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RATIONALE: While respiratory failure is a frequent and clinically significant outcome of
COVID-19, cardiac complications are a common feature in hospitalized COVID-19 patients and
are associated with worse patient outcomes. The cause of cardiac injury in COVID-19 patients is
not yet known. Case reports of COVID-19 autopsy heart samples have demonstrated abnormal
inflammatory infiltration of macrophages in heart tissues.

OBJECTIVE: Generate an immuno-cardiac co-culture platform to model macrophage-mediated
hyper-inflammation in COVID-19 hearts and screen for drugs that can block the macrophage-
mediated inflammation.

METHODS AND RESULTS: We systematically compared autopsy samples from non-
COVID-19 donors and COVID-19 patients using RNA-seq and immunohistochemistry. We
observed strikingly increased expression levels of CCL2 as well as macrophage infiltration in heart
tissues of COVID-19 patients. We generated an immuno-cardiac co-culture platform containing
human pluripotent stem cell (hPSC)-derived cardiomyocytes (CMs) and macrophages. We found
that macrophages induce increased reactive oxygen species (ROS) and apoptosis in CMs by
secreting IL-6 and TNF-a after SARS-CoV-2 exposure. Using this immuno-cardiac co-culture
platform, we performed a high content screen and identified ranolazine and tofacitinib as
compounds that protect CMs from macrophage-induced cardiotoxicity.

CONCLUSION: We established an immuno-host co-culture system to study macrophage-induced
host cell damage following SARS-CoV-2 infection and identified FDA-approved drug candidates
that alleviate the macrophage-mediated hyper-inflammation and cellular injury.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Introduction

The current Coronavirus Disease 2019 (COVID-19) pandemic has already impacted millions
of people worldwide, causing significant morbidity and mortality. The clinical symptoms of
COVID-19 patients range from asymptomatic or a mild upper respiratory tract illness to
severe viral pneumonia, cytokine release syndrome, acute respiratory distress syndrome, and
death. Increasing amounts of evidence indicate that a hyper-inflammatory response to
SARS-CoV-2 is associated with disease severity and deathl—. Patients with severe outcomes
usually have elevated serum cytokine and chemokine levels and increased inflammatory
markers®. Analyses of lung autopsy samples have reported mononuclear inflammation,
infiltrated with lymphocytes and macrophages®~’. Recent studies also reported macrophage
infiltration of several organs, including the liver8, heart® and kidneyl% 11, However, the
detailed mechanism for how inflammatory cell infiltration causes host tissue damage is not
clear.

While respiratory failure is a frequent and clinically significant outcome of COVID-19,
cardiac complications are a common feature in hospitalized COVID-19 patients and are
associated with worse patient outcomes? 12, Acute cardiac injury was shown to be
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associated with a significantly greater mortality rate in COVID-19 patients than other risk
factors such as age, chronic pulmonary disease or prior history of cardiovascular

diseasel3 14, The cause of cardiac injury in COVID-19 patients is not yet known. However,
COVID-19 related Kawasaki disease-like symptoms have been reported, with many children
suffering from cardiac dysfunctionl®. Recent studies analyzing COVID-19 post-mortem
heart samples have demonstrated increased inflammatory infiltration of CD11b*16 and
CD68* macrophages®: 7. 18,

Macrophages include both tissue-resident and migrating macrophages?®. Tissue-resident
macrophages are widely distributed throughout the body and are mainly derived from
embryonic progenitor macrophages. They are commonly immuno-suppressive and required
for tissue homeostasis??. Migrating macrophages are mainly generated from monocytes
circulating in the blood in response to secreted chemokines at the site of injury and are
recruited into the injury site?. Recruited macrophages then undergo marked phenotypic and
functional changes, and can be classified into pro-inflammatory or anti-inflammatory
macrophages, with a continuum of macrophage polarization existing beyond these discrete
categories?2. Migratory macrophages and monocytes are recruited to the site of
inflammation by chemokines including CCL2 that can bind to chemokine receptors such as
CCR2 on the surface of these cells. Upon microbial stimulation, tissue-resident macrophages
are significantly out-numbered by migrating macrophages. These recruited macrophages
display a predominantly pro-inflammatory phenotype, secreting inflammatory cytokines,
mediating leukocyte recruitment, and in the case of myocarditis causing oxidative damage to
the heart23,

In our recent studies, we reported the detection of SARS-CoV-2 nucleocapsid (SARS-N) in
the cardiomyocytes (CMs) of SARS-CoV-2 infected hamsters24. We further demonstrated
that both hPSC-derived CMs and adult CMs are permissive to SARS-CoV-2 infection, which
is consistent with recent reports?®=27_ In addition, we also showed that SARS-CoV-2
infected CMs recruit migrating monocytes by CCL2 secretion?4. Here, we systematically
examined autopsy samples from non-COVID donors and COVID-19 patients and found
strikingly increased expression of CCL2 and inflammation-associated genes as well as
increased macrophage infiltration in heart tissues from COVID-19 patients. We therefore
designed an immuno-host platform containing hPSC-derived CMs co-cultured with hPSC-
derived macrophages to explore the interaction between host cells and macrophages upon
SARS-CoV-2 infection. Using this immuno-cardiac co-culture platform, we performed a
high content screen and identified FDA-approved drugs that protect CMs from macrophage-
induced apoptosis upon SARS-CoV-2 infection.

