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Abstract: Coronavirus disease-2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has become a global pandemic and has severely affected socio-economic
conditions and people’s life. The lung is the major target organ infected and (seriously) damaged
by SARS-CoV-2, so a comprehensive understanding of the virus and the mechanism of infection are
the first choices to overcome COVID-19. Recent studies have demonstrated the enormous value of
human organoids as platforms for virological research, making them an ideal tool for researching
host-pathogen interactions. In this study, the various existing lung organoids and their identification
biomarkers and applications are summarized. At the same time, the seven coronaviruses currently
capable of infecting humans are outlined. Finally, a detailed summary of existing studies on SARS-
CoV-2 using lung organoids is provided and includes pathogenesis, drug development, and precision
treatment. This review highlights the value of lung organoids in studying SARS-CoV-2 infection,
bringing hope that research will alleviate COVID-19-associated lung infections.
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1. Introduction

In December 2019, the first case of a new coronavirus, Coronavirus disease 2019
(COVID-19), was reported in Hubei Province, China [1]. Over the next 1 to 2 years, the
disease spread worldwide. To date, the World Health Organization (WHO) has reported
more than 510 million confirmed cases and 6.26 million deaths worldwide [2]. COVID-19
has triggered a global pandemic. In recent years, various mutants have appeared one after
another [3,4], which makes epidemic prevention and control more difficult. Although some
studies have shown that several drugs can improve the clinical symptoms of COVID-19 [5],
the efficacy of their treatment is controversial [6]. The main protective measures currently
in place are vaccinations, masks, and isolation. Unfortunately, new infections occur every
day. Furthermore, people’s work and life have been seriously affected. It is urgent to study
this new coronavirus and find ways to eradicate this pandemic as soon as possible.

COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) [7], which belongs to the SARS-like virus cluster. It has 86% homology at a nu-
cleotide level with the first detected SARS-CoV [8]. The clinical manifestations range from
asymptomatic to mild respiratory infection and influenza-like diseases (mainly fever, cough,
and fatigue) to life-threatening diseases accompanied by lung injury, multiple organ failure,
and death [7,8]. Faced with this serious epidemic, scholars have devoted themselves to
studying the mechanism of viral infection, pathogenic mechanisms, and the development
of effective therapeutic drugs to tackle COVID-19 in its early stages. Scientists use im-
mortalized cell lines from humans and animals, including Vero E6, Calu-3, and Caco-2,
to study cellular susceptibility, infection mechanism, and the antiviral drug screening
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of the virus [9,10]. These cell lines have the advantages of convenience and easy gene
editing, but they cannot represent the cell state in the actual tissue because of the single cell
type [11]. In addition, SARS-CoV-2 uses its spike (S) protein to enter host cells by binding
to angiotensin-converting enzyme 2 (ACE2) on the host cell surface. Thus, cells expressing
ACE2 are susceptible to SARS-CoV-2 infection. Accordingly, SARS-CoV-2 has high infectiv-
ity in primates, including humans, but low infectivity in wild-type mice, limiting animal
species that can be used for experiments. Moreover, it is ethically difficult to use these
animals in large quantities [12]. Therefore, physiologically relevant human embryonic stem
(ES)/induced pluripotent stem (iPS) cell-derived organoids are undoubtedly a better model
for studying SARS-CoV-2 infection. Since the lung is the major target organ infected and
(seriously) damaged by SARS-CoV-2, uncovering the mechanism of lung infection is the
key to controlling COVID-19. In this review, existing data about SARS-CoV-2 infection
using lung organoids are summarized.

2. Lung Organoids

The term “organoid” first appeared in the 1940s in reference to a tumor case study [13].
Initially, organoids were not clearly defined as this term has often been used to refer to
cultures or structures that resemble an organ [14]. Decades later, several groups attempted
to define organoids as stem-cell-derived or organ progenitor-derived multicellular systems
in which cells spontaneously self-organize and self-renew into properly differentiated,
functional cell types [15,16]. Organoids are usually cultured in a three-dimensional (3D)
system containing a combination of growth factors and nutrients. Derivation methods
differ according to the type of organ, such as intestinal, kidney, brain, and lung. These
3D structures can be either embedded within an extracellular hydrogel matrix, such as
Matrigel, or cultured in submerged culture conditions [15,17,18]. Clevers et al. created
the first organoids derived from adult stem cells, which grow almost indefinitely under
the right conditions, and can build themselves into complex structures that reflect their
organ origin [19]. Organoids were previously used mostly to study basic human biology
and development, with only a few groups using the models to study viruses and other
infectious diseases [20]. However, with the advancement of culture technology and the
advantages of organoid models, organoids have become a hotspot in scientific research.
The pandemic has especially brought the use of organoids to center stage.

