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COVID-19, caused by infection with SARS-CoV-2, represents 
a global health emergency. As of 30 May 2021, approximately 
169 million individuals have been infected and 3,530,582 

deaths from COVID-19 have been confirmed worldwide1. Even 
though vaccines have now been established to prevent infection, 
to date, no specific antiviral drugs exist that target SARS-CoV-2 to 
mitigate established disease. Clinical management of patients with 
COVID-19 focuses mainly on improving symptoms, supporting 
lung function, preventing a sudden acute increase of circulating 
cytokines (cytokine storm) and controlling infections2.

Ongoing fast-track clinical trials focus on therapeutic solutions 
that block the SARS-CoV-2 infection cycle and associated patho-
physiological processes3. Nevertheless, it remains poorly under-
stood how the genetic background of patients with COVID-19  
might affect the severity of symptoms4,5. Similarly, whether 
SARS-CoV-2–host-receptor interactions might differ depending 
on the age, gender and ethnicity of a patient has not been clarified. 
As a result, the design of effective vaccines and antiviral drugs has 
remained challenging. The advancement of organoid-based assays 
derived from human pluripotent stem cells (hPSCs) and adult stem 
cells (ASCs) offers an opportunity to expand and bank various types 
of tissue-specific organoids for biomedical research6–9. Accordingly, 
stem cell-based two-dimensional (2D) cell cultures and 3D organ-
oids are also used to study SARS-CoV-2 infection10–19. These studies 
highlight the need to define the roles of stem cell-based organoids 
in COVID-19 research.

In this Review, we recapitulate the SARS-CoV-2 infection cycle 
and associated intervention strategies. We evaluate current COVID-
19-based assays, focusing on their strengths and potential limita-
tions. We further elucidate the role of respiratory cell types and lung 
organoids in assessing SARS-CoV-2 susceptibility and discuss other 
organoid systems (derived from hPSCs and ASCs) that can be used. 
Finally, we examine the benefits of organoids in studying SARS-CoV-
2-induced pathophysiology and predicting therapeutic outcomes.

SARS-CoV-2 infection cycle and associated intervention 
strategies
SARS-CoV-2 is a positive-sense, single-stranded ribonucleic acid 
(RNA) Betacoronavirus, potentially evolved from a bat coronavirus20–23. 

Genomic diversity of SARS-CoV-2 in patients with COVID-19 is evi-
dent24–26, but the environmental SARS-CoV-2 genome is relatively 
stable27. The structural genomics of SARS-CoV-2 indicates evolution-
arily conserved functional regions of viral proteins27–29. In addition, 
SARS-CoV-2 shares a similar infection cycle with SARS-CoV and 
Middle East respiratory syndrome coronavirus (MERS-CoV)30–32.

SARS-CoV-2 infection cycle. Similar to SARS-CoV, SARS-CoV-2 
enters and infects a human host cell via multiple coordinated pro-
cesses30–32. The SARS-CoV-2 infection cycle is shown in Fig. 1a, with 
distinct steps (1–17), starting from host cell entry via membrane 
fusion and endocytosis to the release of a mature SARS-CoV-2. 
In patients with COVID-19, the infection cycle increases the viral 
load in the respiratory tissues, kidneys and intestine33. The induc-
tion and release of cellular cytokines (also called a cytokine storm) 
may trigger a wide range of host immunological and inflammatory 
responses in these tissues34,35 (Fig. 1b–e). Cytokine storms often lead 
to diffuse alveolar damage, acute respiratory distress syndrome, 
loss of gas exchange, respiratory failure and multi-organ damage, 
increasing overall death rates35–40.

Therapeutic strategies. Despite an incomplete understanding of 
the SARS-CoV-2-specific infection cycle, known viral processes 
could be probed for potential pharmacological, immunological and 
molecular interventions. Such experimental and clinical interven-
tions have been reported for SARS-CoV-214,41–48, some of which are 
listed in Fig. 1.

The abrogation of viral cell entry effectively prevents viral infec-
tion. Blockage of spike glycoprotein (S-gp) binding to the human 
receptor, angiotensin-converting enzyme 2 (ACE2), using human 
recombinant soluble ACE2 (hrsACE2) reduced SARS-CoV-2 
recovery from Vero cells, resulting in a 1,000- to 5,000-fold reduc-
tion in viral growth14. This blockage by soluble ACE2 appears to 
be species-specific, as recombinant mouse ACE2 had no effect14. 
Transmembrane serine protease 2 (TMPRSS2)-mediated S-gp 
priming can be blocked with camostat, a clinically proven prote-
ase inhibitor, and substantially (approximately 88%) inhibited by an 
anti-ACE2 antibody41 (at 20 μg ml−1). Sera from patients who had 
recovered from SARS partially (approximately 45%) neutralized 
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pseudotyped SARS-CoV-2 entry41. CR3022, a neutralizing antibody 
isolated from a patient who had recovered from SARS, targets S-gp 
receptor-binding domain (S-RBD) of SARS-CoV49 and also binds 
to the SARS-CoV-2 S-RBD50. High-resolution structures revealed a 
mechanism by which neutralizing antibodies, such as CR3022, rec-
ognize S-RBD in its trimeric configuration51. These studies provide 
a molecular basis for future therapeutic interventions to prevent 
SARS-CoV-2 cell entry.

