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SUMMARY
Heart injury has been reported in up to 20% of COVID-19 patients, yet the cause of myocardial histopathology remains unknown. Here,

using an established in vivo hamster model, we demonstrate that SARS-CoV-2 can be detected in cardiomyocytes of infected animals.

Furthermore, we found damaged cardiomyocytes in hamsters and COVID-19 autopsy samples. To explore the mechanism, we show

that bothhumanpluripotent stem cell-derived cardiomyocytes (hPSC-derivedCMs) and adult cardiomyocytes (CMs) canbe productively

infected by SARS-CoV-2, leading to secretion of the monocyte chemoattractant cytokine CCL2 and subsequent monocyte recruitment.

Increased CCL2 expression andmonocyte infiltration was also observed in the hearts of infected hamsters. Although infected CMs suffer

damage, we find that the presence of macrophages significantly reduces SARS-CoV-2-infected CMs. Overall, our study provides direct ev-

idence that SARS-CoV-2 infects CMs in vivo and suggests a mechanism of immune cell infiltration and histopathology in heart tissues of

COVID-19 patients.
INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-19)

pandemic is caused by the betacoronavirus severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2). While

respiratory failure is a predominant outcome, cardiac

involvement is a common feature in hospitalized COVID-

19 patients and is associated with poor prognosis. For

example, in a Wuhan cohort, 7% of total patients and

22% of critically ill patients suffered myocardial injury,

demonstrated by elevated cardiac biomarkers, such as

high-sensitivity troponin I (hs-cTnI), or by electrocardiog-

raphy and echocardiogram abnormalities (Wang et al.,

2020). hs-cTnI was reported to be above the 99th percentile

upper reference in 46% of non-survivors as opposed to 1%

of survivors (Zhou et al., 2020). The mortality risk associ-

ated with acute cardiac injury was more significant than

age, chronic pulmonary disease, or prior history of cardio-

vascular disease (Guo et al., 2020; Shi et al., 2020). As

emerging cases of COVID-19-related Kawasaki disease-like

symptoms are reported, many children with COVID-19
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also suffer from cardiac dysfunction (Riphagen et al.,

2020). There are also case reports of myocarditis in

COVID-19 patients (Gnecchi et al., 2020; Inciardi et al.,

2020; Tavazzi et al., 2020). The cause of these cardiac in-

juries observed in COVID-19 patients is not yet established

but could potentially involve increased cardiac stress due to

respiratory failure and hypoxemia, direct myocardial infec-

tion by SARS-CoV-2, or indirect cardiotoxicity from a sys-

temic inflammatory response.

We and other groups have reported SARS-CoV-2 infec-

tion in human pluripotent stem cell-derived cardiomyo-

cytes (hPSC-derived CMs) in vitro (Bojkova et al., 2020;

Sharma et al., 2020; Yang et al., 2020). SARS-CoV-2 infec-

tion might also cause damage of CMs (Marchiano et al.,

2021). Although several studies have detected SARS-CoV-

2 RNA in autopsy samples from hearts of COVID-19

patients (Escher et al., 2020; Lindner et al., 2020), the pres-

ence of SARS-CoV-2 in CMs remains controversial. Tavazzi

et al. (2020) and Lindner et al. (2020) identified SARS-CoV-

2 virions in the interstitial cells of the myocardium of

COVID-19 patients. Furthermore, Dolhnikoff et al. (2020)
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Figure 1. SARS-CoV-2 is detected in CMs of SARS-CoV-2-infected hamsters
(A) Heatmap of SARS-CoV-2 genes in heart tissues obtained from SARS-CoV-2-infected (n = 3) or mock-infected (n = 3) hamsters.
(B) Immunohistochemistry staining of viral spike and nucleocapsid protein in the LA, LV, and RA heart tissues of from uninfected (n = 3) or
infected (n = 3) hamsters. Scale bar, 50 mm.
(C and D) Immunofluorescence staining (C) and the percentage (D) of spike+ and nucleocapsid+ cells in the LA, LV, and RA heart tissues
from uninfected (n = 3) or infected (n = 3) hamsters. Scale bar, 50 mm.
(E) H&E staining of LA, LV, and RA heart tissues from uninfected (n = 3) or infected (n = 3) hamsters. Scale bar, 50 mm.
(F and G) Immunofluorescence staining (F) and the relative mean intensity of CASP3 (G) in cTNT+ cells in the LA, LV, and RA heart tissues
obtained from SARS-CoV-2-infected (n = 3) or mock-infected (n = 3) hamsters. Scale bar, 50 mm.

