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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
led to the coronavirus disease (COVID-19) outbreak that became a
pandemic in 2020, causing more than 30 million infections and 1
million deaths to date. As the scientific community has looked for
vaccines and drugs to treat or eliminate the virus, unexpected fea-
tures of the disease have emerged. Apart from respiratory compli-
cations, cardiovascular disease has emerged as a major indicator
of poor prognosis in COVID-19. It has therefore become of utmost
importance to understand how SARS-CoV-2 damages the heart.
Human pluripotent stem cell (hPSC) cardiovascular derivatives
were rapidly recognized as an invaluable tool to address this, not
least because one of the major receptors for the virus is not recog-
nized by SARS-CoV-2 in mice. Here, we outline how hPSC-derived
cardiovascular cells have been utilized to study COVID-19, and
their potential for further understanding the cardiac pathology
and in therapeutic development.

Introduction

Coronavirus disease (COVID-19) is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) viral
infection, and understanding how this deadly virus infects
and affects humans is currently under intense investiga-
tion. Knowledge of this new virus has evolved in the past
9 months, while valuable information on its pathology in
humans has also been derived from previous studies of
closely related viruses. SARS-CoV and MERS-CoV, which
led to the SARS and Middle East Respiratory Syndrome
(MERS) outbreaks, respectively, provided essential basic in-
formation on the molecular structure, genome, and virus
mechanisms for host cell entry (Wu et al., 2020; Zhou
et al., 2020b). Moreover, clinical data from COVID-19 pa-
tients have shed light on various aspects of the pathology
(Geng et al., 2020). To date, there are no vaccines, and
the effectiveness of the few treatments available is highly
dependent on the patient’s condition when administered.
This highlights the urgency for relevant human studies, in
particular due to COVID-19 affecting individuals to strik-
ingly variable extents. Whereas the majority of individuals
experience little more than common cold or flu-like symp-
toms, others experience severe symptoms culminating in
death. Epidemiological and clinical studies have associated
these variable outcomes of infection with gender, age, and
obesity (Richardson et al., 2020), but there are still many
unknown factors. In addition, variability in COVID-19
severity also depends on underlying and pre-existing co-

morbidities such as diabetes mellitus, chronic pulmonary
disease, cancer, hypertension, and cardiovascular disease
(CVD). Although the dominant pathology involves the res-
piratory system, COVID-19 also causes cardiovascular com-
plications, namely myocardial injury, arrhythmias, acute
coronary syndrome, and vascular damage, including
thromboembolism (Nishiga et al., 2020; Zheng et al.,
2020). Indeed, clinical data to date suggest that 20%-30%
of COVID-19 patients experience severe cardiovascular
damage, which significantly contributes to poor prognosis
(Huang et al., 2020; Nishiga et al., 2020). Increased
troponin I expression, widely used as a biomarker of
myocardial infarction, is among the best predictors of those
patients who will die in intensive care (IC) (Guo et al,,
2020; Huang et al., 2020; Tersalvi et al., 2020). Moreover,
patients with pre-existing cardiovascular conditions are
more likely to develop severe illness and have higher risk
of death compared with patients without co-morbidities
(Huang et al., 2020). These detrimental effects on the heart
highlight the need for better understanding of the molecu-
lar basis of cardiac damage caused by SARS-CoV-2, with a
view to developing more effective therapeutics to prevent
this. Specific questions include: (1) which of the multiple
cell types in the heart are SARS-CoV-2 targets, and how
are these cells affected; (2) what is the role of the inflamma-
tory response; and (3) do COVID-19-associated thrombi in
the vasculature cause micromyocardial infarctions?

Most studies on SARS-CoV-2 and other closely related vi-
ruses use either genetically modified mouse models (Bao
et al., 2020) or immortalized cell lines, such as Vero cells
derived from the African green monkey or human cancer
cell lines (Chu et al., 2020; Hoffmann et al., 2020; Ou
et al., 2020; Shang et al., 2020). Although these cell lines
possibly reflect virus entry and/or sustain viral replication,
they miss the tissue-specific physiology necessary to under-
stand why some organs are affected different from others.
Investigating the pathology of the disease using animal
models has also been a challenge. In humans, the major re-
ceptor used by SARS-CoV-2 to enter cells is angiotensin-
converting enzyme 2 (ACE2). However, the ortholog Ace2
receptor in mice does not bind SARS-CoV-2. Thus, for
mice to be used as a model organism to study SARS-CoV-
2, humanized mouse models have been generated in which
the human ACE2 receptor is overexpressed (Bao et al.,
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2020; Sun et al., 2020). This can provide information on
the initial stages of the virus life cycle and cell entry and
support studies on antiviral drugs for blocking viral entry.
However, human pathology following SARS-CoV-2 infec-
tion is not entirely captured by these models, either. For
example, it has been reported that, unlike in humans,
where the disease is principally a respiratory illness, SARS-
CoV-2 infection in mice primarily involves the nervous sys-
tem (Sun et al., 2020). These differences in host receptor
expression and infection modalities highlight key interspe-
cies differences in virus tropism. There are also reports of
cats, dogs, ferrets, minks, and hamsters becoming infected
by SARS-CoV-2, with some of these animals reflecting the
respiratory effects observed in humans (Shi et al., 2020).
Although these animals appear to closely reflect the human
pathology, they are not readily accessible for routine
research use.

As an alternative to immortalized human cell lines or
model organisms, human pluripotent stem cells (hPSCs)
are also regarded as relevant in vitro models to study
COVID-19, and most particularly for the effects of SARS-
CoV-2 infection or antiviral drugs on the heart, since there
are no alternative in vitro human cardiac models other than
primary tissue. hPSCs include both human embryonic
stem cells (hESCs) and human induced PSCs (hiPSCs)
generated by reprogramming somatic cells (Takahashi
et al., 2007). Over the past 2 decades, numerous protocols
have been established that allow successful generation of
cardiac-derived cell types, namely cardiomyocytes (CMs),
endothelial cells (ECs), cardiac fibroblasts (CFs), smooth
muscle cells (SMCs), and pericytes (Matsa et al., 2016;
Paik et al., 2020; Passier et al., 2016; Samak and Hinkel,
2019). Moreover, protocols using hPSCs to generate other
cell types found in the heart (such as macrophages) have
also been developed (Cao et al., 2019; Lee et al., 2018;
Montel-Hagen and Crooks, 2019). These protocols follow
developmental principles with the cells used for multiple
applications, ranging from modeling cardiovascular devel-
opment and disease to drug screening studies to identify
novel therapeutic agents or test drug cytotoxicity (Brandao
etal., 2017; Denning et al., 2016; Protze et al., 2019). Many
of these cell types can also be cryopreserved, thus providing
areadily accessible platform for such studies (van den Brink
et al., 2020; Giacomelli et al., 2020). Furthermore, hPSC-
derived cell types have been used to model and investigate
infectious diseases (Rowe and Daley, 2019), demonstrating
their potential suitability for studying COVID-19.

First, the cellular and molecular host-virus interactions
can be examined, specifically, the mechanisms through
which cardiovascular cells are infected by SARS-CoV-2
and potentially the identification of long-term effects of
the infection on recovered patients. Second, they can pro-
vide a preclinical platform for COVID-19 drug testing. Re-
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purposed drugs can be screened for potential effectiveness
in combating COVID-19, while novel drug candidates can
be examined for cardiac cytotoxicity, a possible secondary
risk for COVID-19 patients. This can be investigated using
2D monolayer cultures of hPSC-derived CMs (hPSC-CMs),
as well as 3D multicellular systems such as cardiac microtis-
sues (Giacomelli et al.,, 2020), engineered heart tissues
(EHTs) (Eschenhagen et al.,, 2012; Mannhardt et al.,
2016), or heart-on-chip models (Jastrzebska et al., 2016;
Ribas et al., 2016). These cellular models can be adapted
to answer specific SARS-CoV-2-related biological questions
(Figure 1). In this perspective, we discuss how hPSC-derived
cardiovascular cells are being used to understand the effect
of SARS-CoV-2 on the heart and how they can be further
utilized for the development of therapeutics for COVID-19.

