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SARS-CoV-2 Infection Induces Ferroptosis of
Sinoatrial Node Pacemaker Cells

Yuling Han;" Jiajun Zhu, Liuliu Yang,” Benjamin E. Nilsson-Payant®; Romulo Hurtado, Lauretta A. Lacko(, Xiaolu Sun,
Aravind R. Gade, Christina A. Higgins, Whitney J. Sisso, Xue Dong(®, Maple Wang, Zhengming Chen, David D. Ho®®,
Geoffrey S. Pitt®, Robert E. Schwartz(, Benjamin R. tenOever(®, Todd Evans(, Shuibing Chen

BACKGROUND: Increasing evidence suggests that cardiac arrhythmias are frequent clinical features of coronavirus disease
2019 (COVID-19). Sinus node damage may lead to bradycardia. However, it is challenging to explore human sinoatrial node
(SAN) pathophysiology due to difficulty in isolating and culturing human SAN cells. Embryonic stem cells (ESCs) can be a
source to derive human SAN-like pacemaker cells for disease modeling.

METHODS: We used both a hamster model and human ESC (hESC)—derived SAN-like pacemaker cells to explore the impact of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection on the pacemaker cells of the heart. In the hamster
model, quantitative real-time polymerase chain reaction and immunostaining were used to detectviral RNA and protein, respectively.
We then created a dual knock-in SHOX2: GFP;MYH6:mCherry hESC reporter line to establish a highly efficient strategy to derive
functional human SAN-like pacemaker cells, which was further characterized by single-cell RNA sequencing. Following exposure
to SARS-CoV-2, quantitative real-time polymerase chain reaction, immunostaining, and RNA sequencing were used to confirm
infection and determine the host response of hESC-SAN-like pacemaker cells. Finally, a high content chemical screen was
performed to identify drugs that can inhibit SARS-CoV-2 infection, and block SARS-CoV-2—induced ferroptosis.

RESULTS: Viral RNA and spike protein were detected in SAN cells in the hearts of infected hamsters. We established an
efficient strategy to derive from hESCs functional human SAN-like pacemaker cells, which express pacemaker markers and
display SAN-like action potentials. Furthermore, SARS-CoV-2 infection causes dysfunction of human SAN-like pacemaker
cells and induces ferroptosis. Two drug candidates, deferoxamine and imatinib, were identified from the high content screen,
able to block SARS-CoV-2 infection and infection-associated ferroptosis.

CONCLUSIONS: Using a hamster model, we showed that primary pacemaker cells in the heart can be infected by SARS-CoV-2.
Infection of hESC-derived functional SAN-like pacemaker cells demonstrates ferroptosis as a potential mechanism for
causing cardiac arrhythmias in patients with COVID-19. Finally, we identified candidate drugs that can protect the SAN cells
from SARS-CoV-2 infection.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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pacemaker of the heart, situated at the junction however, been challenging to model SAN damage in
of the right atrium and the right common cardinal mammals due to the lack of protocols to isolate and cul-
vein, controlling cardiac rhythm through the downstream  ture SAN cells. Human pluripotent stem cells (hPSCs),

The sinoatrial node (SAN) represents the primary ~ components of the cardiac conduction system. It has,
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SARS-CoV-2 Causes Pacemaker Cell Ferroptosis

Novelty and Significance

What Is Known?

* Increasing evidence suggests that cardiac arrhythmias,
including tachycardia and bradycardia, are frequent clin-
ical features of coronavirus disease 2019 (COVID-19).

+ Sinus node damage may lead to bradycardia.

What New Information Does This Article

Contribute?

* A dual knock-in SHOX2:GFP; MYH6:mCherry human
embryonic stem cells reporter line was used to purify
human sinoatrial node (SAN)-like pacemaker cells.

» The study presents a highly efficient protocol to derive
functional human SAN-like pacemaker cells for dis-
ease modeling and drug screening.

+ Deferoxamine, a ferroptosis inhibitor, blocks severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection, suggesting that SARS-CoV-2 and
ferroptosis might have bi-directional interactions.

In this study, using both a hamster model and human
embryonic stem cell-SAN-like pacemaker cells,
the impact of SARS-CoV-2 infection on the primary
pacemaker cells of the heart was explored. Single-
cell RNA sequencing validated the expression of
SARS-CoV-2 entry factors in SAN-like pacemaker
cells, including ACE2, NRP1, FURIN, and CTSL. Both
quantitative real-time polymerase chain reaction and
immunostaining confirmed that SARS-CoV-2 readily
infects SAN-like pacemaker cells, resulting in marked
increase of ferroptosis. Finally, a high content chemical
screen identified deferoxamine and imatinib as drugs
that block SARS-CoV-2 infection of SAN-like pace-
maker cells, as well as SARS-CoV-2 infection-induced
ferroptosis.

Nonstandard Abbreviations and Acronyms

COVID-19 coronavirus disease 2019

GPX4 glutathione peroxidase 4

HCN4 hyperpolarization activated cyclic
nucleotide gated potassium channel 4

hESCs human embryonic stem cells

ISL1 insulin gene enhancer protein

MYH6 myosin heavy chain 6

ROS reactive oxygen species

SAN sinoatrial node

SARS-CoV-2 severe acute respiratory syndrome
coronavirus 2

SARS-N SARS-CoV-2-nucleocapsid
scRNA-seq single-cell RNA sequencing

SHOX2:GFP short stature homeobox 2 green
fluorescent protein

TBX3 T-box transcription factor 3

including human embryonic stem cells (hESCs) and
induced pluripotent stem cells (hiPSCs), provide a viable
strategy to derive functional human SAN-like pacemaker
cells. Progress has been made to derive SAN-like pace-
maker cells from hESC/hiPSC by directed differentia-
tion,! nodal inhibition,? and overexpression of TBX3® or
TBX18.* However, most of these reports either use an
NKX2.5 negative selection approach to enrich nodal-like
cells or no selection. To generate a positive selection tool,
we created a dual knock-in SHOX2:GFP; MYH6:mCherry
reporter line using CRISPR/Cas-based gene-target-
ing techniques that facilitate the quantification and
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purification of SAN-like pacemaker cells. We used this
reporter to develop an efficient strategy to derive func-
tional SAN-like pacemaker cells from hPSCs, which can
be applied for disease modeling and drug screening.