METHODS

Figures in the Data Supplement and a detailed Methods section are available online. Please
see the Major Resources Table in the Supplemental Materials.

The Immuno-Cardiac Co-cultures

hPSC-derived CMs were dissociated with Accutase at 37°C followed by resuspending with
fresh RPMI 1640-B27 plus Y-27632 and reseeding into 96-well plates. After 24 hr, the
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medium was switched to RMPI 1640-B27 without Y-27632. After 48 hr recovery,
macrophages were added into hPSC-derived CMs in the same well and cultured for another
24 hr (short-term co-culture) or 7 days (long-term co-culture) before following analysis.
Adult CMs were also seeded into plates for 48-96 hr and cultured with macrophages for
another 24 hr before following analysis.

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. Infection of
hPSC-derived or adult CMs and macrophages were performed in their respective cell culture
growth media at the indicated multiplicities of infection (MOI) for 24 hr at 37°C, unless
otherwise indicated.

All work involving SARS-CoV-2 was performed in the CDC/USDA-approved BSL-3
facility of the Global Health and Emerging Pathogens Institute at the Icahn School of
Medicine at Mount Sinai in accordance with institutional biosafety requirements.

Data Availability

RNA-seq data is available from the GEO repository database with accession nhumber
GSE169241. Source code is available from https://github.com/shuibingchen/
COVID-19_Hearts.

RESULTS

Human COVID-19 patient description

The patient characteristics are summarized in Table 1. Eleven non-COVID (COVID-19) and
fifteen COVID (COVID-19) patient samples were used for either RNA-seq or staining. Five
non-COVID and fifteen COVID patients had a prior history of cardiovascular-related
disease(s) including hypertension (HTN, non-COVID: n=5, COVID: n=11), diabetes
mellitus, (DM, healthy: n=3, COVID: n=9), hyperlipidemia (HL, non-COVID: n=1,
COVID: n=9), non-ST elevation Ml (NSTEMI, COVID: n= 1), and congenital heart
(COVID: n=1). One of the COVID patients had a previous history of atrial fibrillation. Two
COVID patients developed new onset atrial fibrillation after diagnosis. New
electrocardiographic findings were identified in COVID-19 patients, including new onset
atrial fibrillation (n = 2), new onset ventricular fibrillation (= 1) and ST-segment or T-wave
changes (n7=5). Serum high-sensitivity troponin T levels were available for ten COVID-19
patients, with a median peak value of 4.2 ng/mL, range 0.00-93.85 ng/ml. Fourteen patients
received one or more medications for COVID-19 including hydroxychloroquine (HCQ, 600
mg PO Q12 hr X 2 then 400 mg PO daily X 4 days)/chloroquine (CQ, 500 mg PO Q12 hr X
2 then 500 mg PO daily X 4 days, n= 8), steroids (n = 2), antibiotics (7= 12), and
anticoagulation (77 = 10).

Macrophages are enriched in hearts of COVID-19 patients compared to non-COVID donors.

To examine the inflammatory response in cardiac tissues of COVID-19 patients, we first
compared the transcriptional profiles of heart tissue samples obtained from autopsies of non-
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COVID donors or COVID-19 patients. In the multidimensional scaling (MDS) plot and
heatmap, the profiles of non-COVID heart samples clustered separately from the COVID-19
heart samples (Figure 1A and IB in the online-only Data Supplement). Elsevier Pathway
analysis of the differentially expressed genes in COVID-19 versus non-COVID heart
samples showed that genes involved in cardiac pathology were significantly enriched in
COVID-19 patients, including dilated cardiomyopathy, sarcomere disorganization, alcoholic
dilated cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy, myocarditis,
cardiomyocyte dysfunction, dilated cardiomyopathy, and hypertrophic cardiomyopathy
(Figure 1A). In addition, transcript levels for several chemokines were upregulated in
COVID-19 heart samples (Figure 1B), and CCLZ2 exhibited significantly increased levels of
expression (Figure IC in the online-only Data Supplement). This was further confirmed by
significantly increased immunostaining levels for CCL2 in COVID-19 heart samples (Figure
1C and 1D).

Since CCL2 is a well-known pro-inflammatory chemokine, we investigated the expression
of genes involved in inflammation and found that expression levels for numerous
inflammation-associated genes were upregulated in COVID-19 heart samples (Figure 1D, IE
and Table Sl in the online-only Data Supplement). As CCL2 is a major chemoattractant for
migrating macrophages, we examined the presence of macrophages and confirmed increased
numbers of CD163" cells in COVID-19 heart autopsy samples as compared to non-COVID
donor samples (Figure 1E and 1F). No significant difference was detected between the
number of CD163* cells in heart autopsy samples of COVID-19 patients with and without
HCQ/CQ treatment (Figure 1E and 1F), suggesting that the infiltration of CD163 cells is not
due to or altered by HCQ/CQ treatment.