SARS-CoV-2 Interactions with the Heart

Structure and Cell Entry Mechanism of SARS-CoV-2
SARS-CoV-2 is composed of four structural proteins,
namely the spike (S), envelope, membrane, and nucleo-
capsid proteins, and a 30-kb positive-sense, single-stranded
RNA genome (Wang et al., 2020d). The virus uses the S pro-
tein to bind to and enter human cells. The first receptor
identified to be bound by SARS-CoV-2 was ACE2 (Li et al.,
2003), a membrane-localized aminopeptidase that is high-
ly expressed in the heart, blood vessels, kidneys, and lungs
and has a vital role in the cardiovascular and immune sys-
tems (Turner et al., 2004). Following binding, the S protein
is cleaved by the transmembrane serine protease TMPRSS2,
a process known as S-protein priming. This facilitates the
entry of the virus into the host cell cytoplasm by direct
fusion with the cell membrane and is thought to be the pre-
dominant initial in vivo mode of entry through respiratory
tract epithelial cells. The heart expresses high levels of
ACE2 too, and while this receptor plays a clear role in the
key cardiac pathologies developed in COVID-19, the exact
mechanisms of how ACE2 interaction with the virus leads
to the observed pathology in patients are elusive (Bansal,
2020; Zheng et al., 2020). Evidence from mouse models
of SARS suggests that ACE2 levels are reduced upon infec-
tion, with ACE2 knockout resulting in reduced cardiac
contractility (Nishiga et al., 2020); however, whether this
occurs in COVID-19 is unknown. Moreover, although
ACE2 is highly expressed in human CMs and pericytes
(Chen et al., 2020), expression of TMPRSS2 appears absent
(Litvinukova et al., 2020), highlighting the possibility that
alternative mechanisms may facilitate viral entry of SARS-
CoV-2 into the human heart. Indeed, a recent preprint
study using hPSC-CMs confirmed TMPRSS2 expression
was not detectable, and demonstrated that SARS-CoV-2
could infect these CMs via an endolysosomal route, specif-
ically via cathepsin-L protease (Pérez-Bermejo et al., 2020).
Whether this is the predominant mode of infection of CMs
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Figure 1. Overview of Potential Applications of hPSC-derived Cardiovascular Cells for COVID-19 Research

The hESCs or hiPSCs can be used to generate various cardiovascular cell types in vitro, including cardiomyocytes, fibroblasts, endothelial
and smooth muscle cells, and pericytes. The resulting cells can be used in assays in a variety of formats, such as 2D monolayers, 3D
multicellular cultures, EHTs, or culture on organ-on-chip devices. Subsequently, various biochemical, cellular, molecular, and genetic
studies can be performed to assess virus-host interactions or immune responses, for drug screening, or to examine the role of particular

genetic variants in disease susceptibility.
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requires further investigation, but highlights that different
treatment strategies may be needed for treating different
organs.

The transmembrane protein CD147, also known as Basi-
gin or extracellular matrix metalloproteinase inducer
(EMMPRIN), has also been proposed as a potential target
in COVID-19 treatments. This protein is utilized by the
parasite Plasmodium falciparum, which causes malaria in
humans (Crosnier et al., 2011), and a few studies demon-
strated that it serves as an alternative receptor that can be
bound by SARS-CoV (De Wit et al.,, 2016). Whether
CD147 also plays a role in SARS-CoV-2 entry is unclear,
with one preprint study demonstrating that it could be
bound by SARS-CoV-2 (Wang et al., 2020b), while a second
report failed to show interaction of the virus S protein with
CD147 expressed on human cells (Shilts and Wright,
2020). Thus, the role of CD147, as well as its possible
therapeutic impact, requires further validation, with
hPSC-derived cell types potentially facilitating this effort.
Moreover, a third transmembrane protein identified to be
bound by SARS-CoV-2 is neuropilin-1 (Cantuti-Castelvetri
etal., 2020; Daly et al., 2020). Neuropilin-1 is an important
co-receptor expressed in the cardiovascular system, playing
roles in angiogenesis, axon guidance, cell survival, migra-
tion, and invasion. How SARS-CoV-2 binds to this protein
and the resulting downstream effects, especially in the
heart, are currently unknown; however, NRP-1-deficient
mice develop cardiomyopathy and aggravated myocardial
infarction-induced heart failure.

Therefore, hPSC-derived cardiovascular cells will likely
provide a useful and physiologically relevant platform to
identify which membrane-localized proteins in the heart
are essential for SARS-CoV-2 entry and how the virus
interacts with them to facilitate this, as well as the cardio-
vascular cell types expressing these receptors. Since the
SARS-CoV-2 outbreak, a few studies have utilized hPSC-
derived heart models to address these questions. These
studies have collectively reported that the ACE2 receptor
is expressed in mesodermal derivatives, namely
macrophages, ECs, and CMs (Marchiano et al., 2020;
Pérez-Bermejo et al., 2020; Yang et al., 2020). Furthermore,
hiPSC-CMs have been shown to be susceptible to SARS-
CoV-2 infection and further viral replication (Marchiano
et al., 2020; Pérez-Bermejo et al., 2020; Sharma et al.,
2020), demonstrating their suitability for studying the re-
sulting downstream effects and mechanisms.

Similarly, hiPSC-derived blood vessel organoids can also
be directly infected by SARS-CoV-2, with human recombi-
nant soluble ACE2 blocking entry of the virus (Monteil
etal., 2020). Interestingly, while ECs express ACE2 (Hamm-
ing et al., 2004), they were not infected by the virus in two
recent studies of hiPSC-ECs (Pérez-Bermejo et al., 2020;
Yang et al., 2020). However, a number of clinical studies
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have shown damage of the endothelium caused by SARS-
CoV-2 (Huertas et al., 2020; Varga et al., 2020), leaving
open questions requiring further investigation. For
example, are these discrepancies linked to the develop-
mental origin of the ECs or the maturation state of the
hPSC-derived ECs. Despite not appearing to be infected,
hiPSC-ECs exposed to SARS-CoV-2 did exhibit significant
cytopathic effects (Pérez-Bermejo et al., 2020), raising the
possibility that the endothelial injury observed in
COVID-19 patients might not be directly due to viral infec-
tion of the ECs but occurs via paracrine effects instead.
Further research to determine whether the interaction of
SARS-CoV-2 with ECs is accurately reflected in hPSC-EC
models is still necessary.

The heart also comprises a significant fraction of CFs,
currently estimated to be about 15%. Their important
role in the myocardial response to injury makes them
also a potential key cell type in COVID-19 pathology.
Like hiPSC-ECs, although the ACE2 transcript was not de-
tected in hiPSC-CFs and they did not appear to be infected
by SARS-CoV-2, toxicity was still observed following expo-
sure to the virus (Pérez-Bermejo et al., 2020). Further inves-
tigation into the mechanism causing this response and
whether they might still play a role regarding infection
and propagation of the virus when present in a multicel-
lular structure is required. Mural cells such as vascular
SMCs and pericytes also express ACE2 (Chen et al., 2020;
Hamming et al.,, 2004; He et al.,, 2020); however, the
tropism of SARS-CoV-2 for these two cell types is currently
unknown. The important role of these cells in vasculature
homeostasis indicates that their potential infection could
lead to the adverse vascular damage and inflammation
seen in COVID-19 patients. This highlights the importance
of precisely identifying not only the cell types in the heart
that are readily infected by SARS-CoV-2, but also how the
virus affects the other cell types present and whether this
contributes to the pathology observed in COVID-19
patients.

Further studies need to also address the role of neuropi-
lin-1 in SARS-CoV-2 infection. Already available transcrip-
tomic data indicate that this gene also is expressed in
hiPSC-derived cardiac ECs and CFs. However, further anal-
ysis is required to determine its expression at the protein
level in these cells, as well as downstream biological pro-
cesses that could be activated following interaction of
this protein with the virus.

Cardiovascular Damage in COVID-19 Patients

COVID-19 patients often present with multiple cardiovas-
cular complications. Pathological findings in the hearts of
COVID-19 patients have provided useful insight into these
complications and laid the basis for determining aspects of
the disease that need modeling. COVID-19 patients
admitted to IC die predominantly from respiratory failure,
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septic shock and multi-organ failure, or cardiac failure
(Bansal, 2020; Huang et al., 2020). Recent reports have
shown that the majority of these patients also suffer from
acute cardiac injury, evidenced by increased levels of serum
troponin I (Huang et al., 2020; Lippi and Plebani, 2020).
Indeed, elevated troponin I levels distinguish those pa-
tients with severe/fatal disease from those who are eventu-
ally discharged from IC (Huang et al., 2020; Wang et al.,
2020a). Another indication of myocardial injury in
COVID-19 patients is arrhythmias, which may also be fatal
(Wang et al., 2020a). Poor prognosis of patients with car-
diac injury or heart failure highlights the key role that heart
damage plays in the lethality of the disease. However, it is
unclear whether the severe cardiovascular effects resulting
from SARS-CoV-2 infection are caused by direct virus-
induced myocardial injury, indirect systemic effects such
as inflammation, or a combination of both.

