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SARS-CoV-2 research using human pluripotent stem cells
and organoids
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Abstract
Experimental cell models are indispensable for clarifying the pathophysiology of
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coronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection, and for developing therapeutic agents.
To recapitulate the symptoms and drug response of COVID-19 patients in vitro, SARSCoV-2 studies using physiologically relevant human embryonic stem (ES)/induced pluripotent stem (iPS) cell-derived somatic cells and organoids are ongoing. These cells and
organoids have been used to show that SARS-CoV-2 can infect and damage various
organs including the lung, heart, brain, intestinal tract, kidney, and pancreas. They are also
being used to develop COVID-19 therapeutic agents, including evaluation of their antiviral
efficacy and safety. The relationship between COVID-19 aggravation and human genetic
backgrounds has been investigated using genetically modified ES/iPS cells and patient-
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derived iPS cells. This review summarizes the latest results and issues of SARS-CoV-2
research using human ES/iPS cell-derived somatic cells and organoids.
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Significance statement
COVID-19 and SARS-CoV-2 are dominating discussion in the scientific community and the
news. Although many clinical trials are underway worldwide, basic research on SARS-CoV-2
entry and replication and identification of the best drug targets is lacking. Therefore, this study
introduces the human pluripotent stem cell-derived cells and organoids available for research on
SARS-CoV-2, with consideration to their strengths and weaknesses. This overview will help
researchers select suitable human pluripotent stem cell-derived cells and organoids for SARSCoV-2 studies. Thus, this review will provide valuable information to accelerate drug discovery
for COVID-19.

1

|

I N T RO DU CT I O N

about 3.74 million. Although pneumonia and acute respiratory distress
syndrome are widely recognized as symptoms of COVID-19, many

As of 10 June 2021, the number of coronavirus disease 2019

symptoms of extrapulmonary organs are also known. These symptoms

(COVID-19) patients is about 173 million, and the number of deaths

include cardiac arrhythmias, myocardial ischemia, diarrhea, stroke,
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acute kidney injury, and hyperglycemia. Elucidation of the complex

Because myocardial damage, neuropathy, and diarrhea are

pathophysiology of COVID-19 and the development of therapeutic

frequently observed in COVID-19 patients,36-38 SARS-CoV-2 infec-

agents are essential for stopping this pandemic. While several

tion experiments using myocardial, brain, and intestinal tract models

COVID-19 vaccines are now available, progress in therapeutic agents

have also been performed. Perez-Bermejo et al found that human iPS

has been slower. Severe acute respiratory syndrome coronavirus

cell-derived cardiomyocytes, but not cardiac fibroblasts or endothelial

2 (SARS-CoV-2), the cause of COVID-19, uses its spike (S) protein to

cells, can be infected by SARS-CoV-2.24 Approximately 20% of the

enter host cells. Because the viral S protein binds to angiotensin con-

cardiomyocytes infected with SARS-CoV-2 showed myofibrillar frag-

verting enzyme 2 (ACE2) on the host cell surface, cells expressing

mentation. Pellegrini et al conducted SARS-CoV-2 infection experi-

ACE2 are susceptible to SARS-CoV-2 infection. Accordingly, SARS-

ments using human ES cell-derived cerebral organoids.34 The virus

CoV-2 has high infectivity in primates, including humans, rhesus mon-

infected choroid plexus epithelial cells but hardly infected neurons or

keys, and cynomolgus monkeys, but low infectivity in wild-type

glial cells. In addition, in human choroid plexus organoids infected with

mice,1–4 limiting the animal species that can be used for experiments.

