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SUMMARY
The pathogenicity of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has been attributed to its ability to enter through the

membrane-bound angiotensin-converting enzyme 2 (ACE2) receptor. Therefore, it has been heavily speculated that angiotensin-convert-

ing enzyme inhibitor (ACEI) or angiotensin receptor blocker (ARB) therapymaymodulate SARS-CoV-2 infection. In this study, exposure

of human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) and human endothelial cells (hECs) to SARS-CoV-2 identified sig-

nificant differences in protein coding genes involved in immunity, viral response, and cardiomyocyte/endothelial structure. Specifically,

transcriptome changes were identified in the tumor necrosis factor (TNF), interferon a/b, and mitogen-activated protein kinase (MAPK)

(hPSC-CMs) as well as nuclear factor kappa-B (NF-kB) (hECs) signaling pathways. However, pre-treatment of hPSC-CMs or hECswith two

widely prescribed antihypertensivemedications, losartan and lisinopril, did not affect the susceptibility of either cell type to SARS-CoV-2

infection. These findings demonstrate the toxic effects of SARS-CoV-2 in hPSC-CMs/hECs and, taken together with newly emerging

multicenter trials, suggest that antihypertensive drug treatment alone does not alter SARS-CoV-2 infection.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), the virus responsible for coronavirus disease 2019

(COVID-19), has been the source of a widespread pandemic

of respiratory illness. In itsmost virulent form, SARS-CoV-2

can lead to severe pneumonia, pulmonary edema, and

acute respiratory distress syndrome, thereby being predom-

inantly characterized as a pulmonary disease (Chen et al.,

2020). However, growing clinical evidence has suggested

the multi-systemic spread of COVID-19 into various or-

gans, including the lungs, nervous system, and most

notably the heart (Puntmann et al., 2020; Rajpal et al.,

2020; Shi et al., 2020). Newly emerging studies

have described malignant arrhythmias (ventricular tachy-

cardia/ventricular fibrillation) (Guo et al., 2020), cardiac ar-

rest (Thapa et al., 2020), and cardiac injury (Lala et al.,

2020; Shi et al., 2020) as complications and contributing

factors to in-hospital mortality of COVID-19 patients, sug-

gesting a strong association between viral infection and

potential cardiac damage. Hospitalized patients with

COVID-19 who sustain cardiac injury have been shown

to require mechanical ventilation, have increased rates of

complications (acute respiratory distress syndrome, acute
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kidney injury, and coagulation disorders), and have a

significantly higher mortality compared with patients

without cardiac injury (Shi et al., 2020). Furthermore, it

has been reported that individuals with underlying comor-

bidities, including cardiovascular disease, are particularly

susceptible to SARS-CoV-2 infection, cardiac injury-related

events, and increased mortalities (Wang et al., 2020; Yang

et al., 2020). Cardiovascular disease is associatedwith endo-

thelial dysfunction (Perticone et al., 2001), and severe

SARS-CoV-2 infections can result in diffuse endothelial

inflammation and vascular disease (see reviews by Pons

et al., 2020; Siddiqi et al., 2021), which, in turn, could prop-

agate the multi-systemic effects, thromboembolic compli-

cations, and hidden cardiac consequences of SARS-CoV-2.

Therefore, growing concern has been expressed about the

effects of SARS-CoV-2 on the heart and the susceptibility

of developing COVID-19 in certain patient populations.

SARS-CoV-2 infects the host through membrane-bound

angiotensin-converting enzyme 2 (ACE2) receptors. Inter-

action between the viral spike glycoprotein and the amino-

peptidase ACE2 receptor facilitates SARS-CoV-2 entry into

human cells (Xu et al., 2020); therefore, organs such as

the lungs, kidneys, intestine, and heart may be at high

risk for potential infection due to their expression of the
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Figure 1. Structures of membrane-bound
ACE, ACE2, and accessory receptors
involved in SARS-CoV-2 viral entry
(A) Major domains of angiotensin-I-con-
verting enzyme (ACE), angiotensin II type I
receptor (AT1R), Mas receptor (MasR), and
angiotensin-converting enzyme 2 (ACE2).
Domain colors correlate with protein struc-
tures and black bars located above
domains indicate segments of known pro-
tein structures.
(B) Tertiary structures show lisinopril irre-
versibly inhibits the active site of ACE at the
M2-1 (PDB: 2c6n) (Corradi et al., 2006) and
M2-2 (PDB: 1o86) (Natesh et al., 2003)
domains.
(C) ACE, a carboxypeptidase, converts
angiotensin I (PDB: 1n9u) (Spyroulias et al.,
2003) into angiotensin II (PDB:1n9v)
(Spyroulias et al., 2003). Angiotensin II

subsequently binds to the AT1R (PDB: 6os0) (Wingler et al., 2020) and initiates downstream systemic and cardio-renal effects (aldosterone
and antidiuretic hormone secretion, sympathetic overdrive, and arterial vasoconstriction). Losartan is a selective antagonist of AT1R,
blocking the binding of angiotensin II and thus its vasoactive effects. ACE2, a carboxymonopeptidase, metabolizes angiotensin II into
angiotensin 1,7 (PDB: 2jp8) (Lula et al., 2007), which binds to the MasR (homology model of MasR obtained from the Phyre2 server for
UniProt P04201) (Kelley et al., 2015) and antagonizes the effects of angiotensin II. Angiotensin processing is indicated by curved arrows
and destination docking is indicated by straight arrows.
(D) The S1 subunit of the spike protein on SARS-CoV-2 binds to the ACE2 dimeric complex (PDB: 6m17, B0AT1 omitted) (Yan et al., 2020),
which consists of an N-terminal peptidase domain (PD) and a C-terminal collectrin-like domain (CLD). The PD of ACE2 provides a direct
binding site for the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein (yellow bars in A indicate ACE2 helices involved in
S-protein RBD recognition). Note: regions of unknown structure are shown as dashed lines, approximately one dash per missing amino
acid. Receptor-bound inhibitors or substrates are depicted as CPK spheres (ACE and AT1R) and locations of ligand binding sites are
indicated by gray globules for the MasR homology model and ACE2 structure.
ACE2 receptor (Zou et al., 2020). Physiologically, ACE2 is a

