et al., 2020). Indeed, even
though the lungs represent the main target, cardiovascular
complications (including worsening of pre-existing condi-
tions and onset of new disorders) were not only reported
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for SARS-CoV and MERS-CoV, but are also significantly
contributing to the mortality of COVID-19 patients during
the ongoing pandemic (Alhogbani, 2016; Oudit et al.,
2009; Shi et al., 2020; Zhou et al., 2020).

The most common cardiovascular complications
observed after SARS-CoV-2 infection are myocardial injury
(including cases with and without classic coronary occlu-
sion), arrhythmias, and heart failure (Baggiano et al,,
2020; Nishiga et al., 2020; Ojha et al., 2020; Ruan et al.,
2020; Shi et al., 2020; Wang et al., 2020; Xu et al., 2020;
Zhou et al., 2020). In particular, myocardial injury, charac-
terized by elevated serum levels of cardiac troponin I and/
or electrocardiogram abnormalities, has been indepen-
dently associated with increased mortality in COVID-19
patients (Guo et al., 2020). Moreover, as reported also for
SARS-CoV (Madjid et al., 2007), SARS-CoV-2 can trigger
acute coronary syndrome even in the absence of systemic
inflammation (Nishiga et al., 2020; Wang et al., 2020).
Retrospective studies show that hospitalized COVID-19 pa-
tients develop cardiac arrhythmias, including ventricular
tachycardia and atrial fibrillation (Bhatla et al., 2020; Ma-
laty et al., 2020; Wang et al., 2020; Zylla et al., 2021).
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Progressive left ventricular dysfunction and overall symp-
toms that resemble heart failure have also been observed
in a significant number of patients (Dong et al., 2020;
Huang et al., 2020a; Wang et al., 2020; Zhou et al., 2020).
At the beginning of the outbreak, this symptomatology
was reported mostly in critically ill COVID-19 patients
(Zhou et al., 2020). A sizable number of more recent studies
has reported that cardiac symptoms are observed also in
mild and even asymptomatic cases of COVID-19 (Arentz
et al., 2020; Huang et al., 2020b; Inciardi et al., 2020; Punt-
mann et al., 2020; Rajpal et al., 2021).

The mechanisms behind cardiac disease reported for
COVID-19 are still unclear (Nishiga et al., 2020; Zhou
et al., 2020). Upon lung infection, the uncontrolled release
of inflammatory cytokines, termed “cytokine storm,”
could induce multi-organ damage, ultimately leading to or-
gan failure and worsening of pre-existing cardiovascular
disorders (Driggin et al., 2020; Inciardi et al., 2020; Tay
etal., 2020). Moreover, COVID-19 is associated with coagu-
lopathies, which also can induce ischemic heart damage
(Driggin et al., 2020; Nishiga et al., 2020; Ranucci et al.,
2020). Finally, SARS-CoV-2 could directly mediate heart
injury by entering cardiomyocytes or other cardiac stromal
and/or vascular cells via binding of the viral spike glycopro-
tein to its extracellular receptor, angiotensin I converting
enzyme 2 (ACE2) (Baggiano et al., 2020; Hoffmann et al.,
2020). This protein is expressed in different tissues of the
human body, including cardiomyocytes and cardiac peri-
cytes, and its primary function is to counterbalance the
renin-angiotensin-aldosterone system (Chen et al., 2020a;
Hikmet et al., 2020; Li et al., 2020; Verdecchia et al., 2020).

Several studies detected SARS-CoV-2 genome in the heart
and/or reported signs of viral myocarditis in COVID-19-in-
fected individuals, including asymptomatic cases (Bradley
et al., 2020; Dolhnikoff et al., 2020; Lindner et al., 2020;
Rajpal et al., 2021). Moreover, in vivo and in vitro studies uti-
lizing both human adult cardiomyocytes and human
pluripotent stem cell-derived cardiomyocytes (hPSC-CMs)
have shown that SARS-CoV-2 can infect cardiomyocytes,
indicating that SARS-CoV-2 could exhibit cardiac tropism
(Bojkova et al., 2020; Chen et al., 2020b; Sharma et al.,
2020; Yang et al., 2020). However, whether SARS-CoV-2
infection of human cardiomyocytes leads to a direct
impairment of cardiac function is still unresolved. Further-
more, whether other cardiac cell types are also susceptible
to SARS-CoV-2 remains unclear.

In this study we examine the mechanisms behind
COVID-19-related cardiac symptoms using hPSC-CMs
and hPSC-derived smooth muscle cells (hPSC-SMCs), es-
tablished models for cardiovascular disease research (Ber-
tero et al., 2019b; Cheung et al.,, 2012; Serrano et al.,
2019; Yang et al., 2018). SARS-CoV-2 specifically infects
and propagates within hPSC-CMs, a process that appears

to exquisitely rely on ACE2 and to both involve direct
membrane fusion and entry through the endo-lysosomal
pathway. Pathways involved in RNA splicing and chro-
matin accessibility are significantly upregulated after infec-
tion, whereas pathways involved in oxidative metabolism
and mitochondrial function are downregulated. SARS-
CoV-2 infection results in disruption of the contractile
cytoskeleton, electrical and mechanical dysfunction, and
eventual cell death. These findings provide evidence for a
direct viral cytopathic pathway involving cardiac myocytes
in the context of COVID-19-related cardiac disease.

RESULTS

hPSC-CMs Express SARS-CoV-2 Receptors and Entry
Cofactors
Susceptibility to SARS-CoV-2 infection is thought to
depend on expression of both the viral receptor ACE2
and various host proteases (Hoffmann et al., 2020; Millet
and Whittaker, 2015; Shang et al.,, 2020; Zumla et al.,
2016). We found that ACE2 is transcriptionally activated
during cardiac differentiation of both RUES2 embryonic
stem cell-derived cardiomyocytes (hESC-CMs; Figure 1A)
and WTC11c-induced pluripotent stem cell-derived cardio-
myocytes (hiPSC-CMs; Figure S1A). Single-cell RNA
sequencing (RNA-seq) analysis detected ACE2 mRNA in
~9% of hESC-CMs, indicating low and/or transitory
expression (Figure 1B). A larger fraction of cells expressed
moderate to high levels of endosomal cysteine proteases
CTSB (cathepsin B; ~71.0%) and CTSL (cathepsin L;
~46.0%). Detection of these factors is relevant because
they can cleave the spike glycoprotein leading to endo-
membrane fusion-mediated release of the SARS-CoV-2
genome inside the cytoplasm (Kang et al.,, 2020; Millet
and Whittaker, 2015; Ou et al.,, 2020; Yang and Shen,
2020). Importantly, these viral processing factors were
often co-expressed with ACE2 (Figure S1B). Although viral
entry can also be mediated by TMPRSS2 (Hoffmann et al.,
2020; Shulla et al., 2011), this transmembrane serine prote-
ase was not detectable in hESC-CMs (Figure S1C), as also re-
ported for the adult human heart (Litvinukova et al., 2020).
Interestingly, the lipid phosphatase, PIKFYVE, another en-
dosomal viral processing factor, and FURIN, a membrane-
bound serine protease, were also broadly expressed in
hESC-CMs (Figure S1C), overall suggesting that the mech-
anism of SARS-CoV-2 entry in cardiomyocytes might be
different from the TMPRSS2-dependent one reported for
lung epithelial cells (Hoffmann et al., 2020; Schneider
et al., 2020; Shang et al., 2020; Xia et al., 2020b).

Despite the relatively low levels of mRNA, ACE2 protein
was clearly detectable by western blot in hPSC-CMs derived
from multiple lines (RUES2 female hESCs, H7 female
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Figure 1. hPSC-CMs Express SARS-CoV-2 Receptors and Processing Factors
(A) RNA-seq during RUES2 hESC-CM differentiation. ACE2 is quantified as fragments per kilobase of transcript per million mapped reads
(FPKM). Mean + SEM of two independent experiments. ESC, embryonic stem cells (day 0); ME, mesoderm (day 2); CP, cardiac progenitors

(day 5); CM, cardiomyocytes (day 14).

(B) Single-cell RNA-seq gene expression heatmaps from RUES2 hESC-CMs after dimensionality reduction through Uniform Manifold
Approximation and Projection (UMAP). TNNTZ provides a pan-cardiomyocyte marker.
(C) Western blot for ACE2 in hPSC-CMs from multiple lines and different types of hPSC-SMCs. LM, lateral plate mesoderm-derived; NC, neural

crest-derived; hPSCs, negative control; VERO cells, positive control.

(D) Quantification of ACE2 level normalized by GADPH. Mean + SEM of three independent experiments.

hESCs, and WTC11c male hiPSCs), reaching levels compa-
rable with those of VERO cells, a primate kidney epithelial
line with established SARS-CoV-2 tropism (Figures 1C and
1D). Emphasizing the specific tropism of SARS-CoV-2 for
hPSC-CMs, ACE2 was expressed at very low levels in
hESC-SMCs of varying embryonic origin (lateral meso-
derm- or neural crest-derived, all differentiated from H9 fe-
male hESCs; Figures 1C and S1D). Collectively, hPSC-CMs
express proteins that may render them susceptible to
SARS-CoV-2 infection (Bojkova et al., 2020; Sharma et al.,
2020; Yang et al., 2020).

SARS-CoV-2 Can Infect and Replicate in hPSC-CMs
Using ACE2

Since H7- and WTC11c-derived hPSC-CMs showed the
highest levels of ACE2 (Figures 1C and 1D), we tested their
functional susceptibility to SARS-CoV-2. For this, we incu-
bated highly pure hPSC-CMs (over 80% positive for cardiac
troponin T [cTnT+]; Figure S2A) with SARS-CoV-2/Wa-1
strain. We used a multiplicity of infection (MOI) (i.e., the
number of infectious viral particles per cell) of either 0.1
(requiring propagation of the virus within the cells and sec-
ondary infection of others) or 5 (aiming to infect all suscep-
tible cells at the same time). We observed marked and
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disseminated viral cytopathic effects in both H7 hESC-
CMs and WTC11c hiPSC-CMs. These effects were acceler-
ated at 5 MOI, as expected (Figures 2A and S2B). Most
notably, the highest MOI led to cessation of beating and
signs of cell death as early as at 48 h post infection (hpi)
in both cell lines, with more pronounced effects for H7 car-
diomyocytes. Immunofluorescence staining of SARS-CoV-
2 nucleocapsid protein revealed substantial presence of
viral factors in the cytoplasm of both H7 hESC-CMs and
WTCl11c hiPSC-CMs (Figures 2B and S2C).