Thus, hPSC-derived cardiovascular cells will likely pro-
vide a valuable tool to model in vitro the events leading to
cardiovascular damage observed in COVID-19 patients.
Myocardial injury, as it manifests in humans, can be
confirmed by comparing troponin I levels in infected and
uninfected cardiac cells. Apart from evaluating the myocar-
dial injury itself, key mechanisms that drive it can also be
investigated in depth using hPSC model systems, following
either direct infection of the myocardium or activation of
inflammatory responses. A number of reports and preprints
have shown that viral infection of hPSC-CMs caused
morphological and functional alterations to the cells.
Infection with SARS-CoV-2 at a high MOI caused loss of
beating and increased apoptosis, with the contractile
dysfunction demonstrated in both 2D hPSC-CMs mono-
layers (Sharma et al., 2020) and EHTs (Marchiano et al.,
2020). However, even when the hPSC-CMs were infected
at a very low MOI, sarcomeric fragmentation as well as
loss of nuclear DNA was observed, including in adjacent
apparently uninfected hPSC-CMs (Pérez-Bermejo et al.,
2020). Whether these bystander effects are an artifact of
the model or whether even minimal exposure to the virus
directly damages the heart in patients, as has been sug-
gested (Guo et al., 2020), requires further examination.
RNA-sequencing analysis also revealed a wide range of tran-
scriptional changes upon infection, including in structural
and contractile genes and in pathways related to immune
regulation. Moreover, autopsy specimens from COVID-19
patients confirmed these in vitro phenotypes (sarcomeric
disruption, myofibrillar anomalies, and loss of nuclear
DNA), validating the suitability of hPSC-CMs as a model
for studying pathogenic viral infections of the human car-
diovascular system.

Apart from these contractile and structural alterations,
SARS-CoV-2 also appears to alter the electrophysiological
properties of hPSC-CMs (Marchiano et al., 2020). The field

potential duration (FPD), which can be measured in vitro
using a multi-electrode array, correlates to the QT interval
measured using an electrocardiogram in patients, with pro-
longation in both systems being a pro-arrhythmogenic in-
dicator. SARS-CoV-2 infection of hiPSC-CMs resulted in
lower depolarization spike amplitude, FPD prolongation,
and decreased electrical conduction velocity, although
whether the virus is directly responsible for arrhythmias
observed in COVID-19 patients or they are a consequence
of myocardial injury needs further exploration.

Indeed, arrthythmias in COVID-19 patients could also be
caused by fever, sepsis, hypoxia, or electrolyte imbalances
or even be drug induced. As SARS-CoV-2 can affect the
renin-angiotensin-aldosterone system (RAAS), the result-
ing hypokalemia could indirectly disrupt heart rhythm
(Bansal, 2020). Monitoring the effect of infection on the
patient’s heart is thus critical to predict and avoid lethal ar-
rhythmias in COVID-19 patients (Figure 2). In addition,
interaction of the S protein with ACE2 upregulates the
Ras-ERK-AP-1 pathway leading to activation of pro-fibrotic
factors such as the C-C motif chemokine ligand 2 (CCL2)
(Chen et al.,, 2010). This can also contribute to cardiac
injury and may subsequently cause the fibrosis associated
with disease manifestation. Multicellular hPSC-derived car-
diac tissues composed of multiple cell populations present
in the heart enable intercellular cross talk to occur (Giaco-
melli et al., 2020), and represent new models for studying
the cause of fibrosis in COVID-19 patients.

In addition to the acute adverse effects of SARS-CoV-2
infection and myocardial injury observed in fatal cases,
COVID-19 can also cause damage to the heart through
other mechanisms that might contribute to longer-term ef-
fects after infection. These include, for example, throm-
botic microangiopathy and venous thrombosis, indicated
by the elevated thrombogenic biomarker D-dimer observed
in COVID-19 patients (Geng et al., 2020). How this pathol-
ogy develops is unclear, but it is probably multifactorial,
with contributions from the hyperinflammatory response
seen in COVID-19 patients and damage to the ECs caused
by SAR-CoV-2. Thus, ongoing studies are aimed at shed-
ding light into which mechanisms are most likely, since
they will determine potential treatment strategies. Here,
too, hPSC-derived cardiovascular cells provide an acces-
sible system to study thrombosis development (for
example, in combination with microfluidic devices that
mimic perfused vasculature), metabolic activity, and dysre-
gulation upon SARS-CoV-2 infection over time.

The long-term cardiovascular effects of COVID-19 are a
very important aspect to consider. Studies on patients
who recovered from SARS, as well as from other respiratory
tract infections, have shown dysregulated lipid and glucose
metabolism (Corrales-medina et al., 2015; Wu et al., 2017).
Furthermore, persistent cardiovascular damage has been
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Figure 2. Overview of the Use of hPSC-Derived Cardiovascular Cells to Study the Effects of SARS-CoV-2 Infection in the Heart
The mechanisms leading to myocardial injury can be studied by looking at the effects of (in)direct viral interaction with cardiomyocytes or
endothelial cells, as well as the role an aberrant inflammatory response has in contributing to tissue damage and the formation of

microthrombi in COVID-19 patients.

reported in patients that have recovered from COVID-19.
In a recent study involving 100 patients with a median
age of 49, 78% of recovered patients had persistent elevated
levels of troponin I 2-3 months after infection, while 60%
had ongoing myocardial inflammation (Puntmann et al.,
2020). Importantly, the effects were independent of
COVID-19 severity. Although the findings still need to be
replicated in a larger cohort and it remains to be deter-
mined if the abnormalities persist more long term, the
study raises further concerns about patients whose symp-
toms of the disease were mild at the time of the infection.
Whether these subsequent cardiovascular abnormalities
are directly due to the infection, the resulting systemic in-
flammatory activity, or the therapeutic compounds admin-
istered also remains unclear. Again, here, hPSC-derived
cardiovascular models will provide a useful tool to study
the long-term effects of the infection, help answer these
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key questions, and assist in determining treatments that
recovering COVID-19 patients may need post-infection.
Immune Response and the Cytokine Storm
It is thought that the main contributor in COVID-19 patho-
genesis is the excessive and uncontrollable cytokine produc-
tion that results from the infection, referred to as a cytokine
storm (Tang et al., 2020). Increased levels of pro-inflamma-
tory cytokines, including IL-6, IL-10, and TNF-a, have
been found in COVID-19 patients and are associated with
more severe disease progression (Huang et al., 2020; Zhou
et al., 2020a). Specifically, autopsy reports have shown in-
flammatory infiltrates composed of macrophages and
CD4" T cells in cardiac tissue, indicating that an aberrant im-
mune response in the heart can contribute to severe disease
and cardiac injury (Bansal, 2020; Zheng et al., 2020).

It is known that inflammatory cytokines are toxic for
CMs and ECs (Clyne et al., 2008; Jarrah et al., 2018), and
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while this is a possibility in COVID-19 patients, the exact
mechanisms through which an aberrant immune response
contributes to cardiac injury is unknown. Moreover, the
specific immune cells that mediate cardiac injury are un-
known. It is thus of utmost importance to determine which
cell types present in the heart or infiltrate express the in-
flammatory cytokines for better understanding of the im-
mune response following infection. The ability to generate
multicellular in vitro models could provide suitable physio-
logical models for investigating not only how the disease
affects the various cardiovascular cells types, but also
potentially how inflammatory responses can lead to
further heart damage via direct and indirect mechanisms.
A preprint using human cardiac organoids composed of
hiPSC-CMs and hiPSC-ECs reported that inflammatory
mediators such as IFN-y and IL-1B, combined with dsRNA,
caused severe diastolic dysfunction (Mills et al., 2020),
thereby indicating that the induced cytokine storm might
play a key role in cardiac damage in COVID-19 patients. A
separate report further validated that SARS-CoV-2 induces
innate immune activation and interferon response in
hPSC-CMs (Marchiano et al., 2020). Further development
of multicellular 3D hiPSC-derived cardiac models to incor-
porate either immune cells (e.g., macrophages, natural
killer cells, or T cells) or specific cell types infected with
SARS-CoV-2 will allow the immune and inflammatory
response in the heart to be studied by examining the inter-
action and cross talk between multiple cell types. This
could enable the innate immune responses at the early
stage of infection to be further investigated, as well as any
long-term effects.

The important role that the cytokine storm plays in
COVID-19 means that the use of monoclonal antibodies
as therapeutics might be both beneficial and effective.
Here, too, multicellular hPSC-derived systems will provide
useful tools for screening various antibodies against inter-
leukins and interleukin receptors prior to their use in clin-
ical trials. Overall, these approaches can facilitate not only
further understanding of the role of the immune response
in the heart but also the development of new therapeutics
targeting the cytokine storm and mitigating severe cardio-
vascular damage.