Cardiac arrhythmias have been reported in nearly 17%
of hospitalized patients with coronavirus disease 2019
(COVID-19), which is associated with a worse disease
prognosis. A recent review® suggested that supraventricu-
lar tachycardia is the most commonly seen electrocardio-
gram abnormality, which can have many causes including
hypoperfusion, electrolyte abnormalities, or anxiety. In
addition, sinus bradycardia, a frequent clinical feature of
COVID-19, is observed in 56% of hospitalized febrile
patients.5” Additional case studies suggest that severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection appears to induce a transient sinus bradycardia
in some patients with COVID-19.2 A retrospective study
in Japan showed that relative bradycardia was a com-
mon characteristic for 54 patients with polymerase chain
reaction (PCR)-confirmed mild-to-moderate COVID-19.°2
Moreover, it was reported that one-third of patients with
severe illness developed sinus bradycardia even with no
severe myocardial damage or cardiac insufficiency,5'°
suggesting that there might be an independent cause of
sinus bradycardia in patients with COVID-19.

Sinus node damage may lead to bradycardia. No
reports exist so far documenting whether the SAN can
be infected by SARS-CoV-2 in patients with COVID-
19. This can only be determined by biopsy or autopsy
and is controversial even for the myocardium. However,
postmortem tissues from patients with COVID-19 only
evaluate the end-stage of infection, which might not
reflect the initial response after acute infection. There-
fore, we used a combination of an in vivo hamster model
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and hESC-SAN-like pacemaker cells to systematically
study the impact of SARS-CoV-2 infection on the SAN.
Syrian golden hamsters (Mesocricetus auratus) are an
established highly susceptible preclinical animal model
for SARS-CoV-2 infection.!'"'* Indeed, cardiovascu-
lar related complications have been demonstrated in
SARS-CoV-2-infected hamsters.”® We systematically
examined the SAN tissue of SARS-CoV-2-infected
hamsters and detected viral protein and double-stranded
RNA (dsRNA) in HCN4* (hyperpolarization activated
cyclic nucleotide gated potassium channel 4) SAN cells
in vivo. Finally, we found that SARS-CoV-2 infection
induced ferroptosis of human SAN-like pacemaker cells
and identified drugs that can block SARS-CoV-2 infec-
tion and ferroptosis.

METHODS

Data and Code Availability

Single-cell RNA sequencing (scRNA-seq) and RNA sequenc-
ing (RNA-seq) data are available from the Gene Expression
Omnibus (GEO) repository database, accession number
GSE193722 (RNA-seq) and GSE193723 (scRNA-seq). The
code for scRNA-seq analysis is available at https://github.
com/shuibingchen/COVID19-SAN.git.

Animal Studies
Hamsters were housed in cages in the enhanced BSL-3 facil-
ity of the Emerging Pathogens Institute at the Icahn School
of Medicine at Mount Sinai. All animal experiments were per-
formed according to protocols approved by the Institutional
Animal Care and Use Committee and Institutional Biosafety
Committee of the Icahn School of Medicine at Mount Sinai
(NY). Animals were assigned randomly to the different experi-
mental groups.

The detailed Methods section is available in the Supplemental
Materials.

RESULTS

SARS-CoV-2 Is Detected in the Pacemaker of
SARS-CoV-2-Infected Hamsters

Due to technical challenges in collecting human SAN
autopsy tissues, we used a hamster model, an estab-
lished highly susceptible preclinical animal model for
SARS-CoV-2 infection,"""* to examine whether SARS-
CoV-2 infects SAN cells in vivo. Male hamsters have
been shown to exhibit greater morbidity and suscepti-
bility after SARS-CoV-2 challenge.'®” To determine
whether pacemaker cells are affected by SARS-CoV-2
infection, male Syrian golden hamsters were intranasally
inoculated with SARS-CoV-2 (USA-WA1/2020) and
euthanized 48 hours postinfection. The right atrium was
isolated from the heart of each animal and quantitative
real-time polymerase chain reaction (qQRT-PCR) analysis
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demonstrated the presence of SARS-CoV-2 transcripts
in infected animals (Figure 1A). Accordingly, principal
component analysis and differential gene expression
analysis showed that transcript profiles of right atrium
tissue from mock or SARS-CoV-2-infected hamsters
clustered separately (Figure 1B). Volcano plots of mock
versus SARS-CoV-2—infected hamsters revealed robust
induction of transcripts (Figure 1C). As established for
SARS-CoV-2 infections in general,'® chemokines and
inflammatory genes were particularly upregulated in
infected right atrium tissues (Figure 1D). To gain a clearer
understanding of the impact of SARS-CoV-2 specifi-
cally on SAN cells, we isolated small regions including
the SAN from mock-infected or SARS-CoV-2-infected
hamsters (Figure 1E). Immunofluorescence staining
confirmed the presence of SARS-CoV-2-Spike protein
and viral dsRNA in HCN4+ SAN cells (Figure 1F and 1G
and Video S1). Reactive oxygen species (ROS)-related
genes were also upregulated in infected right atrium
heart tissues (Figure 1H). Together these data suggest
that SARS-CoV-2 can in fact infect SAN cells in vivo.