Beyond S-gp-ACE2-mediated membrane fusion, little is known 
about other potential cell-entry mechanisms of SARS-CoV-2, such 
as endocytic pathways which are evident in other coronaviruses. 
These pathways depend on clathrin-dependent endocytosis for 
SARS-CoV52, membrane rafts and caveolar endocytosis for the 
human coronavirus 229E53, and clathrin- and caveolar-independent 
entry of feline coronavirus54. Successful abolishment of 
SARS-CoV-2 entry by camostat suggests that the endocytic path-
way may not be a major mechanism for SARS-CoV-2 cell entry. 
However, this finding has to be confirmed in different cellular and 
animal models.

The United States Food and Drug Administration (FDA)- 
approved drug ivermectin inhibits the replication of SARS-CoV-2 
in an in vitro model (Vero-hSLAM cells)46. The promising antivi-
ral drug remdesivir (GS-5734), an adenosine analogue, also inhib-
its SARS-CoV-2 replication44. Remdesivir has become the first 
anti-SARS-CoV-2 drug approved by the FDA after a phase III clini-
cal trial55. However, the World Health Organization’s solidarity trial 
revealed that remdesivir neither reduced mortality nor shortened 
the recovery time of COVID-1948. A less toxic derivative of chloro-
quine, hydroxychloroquine, is an endosomal acidification inhibitor 
and is effective in inhibiting SARS-CoV-2 infection in cell culture42. 
Hydroxychloroquine has gained widespread use in the treatment 
of COVID-19. However, its broader clinical application has been 
under scrutiny due to the absence of well-controlled data on its 
effectiveness and reported severe side effects43.

Importantly, about 20% of severe COVID-19 cases are associated 
with cytokine storms—which also occur in SARS and MERS35,56—
which can be treated by inhibiting cytokine release or accelerating 
cytokine clearance in targeted cells57. The monoclonal antibody 
tocilizumab, which inhibits interleukin-6 (IL-6), has been used to 
treat cytokine storms in patients with COVID-19 in clinical trials58. 
In an early trial, treatment with tocilizumab reduced the risk of 
invasive mechanical ventilation or death rate in patients with severe 
COVID-1959. In a later report, patients with moderate COVID-19 
treated with tocilizumab showed fewer severe infections than those 
who received a placebo. However, tocilizumab did not prevent the 
need for intubation or death in these patients60. Thus, the role of 
tocilizumab in the treatment of COVID-19 remains obscure.

Encouragingly, a meta-analysis of 7 randomized clinical trials 
revealed lower 28 day mortality among critically ill patients who 
received systemic corticosteroids compared with those who received 
usual care or placebos61. In the RECOVERY trial, the immunosup-
pressant dexamethasone (6 mg once daily for up to 10 days) reduced 
28 day mortality in patients who required oxygen, particularly in 
those receiving mechanical ventilation47. No benefit was found 
for patients who did not require oxygen supplementation47. The 
mechanism that underlies the beneficial effect of dexamethasone 
in these patients is not well understood. It may be associated with 
the inhibition of major pro-inflammatory pathways such as NF-κB 
in the most severe patients38 (Fig. 1a,f). Nonetheless, these clinical 
trials suggest that cytokine storms contribute to lung injury and 
multi-organ failure in patients with severe COVID-19. For this rea-
son, major health organizations recommend dexamethasone (or 
potentially other glucocorticoids) as standard care for patients with 
severe COVID-19.

Other factors that influence the infection cycle. SARS-CoV-2 
infection cycles are associated with diverse clinical characteristics 
in patients with COVID-19 manifesting no symptoms, or mild 
or severe symptoms such as acute respiratory disease and pneu-
monia62–64. Some asymptomatic patients have persistent nega-
tive computed tomographic findings65, suggesting low viral load 
or low inflammatory and immunological responses in the lungs. 
Approximately 80% of the infections are asymptomatic or mild, 15% 
are severe (requiring oxygen inhaler), and 5% of patients are in criti-
cal condition and require a ventilator66. At this time, it is impossible 
to predict which patient will be in the 5% that need critical care.

Many tangible intrinsic (such as age, gender and ethnicity) and 
extrinsic (such as lifestyle) factors influence the infection cycle, mor-
bidity and mortality rates. SARS-CoV-2 infects people of all ages, 
from neonates to older adults67–69. However, paediatric cases are less 
frequently symptomatic than older adults69–71. SARS-CoV-2 infec-
tion also affects women less than it affects men72, possibly because 
androgen signalling modulates ACE2 levels. Increased androgen 
levels are associated with a higher risk of SARS-CoV-2 infection and 
disease severity in men17. Demographic data reveal high morbidity 
and mortality rates in African Americans in the USA73–75, although 
underlying reasons remain unclear and could likely be multifacto-
rial, including socioeconomic factors and access to healthcare.