(legend continued on next page)
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observed SARS-CoV-2 virions in cardiac tissues of an 11-

year-old child with multisystem inflammatory syndrome

in children related to COVID-19 who developed cardiac

failure and passed away 1 day after admission to the hospi-

tal. Another potential mechanism for cardiac damage

could be mediated by immune cells. Although it has been

controversial whether CMs are directly infected by SARS-

CoV-2 in patients, several studies using COVID-19 post-

mortem heart samples have consistently identified

abnormal inflammatory infiltrates composed of CD11b+

macrophages (Escher et al., 2020), CD68+ macrophages

(Lindner et al., 2020; Tavazzi et al., 2020), and, to a lesser

extent, T cells (Yao et al., 2020).

Due to inherent challenges to collecting heart biopsies

from COVID-19 patients during or after acute infection,

we instead systematically examined heart tissues of SARS-

CoV-2-infected Syrian hamsters (Mesocricetus auratus), an

established and relevant animal model to study COVID-

19 in vivo. We show that CMs of intranasally inoculated

hamsters are infected leading to altered gene expression

profiles associated with impaired CM function and

increased reactive oxygen species (ROS), which was further

confirmed in heart autopsies of COVID-19 patients. Using

an immuno-cardiac co-culture platformwith hPSC-derived

CMs andmonocytes/macrophages, we found that infected

CMs recruit monocytes by secretion of CCL2 and that

macrophage recruitment limits SARS-CoV-2 infection.

This hPSC-based platform thus provides a useful new tool

to model CM infection, immune cell infiltration, and car-

diac histopathology of COVID-19 patients.
RESULTS

SARS-CoV-2 is detected in the CMs of SARS-CoV-2-

infected hamsters

To examine the hearts of SARS-CoV-2-infected hamsters, 3-

to 5-week-old male hamsters were intranasally inoculated

with SARS-CoV-2. Forty-eight hours post infection (hpi),

hamsters were euthanized and hearts were collected and

separated into left ventricle (LV), left atrium (LA), right

atrium (RA), and right ventricle (RV), followed by RNA

sequencing (RNA-seq) analysis. SARS-CoV-2 transcripts

were detected in hearts of six out of nine infected hamsters.

Interestingly, viral transcripts were detected in LA, LV, and

RA, but not RV (Figure 1A). SARS-CoV-2 spike and nucleo-

capsid protein were detected in CMs by immunohisto-
(H and I) Heatmap of ROS-associated genes (H) and CM function-asso
SARS-CoV-2-infected (n = 3) or mock-infected (n = 3) hamsters.
All heatmap data are presented as the Z score. All graphed data are p
tailed Student’s t test. **p < 0.01, ***p < 0.001.
See also Figure S1.
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chemistry (Figure 1B) and immunofluorescence staining

(Figures 1C and 1D). Spike protein was also detected in

cTNT� non-CMs (Figure S1A). Hematoxylin and eosin

staining showed damaged cardiac tissue structure and infil-

tration of mononuclear cells in heart tissue from infected

but not control animals (Figure 1E). Consistent with this

tissue damage, we also observed significantly higher rela-

tive mean intensities of cleaved caspase-3 (CASP3) in

cTNT+ cells of LA, LV, and RA (Figures 1F and 1G), suggest-

ing increased rates of apoptosis in CMs of infected

hamsters. RNA-seq analysis revealed transcript profiles

consistent with increased expression of ROS-related genes

(Figure 1H) and decreased expression levels of CM func-

tion-associated genes (Figure 1I) in LA, RA, and LV. The

gene expression changes were quite robust, even though

a relatively small number of infected CMs and minimal

myocardial damage were detected in the immunostaining

assays.

To validate these findings in clinical COVID-19 cases, we

compared heart autopsy samples from non-COVID-19 do-

nors and four COVID-19 patients with cardiac symptoms.

New EKG findings, including atrial fibrillation/paced

rhythm and ST-segment or T-wave changes, were detected

in three of the COVID-19 patients. Troponin was detected

(0.51–1.83 ng/mL) in all four COVID-19 patients. Consis-

tent with our observations in SARS-CoV-2-infected ham-

sters, hematoxylin and eosin staining showed damage to

cardiac tissues as well as infiltration of mononuclear cells

in heart sections of the COVID-19 patients (Figure 2A).

Furthermore, increased expression of ROS-associated genes

and decreased expression of CM function-associated genes

was observed (Figures 2B and 2C). Finally, CASP3 expres-

sion in cTNT+ cells of the COVID-19 patient samples was

significantly higher than in samples from non-COVID-19

patients (Figures 2D and 2E), suggesting increased

apoptosis of CMs in COVID-19 patients. Moreover, we

also detected viral transcripts in heart tissue samples of

COVID-19 patients (Figure S1B). Together, these data

show evidence of SARS-CoV-2 cardiac infection and dam-

age in vivo.