Generation of a Dual Knock-In SHOX2:GFP;
MYH6:mCherry hESC Line to Derive Functional
Human SAN-Like Pacemaker Cells

To examine if SARS-CoV-2 could infect human
SAN cells and explore the virus-host interaction, we
sought to develop an efficient protocol to differenti-
ate hESCs to SAN-like pacemaker cells. To quantify
and purify SAN-like pacemaker cells, a dual knock-in
SHOXZ2:GFP; MYH6:mCherry reporter line was created
using CRISPR/Cas9—-based gene-targeting techniques
(Figure S1A). Through several drug screens (data not
shown), we found that an FGFR (fibroblast growth fac-
tor receptors) inhibitor, a TGFf (transforming growth
factor-B) inhibitor, and a STAT3 (signal transducer and
activator of transcription 3) inhibitor at different con-
centrations increase the differentiation toward SHOX2-
GFP* cells (Figure S1B, S1C). We tested b different
combinations of SU5402 (FGFR inhibitor), SB431542
(TGFP inhibitor) or cucurbitacin (STAT3 inhibitor; Fig-
ure S1D through S1F), and developed a stepwise strat-
egy to derive SHOX2:GFP* (short stature homeobox
2 green fluorescent protein) SAN-like pacemaker cells
from hESCs (Figure S1G), including the initial treatment
with CHIR-99021, to induce mesoderm differentiation,
followed by 2 days treatment with XAV939, SU5402,
SB431542, retinoic acid, BMP4 (bone morphogenetic
protein 4), and cucurbitacin. Cells were treated for an
additional two days with CHIR-99021. Unless other-
wise stated, glucose-free RPMI1640 supplemented
with lactate was used from day 9 to 11. The cells were
maintained in RPMI16404+B27 until analysis at day
20 or day 40. Immunostaining analysis confirmed the
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Figure 1. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is detected in sinoatrial node (SAN) cells of SAN
samples from SARS-CoV-2-infected hamsters.

A, Quantitative real-time polymerase chain reaction analysis of SARS-CoV-2 N subgenomic RNA (sgRNA), nsp14, and N transcripts from atria of
mock or SARS-CoV-2-infected hamsters. The graph represents the relative RNA expression level normalized to ACTB. B, Principal component
analysis plot of RNA sequencing data from atria of mock or SARS-CoV-2—infected hamsters. C, Volcano plot of gene expression in the right atrium

of mock or SARS-CoV-2-infected hamsters. D, Heatmap of expression levels for cytokines/chemokines and inflammatory genes in the right

atrium of mock or SARS-CoV-2-infected hamsters. The high Zscore indicates high gene expression level. E, Representative example of sinoatrial
node isolation. F, Representative immunostaining of SARS-CoV-2-spike (SARS-S) and HCN4 (hyperpolarization activated cyclic nucleotide gated
potassium channel 4) in SAN of mock or SARS-CoV-2—infected hamsters. Lower panels are magnified views of boxed areas highlighted in the middle
panels. Scale bars=50 pm. G, Representative immunostaining of viral double-stranded RNA (dsRNA) and HCN4 in SAN of mock or SARS-CoV-2—
infected hamsters. Lower panels are magnified views of boxed areas highlighted in the middle panels. Scale bars=b50 pm. H, Heatmap of reactive
oxygen species—associated relative gene expression levels in the right atrium of mock or SARS-CoV-2-infected hamsters. The high Z score indicates
high gene expression level. N=3 biological samples. DAPI indicates 4’,6-diamidino-2-phenylindole; FC, fold change; n.s, no significance; PC, principal
component; and PM, pacemaker. Data are presented as mean®SD. Pvalues were calculated by unpaired 2-tailed Student ¢test. *A<0.01, **F<0.001.

presence of SHOX2:GFP*MYH6 (myosin heavy chain served as a control (Figure S2B). Flow cytometry analy-
6):mCherry* SAN-like pacemaker cells (Figure S2A).  sis further showed that SHOX2:GFP* cells coexpressed
MYH6:mCherry*SHOX2:GFP- cardiomyocytes derived ~ SAN markers, such as HCN1 and ISL1 (insulin gene
using a standard cardiomyocyte differentiation protocol ~ enhancer protein) (Figure S2C). At day 20 or day 40 of
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Figure 2. Characterization of human embryonic stem cell (hESC)-sinoatrial node (SAN)-like pacemaker cells.
A, Quantitative real-time polymerase chain reaction analysis comparing day 20 or day 40 SHOX2:GFP*MYH6:mCherry* (short stature homeobox
2: green fluorescent protein myosin heavy chain 6: mcherry) SAN-like pacemaker cells (SAN) with MYH6:mCherry*SHOX2:GFP~ cardiomyocytes
(CMs). Each graph represents the relative RNA expression level normalized to TBP. B, Representative confocal images of SAN cell markers

in hESC-SAN-like pacemaker cells on day 40. Scale bar=10 pym. C, Representative confocal images of hRESC-SAN-like pacemaker cells.

Scale bar=50 um. D and E, Clustering analysis (D) and principal component analysis plot (E) of sorted SHOX2:GFP*MYH6:mCherry* SAN-like
pacemaker cells (SAN) and MYH6:mCherry*SHOX2:GFP- CMs after RNA sequencing analysis. F, Heatmap of SAN and CM cell markers in
sorted SHOX2:GFP*MYHB6:mCherry* SAN-like pacemaker cells (SAN) and MYHB6:mCherry*SHOX2:GFP CMs. The high Z score indicates high
gene expression level. G and H, Electrophysiological recordings of /, current in hRESC-SAN-like pacemaker cells. I, Representative recordings

of spontaneous action potentials of SHOX2:GFP*MYH6:mCherry* hESC-SAN-like pacemaker cells. J, Quantification of the averaged action
potentials recorded from individual hESC-SAN-Ilike pacemaker (n=17) or hESC-CM (n=6) cells and distribution of action potential (AP)
frequency, APD50, APD9O, dV/dtmax recorded at day 40. N=3 independent experiments. APD indicates action potential duration; DAPI,