To investigate whether hPSC-CMs are permissive to
SARS-CoV-2 replication, we quantified extracellular viral
particles and intracellular viral RNA (by plaque assay
and quantitative reverse transcription PCR [qRT-PCR],
respectively). The one-step growth curve after 5 MOI
infection indicated that viral replication occurred steadily
from 24 to 72 hpi, followed by a precipitous decline as the
cells died (Figure 2C). The multi-step growth curve (0.1
MOI infection) confirmed that SARS-CoV-2 replicated in-
side hPSC-CMs (Figure 2D), with a marked increase in
viral particles and RNA at 48 and 72 hpi (at which point
the experiment was stopped). In agreement with morpho-
logical observations, H7-derived cardiomyocytes were
more permissive to SARS-CoV-2 replication than
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Figure 2. hPSC-CMs Are Permissive to SARS-CoV-2 Infection and Replication

(A) Cytopathic effects of SARS-CoV-2 at 5 MOI in H7 hESC-CMs and WTC11c hiPSC-CMs during a time course of 120 h. Scale bars, 100 um.
(B) Immunofluorescent staining of H7 hESC-CMs and WTC11c hiPSC-CMs at 48 hpi with SARS-CoV-2 dose of 0.1 MOI. Scale bars, 50 pum.
Individual channels are shown in Figure S2C.

(C) One-step viral growth curve in H7 hESC-CMs infected with SARS-CoV-2 at 5 MOI over a time course of 120 h.

(D) Multi-step viral growth curve in H7 hESC-CMs infected with SARS-CoV-2 at 0.1 MOI over a time course of 72 h. For both (C) and (D), lines
connect the means of two independent experiments. Viral RNA indicating intracellular viral replication is plotted on the left y axis as
percent of HPRT1. Viral particles secreted in the supernatant are plotted on the right y axis as plaque-forming units (PFU) per mL.

(E) Cytopathic effects of 0.1 MOI and 5 MOI of SARS-CoV-2 at 72 hpi in wild-type (WT) and ACE2 knockout (KO) WTC11c-CMs. Two ACE2 KO
hiPSC clones (cl.1 and cl. 2) were analyzed (Figure S3). Scale bars, 100 pum.

(F) Fluorescence microscopy assessment of viral entry of icSARS-CoV2-mNG at 0.1 MOI in WTC11c-CMs WT and ACE2 KO clones at 48 and
72 hpi. mNG fluorescence is shown in grayscale. ACE2 KO clones showed background autofluorescence only. Scale bars, 100 um.

WTC11c-derived ones (compare Figures 2C, 2D, S2D, and Distinct from hPSC-CMs, hESC-SMCs exposed to SARS-
S2E), perhaps as a reflection of genetic or epigenetic differ- CoV-2 did not show any cytopathic effects even at the high-
ences that deserve further study. est MOI at 72 hpi (Figure S2F). Accordingly, extracellular
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viral particles and intracellular viral RNA in hPSC-SMCs
were more than two orders of magnitude lower than the
ones observed for hPSC-CMs (Figure S2G). These findings
highlight the specific tropism of SARS-CoV-2 for hPSC-
CMs, and exclude that cytopathic effects observed in cardi-
omyocytes may be attributable to toxic contaminantsin the
viral preparation.

To investigate the role of ACE2 during cardiomyocyte
infection by SARS-CoV-2, we generated ACE2 knockout
(KO) WTCl11c hiPSC-CMs (Figures 3A-3D). Loss of ACE2
prevented cell death following SARS-CoV-2 exposure
even at 5 MOI (Figure 2E). To confirm the absence of viral
entry in ACE2 KO cells, we used SARS-CoV-2 genetically en-
gineered to express the mNeonGreen protein (mNG) (Xie
et al., 2020). Similarly to wild-type SARS-CoV-2, the SARS-
CoV-2-mNG reporter became detectable at 48 hpi at 0.1
MOI only in wild-type cardiomyocytes, with increased
fluorescence intensity at 72 hpi (Figure 2F). Overall, these
findings indicate that SARS-CoV-2 infection in cardiomyo-
cytes is prominently mediated by the expression of ACE2.

SARS-CoV-2 Viral Entry, Replication, and Egress
Engage Lysosome-like Structures

To examine in finer detail the viral propagation mecha-
nisms in hPSC-CMs we performed extensive electron mi-
croscopy analyses. We readily identified numerous viral
particles entering and replicating inside the cytoplasm of
WTC11c hiPSC-CMs (Figures 3A and 3B), clearly visible
as 80-90-nm-wide spherical structures, confirming that
hPSC-CMs can be infected directly by SARS-CoV-2. The
presence of viruses was remarkably greater at 72 hpi. Inter-
estingly, we observed both endocytosis of intact virions
(Figure 3A) and direct fusion of viral envelope with cell
membrane (Figure 3B), suggesting dual mechanisms of en-
try in cardiomyocytes. Double-membrane vesicles, organ-
elles associated with viral replication and assembly, were
commonly seen in close association with viral particles
(Figure 3C) (Snijder et al., 2020). We also observed dilated
membrane-bound tubular structures, likely representing
the endoplasmic reticulum Golgi intermediate compart-
ment, in close proximity to membrane-enclosed viral parti-
cles (Figure 3D). In addition, we observed a variety of
vesicles containing viruses (Figures 3D-3F). Most notable
were large vesicles with electron dense content packed
with mature virus particles (Figure 3E). In some of these
vesicles, we also observed lipid droplets and multilamellar
bodies, consistent with lysosomes, whereas others were
smooth-walled vesicles (Figures 3E and 3F) (Ghosh et al.,
2020; Snijder et al., 2020). Finally, exocytosis of virions
was readily identifiable on the cell surface (Figures 3G-
3I). In summary, these electron microscopic studies
demonstrated viral entry via both direct fusion and endo-
cytosis, replication in subcellular membrane structures,
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and “hijacking” of lysosomal vesicles for the bulk release
of mature virions by exocytosis.

SARS-CoV-2 Reprograms Chromatin-Modifying, RNA
Processing, and Energy Metabolism Pathways

To clarify the genome-wide transcriptional alterations
induced by SARS-CoV-2 infection in hPSC-CMs, we per-
formed RNA-seq analyses in both H7 hESC-CMs and
WTC11c hiPSC-CMs subjected to infection at 0.1 or 5
MOI and sampled every 24 h for 3 days. A high fraction of
next-generation sequencing reads mapped to the SARS-
CoV-2 genome at high MOI and/or late time points, partic-
ularly for H7 hESC-CMs (up to ~18% of all reads), in
agreement with their stronger susceptibility to SARS-CoV-
2 infection (Figure 4A). Dimensionality reduction of the
data with principal-component analysis (PCA) showed
that gene expression variability correlated most strongly
with the cell type of origin (PC1) and subsequently with
the degree and progression of SARS-CoV-2 infection (PC2)
(Figure 4B). Accordingly, gene expression profiles change
in a time- and dose-dependent manner for both H7-CMs
and WTC11c-CMs, with major differences observed at the
latest time point and with the highest MOI (Figures 4C
and 4D). Interestingly, pathways involved in RNA process-
ing and chromatin accessibility (i.e., histone modification)
were upregulated together with the response to viral infec-
tion, suggesting that SARS-CoV-2 may induce broad
epigenetic reprogramming of the host to promote its own
replication (Figures 4E and S4A; Tables S1 and S3) (Banerjee
etal., 2020).In addition, we observed that genes involved in
mitochondrial function and energy production were down-
regulated (Figures 4F and S4B; Tables S2 and S4), indicating
that SARS-CoV-2 might promote a shift toward a glycolytic
metabolism by suppressing mitochondrial oxidative phos-
phorylation, which could also favor its replication (Ajaz
etal.,, 2021; Icard et al., 2021).

Upon viral infection, pathogen-associated molecular pat-
terns (PAMPs) initiate the early immune response via host
pattern recognition receptors. After virus uncoating, RIG-
I-like receptors bind to the uncapped and double-stranded
viral RNA in the cytosol and trigger innate immune activa-
tion, leading to the production of type I and type III inter-
ferons and the interferon-induced antiviral response (Loo
and Gale, 2011). Upregulated pathways after SARS-CoV-2
infection in hPSC-CMs included those involved in viral de-
fense (Figure 4E). To more finely clarify the underlying ki-
netics, we analyzed the interferon response from 2 to
72 hpi by qRT-PCR. We found that interferon transcripts
(INFB1 and IFNL1) were markedly upregulated at 48 and
72 hpi in both cell lines, with a stronger effect in the
more sensitive H7 cardiomyocytes (Figures 4G and S4C).
The interferon-stimulated genes IFITI1 and IFITM1 were
also upregulated at the latest time point. These results
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Figure 3. Electron Microscopy Analysis of Infected hPSC-CMs

(A) SARS-CoV-2 enters WTC11c-CMs by endocytosis (white arrow). The dashed box (magnified in the inset) shows a virus in an endosome.
Note that two lipid layers are identifiable. The outer layer (red arrowhead) belongs to the endosome and the inner layer (yellow arrowhead)
to the virus.

(B) A virion envelope fuses directly with the cell membrane upon entry (dashed box and magnified view in the inset).

(C) A double-membrane vesicle (DMV) (dashed box and magnified in the inset) adjacent to two completely formed virus particles inside a
vesicle (arrows).

(D-F) Numerous intracellular virus particles packed into different types of vesicles. White arrows in (D) show smooth-walled vesicles, and
red arrowheads show vesicles with branched connections, most consistent with the endoplasmic reticulum Golgi intermediate
compartment. White arrows in (E and F) show vesicles with viral particles and electron dense content, likely representing lysosomes.