counter-regulatory protease to the renin-angiotensin-aldo-

sterone system (RAAS) and functions to metabolize

angiotensin II into angiotensin 1,7, a vasodilator peptide

(Figure 1) (Oudit et al., 2003). Angiotensin II receptor

blockers (ARBs) and angiotensin-converting enzyme inhib-

itors (ACEIs) are first-line medical treatments offered to pa-

tients with hypertension, heart failure, and chronic kidney

disease, allowing neurohormonal regulation of the RAAS

system. Previously, it was demonstrated that ACE2 mRNA

expression increased with ACEI and ARB therapy in rodent

hearts (Ferrario et al., 2005). Therefore, it was heavily

suspected that the use of ACEIs or ARBs may affect the sus-

ceptibility of certain patients to SARS-CoV-2 infection.

However, more recent data show conflicting evidence

regarding the correlation between SARS-CoV-2 disease

severity and antihypertensive drug therapy.

Two population-based studies from Lombardy, Italy, and

New York City, United States, confirmed there was no evi-

dence that ACEIs or ARBs affected the susceptibility (Man-

cia et al., 2020) or disease severity (Reynolds et al., 2020),

respectively, of COVID-19 patients. However, recent single
2460 Stem Cell Reports j Vol. 16 j 2459–2472 j October 12, 2021
nuclei RNA sequencing (RNA-seq) of cardiac tissue frompa-

tients with aortic stenosis and heart failure showed that pa-

tients treated with ACEIs had significantly higher ACE2

expression compared with patients treated with ARBs (Ni-

cin et al., 2020), suggesting that ACEIs may aggravate

cardiovascular pathology in patients with SARS-CoV-2

infection, through the upregulation of ACE2 receptors.

Conversely, two retrospective studies from China

concluded that hospitalized COVID-19 patients with hy-

pertension had a lower risk of all-cause mortality with the

use of ACEI/ARB therapy compared with non-users (Zhang

et al., 2020) and that patients receiving ACEI/ARB therapy

had a lower rate of severe disease and decreased peak viral

load compared with non-ARB/ACEI-treated patients

(Meng et al., 2020). Therefore, there is conflicting evidence

regarding the susceptibility of certain individuals to SARS-

CoV-2 and the risk factors that predispose patients to

increased cardiac damage. Current published data are

limited by human sample size, sample availability, and

confounding effects from patient comorbidities and pre-

scription use. Furthermore, the results from these studies

only account for late-stage disease findings instead of



(legend on next page)
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early-stage or disease-onset mechanisms. As with most

cardiac disease modeling, it is difficult to obtain human

primary cardiomyocytes; therefore, to circumvent these

drawbacks and to directly examine the primary effects of

SARS-CoV-2, in this studywe used both human pluripotent

stem cell-derived cardiomyocytes (hPSC-CMs) and primary

hECs to (1) identify the expression levels of genes impli-

cated in ACEI/ARB therapy and SARS-CoV-2 infection dur-

ing hPSC-CMdifferentiation, (2) identify differences in the

transcriptomic signatures of SARS-CoV-2-infected hPSC-

CMs and hECs, and (3) determine potential changes in

SARS-CoV-2 viral load with two widely prescribed antihy-

pertensive medications, losartan and lisinopril.
RESULTS

hiPSC-CMs express genes involved in

antihypertensive drug treatment and SARS-CoV-2

viral entry

Recently, growing evidence has suggested that SARS-CoV-2

has a cardiac-specific tropism; however, the degree of

tropism for specific cardiac cell types and the consequences

of the viral load on the heart are still largely unknown. To

determine the role cardiomyocytes play in SARS-CoV-2

infection and to characterize human induced pluripotent

stem cell-derived cardiomyoyctes (hiPSC-CMs) as a model

for SARS-CoV-2 cell entry, we assessed the expression levels

of the SARS-CoV-2 entry receptor (ACE2), entry co-receptor

neuropilin 1 (NRP1), viral entry proteases (transmembrane

serine protease [TMPRSS2], furin [FURIN], cathepsin L

[CTSL] and cathepsin B [CTSB]), endosomal membrane

trafficking protein coding gene FYVE- type zinc finger-con-

taining phosphoinositide kinase (PIKFYVE), and genes tar-

geted by ACEI/ARB therapywithin the RAAS pathway (ACE

and angiotensin II receptor type 1 [AGTR1]). Transcriptome

analysis from bulk RNA-seq of hiPSC-CMs during cardio-

myocyte differentiation showed that ACE2 expression

increased over time, peaking around day 9 in culture, while

the expression pattern of ACE remained relatively low and

constant (Figure 2A). The cell surface receptors AGTR1 and

NRP1, as well as CTSL, showed increased expression at day

9, while TMPRSS2 expression decreased over time (Fig-

ure 2A). To further validate the relevant SARS-CoV-2 entry

markers in TNNT2-positive cardiomyocytes, uniform

manifold approximation and projection (UMAP) plots
Figure 2. Expression profiles of select ACEI/ARB and SARS-CoV-2
(A) Retrospective analysis of published bulk RNA-seq (Churko et al.,
expression of ACE2, AGTR1, CTSL, and NRP1 increases over time, where
differentiation. Data are expressed as mean ± SEM (N = 3 independen
(B) UMAP plots from previously reported single-cell RNA-seq (Churko e
expression profiles for ACE, ACE2, AGTR1, TMPRSS2, FURIN, CTSB, CTSL
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from single-cell RNA-seq analysis of hiPSC-CMs were

