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SUMMARY

SARS-CoV-2, the virus causing the current COVID-19 pandemic, primarily targets the airway epithelium and
in lungs can lead to acute respiratory distress syndrome. Clinical studies in recent months have revealed that
COVID-19 is a multi-organ disease causing characteristic complications. Stem cell models of various organ
systems—most prominently, lung, gut, heart, and brain—are at the forefront of studies aimed at understand-
ing the role of direct infection in COVID-19 multi-organ dysfunction.
INTRODUCTION

SARS-CoV-2 is a single-stranded RNA virus in theCoronaviridae

family, which includes the highly pathogenic SARS-CoV and

MERS-CoV viruses, as well as the circulating human coronavi-

ruses OC43, NL63, HKU1, and 229E that cause mild seasonal

respiratory illness (Fung and Liu, 2019). SARS-CoV-2 emerged

in human populations in December 2019 as the causative agent

of the current COVID-19 pandemic. COVID-19 primarily mani-

fests as a respiratory illness due to upper and lower airway infec-

tion, viral pneumonia, and, in severe cases, acute respiratory

distress syndrome (ARDS). Along with the primary lung and up-

per airway infections and respiratory symptoms, COVID-19 pa-

tients can experience neurological, cardiac, pancreatic, diges-

tive, and renal symptoms, and SARS-CoV-2 RNA has been

detected in various organ systems (Figures 1A and 1B) (Wier-

singa et al., 2020; Puelles et al., 2020). Respiratory symptoms,

as well as sequelae in secondary organs, reportedly last long af-

ter the virus has been cleared and can cause significant impair-

ment in the quality of life for COVID-19 survivors (Marshall, 2020).

Therefore, it is important to understand how SARS-CoV-2 af-

fects lung epithelia and other organs. Specifically, whether the

symptoms observed in the secondary organs reflect a direct

infection by SARS-CoV-2 or systemic immune overactivation re-

mains an open question. To investigate the possibility that

SARS-CoV-2 infects multiple organs, many groups have turned

to stem-cell-derived culture systems. The purpose of this review

is to describe the contribution of these model systems to our un-

derstanding of SARS-CoV-2 pathogenesis (Figures 1A and 1B).

Cancer cell lines have elucidated many aspects of virology but

often have a dysregulated proteome and an impaired immune

response, are homogeneous, and lack polarity (Ramani et al.,

2018). In contrast, differentiated stem cell models, especially

cultured as 3D organoids, maintain polarity, have functional im-

mune signaling, and generally includemultiple cell types. In 2D or

3D configurations, they have emerged as excellent models for

studying viral pathogenesis (Bar-Ephraim et al., 2020; Ramani
Cell Stem
et al., 2018). They can be derived from induced pluripotent

stem cells (iPSCs), embryonic stem cells, or adult organ-derived

progenitor cells and model a variety of organ systems including

upper airway cells, alveolar type II cells, enterocytes, colonoids,

cardiomyocytes, brain organoids, pancreatic organoids, kidney

cells, and liver cells (Yang et al., 2020; Sachs et al., 2019; Ramani

et al., 2018). In their undifferentiated ‘‘stem-like’’ state, these

models can be maintained for many passages in a laboratory,

until differentiated into non-proliferating parenchymal cells. The

adult stem-cell-derived organoids in both the proliferating state,

such as the alveolar type II (AT2) and basal cells in the lung, and

the differentiated state can be used to elucidate essential biology

of viral infection. Here, we will discuss various stem-cell-derived

models used to elucidate susceptibility of different organ sys-

tems to SARS-CoV-2, exploring their permissiveness to viral

infection, consequent innate immune responses, and the disrup-

tion of essential cellular functions (Table 1).

SARS-CoV-2 VIROLOGY 101

The SARS-CoV-2 life cycle is intricately connected with its host

cell. The single-stranded RNA genome of SARS-CoV-2 is

approximately 30 kb in length and encodes 16 nonstructural pro-

teins and four structural proteins. Entry into the cell occurs when

the viral Spike (S) protein on the surface of the virion binds to

angiotensin-converting enzyme 2 (ACE2) on the apical exterior

of the target cell (Shang et al., 2020) (Figure 2A). Studies that

focus specifically on the entry of the virus into cells can use pseu-

dotyped viruses, which only reproduce the entry and fusion

steps of SARS-CoV-2 but do not reproduce the full viral life cycle.