Cigarette smoking increases susceptibility to SARS-CoV-2 infec-
tions by upregulating ACE2 expression16,76,77. Collectively, age, gen-
der, lifestyle and demographic differences might modulate viral 
receptor expression and other unknown determinants, which, in 
turn, contribute to disease severity and therapeutic response. For 
instance, co-expression of ACE2 and TMPRSS2 mRNAs is tightly 

Fig. 1 | SARS-CoV-2 infection cycle, immunological response, molecular targets and intervention strategies. a, the infection cycle includes S-gp binding 
to the human ACE2 receptor, pre-cleavage by the host cellular protease furin to dissociate the S1 subunit from the S2 subunit of S-gp161,162, and S2 activation 
mediated by serine protease tMPRSS2 co-receptor41. Notably, cleavage by furin is required for the entry of SARS-CoV-2 into human lung cells161. S2 
activation triggers viral fusion with the host cell membrane. In the host cell cytoplasm, the positive-sense SARS-CoV-2 genomic RNA is transcribed to 
yield full-length negative-sense RNAs for genome replication and negative-sense (–) subgenomic RNAs (sgRNAs) for producing subgenomic mRNAs 
(sg mRNAs). Subgenomic mRNAs, converted from −sgRNAs, are translated into viral structural proteins, including S-gp, envelope (E), membrane (M), 
and nucleocapsid (N) proteins30–32. Finally, viral genome encapsulation and reassembly enable virus maturation and export out of cells for the next 
infection cycle. b,c, SARS-CoV-2 induces immunological responses through viral antigen presentation in macrophages (b), naive t cell activation and 
release of cytokines (c). d, Possible dual roles of B cell-mediated humoral immune response: B cells generate the neutralizing antibodies to protect 
the lung from SARS-CoV-2 infection and contribute to cytokine-induced damage through FcγR-mediated and antibody-dependent enhancement of 
SARS-CoV-2 infection. e, SARS-CoV-2-induced organ damage via an unbalanced presence of pro-inflammatory cytokines or absence of antiviral factors. 
f, Representative intervention strategies, such as the development of drugs, vaccines, antibodies, recombinant proteins and repurposing of approved 
drugs against SARS-CoV-2 infection, with molecular targets indicated by numbers in a. ADE, antibody-dependent enhancement; APC, antigen-presenting 
cells; CXCL10, C-X-C motif chemokine ligand 10; ER, endoplasmic reticulum; FcγR, Fc-gamma receptor; IL-6R, IL-6 receptor; JAK, janus kinase; JAKi, janus 
kinase inhibitor; NA, data not available; NF-κB, nuclear factor kappa B; Rc, replicase and transcriptase complex; NSPs, non-structural proteins; rc-ACE2-Ig, 
recombinant ACE2-Ig; StAt, signal transducer and activator of transcription; tMPRSS2, transmembrane protease serine 2; tNF, tumour necrosis factor.
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regulated in an age- and gender-dependent manner and is upregu-
lated in individuals who smoke78.

In summary, age, gender and genetic background will have to 
be integrated into conventional SARS-CoV-2 assays and COVID-19 
models to facilitate the screening of antiviral drugs and antibod-
ies and predict therapeutic responses. Conventional COVID-19 
assays can be classified into three categories: in vitro biochemi-
cal, pseudotyped and live virus assays (Fig. 2a). In this Review, we  

focus on cell culture models for COVID-19 research (Fig.  2b)  
and refer the reader to related reports and excellent reviews on  
conventional assays79–85.

Cell culture models for CoViD-19 research
Theoretically, all cellular processes of the SARS-CoV-2 infection 
cycle could be used for assays to examine SARS-CoV-2 infectivity 
and for drug screens. At present, several experimental platforms and 
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cell types exist for clinical and experimental coronavirus research, 
all of which have benefits and limitations (Fig. 2b). Here we focus 
on the three major systems used to study COVID-19: 2D monolayer 
cell culture, adapted 2D air–liquid interface (ALI) methods, and 3D 
culture or organoids (Fig. 2b).

2D monolayer culture. 2D monolayer cell cultures (Fig. 2b) of vari-
ous cell lines, such as 293 T, A549, BHK, Caco-2, MDBK, PK-15 and 
Vero cells (available from the American Type Culture Collection) 
have been used to investigate SARS-CoV-2 cell entry and for drug 
testing41,86. TMPRSS2-expressing Vero-E6 cells, which have a simi-
lar ACE2 structure to that of human cells, are highly susceptible 
to SARS-CoV-2 infection14,87 and represent an effective culture 
method to propagate SARS-CoV-2 and measure the viral load of 
SARS-CoV-2 variants.