SARS-CoV-2-infected CMs lose cell identity and secrete

CCL2

Our previous studies showed that hPSC-derived CMs are

permissive to SARS-CoV-2 infection (Yang et al., 2020),

which established a platform to model CM cellular

response to SARS-CoV-2 infection. CMs were derived
ciated genes (I) in the LA, LV, and RA heart tissues obtained from

resented as mean ± SD. p values were calculated by unpaired two-



Figure 2. Analysis of autopsy heart samples of non-COVID-19 and COVID-19 patients
(A) H&E staining of autopsy heart samples of non-COVID-19 and COVID-19 patients (n = 2 non-COVID-19 subjects, n = 4 COVID-19 pa-
tients). Scale bar, 50 mm.
(B and C) Heatmap of ROS-associated genes (B) and CM function-associated genes (C) in autopsy heart samples of non-COVID-19 and
COVID-19 patients (n = 3 non-COVID-19 subjects, n = 3 COVID-19 patients). Data are presented as the Z score.
(D and E) Immunofluorescence staining (D) and the relative mean intensity of CASP3 (E) in cTNT+ cells in autopsy heart samples of non-
COVID-19 and COVID-19 patients (n = 2 non-COVID-19 subjects, n = 4 COVID-19 patients). Scale bar, 50 mm.
Data are presented as mean ± SD. p values were calculated by unpaired two-tailed Student’s t test. ***p < 0.001.
See also Figure S1.
from an MYH6:mCherry H9 human embryonic stem cell

(hESC) reporter line or an induced PSC (iPSC) line (Tsai

et al., 2020) (Figure S2A). Over 90% of these cells expressed

mCherry and/or stained positive with antibodies recog-

nizing sarcomeric a-actinin and cTNT (Figure S2B). To bet-
ter characterize the permissiveness of this hPSC-derived

CM platform to SARS-CoV-2, we infected the hESC-derived

CMs or iPSC-derived CMs with SARS-CoV-2 (USA-WA1/

2020). We observed robust infection of CMs from both

sources at 24–48 hpi based on subgenomic transcription
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(Figures 3A and S3A) and the release of infectious viral par-

ticles (Figures 3B and S3B). At 72 hpi, both viral RNA and

infectious viral titers decreased, which could be explained

by the death of infected cells. Efficient replication in

hPSC-derived CMs was demonstrated by full coverage of

the viral genome by RNA-seq analysis (Figure 3C) as well

as spike and nucleocapsid immunostaining (Figure 3D).

In contrast to uninfected CMs, which show organized sar-

comeres, SARS-CoV-2-infected CMs lose sarcomere struc-

ture (Figure 3E). Connexin 43 (CX43) was detected at the

cell membranes of uninfected CMs, while it showed an

internalized subcellular localization in SARS-CoV-2-in-

fectedCMs, suggesting the loss of gap junctions (Figure 3E).

This also corresponded to a loss of Ca2+ influx for infected

CMs, leading to the loss of beating (Figures 3F and 3G;

Videos S1 and S2). Finally, increased CASP3 staining sug-

gests an increased rate of apoptosis of SARS-CoV-2-infected

CMs (Figures 3H and 3I).

RNA-seq analysis of H9 hESC-derived CMs showed

significantly different host transcript profiles of mock and

infected CMs (Figures 4A and 4B). Consistent with the

host transcriptional response observed in heart autopsies

from COVID-19 patients, infected H9 hESC-derived CMs

demonstrated a robust induction of chemokines and cyto-

kines, includingCCL2 (Figures 4C and 4D). KEGG pathway

analysis of differentially expressed genes highlighted path-

ways involved in inflammatory and immune responses,

including the tumor necrosis factor (TNF) signaling

pathway, cytokine-cytokine receptor interaction, the nu-

clear factor kB signaling pathway, and the interleukin-17

(IL-17) signaling pathway (Figure 4E).

We also analyzed the response of adult human CMs to

SARS-CoV-2 infection, to confirm responses are not specific

to an hPSC-derived platform. Similar to hPSC-derived CMs,

robust viral replication was detected in adult CMs (Figures
Figure 3. SARS-CoV-2 infection causes CM damage
(A) Relative abundance of viral subgenomic RNA (N) transcription i
independent experiments).
(B) Plaque assay of SARS-CoV-2-infected H9-derived CMs and iPSC-der
4 3 104 pfu.
(C) Read alignment to the SARS-CoV-2 genome after RNA-seq analysi
independent experiments). Schematic denotes the SARS-CoV-2 genom
(D) Immunofluorescence staining using viral spike and nucleocapsid an
n = 3 independent experiments). Scale bar, 50 mm.
(E) Immunofluorescence staining using cTNT and CX43 antibodies on
n = 3 independent experiments). Scale bar, 10 mm.
(F) Quantification of Ca2+ flux intensity of mock or SARS-CoV-2-infe
periments). Each condition shows five cells.
(G) Beating rate of mock- or SARS-CoV-2-infected H9-derived CMs at
(H and I) Immunofluorescence staining (H) and the relative mean int
H9-derived CMs at 24 hpi (MOI = 0.1, n = 3 independent experiments
Data are presented as mean ± SD. p values were calculated by unpair
See also Figures S2 and S3 and Videos S1 and S2.
4F and 4G). In addition, the host transcriptional response