An immuno-cardiac co-culture platform reveals that, upon SARS-CoV-2 infection,
macrophages induce increased ROS and apoptosis of CMs.

In recent studies, we reported the detection of viral nucleocapsid (SARS-N) in CMs of
SARS-CoV-2 infected hamsters24, We further demonstrated that SARS-CoV-2 infected CMs
recruit migrating monocytes by secretion of CCL224. To explore the interaction between
CMs and macrophages upon SARS-CoV-2 infection, we created an immuno-cardiac co-
culture platform using hPSC-derived CMs and macrophages.

CMs were derived from a MYH6:mCherry H9 hESC reporter line?8 or a hiPSC line
generated from healthy donor (Figure IF in the online-only Data Supplement) and over 90%
of the cells expressed mCherry and stained positive with antibodies recognizing sarcomeric
a-actinin and cardiac troponin T (cTNT) (Figure IG and IH in the online-only Data
Supplement). Around 20% of hPSC-derived CMs expressed CCR2, a major receptor of
CCL2 (Figure 1l in the online-only Data Supplement). In autopsy samples, we detected no
significant difference of CCR2 expression between the atrium and ventricle (Figure 1J in the
online-only Data Supplement). Furthermore, CCRZ2 expression in the heart autopsy samples
of COVID-19 patients did not correlate with the severity of the patient outcome (Peak
Troponin, Figure IK in the online-only Data Supplement).

Macrophages were derived from H9 or H1 hESC lines following a previously reported
protocol?® (Figure l1A in the online-only Data Supplement) through a stepwise manner,
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including the generation of mesoderm, followed by hematopoietic progenitor cells, CD68*
monocytes (Figure 1B in the online-only Data Supplement) and finally CD11b
*CD163*CD14"CD45*CD80" unstimulated macrophages (Figure 11C and 11D in the online-
only Data Supplement). The protocol was developed to differentiate hPSCs to macrophages
comparable to peripheral blood-derived macrophages2®. The hESC-derived monocytes and
macrophages express CCR?2 as indicated by qRT-PCR, immunostaining and flow cytometry
(Figure I1E- 111 in the online-only Data Supplement). ACE2, the main cellular receptor for
SARS-CoV-239, is highly expressed in H9 hESC-derived CMs and adult CMs, but not
macrophages (Figure 11J in the online-only Data Supplement).

Previous studies reported that recruited monocyte-derived macrophages could induce
oxidative damage in the heart following myocardial injury3L. To examine if macrophages
increase the damage to CMs in the presence of SARS-CoV-2, the immuno-cardiac cells were
co-cultured for 24 hours and then exposed to different doses of SARS-CoV-2 (MOI=0.001,
0.01, 0.05, 0.1). At 24 hours post-infection (hpi), cells were either stained with a CellROX™
Green Reagent to detect ROS or antibody against cleaved caspase-3 (CASP3, Figure Il in
the online-only Data Supplement). At MOI=0.1, the presence of macrophages significantly
increased both ROS (Figure 2A and 2B) and cell apoptosis (Figure 2C and 2D) of CMs in
SARS-CoV-2 infected co-cultures. To quantify the cell apoptotic rate in CMs or
macrophages, we co-cultured CMs derived from MYH6:mCherry H9 hESCs and
macrophages derived from blue fluorescence protein (BFP)-labelled H1 hESCs. The
percentage of CASP3* cells in mCherry* cells was significantly higher in the co-culture
condition than the no-macrophage condition (Figure 2E and 2F, Figure I\VA in the online-
only Data Supplement). The apoptotic rate of macrophages was also increased in the co-
culture condition (Figure IVB and IVC in the online-only Data Supplement). However, the
overall apoptotic rate of macrophages was much lower than the one of CMs. We further
monitored the cell necrotic rate of CMs and macrophages using the co-culture cells of CMs
derived from MYH6:mCherry H9 hESCs and macrophages derived from BFP-labelled H1
hESCs by flow cytometry (% of RIP3* cells). Although SARS-CoV-2 infection increased
necrosis of CMs, it was not further increased in CMs or in macrophages in the co-culture
condition (Figure V in the online-only Data Supplement), suggesting that the presence of
macrophages does not impact CM necrosis. Moreover, we further validated that the presence
of macrophages increased CM apoptosis upon SARS-CoV-2 infection using co-cultures
containing CMs derived from an hiPSC line and macrophages derived from H1 hESCs
(Figure VIA in the online-only Data Supplement). The same co-culture experiments were
performed using adult human CMs and hPSC-derived macrophages. Similarly, the presence
of macrophages also significantly increased cell apoptosis (Figure 2G and 2H) of adult CMs
in SARS-CoV-2 infected cultures. Next, hPSC-derived CMs or adult human CMs were co-
cultured with hPSC-derived macrophages for one week (long-term co-culture) and infected
with SARS-CoV-2. Consistent with the short-term co-cultures, macrophages significantly
increased cell apoptosis of both types of CMs in SARS-CoV-2 infected co-cultures (Figure
VIB-VIE in the online-only Data Supplement). These data show that the presence of
macrophages increased CM apoptosis upon SARS-CoV-2 infection.