analyzed and demonstrated that ACE2 expression was de-

tected early in cardiomyocyte development (day 14 versus

day 45), whereas ACE and AGTR1 expression remained low

over time (Figure 2B). Although TMPRSS2was not detected

in hiPSC-CMs at the single-cell level, endosomal CTSB,

CTSL, FURIN, and PIKFYVE, all involved in the endocytosis

of viral fusion proteins (Kang et al., 2020; Riva et al., 2020),

were identified on days 14 and 45 of hiPSC-CM differenti-

ation. These results suggest that human cardiomyocytes

are susceptible to SARS-CoV-2 infection; however, viral

entry may not involve the cell surface serine protease

TMPRSS2. This is in contrast to other human beta-corona-

viruses (e.g., SARS-CoV and Middle East respiratory syn-

drome [MERS]-CoV), which have limited reports of cardio-

vascular involvement (Xiong et al., 2020).
SARS-CoV-2 infection results in significant

transcriptional changes in hPSC-CMs and hECs

Given that SARS-CoV-2 has been detected in human cardi-

omyocytes (Pesaresi et al., 2020), it is unclear whether

injury to themyocardium is a result of direct viral infection

or secondary to systemic inflammation and hypoxia. To

begin addressing this question, we first examined the tran-

scriptional changes associated with direct SARS-CoV-2

exposure in hPSC-CMs. Since these cells are devoid of

any systemic or neurohormonal response, they provide a

suitable model for testing the primary effects (as opposed

to secondary or compensatory effects) of viral infection.

Therefore, hPSC-CMs were infected with SARS-CoV-2 at

0.1MOI for 24 h (Figure S1A), at days 9–14 of hPSC-CMdif-

ferentiation in culture (as this was the time interval

when ACE2 expression was highest; p = 0.008, one-way

ANOVA, day 5 versus day 9; Figure 2A), and subsequently

subjected to RNA-seq. Transcriptome analysis showed sig-

nificant differentially expressed genes (DEGs) (1,160 genes,

q < 0.05) between SARS-CoV-2-infected hPSC-CMs and un-

infected controls (Figure 3A). STRING (Search Tool for the

Retrieval of Interacting Genes/Proteins) network analysis

identified significant enrichment of protein coding genes

involved in three key proinflammatory and antiviral

signaling pathways in infected hPSC-CMs compared with

controls: tumor necrosis factor (TNF), interferon alpha/

beta (IFN-a/b), and mitogen-activated protein kinase

(MAPK) (Figure S1B). When differentially regulated
targeted genes in human iPSC-CMs
2018) in hiPSC-CMs during differentiation demonstrates that the
as human ACE and TMPRSS2 expression remains low during cardiac
t cardiac differentiations).
t al., 2018) of TNNT2-positive hiPSC-CMs, at days 14 and 45, display
, NRP1, and PIKFYVE.



Figure 3. Acute transcriptional effects of SARS-CoV-2-infected hPSC-CMs and hECs
(A) Heatmap analysis generated from bulk RNA-seq showing DEGs (1,160 genes, q < 0.05) between SARS-CoV-2-infected and -uninfected
hPSC-CMs at 24 h post infection (N = 3 independent cardiac differentiations per condition).
(B) Transcriptional expression profiles from bulk RNA-seq of control SARS-CoV-2-uninfected (red) and -infected (orange) hPSC-CMs de-
picting upregulated and downregulated genes involved in immunity and viral response, SARS-CoV-2 entry, and cardiomyocyte structure
and function (empirical Bayes moderated t test, *p < 0.05, **p < 0.005, ***p < 0.0005, N = 3 independent differentiations).
(C) Heatmap analysis generated from bulk RNA-seq of hECs demonstrating DEGs (845 genes, p < 0.05) between SARS-CoV-2-infected and
-uninfected cells (N = 3 independent endothelial cell expansions).

(legend continued on next page)
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genes from SARS-CoV-2-exposed hPSC-CMs were further

subdivided (Figure 3B), genes associatedwith innate immu-

nity, viral response, and infection were found to be signif-

icantly upregulated (RELB, TNFAIP3, NFKIBZ, and BCL6).

Genes involved in the SARS-CoV-2 entry pathwaywere pre-

dominantly unaltered, with the exception of CTSL. Upre-

gulation of genes associated with cellular stress response

(ATF3) and apoptotic cell death (NR4A1 and FOS) were

also observed in infected hPSC-CMs. Interestingly, signifi-

cant transcriptional changes were identified in genes en-

coding cardiomyocyte structure (MYZAP) and sarcomeric

proteins (TMOD1, TNNT2, and TNNI1) as well as genes

associated with cardiomyocyte function (HBEGF, KCNJ8),

metabolism (AK1), and cardiac development (TBX5,

HRG1, and NOTCH1). Overall, pathway analysis identified

genes associated with cellular respiration as significantly

enriched, while antioxidant and muscle contraction path-

ways were significantly downregulated in infected hPSC-

CMs (Figure S1C). Gene Ontology (GO) term enrichment

analysis further showed upregulation of genes linked to

cell death with concurrent downregulation of genes

involved in sarcomere structure and the cardiomyocyte

contractile machinery.