ALI assays. ALI culture mimics the in vivo airway environment 
and is widely used to investigate the maturation and for functional 
assessment of the airway epithelium88. ALI assays enable the api-
cal side of the epithelium to contact the air and the basolateral 
side to access the differentiation medium through a microporous 

membrane (Fig. 2b). Two-dimensional ALI is particularly suitable 
to evaluate links between related airborne lung disease pathologies 
and susceptibility to severe SARS-CoV-2 infection16. Limitations of 
this method are an inability to passage the culture, which means 
that it cannot be scaled up and used in high-throughput assays, 
and its inability to generate more complex tissue structures, such 
as alveoli. Historically, growth and differentiation of respiratory 
basal cells in an ALI culture has been challenging in the absence of 
non-basal cells. For example, KRT5-GFP+ basal cells of the mouse 
trachea require a 500-fold excess of non-basal cells in ALI experi-
ments to achieve approximately 6% colony-forming efficiency89 
(based on counting large colonies) at day 21. Using an adapted 
3D sphere-forming assay, Hogan and colleagues were able to seed 
single KRT5-GFP+ basal cells of the mouse trachea in the absence 
of stroma or non-basal cells90. This 3D culture adaptation leads 
to a rapid formation of ‘tracheospheres’ within one week and a 
sphere-forming efficiency that is comparable to ALI experiments 
described above89,90.

3D cell culture and organoids. Unlike 2D cell culture, 3D cell 
culture is an artificially created platform that mimics the in vivo 
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environment of living cells and tissues. Cells are usually grown  
in suspension in suitable medium or extracellular matrices (such  
as Matrigel and collagen) to form spheroids or 3D colonies. The 
extracellular matrix components and physical forces have a vital  
role in regulating cell behaviour. Current organoid protocols par-
tially recapitulate 3D cellular environments in vivo and retain 
the genetic and epigenetic features of human cells. They can be 
expanded over a long period, banked for personalized medi-
cine (Fig.  2b) and used to model viral infectious diseases6–9,91,92. 
Three-dimensional organoids can be dissociated and adapted to 2D 
ALI cultures to facilitate directed differentiation of airway stem or 
progenitor cells into mature cells for downstream assays93,94 and api-
cal viral respiratory infection94. An overview of the strengths and 
limitations of 2D and 3D culture is presented in Fig. 2b and by pre-
vious Reviews6,8,95. Organoids thus represent a powerful platform for 
COVID-19 research.

hPSC-derived organoids for CoViD-19 research
Organoids can be derived from human embryonic stem cells (ESCs) 
or human induced human pluripotent stem cells (hiPSCs) (here we 
use the term hPSC for both) and maintained as a 3D tissue that is 
capable of self-organizing and self-renewal in vitro. They have been 
used successfully for disease modelling and drug discovery6,7, thus 
paving the way for study of COVID-19 in vitro.

Modelling COVID-19. The first proof-of-concept experiment 
demonstrated that SARS-CoV-2 infects human blood-vessel and 
kidney organoids14, and this infection can be blocked with human 
recombinant ACE214. Subsequent reports confirmed that diverse 
types of hPSC-derived organoids, including intestinal, cardiac, 
brain, choroid plexus and lung organoids, can be used as disease 
models to study the tropism of SARS-CoV-2 and for drug screen-
ing10,12,15,17,18. Lung organoids are particularly suitable, as epithelial 
cells of the respiratory airways and alveoli are both targets and effec-
tors of SARS-CoV-2 infection (Fig. 3).

Lung organoids. The human lung is a complex organ with highly 
branched and progressively thinner tubes that carry air into the 
distal alveolar sacs. It comprises multiple integrated compart-
ments: proximal and intermediate airways, respiratory bronchioles 
and alveoli96 (Fig.  3a,b). Each compartment is populated by vari-
ous cell types, including epithelial, vascular, stromal and immune 
cells78,97–99 (Fig. 3b,e). The intermediate airways have a pseudostrati-
fied epithelial layer that holds heterogeneous cell types, including 
secretory club cells, multiciliated cells, mucus-producing goblet 
cells, transient secretory cells and basal (stem) cells (Fig. 3b,e). The 
distal respiratory bronchioles are lined with a poorly characterized 
cuboidal epithelium. The alveoli are covered by alveolar epithelial 
type 1 and 2 cells (AECIs and AECIIs), which are important for gas 
exchange and alveolar homeostasis. Each compartment also has 
its own stem/progenitor population with specialized functions in 
response to environmental insults (Fig. 3b,e).