To determine how macrophages damage CMs in SARS-CoV-2 infected immuno-cardiac co-
cultures, macrophages were exposed to SARS-CoV-2 and infectious viral particles in the cell
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culture media were measured over a time course of 48 hours. The amount of infectious virus
detected in the supernatant decreased with time and was essentially undetectable by 48 hours
post-infection (Figure VIIA in the online-only Data Supplement), suggesting that
macrophages cannot be productively infected. Consistent with previous reports,
macrophages might instead engulf SARS-CoV-2 to trigger the immune response??.
Accordingly, macrophage transcript profiles were significantly altered following SARS-
CoV-2 exposure (Figure VIIB and VIIC in the online-only Data Supplement). In particular,
inflammatory genes (Figure VIID in the online-only Data Supplement) and cytokines
(Figure VIIE in the online-only Data Supplement) were upregulated in macrophages
following SARS-CoV-2 exposure. Secretion of cytokines into the cell culture supernatant,
including IL-6 and TNF-a, but not IL-10, was confirmed by ELISA (Figure 3A and Figure
VIIF-VIIG in the online-only Data Supplement). The amount of IL-6 and TNF-a secreted
by macrophages after SARS-CoV-2 exposure is around 100-fold higher than levels secreted
by infected CMs (Figure VIIH and VIII in the online-only Data Supplement), suggesting
that macrophages are responsible for the majority of the increase of IL-6 and TNF-a
secretion in infected co-cultures. To determine if IL-6 and TNF-a could induce ROS and
apoptosis of CMs, hPSC-derived CMs were treated with 3.5 ng/ml IL-6, 0.25 ng/ml TNF-a
or 3.5 ng/ml IL-6+0.25 ng/ml TNF-a for 24 hr. Staining confirmed that all three conditions
increased ROS (Figure 3B and 3C) and apoptosis (Figure 3B and 3C, Figure VIIIA in the
online-only Data Supplement) in hPSC-derived CMs, which was further validated by flow
cytometry analysis (Figure 3D and 3E, Figure VIIIB-VIIIE in the online-only Data
Supplement). Although the treatment with 1L-6, TNF-a or IL-6+ TNF-a also increased the
percentage of RIP3* cells, the necrotic cell rate is lower than the apoptotic cell rate (Figure
VIIIF and VIIG in the online-only Data Supplement), suggesting that cell apoptosis is the
major mechanism of IL-6 and/or TNF-a-induced CM death.

We also evaluated the response of adult human CMs to cytokine treatments. Consistent with
the results obtained with hPSC-derived CMs, IL-6 and/or TNF-a treatment increased ROS
(Figure IXA and IXB in the online-only Data Supplement) and apoptosis (Figure IXC and
IXD in the online-only Data Supplement) in adult human CMs. Finally, using IL-6 and/or
TNF-a neutralizing antibodies, SARS-CoV-2 induced CM apoptosis was partially blocked
in both hPSC-derived and adult CMs (Figure 3F, Figure IXE and IXF in the online-only
Data Supplement). Although some CMs expressed CCR2, CCL2 alone did not affect the
ROS or apoptoatic rate of hPSC-derived CMs in the absence of macrophages, as shown by
both immunostaining and flow cytometry (Figure IXG-IXJ in the online-only Data
Supplement). Taken together, we show that macrophages secrete IL-6 and TNF-a upon
SARS-CoV-2 infection of the immuno-cardiac co-cultures, which increases ROS levels and
induces apoptosis of CMs.

An immuno-cardiac co-culture platform based high content screen identifies FDA-
approved drugs ranolazine and tofacitinib for preventing macrophage-mediated hyper-
inflammation in CMs.

A high content screen was performed to identify drug candidates that could abrogate
macrophage-mediated CM apoptosis. In brief, the immuno-cardiac co-culture platform
containing hPSC-derived CMs and macrophages was treated with compounds from the
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Prestwick library that contains 1280 FDA-approved drugs, followed by SARS-CoV-2
infection (MOI=0.1, Figure 4A). At 24 hpi, cells were stained with ROS indicator dye, fixed
and analyzed using the ImageXpress high content analysis system. The ROS index was
calculated by the equation:

% of ROS + cells in mCherry + cells in drug condition

ROS index = % of ROS + cells in mCherry + cells in DM SO condition

and plotted for each drug (Figure 4A). Several drug candidates, including ranolazine (ICsp=
0.305 pM, Figure 4B) and tofacitinib (ICso= 0.212 uM, Figure 4C) were found to decrease
the ROS index in a dose-dependent manner. Other known anti-oxidative reagents, such as
trolox and resveratrol, also decreased the ROS index (Figure XA in the online-only Data
Supplement). To validate the screen, the immuno-cardiac co-culture platform containing
hPSC-derived CMs and macrophages was infected with SARS-CoV-2 (MOI=0.1) and both
10 uM ranolazine and 0.5 uM tofacitinib were found to decrease ROS (Figure 4D and Figure
XB in the online-only Data Supplement) as well as the rates of CM apoptosis (Figure 4E and
Figure XC in the online-only Data Supplement). Consistent with these results, treatment of
infected co-cultures using adult human CMs also inhibited the ROS rate (Figure 4F) and
apoptosis rate (Figure 4G, Figure XD in the online-only Data Supplement). In addition, both
ranolazine and tofacitinib decreased the apoptosis rate of long-term co-cultures of hPSC-
derived CMs or adult CMs with hPSC-derived macrophages after SARS-CoV-2 infection
(Figure 4H and 41).

RNA-seq was used to examine the transcriptional changes of CMs upon drug treatment and
virus infection. To perform the assay, macrophages were cultured on the upper insert
chamber of the trans-well plate and hPSC-derived CMs were cultured on the bottom of the
trans-well plate. Co-cultures were exposed to SARS-CoV-2 at MOI=0.1. 24 hours later, the
hPSC-derived CMs were collected and analyzed by RNA-seq. Consistent with the staining
results, ranolazine or tofacitinib decreased the expression of genes associated with ROS and
cell apoptosis (Figure 5A-5D). Ranolazine or tofacitinib treatment also increased the
expression of sarcomeric genes and ion channels (Figure 5E and 5F)32.

Ranolazine and tofacitinib protect CMs from macrophage-induced damage through
different mechanisms.

Ranolazine or tofacitinib could possibly block the secretion of IL-6 and/or TNFa, affecting
downstream signaling pathways, or rescue cell survival. To distinguish these possibilities,
we first examined the /L6 and 7TAVFA mRNA expression of macrophages upon SARS-CoV-2
exposure in the presence or absence of ranolazine or tofacitinib. Tofacitinib, but not
ranolazine, significantly blocked the upregulation of /L6and 7/NFa in macrophages upon
SARS-CoV-2 exposure (Figure 6A). Both ranolazine and tofacitinib rescued IL-6 mediated
apoptosis of hPSC-derived CMs (Figure 6B and 6C), which suggests that ranolazine and
tofacitinib might also affect the downstream pathways or rescue cell survival. Tofacitinib is a
JAK inhibitor33, which has been approved by the FDA for rheumatoid arthritis in patients
with an inadequate response or intolerance to methotrexate34. Transcript profiling validates
that JAK-STAT associated genes were downregulated in tofacitinib, but not in ranolazine
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treated conditions (Figure 6D). Ranolazine has been shown to protect CMs from
doxorubicin-induced oxidative stress35. Consistent with this result, transcript profiling
suggested that ranolazine treatment causes a decrease in expression levels of ROS-associated
genes (Figure 5A). Together, the results suggest that tofacitinib functions by blocking the
secretion of IL-6 and TNFa, inhibiting JAK-STAT pathway, while ranolazine protects CMs
by lowering ROS levels (Figure 6E).

DISCUSSION

Immune cell mediated hyper-inflammation is believed to contribute to the severity and
outcome of COVID-19. Single cell RNA-seq of bronchoalveolar lavage fluid immune cells
from patients with varying severity of COVID-19 identified an abundance of
proinflammatory macrophages in severe COVID-19 patients36. Recent studies analyzing
lung autopsy samples have reported mononuclear inflammation, infiltrated with
lymphocytes and macrophages®’. Here, we systematically examined heart autopsy samples
from COVID-19 patients and non-COVID controls and found macrophage infiltration in
heart autopsy samples of COVID-19 patients. Consistently, CCL2 was found to be
upregulated in heart and lung autopsy samples from COVID-19 patients3’. CCL2, also
known as monocyte chemoattractant protein 1 (MCP-1), is a chemokine that facilitates the
migration and infiltration of monocytes to sites of inflammation produced by either tissue
injury or infection. CCR2 is the major receptor for CCL2. Recent studies identified both
CCR2* and CCR2" macrophages in human heart, of which migrating CCR2* macrophages
play a pro-inflammatory role38: 39, CD163 is expressed in both CCR2* and CCR2"
macrophages and CCR2+ monocytes in human heart38. Consistently, we detected an
increase of CD163™ cells in heart autopsy samples of COVID-19 patients. Together, the data
suggest that CCL2 might play an important role in macrophage infiltration of COVID-19
patient hearts.