Pseudotyped viruses are generally built of lentiviral or vesiculo-

stomatitis virus-based vectors carrying the SARS-CoV-2 S pro-

tein (Crawford et al., 2020). After processing of the S protein by

host proteases—most prominently, transmembrane serine pro-

tease 2 (TMPRSS2)—and successful uptake and membrane

fusion, the viral genome is released into the host cell and trans-

lated by the host ribosomes. This produces a large polyprotein of
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Figure 1. Stem-Cell-Derived Models for
Studying SARS-CoV-2 Complications in
Multiple Organ Systems
(A) SARS-CoV-2 enters through the mouth and
nasal cavity and spreads down through the upper
airway into the alveoli. Lung infection of SARS-
CoV-2 has been modeled through iPSC-derived
lung organoids, stem-cell-derived AT2 cells, and
adult stem-cell-derived upper airway cells.
(B) Direct infection of SARS-CoV-2 may occur in
other organs during COVID-19 disease. Gut,
heart, brain, pancreatic, kidney, and liver infection
have been modeled through stem-cell-derived
models.
(C) Understanding of viral replication dynamics in
in vitro models is quantifiable through plaque
assay, viral RNA quantification, and immunofluo-
rescence
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nonstructural proteins, prominently the viral polymerase and two

viral protease complexes that allow viral RNA replication to

begin. Replication occurs via a labile negative RNA step tran-

siently creating a double-stranded RNA (dsRNA) intermediate

(Figure 2A) (de Wilde et al., 2018). The structural proteins,

including spike and the viral nuclear capsid (N) protein, as well

as several laterally acquired ORFs encoded at the 30 end of the

viral RNA genome, are transcribed and translated separately

via subgenomic RNA transcription and translation (Fehr and

Perlman, 2015).

The SARS-CoV-2 dsRNA, as well as other pathogen-associ-

ated molecular patterns (PAMPs) produced by the virus, can be

recognized by host immune sensors such as the RIG-I recep-

tors in the cytoplasm or Toll-like receptors in the endosome

(Lei et al., 2020). Immune response pathways are activated in

the infected cells, stimulating an innate antiviral immune

response indicated by interferon production and consequent

activation of interferon-stimulated genes (ISGs) (Busnadiego

et al., 2020). In parallel, structural and nonstructural viral

proteins interact with numerous host proteins to support viral

replication, interfere with host pathways, and diminish antiviral

immune responses (Gordon et al., 2020; Lei et al., 2020). SARS-

CoV-2 viral replication causes apoptosis and cytopathic effects

(CPEs), releasing virions into the surrounding environment (de

Wilde et al., 2018). While the basic principles of SARS-CoV-2

viral replication are likely similar between different organ sys-

tems, cell-type-specific differences in host factors supporting

viral replication may exist, underscoring the need for a broad

spectrum of cell systems to study the pathogenesis of SARS-

CoV-2.
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QUANTIFICATION OF SARS-CoV-2
VIRAL INFECTION: A
HOW-TO GUIDE

The viral life cycle offers multiple parame-

ters for quantification of viral infection.

Essential for reproducible in vitro infec-

tion of cell culture models is knowing

how many infectious viral particles were

added per cell during an experimental

infection, a ratio known as multiplicity of

infection (MOI). Using a low MOI (<1) al-
lows the infection to spread in culture if infectious viral particles

can be produced in the host cell andmimics the natural course of

SARS-CoV-2 infection. MOIs can be increased (>1) if the cell

type is minimally permissive to infection or if a high infection

rate is desired for molecular studies. Notably, in organoid cul-

tures, MOIs are difficult to standardize due to the variability in

cell numbers per organoid, and MOIs are sometimes—errone-

ously—reported as a ratio of virions to organoids or simply as

a number of virions added. One caveat is that viral titers and

MOIs are usually calculated based on results in highly suscepti-

ble Vero cells, a long-cultured African green monkey kidney cell

line that is highly susceptible to viral infections and may not

accurately reflect the infectivity of a virus in primary human cells.

Quantification of SARS-CoV-2 viral loads in infected cultures

through a so-called plaque assay is the gold standard

(Figure 1C). This method quantifies the amount of infectious viral

particles produced into the supernatant of a culture system by

measuring the CPE the particles exert in a secondary culture.

Briefly, supernatants of infected cells are serially diluted and

transferred onto highly susceptible cells overlaid with a layer of

agar to concentrate the virus to the areas of initial infection. In-

fectious virus is quantified as plaque-forming units (PFUs), which

represent the number of areas where infected cells have died

and left a macroscopic blank spot—a plaque—on a plate.