Airway epithelial cells are generated from hPSCs by imitating 
multi-stage lung developmental trajectories100—for instance, to 
derive lung bud organoids that recapitulate lung development and 
disease101,102. Lung organoids containing more mature epithelial cells 
have also been created from hPSCs in vitro10,17,103–106. The deriva-
tion of lung organoids varies from protocol to protocol. However, 
the major consensus steps may be summarized, on the basis of a 
well-documented protocol107, as follows. First, definitive endoderm 
is induced from hPSCs by activin. Second, anterior foregut endo-
derm and foregut spheroids are sequentially formed by inhibiting 
BMP4, TGF-β and GSK3β in the presence of FGF4 and smoothened 
agonist. Third, bud-tip progenitor organoids are induced by FGF7, 
ATRA and GSK3β inhibition. Finally, complex lung organoids con-
taining airway-like structures, mesenchymal-like cells and alveolar  

progenitors are obtained by prolonged incubation with foetal bovine 
serum and FGF10 (Fig. 3c).

Lung organoids are classified into bronchospheres, bronchioal-
veolar organoids and alveolospheres98,108 (Fig.  3d). In broncho-
spheres, secretory club cells and basal cells represent stem-like cells. 
Secretory club cells are a SARS-CoV-2 target, as they co-express the 
highest levels of ACE2 and TMPRSS2, compared with basal, cili-
ated and alveolar cells in the lung109 (Fig. 3f). ACE2, TMPRSS2 and 
FURIN are also co-expressed in bronchial transient secretory cells, 
which show high Rho GTPase activity and high levels of viral pro-
cesses related to membrane remodelling or the immune system78, 
probably underlying their vulnerability to SARS-CoV-2 infection.

Alveolospheres contain flat AECIs and cuboidal AECIIs 
(Fig.  3d,e). AECIIs function as stem/progenitor cells in the adult 
lungs110, co-express ACE2 and TMPRSS2, and serve as a major 
SARS-CoV-2 target111,112. Not surprisingly, alveolar pneumo-
cytes (including AECII cells) are severely affected in patients with 
COVID-19, leading to diffuse alveolar damage, respiratory failure 
and increased mortality39,40,113,114. For this reason, hPSC-derived 
lung organoids should be particularly useful for the study of severe 
COVID-19.

Drug discovery. hPSC-derived alveolar organoids have been used 
in SARS-CoV-2 infection assays, high-throughput drug screens 
and drug repurposing10,17,115–118. For example, the androgen recep-
tor signalling inhibitors finasteride and dutasteride reduced the 
infectivity of SARS-CoV-2 in lung alveolar organoids derived 
from human ESCs by lowering levels of ACE2 and TMPRSS217. A 
high-throughput drug-repurposing screen in organoids identified 
multiple compounds (imatinib, mycophenolic acid and quina-
crine dihydrochloride) that inhibit the cell entry of SARS-CoV-210. 
Similarly, an ACE2 blocking antibody inhibited viral entry in an 
organoid model, enhanced the activity of M2 macrophages and sup-
pressed pro-inflammatory effects mediated by M1 macrophages118. 
These in vitro experiments confirm that alveolar precursors and 
differentiated AECIIs are permissive to SARS-CoV-2 infection, 
elicit a cytokine response and can be used to identify compounds 
that block SARS-CoV-2 infection.

Despite these promising initial results, organoid models also 
have a number of limitations that should be considered. For 
instance, hPSCs are prone to genomic instability in long-term 
in vitro culture119–123. Further, differences between protocols among 
different laboratories inevitably increase experimental variabil-
ity, and cell culture and differentiation protocols are inherently 
time-consuming107,124. Finally, immature differentiation of lung 
organoids under suboptimal culture conditions remains a fre-
quently encountered and unresolved issue125.

Human lung organoids often produce developmentally 
immature foetal lung tissues with a higher proliferation rate 
in vitro101,105,117,126. Epithelial cells from organoids derived from 
human ESCs express precursor markers such as NKX2.1 and 
SOX917. As a partial solution, 3D-organoid-converted 2D ALI 
cultures are increasingly used to enhance the maturity of differen-
tiated respiratory epithelial cells for downstream analysis116,117,127. 
Nonetheless, a deeper understanding of the developmental prin-
ciples underlying cell maturation and niche environments is 
necessary to optimize organoid protocols. These insights could 
facilitate the creation of chemically defined media and improved 
extracellular matrices or scaffolds124,128,129.

In summary, hPSC-based organoids are valuable for personalized 
medicine and disease modelling. They provide excellent platforms 
for drug efficacy and drug-repurposing studies10,17,115. The expres-
sion of multiple SARS-CoV-2 susceptible genes in lung organoids 
makes them ideal models to study infectivity. However, we recom-
mend verifying the results obtained from hPSC-derived organoids 
in animal models and organoids established from human ASCs.
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ASC-derived organoids for CoViD-19 research
The definition of ASCs varies in the scientific literature due to the 
complexity of cellular properties, including cellular dynamics130, 
heterogeneity131 and plasticity132. In addition, it can be difficult to 
distinguish ASCs from progenitor cells. In this Review, ASCs are 
defined as rare, mostly quiescent, and multipotent cells found in 
adult tissues. They are capable of long-term self-renewal, gener-
ate intermediate cell types (progenitors) with limited self-renewal 
potential, and differentiate into tissue-specific cells7,97. ASCs can 
be isolated from the adult issue and maintained in cell culture 

indefinitely if supplemented with appropriate microenvironments 
and growth factors. ASCs and progenitors serve as valuable alterna-
tives to hPSCs, providing a source of fully mature cells for func-
tional analysis.