Pre-existing Cardiovascular Co-morbidities

As observed with both SARS and MERS, COVID-19 patients
with pre-existing co-morbidities, including cardiovascular
conditions such as hypertension, coronary heart disease,
or acute coronary syndrome, are more likely to develop se-
vere symptoms and present with poorer prognosis (Wang
et al.,, 2020a). A number of reasons are believed to
contribute to this phenomenon. First, increased ACE2
expression is observed after myocardial infarction and in
response to treatment of hypertension, potentially making
patients more vulnerable to COVID-19 (Burrell et al.,

2005). Moreover, the dysregulated immune system
observed in patients with hypertension could further exac-
erbate the negative effects of COVID-19 (Guzik et al.,
2020). However, numerous other factors also could
contribute to the increased susceptibility of these patients.
Thus, it is vital to further understand the interplay of exist-
ing co-morbidities with SARS-CoV-2 infection. This will
provide information on how treatment options for
COVID-19 patients could be tailored based on pre-existing
CVD co-morbidities. Recent advances in 3D culture sys-
tems that include hPSC-CMs are now leading to the
development of models for complex diseases such as
ischemia-induced injury, polygenic hypertension, fibrosis,
and atherosclerosis (Simon and Masters, 2020). Such
models also could be utilized to study the interaction of
SARS-CoV-2 with pre-existing injury.

Another important aspect to consider when treating
COVID-19 patients with co-morbidities is what current
medication they have been prescribed. One example is
ACE inhibitors (ACEis) and angiotensin receptor blockers
(ARBs) taken by patients with hypertension. These inhibi-
tors can increase ACE2 levels and thus potentially could
result in a more severe disease response in COVID-19 pa-
tients. However, whether these inhibitors play a role in
COVID-19 manifestation remains unresolved, as contra-
dictory evidence has not facilitated a consensus on
whether they should continue to be taken by the patient
if infected with SARS-CoV-2. Here, too, hPSC-derived
models could assist in answering this question. For
example, hPSC-derived cardiovascular cells could be
treated with these antihypertensive drugs and ACE2
expression, as well as the effects of these inhibitors on
the RAAS, examined in the CMs and ECs. It is also essential
to investigate downstream signaling pathway activity in
response to SARS-CoV-2 infection, to identify whether
indeed there is a pathological phenotype compared with
untreated conditions. If ACEis and/or ARBs contribute to
more severe disease manifestation, then alternative antihy-
pertensive drugs, such as beta blockers, or non-dihydropyr-
idine calcium antagonists, such as verapamil, might be
alternative medications that could be taken by these pa-
tients, as discontinuing such treatments is likely to exacer-
bate hypertension. Overall, it is critical to determine the
interplay of antihypertensive drugs with SARS-CoV-2 infec-
tion in order to improve patient management and develop
more personalized treatments depending on the condition
and co-morbidities existing in each individual.

COVID-19 Therapies and Potential Cardiovascular
Interactions

Current strategies for treating COVID-19 aim to either re-
purpose drugs approved for treating other diseases or use
recently developed medicines that have been granted
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approval for compassionate use. However, many of these
drugs, which include several conventionally used to treat
other viral infections, can have harmful side effects. For
example, potential candidates for COVID-19 treatment
include or have included the antimalarial drug chloro-
quine/hydroxychloroquine, the antibacterial drug azithro-
mycin, and the immunosuppressant azathioprine (Gautret
et al.,, 2020; Wang et al., 2020c; Yao et al., 2020). These
drugs are known to prolong the cardiac QT interval (Han-
cox et al., 2013; Roden et al., 2020) and could thus lead
to life-threatening arrhythmias. These potential side effects
might be even more severe in cases where the drugs are
used in combination with other medications taken by
COVID-19 patients, such as antibiotics and antipyretics,
leading to a reduced repolarization reserve (Li and Fu,
2013). Further prolongation of QT interval and heart
rhythm compilations in these patients likely would have
adverse effects and may lead to increased risk of death.

Clinical studies involving COVID-19 patients have indeed
confirmed that the possibility of cardiac arrest was more
likely in patients treated with hydroxychloroquine and azi-
thromycin than in patients not treated with these drugs
(Zhangetal., 2020). In addition, the extent of QTc prolonga-
tion was greater in COVID-19 patients treated with this
combination of medications compared with a previous
study in healthy volunteers (Chorin et al., 2020). Whether
this is due to the infection or other patient-specific co-mor-
bidities is worthy of follow-up and could be performed using
some of the hPSC-cardiac models already described.

The relatively new antiviral drug remdesivir has been
shown to result in faster clinical recovery in COVID-19 pa-
tients (Beigel et al., 2020; Wang et al., 2020e). Although no
significant adverse cardiovascular effects have been re-
ported, clinical pharmacological data as well as drug inter-
action studies with this compound or its active metabolite
are limited. As well, the enzymes involved in the meta-
bolism of remdesivir and its metabolites are not clearly
identified. Again, here, hPSC-differentiated cells could be
leveraged to rapidly provide human-based data. In partic-
ular, hPSC-derived cardiovascular models could accelerate
preclinical safety and toxicity assessments in comparison
to animal studies and facilitate more efficient planning of
clinical trials.

The utility of hPSC-derived cardiovascular cells for com-
pound screening is unambiguous (Blinova et al., 2018;
Saleem et al., 2020), and they will likely be an invaluable
tool for assessing the suitability of novel candidate drugs
for COVID-19 treatment. This was demonstrated in a
recent preprint that utilized hPSC-CMs to screen for the
antiviral effect of different protein kinase inhibitors
currently in clinical trials (Garcia et al., 2020). Specifically,
berzosertib, an inhibitor of ATR kinase involved in DNA-
damage response, demonstrated potent antiviral activity,
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validating the original results of the study on non-human
cell lines. Moreover, the use of human cardiac organoids
led to the identification of the epigenetic regulator BRD4
as a therapeutic target of the cytokine storm (Mills et al.,
2020). In the study the authors tested various BRD inhibi-
tors in human cardiac organoids and identified that the in-
hibitor INCB054329 was capable of preventing cardiac
cytokine storm-induced diastolic dysfunction. These and
future studies using hPSC-cardiovascular cells will be un-
doubtedly valuable in paving the way for the potential
use of this drug in COVID-19 patients.

Another aspect where hPSC-derived CMs will play an
important role is in assessing whether these candidate
drugs have a greater risk of causing QT prolongation and ar-
rhythmias in patients with genetic cardiac disorders such as
long QT syndrome (LQTS). Naturally, such patients are
typically excluded from clinical trials. However, with
congenital LQTS occurring at a frequency of ~1 in 2,000 in-
dividuals, it is clear that, given SARS-CoV-2 has infected
>30 million people, LQTS patients are also requiring treat-
ment. The numerous patient-derived hPSC disease models
now available for genetic cardiac disorders (van den Brink
et al., 2019; Protze et al., 2019) provide a unique opportu-
nity to determine rapidly which cardiac diseases and muta-
tions are more sensitive to the use of these novel drugs.
Such studies can be used in combination with SARS-CoV-
2 infection and/or multiple drug treatments, modeling a
clinical scenario where patients with variable genetic back-
grounds undergo the same treatment. Using hPSC-derived
models in such a way to confirm that a particular treatment
does not increase the risk of drug-induced sudden cardiac
death potentially could allow subsets of patients to receive
promising new treatments that they otherwise might not
have received. Similarly, in instances where the hPSC dis-
ease models show a more severe phenotype due to the
treatment, additional countermeasures to mitigate the
risk in those patients can be included.

In summary, it is preferable to test the effects of repur-
posed and novel drugs on cardiac toxicity prior to prescrib-
ing them to treat COVID-19. Indeed, hPSC-derived CMs
and high-throughput techniques to screen for drug toxicity
provide a tool that can quickly provide valuable informa-
tion on which repurposed or novel therapeutics are good
candidates.

Genetic Prediction of COVID-19 Risk and Severity

Genetic factors and common genetic variants play a major
role in disease susceptibility and progression in the general
population. The variable COVID-19 severity observed
among individuals of the same age or gender, or even within
a society, could in part be attributed to the predisposition
given by genetic factors. The versatility of hPSCs, including
the ability to genetically modify them, means they are a
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Figure 3. Overview of the Current Applications Reported That Have Used hPSC-Derived Cardiovascular Models to Investigate
Pathological Aspects of COVID-19

hPSC-derived CMs, vascular organoids, and EHTs have been either infected with SARS-CoV-2 or exposed to conditions mimicking a cytokine
storm. Findings include impaired CM contractility and electrophysiology, sarcomeric fragmentation, and loss of nuclei. Gene expression
analysis also has indicated dysregulated sarcomeric contractile and structural transcription, as well as activation of innate inflammatory

responses. The models have also been applied in antibody and compound screens for identifying potential therapeutic treatments.

valuable tool for validating and discovering genetic variants
predicted as risk factors for various diseases. A recent
genome-wide association study (GWAS) of COVID-19 pa-
tients revealed a gene cluster on the genomic region
3p21.31 that confers increased susceptibility to the disease
(Ellinghaus et al., 2020). This cluster includes a number of
genes that can be directly implicated in COVID-19 progres-
sion. For example, the gene SLC6A20 encodes the sodium-
imino acid (proline) transporter 1 (SIT1), known to function-
ally interact with ACE2. In addition, this region contains

genes encoding chemokine receptors, which could be highly
relevant for the differential immune responses seen among
patients. Moreover, single-nucleotide polymorphisms in
ACE2 as well as TMPRSS2 have been identified, which could
contribute to the variable disease severity observed in pa-
tients (Asselta et al., 2020; Hussain et al., 2020).