(legend continued on next page)
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indicate that SARS-CoV-2 induces innate immune activa-
tion and interferon response in hPSC-CMs, similar to other
cell types (Lei et al., 2020).

Electrophysiological Characteristics of hPSC-CMs
Infected with SARS-CoV-2

We next investigated whether SARS-CoV-2 infection im-
pairs the function of hPSC-CMs. First, we evaluated electro-
physiological properties of infected H7 hESC-CMs and
WTC11c hiPSC-CMs using multi-electrode arrays (MEA)
over a time course of 72 hpi at MOI of 0.1 and 5. Distinct
from our earlier experiments on sparser hPSC-CM cultures
in standard tissue culture dishes, in this context we did not
observe profound cytopathic effects in any of the condi-
tions (Figures SA and S5A). This outcome may reflect a
decreased efficiency of viral propagation as hPSC-CMs
were plated at high density to ensure robust assessment
of electrophysiological properties. Nevertheless, viral RNA
and viral particles could still be detected at 0.1 MOI, with
the highest levels at 5 MOI (Figures 5B and S5B), showing
that the infection occurred also in these highly dense
cultures. Representative propagation maps are shown in
Figures 5C and S5C, while representative field potential re-
cordings showcasing changes in spike amplitude and fre-
quency are included in Figures 5D and S5D. Remarkably,
SARS-CoV-2 infection rapidly resulted in reduced beating
rate, lower depolarization spike amplitude, and decreased
electrical conduction velocity (Figures 5E, SSE, and S5F).
In H7 hESC-CMs we also observed a time-dependent in-
crease in the field potential duration (FPD) both in sponta-
neously beating and electrically paced cultures (Figure SF;
similar measurements could not be reliably obtained
from WTC11c hiPSC-CMs due to the limited amplitude
of the repolarization wave after SARS-CoV-2 infection).
Overall, abnormalities in the generation and propagation
of electrical signals were significant even in the absence
of extensive cell death, suggesting that SARS-CoV-2 infec-
tion in cardiomyocytes could directly create a substrate
for arrhythmias (Bhatla et al., 2020; Zylla et al., 2021).

SARS-CoV-2 Infection Progressively Impairs Force
Generation in Engineered Heart Tissues

We then evaluated the contractile properties of hPSC-CMs
using three-dimensional engineered heart tissues (3D-
EHTs), following their contractile behavior through mag-
netic field sensing (Bielawski et al., 2016) (Figures 6A and
6B). For these experiments we focused on WTC11c hiPSCs
since 3D-EHTs from H7 hESC-CMs proved to beat sponta-
neously at too high a frequency (>2 Hz) to enable accurate

measurements of contractile behavior (i.e., the tissue had a
tetanic-like contraction with minimal relaxation between
beats at this frequency). We infected 3D-EHTs from
WTC11c hiPSC-CMs with 10 MOI (to facilitate infection
within the non-vascularized, cell-dense tissue), and
analyzed their contraction for a week. This 3D model expe-
rienced viral replication comparable with that of 2D cul-
tures, highlighting once again the cardiac tropism of
SARS-CoV-2 (Figure 6C). The maximal twitch force in in-
fected tissues decreased as early as 72 hpi (Figure S6A),
and the contractions continued to subside to less than
25% of the force measured at the baseline at 144 hpi (Fig-
ures 6D and 6E; Videos S1 and S2). Cardiomyocyte density
progressively decreased while cells also became more
rounded (i.e., dedifferentiated) and less aligned with the
longitudinal axis of the 3D-EHTs (Figures 6F and S6B).
This could collectively contribute to the loss of force pro-
duction. Infected 3D-EHTs also showed decreased expres-
sion of the sarcomeric genes MYL2 and MYH6, which
may be correlated to the loss of sarcomere organization
(Figure 6G). Overall, the significant impairment in the con-
tractile properties of 3D-EHTs demonstrates that the me-
chanical function of cardiomyocytes is impacted by
SARS-CoV-2 infection in vitro, and suggest that similar
mechanisms could contribute to whole-organ cardiac
dysfunction also in patients (Dong et al., 2020).

DISCUSSION

A rapidly increasing number of reports acknowledge car-
diovascular involvement as a prevalent complication
observed in COVID-19 patients, but discriminating be-
tween direct versus indirect effects is still an open challenge
(Nishiga et al., 2020; Shi et al., 2020; Tay et al., 2020). In
this study, we show that SARS-CoV-2 has the ability to
directly infect cardiomyocytes, to impair both their electro-
physiological and contractile properties, and to eventually
induce cell death.

In agreement with earlier reports, we find that cardio-
myocytes (but not smooth muscle cells) express ACE2,
making them susceptible to SARS-CoV-2 infection. Our ex-
periments in ACE2 KO hPSC-CMs formally demonstrate
the key role of this factor for SARS-CoV-2 entry in this
cell type. Interestingly, mRNA levels of ACE2 are heteroge-
neous within hPSC-CMs from the same culture, and the re-
sulting protein is differentially abundant in hPSC-CMs
from different genetic backgrounds. The cytopathic effects
of SARS-CoV-2 infection also strongly vary between

(G-TI) Virions egressing the cell. Dashed boxes in (G) are magnified in (H and I). The asterisks in (H and I) show smooth-walled vesicles. The
white arrows show vesicles opening into the extracellular space (exocytosis), releasing their virions. Scale bars, 100 pum.
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Figure 5. Electrophysiological Alterations in hPSC-CMs Infected with SARS-CoV-2

(A and B) (A) Representative images of SARS-CoV-2-infected H7 hESC-CMs on MEA wells at 72 hpi. Scale bars, 50 um. (B) Intracellular and
extracellular viral particles in H7 hESC-CMs seeded and infected in the MEA plate. Intracellular viral particles are plotted on the right axis as
viral RNA (percent of HPRT1); extracellular viral particles are plotted on the left axis as PFU/mL. Data are shown as mean + SEM of eight
wells. Differences versus mock control by two-way ANOVA with Sidak correction for multiple comparisons (*p < 0.05, ***p < 0.001).
(C) Representative propagation maps at 72 hpi. The axes illustrate the position of 16 total electrodes, with black dots indicating inactive
ones. Electrical propagation starts in the blue area and moves toward the red area, according to the color-coded time interval.

(D) Representative recordings of spontaneous electrical activity of SARS-CoV-2-infected H7 hESC-CMs at 72 hpi.

(E and F) (E) Representative quantifications of electrophysiological properties from MEA analyses in SARS-CoV-2-infected H7 hESC-CMs.
Mean + SEM of eight wells. Statistical analyses of intra-experimental variability as for (B). (F) Representative field potential traces in
SARS-CoV-2-infected H7 hESC-CMs at 72 hpi, and quantification of FPD corrected by beat rate in spontaneous and paced experiments. Mean

(legend continued on next page)
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cardiomyocytes derived from different hPSC lines. ACE2
expression and SARS-CoV-2 susceptibility may be similarly
heterogeneous in vivo, both across different regions of the
heart and within different subjects (Litvinukova et al.,
2020). This might partially explain the discrepancy be-
tween the strong prevalence of heart damage in COVID-
19 patients and the limited evidence for viral particles in
the heart found by autopsy examinations. We suggest
that future analyses should aim to sample various regions
of the heart and focus on those patients that had shown
the strongest cardiac symptoms.

A puzzling observation is that the cytopathic effects of
SARS-CoV-2 infection expands to virtually the entire mono-
layer of hPSC-CMs, even though single-cell RNA-seq indi-
cates that many cardiomyocytes do not express detectable
levels of ACE2. One possible explanation is that ACE2 tran-
scription is episodic and/or still meaningful low levels that
are below the sensitivity of single-cell RNA-seq (either way
resulting in sufficient protein levels to allow SARS-CoV-2
entry). Alternatively, cytotoxic stimuli triggered by SARS-
CoV-2 might spread to the adjacent cells via gap junctions
or through the supernatant as toxic cytokines and/or other
danger signals. Finally, the fusogenic properties of the SARS-
CoV-2 spike protein may mediate membrane fusion not
only between viral and host membranes but also within car-
diomyocytes, leading to intercellular viral spreading
(Schneider et al., 2020). Spike protein fusogenicity is sec-
ondary to its proteolytic cleavage by host proteases, such
as furin (Millet and Whittaker, 2015), which is expressed
in hPSC-CMs. Noticeably, we observed direct fusion be-
tween the virus and hPSC-CMs, a process that may be medi-
ated by proteolytically primed spike proteins, as in the case
of MERS-CoV (Millet and Whittaker, 2014; Xia etal., 2020a,
2020D). Future studies are needed to clarify whether any of
these non-mutually exclusive mechanisms are involved in
the strong susceptibility of hPSC-CMs to SARS-CoV-2 infec-
tion, and whether similar events are recapitulated in vivo.

We found that hPSC-CMs are also extremely permissive
to viral replication. Among other types of ultrastructural
features, we detected the presence of double-membrane
vesicles. These are used by viruses both to concentrate their
building materials for efficient replication, and to evade the
immune surveillance by “hiding” viral factors that can
trigger the PAMP pathway (Wolff et al., 2020). Accordingly,
we observed activation of interferon-responsive genes only
at late time points of SARS-CoV-2 infection. The interferon
response, which is part of the innate immune response acti-
vation (Loo and Gale, 2011), usually occurs within hours
from viral infection. The fact that cardiomyocytes infected

with SARS-CoV-2 show a delayed response may facilitate
viral replication to high levels (Lei et al., 2020). Further-
more, RNA-seq showed that SARS-CoV-2 infection affects
pathways involved in RNA regulation. SARS-CoV-2 can
impair RNA splicing to evade the intracellular innate im-
mune response (Banerjee et al., 2020), which may be the
case also in hPSC-CMs. Moreover, oxidative phosphoryla-
tion and mitochondrial function are severely downregu-
lated in the infected cells. SARS-CoV-2 may shift cellular
metabolism to promote glycolytic metabolic activity in
support of viral replication (Icard et al., 2021), providing
yet another way to boost its replication also in hPSC-CMs.