To study the macrophage-host cell interaction upon SARS-CoV-2 infection, we created an
immuno-host co-culture platform using hPSC-derived or adult CMs co-cultured with hPSC-
derived macrophages. In the presence of SARS-CoV-2, macrophages secrete 1L-6 and TNF-
a, which causes increased apoptosis of CMs. Clinically, increased levels of IL-6 and TNF-a
were detected in severe but not moderate cases of COVID-19%0 41, Thus, a combination
treatment blocking both IL-6 and TNF-a. might be useful to attenuate toxicity. It is worth
noting that IL-6 plays a double edge role in cardiac injury, since it can provide cardiac
protective activity at certain phases of cardiac injury #2. Thus, timing would be critical for
using IL-6 and TNF-a blocking therapy.

Finally, an immuno-cardiac based high content screen using FDA-approved drugs identified
ranolazine and tofacitinib as protecting CMs from macrophage-induced ROS and apoptosis
upon SARS-CoV-2 infection. The mechanistic studies suggested that tofacitinib functions by
blocking TNF-a and IL-6 generation and inhibiting the JAK/STAT pathway, a pathway
downstream of IL-6, while ranolazine blocks the increase of 1L-6/TNF-a-dependent ROS in
a CM-dependent manner (Figure 6E). Consistently, previous studies showed that tofacitinib
blocks TNF-a generation/secretion3-45. Ranolazine, a piperazine derivative, is a well-
tolerated medication with beneficial metabolic properties without affecting heart rate or
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blood pressure. Ranolazine is recommended for patients with stable ischemic heart disease if
unable to use acceptable doses of B-blockers?6. In addition, ranolazine was shown to
improve glycemic control in type 2 diabetic patients#’. Tofacitinib citrate has been approved
by the FDA to treat rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis and
ulcerative colitis. JAK inhibitors have recently been considered to treat COVID-19
patients*8. We provide the first experimental evidence of the anti-inflammatory activity of a
JAK inhibitor on SARS-CoV-2 infected cells.

Although this study provides a proof-of-principle co-culture system to study the
macrophage-mediated damage of CMs, some other cell types, such as cardiac fibroblasts and
endothelial cells, might contribute to the heart damage of COVID-19 patients. In addition to
macrophages, other cell types in the heart, such as cardiac fibroblasts secrete 1L-6 (Burger A
et al. American Journal of Physiology-Heart and Circulatory Physiology. 2001). Moreover,
IL-6 receptor and TNF-a receptor are expressed in various cell types in the heart, such as
endothelium. Thus, additional studies should further dissect the contribution of other types
of cells, such as cardiac fibroblasts and endothelial cells, to the heart damage of COVID-19
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What is Known?

. Increased numbers of macrophages were found in lung autopsy samples of
COVID-19 patients compared with non-COVID-19 patients.

. While respiratory failure is a frequent and clinically significant outcome of
COVID-19 patients, cardiac complications are a common feature in
hospitalized COVID-19 patients and are associated with worse patient
outcomes.

What New Information Does This Article Contribute?

. We systematically compared autopsy samples from non-COVID-19 donors
and COVID-19 patients using RNA-seq and immunohistochemistry and
found that macrophages are enriched in heart tissues of COVID-19 patients.

. Our study reports the first immuno-cardiac co-culture platform to study
macrophage-mediated hyper-inflammation related to SARS-CoV-2 infection.

. The co-culture platform was adapted to a high content screen and identified
two FDA-approved drugs that protect CMs from macrophage-mediated
cardiotoxicity upon SARS-CoV-2 infection.

By comparing heart samples from non-COVID and COVID patient donors, we found
increased numbers of macrophages in COVID patient hearts. Therefore, we developed an
immuno-host co-culture platform containing hPSC-derived or adult CMs, to evaluate the
impact of macrophages on host cells upon SARS-CoV-2 infection. We showed that
macrophages secrete increased levels of IL-6 and TNF-a which increased apoptosis of
CMs. Finally, we performed a drug screen and identified candidate therapeutics for
consideration of repurposing for clinical use to block macrophage-mediated hyper-
inflammation of COVID-19 patients.
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Figure 1. Macrophages are enriched in the heart autopsy tissues of COVID-19 patients compared

to non-COVID donors.

A, Elsevier Pathway analysis of top 1000 genes differentially expressed in non-COVID

donors (N=5) versus COVID heart samples (N=3).

B, Heatmap of chemokines of heart tissues obtained from autopsied COVID patients (N=3)
compared to non-COVID control donors (N=5). Data was presented as the absolute value.
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C, D, Immunostaining (C) and quantification (D) of CCL2 in autopsy heart samples of non-
COVID donors (N=5) and COVID patients (N=4). Three images of each samples were used
for quantification. Scale bar= 50 um.

E, F, Immunohistochemistry staining (E) and quantification (F) of CD163" cells in autopsy
heart samples of non-COVID donors (N=2), HCQ™ COVID patients (N=7) and HCQ™
COVID patients (N=3). Three images per sample were used for quantification. Scale bar=
100 pm.