To functionally validate the potential role of specific ge-
netic variants in COVID-19 pathology, and in particular their
effects in the heart, panels of hPSC-cardiovascular cells car-
rying these genetic variants could be generated and used to
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establish how they contribute to the variable disease severity.
Furthermore, candidate genes from GWASs could be investi-
gated by gene knockout and overexpression studies, or by
introducing specific variants into the hPSCs, which are
then subsequently differentiated to study their effects in car-
diovascular cells. Such an approach is expected to yield bene-
ficial outcomes in three ways: (1) genetic risk factors that
could provide a diagnostic and prognostic tool for risk strati-
fication in the clinic could be identified and validated, (2)
determining which COVID-19 patients are at higher risk of
developing severe disease will better inform clinicians on
treatment decisions, and (3) hPSC models carrying certain ge-
netic variants will allow the further study of how a particular
genotype leads to a more severe pathology and possibly
contribute to the identification of novel therapeutic targets.

Conclusions and Perspectives

The potential of hPSCs for modeling disease is well recog-
nized, and has already had a significant societal impact
through drug screening studies and in human preclinical
“trials” for a number of diseases. More specifically, hPSC-
derived cardiac models have provided information on
fundamental aspects of human biology and development,
as well as numerous cardiac diseases. These advances in
our understanding of human cardiovascular pathology
and the identification of numerous therapeutic targets
brings the scientific community one step closer to regenera-
tive and personalized medicine. As such, these models are
already starting to be used to uncover aspects of COVID-
19 pathology and to develop treatments for COVID-19,
thus having an impact on our ability to overcome the cur-
rent pandemic (Figure 3). The investigation of virus-human
interactions is now a priority for the scientific community.
This work will provide valuable knowledge not only
regarding COVID-19, but also for any future (new) viral in-
fections. In summary, existing and newly developed hPSC
cardiac models, combined with cellular, biochemical, mo-
lecular, and genome-wide studies, will contribute to
revealing key mechanisms and therapeutic avenues for
treating cardiovascular damage caused by COVID-19.

AUTHOR CONTRIBUTIONS

L.Y. performed the literature search and wrote the manuscript.
R.P.D. and C.L.M. revised and wrote the manuscript. All authors re-
viewed the manuscript and approved the final version.

CONFLICTS OF INTEREST
C.L.M. is a co-founder of Ncardia BV.

ACKNOWLEDGMENTS

Funding was provided by a Starting Grant (STEMCARDIORISK)
from the European Research Council under the European Union's

394 Stem Cell Reports | Vol. 16 | 385-397 | March 9, 2021

Perspective

Horizon 2020 Research and Innovation Program (H2020 European
Research Council; grant agreement 638030), a VIDI fellowship
from the Netherlands Organisation for Scientific Research (Neder-
landse Organisatie voor Wetenschappelijk Onderzoek; ILLUMI-
NATE; 91715303), a research grant (MONACO-SPRINT;
LSHM20063) co-funded by the PPP Allowance made available by
Health~Holland, Top Sector Life Sciences & Health, to stimulate
public-private partnerships, and the Netherlands Organ-on-Chip
Initiative, a Gravitation Project (024.003.001) funded by the
Netherlands Wetenschaps Organisatie. The figures were created us-
ing BioRender.com.

REFERENCES

Asselta, R., Paraboschi, E.M., Mantovani, A., and Duga, S. (2020).
ACE2 and TMPRSS2 variants and expression as candidates to sex
and country differences in COVID-19 severity in Italy. Aging 12,
10087-10098.

Bansal, M. (2020). Cardiovascular disease and COVID-19. Diabetes
Metab. Syndr. Clin. Res. Rev. 14, 247-250.

Bao, L., Deng, W., Huang, B., Gao, H., Liu, J., Ren, L., Wei, Q., Yu, P,
Xu, Y., Qi, E, et al. (2020). The pathogenicity of SARS-CoV-2 in
hACE2 transgenic mice. Nature 583, 830-833.

Beigel, J.H., Tomashek, K.M., Dodd, L.E., Mehta, A.K., Zingman,
B.S., Kalil, A.C., Hohmann, E., Chu, H.Y., Luetkemeyer, A., Kline,
S., et al. (2020). Remdesivir for the treatment of Covid-19 — pre-
liminary report. N. Engl. J. Med. 383, 992-994.

Blinova, K., Dang, Q., Millard, D., Smith, G., Pierson, J., Guo, L.,
Brock, M., Lu, H.R., Kraushaar, U., Zeng, H., et al. (2018). Interna-
tional multisite study of human-induced pluripotent stem cell-
derived cardiomyocytes for drug proarrhythmic potential assess-
ment. Cell Rep. 24, 3582-3592.

Brandao, K.O., Tabel, V.A., Atsma, D.E., Mummery, C.L., and Davis,
R.P.(2017). Human pluripotent stem cell models of cardiac disease:
from mechanisms to therapies. Dis. Model. Mech. 10, 1039-1059.

van den Brink, L., Grandela, C., Mummery, C.L., and Davis, R.P.
(2019). Inherited cardiac diseases, pluripotent stem cells and
genome editing combined - the past, present and future. Stem Cells
38, 174-186.

van den Brink, L., Brandao, K.O., Grandela, C., Mol, M.P.H., Mum-
mery, C.L., Verkerk, A.O., and Davis, R.P. (2020). Cryopreservation
of human pluripotent stem cell-derived cardiomyocytes is not
detrimental to their molecular and functional properties. Stem
Cell Res. 43, 101698.

Burrell, L.M., Risvanis, J., Kubota, E., Dean, R.G., MacDonald, P.S.,
Lu, S., Tikellis, C., Grant, S.L., Lew, R.A., Smith, A.L, et al. (2005).
Myocardial infarction increases ACE2 expression in rat and hu-
mans. Eur. Heart J. 26, 369-375.

Cantuti-Castelvetri, L., Ojha, R., Pedro, L.D., Djannatian, M.,
Franz, J., Kuivanen, S., van der Meer, E, Kallio, K., Kaya, T., Anasta-
sina, M., et al. (2020). Neuropilin-1 facilitates SARS-CoV-2 cell en-
try and infectivity. Science 370, 856-860.

Cao, X., Yakala, G.K,, van den Hil, FE., Cochrane, A., Mummery,
C.L., and Orlova, V.V. (2019). Differentiation and functional


http://BioRender.com
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref1
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref1
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref1
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref1
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref2
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref2
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref3
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref3
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref3
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref4
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref4
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref4
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref4
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref5
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref5
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref5
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref5
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref5
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref6
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref6
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref6
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref7
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref7
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref7
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref7
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref8
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref8
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref8
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref8
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref8
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref9
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref9
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref9
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref9
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref10
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref10
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref10
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref10
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref11
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref11

Stem Cell Reports

Perspective

comparison of monocytes and macrophages from hiPSCs with pe-
ripheral blood derivatives. Stem Cell Rep. 12, 1282-1297.

Chen, I.-Y,, Chang, S.C., Wu, H.-Y., Yu, T.-C., Wei, W.-C., Lin, S.,
Chien, C.-L., and Chang, M.-F. (2010). Upregulation of the chemo-
kine (C-C motif) ligand 2 via a severe acute respiratory syndrome
coronavirus spike-ACE2 signaling pathway. J. Virol. 84, 7703-
7712.

Chen, L., Li, X., Chen, M., Feng, Y., and Xiong, C. (2020). The
ACE2 expression in human heart indicates new potential mecha-
nism of heart injury among patients infected with SARS-CoV-2.
Cardiovasc. Res. 116, 1097-1100.

Chorin, E., Dai, M., Shulman, E., Wadhwani, L., Bar-Cohen, R.,
Barbhaiya, C., Anthony, A., Holmes, D., Scott Bernstein, M.S.,
Park, D.S., et al. (2020). The QT interval in patients with COVID-
19 treated with hydroxychloroquine and azithromycin. Nat.
Med. 26, 807-808.