The presence of highly replicating virus severely affects
both the morphology and the function of hPSC-CMs. In-
fected cardiomyocytes lose cytoskeletal organization,
become packed with different types of vesicles, and show
broad alterations of gene expression. Using an MEA system,
which has been validated to detect potential arrhythmo-
genic properties of novel drugs (Blinovaetal., 2018), weiden-
tified several electrophysiological abnormalities induced by
SARS-CoV-2 infection. Prolongation of FPD is particularly
noticeable. This measurement reflects the interval between
membrane depolarization and repolarization, and as such
represents an in vitro surrogate of the QT interval measured
by an electrocardiogram. It is well known that prolongation
of the QT interval is pro-arrhythmogenic (Chiang and Ro-
den, 2000). Thus, FPD prolongation in SARS-CoV-2-infected
hPSC-CMs may be an in vitro surrogate phenotype mirroring
the arrhythmias observed in ~20% of COVID-19 patients
(Malaty et al., 2020). Last, but not least, we found marked
impairment in both contractile function and histological or-
ganization in 3D-EHTs infected with SARS-CoV-2. If similar
effects were to occur in the hearts of some COVID-19 pa-
tients, this could contribute to cardiac dysfunction. Overall,
hPSC-CMs on MEFEAs and/or organized in 3D-EHTs may
represent valuable scalable platforms to identify active com-
pounds that may provide therapeutic value.

Collectively, our results support the notion that, indepen-
dent of inflammation or coagulopathy, SARS-CoV-2 can
cause direct functional heart damage by either inducing
cell death and/or by impairing electro-mechanical func-
tions. One limitation of this study is our reliance on
hPSC-CMs, which are well known for their functional
immaturity (Guo and Pu, 2020; Karbassi et al., 2020; March-
iano et al., 2019). While the in vitro systems we used have
been successfully leveraged to model electrophysiological
and contractile alterations due to drugs or inherited muta-
tions (Blinova et al., 2018; Paik et al., 2020), their applica-
tion tomodeling COVID-19 still requires further validation.

+ SEM of eight and six wells for spontaneously beating and paced cells, respectively. Statistical analyses of intra-experimental variability

as for (B) (**p < 0.01).
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Figure 6. Force Production of 3D-EHTs Made from hiPSC-CMs Progressively Declines during SARS-CoV-2 Infection

(A) Schematic representation of the magnetic sensing system: the 3D-EHT is suspended between two posts (one rigid, one flexible). The
magnet is localized inside the flexible post, and the post movement during 3D-EHT contraction is recorded by giant magnetoresistance
(GMR) sensor located at the bottom of the dish (converting displacement into voltage changes).

(B) Representative picture of a 3D-EHT. Scale bar, 1 mm.

(C) SARS-CoV-2 viral RNA and particles detected in 3D-EHTs infected at 10 MOI at specified time points. Intracellular viral RNA is plotted on
the right axis as percent HPRT1; extracellular viral particles are plotted on the right axis as PFU/mL. Mean + SEM of two 3D-EHTs per
condition.

(D) Representative time course analysis of twitch force in 3D-EHTs from WTC11c hiPSC-CMs after SARS-CoV-2 infection at 10 MOI. Data are
shown as mean + SEM for two mock controls and four infected 3D-EHTs.

(E) Representative twitch traces of 3D-EHT at 10 MOI at different time points.

(Fand G) (F) Immunofluorescent images of 3D-EHTs sections at different time points. Scale bars, 20 um. (G) gRT-PCR of sarcomeric genes
in 3D-EHTs infected with SARS-CoV-2 at 10 MOI. Mean + SEM of two 3D-EHTs.

Nevertheless, a recent report by Dolhnikoff et al. (2020)
identified coronaviral particles in the cytoplasm of cardio-
myocytes, endothelial cells, and fibroblasts by electron mi-
croscopy in the heart of an 11-year-old child who died from
multi-system inflammatory syndrome in children
following COVID-19 infection. This indicates that in vivo

EXPERIMENTAL PROCEDURES

Cell Culture

RUES2 hESCs and WTC11c hiPSCs were maintained and differen-
tiated using small-molecule modulators of the WNT pathway (Ber-
tero et al., 2019a). H7 hESCs were differentiated in suspension

cardiomyocytes with substantially greater maturity than
used here are susceptible to SARS-CoV-2 infection.
COVID-19 patients are commonly treated with steroids to
control systemic inflammation. However, our data suggest
that treatments aimed to control the direct damage of
SARS-CoV-2, not only by preventing infection but also by
preventing viral replication or rescuing cardiac function,
should also be taken into consideration to prevent long-
term cardiovascular complications.
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culture format by collaborators at the Center for Applied Technol-
ogy Development at the City of Hope in California. H9 hESCs were
maintained and differentiated into lateral mesoderm- and neural
crest-derived SMCs as described previously (Bargehr et al., 2016;
Serrano et al., 2019). ACE2 KO clones were generated using
CRISPR-Cas9 ribonucleoprotein complexes (Synthego).

Gene Expression Analysis
Bulk RNA-seq datasets from RUES2 hESC-CMs had been previously
generated and analyzed (Bertero et al., 2019a). Bulk mRNA-seq data



from infected cardiomyocytes were generated by constructing
mRNA-seq libraries using the KAPA mRNA HyperPrep Kit (Kapa
Biosystems). Libraries were sequenced on an Illumina NovaSeq.
For single-cell RNA-seq analysis, a single-cell suspension was gener-
ated from RUES2 hESC-CMs and single-cell RNA-seq was per-
formed using the Chromium Next GEM Single Cell 3’ Kit (10X
Genomics). For real-time qRT-PCR, RNA from infected cardiomyo-
cytes was harvested using TRIzol reagent. cDNA was obtained with
M-MLYV reverse transcriptase (Invitrogen), and qRT-PCR was per-
formed with SYBR Select Master Mix (Applied Biosystems). Primers
are reported in Table S5.

Western Blot

hPSC-CMs were lysed using RIPA Buffer. Samples were run on
mini-PROTEAN TGX precast gels (Bio-Rad) and then transferred
onto polyvinylidene fluoride membranes. Primary and secondary
antibodies (Supplemental Experimental Procedures) were incu-
bated in blocking buffer, and fluorescent signals were acquired us-
ing a GelDoc Imager (Bio-Rad).

SARS-CoV-2 Generation

All experiments using live virus were performed in the Biosafety
Level 3 (BSL-3) facility at the University of Washington in compli-
ance with the BSL-3 laboratory safety protocols (CDC BMBL 5™
ed.) and the recent CDC guidelines for handling SARS-CoV-2.
SARS-related coronavirus 2, Isolate USA-WA1/2020 (SARS-CoV-2)
and icSARS-CoV-2mNG were obtained from BEI Resources (NR-
52281) and the University of Texas (Xie et al., 2020), respectively,
and propagated in VERO cells (USAMRIID). Viral preparations and
culture supernatant from SARS-CoV-2-infected cardiomyocytes
were titered using a plaque assay.

Viral Infection

SARS-CoV-2 wild-type or expressing mNeonGreen protein was
diluted to the desired MOI in DMEM and incubated on hPSC-
CMs or hPSC-SMCs for 1 h at 37°C (non-infected [mock] controls
were incubated with DMEM only). Cells were then washed with
Dulbecco’s Phosphate-buffered Saline (DPBS) and cultured in the
appropriate maintenance media.

Immunofluorescence
hPSC-CMs were fixed with 4% paraformaldehyde (PFA) and
permeabilized using 0.25% Triton X-100 (Sigma-Aldrich) before
staining with primary and secondary antibodies (Supplemental
Experimental Procedures).

Electron Microscopy

hPSC-CMs were fixed with Karnovsky’s fixative. Heavy metal
impregnation was performed as detailed elsewhere (Deerinck
et al., 2010). Thin sections were viewed using a JEOL 1230 trans-
mission electron microscope.

Electrophysiological Analysis with MEA

CytoView MEA plates (Axion BioSystems) were coated with Matri-
gel and hPSC-CMs were plated as described previously (Bertero
etal., 2019b). SARS-CoV-2 effects on hPSC-CMs electrophysiology

were recorded using the Maestro Pro system and analyzed with
Cardiac Analysis Software v.3.1.8 (all from Axion BioSystems).

3D-EHTs Analysis

Post-suspended, fibrin-based 3D-EHTs were generated with hPSC-
CMs and HS27a stromal cells (ATCC) at a 1:10 ratio. Twitch force
was recorded by tracking the movement of magnets embedded
in the flexible posts, as described previously (Bielawski et al.,
2016). For immunostaining, 3D-EHTs were arrested in diastole,
fixed in 4% PFA, and embedded in Tissue-Tek O.C.T. before
sectioning and staining.

Statistical Analyses

Statistical analyses were performed only for experiments with
more than two replicates using Prism 8.1.3 (GraphPad). The type
and number of replicates, the statistics plotted, the statistical test
used, and the test results are described in the figure legends.

Data and Code Availability
The data supporting this publication have been made available in
GEO under accession numbers: GSE157175 (single-cell RNA-seq)
and GSE162736 (bulk RNA-seq).