Lung organoids can be obtained from both primary cell culture and stepwise induction
of pluripotent stem cells. In the first method, alveolar organoids were successfully gener-
ated from single adult human alveolar epithelial type II (AT2) or KRT5+ basal cells [21].
Furthermore, airway organoids were generated from the human primary airway epithe-
lium [22]. In the second method, lung organoids can be established from multifarious
human stem cells (hSCs), including pluripotent stem cells (iPSCs), embryonic stem cells
(ESCs), and adult or fetal stem cells derived from surgical specimens. The culture of
lung organoids includes four definitive periods: (1) definitive endoderm (DE), (2) ante-
rior foregut endoderm (AFE), (3) lung progenitor cells (LPCs), and (4) all types of lung
organoids [17,23,24]. The type of organoid depends on the induction strategies and types
of reagents in each period. DE is one of the three germ layers of the embryo proper and
is a prerequisite for lung development. The lung originates from lung buds that arise on
the anterior ventral aspect of the DE and develop into the lung and corresponding airways
through a complex and coordinated process of branching morphogenesis and lineage
specification [25]. Differentiation of hSCs in the presence of activin A and low serum or
serum-free media [26] produced cultures consisting of up to 80% definitive endoderm
cells. This population was further enriched to near homogeneity using the cell-surface
chemokine receptor, CXC motif chemokine receptor type 4(CXCR4) [27]. Subsequently,
dual inhibition of transforming growth factor (TGF)-f3 and bone morphogenic protein
(BMP) signaling after specification of definitive endoderm from hSCs resulted in a highly
enriched AFE population. In several experiments, Green et al. [28] demonstrated that only
in the combined utilization of NOGGIN, a physiological inhibitor of bone morphogenic
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protein (BMP) signaling, and SB-431542, a pharmacological inhibitor of activin A /nodal
and transforming growth factor beta (TGF-3) signaling, was AFE specific. AFE is then
ventralized after signaling by the WNT, BMP, fibroblast growth factor (FGF), and retinoic
acid (RA) pathways are activated to obtain lung progenitor cells (LPCs). The early LPCs
can differentiate into lung and airway epithelial cells in vivo after transplantation under
the kidney capsule of immunodeficient mice [29]. Meanwhile, early LPCs can also dif-
ferentiate into predominantly distal cells in vitro [26]. Some scholars sort and purify the
LPCs at this stage and make “epithelial only” lung organoids [30,31], while others use
completely formed spheres germinated from monolayer cultures [29,32]. Subsequently,
LPCs are differentiated into specific types of lung organoids, including alveoli [30,33],
proximal airways [34,35], or a mixture of both [26,36] in a 3D culture system. However,
hSCs-derived lung organoids failed to become “mature” in vitro (such as less differentiated,
and their gene activity resembles that of the lung of a developing human fetus). Spence
et al. also used RNA-sequencing to compare the global transcriptional profile of organoids
to human fetal and adult lungs, undifferentiated ESCs, and definitive endoderm. It turned
out that these organoids had a striking similarity to human fetal lungs [32,37]. Interestingly,
fetal-like lung organoids will serve as an unparalleled model for studying human lung
development and ultimately allow us to develop new treatments for premature infants
with immature lungs at birth [38]. The various existing lung organoids and identification
biomarkers are summarized in addition to their applications and limitations to assist the
wider use of lung organoids in the future (Table 1). These lung organoids have a near-
physiological structure, have retained the functions of the original tissue, and provide a
powerful platform for SARS-CoV-2 studies.
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Table 1. Identification and application of existing lung organoids.
Organoid Model Original Cells or Tissues Differentiated Cell Types and Biomarker Potential Application Limitation Ref.
Goblet cells MUC5AC)
Ciliated cells (FOXJ1, ACTTUB)
Multi-ciliated cells (FOX]J1) Lung development,
Club cells (SCGB1A1) Proximal and distal No branching morphogenesis: [32]
Human lung organoids (HLOs) hPSCs Basal cells (P63, NGFR, CK5) epithelium maturation, Lack of i%n murﬁ’e . egus ’ [37]
iPSCs ATII cells (SFTPC, SFTPB) Epithelial-mesenchymal interactions, vasculature. innerva ti0;1 [39]
ATI cells (HOPX, PDPN) Airway remodeling after injury, ’ ’ [40]
Distal progenitor (NMYC, ID2) Epithelial-mesenchymal crosstalk.
Proximal lung (SOX2)
Distal lung (SOX9)
Goblet cells MUC5AC+, MUC5B)
Ciliated cells (FOX]J1)
Club cells (CC10) Terminal maturation,
hPSCs Basal cells (p63+) Lung development, Branching appears random, [17]
Lung bud organoids (LBOs) hESCs ATII cells (SFTPC, SFTPB, ABCA3, Epithelial fate decisions, Exact nature and patterning of the [41]
HT2-280) Pulmonary fibrosis. mechanism unclear, [39]
ATI cells (HT1-56, HOPX, PDPN, CAV1, Biased toward distal lung.
SCNN1A, AKAP5, CLIC5)
Neuroendocrine cells (SNY, CHGA)
Multi-ciliated cells (FOX]J1) Inherited airway diseases (cystic fibrosis,
Human proximal airway hPSCs Goblet cells (MUC5AC+) primary ciliary dyskinesia), [35]
organoids (hAWOs) Basal cells (TP63+, KRT5+) Drug screening, [42]
Club cells (SCGB3A2+) Precision medicine.
Respiratory diseases (idiopathic .
Human alveolar lune e lﬁseclfal stem ATII cells (SFTPC) pulmona}i‘y fibrc}),sis, tuberculosir; infection, Hard t:l)urﬁi)ldel;?felizizgde(.ieﬂate [43]
organoids (hALOs) & €p ATI cells (PDPN) respiratory virus infection), &8 8¢ [42]

lung progenitor cells

Individualized medicine.

Lack of developed vasculature.
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3. SARS-CoV-2

The name “coronavirus (CoVs),” coined in 1968, is derived from the “corona”-like
morphology observed for these viruses in the electron microscope [44]. To date, seven CoVs
have been reported to infect humans (Figure 1), of which HCoV-229E and HCoV-OC43
have been shown to cause common cold-like illnesses. They are also the first coronavirus
found to infect humans [45,46]. Severe acute respiratory syndrome coronavirus (SARS-
CoV), a Beta-coronavirus, emerged in late 2002 in Guangdong province, China, and spread
rapidly to other countries and continents [47]. The species of bats are a natural host
of this coronavirus [48]. Meanwhile, SARS-CoV, which causes severe acute respiratory
syndrome (SARS), has introduced a new chapter in the serious human disease caused
by coronavirus [44]. Subsequently, reports of two new human coronaviruses, (HCoV-
NL63 in 2004 [49] and HCoV-HKU1 in 2005 [50]) associated with respiratory disease have
been published. Several years later, the Middle East respiratory syndrome coronavirus
(MERS-CoV) emerged in 2012 and caused outbreaks in Saudi Arabia and South Korea [51].
Similar to SARS-CoV, MERS-CoV originated in bats, but dromedary camels were identified
as intermediate hosts [52]. Taken together, the repeated occurrence of coronaviruses in
humans and the detection of numerous coronaviruses in bats suggest that future zoonotic
transmission events are likely to continue [53]. Indeed, 2019 saw the introduction of a
novel zoonotic coronavirus in Hubei Province, China, which appears to be a close relative
of the SARS-CoV and has been named SARS-CoV-2. It is a non-segmented, enveloped,
positive-sense single-stranded RNA (ssRNA) virus that belongs to the Beta-coronavirus
genus of the Coronaviridae family and can infect both humans and animals [8]. The disease
caused by this virus was named coronavirus disease 2019 (COVID-19) [1]. The virus has
rapidly spread worldwide, leading the WHO to declare COVID-19 a pandemic in March
2020 [54].