to viral infection revealed a similar pattern, with robust in-

duction of chemokines and cytokines, including CCL2

(Figures 4H–4K). KEGGpathway analysis highlighted path-

ways involved in inflammatory and immune responses,

including the IL-17 signaling pathway, the TNF signaling

pathway, the cytokine-cytokine receptor interaction, and

the chemokine signaling pathway in the infected adult hu-

man CMs (Figure 4L). Finally, significantly increased pro-

tein levels of CCL2 were confirmed by ELISA in the me-

dium of H9 hESC-derived CMs after SARS-CoV-2

infection, compared with mock-infected cells (Figure 4M),

and higher CCL2 expression levels were also detected in

heart tissue samples from COVID-19 patients compared

with those from non-COVID-19 patients (Figure 4N).
Ccl2 expression andmacrophage infiltration in hearts

of SARS-CoV-2-infected hamsters

To further investigate the role of Ccl2 inmyocardial pathol-

ogy, we examined Ccl2 expression in the hearts of SARS-

CoV-2-infected hamsters. Consistent with our data in

hPSC-derived CMs and human samples, the LA, LV, and

RA of SARS-CoV-2-infected hamsters showed increased

levels of Ccl2 expression (Figure 5A), which was further

validated by immunostaining (Figures 5B and 5C). Cell-

mixture deconvolution using an LM22 matrix (Vallania

et al., 2018) identified the enrichment of pro-inflammatory

macrophages in the LA, LV, and RA of SARS-CoV-2-infected

hamsters compared with controls (Figure 5D), which is

consistent with previous reports of abnormal macrophage

infiltration in hearts of COVID-19 patients (Escher et al.,

2020; Lindner et al., 2020; Tavazzi et al., 2020; Yao et al.,

2020). This was further confirmed by immunohistochem-

istry analysis showing an increase of CD163+ macrophages
n SARS-CoV-2-infected H9-derived CMs (24 hpi, MOI = 0.1, n = 3

ived CMs (24 hpi, MOI = 0.1). The red line indicates the input virus:

s of SARS-CoV-2-infected H9-derived CMs (24 hpi, MOI = 0.1, n = 3
e.
tibodies in SARS-CoV-2-infected H9-derived CMs (24 hpi, MOI = 0.1,

mock or SARS-CoV-2-infected H9-derived CMs at 24 hpi (MOI = 0.1,

cted H9-derived CMs at 48 hpi (MOI = 0.1, n = 3 independent ex-

48 hpi (MOI = 0.1, n = 3 independent experiments).
ensity of CASP3 (I) in cTNT+ cells of mock- or SARS-CoV-2-infected
). Scale bar, 50 mm.
ed two-tailed Student’s t test. ***p < 0.001.
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Figure 4. CMs secrete CCL2 upon SARS-CoV-2 infection
(A and B) Principal-component analysis (PCA) plot (A) and heatmap (B) analysis of H9-derived CMs infected with SARS-CoV-2 virus or mock
infected at 24 hpi (MOI = 0.1, n = 3 independent experiments).
(C and D) Volcano plot (C) and heatmap (D) analysis of chemokines expressed by H9-derived CMs infected with SARS-CoV-2 virus or mock at
24 hpi (MOI = 0.1, n = 3 independent experiments). Colored dots labeled correspond to chemokines with significant (p < 0.05) and greater
than 2-fold expression level changes.
(E) KEGG analysis of H9-derived CMs infected with SARS-CoV-2 virus or mock at 24 hpi (MOI = 0.1, n = 3 independent experiments).

(legend continued on next page)
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in the LA, LV, andRA of SARS-CoV-2-infected hamsters (Fig-

ures 5E and 5F).

SARS-CoV-2-infected CMs recruit monocytes by

secreting CCL2

Macrophages include tissue-resident macrophages and

migrating macrophages (Ginhoux and Jung, 2014).

Migrating macrophages are usually derived from mono-

cytes in the blood. During inflammation, circulating

monocytes leave the bloodstream and migrate into tissues

where, following conditioning by local growth factors, pro-

inflammatory cytokines, and microbial products, they

differentiate into macrophages (Shi et al., 2020).

We therefore examined the ability of SARS-CoV-2-in-

fected CMs to stimulate migration of monocytes.

Monocytes were derived from the same parental H9- or

H1-hESC lines following a previously reported protocol

(Cao et al., 2019) (Figure S4A) through a stepwise manner,

including the generation of mesodermal cells, followed by

hematopoietic progenitor cells, monocytes (Figure S4B),

and finally CD14+/CD11B+ macrophages (Figure S4C). To

determine whether these hPSC-derived macrophages are

susceptible to SARS-CoV-2 infection, H9- or H1-hESC-

derived macrophages were infected with SARS-CoV-2.