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2021.02.008. More extensive descriptions of all
methods and reagents are included in the Supplemental Experi-
mental Procedures section.
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Supplementary Figure 1 — hPSC-CMs express SARS-CoV-2 receptors and processing factors. (A) RT-gPCR analysis
during WTC11c hiPSC-CM differentiation (two independent experiments). iPSC: induced pluripotent stem cells (day 0); ME:
mesoderm (day 2); CP: cardiac progenitors (day 5); CM: cardiomyocytes (day 14). Mean + SEM of two independent
experiments. (B-C) sc-RNA-seq gene expression heatmaps from RUES2 hESC-CMs after dimensionality reduction through
UMAP. In B, plots showcase double positive cells for ACE2 and CTSL, and ACE2 and CTSB. Related to Figure 1B. (D) RT-
gPCR analysis of H9 hESC-SMCs (LM: lateral plate mesoderm-derived; NC: neural crest-derived). Mean + SEM of 3
differentiation batches. In one batch of NC-SMCs, ACE2 was undetectable (Ct > 40). Related to Figure 1C.
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Supplementary Figure 2 — hPSC-CMs are permissive to SARS-CoV-2 infection and replication. (A) Representative
flow cytometry analyses for cardiac troponin T (cTnT) expression in H7 hESC-CMs and WTC11¢c hiPSC-CMs. (B)
Representative images of H7 hESC-CMs and WTC11c hiPSC-CMs infected with SARS-CoV-2 at 0.1 MOI during a time
course of 72 h. Scale bars: 100 uym. Related to Figure 2A. (C) Single channel images for the immunostainings of SARS-
CoV-2-infected hPSC-CMs shown in Figure 2B. (D) One-step viral growth curve in WTC11c hiPSC-CMs infected with
SARS-CoV-2 at 5 MOI. (E) Multi-step viral growth curve in WTC11c hiPSC-CMs infected with SARS-CoV-2 at 0.1 MOI. For
both D and E, lines connect the mean of two independent experiments. Viral RNA indicating intracellular viral replication is
plotted on the left y axis as % of HPRT1. Viral particles secreted in the supernatant are plotted on the right y axis as PFU/mL.
(F) Representative images of LM-SMCs and NC-SMCs infected with SARS-CoV-2 at 5 MOI during a time course of 72 h.
Scale bars: 100 ym. (G) One-step viral growth curve in LM-SMCs and NC-SMCs infected with SARS-CoV-2 at 5 MOI. Viral
RNA indicating intracellular viral replication is plotted on the left y axis as % of HPRT1. Plots as for panels D-E. Lines
connect the means of two independent experiments.
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Supplementary Figure 3 — Genotyping and validation of WTC11¢c hiPSC ACE2 knockout clones. Related to Figures
2E, F. (A) Genotyping by Sanger sequencing of WTC11c hiPSCs ACEZ2 knockout (KO) clone 1 and clone 2. The location
of sgRNAs protospacer sequences is highlighted. (B) Flow cytometry analyses of WTC11¢c-CMs ACE2 KO clones. (C-D)
Western blot for ACE2 N-terminal domain (C) and C-terminal domain (D) in WTC11¢c-CMs ACE2 KO clones, confirming
loss of full length ACE2 as well as of potential truncations (no bands detected at a lower molecular weight).
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Supplementary Figure 4 — Gene expression analysis of WTC11c-CMs infected with SARS-CoV-2. (A) GO analysis of
upregulated pathways in WTC11c-CMs infected with SARS-CoV-2 at 5 MOI after 48 HPI. (B) GO analysis of downregulated
pathways in WTC11c-CMs infected with SARS-CoV-2 at 5 MOI after 48 HPI. (C) RT-gPCR of interferon response genes in
WTC11c hiPSC-CMs infected with SARS-CoV-2 at 0.1 MOI. Mean + SEM of 2 independent experiments.
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Supplementary Figure 5 — Electrophysiological alterations in hPSC-CMs infected with SARS-CoV-2. (A)
Representative images of SARS-CoV-2-infected WTC11¢ hiPSC-CMs on MEA well at 72 HPI. Scale bars: 50 ym. (B)
SARS-CoV-2 viral RNA and extracellular particles detected in WTC11c hiPSC-CMs in MEA plate. Viral RNA is plotted on
the right axis as % HPRT1, extracellular viral particles are plotted on the left axis as PFU/mL. (C) Representative
propagation maps of SARS-CoV-2-infected WTC11¢c hiPSC-CMs at 72 HPI. (D) Representative recording of spontaneous
electrical activity of SARS-CoV-2-infected WTC11c hiPSC-CMs at 72 HPI. (E) Representative quantification of
electrophysiological properties from MEA analyses on SARS-CoV-2-infected WTC11¢ hiPSC-CMs. Mean + SEM of 8
wells. Differences versus mock calculated by two-way ANOVA with Sidak correction for multiple comparisons (* = p <
0.05; ** = p <0.01; ** = p < 0.001). (F) Aggregated quantification of electrophysiological properties of SARS-CoV-2-
infected hPSC-CMs. Data are shown as percentage of MOCK samples at 24 HPI. Mean £ SEM of 3 independent
experiments. Statistical analyses as for panel E. Related to Figures 5E, F.
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Supplementary Figure 6 - WTC11c hiPSC-CMs 3D-EHTs infected with SARS-CoV-2. (A) Additional example of a time
course analysis of twitch force in 3D-EHTs from WTC11c hiPSC-CMs after SARS-CoV-2 infection at 10 MOI (see Fig. 6D).

Data are shown as mean + SEM for 2 mock controls and 4 infected 3D-EHTs. (B) Single channel images for the
immunostainings of SARS-CoV-2-infected 3D-EHTs shown in Figure 6F.



Supplementary Table 1 — Extended data from GO analysis (upregulated pathway for H7-CMs)

Ranking Pathway FDR -Log10o(FDR)

1 Defense response to virus 1.76E-07 6.75448733
2 Mesenchymal cell differentiation 6.60E-07 6.18045606
3  Renal system development 6.75E-07 6.17091075
4 Kidney development 7.57E-07 6.12101888
5 Mesenchyme development 7.57E-07 6.12101888
6 Cardiac chamber development 1.89E-06 5.72452411
7 Urogenital system development 1.89E-06 5.72452411
8 Response to type | interferon 3.23E-06 5.4912459
9 Epithelial tube morphogenesis 3.23E-06 5.4912459
10 Cardiac septum development 5.44E-06 5.2644011
11 Mesenchymal cell development 5.44E-06 5.2644011
12 Regulation of cell morphogenesis 5.87E-06 5.23160859
13 Type | interferon signaling pathway 6.91E-06 5.16025268
14 Cellular response to type | interferon 6.91E-06 5.16025268
15 Connective tissue development 8.28E-06 5.08184627
Ranking = Pathway FDR -Log10(FDR)
1  Histone modification 1.76E-23 22.7544873
2  Covalent chromatin modification 1.14E-22 21.941574
3 mRNA processing 2.85E-18 17.56458668
4  Peptidyl-lysine modification 3.30E-15 14.4814861
5 RNA splicing 7.22E-15 14.1417035
6 Regulation of hemopoiesis 4.55E-12 11.3423069
7 Regulation of mRNA processing 3.81E-11 10.4186952
8 Response to virus 3.81E-11 10.4186952
9 Myeloid cell differentiation 3.81E-11 10.4186952
10 | Intracellular receptor signaling pathway 4.93E-11 10.3073293
11 Regulation of RNA splicing 1.44E-10 9.84163751
12 Defense response to virus 1.66E-10 9.80773284
13 Nuclear export 1.56E-10 9.80773284
14 Histone acetylation 2.95E-10 9.52954751
15 Mesenchyme development 3.64E-10 9.4392169

The pathways in italic are the ones plotted in Fig. 4E.



Supplementary Table 2 — Extended data from GO analysis (downregulated pathway for H7-CMs)

Ranking Pathway FDR -Log10(FDR)

1 ATP synthesis coupled electron transport 2.64E-27 26.57840
2 Cellular respiration 2.64E-27 26.57840
3  Mitochondrial ATP synthesis coupled electron transport 2.64E-27 26.57840
4 Mitochondrion organization 2.64E-27 26.57840
5 Respiratory electron transport chain 4.58E-27 26.33913
6 Mitochondrial respiratory chain complex assembly 6.16E-26 25.21042
7 Oxidative phosphorylation 1.06E-25 2497469
8 mRNA processing 2.75E-25 24.56067
9 RNA splicing 1.86E-23 22.73049
10 ATP metabolic process 3.68E-23 22.43415
11 | Electron transport chain 3.68E-23 22.43415
12 Ribonucleoprotein complex biogenesis 4.55E-22 21.34199
13  Ribonucleoside monophosphate metabolic process 5.01E-22 21.30016
14 Purine nucleoside triphosphate metabolic process 2.07E-21 20.68403
15  Purine ribonucleoside monophosphate metabolic process 2.85E-21 20.54516
Ranking Pathway FDR -Log1o(FDR)
1 Cellular respiration 2.93E-27 26.53264
2 Mitochondrial respiratory chain complex assembly 2.93E-27 26.53264
3 ATP synthesis coupled electron transport 2.93E-27 26.53264
4 Mitochondrial ATP synthesis coupled electron transport 5.06E-27 26.29585
5 Oxidative phosphorylation 8.45E-27 26.07325
6 Respiratory electron transport chain 2.20E-26 25.65758
7 Electron transport chain 1.63E-25 24.78667
8 Generation of precursor metabolites and energy 2.42E-23 22.61618
9 NADH dehydrogenase complex assembly 1.50E-22 21.82507
10 Mitochondrial respiratory chain complex | assembly 1.50E-22 21.82507
11 Energy derivation by oxidation of organic compounds 8.80E-22 21.05552
12 Mitochondrial electron transport, NADH to ubiquinone 6.75E-21 20.17091
13 Small molecule catabolic process 6.77E-20 19.16946
14 | Purine nucleoside triphosphate metabolic process 4.02E-19 18.39547
15 Purine ribonucleotide metabolic process 8.21E-19 18.08548

The pathways in italic are the ones plotted in Fig. 4F.