SARS-CoV-2, apolipoprotein J, which is a cerebrospinal fluid (CSF)

Moreover, it is ethically difficult to use these animals in large quanti-

component, leaked from the inside of the organoid into the medium,

ties. Therefore, physiologically relevant human embryonic stem (ES)/

recapitulating destruction of the blood-CSF barrier. Krüger et al

induced pluripotent stem (iPS) cell-derived somatic cells and organoids

conducted SARS-CoV-2 infection experiments using human ES cell-

are being developed as cell models for SARS-CoV-2 infection.

derived intestinal organoids.29 They found that SARS-CoV-2 infects

Organoids are three-dimensional structures that can be generated

enterocytes, enteroendocrine cells, and paneth cells, but hardly goblet

from somatic stem cells5 or human ES/iPS cells.6 The derived somatic

cells. SARS-CoV-2 infection experiments using kidney and pancreas

cells and organoids have closer cellular and organ functions to primary

models have also been conducted.28,32 Pancreatic alpha and beta cells

cells than other cell lines commonly used in in vitro SARS-CoV-2

differentiated from human ES cells express ACE2 and TMPRSS2 and

research, such as Vero, Calu-3, and Caco-2, suggesting that they more

are permissive to SARS-CoV-2.28 Proximal tubular cells and podocytes

accurately reproduce the pathophysiology of COVID-19 and drug

differentiated from human ES cells express ACE2 and are permissive

7

effects. Although the infection efficiency of SARS-CoV-2 in Vero,

to SARS-CoV-2.32

Calu-3, and Caco-2 cells, it is difficult to reproduce the cellular and

Overall, these experiments have clarified which cells are vulnera-

organ responses due to SARS-CoV-2 infection. This review introduces

ble to infection and the resulting cellular and organ damage. By utiliz-

the latest findings and issues of SARS-CoV-2 research using human

ing multiple organ organoids, it is anticipated that the mechanisms of

ES/iPS cell-derived somatic cells and organoids.

the multiple organ failure due to COVID-19 will be elucidated.
Furthermore, by performing long-term culture of infected human
ES/iPS cell-derived somatic cells and organoids, it will be possible to

2 | SARS-CoV-2-TARGET CELLS AND
ORGANS

investigate the state of organs after the virus elimination.

The main symptoms of COVID-19 are manifested in the respiratory sys-
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tem, but many cases of multiple organ failure have been reported,8–10
indicating many organs are affected by SARS-CoV-2 infection. Accord-

RNA-dependent RNA polymerase inhibitors, such as Remdesivir39 and

ingly, human ES/iPS cell-derived somatic cells and organoids have been

EIDD-2801,40 are currently being used to inhibit the intracellular

used to study the infection in several of these organs (Table 1).

genome replication of SARS-CoV-2. Remdesivir has already been

Because respiratory failure is one of the most critical symptoms

approved in many countries and administered to many COVID-19

of SARS-CoV-2 infection, experiments using bronchial and alveolar

patients. Huang et al reported that the amount of intracellular viral

models are especially being studied. We generated human bronchial

genome decreased five magnitudes (105) in human iPS cell-derived

organoids from cryopreserved human bronchial epithelial cells to

AT2-like cells treated with Remdesivir.12 Perez-Bermejo et al showed

reproduce the infection of SARS-CoV-2 in the bronchi.22 These bron-

that pretreating human iPS cell-derived cardiomyocytes with

chial organoids have cellular constituents resembling basal, ciliated,

Remdesivir also reduced the intracellular viral genome five magni-

goblet, and club cells, and we confirmed that some basal cells can be

tudes.24 Remdesivir was shown to have an antiviral effect on human

infected with SARS-CoV-2. Pei et al also performed SARS-CoV-2 infec-

ES cell-derived intestinal organoids, with the intracellular viral genome

tion experiments using airway organoids generated from human ES

level reduced four magnitudes.29

14

cells, finding ciliated and club cells are susceptible to infection.

Huang

To inhibit the infection of SARS-CoV-2, a soluble recombinant pro-

et al performed SARS-CoV-2 infection experiments using human iPS

tein of human ACE2, which is a SARS-CoV-2 receptor, has been used.

cell-derived alveolar epithelial type 2-like cells.12 The expression of sur-

Monteil et al showed that treating human iPS cell-derived capillary

factant protein C, a critical component of lung surfactant that is

organoids and human ES cell-derived kidney organoids with human

expressed only in type II alveolar epithelial cells of the lung, was

recombinant soluble ACE2 (hrsACE2) can inhibit SARS-CoV-2 infec-

decreased and the nuclear factor kappa-light-chain-enhancer of acti-

tion.32 Bojkova et al also reported that intracellular viral genome levels

vated B cells (NF-κB) signal was activated after SARS-CoV-2 infection.