Given that SARS-CoV-2 infection can result in severe

endothelial dysfunction with subsequent inflammation

and thrombosis in various organ systems, including the

kidneys, heart, lung, and liver (Varga et al., 2020), we

next examined the transcriptional changes associated

with SARS-CoV-2 infection in primary hECs. Following

SARS-CoV-2 infection, transcriptome analysis showed sig-

nificant DEGs (845 genes, p < 0.05) between infected and

uninfected hECs (Figure 3C). Similar to SARS-CoV-2-in-

fected hPSC-CMs, infected hECs also showed significant

differences in genes associated with immunity and viral

response; however, they did not display significant

changes in genes involved with SARS-CoV-2 viral entry

(Figure 3D). Interestingly, SARS-CoV-2-infected hECs had

downregulated genes involved in the NF-kB pathway

(TNFRSF4), which regulates cell apoptosis, cell-cycle pro-

gression (ZBTB16), and cell-cell adhesions (PCDH12 and

PCDH1). Genes involved in cellular stress response

(SGK1) and endothelial disease (ESM1) were found to be

significantly elevated.WhenDEGs in SARS-CoV-2-infected

hPSC-CMs were compared with infected hECs, 78 genes

common to both cell types were identified (Figure 3E).

Within these genes, four enriched gene target groups
(D) Transcriptional expression profiles from bulk RNA-seq of control (p
in immunity and viral response as well as other endothelial-associate
N = 3 independent endothelial cell expansions).
(E) Seventy-eight common DEGs were identified between SARS-CoV-2
(F) Shared pathways and their related genes in SARS-CoV-2-infected h
value for each pathway. All data are expressed as mean ± SEM.
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were identified: viral translation, MORC2 (transcriptional

repression in response to DNA damage), SETD1A (histone

methylation), and NFRKB (transcriptional regulation and

DNA repair) (Figure 3F). Taken together, these results indi-

cate a robust inflammatory response and significant tran-

scriptional changes in SARS-CoV-2-infected hPSC-CMs

and hECs.

Antihypertensive drug treatment in SARS-CoV-2

exposed cells did not alter the susceptibility of hPSC-

CMs or hECs to viral infection

Particular attention has been placed on a specific popula-

tion of patients who are prescribed antihypertensive

medications, such as lisinopril (an ACEI) and losartan

(an angiotensin II receptor blocker) because not only

do these patients present with underlying cardiovascular

disease but there is ongoing debate surrounding the pro-

tective and/or harmful use of these therapies due to the

possible upregulation of ACE2. Since ACE2 is a key

component in SARS-CoV-2 viral entry and an important

downstream effector within ACEI/ARB therapy, we first

aimed to confirm the importance of ACE2 in SARS-

CoV-2 entry in hPSC-CMs. Therefore, we generated an

ACE2 knockout (KO) hPSC-CM line (Figure 4A), which

showed significantly reduced ACE2 mRNA levels (Fig-

ure 4B) and significantly decreased SARS-CoV-2 viral

load (Figure 4C) with the use of two US Food and Drug

Administration (FDA)-approved primers for SARS-CoV-2

(N1 and N3).

The abolition of SARS-CoV-2 viral transcripts inACE2KO

hPSC-CMs confirmed the necessity of ACE2 in hPSC-CM

SARS-CoV-2 infection. Next, to capture the potential pri-

mary effect(s) of antihypertensive therapy on the suscepti-

bility of SARS-CoV-2 infection and viral load, we treated

both hPSC-CMs and hECs with either 5 mM lisinopril,

10 mM losartan carboxylic acid (a potent active metabolite

of losartan), or DMSO for 36–72 h. To ensure maximal ef-

fect of each drug, concentrations above published half

maximal inhibitory concentration (IC50) values and treat-

ment time intervals (Burnier, 2001; Desideri et al., 2008;

Patchett et al., 1980; Sachinidis et al., 1993) (with no

observed cellular toxicity) were used. Comparison between

hPSC-CMs treatedwith lisinopril or losartan revealed negli-

gible differences in gene expression (51–93 genes using an

empirical Bayes moderated t test, p < 0.05) and pathways

specific to each treatment (Figure 4D). Enriched pathways
urple) and SARS-CoV-2-infected (blue) hECs showing DEGs involved
d genes (empirical Bayes moderated t test, *p < 0.05, **p < 0.005,

-infected hPSC-CMs and hECs (p < 0.05).
PSC-CMs and hECs. Brackets indicate the false discovery rate (FDR)



Figure 4. Antihypertensive treatment and susceptibility of hPSC-CMs and hECs to SARS-CoV-2 infection
(A) A schematic of the generation of the ACE2 KO hPSC-CM line.
(B and C) qPCR quantification of (B) ACE2 and (C) SARS-CoV-2 transcript levels in control hPSC-CMs and ACE2 KO hPSC-CMs (N = 3
independent cardiac differentiations, ****p < 0.0001).
(D) Heat map generated from bulk RNA-seq demonstrating DEGs (MarkerFinder algorithm) and enrichment terms for hPSC-CMs (N = 4
independent cardiac differentiations) treated with lisinopril or losartan. Brackets indicate the FDR value for each pathway.

(legend continued on next page)
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in lisinopril-treated versus -untreated hPSC-CMs were

observed in cholesterol biosynthesis and transcriptional

regulation. Accordingly, hECs treated with lisinopril re-

vealed genes involved in estrogen signaling and lipid

metabolism, while hECS treated with losartan showed

enrichment in genes encoding cholesterol homeostasis

and immune function (Figure 4E). To examine the acute ef-

fect(s) of SARS-CoV-2 infection in hPSC-CMs and hECs,

cells were infected with SARS-CoV-2 at 0.1 MOI for 24 h.