The number of SARS-CoV-2-infected cells in a culture can

also be determined by immunofluorescence microscopy using

antibodies against the structural proteins, usually N or S, or

against dsRNA intermediates. Human cells do not harbor

dsRNA, and antibodies against it have been widely used to iden-

tify cells infected with positive stranded RNA viruses (Figure 1C)



Table 1. Summary of In Vitro Stem Cell Models for SARS-CoV-2 in Various Organ Systems

Cell Types Stem Cell Model Culture Method

SARS-CoV-2

Susceptibility

Cell-Type-Specific

Effects Immune Response Relevant Citations

Lung

Alveolar type 2 cells Adult stem cells 2D Yes Decreased expression of

surfactant protein,

cell death

Type I response in both

studies with an MOI of 1

and ISG stimulation

Youk et al., 2020; Katsura

et al., 2020; Tindle

et al., 2020

Alveolar type 2 cells iPSC derived 3D Yes Decreased expression of

surfactant proteins,

cell death

Delayed type I interferon

response with an MOI of

5 and ISG stimulation

Huang et al., 2020

Airway cells Adult stem cells Pseudo-stratified layer Yes Cell death Increase in interferon

genes 72 h post infection

with an MOI of 0.1

Lamers et al., 2020;

Tindle et al., 2020;

Purkayastha et al., 2020

Airway cells iPSC derived 3D Yes Not discussed Not discussed Samuel et al., 2020; Duan

et al., 2020

Gut

Ileal organoid Adult stem cells 2D/3D Yes Cell death observed Types I and III IFN

responses after 24 h with

an MOI of 0.1

Zang et al., 2020; Lamers

et al., 2020

Colonoids iPSC derived 3D Yes Not discussed TNF and IL-17 signatures

reported after 24 h with

an MOI of 0.1

Han et al., 2020

Heart

Cardiomyocytes iPSC derived 2D Yes Impairment of

contraction,

fragmentation of troponin

T, cell death

Type I interferon

response and ISG

stimulation at MOI 0.01

Pérez-Bermejo et al.,

2020, Samuel et al.,

2020; Bojkova et al.,

2020; Sharma et al.,

2020; Yang et al., 2020

Brain

Neurons iPSC derived 2D/3D Conflicting evidence Abnormally localized Tau

protein, cell death

Not discussed Ramani et al., 2020;

Zhang et al., 2020; Jacob

et al., 2020; Pellegrini

et al., 2020

Astrocytes iPSC derived 2D Low N/A N/A Jacob et al., 2020

Microglia iPSC derived 2D Low N/A N/A Yang et al., 2020; Jacob

et al., 2020

Choroid plexus iPSC derived 3D Yes Disruption of ion

transport and cell

adhesion pathways

Inflammatory cytokines

induced at MOI ~0.1 after

24 h

Pellegrini et al., 2020;

Jacob et al., 2020

(Continued on next page)
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(Weber et al., 2006). While N and S antibodies determine the per-

centage of cells harboring virus, antibodies against dsRNA

further reveal whether cells are actively replicating viral RNA as

these antibodies detect the duplex formed of positive and nega-

tive RNA strands during active RNA replication. By incorporating

viral stains with co-stains, information about the cells’ viability

and the subcellular localization of viral proteins or RNA replica-

tion centers can simultaneously be assessed with the number

of infected cells. Finally, viral RNA counts can also be assessed

by quantitative RT-PCR in cells or in the cell supernatant

(Figure 1C). While this is themost sensitivemethod to detect viral

production, in SARS-CoV-2 infection, it also captures non-infec-

tious viral RNA species, including subgenomic RNAs, that are

produced in the infected cells but can be released into the super-

natant after CPE. In combination, the readouts of viral titer,

immunofluorescence and RT-qPCR fully capture the infectious

state of a target cell in different cell systems.

UPPER AND LOWER AIRWAY: THE PRIMARY TARGET

Expression of the ACE2 protein in the respiratory tract is highest

in the nasal cavity and decreases through the upper airway and

into the alveoli, where it is described as lowly or variably ex-

pressed between different donors. (Hou et al., 2020; Ortiz

et al., 2020). Whether ACE2 mRNA and protein levels correlate

is not clear, but low mRNA levels have also been measured in

the alveoli (Ziegler et al., 2020; Ortiz et al., 2020). More definitive

data at the protein level are needed to quantify ACE2 expression

in the respiratory tract. Consistent with the ACE2 expression

pattern, SARS-CoV-2 virus is found in few airway cells upon au-

topsy, raising the possibility that (1) only a small percentage of

lung epithelial cells are susceptible to infection or (2) infection

is more widespread in the early days of infection but has been

cleared from most parts of the lung by the time of autopsy

(Schaefer et al., 2020). Evidence points to ciliated cells as the

main target of the virus in the upper airway and to AT2 cells as

the target in the alveoli (Hou et al., 2020; Schaefer et al., 2020).