SARS-CoV HCoV-HKU1 SARS-CoV-2

HCoV-0C43 HCoV-NL63 MERS-CoV

Figure 1. Chronological order of seven coronaviruses capable of infecting humans.

The particles of coronaviruses are spherical with three viral proteins anchored in
the envelope: (1) the triple-spanning membrane (M) protein, (2) the envelope (E) protein,
and (3) the spike (S) protein, which forms the characteristic trimeric spikes [23,24,55]. S
consists of two functional subunits responsible for binding to the host cell receptor (S1
subunit) and fusion of the viral and cellular membranes (S2 subunit), which contain 666
and 583 amino acid residues, respectively (Figure 2). In the case of several avian and
mammalian coronaviruses, S is cleaved by Furin or a related protease into the S1 and S2
subunit. Region S1 contains NTD and receptor-binding domain (RBD). SARS-CoV-2 and
other human coronaviruses, SARS-CoV and HCoV-NL63, use as their receptor a cell-surface
zinc peptidase, angiotensin-converting enzyme 2 (ACE2) [12,56]. Compared with SAR-CoV,
the receptor-binding domain (RBD) of SARS-CoV-2 binds to the ACE2receptor with higher
affinity and stability [57]. The binding of the receptor-binding motif (RBM) within the RBD
to ACE2 mediates membrane fusion and viral entry. It is the critical determinant of viral
host range and tropism [54]. Mutations within both the RBDs of S1 and S2 have been shown
to influence pathogenesis [53,58]. Region S2 contains two heptad repeat regions (HR1 and
HR?2) involved in peptide synthesis in addition to a fusion peptide (FP), transmembrane
anchor (TA), and intracellular tail (IT) associated with fusion activity [58]. Therefore, the
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viral S protein and the way that the virus uses the S protein to enter the host cells are the
first targets for vaccine development and overcoming COVID-19.
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Figure 2. The structure of SARS-CoV-2. (This Figure was created with BioRender software. https:
/ /biorender.com/).

4. Studies on SARS-CoV-2 with Lung Organoids
4.1. Clarifying the Pathogenesis of COVID-19

The pathogenesis of COVID-19 is largely unknown, and the main causes of death are
cardiopulmonary failure and coagulation dysfunction [59]. Lung autopsies show diffuse
alveolar damage, endothelial injury, extensive thrombosis [60], and increased angiogene-
sis [61,62]. Viral genome sequences have also been detected in multiple organs and tissues,
including lungs, heart, gut, kidneys, pharynx, and brains of COVID-19 patients [63,64].
These findings suggest that studying the cell tropism of SARS-CoV-2 and how it enters cells
is the first step in clarifying COVID-19 pathogenesis (Figure 3).

b‘“oge nes is
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:ﬁ: SARSCoV2 | | Lungorganoid
&

e

Figure 3. Current study of SARS-CoV-2 using lung organoids.(This Figure was created with BioRen-
der software. https:/ /biorender.com/).
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SARS-CoV-2 cell tropism of different sources and types of lung organoids varies. The
type(s) of cells that are infected by the virus is still controversial. SARS-CoV-2 was found
to only infect AT2 cells in lung organoids developed by iPSCs [23]. However, the virus
infected ciliated, club, and AT?2 cells in ESC-derived lung organoids, including airway and
alveolar [42]. To facilitate better contact of the organoids with the virus, the organoids
can be cultured using the 2D air-liquid interface (2D-AL1) culture system or “flipped”
to form a state with the top pointing in an outward direction. Alveolar, basal, and rare
neuroendocrine cells, which are grown from fetal lung bud tip organoids, were readily
infected by SARS-CoV-2, especially AT2 cells [65]. SARS-CoV-2 is more likely to infect the
upper respiratory tract than the distal lung [66,67]. This may be related to the distribution of
ACE2 and TMPRSS2, which are receptors and helpers for viral entry into cells, respectively.
In the lungs, ACE2 and TMPRSS2 are mainly expressed in ciliated bronchial cells and to a
lower level in AT2 cells but not in differentiated AT1 cells [66—68]

The cell entry of SARS-CoV-2 depends on the binding of the viral S protein to cellular
receptors ACE2 and S protein priming by host cell proteases, such as TMPRSS2 [10]. Recent
studies have shown that SARS-CoV-2 also utilizes cellular proteases, such as cathepsins B
and L (CTSB and CTSL, respectively), to enter host cells [69]. Moreover, ACE2 interacts
with the SARS-CoV-2 S protein with sufficient affinity to cause human transmission [57].

4.2. COVID-19 Drug Development

The COVID-19 pandemic has been ongoing for more than 2 years. For this pandemic,
it will take a relatively long time to achieve herd immunity through vaccination, and vacci-
nation alone cannot completely block viral invasion. Therefore, both domestic and foreign
countries have been actively exploring therapeutic drugs. At present, this exploration
mainly focuses on the expansion of the indications of the listed drugs [42], the screening
of drugs in the clinical trial stage, and the research and development of new drugs [70].
Some researchers classify effective drugs based on the viral infection process, including
the fusion of the virus with the plasma membrane/endosomal membrane into target cells,
viral replication and translation, new virus assembly and release, and anti-inflammatory
aspects [71]. Some researchers classify different phases of viral infection, including initial
infection followed by pulmonary and inflammatory phases [72]. At present, many effective
antiviral drugs or compounds have been screened, but the effects are organ-heterogeneous,
and the antiviral effects are controversial. In addition, as the main site of COVID-19 in-
fection in the body is the lung, only a few drugs have been tested on lung organoids, and
these studies mainly focus on the entry and replication of the virus (Table 2).

Table 2. COVID-19 drug research on lung organoids.