Overlapping DEGs in lisinopril- or losartan-treated hPSC-

CMs with DEGs in SARS-CoV-2-infected hPSC-CMs re-

vealed nine gene differences to overlap in lisinopril-treated

and 22 gene differences in losartan-treated cells, compared

with 3,053 genes identified in infected SARS-CoV-2 hPSC-

CMs. ACE2 was not identified as a DEG (Figure 4F). To

further validate this result, we examined ACE2 expression

in drug-treated versus -untreated hPSC-CMs and found

no significant difference in ACE2 transcript levels with

either lisinopril or losartan (Figure 4G). Overall, this indi-

cates that antihypertensive drug treatment may have a

marginal effect on the transcriptional regulation of hPSC-

CMs and hECs in vitro.

To investigate the potential effects of antihypertensive

therapy with SARS-CoV-2 infection, we utilized both

hPSC-CMs and hECs to determine if treatment with anti-

hypertensive drugs and subsequent infection with SARS-

CoV-2 alters (1) expression of genes/proteins associated

with viral entry, and (2) susceptibility of hPSC-CMs and

hECs to SARS-CoV-2 infection. When hPSC-CMs and

hECs were infected with SARS-CoV-2 for 24 h, viral load

was significantly higher in hPSC-CMs compared with

hECs (Figure 4H). This was demonstrated by coverage

map visualizations, which identified reads that aligned

to the SARS-CoV-2 viral genome in both SARS-CoV-2-in-

fected hPSC-CMs and hECs, albeit at far lower levels in

infected hECs (Figure S1D). Next, hPSC-CMs and hECs

were treated with either lisinopril or losartan and subse-

quently infected with SARS-CoV-2. Viral load remained
(E) Heat map generated from bulk RNA-seq showing DEGs and enrichm
lines) treated with lisinopril or losartan. Brackets indicate the FDR va
(F) Weighted Venn diagram demonstrating the overlap of DEGs betwee
treated hPSC-CMs (empirical Bayes moderated t test, *p < 0.05, N = 4
(G) qPCR quantification showing the relative fold change of ACE2 tran
compared with untreated hPSC-CMs (N = 7 independent cardiac differ
(H) Relative expression of SARS-CoV-2 viral load in hECs (N = 4 inde
independent cardiac differentiations) transduced with SARS-CoV-2 at
(I and J) SARS-CoV-2 viral load after treatment of hPSC-CMs (N = 7
experiments from two patient lines) with lisinopril or losartan and su
(K) Immunoblot analysis for ACE2 and CTSL expression in hPSC-CMs tre
(N = 4 independent cardiac differentiations). All data are expressed
parisons test was used, unless otherwise indicated. 2019-nCoV_N1 an
detection.
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unchanged in both hPSC-CM and hEC treated cells after

24 h of SARS-CoV-2 exposure (Figures 4I and 4J). Further-

more, to confirm whether SARS-CoV-2 infection and

concomitant use of antihypertensive therapy effects

downstream proteins associated with viral entry, immu-

noblot analysis was performed in hPSC-CMs (Figure 4K).

Protein expression of ACE2 and CTSL was not signifi-

cantly altered in hPSC-CMs infected with SARS-CoV-2

and/or treated with lisinopril or losartan. Given that the

hPSC-CM in vitro systemmay have decreased levels of nat-

ural components (e.g., angiotensin I or II) of the renin-

angiotensin axis, we interrogated our latter findings in

the presence of angiotensin II, a key substrate for AT1R

and ACE2. Therefore, hPSC-CMs were treated in isolation

or in combinationwith angiotensin II/losartan. Following

infection with SARS-CoV-2, no significant changes in viral

load (Figure S1E) or ACE2 transcript levels were detected

(Figure S1F). However, immunoblot analysis showed a

reduced, but non-significant (p = 0.059), change in

expression of ACE2 in the presence of angiotensin II (Fig-

ure S1G). Altogether, these results indicate that hPSC-CMs

are more susceptible to SARS-CoV-2 infection compared

with hECs and that antihypertensive therapy does not

alter the susceptibility of either cell type to SARS-CoV-2

infection.
DISCUSSION

Emerging reports have highlighted the potential magni-

tude of cardiac damage that ensues following SARS-CoV-2

infection, both in vivo (Guo et al., 2020; Lala et al., 2020;

Puntmann et al., 2020; Shi et al., 2020) and in vitro (March-

iano et al., 2021; Pérez-Bermejo et al., 2020). Currently,

there is a diverse spectrum of cardiac manifestations that

have been reported in COVID-19 patients: cell necrosis

(Fox et al., 2020a), myocarditis (Rajpal et al., 2020; Siripan-

thong et al., 2020), and right ventricular dilatation (Fox
ent terms for hECs (N = 3 independent experiments from two patient
lue for each pathway.
n hPSC-CMs infected with SARS-CoV-2 versus losartan- or lisinopril-
independent cardiac differentiations from RNA-seq data in D).
script levels in hPSC-CMs treated with either lisinopril or losartan,
entiations).
pendent experiments from two patient lines) and hPSC-CMs (N = 7
0.1 MOI. Student’s t test, ****p < 0.0001.
independent cardiac differentiations) or hECs (N = 4 independent
bsequent infection with SARS-CoV-2.
ated with either lisinopril or losartan and infected with SARS-CoV-2
as mean ± SEM. A one-way ANOVA with Bonferroni’s multiple com-
d 2019-nCoV_N3 refer to two FDA-approved primers for SARS-CoV-2



et al., 2020b), all of which have culminated in the observed

secondary increases in cardiogenic shock (Kim et al., 2020),

malignant arrhythmias (Guo et al., 2020), myopericarditis

(Purohit et al., 2020), in-hospital arrest (Thapa et al., 2020),

and overall mortality (Shi et al., 2020) in this patient pop-

ulation. Furthermore, patients who have recovered from

COVID-19 have been reported to have ongoingmyocardial

inflammation (Puntmann et al., 2020). Collectively, these

studies have identified the heart as a target of SARS-CoV-2

infection; however, how this virus infects the myocardium

and utilizes the cardiac environment to cause subsequent

damage is largely still unknown. Many reports to date

have focused on late-stage disease onset or post mortem car-

diac injury; therefore, identifying primary effects of SARS-

CoV-2 infection on the heart has been limited. The use of

hPSC-CMs has become beneficial in attempting to identify

the primary effects of SARS-CoV-2 on the heart in an envi-

ronment that is free of secondary neurohormonal compen-

satory mechanisms. In this study, we utilized both hPSC-

CMs and primary hECs to recapitulate the primary effects

of SARS-CoV-2.