While the virus replicates actively in the nasal epithelium and

the upper airway, lung pathology occurs when the virus reaches

the alveoli and has the potential to evolve into ARDS.

Both iPSC and adult stem cell models of upper airways in or-

ganoid form have been previously established and characterized

(Huang et al., 2014; Sachs et al., 2019). The adult stem cell orga-

noid model was successfully infected after differentiation at the

air-liquid interface (ALI), a specific procedure where cells are

plated on a thin layer of Matrigel in a transwell system with the

basolateral surface of the cells in contact with differentiation me-

dia while the apical side is exposed to air (Lamers et al., 2020). At

an MOI of 0.1, the differentiated cells produce infectious virus,

quantified through plaque assay as early as 24 h after infection

(Lamers et al., 2020) (Figure 2D). Similar results were obtained

when basal cells isolated from donors were directly differenti-

ated at the ALI, with virus detected 2 days post infection. At an

MOI of 0.1, less than 5% of cells were positive for SARS-CoV-

2 72 h post infection, and single-cell RNA sequencing revealed

upregulation of interferon-related genes (Purkayastha et al.,

2020). Notably, this model was also used to investigate the effect

of cigarette smoke on SARS-CoV-2 infection, showing that

smoke increased the number of SARS-CoV-2-positive cells



Figure 2. SARS-CoV-2 Replication and
Interaction with Host Cells
(A) Simplified schematic of the viral replication
cycle. The virus enters the cell through binding of
the ACE2 receptor and is internalized. Inside of the
cell, viral RNA is produced, and structural and
non-structural proteins are translated. New virions
are assembled and released from the cell, result-
ing in cell lysis.
(B) Interferon pathway activation by SARS-CoV-
2. Innate immune sensors recognize the virus,
and transcription of interferon is turned on,
leading to the production of interferon-stimu-
lated genes. Stem-cell-derived models in which
this has been detected are highlighted in the
box.
(C) Disruption of cellular processes by SARS-
CoV-2 and cell death. Through the hijacking
of host cell proteins and pathways, SARS-
CoV-2 can disrupt the essential functions of
cells. Stem-cell-derived models in which
this has been detected are highlighted in the
box.
(D) Viral production. When cells are produc-
tively infected, SARS-CoV-2 virions are
released at the end of the viral life cycle,
causing cell lysis and death. Stem-cell-derived
models in which this has been detected are
highlighted in the box.
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(Purkayastha et al., 2020). iPSC-derived models of airway cells

have also successfully been infected with SARS-CoV-2 and

used to model drug treatment, although the dynamics of infec-

tion in this model must be explored further (Samuel et al., 2020).

Although infection of AT2 cells in the lung is recognized as the

primary driver of ARDS, in vitromodels of AT2 cells have multiple

challenges, including rapid dedifferentiation and the need for

feeder cells such as fibroblasts. The SARS-CoV-2 pandemic

and central role of AT2 cells in severe disease has spurred devel-

opment of new culture systems for AT2 cells, through either suc-

cessful differentiation of iPSCs or maintenance of primary AT2

cells, aligning research in stem cell biology and SARS-CoV-2

infection. Three groups have successfully infected these new

models with SARS-CoV-2, two using novel culture systems for

primary AT2 cells and one using the iPSC model (Katsura

et al., 2020; Huang et al., 2020; Youk et al., 2020). While primary

AT2 cell cultures were successfully trans-differentiated into AT1

cells, the role of SARS-CoV-2 infection in the trans-differentiated

cells has not been explored (Youk et al., 2020; Katsura et al.,

2020). AT2 cells, grown in 2D or 3D culture conditions, were

characterized by surfactant protein-C (SFTPC) expression, a

protein exclusively produced in AT2 cells. ACE2 and TMPRSS2

localized to the apical surface in these models, consistent with

entry of the virus from the airways in vivo. MOIs varied in these

studies, but a high MOI (>1) was necessary to achieve infection

of more than 20% of cells early after infection, pointing to rela-

tively low permissiveness of these cells, at least in culture (Huang

et al., 2020).