Intestinal and nasal organoids. Intestinal organoids and nasal 
spheroids have been derived from donor biopsies and were previ-
ously used to predict drug responses in patients with cystic fibrosis95. 
Differentiated enterocytes express ACE2 and TMPRSS2 (Fig. 4a) and 
substantial titres of SARS-CoV-2 particles have also been detected 
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in enterocytes of intestinal organoids13. Transcriptomic analysis 
indicated a strong viral response with enrichment of CXCL10 and 
CXCL11 mRNAs13, closely related to a cytokine storm. This study 
supports the use of ASC organoids to study SARS-CoV-2 patho-
physiology in vitro.

Interestingly, the nasal mucosa also co-expresses high lev-
els of ACE2 and TMPRSS2109 (Fig.  4a), consistent with the heavy 
SARS-CoV-2 particle load in the nasal cavity of patients with 
COVID-19. The nasal mucosa has a similar epithelial lining to that 
of the upper respiratory airway, including secretory club cells and 
basal stem cells109. As nasal biopsies are minimally invasive com-
pared with intestinal or lung biopsies, nasal spheroids provide a 
valuable resource and surrogate for lung organoids.

Lung organoids. Evidence suggests that both ASC-like cells and 
progenitors exist in different compartments of the lungs. Basal cells 
in the intermediate airways meet the definition of generic ASCs90,94. 
Basal stem cell organoids contain basal cells, secretory goblet cells 
and ciliated cells (Fig. 3d,e). Airway basal stem cells have been iso-
lated from human biopsies and expanded for functional assays of 
the airway repair response after SARS-CoV-2 infection16.

ASC-like cells or progenitors have also been found within the 
SCGB1A1+ secretory club and AXIN2+ AECII cell populations in 
human adult lungs96,108 (Fig. 3b,e). Mouse genetic-lineage analysis 
revealed that surfactant protein C (SFTPC)-positive AECII cells in 

the alveolar niche are ASC-like cells, and give rise to self-renewing 
‘alveolospheres’ that contain both AECII and AECI-like cells110. 
In mice, rare Axin2+ AECIIs also act as alveolar stem cells and 
secrete Wnt molecules to recruit ‘bulk’ AECIIs as the progeni-
tors133. A distinct population of mouse IL1R1+ AECIIs can become 
damage-associated transient progenitors, which then differentiate 
into mature AECIs134. In mouse and human lungs, similar alveolar 
epithelial progenitors reside within the AECII pool and generate 
mature AECIs and AECIIs from alveolar organoids135. Thus, AECIIs 
constitute an important stem/progenitor source in the alveoli.

Human alveolar organoids have been derived from adult AECIIs 
to assess SARS-CoV-2 infection11,112,127,136,137. These in vitro experi-
ments confirm that AECIIs are the principal target of SARS-CoV-2. 
SARS-CoV-2-infected alveolar organoids mirror many features 
of patients with COVID-19, including cytokine release, IFN and 
immune response, loss of surfactant proteins, and cell death. 
AECII-based organoids, derived in a feeder-free and chemically 
defined culture system, could be sustained long-term112 and revealed 
that entry of few (≥1) SARS-CoV-2 particles into alveolar cells can 
lead to a full infection. Genes associated with cell death, cell adhe-
sion, and surfactant proteins were also upregulated in SARS-CoV-
2-infected AECIIs112.

IFN-mediated inflammatory signalling is a typical response to the 
SARS-CoV-2 infection documented in these studies. An increase in 
the IFN response was associated with a lower SARS-CoV-2 burden 
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(around 60 h after SARS-CoV-2 infection of alveolar organoids) 
and vice versa for a decrease in the IFN response112. Pretreatment 
of alveolar organoids with low dose IFN-α and IFN-γ reduced 
SARS-CoV-2 replication11. By contrast, IFN inhibition endorsed 
viral replication11. Pretreatment of alveolar organoids with IFN-β 
also reduced expression of the viral RNA gene N, which encodes 
the SARS-CoV-2 nucleoprotein127. These findings suggest that the 
administration of IFNs may be a possible prophylactic measure 
against severe SARS-CoV-2 infection.

Pharmacological inhibition of SARS-CoV-2 infection with small 
molecules is of considerable interest. To our knowledge, ASC-derived 
lung organoids have not yet been used for drug-repurposing or 
drug-discovery studies. However, a study confirmed that remdesi-
vir decreases SARS-CoV-2 N gene expression more effectively than 
IFN-β or hydroxychloroquine in infected alveolar organoids127. This 
finding is intriguing but contradicts the ineffectiveness of remde-
sivir in the recent clinical trial discussed above48. Inconsistencies 
between the results from alveolar organoids and the clinical trial 
need to be further investigated.