4’ ,6-diamidino-2-phenylindole; HCN, hyperpolarization activated cyclic nucleotide gated potassium channel; ISL1, insulin gene enhancer protein;
KCNJ, potassium inwardly rectifying channel subfamily J member; PC, principal component; and TBX, T-box transcription factor. Data are
presented as mean®SD. Pvalues were calculated by unpaired 2-tailed Student ¢ test. *£<0.05, *A<0.01, **F<0.001.
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differentiation, SHOX2:GFP*MYH6:mCherry* SAN-like
pacemaker cells and MYH6:mCherry*SHOX2:GFP" car-
diomyocytes were analyzed by gRT-PCR. Both day 20
and day 40 SHOX2:GFP*MYH6:mCherry* SAN-like
pacemaker cells show significantly increased expres-
sion levels of SAN markers, including SHOX2,'°, TBX3%°
TBX5, TBX182%" HCN1, HCN4, ISL12? and decreased
expression levels of cardiomyocyte markers, includ-
ing NKX2.5, MYL2 and IRX4 (Figure 2A). Immunos-
taining validated the coexpression of HCN1, HCN4,
TBX3 (T-box transcription factor 3), TBX5, TBX18,
ISL1, and KCNJ3 (potassium inwardly rectifying chan-
nel subfamily J member 3) in day 20 and day 40
SHOX2:GFP*SAN-like pacemaker cells (Figure 2B and
Figure S2D). The derived SAN-like pacemaker cell popu-
lation adopted 3-dimensional multilayer structures during
culture (Figure 2C and Video S2). Transcriptome profiles
of SHOX2:GFP*MYH6:mCherry* SAN-like pacemaker
cells and MYH6:mCherry*SHOX2:GFP- cardiomyo-
cytes sorted at day 20 of differentiation were subse-
quently compared by RNA-seq (Figure S2E). Principal
component analysis and clustering analysis of differen-
tially expressed genes demonstrated clear differences
in transcript profiles of MYH6:mCherry*SHOX2:GFP*
and MYH6:mCherry*SHOX2:GFP- cells, which clus-
tered separately (Figure 2D and 2E). SAN markers, such
as HCN1, TBX5, TBX182 ISL1, SHOX2?* VSNLI,
DLGAP1, and CASQ2% were enriched in mCherry*GFP*
SAN-like pacemaker cells, whereas cardiomyocyte mark-
ers, including MYH7, MYL2, IRX4, and SCNb5A, were
enriched in GFPmCherry* cardiomyocytes (Figure 2F).
We further monitored the hESC-SAN-like pacemaker
cells for the presence of /, currents by patch-clamp elec-
trophysiology and found the expected inward currents
that increased with larger hyperpolarizing steps in 5 of
5 cells tested (example traces and I-V curve of hESC-
SAN-like pacemaker in Figure 2G and 2H). In contrast, /,
currents were not observed in hESC-derived ventricular
cardiomyocytes (example traces of hESC-cardiomyocyte
in Figure S2F). We further monitored the action potentials
(APs) to further explore the electrophysiological charac-
ter of hESC-SAN-like pacemaker cells. Electrophysi-
ological analysis revealed that the SAN-like pacemaker
cells had typical pacemaker APs with fast spontaneous
APs and short AP durations (Figure 2I). In contrast, the
derived ventricular cardiomyocytes displayed relatively
fast upstroke velocities and longer AP durations (Fig-
ure 2J and Figure S2G). We tested ivabradine, a spe-
cific HCN4 channel modulator that has been shown to
slow SAN activity on different cell types using a Ca®*
flux assay.??" No significant difference in Ca?*flux was
observed in control and ivabradine-treated hESC-car-
diomyocytes. In contrast, a significant reduction of Ca?*
flux was observed in ivabradine-treated hESC-SAN-like
pacemaker cells (Figure S2H). Ca?*-flux assays were
also applied to monitor the response of hESC-SAN-like
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pacemaker cells to 1 ymol/L isoproterenol or 5 ymol/L
carbachol treatment (Figure S2I). Carbachol treatment
had negative chronotropic effects, whereas isoproterenol
had positive inotropic effects on hESC-SAN-like pace-
maker cells. All experiments, including gene expression
profiles, immunostaining, electrophysiological character-
istics, and drug sensitivity, together validate the pace-
maker identity of our hESC-SAN-like pacemaker cells.

Human SAN-Like Pacemaker Cells Express
SARS-CoV-2 Entry Factors

Single-cell RNA-seq was used to further characterize
the hESC-derived mCherry*GFP* population. Five cell
clusters were identified, including SHOX2*HCN4+*TBX5*
KCNJ3*ISLT*MYH6E" SAN-like pacemaker cells_1 (the
major group), SAN-like pacemaker cells_2, FN1*DCN*
fibroblasts, a small cluster of FGB" smooth muscle
cells,?® and a small unknown population (Figure 3A, S3A
and Table S1). The SAN-like pacemaker clusters showed
relatively high expression levels of SHOXZ, HCNA4,
KCNJ3, TBX5, ISL 1, and MYH6 (Figure 3B). Many of the
top differentially expressed genes comparing the SAN-
like pacemaker groups (Table S1) have known roles in
cell cycle or cell division, which likely distinguishes these
groups, rather than lineage.

Our hamster studies demonstrated that rodent SAN
cells can be infected by SARS-CoV-2 in vivo. To cor-
roborate these finding in a human model system, we
first evaluated the scRNA-seq data for the expression
of host factors required for viral entry into hRESC-SAN-
like pacemaker cells. The entry factor NRP1 (neuropi-
lin-1),2%%° the proteinase CTSL (cathepsin L)' and the
proprotein convertase FURIN (paired basic amino acid
cleaving enzyme)®? are all expressed by SHOX2* SAN-
like pacemaker cells (Figure 3C). Immunostaining vali-
dated the expression of ACE2 (angiotensin-converting
enzyme 2) and NRP1 in SHOX2:GFP* SAN-like pace-
maker cells (Figure 3D). Previous studies have suggested
that scRNA-seq analysis is not sensitive enough to moni-
tor reliably ACE2 expression.®® Thus, we confirmed the
expression of ACEZ in MYH6:mCherry*SHOX2:GFP*
SAN-like pacemaker cells by qRT-PCR (Figure S3B).

SARS-CoV-2 Causes Human SAN-Like
Pacemaker Cell Dysfunction

To determine the impact of SARS-CoV-2 infection on
human SAN-like pacemaker cells, hESC-SAN-like
pacemaker cells were infected with SARS-CoV-2
(USA-WA1/2020) at an multiplicity of infection (MOI)
of 0.1. gRT-PCR analysis of extracted RNA demon-
strated the presence of subgenomic RNA (sgRNA)
transcripts, representing the replicating viral RNA at
24 hours postinfection (Figure 4A). Immunostaining
assays using SARS-CoV-2-nucleocapsid (SARS-N),
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Figure 3. Human sinoatrial node (SAN)-like pacemaker cells express severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) entry factors.