Consistent with previous reports (Pérez-Bermejo et al.,

2020; Sharma et al., 2020), we identified hiPSC-CMs to

express ACE2, indicating that ACE2 is present early in car-

diac differentiation. Interestingly, TMPRSS2 was not

detected in hiPSC-CMs; however, gene members of

the endolysosomal pathway CTSB, CTSL, FURIN, and

PIKFYVE were identified. This suggests that viral entry of

SARS-CoV-2 in hiPSC-CMs is independent of TMPRSS2-

mediated cleavage at the membrane and utilizes

cathepsin-mediated fusion as opposed to direct plasma

membrane fusion. Furthermore, we observed that

removal of ACE2 from hPSC-CMs abolished SARS-CoV-2

transcript levels. The absence of SARS-CoV-2 viral entry

in ACE2 KO cells was also previously validated in hiPSC-

CMs, which showed undetectable fluorescence of a

SARS-CoV-2-mNG (mNeonGreen) reporter with the loss

of ACE2 expression (Marchiano et al., 2021). Taken

together, these findings indicate that not only is the heart

susceptible to SARS-CoV-2 viral infection and that ACE2 is

a key component of infectivity but that future drug ther-

apies could target PIKfyve or cathepsins as therapeutic tar-

gets for viruses that utilize the endolysosomal entry

pathway.

Interestingly, we observed significant transcriptome

changes in SARS-CoV-2-infected hPSC-CMs and hECs af-

ter only a 24-h incubation period with a low viral MOI

(0.1 MOI). Three inflammatory and antiviral pathways

were discovered to be significantly upregulated in hPSC-

CMs (TNF, IFN-a/b, and MAPK signaling), suggesting a

robust cardiac inflammatory response to SARS-CoV-2

infection. Previously, TNFa has been described as a proin-

flammatory cytokine involved in the innate immune
response and regulation of tissue injury and inflammation

(see review by Cicha and Urschel, 2015). Specifically, it

has been reported that TNFa has cardiodepressant effects,

leading to reduced contractility (Dörge et al., 2002),

increased cardiomyocyte apoptotic activity (Krown et al.,

1996), downregulation of contractile proteins (Patten

et al., 2001), and overall myocardial remodeling and

structural alterations (Jobe et al., 2009). Furthermore,

adverse effects of interferon on the cardiovascular system

have been reported to contribute to the pathogenesis

of atherosclerotic lesions (Boshuizen and de Winther,

2015), as well as increased arrhythmias and myocardial

disease (Teragawa et al., 1996). The upregulation of these

pathways, in the setting of SARS-CoV-2 infection, could

potentially explain the increased incidence of out-of-hos-

pital cardiac arrest and sudden cardiac death observed in

geographic locations that had a high cumulative inci-

dence of COVID-19 (Baldi et al., 2020). Similarly, NF-kB

signaling (a master regulator of the inflammatory

response in endothelial cells) was upregulated in SARS-

CoV-2-infected hECs. Upregulation of this pathway could

provide a potential explanation for the enhanced activa-

tion of endothelial cells observed in severe COVID-19 dis-

ease, emphasizing the possible importance of the NF-kB

pathway in endothelial dysfunction.

COVID-19 pathogenesis has been strongly associated

with a robust production of cytokines, referred to as the

‘‘cytokine storm,’’ and there has been much speculation

surrounding the question of whether this cytokine storm

induces direct or indirect cardiotoxic effects. While sys-

temic overproduction of cytokines in a cytokine storm is

seen only in a subset of severe COVID-19 patients, dysregu-

lated and prolonged localized production of cytokines

could by itself propagate tissue damage in different organs.

In this study, we observed significant changes in genes

involved with cytokine-mediated immune and inflamma-

tory pathways in hPSC-CMs (TNFAIP3, NFKIBZ, BCL6,

RELB) and in hECs (F2RL3, SPNS2, TNFRSF4), which could

provide insights into the potential immune response

involved in cardiac injury/endothelial dysfunction and

warrants further research to determine potential therapeu-

tic strategies. Additionally, genes involved in cellular stress

response (ATF3, SGK1), apoptosis (NR4A1, TNFRSF4), and

platelet aggregation (THBS1) were upregulated in infected

hPSC-CMs and hECs, respectively, further advocating for

the detrimental cardiac/endothelial damage that occurs

with SARS-CoV-2 infection.

At the structural level of the cardiomyocyte, we observed

transcriptional downregulation in genes encoding proteins

abundant at the intercalated disc (MYZAP), involved in

sarcomeric thinfilament assembly (TMOD1, TNNT2, and

TNNI1) and cardiac electrical activity (KCNJ8) in SARS-

CoV-2-infected hPSC-CMs. These transcriptional alterations
Stem Cell Reports j Vol. 16 j 2459–2472 j October 12, 2021 2467



suggest a compromise in cardiomyocyte integrity and struc-

tural assembly, as was observed in our immunostaining of

infected hPSC-CMs, and could explain themyofibrillar frag-

mentation (Pérez-Bermejo et al., 2020), cessation of cardio-

myocyte contraction (Bailey et al., 2021; Marchiano et al.,

2021; Sharma et al., 2020), and impaired electrical signaling

(Marchiano et al., 2021) observed by others in infected

hPSC-CMs. Overall, SARS-CoV-2 appears to demonstrate a

robust ability to initiate detrimental cytopathic effects in

cardiomyocytes, most likely resulting in severe cardiac

dysfunction.