Bulk RNA sequencing in all three studies demonstrated the

ability of AT2 cells to produce type I interferon and upregulate

ISGs upon infection (Youk et al., 2020; Katsura et al., 2020;
Huang et al., 2020). While all studies reported an upregulation

of ISGs by at least 96 h of infection, the kinetics of the immune

response varied. In the iPSC-derived model, the immune

response did not appear until 4 days post infection and has up

to 33% of reads mapped to the viral genome as early as 1 day

post infection (Huang et al., 2020). In contrast, in the primary

AT2 model, interferon response was upregulated at 48 h post

infection and only 4.7% of transcripts mapped to the SARS-

CoV-2 genome (Katsura et al., 2020). Whether this difference is

due to viral load or differences in the cell culture system remains

an open question. Single-cell RNA sequencing revealed two

distinct patterns of interferon response: cells expressing high

levels of ISGs and cells with low ISG expression but upregulated

apoptotic pathways (Youk et al., 2020). However, correlation

with viral load was not discussed. Genes related to cell death,

cell adhesion, and surfactant proteins were also upregulated

during infection in the AT2 cells, potentially providing a window

into the mechanisms of lung epithelium dysfunction during

COVID-19 (Figure 2B).

Because the pathology of severe COVID-19 disease is caused

by a dysregulated immune response, more complex models

have been applied to studying lung pathogenesis of SARS-

CoV-2 infection. A systemderived from adult stem cells and con-

taining a mixture of upper airway and lung cells has been used to

probe the interplay between airway and alveolar cells (Tindle

et al., 2020). Mimicking what has been seen in vivo, SARS-

CoV-2 infection was more widespread in airway cells than in

the alveolar cells. This culture system generated an immune

gene signature very similar to that seen in COVID-19 patient

lungs when assessed by bulk RNA sequencing, whereas the

epithelial cell types cultured alone did not. The similarity to in vivo
Cell Stem Cell 27, December 3, 2020 863
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results suggests that this platform could be essential for testing

interventions that aim to decrease viral replication and overac-

tive immune signaling (Tindle et al., 2020).

A previously established differentiated iPSC system that con-

tained ciliated, goblet, and alveolar cells was infected with

SARS-CoV-2 in the presence of autologous iPSC-derived M1

and M2 macrophages (Huang et al., 2014; Duan et al., 2020).

The SARS-CoV-2 N protein was detectable via immunofluores-

cence in all types of airway epithelial cells, and the addition of

macrophages decreased the expression of N protein (though

this effect was not quantified), indicating that macrophages

can recognize and remove infected cells. Notably, N protein

was also detected in cocultured macrophages, in contrast to

previous reports showing no infection of isolated macrophage

cultures (Duan et al., 2020; Yang et al., 2020). One possibility is

that macrophages in proximity to infected lung epithelial cells

may be rendered permissive for infection. Another option is

that N+ macrophages phagocytosed infected epithelial cells

without themselves becoming actively infected.

Further studies are necessary to evaluate SARS-CoV-2 infec-

tion of complex lung cell models. It is critical to understand the

dynamics of innate immune responses in these models as the

timing of infiltration of innate immune cells such asmacrophages

is a recognized determinant of the pathology of COVID-19

(Merad and Martin, 2020). These models could serve as unique

drug-testing platforms of the cytokine storm associated with

ARDS. They will also shed light on how the upper and lower air-

ways can be the major site of pathogenesis and damage despite

their low ACE2 expression and relatively low permissiveness to

infection in monocultures.

PRIMARY OR SECONDARY INFECTION IN THE GUT?

The presence of viral RNA in the gut is widely recognized, and the

detection of viral RNA in stool samples, along with gastrointes-

tinal symptoms, occurs in up to 20% of symptomatic carriers

during COVID-19 (Chen et al., 2020b). However, whether virus

found in the gut is infectious remains controversial: the few

studies that looked for infectious virus in the feces rarely found

any (Zang et al., 2020). In culture, primary gut cells are highly

permissive to SARS-CoV-2 and capable of producing infectious

virions. Stem-cell-derived intestinal organoids are well charac-

terized and widely used to study viral infection—notably, norovi-

rus infection (Sato et al., 2011; Ettayebi et al., 2016). Because

these organoids are widely used in research and support high

levels of viral replication, they are poised to become an essential

model system for studying the gut pathogenesis of SARS-

CoV-2.

Intestinal organoids are readily grown from adult stem cells

isolated from both large and small intestine biopsies (Sato

et al., 2011). Upon differentiation, these organoids contain

mature enterocytes, goblet cells, enteroendocrine cells, and

Paneth cells. ACE2 is expressed robustly in the small intestine

along with the serine protease TMPRSS2, both in vivo and in

the associated stem cell models. In contrast, colonic organoids

have low ACE2 receptor expression (Zang et al., 2020).