Chu, H., Chan, J.E-W.,, Yuen, T.T.-T., Shuai, H., Yuan, S., Wang, Y.,
Hu, B., Yip, C.C.-Y,, Tsang, ]J.O.-L., Huang, X., et al. (2020).
Comparative tropism, replication kinetics, and cell damage
profiling of SARS-CoV-2 and SARS-CoV with implications for clin-
ical manifestations, transmissibility, and laboratory studies of
COVID-19: an observational study. Lancet Microbe 1, e14-e23.

Clyne, AM., Zhu, H., and Edelman, E.R. (2008). Elevated fibroblast
growth factor-2 increases tumor necrosis factor-o. induced endo-
thelial cell death in high glucose. ]J. Cell Physiol. 217, 86-92.

Corrales-medina, V.E, Alvarez, K.N., Weissfeld, L.A., Angus, C.,
Chirinos, J.A., Chang, C.H., Loehr, L., Folsom, A.R., and Elkind,
M.S. (2015). Association between Hospitalization for pneumonia
and subsequent risk of cardiovascular disease. JAMA 313, 264-274.

Crosnier, C., Bustamante, L.Y., Bartholdson, S.J., Bei, A.K., Theron,
M., Uchikawa, M., Mboup, S., Ndir, O., Kwiatkowski, D.P., Durai-
singh, M.T,, et al. (2011). Basigin is a receptor essential for erythro-
cyte invasion by Plasmodium falciparum. Nature 480, 534-537.

Denning, C., Borgdorff, V., Crutchley, J., Firth, K.S.A., George, V.,
Kalra, S., Kondrashov, A., Hoang, M.D., Mosqueira, D., Patel, A,
et al. (2016). Cardiomyocytes from human pluripotent stem cells:
from laboratory curiosity to industrial biomedical platform. Bio-
chim. Biophys. Acta 1863, 1728-1748.

Ellinghaus, D., Degenhardt, F, Bujanda, L., Buti, M., Albillos, A.,
Invernizzi, P., Fernandez, J., Prati, D., Baselli, G., Asselta, R., et al.
(2020). Genomewide association study of severe Covid-19 with
respiratory failure. N. Engl. J. Med. 383, 1522-1534.

Eschenhagen, T., Eder, A., Vollert, I., and Hansen, A. (2012). Phys-
iological aspects of cardiac tissue engineering. Am. J. Physiol. Hear.
Circ. Physiol. 303, H133-H143.

Garcia, G., Sharma, A., Ramaiah, A., Sen, C., Kohn, D., Gomperts,
B., Svendsen, C.N., Damoiseaux, R.D., and Arumugaswami, V.
(2020). Antiviral drug screen of kinase inhibitors identifies cellular
signaling pathways critical for SARS-CoV-2 replication. BioRxiv
https://doi.org/10.1101/2020.06.24.150326.

Gautret, P, Lagier, ].-C., Parola, P., Hoang, V.T., Meddeb, L., Mailhe,
M., Doudier, B., Courjon, J., Giordanengo, V., Vieira, V.E., et al.
(2020). Hydroxychloroquine and azithromycin as a treatment of
COVID-19: results of an open-label non-randomized clinical trial.
Int. J. Antimicrob. Agents 56, 105949.

Geng, Y.-J., Wei, Z.-Y., Qian, H.-Y., Huang, J., Lodato, R., and Cas-
triotta, R.J. (2020). Pathophysiological characteristics and thera-
peutic approaches for pulmonary injury and cardiovascular com-
plications of coronavirus disease 2019. Cardiovasc. Pathol. 47,
107228.

Giacomelli, E., Meraviglia, V., Campostrini, G., Orlova, V.V., Bellin,
M., and Mummery, C.L. (2020). Human-iPSC-Derived cardiac stro-
mal cells enhance maturation in 3D cardiac microtissues and
reveal non-cardiomyocyte contributions to heart disease. Cell
Stem Cell 26, 1-18.

Guo, T., Fan, Y., Chen, M., Wu, X., Zhang, L., He, T., Wang, H.,
Wan, J., Wang, X., and Lu, Z. (2020). Cardiovascular implications
of fatal outcomes of patients with coronavirus disease 2019
(COVID-19). JAMA Cardiol. 2019, 811-818.

Guzik, T.J., Mohiddin, S.A., Dimarco, A., Patel, V., Savvatis, K., Mar-
elli-Berg, EM., Madhur, M.S., Tomaszewski, M., Maffia, P., D’Ac-
quisto, F, et al. (2020). COVID-19 and the cardiovascular system:
implications for risk assessment, diagnosis, and treatment options.
Cardiovasc. Res. 116, 1666-1687.

Hamming, I., Timens, W., Bulthuis, M.L.C,, Lely, A.T., Navis, G.J.,
and van Goor, H. (2004). Tissue distribution of ACE2 protein, the
functional receptor for SARS coronavirus. A first step in under-
standing SARS pathogenesis. J. Pathol. 203, 631-637.

Hancox, J.C., Vieweg, W.V.R., Hasnain, M., Crouse, E.L.B., and Bar-
anchuk, A. (2013). Azithromycin, cardiovascular risks, QTc inter-
val prolongation, torsade de pointes, and regulatory issues: a narra-
tive review based on the study of case reports. Ther. Adv. Infect.
Dis. 1, 155-165.

He, L., Méde, M.A., Sun, Y., Muhl, L., Nahar, K., Liébanas, E.V., Fager-
lund, M.J., Oldner, A., Liu, J., Genové, G., et al. (2020). Pericyte-
specific vascular expression of SARS-CoV-2 receptor ACE2 - impli-
cations for microvascular inflammation and hypercoagulopathy in
COVID-19 patients. BioRxiv https://doi.org/10.1101/2020.05.11.
088500.

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kriiger, N., Herrler,
T., Erichsen, S., Schiergens, T.S., Hertler, G., Wu, N.H., Nitsche, A.,
et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven protease inhibitor.
Cell 181, 271-280.

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., Zhang, L., Fan,
G., Xu, J., Gu, X., etal. (2020). Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 395, 497—
506.

Huertas, A., Montani, D., Savale, L., Pichon, J., Tu, L., Parent, F,,
and Humbert, M. (2020). Endothelial cell dysfunction: a major
player in SARS-CoV-2 infection (COVID-19)? Eur. Respir. J. 56,
2001634.

Hussain, M., Jabeen, N., Raza, F.,, Shabbir, S., Baig, A.A., Amanullah,
A., and Aziz, B. (2020). Structural variations in human ACE2 may
influence its binding with SARS-CoV-2 spike protein. J. Med. Virol.,
1-7. https://doi.org/10.1002/jmv.25832.

Jarrah, A.A., Schwarskopf, M., Wang, E.R., LaRocca, T., Dhume, A.,
Zhan2, S., Hadri, L., Hajjar, R.J., Schecter, A.D., and Tarzami, S.T.
(2018). SDEF-1 induces TNF-mediated apoptosis in cardiac myo-
cytes. Apoptosis 23, 79-91.

Stem Cell Reports | Vol. 16 | 385-397 | March 9, 2021 395

(0))
(


http://refhub.elsevier.com/S2213-6711(20)30451-3/sref11
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref11
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref12
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref12
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref12
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref12
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref12
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref13
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref13
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref13
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref13
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref14
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref14
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref14
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref14
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref14
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref15
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref15
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref15
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref15
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref15
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref15
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref16
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref16
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref16
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref17
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref17
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref17
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref17
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref18
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref18
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref18
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref18
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref20
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref20
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref20
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref20
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref20
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref21
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref21
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref21
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref21
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref22
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref22
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref22
https://doi.org/10.1101/2020.06.24.150326
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref24
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref24
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref24
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref24
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref24
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref25
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref25
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref25
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref25
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref25
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref26
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref26
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref26
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref26
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref26
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref27
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref27
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref27
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref27
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref28
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref28
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref28
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref28
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref28
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref29
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref29
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref29
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref29
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref30
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref30
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref30
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref30
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref30
https://doi.org/10.1101/2020.05.11.088500
https://doi.org/10.1101/2020.05.11.088500
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref32
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref32
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref32
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref32
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref32
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref33
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref33
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref33
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref33
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref34
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref34
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref34
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref34
https://doi.org/10.1002/jmv.25832
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref36
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref36
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref36
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref36

)
&

Jastrzebska, E., Tomecka, E., and Jesion, 1. (2016). Heart-on-a-chip
based on stem cell biology. Biosens. Bioelectron. 75, 67-81.

Lee, C.Z.W.,, Kozaki, T., and Ginhoux, F. (2018). Studying tissue
macrophages in vitro: are iPSC-derived cells the answer? Nat.
Rev. Immunol. 18, 716-725.