in human iPS cell-derived cardiomyocytes are reduced by recombinant

Respiratory

TABLE 1

Human ES cells

Human ES cells

Human lung tissues
Human iPS cells
Human iPS cells

Human lung tissue

Human lung tissue

Human lung tissue
Human lung tissue

Human airway organoids

Human alveolar organoids

Human airway organoidsa

Human alveolar epithelial type 2
cells

Human airway epithelial cells

Human small airway organoidsa

Human organoid-derived
bronchioalveolar modela

ACE2-overexpressed human
lung organoids

Human 3D alveolar type 2 cell
cultures (h3ACs)

+

Alveolar epithelial type 2 cells

Tuft cells

Pulmonary neuroendocrine cells

Camostat
Camostat

+

IFN-λ1

+

Unknown

+
Alveolar epithelial type 1 cells
Basal cells

+

Alveolar epithelial type 2 cells

Goblet cells

Club cells

(Continues)

20

19

18

17

+b

+

16

+

14

15

Remdesivir

Remdesivir, SARS-CoV-2 antibody CB6

Remdesivir, Camostat, SARS-CoV-2
antibody CB6

Remdesivir, IFN-β, Hydroxychloroquine

13

12

11

Ref.

+

+

+

Ciliated cells

Pulmonary neuroendocrine cells

Basal cells

Club cells

Goblet cells

Ciliated cells

Alveolar epithelial type 2 cells

Ciliated cells

Alveolar epithelial type 1 cells

Alveolar epithelial type 2 cells

Goblet cells

Club cells

Basal cells

+

Unknown

Alveolar epithelial type 1 cells
Ciliated cells

+

Alveolar epithelial type 2 cells

+

Human lung tissues

Human lung alveolospheres

Remdesivir, Camostat

+

Goblet cells

Human lung tissues

Human airway epithelial cellsa

IFN-α, IFN-γ

+

+

Alveolar epithelial type 2 cells

Human iPS cells

Human alveolar epithelial type 2
alveolospheresa

Effective drugs or compounds

Permissiveness to SARSCoV-2 infection

Ciliated cells

Alveolar epithelial type 2 cells

Cell composition

Human lung tissues

Original cell or tissue

Human alveolar epithelial type 2
alveolospheres

Organ model

SARS-CoV-2 infection experiments using human embryonic stem/induced pluripotent stem (ES/iPS) cell-derived somatic cells and organoids
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Intestine

Heart

TABLE 1

Human iPS cells

Human iPS cells
Human iPS cells
Human ES and iPS cells

Human ES and iPS cells

Human ES cells

Human cardiac cells

Human cardiomyocytes

Human cardiomyocytes

Human cardiac cells

Human cardiac organoids

Human cardiomyocytes
Human ES cells

Human iPS cells

Human cardiospheres

Human intestinal organoids

Human iPS cells

Human cardiomyocytes

Cryopreserved adult human
bronchial epithelial cells

Human ES cells

Human lung organoids

Human bronchial organoids

Human lung tissue

3D cultures of human bronchial
cells (h3BCs)

a

Original cell or tissue

Organ model

(Continued)

Unknown

Alveolar epithelial type 1 cells

29

+
+
Enteroendocrine cells

Cardiomyocytes
Enterocytes

27

28
Remdesivir, EK1

INCB054329 (BET inhibitor)

26

+b

16

25

24

+

Berzosertib, Remdesivir

ACE2 neutralizing antibody, Aloxistatin,
Remdesivir, IFN-β, Apilimod,
Bafilomycin, Z-FY(tBu)-DMK

23

22

21

Ref.