A, UMAP (uniform manifold approximation and projection) of human embryonic stem cell (hESC)~derived SHOX2:GFP*MYHE:mCherry* (short stature
homeobox 2: green fluorescent protein+ myosin heavy chain 6: mcherry*) SAN-like pacemaker (SAN) cell populations. B, UMAP and violin plots of
SAN cell markers in hESC-derived SHOX2:GFP*MYH6:mCherry* SAN-like pacemaker cell populations. €, UMAP and violin plots of neuropilin-1
(NRP1), FURIN and CTSL expression levels in hESC-derived SHOX2:GFP*MYH6:mCherry* SAN-like pacemaker cell populations. D, Immunostaining
of ACE2 (angiotensin-converting enzyme 2), NRP1 in hESC-SAN-like pacemaker cells. Scale bar=20 pm. N=3 independent experiments.

SARS-CoV-2-Spike (SARS-S), and dsRNA antibod-
ies further confirmed the infection of SARS-CoV-2 in
hESC-SAN-like pacemaker cells (Figure 4B). Plaque
assays confirmed productive infection of hESC-SAN—
like pacemaker cells by demonstrating the presence of
infectious progeny virus after SARS-CoV-2 infection
(Figure 4C). Electron microscopy showed viral-like par-
ticles in hESC-SAN-like pacemaker cells containing
myofilaments after infection with SARS-CoV-2 virus (Fig-
ure 4D). Functional assays were performed to examine

Circulation Research. 2022;130:963-977. DOI: 10.1161/CIRCRESAHA.121.320518

the impact of SARS-CoV-2 on Ca?* influx. SARS-CoV-2
infection fully disrupted the normal cycling Ca®* influx
peaks (Figure 4E, Videos S3 and S4). Transcript pro-
filing comparing mock and SARS-CoV-2-infected
hESC-SAN-like pacemaker cells aligning transcripts
with the viral genome confirmed robust viral replication
in hESC-SAN-like pacemaker cells (Figure 4F). Princi-
pal component analysis and clustering analysis showed
that RNA profiles from mock or SARS-CoV-2—infected
hESC-SAN-like pacemaker cells clustered separately
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Figure 4. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infects sinoatrial node (SAN)-like pacemaker cells.
A, Quantitative real-time polymerase chain reaction analysis of total RNA extracted from human embryonic stem cell (hRESC)-SAN-like
pacemaker cells at 24 h postinfection (hpi) with SARS-CoV-2 (multiplicity of infection [MOI]=0.1) for viral N subgenomic RNA (sgRNA). The
graph represents the relative sgRNA level normalized to ACTB. B, Representative confocal images of hESC-SAN-like pacemaker cells infected
with SARS-CoV-2 (MOI=0.1) stained for SARS-CoV-2-Spike (SARS-S), SARS-CoV-2 nucleocapsid (SARS-N), or double-stranded RNA
(dsRNA) at 24 hpi. Scale bar=50 pm. C, Viral titers of hESC-SAN-like pacemaker cells infected with SARS-CoV-2 for 24, 48, or 72 h (MOI=0.1),
quantified by plaque assay. D, Representative electron microscopy images of hESC-SAN-like pacemaker cells infected with mock or SARS-
CoV-2 (MOI=0.5) at 24 hpi. White arrow: myofilaments. Yellow arrow: SARS-CoV-2. Scale bar=500 nm. E, Measurement of calcium influx peaks
in mock or SARS-CoV-2 (MOI=0.1) infected hESC-SAN-like pacemaker cells. F, Read coverage of the viral genome in SARS-CoV-2-infected
hESC-SAN-like pacemaker cells at 24 hpi (MOI=0.1). G, Principal component (PC) analysis plot and Volcano plot analysis of RNA sequencing
data from mock or SARS-CoV-2 (MOI=0.1) infected hESC-SAN-like pacemaker cells at 24 hpi. H, Heatmap of relative SAN marker gene
expression levels comparing mock or SARS-CoV-2 (MOI=0.1) infected hESC-SAN-like pacemaker cells at 24 hpi. The high Z score indicates
high gene expression level. N=3 independent experiments. DAPI indicates 4’,6-diamidino-2-phenylindole; MYH6: mCherry, myosin heavy chain
6: mCherry; PFU, plaque-forming unit; RO, region of Interest; and SHOX2: GFP, short stature homeobox 2: green fluorescent protein. Data are
presented as mean+SD. Pvalues were calculated by unpaired 2-tailed Student test. **A<0.001.
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Figure 5. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection causes sinoatrial node (SAN)-like

pacemaker cell ferroptosis.

A, Ingenuity Pathway Analysis of differential gene expression in mock vs SARS-CoV-2-infected human embryonic stem cell (hRESC)-SAN—

like pacemaker cells at 24 h postinfection (hpi; multiplicity of infection [MOI]=0.1). B, Heatmap comparing expression levels of ferroptosis
related genes in mock vs SARS-CoV-2-infected hESC-SAN-like pacemaker cells at 24 hpi (MOI=0.1). The high Z score indicates high
gene expression level. C, Quantitative real-time polymerase chain reaction analysis comparing GPX4 gene expression levels in mock

or SARS-CoV-2-infected hESC-SAN-like pacemaker cells at 24 hpi (MOI=0.1). The graph represents the relative GPX4 (glutathione
peroxidase 4) level normalized to ACTB. D and E, Immunostaining (D) and quantification (E) of GPX4 protein expression levels in mock or
SARS-CoV-2-infected SHOX2:GFP- (short stature homeobox 2: green fluorescent protein) or SHOX2:GFP* (Continued)
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(Figure 4G). Some SAN markers, including HCN4,
SLN, ISL1, VSNL1, and CASQ2,% were downregulated
in the infected hESC-SAN-like pacemaker cells (Fig-
ure 4H). Consistent with transcript profiles of infected
hESC-cardiomyocytes and heart samples from patients
with COVID-19, robust induction of chemokines, includ-
ing CCL2, and inflammatory genes were detected in
infected hESC-SAN-like pacemaker cells (Figure S4A
and S4B).