Li, Y, and Fu, Y. (2013). Repolarization reserve, arrhythmia and
new drug development. Acta Pharm. Sin. B 3, 150-153.
Li, W., Moore, M J., Vasilieva, N., Sui, J., Wong, S.K., Berne, M.A.,
Somasundaran, M., Sullivan, J.L., Luzuriaga, K., Greenough, T.C.,
et al. (2003). Angiotensin-converting enzyme 2 is a functional re-
ceptor for the SARS coronavirus. Nature 426, 450-454.

Lippi, G., and Plebani, M. (2020). Laboratory abnormalities in pa-
tients with COVID-2019 infection. Clin. Chem. Lab. Med. 58,
1131-1134.

Litvinukova, M., Talavera-Lopez, C., Maatz, H., Reichart, D.,
Worth, C.L., Lindberg, E.L., Kanda, M., Polanski, K., Heinig, M.,
Lee, M., et al. (2020). Cells of the adult human heart. Nature
https://doi.org/10.1038/s41586-020-2797-4.

Mannhardt, 1., Breckwoldt, K., Letuffe-Breniére, D., Schaaf, S.,
Schulz, H., Neuber, C., Benzin, A., Werner, T., Eder, A., Schulze,
T., et al. (2016). Human engineered heart tissue: analysis of con-
tractile force. Stem Cell Reports 7, 29-42.

Marchiano, S., Hsiang, T., Higashi, T., Khanna, A., and Reinecke, H.
(2020). SARS-CoV-2 infects human pluripotent stem cell-derived
cardiomyocytes , impairing electrical and mechanical function.
BioRxiv https://doi.org/10.1101/2020.08.30.274464.

Matsa, E., Ahrens, J.H., and Wu, J.C. (2016). Human induced
pluripotent stem cells as a platform for personalized and precision
cardiovascular medicine. Physiol. Rev. 96, 1093-1126.

Mills, RJ., Humphrey, S.J., Fortuna, P.R]., Quaife-Ryan, G.A., Dev-
ilee, L., Voges, H.K., Reynolds, L.T., Krumeich, S., Mathieson, E.,
Griffen, B., et al. (2020). Discovery of drugs to treat cytokine
storm-induced cardiac dysfunction using human cardiac organo-
ids. BioRxiv https://doi.org/10.1101/2020.08.23.258574.

Monteil, V., Kwon, H., Prado, P., Hagelkriiys, A., Wimmer, R.A.,
Stahl, M., Leopoldi, A., Garreta, E., Hurtado del Pozo, C., Prosper,
E, et al. (2020). Inhibition of SARS-CoV-2 infections in engineered
human tissues using clinical-grade soluble human ACE2. Cell 181,
905-913.e7.

Montel-Hagen, A., and Crooks, G.M. (2019). From pluripotent
stem cells to T cells. Exp. Hematol. 71, 24-31.

Nishiga, M., Wang, D.W., Han, Y., Lewis, D.B., and Wu, J.C. (2020).
COVID-19 and cardiovascular disease: from basic mechanisms to
clinical perspectives. Nat. Rev. Cardiol. 17, 543-558.

Ou, X, Liu, Y., Lei, X., Li, P, Mi, D., Ren, L., Guo, L., Guo, R., Chen,
T., Hu, J., et al. (2020). Characterization of spike glycoprotein of
SARS-CoV-2 on virus entry and its immune cross-reactivity with
SARS-CoV. Nat. Commun. 11, 1620.

Paik, D.T., Chandy, M., and Wu, J.C. (2020). Patient and disease—
specific induced pluripotent stem cells for discovery of personal-
ized cardiovascular drugs and therapeutics. Pharmacol. Rev. 72,
320-342.

Passier, R., Orlova, V., and Mummery, C. (2016). Complex tissue
and disease modeling using hiPSCs. Cell Stem Cell 18, 309-321.

396 Stem Cell Reports | Vol. 16 | 385-397 | March 9, 2021

Stem Cell Reports

Perspective

Pérez-Bermejo, J.A., Kang, S., Rockwood, S.J., Simoneau, C.R., Joy,
D.A., Ramadoss, G.N,, Silva, A.C., Flanigan, W.R., Li, H., Naka-
mura, K., et al. (2020). SARS-CoV-2 infection of human iPSC-
derived cardiac cells predicts novel cytopathic features in hearts
of COVID-19 patients. BioRxiv https://doi.org/10.1101/2020.08.
25.265561.

Protze, S.I., Lee, J.H., and Keller, G.M. (2019). Human pluripotent
stem cell-derived cardiovascular cells: from developmental biology
to therapeutic applications. Cell Stem Cell 25, 311-327.

Puntmann, V.O., Carerj, M.L., Wieters, 1., Fahim, M., Arendt, C.,
Hoffmann, J., Shchendrygina, A., Escher, E, Vasa-Nicotera, M.,
Zeiher, A.M., et al. (2020). Outcomes of cardiovascular magnetic
resonance imaging in patients recently recovered from Coronavi-
rus Disease 2019 (COVID-19). JAMA Cardiol., e203557.

Ribas, J., Sadeghi, H., Manbachi, A., Leijten, J., Brinegar, K., Zhang,
Y.S., Ferreira, L., and Khademhosseini, A. (2016). Cardiovascular
organ-on-a-chip platforms for drug discovery and development.
Appl. Vitr. Toxicol. 2, 82-96.

Richardson, S., Hirsch, J.S., Narasimhan, M., Crawford, J.M.,
McGinn, T., Davidson, K.W., Barnaby, D.P., Becker, L.B., Chelico,
J.D., Cohen, S.L., et al. (2020). Presenting characteristics, comor-
bidities, and outcomes among 5700 patients hospitalized with
COVID-19 in the New York city area. JAMA 323, 2052-2059.

Roden, D.M., Harrington, R.A., Poppas, A., and Russo, A.M. (2020).
Considerations for drug interactions on QTc in exploratory
COVID-19 treatment downloaded. Circulation 141, e906-e907.

Rowe, R.G., and Daley, G.Q. (2019). Induced pluripotent stem cells
in disease modelling and drug discovery. Nat. Rev. Genet. 20, 377-
388.

Saleem, U., van Meer, B.J., Katili, P.A., Mohd Yusof, N.A.N., Man-
nhardt, 1., Garcia, A.K., Tertoolen, L., de Korte, T., Vlaming,
M.L.H., McGlynn, K, et al. (2020). Blinded, multicenter evaluation
of drug-induced changes in contractility using human-induced
pluripotent stem cell-derived cardiomyocytes. Toxicol. Sci. 176,
103-123.

Samak, M., and Hinkel, R. (2019). Stem cells in cardiovascular med-
icine: historical overview and future prospects. Cells 8, 1530.

Shang, J., Wan, Y., Luo, C,, Ye, G., Geng, Q., Auerbach, A., and Li, F.
(2020). Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad.
Sci. USA 117,11727-11734.

Sharma, A., Garcia, G., Wang, Y., Plummer, J.T., Morizono, K., Aru-
mugaswami, V., and Svendsen, C.N. (2020). Human iPSC-derived
cardiomyocytes are susceptible to SARS-CoV-2 infection. Cell
Rep. Med. 1, 100052.

Shi, J., Wen, Z., Zhong, G., Yang, H., Wang, C., Huang, B., Liu, R,,
He, X., Shuai, L., Sun, Z., et al. (2020). Susceptibility of ferrets, cats,
dogs, and other domesticated animals to SARS-coronavirus 2. Sci-
ence 368, 1016-1020.

Shilts, J., and Wright, G.J. (2020). No evidence for basigin/CD147
as a direct SARS-CoV-2 spike binding receptor. BioRxiv https://doi.
org/10.1101/2020.07.25.221036.