+

+

+

+

Remdesivir, N-acetyl-L-leucyl-L-leucyl-Lmethionine, recombinant human
ACE2 protein, ACE2 neutralizing
antibody

Camostat

Imatinib, Mycophenolic acid, Quinacrine
dihydrochloride, Chloroquine

-

Effective drugs or compounds

+

Endothelial cells

Fibroblasts/pericytes

Epicardial cells

Cardiomyocytes

Smooth muscle cells

Cardiomyocytes

Cardiomyocytes

Cardiomyocytes

Endothelial cells

Cardiac fibroblasts

Cardiomyocytes

Cardiomyocytes

Cardiomyocytes

Club cells
+

Ciliated cells
Goblet cells

+
Unknown

Basal cells

Fibroblasts

Proliferating cells

Airway epithelial cells

Pulmonary neuroendocrine cells

Stromal cells

+

+
b

Permissiveness to SARSCoV-2 infection

Alveolar epithelial type 2 cells

Airway cells including basal cells
and secretory cells

Cell composition
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Brain

Blood
vessels

Kidney

TABLE 1

Human iPS cells

Human ES cells

Human iPS cells

Human brain organoids

Human cerebral organoidsa

Human brain cells

Human hippocampal organoids

Human cortical organoids

Human ES cells

Human cortical neurons

Human ES cells
Human ES cells

Human endothelial cells

Human dopaminergic neurons

Human iPS cells

Human blood vessel organoids

Human ES cells

Human kidney organoids

Human iPS cells

Human intestinal organoids

Human ES cells

Human ES cells

Human colonic organoids

Human kidney organoids

Original cell or tissue

Organ model

(Continued)

+

Paneth cells

+
+
+

Transit-amplifying cells
Enteroendocrine cells
Intestinal stem cells

Paneth cells

Microglia

Astrocytes

Neurons

Glial cells

Neurons

Neuronal progenitor cells

Choroid plexus epithelial cells

Cortical neurons

Neurons

Intermediate progenitor/
interneurons

Neural progenitors/outer radial
glia

Cortical neurons

Dopaminergic neurons

Endothelial cells

Pericytes

Endothelial cells

Podocytes

Proximal tubular epithelial cells

Proximal tubules

+

+b

+

Anti-ACE2 antibodies, cerebrospinal
fluid from a COVID-19 patient

Human recombinant soluble ACE2

Human recombinant soluble ACE2

+b
+b

Human recombinant soluble ACE2
protein

35

34

33

28

28

28

32

32

31

30

21

Ref.

(Continues)

Imatinib, Mycophenolic acid, Quinacrine
dihydrochloride

Effective drugs or compounds

+

+b

+

Goblet cells

Enterocytes

+

Enterocytes

Goblet cells

Permissiveness to SARSCoV-2 infection

Cell composition

SARS-CoV-2 RESEARCH USING PSCs AND ORGANOIDS
5

Human liver tissue

Human adult cholangiocyte
organoids
Human ES cells

Human liver tissue

Human macrophages

Human iPS cells

Human adult hepatocyte
organoids

Human pancreatic organs

Primary human islets

Human liver organoids

Human ES cells

Human pancreatic endocrine
cells
+

Acinar cells

Macrophages

Cholangiocytes

Hepatocytes

Immune cells

Endothelial cells

Delta cells

Poly-peptide cells

Mesenchymal cells

+

+

+

+
Unknown

Alpha cells

Ductal cells

+

Beta cells

Delta cells

+

Beta cells

+

Permissiveness to SARSCoV-2 infection

Alpha cells

Microglial cells

Human microglia

Cell composition

Choroid plexus epithelial cells
Human ES cells

Original cell or tissue

Human choroid plexus
organoids

Human midbrain organoids

Human hypothalamic organoids

Organ model

(Continued)

Air-liquid interface (ALI) culture.
Did not analyze each component cell type separately.

b

a

Blood

Liver

Pancreas

TABLE 1
Effective drugs or compounds

28

28

28

28

Ref.
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(A)

Healthy donors

iPS cell panel
• Reproduction of individual differences in
SARS-CoV-2 infection
• Investigation of the cause of individual
differences in SARS-CoV-2 infection

Reprogramming

(B)

Healthy donors
Reprogramming

Genetically
modified somatic
cells

Genetically
modified iPS cells

iPS cells

Differentiation

Genome editing

• Analysis of SARS-CoV-2 related genes
and their mutations

(C)