Data was presented as mean + STDEV. Pvalues were calculated by unpaired two-tailed
Student’s t test. n.s. no significance and ***P < 0.001.
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Figure 2. The immuno-cardiac co-culture platform-based assays reveal that, upon SARS-CoV-2
exposure, macrophages induce increased ROS and apoptosis of CMs.

A, B, Fluorescence images (A) and quantification (B) of ROS levels in H9-derived CMs in

different conditions, including CM+mock, CM+SARS-CoV-2 (MOI=0.1), CM+macrophage
+mock, CM+macrophage+ SARS-CoV-2 (MOI=0.1), CM+macrophage+ inactivated SARS-
CoV-2 (MOI=0.1). Scale bar= 50um.
C, D, Immunostaining assay (C) and quantification (D) of CASP3 of H9-derived CMs in
different conditions as in (A). Scale bar= 50 um.
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E, F, Flow cytometry analysis (E) and quantification (F) of CASP3 in H9-derived CMs in
different conditions as in (A). Scale bar= 50 um.

G, H, Immunostaining assay (G) and quantification (H) of CASP3 in adult CMs in different
conditions as in (A). Scale bar= 50 pm.

N=3 independent biological replicates. Data was presented as mean £ STDEV. Pvalues
between CM+mock, CM+SARS-CoV-2, CM+macrophage+mock and CM+macrophage
+SARS-CoV-2 were calculated by two-way ANOVA analysis. Pvalues between CM
+macrophage+mock, CM+macrophage+SARS-CoV-2 and CM+macrophage+inactivated
SARS-CoV-2 were calculated by one-way ANOVA analysis. *£< 0.05, **P< 0.01, ***P<
0.001.
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Figure 3. Macrophages induce increased ROS and apoptosis of CMs by secreting IL-6 and TNF-

a.

A, ELISA assays were performed to examine the protein levels of IL-6 and TNF-a secreted
by H9-derived CMs co-cultured with H9-derived macrophages exposed to mock or SARS-
CoV-2 (MOI=0.1).
B, Confocal imaging of ROS in MYH6:mCherry* H9-derived CMs and CASP3 in cTNT*
H9-derived CMs treated with 3.5 ng/ml IL-6, 0.25 ng/ml TNF-a, or 3.5 ng/ml IL-6+0.25
ng/ml TNF-a for 24 hr. Scale bar= 50 pm.
C, Quantification of ROS in MYH6:mCherry* H9-derived CMs and CASP3 in cTNT* H9-
derived CMs treated with 3.5 ng/ml IL-6, 0.25 ng/ml TNF-a, or 3.5 ng/ml IL-6+0.25 ng/ml
TNF-a for 24 hr analyzed by immunostaining.
D, Flow cytometry analysis of ROS in MYH6:mCherry* H9-derived CMs and CASP3 in
MYH6:mCherry* H9-derived CMs treated with 3.5 ng/ml IL-6, 0.25 ng/ml TNF-a, or 3.5
ng/ml IL-6+0.25 ng/ml TNF-a for 24 hr. Scale bar= 50 pm.
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E, Quantification of ROS in MYH6:mCherry* H9-derived CMs and CASP3 in
MYH6:mCherry* H9-derived CMs treated with 3.5 ng/ml IL-6, 0.25 ng/ml TNF-a, or 3.5
ng/ml IL-6+0.25 ng/ml TNF-a for 24 hr analyzed by flow cytometry.

F, Quantification of CASP3 in cTNT* H9-derived CMs in CM+macrophage+SARS-CoV-2
condition treated with control or IL-6 neutralizing antibody, TNF-a neutralizing antibody, or
IL-6 neutralizing antibody+TNF-a neutralizing antibody.

N=3 independent biological replicates. Data was presented as mean + STDEV. Pvalues
were calculated by one-way ANOVA. *P< 0.05, **P< 0.01, and ***P < 0.001.
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Figure 4. An immuno-cardiac co-culture platform based high content screen identifies FDA-
approved drug candidates that protect CMs from macrophage-mediated cell apoptosis.

A, Scheme of the high content screen and primary screening results.

B, Chemical structure and inhibitory curve of ranolazine.

C, Chemical structure and inhibitory curve of tofacitinib.

D, Immunostaining and quantification of relative mean ROS intensity in MYH6:mCherry*
CMs under 10 uM ranolazine or 0.5 UM tofacitinib treated virus-immuno-cardiac co-culture
platform containing H9-derived CMs and H9-derived macrophages infected with SARS-
CoV-2 virus (MOI=0.1). Scale bar= 50 pm.
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E, Confocal imaging and quantification of relative mean CASP3 intensity in cTNT™ CMs
under 10 uM ranolazine or 0.5 UM tofacitinib treated virus-immuno-cardiac co-culture
platform containing H9-derived CMs and H9-derived macrophages infected with SARS-
CoV-2 virus (MOI=0.1). Scale bar= 50 pm.