Supplementary Table 3 — Extended data from GO analysis (upregulated pathway for WTC11c-
CMs)

Ranking Pathway FDR -Log10o(FDR)
1 RNA splicing 8.80E-07 6.05551733
2 Double-strand break repair 1.06E-05 4.97633608
3 Sister chromatid segregation 3.52E-05 4.45345734
4 mRNA processing 4.84E-05 4.31515464
5 RNA splicing, via transesterification reactions 6.91E-05 4.16025268
6 RNA splicing, via transesterification reactions with bulged 6.91E-05 4.16025268

adenosine as nucleophile

7 mRNA splicing, via spliceosome 6.91E-05 4.16025268
8 Mitotic nuclear division 0.000165 3.78251606
9 Chromosome segregation 0.00025422 3.59478649
10 Nuclear division 0.000264 3.57839607
11 Mitotic sister chromatid segregation 0.000264 3.57839607
12 Organelle fission 0.00052067 3.28344023
13 Nuclear chromosome segregation 0.00052123 3.28296995
14 Double-strand break repair via homologous recombination 0.00075429 3.12246412
15 Recombinational repair 0.000825 3.08354605
Ranking Pathway FDR -Log10(FDR)
Muscle organ development 2.11E-12 11.6753061
2 Muscle tissue development 7.04E-09 8.15242734
3 Striated muscle tissue development 9.68E-09 8.01412464
4 Sister chromatid segregation 3.96E-07 6.40230481
5 RNA splicing 3.96E-07 6.40230481
6 Reproductive system development 3.96E-07 6.40230481
7 Reproductive structure development 8.93E-07 6.04935702
8 Mitotic nuclear division 1.66E-06 5.77931092
9 Chromosome segregation 1.66E-06 5.77931092
10 Rhythmic process 1.67E-06 5.77676373
11 Heart morphogenesis 5.04E-06 5.29756946
12 Mitotic sister chromatid segregation 5.65E-06 5.24820785
13 Peptidyl-lysine modification 8.80E-06 5.05551733
14 Covalent chromatin modification 9.97E-06 5.00115967
15 Nuclear chromosome segregation 9.97E-06 5.00115967

The pathways in italic are the ones plotted in Supplementary Fig. 4A.



Supplementary Table 4 — Extended data from GO analysis (downregulated pathway for WTC11c-
CMs)

WTC11c-CMs 0.1 MOI at 48 HPI

Ranking Pathway FDR -Log1o(FDR)

1 Glycerolipid metabolic process 8.80E-06 5.05551733
2 Glycoprotein metabolic process 1.76E-05 4.75448733
3 Response to endoplasmic reticulum stress 3.81E-05 4.41869523
4 Glycerolipid biosynthetic process 7.54E-05 4.12246412
5 Glycerophospholipid metabolic process 7.54E-05 4.12246412
6 Urogenital system development 7.54E-05 4.12246412
7 Protein localization to plasma membrane 7.54E-05 4.12246412
8 Glycoprotein biosynthetic process 0.00012711 3.89581648
9 Renal system development 0.00012711 3.89581648
10 Fat cell differentiation 0.000184 3.73518218
11  Kidney development 0.000184 3.73518218
12 Phospholipid metabolic process 0.000352 3.45345734
13 ' Membrane lipid metabolic process 0.00037231 3.42909799
14 Glycolipid metabolic process 0.00054686 3.26212611
15 Liposaccharide metabolic process 0.00064533 3.1902159
Ranking Pathway FDR -Log10(FDR)
1 Response to endoplasmic reticulum stress 3.26E-09 8.4873156
2 Response to unfolded protein 4.84E-08 7.31515464
3 Response to topologically incorrect protein 1.03E-07 6.98857054
4 Small molecule catabolic process 1.21E-07 6.91721463
5 Glycerophospholipid metabolic process 2.99E-07 6.52403841
6 Lipid modification 4 25E-07 6.37127058
7 Glycerolipid metabolic process 7.42E-07 6.12976336
8 Organic acid catabolic process 9.68E-07 6.01412464
9 Carboxylic acid catabolic process 9.68E-07 6.01412464
10 Glycoprotein metabolic process 9.68E-07 6.01412464
11 Protein folding 1.28E-06 5.89279003
12  Glycosylation 1.83E-06 5.73675857
13 Phospholipid biosynthetic process 2.03E-06 5.69233943
14 IRE1-mediated unfolded protein response 2.33E-06 5.63344364
15 Glycoprotein biosynthetic process 4.84E-06 5.31515464

The pathways in italic are the ones plotted in Supplementary Fig. 4B.



Supplementary Table 5 — RT-qPCR primer sequences used in this study

Target Forward primer (5’ — 3’) Reverse primer (5’ - 3’)

HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
NANOG TTTGTGGGCCTGAAGAAAACT AGGGCTGTCCTGAATAAGCAG
TBXT CAAATCCTCATCCTCAGTTTG GTCAGAATAGGTTGGAGAATTG
PDGFRA GCTCACTTCACTCTCCCCAAAG CCGGCGTTCCTGGTCTTAG
TNNT2 TTCACCAAAGATCTGCTCCTCGCT TTATTACTGGTGTGGAGTGGGTGTGG
ACE2 CCATCAGGATGTCCCGGAG TGGAGGCATAAGGATTTTCTCCA
SARS-CoV-2_E GAACCGACGACGACTACTAGC ATTGCAGCAGTACGCACACA
IFIT1 AGAAGCAGGCAATCACAGAAAA CTGAAACCGACCATAGTGGAAAT
IFITM1 TACTCCGTGAAGTCTAGGGACAG AACAGGATGAATCCAATGGTCA
IFNB CTTGGATTCCTACAAAGAAGCAGC TCCTCCTTCTGGAACTGCTGCA
IFNL AACTGGGAAGGGCTGCCACATT GGAAGACAGGAGAGCTGCAACT
MYL2 TTGGGCGAGTGAACGTGAAAA CCGAACGTAATCAGCCTTCAG
MYH6 GCCCTTTGACATTCGCACTG GGTTTCAGCAATGACCTTGCC



Supplemental Experimental Procedures

Cell culture. Undifferentiated RUES2 hESCs (RUESe002-A; WiCell) and WTC11c hiPSCs (a gift of Dr. Bruce Conklin,
Gladstone Institutes, San Francisco) were maintained in mTeSR1 (Stemcell Technologies) on tissue culture dishes coated
with Matrigel (Corning) at 0.17 mg/mL, and passaged as small clumps using Versene (Gibco). Cardiomyocytes from RUES2
and WTC11c were differentiated as previously described (Bertero et al., 2019). Briefly, undifferentiated cells were seeded
at 1,000 cells/cm? in mTeSR1 supplemented with 10 uM Y-27632 (Tocris) on Matrigel-coated dishes. After 24 h media was
changed to mTeSR1 with 1 yM CHIR-99021 (Cayman). On day 0 mesoderm differentiation was induced with 3 yM CHIR-
99021 in RPMI-1640 media (ThermoFisher) supplemented with 500 pg/mL BSA (Sigma-Aldrich) and 213 pg/mL ascorbic
acid (Sigma-Aldrich), denoted as RBA media. On day 2 media was changed to RBA containing 2 yM WNTC59
(Selleckchem). On day 4 media was changed to plain RBA. On day 6 media was changed to RPMI-1640 plus B-27
supplement (ThermoFisher), with further media changes every other day. Heat-shock was performed on day 13 for 30 min
at 42 °C, and on day 14 cardiomyocytes were dissociated and frozen in CS10 cryopreservation media (Sigma-Aldrich). H7
hESCs (WAOQ7; WiCell) were differentiated in suspension culture format by collaborators at the Center for Applied
Technology Development at the City of Hope in California (as previously described (Chen et al., 2015), received by dry-ice
shipment, and stored in liquid nitrogen before use.

Undifferentiated H9 hESCs (WAQ9; WiCell) were maintained and differentiated into LM-SMCs and NC-SMCs as previously
described (Bargehr et al., 2016; Serrano et al., 2019). In brief, early mesoderm differentiation was commenced in chemically
defined medium with polyvinyl alcohol (CDM-PVA) supplemented with FGF2 (20 ng/mL), LY294002 (10 mM), and BMP4
(10 ng/mL) for 1.5 days. Subsequently, lateral mesoderm differentiation was started in CDM-PVA with FGF2 (20 ng/mL)
and BMP4 (50 ng/mL) for 3.5 days. For SMC differentiation, LM cells were resuspended as single cells in CDM-PVA
supplemented with PDGF-BB (10 ng/mL) and TGF- 31 (2 ng/mL) for 12 days with media change every other day. To
generate NC-SMCs, the NC intermediate was produced by culturing H9 hESCs in CDM-PVA with FGF2 (12 ng/mL) and
SB431542 (10 uM; Tocris), which were then split into single cells after 4 days. NC cells were cultured with daily media
changes and passaged as needed. After passage 5, SMC induction was initiated with the addition of CDM-PVA with PDGF-
BB (10ng/mL) and TGF-B1 (2 ng/mL) for 12 days with media changes every other day. Both LM- and NC-SMCs were
subsequently maintained in DMEM F12 (Gibco) supplemented with 10% FBS for 7 days prior to freezing. Following their
generation in Cambridge, UK, cells were shipped in liquid nitrogen to Seattle, WA, USA.

Gene-editing for ACE2 KO cell line and clonal isolation. WTC11c hiPSCs were electroporated with CRISPR/Cas9
ribonucleoprotein complexes targeting exon 1 of ACE2 (Liang et al., 2015). Briefly, a mixture of 60 pmol of SpCas9 2xNLS
nuclease (Synthego) and 60 pmol of single guide RNA mix (protospacers 5-TTTGAACAGGTTTTTACAG-3’; 5-
AATGTCGTTGTTCCGACTCT-3’ and 5-CTGTAAGAGAAGTCATTATA-3’; Synthego) were incubated in 300 pL of Neon
Buffer R (ThermoFisher) at room temperature for 1 h. 500,000 WTC11c hiPSCs were resuspended in the ribonucleoprotein
mixture, electroporated (1 pulse at 1,300 V for 30 ms), and immediately replated on matrigel-coated 6-well plate in mTeSR1
supplemented with 10 uM Y-27632. Clonal isolation was performed through limiting dilution during passaging. Briefly, the
targeted WTC11c hiPSC pool was harvested as single-cell suspension using 0.75X TrypLE in Versene at 37 °C for 3 min,
collected with mTeSR1 supplemented with 10 uM Y-27632, serially diluted to reach a density of 5 cell/mL, and seeded onto
96-well plates at a density of 0.5 cell/well. Single cell-derived clones were subsequently maintained and differentiated in
cardiomyocytes as described above. Standard G-banding analysis was performed on undifferentiated cells to confirm
absence of karyotype abnormalities (Diagnostic Cytogenetics, Seattle WA).