SARS-CoV-2 Infection Causes SAN-Like
Pacemaker Ferroptosis

Ingenuity Pathway Analysis of differentially expressed
genes following SARS-CoV-2 infection of hESC-SAN—
like pacemaker cells highlighted pathways involved in the
dilated cardiomyopathy signaling pathway and cardiac
hypertrophy signaling. Interestingly, the ferroptosis sig-
naling pathway was found to be significantly changed in
SARS-CoV-2-infected SAN-like pacemaker cells (Fig-
ure bA). Expression levels for genes involved in ferropto-
sis, including SLC7A11, ACSL4, CP, TF, PCBP2, GPX4,
and HSBP1 are significantly changed (Figure 5B). gRT-
PCR and immunostaining assays (Figure 5C through 5E)
further validated decreased levels of GPX4 transcripts
or protein, respectively, a key factor regulating ferropto-
sis %% in SARS-CoV-2-infected SAN-like pacemaker
cells. The decreased expression level of GPX4 (gluta-
thione peroxidase 4) was only found in infected GFP*
cells but not in infected GFP- cells (Figure 5E). More-
over, SARS-CoV-2-infected SAN-like pacemaker cells
showed accumulation of ROS, one of the hallmarks of
ferroptosis (Figure BF and 5G). Two known ferropto-
sis inhibitors, ferrostatin-1 and deferasirox, each res-
cued expression levels of GPX4 (Figure bH and 5l)
and blocked the ROS induced by SARS-CoV-2 infec-
tion (Figure 5J and BK). The expression of cleaved
CASP3 (caspase 3), a classic apoptotic marker, was
not significantly changed in SARS-CoV-2-infected
SAN-like pacemaker cells (Figure S4C and S4D), which
contrasts with the response to infection of hESC-car-
diomyocytes.®” In addition, the expression level of GPX4
in  SARS-CoV-2-infected hESC-cardiomyocytes was
not significantly changed (Figure S4E and S4F). Fur-
thermore, we examined the expression levels of GPX4 in
hESC-derived lung alveolar organoids, pancreatic endo-
crine cells, liver organoids, and dopamine neurons upon

SARS-CoV-2 Causes Pacemaker Cell Ferroptosis

SARS-CoV-2 infection, as well as in lung tissues from
COVID-19 or non—COVID-19 subjects. GPX4 expres-
sion was not significantly changed between uninfected
and SARS-CoV-2-infected conditions in any of these
organoids or tissues, indicating that SARS-CoV-2 infec-
tion—causing ferroptosis is relatively specific for hESC-
SAN-like pacemaker cells (Figure S4G). The SAN
differentiation protocol involves a metabolic-based selec-
tion step, which has been suggested to produce a heart
failure-like phenotype.®® To confirm that SARS-CoV-2
infection and ferroptosis are independent of metabolic-
based selection, we also infected the hESC-SAN-like
pacemaker population without metabolic-based selec-
tion (Figure S1G). Consistent with the experiments using
hESC-SAN-like pacemaker cells derived with metabolic
selection protocol, SARS-N viral antigen was detected
in SHOX2:GFP*MYH6:mCherryt SAN-like pacemaker
cells derived without metabolic selection (Figure S4H).
Decreased GPX4 expression was also seen in SARS-
CoV-2-infected hESC-SAN-like pacemaker cells
derived without metabolic selection (Figure S41 and S4J).
Thus, SARS-CoV-2 infection and infection-induced fer-
roptosis in hESC-SAN-like pacemaker cells are inde-
pendent of metabolic-based selection.

Chemical Screen ldentifies Drug Candidates
Blocking SARS-CoV-2 Infection in SAN Cells

To identify drug candidates capable of protecting SAN
cells from SARS-CoV-2 infection, hESC-SAN-like
pacemaker cells were treated with 10 uM of a library
of Food and Drug Administration—approved drugs. Four
hours posttreatment, SAN-like pacemaker cells were
infected with SARS-CoV-2 at MOI=0.1. At 24 hours
postinfection, SAN-like pacemaker cells were stained
with SARS-N antibody. The percentage of SARS-N*
cells was used for quantification. The wells in which
a Z score<—2 were chosen as primary hit drugs (Fig-
ure B6A). The hits were evaluated for potency and cyto-
toxicity at different concentrations. Two drugs were
confirmed to decrease the percentage of SARS-N*
cells through a dose-dependent manner, independent
of cytotoxicity, including deferoxamine (EC, =4.56 uM,
Figure 6B and 6C) and imatinib (EC_=0.61 pM, 50%
cytotoxic concentration [CC, ]=32.60 pM, Figure 6D
and 6E). The percentage of SARS-N* cells in wells
treated with 50 pM deferoxamine, or 10 pM imatinib

Figure 5 Continued. hESC-SAN-like pacemaker cells at 24 hpi (MOI=0.1). Scale bar=50 pm. Each dot in the graph represents the relative
GPX4 level for individual SHOX2:GFP* or SHOX2:GFP" cells. F and G, Immunostaining (F) and quantification (G) of reactive oxygen species
(ROS) in mock and SARS-CoV-2-infected hESC-SAN-like pacemaker cells at 24 hpi (MOI=0.1). Scale bar=50 pm. H and I, Inmunostaining
(H) and quantification (I) of GPX4 protein expression level in dimethyl sulfoxide (DMSO), 10 pM ferrostatin-1 or 50 pM deferasirox-treated
hESC-SAN-like pacemaker cells at 24 hpi with SARS-CoV-2 (MOI=0.1). Scale bar=50 pm. J and K, Immunostaining (J) and quantification (K)
of ROS in DMSO, 10 pM ferrostatin-1 or 50 pM deferasirox-treated hESC-SAN-like pacemaker cells at 24 hpi with SARS-CoV-2 (MOI=0.1).
Scale bar=50 pm. N=3 independent experiments. Data are presented as mean+SD. DAP! indicates 4’,6-diamidino-2-phenylindole; FAT10, human
leukocyte antigen (HLA)-F adjacent transcript 10; and MYH6: mCherry, myosin heavy chain 6: mcherry. For comparison of 2 groups, P values
were calculated by unpaired 2-tailed Student ¢ test. For comparison of 3 groups, P values were calculated by 1-way ANOVA with an indicated

control. n.s indicates no significance, *A<0.05, *A<0.01, **A<0.001.
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Figure 6. A high content chemical screen to identify anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) drugs
using human embryonic stem cell (hRESC)-sinoatrial node (SAN)-like pacemaker cells.