Since ACE2 has been identified as the host receptor for

SARS-CoV-2, it has been proposed that viral infection can

potentially lead to downregulation of the angiotensin 1–7

(Ang1-7)/Mas axis (see review by Brojakowska et al.,

2020). Due to the protective effects of this pathway, dys-

regulation of Ang1-7/Mas could confer decreased disease

protection and increased organ damage in COVID-19 pa-

tients. However, with the use of antihypertensive medica-

tions such as lisinopril and losartan, which selectively

inhibit angiotensin-converting enzyme (ACE) and the

angiotensin II receptor (AT1R) respectively, it has been

suggested that ACE2 expression and activity may be upre-

gulated (Bai et al., 2016; Igase et al., 2005; Ishiyama et al.,

2004). Although much of this has been the result of mu-

rine studies, it is difficult to disregard that the upregula-

tion of ACE2 could pose either a therapeutic benefit

(increased Ang1-7 production) or disadvantage (increased

SARS-CoV-2 receptor sites) in patients administered these

therapeutics. Therefore, it has been unclear whether these

therapies propagate the cardiac damage incurred by SARS-

CoV-2 and whether use of these antihypertensive thera-

pies should be re-assessed. Since cardiomyocytes and

endothelial cells are targets of SARS-CoV-2 infection (Boj-

kova et al., 2020; Liu et al., 2021) as well as antihyperten-

sive drug therapies, in this study we utilized both

hPSC-CMs and hECs. We observed that, following SARS-

CoV-2 infection, hPSC-CMs had a significant increase in

viral load compared with hECs. This could suggest that

(1) SARS-CoV-2 may have a selective tropism for hPSC-

CMs, (2) hPSC-CMs are suitable hosts that allow efficient

viral replication, and/or (3) cardiomyocytes may have an

additional faciliatory receptor machinery, such as neuro-

pilin 1 (Cantuti-Castelvetri et al., 2020; Daly et al.,

2020) (which we found to be highly expressed during car-

diac differentiation), for SARS-CoV-2 binding and cell en-

try. Despite the increased susceptibility of hPSC-CMs to

SARS-CoV-2 infection, when either hPSC-CMs or hECs

were treated with lisinopril or losartan at concentrations

and time intervals evoking maximal drug effect, no

change in viral load or ACE2 expression levels were

observed. This suggests that antihypertensive therapy

does not appear to influence susceptibility of SARS-CoV-
2468 Stem Cell Reports j Vol. 16 j 2459–2472 j October 12, 2021
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and that it is most likely baseline cardiovascular condi-

tions (hypertension, heart failure, and coronary artery dis-

ease) and other comorbidities that predispose vulnerable

populations to infection. These results, taken together

with newly emerging multicenter trials, propose that anti-

hypertensive therapy most likely does not alter suscepti-

bility to SARS-CoV-2 infection at the cellular level and is

presently not associated with an increased risk for severe

COVID-19 (Hakeam et al., 2020; Lopes et al., 2021).

With much conflicting evidence surrounding the use

of antihypertensive therapy during the SARS-CoV-2

pandemic, this study provides insight into the cross-talk

between ACEI/ARB therapy in the presence of SARS-CoV-

2 and addresses the correlation hypothesis between antihy-

pertensive medications and susceptibility of SARS-CoV-2

infection at the cellular level. However, it is important to

note that these therapeutics do not function alone in vivo,

and their response is heavily influenced by neurohormonal

feedback as well as a diseased state (Yakubova et al., 2018).

In our cultured system, some of the necessary substrates for

the renin-angiotensin axis may be present at lower levels

and therefore we were only able to examine the down-

stream effects of direct ACE and AT1R inhibition. To

circumvent this, we added angiotensin II to hPSC-CMs

and found no significant difference in SARS-CoV-2 viral

load or ACE2 transcript levels in the presence of losartan

treatment. Since the renin-angiotensin axis is a complex

hormonal system involving multiple organs, it is critical

to corroborate the relationships discovered in this study

at the gross level and further investigate confounding fac-

tors (e.g., age, gender, comorbidities), other antihyperten-

sive therapies (e.g., calcium channel blockers), as well as

chronic effects of antihypertensive therapy intake and

COVID-19 clinical outcomes. Understanding these con-

nections can provide more personalized treatment options

for individuals with COVID-19.
EXPERIMENTAL PROCEDURES

For further details, see supplemental experimental procedures.
Primary human endothelial and human pluripotent

stem cell-derived cardiomyocyte drug treatments
hECs and hPSC-CMs (H7s) were treated with 5 mM lisinopril

(Cayman Chemical Co.), 10 mM losartan carboxylic acid (a potent

active metabolite of losartan) (Cayman Chemical Co.), or DMSO

(Sigma-Aldrich) for 36–72 h. To ensure maximal effect of each

drug, drug concentrations above published IC50 values and treat-

ment time intervals (Burnier, 2001; Desideri et al., 2008; Patchett

et al., 1980; Sachinidis et al., 1993) (with no observed cellular

toxicity) were used. Endothelial cells and hPSC-CMs were then in-

fected with SARS-CoV-2 at 0.1 MOI for 24 h, lysed with TRIzol



reagent (Zymo Research), and total RNA was extracted using the

Direct-zol RNAMiniprep Plus kit (Zymo Research). cDNAwas syn-

thesized from 100 ng of total RNA using the High-Capacity cDNA

Reverse Transcription Kit (Thermo Fisher Scientific). Template

cDNA was then used for real-time quantitative PCR (qPCR) using

the PowerUp SYBRGreenMasterMix kit (Thermo Fisher Scientific)