Genotyping. Genomic DNA (gDNA) was isolated from ACE2 KO clones with the DNeasy Blood & Tissue kit (QIAGEN)
according to manufacturer’s instructions. 500 ng of gDNA was amplified using Q5 High Fidelity 2X Master Mix (NEB) and 5
MM of forward and reverse primers (5- GCCATAAAGTGACAGGAGAG-3’ and 5-GAAATCCTGACTGTGATGAG-3’). PCR
products were purified using the QlAquick PCR purification kit (QIAGEN) and analyzed by Sanger sequencing (sequencing
primer: 5TTTGATTTCCCTTTTCAGTT-3)).

Flow cytometry. Cardiac differentiation efficiency was determined by flow cytometry in hPSC-CMs fixed with 4%
paraformaldehyde for 15 min at room temperature. Cells were centrifuged at 300 g for 5 min and incubated at room
temperature for 1 h with either APC-cTnT antibody (Miltenyi Biotech #130-120-543) or APC-lgG1 isotype control antibody
(Miltenyi Biotech #130-120-709), both used at 1:100 dilution in DPBS (Gibco) with 5% fetal bovine serum (FBS)and 0.75%
saponin. Following washes with DPBS with 5% FBS, samples were run on a BD FACSCanto Il flow cytometer and data
from 10,000 valid events were acquired with the BD FACSDIVA software. Analysis was performed with FlowJo v10.7.

RNA-seq. Bulk RNA-seq datasets from differentiating RUES2 hESC-CMs had been previously generated and analyzed
(Bertero et al., 2019) (GEO dataset: GSE106688). Bulk mMRNA-seq data from infected cardiomyocytes were generated by
constructing mRNA-seq libraries using the KAPA mRNA HyperPrep Kit (Kapa Biosystems) and 100 ng of RNA. Both the
RNA and resulting libraries were quality controlled and quantified using a 4200 TapeStation System (Agilent Technologies,
Inc.) and a Qubit Fluorometer (Invitrogen). Libraries were sequenced on an lllumina NovaSeq using S2 200 cycle flow cells
which generates paired-end reads of 100 nucleotides. Each sample was sequenced to a minimum of 20 million mapped
reads. Read quality for each sample was first assessed with FASTQC (Andrews, 2010) and then adapters and bases with
phred quality score below 20 were removed from the end of the reads with TrimGalore (Martin, Cutadapt Removes Adapter



Sequences From High-Throughput Sequencing Reads ). Globin and rRNA reads were filtered out using bowtie2 v2.1.0
(Langmead and Salzberg, 2012), and remaining reads were mapped to the hg19 genome using STARv2.7.5a (Dobin et al.,
2013). Read counts for each gene were quantified using HTSeqv0.12.4 (Anders et al., 2015). We also mapped reads to the
SARS-CoV-2 genome (GCF_009858895.2) using bowtie2v2.1.0 to quantify how many of the reads were derived from virus.
Genes with a read count average of less than 10 across all samples were removed. Read counts were normalized using
TMM normalization and differentially expressed (DE) genes were determined using the EdgeR and limma Bioconductor
packages (Ritchie et al., 2015; Robinson et al., 2010; Robinson, 2010). Significant DE genes had to have an adjusted p-
value of less than 0.05 and an absolute fold change greater than 1.5. TopGO R package with Fisher's Exact Test was used
for Gene Ontology enrichment analysis (Alexa et al., 2006).

Western blot. Cell pellets were incubated in RIPA Buffer supplemented with 1X Protease inhibitors (ThermoFisher) at 4 °C
for 20 min. Samples were then centrifuged at 21,000 g for 15 min at 4 °C, and protein concentration in the supernatant was
quantified with BCAssay (ThermoFisher). 25 ug of protein were mixed with 1X non-reducing SDS sample buffer and
incubated at 37 °C for 30 min. Samples were run on 4-20% mini-PROTEAN TGX precast gels (Bio-Rad) and then transferred
on PVDF membranes. Membranes were incubated with 5% non-fat dry milk in TBS buffer supplemented with 0.1% Tween-
20 (blocking buffer) for 1 h at room temperature. Primary antibodies were incubated in blocking buffer for 2 h at room
temperature (rabbit anti-ACE2 C-terminal domain [Abcam #ab15348, used at 1:500 dilution], rabbit anti-ACE2 N-terminal
domain [Novusbio #SN0754, used at 1:500 dilution], mouse anti-cTnT [ThermoFisher #MA5-12960 used at 1:200 dilution],
and mouse anti-GAPDH [Abcam #ab8245, used at 1:3,000 dilution]). Membranes were washed and further incubated with
fluorescent dye-conjugated secondary antibodies for 1 h at room temperature (AlexaFluor 647 goat anti-rabbit IgG1 and
AlexaFluor 488 goat anti-mouse IgG1, both used at 1:1,000 dilution in blocking buffer) and fluorescent signals were acquired
using with a GelDoc Imager (Bio-Rad). Quantification of bands intensity was performed using Fiji software.

Single cell RNA-seq. A single cell suspension was generated from cultures of RUES2 hESC-CMs at day 30 of
differentiation, and single cell RNA-seq was performed using the Chromium NextGEM Single Cell 3’ kit (10X Genomics).
10,000 cells per condition were loaded on independent microfluidics channels to generate Gel bead-in-Emulsion (GEMs),
which were further processed according to the manufacturer’s instructions to generate lllumina-compatible sequencing
libraries. The sample was analyzed using two runs of high output NextSeq 500 with a 150 cycle kit, reading 28 base pairs
for read 1 (barcode and UMI), 91 base pairs for read 2 (3’ end of cDNAs), and 7 base pairs for the i7 index. Initial data
analysis relied on the cellranger package from 10X Genomics. Cellranger mkfastq was used to transfer demultiplexed raw
base call files into library-specific FASTQ files. The FASTQ files were separately mapped to the GRC38 human reference
genome using STAR as a part of the cellranger pipeline. Gene expression counts were done using cellranger count based
on Gencode v25 annotation, and cell identifiers and Unique Molecular Identifiers (UMI) were filtered and corrected with
default setting. Raw cellranger count outputs was aggregated and visualized by a subsampling procedure using cellranger
aggr. Downstream analysis was performed in the R package Seurat (Butler et al., 2018; Stuart et al., 2019). Filters were
applied to eliminate cells with less than 1,000 genes detected, with over 40,000 UMIs, or with over 35% mitochondrial gene
reads. Post filtering, cell-to-cell gene expression was normalized by total expression, multiplied by the scale factor of 10000,
and the result is log-transformed [Log norm exp]). Data dimensionality reduction was done by principal component analysis
on the top 2,000 most variable genes. The top 10 principal components (PCs) that explained most variance were selected,
as confirmed by an Elbow plot. For visualization, UMAP dimensionality reduction for the top 10 PCs was performed to
produce coordinates for cells in 2 dimensional space. The relative expression levels of genes of interest were plotted using
the FeaturePlot function in Seurat.

SARS-CoV-2 generation. All experiments using live virus were performed in the Biosafety Level 3 (BSL-3) facility at the
University of Washington in compliance with the BSL-3 laboratory safety protocols (CDC BMBL 5% ed.) and the recent CDC
guidelines for handling SARS-CoV-2. Before removing samples from BSL-3 containment, samples were inactivated by
Trizol or 4% paraformaldehyde, and the absence of viable SARS-CoV-2 was confirmed for each sample by plaque assays.
SARS-Related Coronavirus 2, Isolate USA-WA1/2020 (SARS-CoV-2) and icSARS-CoV-2mNG were obtained from BEI
Resources (NR-52281) and the University of Texas (Xie et al., 2020), respectively and propagated in VERO cells
(USAMRIID). Briefly, VERO cells were maintained in DMEM (Gibco) supplemented with 10% heat-inactivated FBS, 100
U/mL penicillin, and 100 U/mL streptomycin at 37 °C in a 5% CO:2 humidified incubator. To generate virus stock, cells were
washed once with DPBS and infected with SARS-CoV-2 in serum-free DMEM. After 1 h of virus adsorption, the inoculum
was replaced with DMEM supplemented with 2% heat-inactivated FBS, and cells were incubated at 37 °C in a 5% CO:
incubator until ~70% of cells manifested cytopathic effects. The virus was harvested by collecting the culture supernatant
followed by centrifugation at 3,000 g for 15 min at 4 °C to remove the cell debris. Virus titer was then measured by plaque
assay on VERO cells (as described below), and stocks were stored at -80°C.

SARS-CoV-2 titering. Viral preparations and culture supernatant from SARS-CoV-2-infected cardiomyocytes were titered
using a plaque assay. Briefly, 350,000 VERO cells were seeded in 12-well plates and incubated for 1 h at 37 °C with 10-
fold dilutions of virus-containing media. A solution of 1:1 1% agarose and 2X DMEM supplemented with 4% heat-inactivated
FBS, L-glutamine, 1X antibiotic-antimycotic (Gibco), and 220 mg/mL sodium pyruvate was layered on top of the cells,
followed by incubation at 37 °C for 2 days. After fixing with 10% formaldehyde, the agarose layer was removed and cells




were stained with 0.5% crystal violet solution in 20% ethanol. Plaques were counted, and the virus titer in the original sample
was assessed as plaque-formation unit per mL (PFU/mL).