TMPRSS4 can perform the same function as TMPRSS2 in intes-

tinal organoids, supporting entry of the virus (Zang et al., 2020).

As in other organoid systems, ACE2 receptors, which are ex-
864 Cell Stem Cell 27, December 3, 2020
pressed on the apical side of organoids cells, face inward;

thus, manipulation of the organoids is generally necessary for

successful infection. This can be achieved by dissociating the or-

ganoids prior to infection. Alternatively, intestinal cell cultures

can be grown in 2D in transwell systems.

Two groups have shown that ileal organoids—organoids

modeling the small intestine— can be infected by SARS-CoV-2

and produce live virus (Lamers et al., 2020; Zang et al., 2020)

(Figure 2D). In these organoids, SARS-CoV-2, similar to its close

cousin SARS-CoV, infects primarily mature enterocytes and

cells that are undergoing cell division (Lamers et al., 2020;

Zang et al., 2020). Bulk RNA sequencing analysis shows that

SARS-CoV-2 generates a robust interferon response as early

as 24 h post infection and even stronger by 60 h, exceeding

the response triggered by SARS-CoV (Figure 2B) (Lamers

et al., 2020). Caspase-3, a marker of apoptotic cell death, is up-

regulated in infected cell cultures, indicating gastrointestinal cell

damage caused by the virus. However, alterations of ilium-spe-

cific cellular pathways have not yet been reported after infection.

There is a brief report of successful SARS-CoV-2 infection of

iPSC-derived colonoids, leading to an upregulation of cytokine

signaling and apoptotic pathways, and the difference in infection

between the two models should be further explored (Han

et al., 2020).

Ileal organoids in culture produce infectious virions, as

confirmed by plaque assays (Lamers et al., 2020). However,

whether the virus survives in the gut in vivo remains a question.

When SARS-CoV-2 virus was incubated with gastric fluids

from the large and small intestine, it rapidly lost infectivity, sug-

gesting that while infection in the gut may occur transiently, the

fecal-oral route may not be a major driver of viral transmission

(Zang et al., 2020).

WIDESPREAD DAMAGE IN THE HEART

Cardiac complications are increasingly taking center stage dur-

ing COVID-19 illness. Increased levels of troponin, a marker of

cardiac dysfunction, occur in over 25% of hospitalized patients

(Marshall, 2020; Bonow et al., 2020), and COVID-19 survivors

often experience myocarditis (Marshall, 2020). The role of direct

infection of heart cells by SARS-CoV-2 remains unclear, but viral

RNA has been detected in the heart in a small number of case

studies (Puelles et al., 2020). In vitro, multiple groups have

demonstrated that iPSC-derived cardiomyocytes are highly sus-

ceptible to SARS-CoV-2 infection and to ensuing functional

damage.

iPSC-derived cardiomyocytes express ACE2 but only low to

undetectable levels of TMPRSS2. Infection of cardiomyocytes

is not abrogated by the addition of Camostat, a TMPRSS2 inhib-

itor, suggesting that TMPRSS2 is not required for SARS-CoV-2

infection in cardiomyocytes. Instead, the cathepsins CTSL and

CTSB, which are expressed in iPSC-derived cardiomyocytes,

appear sufficient to allow SARS-CoV-2 entry (Pérez-Bermejo

et al., 2020). Direct infection has been confirmed with both S-

protein pseudotyped viruses, which only model entry and infec-

tious viruses (Yang et al., 2020; Bojkova et al., 2020; Sharma

et al., 2020). Multiple virological assays—detection of dsRNA,

RT-qPCR in the culture supernatant S protein staining and

plaque assays—have all confirmed their permissiveness of
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iPSC-derived cardiomyocytes to SARS-CoV-2 infection (Fig-

ure 2D) (Sharma et al., 2020; Bojkova et al., 2020; Pérez-Bermejo

et al., 2020). Primary heart tissue is also successfully infected

by SARS-CoV-2 ex vivo, underscoring the validity of the

stem cell model to recapitulate the in vivo situation (Bojkova

et al., 2020). In vitro infection of cardiomyocytes induces wide-

spread CPE and a strong interferon response as demonstrated

by multiple groups via bulk RNA sequencing (Figure 2B)

(Pérez-Bermejo et al., 2020; Sharma et al., 2020; Bojkova

et al., 2020).