Drugs/Compounds Organoids Model Brief Description Ref.
Remdesivir Human airway organoids, Inhibit virus replication and infection, [73]
Human alveolar organoids Inhibit virus replication [42]
Human airway organ@ds, Inhibit virus infection, [74]
Camostat Human lung organoids, L [24]
. No inhibition effects
Human alveolar organoids [42]
Dutasteride Human alveolar organoids Decrease A.CE2‘ level.s and inhibit [73]
virus infection
Finasteride Human alveolar organoids Decrease A.CE% level§ and inhibit [73]
virus infection
Ketoconazole Human alveolar organoids Decrease A.CE2. level§ and inhibit [75]
virus infection
. Human alveolar organoids; s
Bestatin . . No inhibition effects [42]
Human airway organoids
Imatinib Human alveolar organoids Inhibit virus entry [23]
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Table 2. Cont.

Drugs/Compounds Organoids Model Brief Description Ref.
Nafamostat Human alveolar organoids Inhibit virus infection [24]
Quinacrine dihydrochloride (QNHC) Human alveolar organoids Inhibit virus infection [23]
Mycophenolic acid (MPA) Human alveolar organoids Inhibit virus infection [23]
25-hydrocholesterol Human alveolar organoids Inhibit virus entry [76]
Hydroxychloroquine Human alveolar organoids Inhibits virus replication and infection [73]
EK1 peptide Human alveolar organoids Inhibits virus infection [24]
Aloxistatin (E-64d) ?ﬁﬁ?ﬁiﬁﬁ?&?ﬁﬁﬁ No inhibition effects [77,78]
EIDD-2801 ﬁl“r‘;‘;nailvafl’;r g’r"gg::;ic‘f:; Inhibit virus replication and infection [42,79]
Neutralizing antibodies (C86) ﬁ{ﬁ?ﬁ;ﬂi;ﬁ;ﬁ?gfgj:;ﬁ: Inhibit virus replication [42]
Humanized COVID-19 decoy antibody Human airway organoids Inhibit virus entry and infection [70]
IFNB1 Human alyeolar organgids, Inhibits Virus' rel‘pli‘c'ation and infection, (73]
Human airway organoids No inhibition effects
EIDD-2801 P;I‘mea;na;lvrif”;‘;f gfg:g;f: Inhibit virus replication and infection [42,79]
IFN« Human alveolar organoids Inhibits virus replication [68]
IFNy Human alveolar organoids Inhibits virus replication [68]
IFN-A1 Human airway organoids Inhibits virus replication and infection [65]

Remdesivir, an RNA-dependent RNA polymerase inhibitor, can shorten the recovery
period of patients and prevent the progression to more severe respiratory disease by
inhibiting viral replication [80]. This drug causes a reduction in the production of infectious
viral particles in human proximal airway organoids (hAWOs) and alveolar organoids
(hALOs) [42]. On May 1, 2020, the United States Food and Drug Administration issued an
emergency use authorization for Remdesivir treatment in adults and children hospitalized
with suspected or laboratory-confirmed COVID-19 [80]. However, the antiviral efficacy of
Remdesivir against SARS-CoV-2 is still controversial. A recent randomized phase 3 clinical
trial for SARS-CoV-2 infection showed that Remdesivir was ineffective [81], suggesting that
its effective treatment may be limited to specific groups. Camostat, an inhibitor of the serine
protease TMPRSS2, was found to partially block the viral S protein entry into cells [10,82].
Camostat showed a slightly inhibitory effect in hAWOs but not in hALOs [42]. Other drugs,
such as Dutasteride, Finasteride, and Ketoconazole, lead to a decrease in the ACE2 levels
in hALOs and efficiently prevent viral infection [73,75]. However, studies using organoid
models also have ruled out some drugs or compounds that were ineffective against lung
infections. Enzalutamide, a potent inhibitor of the androgen receptor (AR) [83], may have
antiviral activity in the prostate glands of male COVID-19 patients but has no therapeutic
effect in patients with a COVID-19 lung infection. Studies have shown that Enzalutamide
could efficiently prevent SARS-CoV-2-driven entry into prostate cells by inhibiting AR,
leading to a reduction in TMPRSS2 expression, but without inhibiting infection of hLOs
with SARS-CoV-2 [74]. Overall, these studies demonstrate the benefits of human lung
organoids in the search for anti-SARS-CoV-2 drugs (Figure 3). Furthermore, organoids can
evaluate the toxicity and safety of COVID-19 therapeutics [12].

4.3. Promoting Precision Treatment of COVID-19

Since human iPSCs can be established from individuals of any genetic background,
lung organoids derived from iPSCs or adult stem cells (ASCs) represent a powerful model
to study the relationship between individual differences and COVID-19 severity and, when
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coupled with the application of gene editing, will help achieve precision treatment for
COVID-19 patients (Figure 3).

Studies have shown that gender differences in the infection efficiency of SARS-CoV-2
exist [12]. Among them, the mortality rate of men is higher than that of women, especially
older men [84,85]. The elderly population is a specific group of COVID-19 patients with
severe disease and unique symptoms, predominantly isolated confusion, falls, absence
of fever, and/or digestive manifestations [86]. In addition to age and gender, comorbidi-
ties have also been identified as major risk factors for severe forms and death in patients
with COVID-19 [87,88]. Hypertension was the most common comorbidity, followed by
cardiovascular disease, diabetes, and hypercholesterolemia. In an analysis of baseline char-
acteristics and outcomes of 1591 patients with COVID-19, of 1043 patients with available
data, 709 had at least one comorbidity and 509 had hypertension [89]. These results demon-
strate that COVID-19 severity is closely related to individual differences. ASCs-derived
organoids can demonstrate individual differences and can be used to compare the viral
responses of people of different ages, genders, races [90], and underlying diseases to obtain
personalized treatment plans.

When combined with clustered, regularly interspaced short palindromic repeats
(CRISPR), organoids may answer many unanswered questions related to SARS-CoV-2.
Precise gene editing to simulate allelic variation in organoids through CRISPR can be used
to screen for SARS-CoV-2 susceptibility genes. In addition, CRISPR can also identify the
role of host proteins or signaling pathways in SARS-CoV-2-mediated pathophysiology
through gene knockout studies or by utilizing CRISPRa/I, which allows gene activation
or repression [91]. Using CRISPR, Dobrindt et al. demonstrated that a single nucleotide
polymorphism (SNP) in the furin gene is associated with SARS-CoV-2 infection in human
iPSCs [92]. Using this technology, Wang et al. obtained different isoforms of apolipoprotein
E (ApoE), showing that isoforms affect COVID-19 aggregation [93]. Therefore, the full use
of 3D organoid models combined with various technologies and research platforms can
effectively promote the clinical translation of basic science and achieve precise treatment
for COVID-19.