Viral infection. Cryopreserved hPSC-CMs were thawed and plated in RPMI-1640 supplemented with B-27, 5% FBS, and
10 M Y-27632. After 24 h the media was replaced with RPMI-1640 supplemented with B-27 only. After 3 days,
cardiomyocytes were harvested with Versene supplemented with 0.5% Trypsin (Gibco) at 37 °C for 5 min to obtain single-
cell suspensions. 250,000 cardiomyocytes were seeded in Matrigel-coated 12-well plates in RPMI-1640 supplemented with
B-27, 5% FBS, and 10 uM Y-27632. The media was replaced with RPMI-1640 supplemented with B-27 the next day, and
then every other day for 1 week. SARS-CoV-2 wild-type or expressing Neon green protein was diluted to the desired MOI
in DMEM and incubated on hPSC-CMs for 1 h at 37 °C (non-infected [mock] controls were incubated with DMEM only).
Cells were then washed with DPBS and cultured in RPMI-1640 supplemented with B-27. Cryopreserved hPSC-SMCs were
thawed in DMEM F12 supplemented with 10% FBS and 10 yM Y-27632. After 24 h, the media was replaced with DMEM
F12 supplemented with 10% FBS only. After 4 days, smooth muscle cells were harvested with 0.5% Trypsin (Gibco) at 37
°C for 5 min to obtain single-cell suspensions. 100,000 smooth muscles cells were seeded in gelatin-coated 12-well plates
in DMEM F12 supplemented with 10% FBS and 10 uM Y-27632. The media was replaced after 24 h with fresh DMEM F12
with 10% FBS. After 5 days from replating, hPSC-SMCs were incubated with SARS-CoV-2 diluted to the desired MOI in
DMEM for 1 h at 37 °C (non-infected [mock] controls were incubated with DMEM only). Cells were then washed with DPBS
and cultured in DMEM F12 supplemented with 10% FBS.

Immunofluorescence. 200,000 cardiomyocytes were plated on glass-bottom 24-well plate (CellVis) and infected as
described above. Cells were fixed with 4% paraformaldehyde in DPBS for 30 min at room temperature and then washed 3
times with DPBS for 5 min. Cells were permeabilized using 0.25% Triton X-100 (Sigma-Aldrich) in DPBS and blocked for 1
h with 10% normal goat serum supplemented with 0.1% Tween-20 in DPBS. Primary antibodies were incubated overnight
at 4 °C in DPBS with 1% normal goat serum and 0.1% Tween-20 (rabbit anti-2019-nCoV NP [Sino Biological #40143-R019,
used at 1:200 dilution], and mouse anti-Sarcomeric a-actinin [Abcam ab# ab9465, used at 1:500 dilution]). Cell were washed
three times with DPBS containing 0.2% Tween-20, and incubated for 1 h at room temperature with secondary antibodies
diluted in DPBS supplemented with 1% BSA and 0.1% Tween-20 (AlexaFluor 594 goat anti-rabbit IgG1 and AlexaFluor 647
goat anti-mouse IgG1, both used at 1:1,000 dilution). DAPI (Sigma-Aldrich) was diluted at 300 nM in water and incubated
on the cells for 15 min at room temperature, followed by three washes in DPBS containing 0.2% Tween-20. Images were
taken with a 40x oil objective on a Nikon Eclipse microscope with Yokogawa W1 spinning disk head, and formatted with Fiji
software.

Electron Microscopy. 200,000 cardiomyocytes were plated on 35-mm petri dish (Corning) and infected as described
above. Cells were fixed with Karnovsky’s fixative for 30 min at room temperature and then washed 3 times with 0.1 M PIPES
buffer, for 5 min. Heavy metal impregnation was performed as detailed elsewhere (Deerinck, 2010). The embedded cellular
layer was cut into small pieces and re-embedded in en-face and perpendicular orientations in Durcopan (EMS). Thin
sections were viewed using a JEOL 1230 transmission electron microscope.

Gene expression analysis and viral RNA detection. Infected cardiomyocytes were washed once with DPBS and
incubated with 400 pL per well of Trizol reagent (Invitrogen) for 10 min at room temperature. Chloroform was added in a 5:1
ratio to Trizol, and samples were incubated at room temperature for 2 min. The aqueous phase was separated by
centrifugation (21,000 g for 15 min at 4 °C) and incubated with isopropanol (1:1 ratio) and 25 ug of Glycoblue (ThermoFisher)
for 10 min at room temperature. RNA pellets were harvested by centrifugation (21,000 g for 15 min at 4 °C), washed twice
with 75% ethanol, and resuspended in nuclease-free water. cDNA was prepared with M-MLV reverse transcriptase
according to the manufacturers’ instruction. Quantitative real-time reverse transcription PCR (RT-gPCR) was performed
with SYBR Select Master Mix (Applied Biosystems) using 10 ng of cDNA and 400 nM forward and reverse primers
(Supplementary Table 5). Reactions were run on a CFX384 Real-Time System (Bio-Rad), and data was analyzed using the
AACt method using HPRT1 as the housekeeping gene. Primers were designed using PrimerBlast, and confirmed to amplify
a single product.

Electrophysiological analysis with MEA. Cryopreserved cardiomyocytes were thawed and cultured as described above.
CytoView MEA 48- and 24-well plates (Axion BioSystems) were coated with 0.17 mg/mL of Matrigel for 1 h at 37 °C. 50,000
(48-well plate) or 100,000 (24-well plate) hPSC-CMs were resuspended in 6 yL or 10 L, respectively, and plated on each
MEA well, as previously described (Hayes et al., 2019). Media was changed with RPMI-1640 supplemented with B-27 every
other day for 1 week. One the day of viral infection, cells were washed once with DPBS and incubated with 50 L (48-well
plate) or 100 pL (24-well plate) of SARS-CoV-2 suspension for 1 h at 37 °C. Media was replaced with RPMI-1640
supplemented with B-27, and the plate was transferred directly into Maestro Pro system (Axion BioSystems) and kept at 37
°C with 5% COz2 for the duration of the experiment. Electrophysiological recordings were taken for 5 min at specified time
points using Axis software version 2.0.4. (Axion BioSystems). Voltage was acquired simultaneously for all the electrodes at
12.5 kHz, with a low-pass digital filter of 2 kHz for noise reduction. The beat detection threshold was 100 yV, and the FPD
detection used a polynomial regression algorithm with the threshold set at 1.5 x noise to detect repolarization waves. Pacing
was performed at 2 Hz with an alternating square wave (x 1V, 100 nA, 8.33 kHz) delivered through the dedicated stimulator
in the Maestro Pro system to a selected electrode (not used for recording). Automated analysis was performed using Cardiac




Analysis Software v3.1.8 (Axion BioSystems), which automatically computes the Fridericia correction to account for beat
rate variability during FPD measurements [FPDc = FPD/(beat period)'?].

Contractility analysis with 3D-EHTs. 3D-EHTs were generated from hPSC-CMs embedded with stromal cells in a 3D
fibrin gel suspended between pairs of silicone posts, as previously described (Bielawski et al., 2016). For each pair of
silicone posts one was flexible and had a 1 mm? magnet embedded in its tip, and the other post was rendered rigid by
embedding a 1.1 mm glass capillary tube. Each 3D-EHT was casted in a mold made of 2% agarose by adding 500,000
WTC11c¢ hiPSC-CMs and 50,000 HS27a stromal cells (ATCC) in a fibrin gel solution (89 uL RPMI-1640 supplemented with
B-27, 5.5 yl of DMEM/F12, [Gibco], 2.5 pyL of 200 mg/mL bovine fibrinogen [Sigma-Aldrich], and 3 yL of 100 U/mL thrombin
[Sigma-Aldrich]). The cell-gel mixture was incubated at 37 °C for 2 h to allow for fibrin polymerization. Afterwards, 3D-EHTs
were transferred from the agarose molds to 24-well tissue culture dishes containing 3D-EHT media (RPMI-1640 media
supplemented with B-27 and 5 mg/mL aminocaproic acid [Sigma-Aldrich]. Media was changed every other day for 2 weeks.
For SARS-CoV-2 infection, 3D-EHTs were temporarily housed in 2% agarose molds, and 200 uL of viral solution in DMEM
was used to infect each single tissue for 1 h at 37 °C (DMEM was used for mock controls). 3D-EHTs were then transferred
in fresh 3D-EHT media for the rest of the experiment. Twitch force was recorded by tracking the movement of magnets
embedded in the flexible posts, as previously described (Bielawski et al., 2016). Briefly, we used a custom-built printed
circuit board (PCB) containing giant magnetoresistive (GMR) sensors (NVE, Eden Prairie, MN) in a Wheatstone bridge
configuration and relying on instrumentation amplifiers and operational amplifiers to filter out signal noise. 3D-EHTs in the
24-well dish were placed into a 3D-printed caddy that contained the PCB with GMR sensors such that the flexible, magnetic
posts of 3D-EHTs were directly above each GMR sensor. Data from the PCB was collected by LabView (National
Instruments) on a laptop in the BSL-3 facility. The voltage traces from the magnetic sensors were analyzed for amplitude
and frequency using a custom Matlab protocol. The amplitudes were then converted from voltage to twitch force using a
characterization constant.

3D-EHTs immunostaining. At the indicated time points, 3D-EHTs were harvested forimmunofluorescence. 3D-EHTs were
treated with 150 mM KCI to arrest contraction in diastole, and fixed in 4% paraformaldehyde for 30 min at room temperature.
3D-EHTs were dehydrated with 30% sucrose overnight before embedding in TissueTek O.C.T. compound (VWR).
Cryoblocks were sectioned at a 5 ym thickness. Slides housing tissue sections were blocked and permeabilized with 1%
Bovine Serum Albumin (Sigma-Aldrich) and 0.1% Triton-X-100 (Sigma-Aldrich) for 1 h at room temperature. Primary
antibodies were diluted in the blocking buffer and incubated overnight at 4 °C (mouse anti-Sarcomeric a-actinin [Abcam ab#
ab9465, used at 1:200 dilution], and mouse anti-Titin M-line [Myomedix #M8M10, used at 1:200 dilution]). After three washes
with DPBS (5min/each), slides were incubated for 1 h at room temperature with secondary antibodies diluted in blocking
buffer (AlexaFluor 488 goat anti-rabbit IgG1 and AlexaFluor 647 goat anti-mouse 1gG1, both used at 1:500 dilution). Tissue
slides were mounted with coverslips using Vectashield mounting media with DAPI (Vector). Images were taken with a 60x
oil objective on a Nikon Ti microscope and formatted with Fiji software.
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