Simon, L.T.R., and Masters, K.S. (2020). Disease-inspired tissue en-
gineering: investigation of cardiovascular pathologies. ACS Bio-
mater. Sci. Eng. 6, 2518-2532.


http://refhub.elsevier.com/S2213-6711(20)30451-3/sref37
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref37
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref38
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref38
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref38
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref39
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref39
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref40
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref40
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref40
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref40
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref41
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref41
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref41
https://doi.org/10.1038/s41586-020-2797-4
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref43
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref43
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref43
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref43
https://doi.org/10.1101/2020.08.30.274464
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref45
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref45
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref45
https://doi.org/10.1101/2020.08.23.258574
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref47
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref47
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref47
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref47
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref47
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref48
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref48
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref49
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref49
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref49
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref50
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref50
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref50
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref50
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref51
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref51
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref51
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref51
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref52
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref52
https://doi.org/10.1101/2020.08.25.265561
https://doi.org/10.1101/2020.08.25.265561
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref54
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref54
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref54
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref55
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref55
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref55
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref55
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref55
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref56
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref56
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref56
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref56
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref57
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref57
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref57
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref57
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref57
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref58
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref58
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref58
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref59
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref59
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref59
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref60
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref60
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref60
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref60
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref60
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref60
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref61
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref61
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref62
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref62
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref62
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref63
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref63
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref63
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref63
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref64
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref64
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref64
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref64
https://doi.org/10.1101/2020.07.25.221036
https://doi.org/10.1101/2020.07.25.221036
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref66
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref66
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref66

Stem Cell Reports

Perspective

Sun, S.H., Chen, Q., Gu, HJ., Yang, G., Wang, Y.X., Huang, X.Y.,
Liu, S.S., Zhang, N.N., Li, X.E, Xiong, R., et al. (2020). A mouse
model of SARS-CoV-2 infection and pathogenesis. Cell Host
Microbe 28, 1-10.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., To-
moda, K., and Yamanaka, S. (2007). Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell 131,
861-872.

Tang, Y., Liu, J., Zhang, D., Xu, Z., Ji, ]., and Wen, C. (2020). Cyto-
kine storm in COVID-19: the current evidence and treatment stra-
tegies. Front. Immunol. 11, 1-13.

Tersalvi, G., Vicenzi, M., Calabretta, D., Biasco, L., Pedrazzini, G.,
and Winterton, D. (2020). Elevated troponin in patients with coro-
navirus disease 2019: possible mechanisms. J. Card. Fail. 26, 470-
475.

Turner, A.J., Hiscox, J.A., and Hooper, N.M. (2004). ACE2: from
vasopeptidase to SARS virus receptor. Trends Pharmacol. Sci. 25,
291-294.

Varga, Z., Flammer, A.J., Steiger, P., Haberecker, M., Andermatt, R.,
Zinkernagel, A.S., Mehra, M.R., Schuepbach, R.A., Ruschitzka, E,
and Moch, H. (2020). Endothelial cell infection and endotheliitis
in COVID-19. Lancet 395, 1417-1418.

Wang, D., Hu, B, Hu, C., Zhu, F, Liu, X., Zhang, J., Wang, B., Xiang,
H., Cheng, Z., Xiong, Y., et al. (2020a). Clinical characteristics of
138 hospitalized patients with 2019 novel coronavirus-infected
pneumonia in Wuhan, China. JAMA 323, 1061-1069.

Wang, K., Chen, W., Zhou, Y.-S., Lian, ]J.-Q., Zhang, Z., Du, P,
Gong, L., Zhang, Y., Cui, H.-Y.,, Geng, J.-]., et al. (2020b). SARS-
CoV-2 invades host cells via a novel route: CD147-spike protein.
BioRxiv https://doi.org/10.1101/2020.03.14.988345.

Wang, M., Cao, R., Zhang, L., Yang, X., Liu, J., Xu, M., Shi, Z., Hu,
Z., Zhong, W., and Xiao, G. (2020c). Remdesivir and chloroquine
effectively inhibit the recently emerged novel coronavirus (2019-
nCoV) in vitro. Cell Res. 30, 269-271.

Wang, Q., Zhang, Y., Wu, L., Niu, S., Song, C., Zhang, Z., Lu, G.,
Qiao, C., Hu, Y., Yuen, K.Y., et al. (2020d). Structural and functional
basis of SARS-CoV-2 entry by using human ACE2. Cell 181, 894-
904.€9.

Wang, Y., Zhang, D., Du, G., Du, R, Zhao, J., Jin, Y., Fu, S., Gao, L.,
Cheng, Z., Lu, Q., et al. (2020e). Remdesivir in adults with severe

COVID-19: a randomised, double-blind, placebo-controlled, mul-
ticentre trial. Lancet 395, 1569-1578.

Daly, J., Simonetti, B., Anton-Plagaro, C., Kavanagh Williamson,
M., Shoemark, D., Simé6n-Gracia, L., Klein, K., Bauer, M., Hollandi,
R., Greber, U., et al. (2020). Neuropilin-1 is a host factor for SARS-
CoV-2 infection. Science 370, 861-865.

De Wit, E., Van Doremalen, N., Falzarano, D., and Munster, V.J.
(2016). SARS and MERS: recent insights into emerging coronavi-
ruses. Nat. Rev. Microbiol. 14, 523-534.

Wu, E, Zhao, S., Yu, B., Chen, YM., Wang, W., Song, Z.G., Hu, Y.,
Tao, Z.W., Tian, ].H., Pei, Y.Y., et al. (2020). A new coronavirus asso-
ciated with human respiratory disease in China. Nature 579, 265-
269.

Wu, Q., Zhou, L., Sun, X., Yan, Z., Hu, C., Wu, J., Xu, L., Li, X., Liu,
H., Yin, P, etal. (2017). Altered lipid metabolism in recovered SARS
patients twelve years after infection. Sci. Rep. 7, 1-12.

Yang, L., Han, Y., Nilsson-Payant, B.E., Gupta, V., Wang, P., Duan,
X., Tang, X., Zhu, J., Zhao, Z., Jaffré, F, et al. (2020). A human
pluripotent stem cell-based platform to study SARS-CoV-2 tropism
and model virus infection in human cells and organoids. Cell Stem
Cell 27, 1-12.

Yao, X., Ye, ., Zhang, M., Cui, C., Huang, B., Niu, P, Liu, X., Zhao,
L., Dong, E., Song, C., et al. (2020). In vitro antiviral activity and
projection of optimized dosing design of hydroxychloroquine
for the treatment of Severe Acute Respiratory Syndrome Coronavi-
rus 2 (SARS-CoV-2). Clin. Infect. Dis. 71, 732-739.

Zhang, J., Xie, B., and Hashimoto, K. (2020). Current status of po-
tential therapeutic candidates for the COVID-19 crisis. Brain Be-
hav. Immun. 87, 59-73.

Zheng, Y.-Y., Ma, Y.-T., Zhang, J.-Y., and Xie, X. (2020). COVID-19
and the cardiovascular system. Nat. Rev. Cardiol. 17, 259-260.
Zhou, F, Yu, T., Du, R,, Fan, G,, Liu, Y., Liu, Z., Xiang, J., Wang, Y.
Song, B., Gu, X., et al. (2020a). Clinical course and risk factors for
mortality of adult inpatients with COVID-19 in Wuhan, China: a
retrospective cohort study. Lancet 395, 1054-1062.

Zhou, P., Yang, X.L., Wang, X.G., Hu, B., Zhang, L., Zhang, W., Si,
H.R., Zhu, Y., Li, B., Huang, C.L., et al. (2020b). A pneumonia
outbreak associated with a new coronavirus of probable bat origin.
Nature 579, 270-273.

Stem Cell Reports | Vol. 16 | 385-397 | March 9, 2021 397

(0))
(


http://refhub.elsevier.com/S2213-6711(20)30451-3/sref67
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref67
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref67
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref67
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref68
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref68
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref68
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref68
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref69
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref69
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref69
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref70
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref70
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref70
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref70
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref71
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref71
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref71
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref72
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref72
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref72
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref72
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref73
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref73
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref73
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref73
https://doi.org/10.1101/2020.03.14.988345
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref75
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref75
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref75
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref75
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref76
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref76
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref76
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref76
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref77
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref77
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref77
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref77
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref19
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref19
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref19
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref19
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref78
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref78
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref78
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref79
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref79
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref79
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref79
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref80
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref80
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref80
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref81
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref81
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref81
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref81
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref81
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref82
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref82
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref82
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref82
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref82
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref83
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref83
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref83
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref84
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref84
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref85
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref85
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref85
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref85
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref86
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref86
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref86
http://refhub.elsevier.com/S2213-6711(20)30451-3/sref86

	Using Cardiovascular Cells from Human Pluripotent Stem Cells for COVID-19 Research: Why the Heart Fails
	Introduction
	SARS-CoV-2 Interactions with the Heart
	Structure and Cell Entry Mechanism of SARS-CoV-2
	Cardiovascular Damage in COVID-19 Patients
	Immune Response and the Cytokine Storm
	Pre-existing Cardiovascular Co-morbidities

	COVID-19 Therapies and Potential Cardiovascular Interactions
	Genetic Prediction of COVID-19 Risk and Severity
	Conclusions and Perspectives
	Author Contributions
	Conflicts of Interest
	Acknowledgments
	References