Patients

Somatic cells

iPS cells

Reprogramming

Differentiation

• Elucidation of the pathophysiology of COVID19 in patients with genetic diseases
• Development of optimal COVID-19 therapeutic
agents for patients with genetic diseases

F I G U R E 1 Search for genetic factors that increase the risk of COVID-19 aggravation. A, An induced pluripotent stem (iPS) cell panel can be
used to recapitulate individual differences in SARS-CoV-2 infection. B, Genetically modified iPS cells and their derivatives can be used to analyze
SARS-CoV-2-related genes. C, Patient-derived iPS cells can be used to elucidate the pathophysiology and select effective drugs at the individual
level. This figure was created using BioRender (https://biorender.com/)

ACE2 treatment.23 Following these findings, Aperion Biologics is conducting a phase 2 trial on human recombinant soluble ACE2.
Camostat and Nafamostat can inhibit type II transmembrane serine

4 | S E A RC H F O R GE N E T I C F A C T O RS TH A T
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AGGRAVATION

protease (TMPRSS2) to prevent SARS-CoV-2 entry.41 We reported that
Camostat treatment reduced the number of viral genome copies found

About 80% of COVID-19 patients are asymptomatic or mild, but the

in cell supernatants derived from cryopreserved human bronchial epi-

other 20% become severe. Various factors, such as aging, medical his-

thelial cell-derived bronchial organoids to approximately one-twentieth

tory, racial differences, and genetics, are predicted in COVID-19 aggra-

that in the untreated group.22 Li et al also reported that Camostat pre-

vation.42-45 Genome-wide association studies performed on mild and

treatment reduced the number of viral genome copies found in cell

severe COVID-19 patients found differences in genetic backgrounds.46

supernatants in human lung organoids derived from lung tissues to

Because human iPS cells can be established from individuals of any

approximately one-tenth that of the untreated group.19 TMPRSS2

genetic background, they make an attractive model to study the rela-

expression is regulated by androgen receptors in human prostate

tionship between genetic factors and COVID-19 severity.

cancer-derived LNCaP cells. Accordingly, treating LNCaP cells with an

The mortality rate of COVID-19 has been reported to be higher in

antiandrogen agent, enzalutamide, inhibits SARS-CoV-2 infection.

men than in women.42 Therefore, we examined whether the gender

However, since TMPRSS2 expression is not regulated by androgen

differences in SARS-CoV-2 infection efficiency can be reproduced

receptors in lung organoids, the inhibitory effect of enzalutamide on

using human ES/iPS cells47 (Figure 1A). Because human ES/iPS cells do

SARS-CoV-2 infection has not been confirmed.

not express ACE2, the gene was overexpressed. As a result, the copy

Other SARS-CoV-2 entry inhibitors have been discovered in drug

number of the viral genome in the cell supernatant of male-derived

screenings using organoids. Han et al screened for FDA-approved drugs

ES/iPS cells was higher than that of females. Furthermore, male-derived

in human ES cell-derived lung organoids and colonic organoids and

ES/iPS cells tended to show higher TMPRSS2 expression levels than

found that Imatinib, Mycophenolic acid, and Quinacrine dihydrochloride

their female counterparts, suggesting that this difference may contrib-

21

each inhibit SARS-CoV-2 entry.

These drugs also showed antiviral

effects in humanized mice with human ES cell-derived lung xenografts.

ute to gender differences in SARS-CoV-2 infection efficiency.
Since genome editing in human ES/iPS cells is relatively efficient,

These studies show the benefits of human ES/iPS cell-derived

functional analyses of gene mutations related to SARS-CoV-2 have

somatic cells and organoids in the search for anti-SARS-CoV-2 drugs.

also been performed. Dobrindt et al investigated SARS-CoV-2 infec-

In addition, they are expected to assist in searches for anti-

tion in human iPS cells with a single nucleotide polymorphism (SNP)

inflammatory drugs. Furthermore, they can be used to evaluate the

present in the FURIN gene48 (Figure 1B). They used a CRISPR/

toxicity and safety of COVID-19 therapeutic agents.

Cas9-based allelic conversion system to generate isogenic human iPS

8
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cells that have an SNP at the FURIN locus (rs4702) and confirmed
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