5. Conclusions and Future Perspectives

Compared with 2D cells and animal models, 3D lung organoids show great potential
in the study of SARS-CoV-2. This 3D organoid can not only mimic the natural cellular
microenvironment and cell—cell interactions but also exhibit host-pathogen interactions
caused by viral infections. Such an organoid provides a reliable platform to study the
pathogenesis of viral infection for drug candidate development and personalized medicine.
However, lung organoid models also have certain limitations. First, lung organoids fail to
become “mature” in vitro. Human iPS/ES-derived lung organoids are closer to a fetal state
than an adult state. Interestingly, transplantation of organoids into the kidney subcapsular
or epididymal fat pad of mice resulted in significant morphological and functional matu-
ration into the adult state [38]. Further work is required to understand this phenomenon
better. Second, the human body is a multi-organ, multi-system organism. Lung organoids
that are currently cultured, while mimicking the structure and multicellular function of
specific tissues in the body, do not represent typical environments that are usually found
in tissues due to their lack of immune, circulatory, and nervous systems. Interactions
between organs cannot be modeled either. This limitation is also a technical barrier that
needs to be solved immediately. Another limitation is that current organoid culturing
is time-consuming and expensive. Various problems arise during the culture process,
including different media components, non-uniform sizes, and differences in the degree
of differentiation. These issues prevent extensive and robust use for disease modeling.
Researchers need to streamline the production process and standardize cultural methods
to create thousands of uniform organoids rapidly and cheaply.

Despite these challenges, the application potential of lung organoids is enormous. The
vascular organization of future organoids is a major challenge, but researchers have applied
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embedded 3D bioprinting to introduce perfusable vascular channels into 3D organoid
tissue, thus creating a perfusable cardiac tissue [94]. The research holds promise for the
fusion of lung organoids with the circulatory system. Another successful study describes
the generation of intestinal tissue with an enteric nervous system by combining human
intestinal organoids and pluripotent stem cell-derived neural crest cells for recapitulating
enteric nervous system development [95]. These examples demonstrate that it is feasible
to grow multi-system, multi-layered organoids in vitro, which enables organoids to more
realistically mimic the extra-epithelial microenvironment in human disease models and
pharmacokinetic studies and can accelerate the discovery of new drugs against SARS-CoV-
2. In addition, artificial intelligence (AI) has recently gained attention for accelerating
the repurposing of drugs for several challenging diseases, including COVID-19 [96,97].
It is suggested that defeating COVID-19 as soon as possible requires the combined use
of multiple technologies and multiple platforms. The combination of the microfluidic
device and organoid models can effectively study the crosstalk between different organs,
which cannot be done by the organoid model alone [98]. Computational platforms for drug
screening can rapidly screen drug candidates for efficacy against COVID-19. At the same
time, organoid models are also needed to study the efficacy and toxicity of these drugs [91].
Large-scale current good manufacturing practice (cGMP) grade production of organoids
enables the future manufacture of “transplantable” organoids and tissues, opening up the
potential of organoids as advanced therapy medicinal products (ATMPs) [99]. Currently,
multi-organoid systems have also been developed in which each organoid is located within
specific compartments that are interconnected by microchannels and mimic the body’s
systemic blood circulation, organ proximity, and function [91]. Multiple organ failure
is a typical occurrence in severe COVID-19 patients. Using multi-organoid systems can
effectively allow the study of the effects of one infected cell in a patient on one or more
surrounding cells. While isolating tissue samples and establishing lung organoids from de-
ceased COVID-19 patients is challenging given the infectivity of SARS-CoV-2, this provides
insight into virus-host interactions and may shed light on new therapeutic mechanisms for
COVID-19. Overall, lung organoids provide critical complementary information in SARS-
CoV-2 infection research and can aid the discovery of new targets that could accelerate the
search for effective therapies and prevention of COVID-19.

Author Contributions: EB. and A.L.: Conceptualization, design, and obtained funding; L.P.: Drafting
of the manuscript; L.P, L.G., XW,, Y.F, M.L,,]J.C, ]S, ].K,, Y.D. and B.L.: Acquisition, analysis, or
interpretation of data. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
32060180, 82160304, 81560596, 81860644, and 31560051) and the Natural Foundation of Yunnan
Province (2017FE467-001, 2019FE001-002).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing does not apply to this article as no new data were created
or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

1. Fu, L.; Wang, B.; Yuan, T; Chen, X.; Ao, Y,; Fitzpatrick, T.; Li, P.; Zhou, Y.; Lin, Y.-F,; Duan, Q.; et al. Clinical characteristics of
coronavirus disease 2019 (COVID-19) in China: A systematic review and meta-analysis. J. Infect. 2020, 80, 656—665. [CrossRef]

[PubMed]

2. WHO. Global Excess Deaths Associated with COVID-19; WHO: Geneva, Switzerland, January 2020-December 2021.
3. Kannan, S.R.; Spratt, AN.; Cohen, A.R.; Naqvi, S H.; Chand, H.S.; Quinn, T.P; Lorson, C.L.; Byrareddy, S.N.; Singh, K.
Evolutionary analysis of the Delta and Delta Plus variants of the SARS-CoV-2 viruses. J. Autoimmun. 2021, 124, 102715. [CrossRef]

[PubMed]


http://doi.org/10.1016/j.jinf.2020.03.041
http://www.ncbi.nlm.nih.gov/pubmed/32283155
http://doi.org/10.1016/j.jaut.2021.102715
http://www.ncbi.nlm.nih.gov/pubmed/34399188

Cells 2022, 11, 2758 11 of 14

10.