A The primary screening result. x axis represents the compound number. y axis represents the Z score. B, Chemical structure of deferoxamine.
C, Efficacy and cytotoxicity curves for deferoxamine. D, Chemical structure of imatinib. E, Efficacy and cytotoxicity curves for imatinib. F and

G, Immunostaining (F) and the quantification (G) of dimethyl sulfoxide (DMSO), 50 pM deferoxamine-treated, or 10 pM imatinib-treated
hESC-SAN-like pacemaker cells at 24 hours postinfection (hpi) with SARS-CoV-2 (multiplicity of infection [MOI]=0.1). Scale bar=50 um. H,
Quantitative real-time polymerase chain reaction analysis of total RNA extracted from DMSO, 50 uM deferoxamine-treated, or 10 uM imatinib-
treated hESC-SAN-like pacemaker cells at 24 hpi with SARS-CoV-2 (MOI=0.1) for viral N subgenomic RNA (sgRNA). The graph represents
the mean sgRNA level normalized to ACTB. |, Read coverage of the viral genome from DMSO, 50 uM deferoxamine-treated, or 10 uM imatinib-
treated hESC-SAN-like pacemaker cells at 24 hpi with SARS-CoV-2 (MOI=0.1). N=3 independent experiments. Data were presented as
meantSD. DAPI, indicates 4’,6-diamidino-2-phenylindole; MYH6: mCherry, myosin heavy chain 6: mcherry; SARS-N, SARS-CoV-2 nucleocapsid;
sgN, sub genomic SARS-CoV-2 nucleocapsid RNA; and SHOX2:GFP, short stature homeobox 2: green fluorescent protein. Pvalues were

calculated by 1-way ANOVA with an indicated control. **~<0.001.

before infection (pretreatment condition) was signifi-
cantly lower than the percentage of SARS-N* cells
in wells treated with dimethyl sulfoxide (DMSO; Fig-
ure 6F and 6G). gRT-PCR assays further validated the
decrease of N subgenomic RNA transcripts for cells
treated with either of the 2 drugs before infection (Fig-
ure 6H). We also added deferoxamine and imatinib 4
hours after infection (postinfection condition). At 24
hours after infection, we found that imatinib, but not
deferoxamine, significantly decreased the percentage
of SARS-N* cells and subgenomic RNA (Figure SHA

Circulation Research. 2022;130:963-977. DOI: 10.1161/CIRCRESAHA.121.320518

through S5C). Consistently, both deferoxamine and
imatinib decreased virus infection in hESC-cardiomy-
ocytes when applied preinfection, while only imatinib
decreased virus infection in hESC-cardiomyocytes
when applied postinfection (Figure S5D through Sbl).
RNA-seq was applied to analyze transcript profiles for
the DMSQO, deferoxamine, or imatinib-treated SAN-like
pacemaker cells. The alignment to SARS-CoV-2 viral
genome further validated the significant decrease of
SARS-CoV-2-associated transcripts in deferoxamine
or imatinib treated SAN-like pacemaker cells (Figure 61).
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Figure 7. Deferoxamine and imatinib inhibit severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection-induced
ferroptosis.

A, Quantitative real-time polymerase chain reaction analysis of GPX4 expression levels in dimethyl sulfoxide (DMSO), 50 puM deferoxamine-treated, or
10 uM imatinib-treated human embryonic stem cell (RESC)-sinoatrial node (SAN)-like pacemaker cells at 24 hours postinfection (hpi) with SARS-
CoV-2 (multiplicity of infection [MOI]=0.1). The graph represents the RNA level normalized to ACTB. B and C, Immunostaining (B) and quantification
(C) of GPX4 expression levels in DMSO, 50 pM deferoxamine-treated, or 10 pM imatinib-treated hESC-SAN-like pacemaker cells at 24 hpi with
SARS-CoV-2 (MOI=0.1). Scale bar=50 pum. D and E, Immunostaining (D) and quantification (E) of reactive oxygen species (ROS) in DMSO, 50 uM
deferoxamine-treated, or 10 pM imatinib-treated hESC-SAN-like pacemaker cells at 24 hpi with SARS-CoV-2 (MOI=0.1). Scale bar=50 um. F and
G, Principal component (PC) analysis plot (F) and cluster analysis (G) of gene expression profiles of mock and DMSO, 50 uM deferoxamine-treated,
or 10 uM imatinib-treated hESC-SAN-like pacemaker cells at 24 hpi with SARS-CoV-2 (MOI=0.1). H and I, Heatmap of ferroptosis-associated
gene expression levels in DMSO, 50 pM deferoxamine-treated, or 10 pM imatinib-treated hESC-SAN-like pacemaker cells at 24 hpi with SARS-
CoV-2 (MOI=0.1). The high Zscore indicates high gene expression level. N=3 independent experiments. Data are presented as mean+SD. DAPI
indicates 4’,6-diamidino-2-phenylindole; GPX, glutathione peroxidase; MYH6: mCherry, myosin heavy chain 6: mcherry; and SHOX2:GFP, short
stature homeobox 2: green fluorescent protein. Pvalues were calculated by 1-way ANOVA with an indicated control. *A<0.05 and **A<0.01.
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Deferoxamine and Imatinib Block SARS-CoV-2
Infection-Associated Ferroptosis