However, viral replication was detected neither by qRT-

PCR nor plaque assay, suggesting that macrophages are

not productively infected by SARS-CoV-2 (Figures S4D

and S4E).

Next, we analyzed the ability of infected CMs to recruit

monocytes to the site of infection. To that end, we plated

hPSC-derived CMs at the bottom and hPSC-derived mono-

cytes at the top of a transwell plate and infected the CMs at

the bottom of the plate (Figure 6A). Monocyte migration

was quantified 24 hpi by crystal violet staining. The number

of monocytes that migrated was significantly higher when

cultured with SARS-CoV-2-infected CMs compared with

when culturedwithmock-infected hPSC-derivedCMs using
(F) Relative subgenomic RNA (N) transcription in adult human CMs at
experiments).
(G) Alignment of the transcriptome with the viral genome in SARS-CoV
experiments). Schematic denotes the SARS-CoV-2 genome.
(H and I) PCA plot (H) and heatmap (I) analysis of adult human CMs
independent experiments).
(J and K) Volcano plot (J) and heatmap (K) analysis of chemokines ex
infected at 24 hpi (MOI = 0.1, n = 3 independent experiments). Colore
and greater than 2-fold expression level changes.
(L) KEGG analysis of adult human CMs infected with SARS-CoV-2 viru
iments).
(M) ELISA was performed to examine the protein level of CCL2 in H9-de
(MOI = 0.1, n = 3 independent experiments).
(N) CCL2 transcript levels in autopsy heart samples of non-COVID-19 a
patients). RPKM, reads per kilobase of transcript, per million mapped
Data are presented as mean ± SD. p values were calculated by unpair
monocytes derived from either of the two hESC lines, indi-

cating that SARS-CoV-2-infected CMs recruit monocytes

(Figures 6B, 6C, S5A, and S5B).

We next tested whether adult human CMs infected with

SARS-CoV-2 also recruitmonocytes. Consistent with exper-

iments using hPSC-derived CMs,monocytes were recruited

at a significantly enhanced rate when cultured with SARS-

CoV-2-infected adult human CMs than when cultured

with mock-infected adult human CMs (Figures 6D, 6E,

S5C, and S5D).

We previously showed that infected CMs secrete signifi-

cant levels of CCL2. Therefore, to determine whether

CCL2 is sufficient to induce monocyte migration, CCL2

was added to the bottom of a transwell plate with

monocytes cultured at the top. Indeed, significantly more

monocytes were found in CCL2 containing media than

in untreated media (Figures 6F, 6G, S5E, and S5F). To deter-

mine whether CCL2 is the key driver for monocyte migra-

tion, hPSC-derivedCMs or adult humanCMswere cultured

as before with monocytes in transwell plates and SARS-

CoV-2 infections were performed in the absence or pres-

ence of CCL2-neutralizing antibodies or CCR2 inhibitors

(Figures 6H–6K and S5G–S5J). Interestingly, the recruit-

ment of monocytes by infected CMs was significantly

inhibited if CCL2 signaling was disrupted, either by

neutralizing CCL2 antibodies or by inhibition of the

CCL2 receptor CCR2. Together, these data suggest that

SARS-CoV-2 infection of CMs induces CCL2 secretion,

which recruits monocytes.

Co-culture of hPSC-derived CMs and macrophages

reveals that macrophages decrease SARS-CoV-2-

infected CMs

We next investigated how recruited macrophages affect

viral infection. Tomodel the viral entry process, we created

an immunocardiac co-culture platform containing hPSC-

derived CMs and hPSC-derived macrophages and infected
24 hpi of SARS-CoV-2 virus at 24 hpi (MOI = 0.1, n = 3 independent

-2-infected adult human CMs at 24 hpi (MOI = 0.1, n = 3 independent

infected with SARS-CoV-2 virus or mock at 24 hpi (MOI = 0.1, n = 3

pressed by adult human CMs infected with SARS-CoV-2 virus or mock
d dots labeled correspond to chemokines with significant (p < 0.05)

s or mock infected at 24 hpi (MOI = 0.1, n = 3 independent exper-

rived CMs infected with SARS-CoV-2 virus or mock infected at 24 hpi

nd COVID-19 patients (n = 3 non-COVID-19 subjects, n = 4 COVID-19
reads.
ed two-tailed Student’s t test. *p < 0.05, **p < 0.01.
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Figure 5. Pro-inflammatory macrophages are enriched in hearts of SARS-CoV-2-infected hamsters
(A) Relative expression levels of Ccl2 in LA, LV, and RA heart tissues obtained from SARS-CoV-2-infected hamsters (n = 3) and mock-
infected hamsters (n = 3).