11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Meo, S.A.; Meo, A.S.; Al-Jassir, EE; Klonoff, D.C. Omicron SARS-CoV-2 new variant: Global prevalence and biological and
clinical characteristics. Eur. Rev. Med. Pharm. Sci. 2021, 25, 8012-8018.

Hu, K,; Guan, W.-J,; Bi, Y.; Zhang, W,; Li, L.; Zhang, B.; Liu, Q.; Song, Y.; Li, X,; Duan, Z.; et al. Efficacy and safety of
Lianhuaqingwen capsules, a repurposed Chinese herb, in patients with coronavirus disease 2019: A multicenter, prospective,
randomized controlled trial. Phytomedicine 2020, 85, 153242. [CrossRef] [PubMed]

Yin, G.; Zhang, C.; Jin, H. Statistical Issues and Lessons Learned From COVID-19 Clinical Trials With Lopinavir-Ritonavir and
Remdesivir. JMIR Public Health Surveill. 2020, 6, €19538. [CrossRef] [PubMed]

Leibel, S.L.; Sun, X. Halting SARS-CoV-2: Lung organoids step up to the plate. EMBO ]. 2021, 40, €107651. [CrossRef] [PubMed]
Synowiec, A.; Szczeparnski, A.; Barreto-Duran, E.; Lie, L.K.; Pyrc, K. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2): A Systemic Infection. Clin. Microbiol. Rev. 2021, 34, e00133-20. [CrossRef]

Chu, H.; Chan, ].E; Yuen, T.T.; Shuai, H.; Yuan, S.; Wang, Y.; Hu, B; Yip, C.C.-Y,; Tsang, ].O.-L.; Huang, X,; et al. Comparative
tropism, replication kinetics, and cell damage profiling of SARS-CoV-2 and SARS-CoV with implications for clinical manifestations,
transmissibility, and laboratory studies of COVID-19: An observational study. Lancet Microbe 2020, 1, e14—e23. [CrossRef]
Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271-280.e8. [CrossRef]

Han, Y.; Yang, L.; Lacko, L.A; Chen, S. Human organoid models to study SARS-CoV-2 infection. Nat. Methods 2022, 19, 418-428.
[CrossRef]

Deguchi, S.; Serrano-Aroca, A.; Tambuwala, M.M.; Uhal, B.D.; Brufsky, A.M.; Takayama, K. SARS-CoV-2 research using human
pluripotent stem cells and organoids. Stem Cells Transl. Med. 2021, 10, 1491-1499. [CrossRef]

Smith, E.; Cochrane, W.J. CYSTIC ORGANOID TERATOMA: (Report of a Case). Can. Med. Assoc. |. 1946, 55, 151-152.
Lancaster, M.A.; Huch, M. Disease modelling in human organoids. Dis. Model. Mech. 2019, 12, dmm039347. [CrossRef]
Lancaster, M.A.; Knoblich, ].A. Organogenesis in a dish: Modeling development and disease using organoid technologies. Science
2014, 345, 1247125. [CrossRef]

Simian, M.; Bissell, M.]. Organoids: A historical perspective of thinking in three dimensions. ]. Cell Biol. 2017, 216, 31-40.
[CrossRef]

Chen, Y.-W.; Huang, S.X.; De Carvalho, A.L.R.T.; Ho, S.-H.; Islam, M.N.; Volpi, S.; Notarangelo, L.D.; Ciancanelli, M.; Casanova,
J.-L.; Bhattacharya, J.; et al. A three-dimensional model of human lung development and disease from pluripotent stem cells. Nat.
Cell Biol. 2017, 19, 542-549. [CrossRef]

Lancaster, M.A.; Renner, M.; Martin, C.-A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P;
Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373-379. [CrossRef]
Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.].; Van Es, ].H.; Van Den Brink, S.; Van Houdt, W.J.; Pronk, A.; Van Gorp, J.;
Siersema, P.D.; et al. Long-term Expansion of Epithelial Organoids From Human Colon, Adenoma, Adenocarcinoma, and
Barrett’s Epithelium. Gastroenterology 2011, 141, 1762-1772. [CrossRef]

Mallapaty, S. The mini lungs and other organoids helping to beat COVID. Nature 2021, 593, 492-494. [CrossRef]

Salahudeen, A.A.; Choi, S.S.; Rustagi, A.; Zhu, J.; van Unen, V,; de la O, S.M.; Flynn, R.A.; Margalef-Catala, M.; Santos, A.J.M.; Ju,
J.; et al. Progenitor identification and SARS-CoV-2 infection in human distal lung organoids. Nature 2020, 588, 670-675. [CrossRef]
Lamers, M.M.; Beumer, J.; van der Vaart, J.; Knoops, K.; Puschhof, J.; Breugem, T.I.; Ravelli, R.B.G.; van Schay, ].P.; Mykytyn, A.Z.;
Duimel, H.Q.; et al. SARS-CoV-2 productively infects human gut enterocytes. Science 2020, 369, 50-54. [CrossRef] [PubMed]
Han, Y;; Duan, X; Yang, L.; Nilsson-Payant, B.E.; Wang, P.; Duan, F; Tang, X.; Yaron, T.M.; Zhang, T.; Uhl, S; et al. Identification
of SARS-CoV-2 inhibitors using lung and colonic organoids. Nature 2021, 589, 270-275. [CrossRef] [PubMed]

Tiwari, S.K.; Wang, S.; Smith, D.; Carlin, A.F; Rana, T.M. Revealing Tissue-Specific SARS-CoV-2 Infection and Host Responses
using Human Stem Cell-Derived Lung and Cerebral Organoids. Stem Cell Rep. 2021, 16, 437-445. [CrossRef] [PubMed]
Morrisey, E.E.; Hogan, B.L. Preparing for the first breath: Genetic and cellular mechanisms in lung development. Dev. Cell 2010,
18, 8-23. [CrossRef]

Huang, S.X.L.; Green, M.D.; de Carvalho, A.T.; Mumau, M.; Chen, Y.-W.; D’Souza, S.L.; Snoeck, H.-W. The in vitro generation of
lung and airway progenitor cells from human pluripotent stem cells. Nat. Protoc. 2015, 10, 413-425. [CrossRef]