Deferoxamine and imatinib were evaluated for their
capacities to block SARS-CoV-2 infection-mediated fer-
roptosis. gRT-PCR assays showed higher expression lev-
els of GPX4 with either 50 pM deferoxamine or 10 pM
imatinib treatment (Figure 7A) following SARS-CoV-2
infection. Immunostaining further confirmed the higher
expression levels of GPX4 (Figure 7B and 7C) and
lower levels of ROS (Figure 7D through 7E) in 50 pM
deferoxamine+SARS-CoV-2 or 10 pM imatinib+SARS-
CoV-2 treated SAN-like pacemaker cells. Principal com-
ponent analysis and clustering analysis of RNA-seq
profiles showed that deferoxamine or imatinib treated
SAN-like pacemaker cells clustered very close to mock-
treated SAN-like pacemaker cells compared with SARS-
CoV-2+DMSO-treated cells (Figure 7F and 7G and
Figure SB6A). RNA-seq profiles validated the decreased
levels of ferroptosis-associated genes in SARS-CoV-2-
infected SAN-like pacemaker cells treated with 50 pM
deferoxamine (Figure 7H) or 10 pM imatinib (Figure 71)
compared with DMSO treated SAN-like pacemaker cells,
respectively. Together, the data show that deferoxamine
and imatinib block SARS-CoV-2 infection and subse-
quent ferroptosis. Consistently, SARS-CoV-2-infected
SAN-like pacemaker cells treated with either 50 pM
deferoxamine (Figure S6B and S6C) or 10 pM imatinib
(Figure S6D and S6E) showed significantly decreased
expression levels of chemokines and inflammatory genes
compared to DMSO-treated infected SAN-like pace-
maker cells.

DISCUSSION

Comprising the functional pacemaker of the heart, SAN
cells play a critical role in controlling heartbeat rhythm.
However, insight into molecular and cellular features of
human SAN biology has been challenging due to techni-
cal difficulty in isolating and culturing SAN cells. hPSCs,
which have unlimited proliferation capacity and the abil-
ity to differentiate to any cell lineage, provide a valuable
resource to generate human SAN-like pacemaker cells.
Some progress has been made by either directed differen-
tiation™? or overexpression of SAN-associated transcrip-
tional factors.®* However, the field has previously lacked
a positive selection strategy to obtain highly enriched
SAN-like pacemaker cells for disease modeling."?" For
this purpose, we created a dual knock-in SHOX2:GFP;
MYH6:mCherry reporter line and developed an efficient
protocol to derive and purify human SAN-like pacemaker
cells. The derived GFP* cells are enriched for expression
of SHOX2, TBX3, TBXb, TBX18, HCN1, HCN4, ISL1,
and depleted for cardiomyocyte muscle markers MYL2
and IRX4 (iroquois homeobox 4). Furthermore, electro-
physiological experiments and action potentials further
validated the SAN cell identity of the GFP* cells. To

Circulation Research. 2022;130:963-977. DOI: 10.1161/CIRCRESAHA.121.320518
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perform single-cell electrophysiology, the cells were dis-
sociated into single cells and recorded at room tempera-
ture. We note that the beat-to-beat interval of nodal-like
cells under these conditions is longer than seen under
physiological conditions.

Recent studies have reported that patients with
COVID-19 with severe illness developed a variety of
arrhythmias including sinus bradycardia independent of
the clinical characteristics of myocarditis or myocardial
infarction,’® suggesting possible defects of the cardiac
conduction system in patients with COVID-19. There
could be many causes for SAN abnormalities, including
a variety of secondary effects, most notably inflamma-
tion from the cytokine storm. However, it is also possible
that defects might be caused by direct viral infection in
patients with COVID-19. Due to challenges in collect-
ing SAN tissues of patients with COVID-19, we analyzed
SARS-CoV-2—-infected hamsters, a broadly used model
to study SARS-CoV-2 pathogenesis and antiviral drug
testing. qRT-PCR detected viral transcripts in the right
atrium of hamster hearts and immunostaining further
demonstrated the presence of SARS-CoV-2 spike pro-
tein and dsRNA in HCN4+ SAN cells. The current study
focused on male hamsters, which are reported to show
greater morbidity and susceptibility after SARS-CoV-2
infection.’®'”  Additional work is needed to examine
the SAN of SARS-CoV-2-infected female hamsters.
Therefore, it is a reasonable possibility that patients
with COVID-19 could suffer arrhythmia from direct SAN
infection.

We, therefore, explored the impact of SARS-CoV-2
infection on hPSC-SAN-like pacemaker cells and
found that SARS-CoV-2 infection causes ferroptosis.
Although SARS-CoV-2 has been reported to induce cel-
lular apoptosis,®® this is to our knowledge the first report
of SARS-CoV-2-mediated ferroptosis. Ferroptosis is
mainly caused by the accumulation of lipid ROS in cells,
resulting in fatal lipid peroxidation.*® Iron, the overload
of which causes ferroptosis, has been reported to be an
important mechanism contributing to the pathogenesis
of various viruses, including hepatitis B virus,*’ hepati-
tis C virus,*> human immunodeficiency virus (HIV-1)%3
and human cytomegalovirus.** Ferroptosis of SAN-like
pacemaker cells induced by SARS-CoV-2 infection
might contribute to the pathogenesis of patients with
COVID-19 and explain some of the cardiac arrhyth-
mias observed in patients. Interestingly, although many
types of cells/organoids, including hESC-SAN-like
pacemaker cells, cardiomyocytes,*® hPSC-derived lung
alveolar organoids,*® hPSC-derived pancreatic endocrine
cells,*” hPSC-derived liver organoids,*” can be infected
by SARS-CoV-2, ferroptosis is only detected in SARS-
CoV-2-infected hESC-SAN-like pacemaker cells, indi-
cating a cell type—specific response to SARS-CoV-2
infection.

We further adapted the hESC-SAN-like pacemaker
cell platform to perform a high throughput screen for
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drugs inhibiting SARS-CoV-2 infections. One hit com-
pound, imatinib, was identified in our previous studies
using a lung or colon organoid-based viral entry screen,*®
highlighting the anti-viral activity of imatinib across mul-
tiple tissues and organs. Another hit compound, defer-
oxamine, is a medication that binds iron, is used to treat
iron overdose,*® and is a known inhibitor of ferroptosis.
Suggesting one possible mechanism, treatment with def-
eroxamine decreases the RNA and protein level of CTSL,
a key factor involved in SARS-CoV-2 entry (Figure STA
through S7D). Moreover, deferoxamine treatment sig-
nificantly decreases SARS-CoV-2 entry in both hESC-
SAN-like pacemaker cells and hESC-cardiomyocytes
using our previously reported platform*® (Figure S7E and
S7F).
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