(legend continued on next page)
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it with a SARS-CoV-2 spike protein pseudovirus carrying a

luciferase (Luc) reporter. Notably, in the presence of

macrophages Luc activity was significantly decreased in a

dose-dependent manner (Figures S6A and S6B). Immuno-

staining further confirmed the decrease of Luc+ cells in

MYH6:mCherry+ cells (Figures S6C and S6D).

The immunocardiac co-culture was further examined by

single-cell RNA-seq (scRNA-seq). The transcript profiling

data were projected using Uniform Manifold Approxima-

tion and Projection. In the virus-infected immunocardiac

co-culture platform, four distinct cell clusters were identi-

fied: CMs, macrophages, stem/progenitor cells, and one

cluster expressing both CM and macrophage markers (Fig-

ure 7A). The expression of marker genes, including MYH6,

MYH7, and TNNT2 (CMs), and CD163 and CD68 (macro-

phages), and GATA6 (progenitor cells) in each cell popula-

tion confirmed the robustness of the cell-type classification

strategy (Figures 7B, S6E, and S6F).

ACE2, the gene encoding the main cellular receptor for

SARS-CoV-2, is mainly expressed in hPSC-derived CMs

and cardiac progenitors (Figures S6G and S6H). The effector

protease TMPRSS2 (Hoffmann et al., 2020) is not expressed

in hPSC-derived CMs and only rarely expressed in hPSC-

derived cardiac progenitors (Figures S6G and S6H). Howev-

er, FURIN, the gene encoding a pro-protein convertase that

pre-activates SARS-CoV-2 (Shang et al., 2020), and CTSL,

the gene encoding cathepsin L, a proteinase that might

be able to substitute for TMPRSS2 (Hoffmann et al.,

2020), are highly expressed in both hPSC-derived CMs

and cardiac progenitors.

Transcripts deriving from the pseudovirus, including Luc,

were detected in infected CMs, but only at very low levels

in macrophages (Figure S6I), which is consistent with our

previous report (Yang et al., 2020). The cell cluster that

expressed both CM and macrophage markers and, in addi-

tion, high levels of viral transcripts, likely represents in-

fected CMs engulfed by macrophages (Figure 7C). Luc

expression in CMs was significantly lower in the presence

of co-cultured macrophages (Figures 7D and 7E). Consis-

tently, infected CMs showed increased expression of

CCL2, which was further elevated in the presence of mac-

rophages (Figures S6J and S6K).

To further validate the impact of macrophages on SARS-

CoV-2 infection, the immunocardiac co-culture platform

containing hPSC-derived CMs and hPSC-derived macro-
(B and C) Immunofluorescence staining (B) and quantification (C) o
infected hamsters (n = 3) and mock-infected hamsters (n = 3). Scale
(D) Cell-mixture deconvolution identified the enrichment of immune
compared with mock-infected hamsters (n = 3).
(E and F) Immunohistochemistry staining (E) and quantification (F) o
CoV-2-infected hamsters (n = 3) and mock-infected hamsters (n = 3)
Data are presented as mean ± SD. p values were calculated by unpaire
phages was infected with SARS-CoV-2. In agreement with

our previous findings, we found that viral sgRNA tran-

scripts were significantly decreased after viral infection in

the co-culture relative to the CM marker cTNT (Figure 7F).

This was further confirmed by a decrease in viral nucleo-

capsid expression in cTNT+ cells (Figures 7G, 7H, S6L, and

S6M). In hPSC-derived CMs and macrophages that were

co-cultured long term for 1 week the same phenomenon

was observed (Figures 7I and 7J). Together, these data sug-

gest that macrophages play an active role in limiting the

extent of SARS-CoV-2 infection potentially by engulfing in-

fected CMs.
DISCUSSION

Myocardial injury has been reported in COVID-19 patients

and is associated with increased mortality (Ruan et al.,

2020; Zhou et al., 2020), yet the cause of myocardial injury

has not been characterized or elucidated. Recent studies us-

ing SARS-CoV-2 hACE2 transgenic mice or hPSC-derived

CMs reported the detection of viral RNA in themouse heart

or in infected CMs (Jiang et al., 2020). In addition, viral

RNA has been detected in heart autopsies of COVID-19 pa-

tients by several groups (Escher et al., 2020; Lindner et al.,

2020). However, SARS-CoV-2 virions have largely been de-

tected in interstitial cells of the myocardium in COVID-19

patient samples (Lindner et al., 2020; Tavazzi et al., 2020). A

recent study reported the detection of viral antigen and

RNA in CMs in hearts of COVID-19 patients (Bulfamante

et al., 2020). Here, using intranasally infected hamsters, a

relevant animal model for COVID-19, we clearly detected

viral protein expression in CMs of infected animals. This

provides direct evidence that intranasal exposure of SARS-

CoV-2 leads to infection of CMs in vivo. Although CMs

and other cardiac cells can be infected by SARS-CoV-2,

other mechanisms, such as respiratory failure, hypoxemia,

and hyper-inflammation caused by cytokines released

by the macrophages recruited to the heart, may also

contribute to the heart damage seen in COVID-19 patients.