Amour, K.A,; Agulnick, A.D.; Eliazer, S.; Kelly, O.G.; Kroon, E.; Baetge, E.E. Efficient differentiation of human embryonic stem
cells to definitive endoderm. Nat. Biotechnol. 2005, 23, 1534-1541. [CrossRef]

Green, M.D.; Chen, A.; Nostro, M.-C.; D’Souza, S.L.; Schaniel, C.; Lemischka, I.R.; Gouon-Evans, V.; Keller, G.; Snoeck, H.-W.
Generation of anterior foregut endoderm from human embryonic and induced pluripotent stem cells. Nat. Biotechnol. 2011, 29,
267-272. [CrossRef]

Huang, SX.L.; Islam, M.N.; O'Neill, J.; Hu, Z.; Yang, Y.-G.; Chen, Y.-W.,; Mumau, M.; Green, M.D.; Vunjak-Novakovic, G;
Bhattacharya, J.; et al. Efficient generation of lung and airway epithelial cells from human pluripotent stem cells. Nat. Biotechnol.
2013, 32, 84-91. [CrossRef]

Gotoh, S.; Tto, I.; Nagasaki, T.; Yamamoto, Y.; Konishi, S.; Korogi, Y.; Matsumoto, H.; Muro, S.; Hirai, T.; Funato, M.; et al.
Generation of Alveolar Epithelial Spheroids via Isolated Progenitor Cells from Human Pluripotent Stem Cells. Stem Cell Rep.
2014, 3, 394-403. [CrossRef]


http://doi.org/10.1016/j.phymed.2020.153242
http://www.ncbi.nlm.nih.gov/pubmed/33867046
http://doi.org/10.2196/19538
http://www.ncbi.nlm.nih.gov/pubmed/32589146
http://doi.org/10.15252/embj.2021107651
http://www.ncbi.nlm.nih.gov/pubmed/33576058
http://doi.org/10.1128/CMR.00133-20
http://doi.org/10.1016/S2666-5247(20)30004-5
http://doi.org/10.1016/j.cell.2020.02.052
http://doi.org/10.1038/s41592-022-01453-y
http://doi.org/10.1002/sctm.21-0183
http://doi.org/10.1242/dmm.039347
http://doi.org/10.1126/science.1247125
http://doi.org/10.1083/jcb.201610056
http://doi.org/10.1038/ncb3510
http://doi.org/10.1038/nature12517
http://doi.org/10.1053/j.gastro.2011.07.050
http://doi.org/10.1038/d41586-021-01395-z
http://doi.org/10.1038/s41586-020-3014-1
http://doi.org/10.1126/science.abc1669
http://www.ncbi.nlm.nih.gov/pubmed/32358202
http://doi.org/10.1038/s41586-020-2901-9
http://www.ncbi.nlm.nih.gov/pubmed/33116299
http://doi.org/10.1016/j.stemcr.2021.02.005
http://www.ncbi.nlm.nih.gov/pubmed/33631122
http://doi.org/10.1016/j.devcel.2009.12.010
http://doi.org/10.1038/nprot.2015.023
http://doi.org/10.1038/nbt1163
http://doi.org/10.1038/nbt.1788
http://doi.org/10.1038/nbt.2754
http://doi.org/10.1016/j.stemcr.2014.07.005

Cells 2022, 11, 2758 12 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

Hawkins, F.; Kramer, P.; Jacob, A.; Driver, I.; Thomas, D.C.; McCauley, K.B.; Skvir, N.; Crane, A.M.; Kurmann, A.A.; Hollenberg,
A.N.; et al. Prospective isolation of NKX2-1-expressing human lung progenitors derived from pluripotent stem cells. J. Clin.
Investig. 2017, 127, 2277-2294. [CrossRef]

Dye, B.R; Hill, D.R.; Ferguson, M.A.H.; Tsai, Y.-H.; Nagy, M.S.; Dyal, R.; Wells, ] M.; Mayhew, C.N.; Nattiv, R.; Klein, O.D.; et al.
In vitro generation of human pluripotent stem cell derived lung organoids. eLife 2015, 4, €05098. [CrossRef]

Jacob, A.; Morley, M.; Hawkins, F.; McCauley, K.B.; Jean, J.; Heins, H.; Na, C.-L.; Weaver, T.E.; Vedaie, M.; Hurley, K; et al.
Differentiation of Human Pluripotent Stem Cells into Functional Lung Alveolar Epithelial Cells. Cell Stem Cell 2017, 21, 472—
488.e10. [CrossRef]

Konishi, S.; Gotoh, S.; Tateishi, K.; Yamamoto, Y.; Korogi, Y.; Nagasaki, T.; Matsumoto, H.; Muro, S.; Hirai, T; Ito, I; et al. Directed
Induction of Functional Multi-ciliated Cells in Proximal Airway Epithelial Spheroids from Human Pluripotent Stem Cells. Stem
Cell Rep. 2015, 6, 18-25. [CrossRef]

McCauley, K.B.; Hawkins, E; Serra, M.; Thomas, D.C.; Jacob, A.; Kotton, D.N. Efficient Derivation of Functional Human Airway
Epithelium from Pluripotent Stem Cells via Temporal Regulation of Wnt Signaling. Cell Stem Cell. 2017, 20, 844-857.e6. [CrossRef]
Leibel, S.L.; Winquist, A.; Tseu, I.; Wang, J.; Luo, D.; Shojaie, S.; Nathan, N.; Snyder, E.; Post, M. Reversal of Surfactant Protein B
Deficiency in Patient Specific Human Induced Pluripotent Stem Cell Derived Lung Organoids by Gene Therapy. Sci. Rep. 2019, 9,
13450. [CrossRef]

Dye, B.R.; Dedhia, P; Miller, A.; Nagy, M.S.; White, E.S.; Shea, L.D.; Spence, J.R. A bioengineered niche promotes in vivo
engraftment and maturation of pluripotent stem cell derived human lung organoids. eLife 2016, 5, €19732. [CrossRef]

Tian, L.; Gao, J.; Garcia, LM.; Chen, H].; Castaldi, A.; Chen, Y. W. Human pluripotent stem cell-derived lung organoids: Potential
applications in development and disease modeling. Wiley. Interdiscip. Rev. Dev. Biol. 2021, 10, €399. [CrossRef]