Direct infection of cultured cardiomyocytes and reports of

myocarditis in infected individuals raise the specter of long-term

cardiovascular impairment in COVID-19 survivors. SARS-CoV-2

infection impairs the in vitro ability of cardiomyocytes to beat,

because of either viral cytopathic effects or specific disruption

of contractility (Figure 2C) (Sharma et al., 2020). Fragmentation

of troponin T filaments observed during SARS-CoV-2 infection

may explain the disruption of cardiomyocyte contractility (Pérez-

Bermejo et al., 2020). Overall, the highly permissive cardiomyo-

cyte model offers not only plenty of opportunities to study the

pathogenesis of cardiac complications during COVID-19 but

also a solid model for in vitro infection of the virus.

BRAIN: A NOT-SO-INNOCENT BYSTANDER?

A variety of neurological symptoms—most commonly, loss of

smell and taste, headache, and dizziness—are common among

symptomatic SARS-CoV-2 carriers, while severe symptoms,

such as cerebrovascular events or seizures, remain rare (Chen

et al., 2020). Loss of taste was reported in up to 50% of patients

and headache in up to 20% (Chen et al., 2020). Here, too, the

question of whether direct infection or systemic immune re-

sponses cause organ damage remains open. Individual cases

of SARS-CoV-2 RNA detection in cerebrospinal fluid (CSF)

have been reported, but overall, viral RNA is found in less than

1% of tested CSF samples (Destras et al., 2020).

A number of iPSC-derived systems have been used to identify

potential target cells of SARS-CoV-2 in the central nervous sys-

tem, but results remain controversial. Variation in differentiation

protocol, length of infection, or differences in MOI could explain

the discrepancy between reported results. For example, infec-

tion of iPSC-derived cortical neurons alone, either with S-protein

pseudotyped or infectious virus at a high MOI, resulted in mini-

mal infection (<1%), suggesting that neurons are not a primary

target of viral infection (Jacob et al., 2020; Yang et al., 2020).

However, when a model of brain organoids containing both

cortical neurons and neural progenitor cells (NPCs) was infected,

SARS-CoV-2 antigen was found in the neurons (though not

quantified) and not the NPCs, and the supernatant was reported

to contain 103 PFU/mL of released virus (Figure 2D) (Zhang et al.,

2020). In a third study of brain organoids, no live virus was recov-

ered from the supernatant, but antigen was found in the neurons,

suggesting that the virus had entered but not replicated in

cortical neurons in this case (Ramani et al., 2020). However,

this abrogated entry of live virus alone dysregulated neuronal

functions, as shown by abnormally localized Tau protein and

neuronal cell death (Ramani et al., 2020). This observation indi-

cates that abortive infection of neurons may contribute to

some of the reported neurological symptoms (Figure 2C).
While iPSC-derived brain organoids representing the cortical,

hippocampal, hypothalamic, and midbrain regions of the brain

reportedly show low infection rates, organoids representing

choroid plexus epithelial cells adjacent to the hippocampus

were infected at rates of 10%–20%, depending on the donor

(Jacob et al., 2020; Pellegrini et al., 2020). These cells produce

most of the cerebrospinal fluid and thus could contribute to

widespread distribution of virions in the brain and spinal cord.

Choroid plexus organoids produced infectious virus as early as

24 h post infection, even when infected with very low MOIs.

Bulk RNA sequencing indicated that infection occurred despite

a vigorous innate immune response, resulting in expression of

interferon and ISGs (Jacob et al., 2020) (Figure 2B). Notably,

the expression of genes related to ion transport and cell adhe-

sion was altered, showing that viral infection could directly inter-

fere with the function of these cells. Decline of tight junction pro-

teins during SARS-CoV-2 infection was also confirmed by

microscopy by others (Pellegrini et al., 2020).

Overall, in vivo infection of the nervous system remains a mat-

ter of debate, and further evidence from autopsies of COVD-19

deaths is required in the search for direct viral targets. Under-

standing the signature of direct infection in vitro will suggest

areas of investigation in vivo and possibly lead to neuroprotec-

tive treatments in the future.