CCL2 expression levels were significantly upregulated in

infected hPSC-derived CMs and adult CMs, and in the

hearts of SARS-CoV-2-infected hamsters.We also examined

CCL2 expression levels after SARS-CoV-2 infection in

hPSC-derived lung organoids (Han et al., 2021) or hPSC-
f Ccl2 in LA, LV, and RA heart tissues obtained from SARS-CoV-2-
bar, 50 mm.
cells in the LA, LV, and RA of SARS-CoV-2-infected hamsters (n = 3)

f CD163+ cells in LA, LV, and RA heart tissues obtained from SARS-
. Scale bar, 50 mm.
d two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. CMs recruit monocytes following SARS-CoV-2 infection through secreting CCL2
(A) Scheme of the monocyte recruitment assay using hPSC-derived CMs or adult human CMs and hPSC-derived monocytes in the presence of
SARS-CoV-2 infection
(B and C) Phase contrast images (B) and quantification (C) of migrated H9-derived monocytes recruited by H9-derived CMs infected with
SARS-CoV-2 virus or mock infected in the monocyte migration assay (MOI = 0.1, n = 3 independent experiments). Scale bar, 100 mm.
(D and E) Phase contrast images (D) and quantification (E) of H9-derived monocytes recruited by adult human CMs infected with SARS-CoV-
2 virus or mock infected in the monocyte recruitment assay (MOI = 0.1, n = 3 independent experiments). Scale bar, 100 mm.
(F and G) Phase contrast images (F) and quantification (G) of migrated H9-derived monocytes recruited by CCL2 in the monocyte
recruitment assay (n = 3 independent experiments). Scale bar, 100 mm.
(H and I) Phase contrast images (H) and quantification (I) of migrated H9-derived monocytes recruited by H9-derived CMs infected with
SARS-CoV-2 virus and treated with CCL2-neutralizing antibody or CCR2 inhibitor (RS504393) in the monocyte recruitment assay (MOI = 0.1,
n = 3 independent experiments). Scale bar, 100 mm.
(J and K) Phase contrast images (J) and quantification (K) of migrated H9-derived monocytes recruited by adult human CMs infected with
SARS-CoV-2 virus and treated with CCL2-neutralizing antibody or CCR2 inhibitor in the monocyte recruitment assay (MOI = 0.1, n = 3
independent experiments). Scale bar, 100 mm.
Data are presented as mean ± SD. p values were calculated by unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
See also Figures S4 and S5.
derived pancreatic endocrine cells (Yang et al., 2020), and

in lung autopsies of non-COVID-19 versus COVID-19 pa-

tients (Han et al., 2021) (Figure S7A). CCL2 levels are upre-

gulated in both SARS-CoV-2-infected cells/organoids and

COVID-19 patient lung autopsy samples. However, when
2284 Stem Cell Reports j Vol. 16 j 2274–2288 j September 14, 2021
we examined CCL2 expression levels in idiopathic

dilated cardiomyopathy LV tissue, ischemic LV tissue, or

murine encephalomyelitis virus-infected CMs (Figure S7B,

GSE57338 and GSE119860), CCL2 expression was not

significantly increased comparedwith non-failing LV tissue



(legend on next page)
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or uninfected CMs. This suggests that CCL2 is not upregu-

lated by any cardiac damage but more specifically in the

condition of SARS-CoV-2 infection. Moreover, we found

that SARS-CoV-2-infected CMs expressed higher levels of

CCL2 than non-infected cells in the hamstermodel accord-

ing to scRNA-seq data (Figures S7C–S7E).

CCL2, also known asmonocyte chemoattractant protein

1, is a chemokine that facilitates the migration and infiltra-

tion of monocytes/macrophages to sites of inflammation

produced by either tissue injury or infection (Bose and

Cho, 2013). Using a transwell platform, we showed that

hPSC-derived CMs or adult human CMs infected with

SARS-CoV-2 recruit monocytes. This is consistent with pre-

vious reports of abnormal macrophage infiltration in

hearts of COVID-19 patients (Escher et al., 2020; Lindner

et al., 2020; Tavazzi et al., 2020; Yao et al., 2020).

Finally, we created a co-culture platform using hPSC-

derived CMs andmacrophages to study the impact of mac-

rophages on infected CMs. scRNA-seq data suggested that

the presence of macrophages decreases SARS-CoV-2-in-

fected CMs. This might be due to increased apoptosis of

SARS-CoV-2-infected CMs or engulfing of virus by macro-

phages. In the absence of SARS-CoV-2, the presence ofmac-

rophages does not affect CM survival (Figures S7F and S7G).