In summary, lung organoids derived from adult human lungs 
generate respiratory epithelial cells with high maturity compared 
to hPSC-derived organoids and are suitable for studying COVID-
19. However, it is often difficult to obtain lung tissues with the 
desired quality and materials are scarce, as samples are typically 
acquired from bronchioalveolar washings and lung explants with 
institutional review board approval108. In contrast to hPSC-derived 
lung organoids, ASC- or progenitor-based lung organoids exhibit 
limited self-renewal capacity, usually less than five passages. 
Developmental paradigms for hPSC-derived lung organoids can 
guide the derivation of long-term expandable lung organoids 
from the adult lung94. For instance, FGF7 and FGF10 are vital 
in establishing long-term expandable lung organoids from adult  
tissues94,138. Interestingly, both factors are also required in  
the final steps to generate hPSC-derived lung organoids107 
(Fig. 3c).

Improving lung regeneration. Little is known about the regen-
erative capacity of the alveolus in COVID-19 patients. Organoid 
studies revealed that SARS-CoV-2-infected AECIIs exhibit 
defence and repair mechanisms to combat injury, such as cytokine 
secretion, resistance to apoptosis and cellular senescence11,112,118,139. 
AECIIs still proliferate, transit to different cellular states and dif-
ferentiate into AECI-like cells. These cellular processes closely 
mimic regenerative responses in mouse and human injury mod-
els110,133–135. Further support for a targeted regenerative response 
comes from a study demonstrating that AECIIs proliferate and 
differentiate into squamous AECIs in severely affected alveoli of 
patients with COVID-1940.

Despite the existence of endogenous repair mechanisms, a 
number of individuals who have recovered from COVID-19 will 
require therapy to restore the lost lung function and repair the 
damage to alveolar cells. Replacing damaged alveolar cells with 
suitably sourced AECIIs might be a possible way to improve 
lung function. Encouragingly, mature AECIIs of both mouse and 
human origins can be transplanted into injured mouse lungs140,141. 
Vunjak-Novakovic and colleagues142 proposed an airway-specific 
method to de-epithelialize the distal lung airways and pre-
serve the basement membrane and vascular endothelium. This 
approach enabled the functional vascularization of lung grafts to 
support the attachment and growth of hiPSC-derived epithelial 
cells in a rat model142. Similar transplantation approaches using 
organoid-derived lung epithelial cells may be applicable for treating 
COVID-19 patients with the severe epithelial injury in the future. 
Still, many preclinical challenges remain to be overcome, most nota-
bly relating to source cell identity, immunological compatibility and 
functional integration into the host.

opportunities and challenges
SARS-CoV-2 infection does not only affect the lung but can damage 
any cell that expresses ACE2 or co-expresses ACE2 and TMPRSS2 
(Fig. 4a). The ACE2 receptor, initially identified as a cardiac reg-
ulator, is present on oral mucosa, AECII pneumocytes, intesti-
nal, kidney, cardiac, smooth muscle and endothelial cells143–146. 
Transcriptomic profiling provides a comprehensive view of ACE2 
and TMPRSS2 expression in cells of the human body109. These data-
sets are particularly helpful when choosing specific organoids for 
COVID-19 research (Fig. 4a).

Established cell lines and organoids. Currently, hiPSC‐derived 
patient-specific lung organoids recapitulate the pathophysiol-
ogy of various lung diseases, such as surfactant deficiency147, cys-
tic fibrosis106, Hermansky–Pudlak syndrome101,148 and respiratory 
syncytial and parainfluenza virus infection101,102. In another exam-
ple, AECIIs derived from a child with a lethal neonatal respira-
tory distress syndrome caused by a homozygous SFTPB mutation 
mimicked aspects of this syndrome, including the deficiency in sur-
factant processing147. The abnormal processing could be restored in 
gene-corrected AECIIs from this individual147. So far, experiments 
with hiPSC-derived organoids have confirmed that lung epithelial 
cells are susceptible to SARS-CoV-2 infection, express SARS-CoV-2 
host factors, and provoke an intrinsic epithelial inflammatory res
ponse116,117,126. However, these hiPSC-derived lung organoids have 
not yet been used to reveal the differences associated with inher-
ent variations to infection and immune activation in large cohorts 
of patients with COVID-19116,117,126. Organoids derived from estab-
lished hiPSC lines and cell banks from individual donors or patient 
biopsies provide a valuable and convenient tool to assess risk factors 
and therapeutic outcomes in the most vulnerable populations and 
implement targeted prevention at low cost. Currently, lung, cardiac, 
intestinal, liver, kidney and capillary organoids are immediately 
available to serve these purposes.