to determine relative gene expression on a QuantStudio 5 Real-

Time PCR System (Thermo Fisher Scientific). Primers included

18S (forward, 50-ACCCGTTGAACCCATTCGTGA; and reverse,

50- GCCTCACTAAACCATCCAATCGG), 2019-nCoV_N1 (forward,

50- GACCCCAAAATCAGCGAAAT; and reverse, 50-TCTGGTTACTG

CCAGTTGAATCTG), 2019-nCoV_N3 (forward, 50-GGGAGCCTTG

AATACACCAAAA; and reverse, 50-TGTAGCACGATTGCAGCAT

TG), ACE2 (forward, 50-TCCATTGGTCTTCTGTCACCCG; and

reverse, 50-AGACCATCCACCTCCACTTCTC).
hPSC-cardiomyocyte angiotensin II treatment
After metabolic selection, hPSC-CMs (H7s) were reseeded at a den-

sity of 500,000 to 1 million cells per well of a standard six-well cell

culture plate. At 48 h post reseeding, hPSC-CMs were treated with

either 1 mM angiotensin II (Sigma-Aldrich), a combination of 1 mM

angiotensin II and 10 mM losartan carboxylic acid (a potent active

metabolite of losartan) (Cayman Chemical Co.), or DMSO (Sigma-

Aldrich) for 36 h. hPSC-CMs were then infected with SARS-CoV-2

at 0.1 MOI for 24 h. The cells were lysed with Trizol reagent (Zymo

Research) and total RNA was extracted using the Direct-zol RNA

Miniprep Plus kit (Zymo Research). cDNA was synthesized from

200 ng of total RNA using the High-Capacity cDNA Reverse Tran-

scription Kit (Thermo Fisher Scientific). Template cDNA was then

used for real-time qPCR using the iTaq SYBR Green Supermix

(Bio-Rad) to determine relative gene expression on a Quant Studio

5 (Thermo Fisher Scientific).
RNA-seq and analysis
Single-cell RNA-seq (10X Chromium system: 10X Genomics,

Pleasanton, CA) data, obtained from a previously published

dataset (Churko et al., 2018), were analyzed for ACEI/ARB and

SARS-CoV-2marker expression on days 14 and 45 of hiPSC-CMdif-

ferentiation from healthy donors). Matrices were filtered for

hiPSC-CMs using >20 TNNT2 counts per cell in R. Clustering,

UMAP plots, and count visualization were performed using Seurat

3.2.3. For bulk RNA-seq, hECs and hPSC-CMs were lysed using

TRIzol reagent (Zymo Research) and total RNAwas extracted using

theDirect-zol RNAMiniprep Plus kit (ZymoResearch). During RNA

isolation, on-column DNAse digestion was performed for 15 min

at room temperature. RNA-seq libraries were performed at Novo-

gene using the Zymo-Seq RiboFree Total RNA Library Kit for

SARS-CoV-2-infected cells or NEB Next Ultra II non-directional

kit for lisinopril- and losartan-treated cells. Sequencing was per-

formedusing a 23 150-bp output on theNovaSeq 6000 (Illumina).

Transcriptomes of hiPSC-CMs throughout differentiation were

previously performed (Churko et al., 2018) and assessed for expres-

sion of ACE2, ACE, AGTR1, CTSL, NRP1, and TMPRSS2. Fastq files

were aligned using STAR to the Ensembl GRCh38 annotation.

DEGs were calculated using AltAnalyze (Emig et al., 2010) using

an empirical Bayes moderated t test (p < 0.05). The heatmap.2 R

package was used to generate the heatmap of SARS-Cov-2-infected
hiPSC-CMs versus control hiPSC-CMs. The MarkerFinder algo-

rithm and heatmap generation tool integrated within AltAnalyze

was used to generate heatmaps specific for ACEI/ARB-treated pri-

mary endothelial cells and hPSC-CMs. Gene set enrichment anal-

ysis (GSEA) was used to acquire enrichment terms specifically for

ACEI/ARB treatment or for SARS-CoV-2-infected hPSC-CMs (Sub-

ramanian et al., 2005). Network analysis was performed using

STRING analysis (Szklarczyk et al., 2019). To assess relative

SARS-CoV-2 levels per sample, FASTQ files were aligned to the

SARS-CoV-2 genome (Ensembl ASM985889v3) using BWA-MEM

(Li and Durbin, 2009). Read counts for 12 annotated genes were

quantified using featureCounts (Liao et al., 2019) and normalized

by total number of reads per sample. Coverage maps were gener-

ated using IGV with reads counts per million as scaling.

Quantification and statistical analysis
All data are represented as mean ± standard error of the mean

(SEM). Statistical analysis was performed using GraphPad Prism

version 9.1.0 (GraphPad Software Inc., San Diego, CA). Two-tailed

Student’s t test, one-way ANOVA, or two-way ANOVAwith Tukey’s

post hoc test was used depending on the number of groups or vari-

ables per experiment. A p value <0.05 was considered significant,

unless otherwise indicated. qPCR and immunoblot data were

normalized to a housekeeping marker (18S or GAPDH, respec-

tively) and presented as fold change over the control group.

Data and code availability
All relevant data are available from the authors. RNA-seq of iPSC-

CM differentiation data is deposited under the Gene Expression

Omnibus (GEO) accession number: GSE81585. Single-cell RNA-

seq of iPSC-CMs (10x Genomics) is deposited under synapse ID:

syn7818379. RNA-seq of lisinopril- and losartan-treated hPSC-

CMs, as well as SARS-CoV-2-infected hPSC-CMs, is deposited un-

der GEO accession number: GSE164784.
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