However, in the context of COVID-19, macrophagesmight

be considered a ‘‘double-edged sword.’’ When CMs are in-

fected with SARS-CoV-2, recruitment of macrophages can

promote secretion of inflammatory cytokines, ROS, and

cause CM damage. On the other hand, engulfing of virus

by macrophages (and likely engulfment of infected CMs),

limits the infection of CMs. Indeed, cell-mixture deconvo-

lution identified the enrichment of pro-inflammatory

macrophages in the LA, LV, and RA of SARS-CoV-2-infected

hamsters. In addition, ROSwas upregulated in the hearts of
Figure 7. A virus-immunocardiac co-culture platform reveals tha
(A) Uniform Manifold Approximation and Projection (UMAP) analysis o
CMs and macrophages.
(B) UMAP of hPSC-derived CM and macrophage-related markers differe
marker gene ranged from low (gray) to high (red) as indicated.
(C) UMAP analysis of clusters in hPSC-derived CMs infected with SARS
platform containing hPSC-derived CMs and macrophages infected wit
(D) UMAP analysis of Luc expression in hPSC-derived CMs infected wit
tissue platform containing hPSC-derived CMs and macrophages infect
(E) Jitter plot of Luc expression in hPSC-derived CMs infected with SAR
platform containing hPSC-derived CMs and macrophages and infected
(F) qRT-PCR analysis at 24 hpi of hPSC-derived CMs infected with moc
0.1, n = 3 independent experiments).
(G and H) Immunostaining (G) and quantification (H) of hPSC-derived
macrophages for short-time co-culture (24 h, MOI = 0.1, n = 3 indep
(I and J) Immunostaining (I) and quantification (J) of hPSC-derived C
macrophages for long-time co-culture (7 days, MOI = 0.1, n = 3 indep
Data are presented as mean ± SD. p values were calculated by unpaire
See also Figures S6 and S7.
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infected hamsters, suggesting that macrophages recruited

by CMsmight also contribute to immune-mediated CM in-

flammatory damage in COVID-19 patients. Together, both

direct CM infection and recruitment of immune cells, such

as mononuclear cells, might contribute to balancing car-

diac pathophysiology in COVID-19 patients. We cannot

exclude the possibility that other types of cells in hearts

can also be infected by SARS-CoV-2, as discussed in a recent

perspective review (Yiangou et al., 2021) and contribute to

monocyte recruitment. In addition, systemic conditions

(e.g., inflammation, fever, nutrients, dehydration) might

also contribute to heart damage. In summary, we report

direct evidence of SARS-CoV-2 infection of CMs in vivo

and established an in vitromodel to study immune cell infil-

tration and pathophysiology in cardiac tissue of COVID-19

patients.
EXPERIMENTAL PROCEDURES

Details are provided in the supplemental experimental procedures.
Propagation and titration of SARS-CoV-2
SARS-CoV-2, isolate USA-WA1/2020 (NR-52281) was deposited by

the Center for Disease Control and Prevention and obtained

through BEI Resources, NIAID, NIH. Full details are available in

the supplemental information.
SARS-CoV-2 infections of hamsters
Three- to five-week-old male Golden Syrian hamsters (Mesocricetus

auratus) were obtained from Charles River. Hamsters were accli-

mated to the CDC/USDA-approved BSL-3 facility of the Global

Health and Emerging Pathogens Institute at the Icahn School of

Medicine at Mount Sinai for 2–4 days. Full details are available in

the supplemental information.
t hPSC-derived macrophages limit infection of SARS-CoV-2 CMs
f the virus-immunocardiac tissue platform containing hPSC-derived

ntially expressed in each cluster. Relative expression levels of each

-CoV-2 entry virus (CM + virus) and the virus-immunocardiac tissue
h SARS-CoV-2 entry virus (CM + macrophage + virus).
h SARS-CoV-2 entry virus (CM + virus) and the virus-immunocardiac
ed with SARS-CoV-2 entry virus (CM + macrophage + virus).
S-CoV-2 entry virus (CM + virus) and the virus-immunocardiac tissue
with SARS-CoV-2 entry virus (CM + macrophage + virus).
k or SARS-CoV-2 in the presence or absence of macrophages (MOI =

CMs at 24 hpi with mock or SARS-CoV-2 in the presence or absence of
endent experiments). Scale bar, 50 mm.
Ms at 24 hpi with mock or SARS-CoV-2 in the presence or absence of
endent experiments). Scale bar, 50 mm.
d two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.



Human studies
Tissue samples were provided by the Weill Cornell Medicine

Department of Pathology. The Tissue Procurement Facility oper-

ates under an institutional review board-approved protocol and

follows guidelines set by HIPAA. Full details are available in the

supplemental information.

Data and code availability
scRNA-seq and RNA-seq data are available from theGEO repository

database under accession number GSE151880.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.07.012.
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