Complex organoid assays. One major remaining challenge in the 
application of organoids is the lack of complexity and extensive 
intercellular interactions compared to the in vivo situation. Complex 
lung airway organoids can be derived by integrating human adult 
primary bronchial epithelial cells and lung fibroblasts with lung 
microvascular endothelial cells to study disease-relevant cell–cell 
interactions149. However, hPSC-derived alveolospheres typically 
contain few cell types (for instance AECIs and AECIIs) and do not 
include adjacent capillaries composed of endothelial cells (Fig. 3b).

The endothelium is connected with alveolar cells by the basement 
membrane and acts as an alveolar niche. Mouse alveolospheres form 
more easily in organoid co-cultures with lung endothelial cells150. 
Successful alveolar repair requires restoration of the spatial relation-
ship between alveolar cells and the endothelium. Endothelial cells 
can receive reparative signals from AECIs after acute injury151 and 
enhance alveologenesis through diverse signalling factors such as 
endothelial-derived angiocrine factors and platelet-derived SDF-
1152,153. Endothelial cells also secrete the vascular endothelial growth 
factor, monocyte chemoattractant protein–1, IL-6 and IL-8, all of 
which aggravate the cytokine storm35. Reduced vascular endothelial 
cadherin expression on endothelial cells154 increases vascular per-
meability and pulmonary dysfunction in acute respiratory distress 
syndrome. For these reasons, vascularised lung organoids should 
provide valuable insights into SARS-CoV-2-mediated lung damage 
and repair.

So far, the generation of vascularised lung organoids has not 
been achieved, although vascularization occurs in lung organoids 
grafted into animals to promote cell differentiation101,129. For the 
liver, vascularised organoids termed liver buds have been reported, 
which consist of hiPSC-derived hepatic endoderm, endothelial 
cells and bone marrow stromal cells155. Similarly, the integration 
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of vasculature into cerebral organoids seems to accelerate func-
tional maturation of neurons156. It seems likely that vascularised 
lung organoids might exhibit comparable properties. At any rate, 
improved protocols for complex organoids with integrated capillary 
systems are expected to more accurately recapitulate the alveolar 
SARS-CoV-2 response (Fig. 4b).

Another major challenge is the lack of host factors, immune 
cells and inflammatory responses in existing organoid assays66,157. 
Drug and antibody effects observed in these assays may not reflect 
genuine responses of patients with COVID-19, who often have 
additional medical conditions such as cardiovascular disorders or 
diabetes that alter cellular behaviour158. Ideally, organoids should 
include multiple cell types to closely mimic in vivo environments 
and the complexity of hyperinflammatory complications in patients 
(Fig. 4b). We previously proposed a concept that encompasses the 
multi-dimensionality of organoids6. In addition to 3D structures, 
we propose that 4D organoids emphasize the developmental time 
scale in an organoid culture. By comparison, 5D organoids would 
further integrate extrinsic factors to simulate host environmental, 
immunological and inflammatory signals, which are absent from 
current organoid cultures6. Highly sensitive ELISA-based analysis of 
the cell culture medium is essential for monitoring cytokine storm 
inhibition in these complex organoids.

In the future, organoids could also have a role in vaccine devel-
opment. Traditional vaccine development is a long-lasting process. 
Exploratory efforts on vaccine design, preclinical evaluation in ani-
mal models and clinical phase I, II, and III trials can take 15 years 
or more159. Although organoids may help identify potential molecu-
lar targets for vaccine design, they cannot be directly used to derive 
a vaccine due to the absence of the host immune system. However, 
organoid assays may provide valuable information about intermo-
lecular interactions between viral proteins and host receptors and 
determine the efficacy of neutralizing antibodies from vaccinated 
individuals (Fig. 2). In this way, organoid platforms might acceler-
ate vaccine development at all stages that involve exploratory work, 
preclinical evaluation and the assessment of efficacy in clinical trials. 
Encouragingly, the generation of immune cell organoids (for instance, 
T cell and B cell specific organoids) is feasible from hiPSCs160. The 
presence of T cells, B cells and macrophages in organoid systems 
might well improve vaccine assessment in the future (Fig. 4b).

Importantly, the integration of multiple cell types is limited by 
developmental constraints for a specific organ in a defined niche 
environment. As with all other organoid systems, a thorough under-
standing of the underlying developmental biology will be required 
for further progress in the creation of complex organoids.

Concluding remarks
The inherent physiological variability of human populations poses 
a major challenge for the assessment of individual susceptibil-
ity and therapeutic outcomes. The versatility of hPSC-based and 
ASC-based organoids makes them a useful platform to compensate 
for the shortcomings of current assays. Multi-tissue isogenic organ-
oids from individual donors and patients enable robust molecular 
assessment of the vulnerability of individual patients and possibly 
predict therapeutic responses in patients with severe COVID-19. 
We envision that the combination of current assays with complex 
organoids will continue to improve COVID-19 research and treat-
ment, and provide valuable lessons for the study of other viral dis-
eases as well.
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