F, Immunostaining and quantification of relative mean ROS intensity in adult CMs under 10
UM ranolazine or 0.5 uM tofacitinib treated virus-immuno-cardiac co-culture platform

containing adult human CMs and H9-derived macrophages infected with SARS-CoV-2 virus

(MOI=0.1). Scale bar= 50 pm.

G, Confocal imaging and quantification of relative mean CASP3 intensity in adult CMs
under 10 uM ranolazine or 0.5 uM tofacitinib treated virus-immuno-cardiac co-culture
platform containing adult human CMs and H9-derived macrophages infected with SARS-
CoV-2 virus (MOI=0.1). Scale bar= 50 pm.

H, Confocal imaging and quantification of relative mean CASP3 intensity in cTNT* CMs
under 10 uM ranolazine or 0.5 uM tofacitinib treated virus-immuno-cardiac co-culture
platform containing H9-derived CMs and H9-derived macrophages infected with SARS-
CoV-2 virus for long term co-culture (7 days co-culture, MOI=0.1). Scale bar= 50 pm.

I, Confocal imaging and quantification of relative mean CASP3 intensity in adult CMs
under 10 uM ranolazine or 0.5 uM tofacitinib treated virus-immuno-cardiac co-culture
platform containing adult human CMs and H9-derived macrophages infected with SARS-
CoV-2 virus for long term co-culture (7 days co-culture, MOI=0.1). Scale bar= 50 pm.
N=3 independent biological replicates. Data was presented as mean £ STDEV. Pvalues
were calculated by one-way ANOVA. *P< 0.05, **P< 0.01, and ***P< 0.001.
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Figure 5. Gene expression analysis of drug treated CMs.
A, B, Heatmap of ROS-related genes in 10 uM ranolazine (A) or 0.5 pM tofacitinib (B)

treated H9-derived CMs co-cultured with H9-derived macrophages infected with SARS-
CoV-2 virus using trans-well plates (MOI=0.1).

C, D, Heatmap of apoptosis-related genes in 10 uM ranolazine (C) or 0.5 uM tofacitinib (D)
treated H9-derived CMs co-cultured with H9-derived macrophages infected with SARS-
CoV-2 virus using trans-well plates (MOI1=0.1).

E, F, Heatmap of cardiomyocyte related genes in 10 uM ranolazine (E) or 0.5 uM tofacitinib
(F) treated H9-derived CMs co-cultured with H9-derived macrophages infected with SARS-
CoV-2 virus using trans-well plates (MOI=0.1).
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Figure 6. Ranolazine and Tofacitinib decrease ROS and CASP3 in the immuno-cardiac co-
culture platform through different mechanisms.

A, gRT-PCR analysis of expression levels for 7TA/FA and /L6 in ranolazine or tofacitinib
treated H9-derived macrophages exposed to SARS-CoV-2 (MOI=0.1).

B, C, Confocal imaging (B) and quantification (C) of relative mean CASP3 intensity in
CTNT* H9-derived CMs. CMs were treated with 10 uM ranolazine or 0.5 pM tofacitinib and
then treated with IL-6. Scale bar= 50 pm.

D, Heatmap of JAK/STAT signaling pathway related genes in 10 uM ranolazine or 0.5 uyM
tofacitinib treated H9-derived CMs co-cultured with H9-derived macrophages infected with
SARS-CoV-2 virus using trans-well plates (MOI1=0.1).

E, Proposed mechanism of action.

N=3 independent biological replicates. Data was presented as mean + STDEV. Pvalues
were calculated by one-way ANOVA. n.s. no significance, *£< 0.05, **P< 0.01, and ***pP
< 0.001.
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Table 1.
Patient characteristics.
All cases non-COVID | COVID-19
n 24 9 15
Age 63.2 (27-95) 55.6 (27-74) | 67.8 (30-95)
Male sex 14 (58) 6 (67) 8 (53)
Duration of symptoms (days)a 14.3 (5-49) N/A 14.3 (5-49)
Duration of hospitalization (days) | 9.1 (0-52) N/A 9.1 (0-52)
History of cardiovascular diseases
HTN 16 (67) 5 (56) 11 (73)
DM 12 (50) 3(33) 9 (60)
HL 10 (42) 1(11) 9 (60)
NSTEMI 1(4) 0 1(7)
congenital heart 1(4) 0 1(7)
Prior atrial fibrillation 1(7) N/A 1(7)
New-onset atrial fibrillation 2(13) N/A 2(13)
New ECG changes 8(53) N/A 8 (53)
Peak troponin (ng /mL)b 4.2 (0.00-93.85) | N/A 4.2 (0.00-93.85)
Drug treatment
HCQICQ 8 (53) N/A 8 (53)
Steroids 2(13) N/A 2(13)
Antibiotics 12 (80) N/A 12 (80)
Anticoagulation 10 (67) N/A 10 (67)

Data are expressed as median (range) or /7(%).

a
From onset of symptoms to death

b .. . . . . .
Highest troponin value if multiple troponin values were available.
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