KIDNEY, LIVER, AND PANCREAS: TOO LITTLE
ATTENTION YET

Emerging evidence shows that kidney, liver, and pancreas are

affected by SARS-CoV-2, but these organs remain understudied

in in vitro models so far (Puelles et al., 2020; Wang et al., 2020b;

Rubino et al., 2020). All three organs express the viral ACE2 re-

ceptor, and stem-cell-derived models of the liver and pancreas

have shown that viral entry is possible in vitro (Yang et al.,

2020). In the pancreas, the endocrine a and b cells are the major

targets of in vitro SARS-CoV-2 infection. Apoptotic and insulin

resistance pathways activated upon infection of pancreatic b

cells (Yang et al., 2020). The direct infection of b cells demon-

strated in vitro could explain the increased incidence of type I

diabetes in asymptomatic SARS-CoV-2 carriers (Rubino et al.,

2020). In the liver, infection of adult stem-cell-derived cholangio-

cyte and hepatocyte organoids with SARS-CoV-2 led to high

percentages of S+ cells (40% and 80%, respectively), leading

to an increase in chemokine production and IL-17 signaling

(Yang et al., 2020). Some people hospitalized for COVID-19

show increased levels of liver enzymes, a sign of temporary liver

damage, and acute kidney injury requiring dialysis has been re-

ported in otherwise healthy individuals. An iPSC-derived model

of human kidney organoids has been used to test soluble

ACE2 as a protective treatment against SARS-CoV-2, but viral

infection in this system has not been characterized (Monteil

et al., 2020). More clinical and molecular studies are needed to

understand the impact of SARS-CoV-2 infection on these

organs.

CONCLUSION

The advance in stem cell biology and resulting differentiated cell

models has significantly accelerated research of SARS-CoV-2
Cell Stem Cell 27, December 3, 2020 865
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pathogenesis in different organs. Completion of the viral life cy-

cle of SARS-CoV-2 has been shown in airway, alveolar, gut, car-

diac, and pancreatic stem-cell-derived systems, with significant

questions remaining in the brain, kidney, and liver models. Many

reported similarities between these cell culture systems point to

universal mechanisms of viral infection and the innate immune

response. While MOI and kinetics of infection vary, all reported

infections eventually lead to an interferon or cytokine response

and cell death. However, the virus diminishes the function of

these cells it infects in various ways, from abrogating the beating

of cardiomyocytes to weakening the tight junctions between

choroid plexus cells in the brain. As the long-term symptoms

arising in various organ systems are naturally different, under-

standing these differences and developing treatments to target

these organ-specific pathways are essential. Nevertheless, the

basics of viral replication remain consistent across cell types,

with some variability in the viral entry process.

We are still in the early stages of SARS-CoV-2 research and

susceptibility or resistance to SARS-CoV-2 in these models

must be confirmed with rigorous clinical studies. In vitro studies

have obvious limitations, lacking immune cells and interplay with

other organ systems. While great strides have been made in

improving and refining cellular differentiation protocols, stem-

cell-derived models can have significant differences in gene

expression as compared to primary organ-derived cells and

may not fully recapitulate the cellular response in primary cells.

iPSC models, in particular, lack genomic stability and may not

recapitulate the full maturity of primary cells (Doss and Sachini-

dis, 2019). As research on SARS-CoV-2 moves forward, these

models will need to be reassessed, improved, and used for

new questions. For example, these studies have focused on

the role of ACE2 as the necessary factor for entry into the cell.

Recently, the role of other factors in entry have been identified,

and the expression of these factors in the models discussed in

this reviewwill have to be addressed (Bestle et al., 2020; Clausen

et al., 2020; Cantuti-Castelvetri et al., 2020).

While the wave of first reports discussed here demonstrate

more or less successful infection and offer important first insight

into themechanisms of organ involvement, more questions have

arisen from these studies. For example, why are airway cells rela-

tively resistant to viral infection in vitrowhile other organ systems

like the heart and the gut are widely infectible? How is infection

spreading in vivo from the upper and lower airways to secondary

organs despite the very low levels of virus reported in the blood

(Wang et al., 2020a)? The stem-cell-derived models focus on the

terminally differentiated cells as targets of SARS-CoV-2, but the

role of tissue-resident stem cells remains largely unaddressed. In

particular, the question of possible hit-and-run mechanisms

affecting stem cells is becoming a pressing question in light of

clinical ‘‘long haulers,’’ COVID survivors suffering from long-

term clinical symptoms after clearance of the virus. While iPSCs

and some tissue-resident progenitor cells are resistant to viral in-

fections due to an abnormal interferon response, the question of

direct infection by SARS-CoV-2 or bystander damage remains

open (Wu et al., 2018). Current stem cell technologies offer

unique opportunities to study this and other pressing issues,

including the role of genomic variation, age, and pre-existing

conditions in donors. Future work incorporating these factors

and more complex immune cell populations into stem-cell-
866 Cell Stem Cell 27, December 3, 2020
derivedmodels will be critical to understanding the complete pa-

thology of multi-organ involvement in COVID-19.
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