Miller, A.J.; Dye, B.R.; Ferrer-Torres, D.; Hill, D.R.; Overeem, A.W.,; Shea, L.D.; Spence, ].R. Generation of lung organoids from
human pluripotent stem cells in vitro. Nat. Protoc. 2019, 14, 518-540. [CrossRef]

Jose, S.S.; De Zuani, M.; Tidu, F.,; Hortova-Kohoutkova, M.; Pazzagli, L.; Forte, G.; Spaccapelo, R.; Zelante, T.; Fri¢, ]. Comparison
of two human organoid models of lung and intestinal inflammation reveals Toll-like receptor signalling activation and monocyte
recruitment. Clin. Transl. Immunol. 2020, 9, e1131. [CrossRef]

Miller, A.J.; Hill, D.R,; Nagy, M.S.; Aoki, Y.; Dye, B.R.; Chin, AM.; Huang, S.; Zhu, F; White, E.S.; Lama, V.; et al. In Vitro
Induction and In Vivo Engraftment of Lung Bud Tip Progenitor Cells Derived from Human Pluripotent Stem Cells. Stem Cell Rep.
2017, 10, 101-119. [CrossRef]

Pei, R.; Feng, J.; Zhang, Y.; Sun, H.; Li, L.; Yang, X.; He, J.; Xiao, S.; Xiong, J.; Lin, Y.; et al. Host metabolism dysregulation and
cell tropism identification in human airway and alveolar organoids upon SARS-CoV-2 infection. Protein Cell 2021, 12, 717-733.
[CrossRef] [PubMed]

Li, Y.; Wu, Q.; Sun, X; Shen, J.; Chen, H. Organoids as a Powerful Model for Respiratory Diseases. Stem Cells Int. 2020, 2020,
5847876. [CrossRef] [PubMed]

Weiss, S.R.; Navas-Martin, S. Coronavirus pathogenesis and the emerging pathogen severe acute respiratory syndrome coron-
avirus. Microbiol. Mol. Biol. Rev. 2005, 69, 635-664. [CrossRef] [PubMed]

Giani, A.M.; Chen, S. Human pluripotent stem cell-based organoids and cell platforms for modelling SARS-CoV-2 infection and
drug discovery. Stem Cell Res. 2021, 53, 102207. [CrossRef]

DA, T.; ML, B. Cultivation of a Novel Type of Common-Cold Virus in Organ Cultures. Br. Med. ]. 1965, 1, 1467-1470.

Ksiazek, T.G.; Erdman, D.; Goldsmith, C.S.; Zaki, S.R.; Peret, T.; Emery, S.; Tong, S.; Urbani, C.; Comer, ].A; Lim, W.; et al. A
Novel Coronavirus Associated with Severe Acute Respiratory Syndrome. N. Engl. ]. Med. 2003, 348, 1953-1966. [CrossRef]

Li, W,; Shi, Z.; Yu, M.; Ren, W.; Smith, C.; Epstein, ].H.; Wang, H.; Crameri, G.; Hu, Z.; Zhang, H.; et al. Bats Are Natural Reservoirs
of SARS-Like Coronaviruses. Science 2005, 310, 676—679. [CrossRef]

van der Hoek, L.; Pyrc, K.; Jebbink, M.E;; Vermeulen-Oost, W.; Berkhout, R.J.; Wolthers, K.C.; Wertheim-van Dillen, PM.;
Kaandorp, J.; Spaargaren, ].; Berkhout, B.; et al. Identification of a new human coronavirus. Nat. Med. 2004, 10, 368-373.
[CrossRef]

Woo, P.C.Y,; Lau, S.K.P; Chu, C.-M.; Chan, K.-H.; Tsoi, H.-W.; Huang, Y.; Wong, B.H.L.; Poon, RW.S,; Cai, ].].; Luk, W.-K.; et al.
Characterization and Complete Genome Sequence of a Novel Coronavirus, Coronavirus HKU1, from Patients with Pneumonia. J.
Virol. 2005, 79, 884-895. [CrossRef]

Zaki, A.M.; van Boheemen, S.; Bestebroer, T.M.; Osterhaus, A.D.; Fouchier, R.A. Isolation of a novel coronavirus from a man with
pneumonia in Saudi Arabia. N. Engl. . Med. 2012, 367, 1814-1820. [CrossRef]

Alagaili, A.N.; Briese, T.; Mishra, N.; Kapoor, V.; Sameroff, S.C.; Burbelo, P.D.; de Wit, E.; Munster, V.J.; Hensley, L.E.; Zalmout,
L.S; et al. Middle East respiratory syndrome coronavirus infection in dromedary camels in Saudi Arabia. mBio 2014, 5, e00884-14.
[CrossRef]

Walls, A.C,; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 181, 281-292. [CrossRef]

Trevisan, M.; Riccetti, S.; Sinigaglia, A.; Barzon, L. SARS-CoV-2 Infection and Disease Modelling Using Stem Cell Technology and
Organoids. Int J. Mol Sci. 2021, 22, 2356. [CrossRef]

Wang, M.-Y.; Zhao, R,; Gao, L.-J.; Gao, X.-F.; Wang, D.-P,; Cao, J.-M. SARS-CoV-2: Structure, Biology, and Structure-Based
Therapeutics Development. Front. Cell. Infect. Microbiol. 2020, 10, 587269. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI89950
http://doi.org/10.7554/eLife.05098
http://doi.org/10.1016/j.stem.2017.08.014
http://doi.org/10.1016/j.stemcr.2015.11.010
http://doi.org/10.1016/j.stem.2017.03.001
http://doi.org/10.1038/s41598-019-49696-8
http://doi.org/10.7554/eLife.19732
http://doi.org/10.1002/wdev.399
http://doi.org/10.1038/s41596-018-0104-8
http://doi.org/10.1002/cti2.1131
http://doi.org/10.1016/j.stemcr.2017.11.012
http://doi.org/10.1007/s13238-020-00811-w
http://www.ncbi.nlm.nih.gov/pubmed/33314005
http://doi.org/10.1155/2020/5847876
http://www.ncbi.nlm.nih.gov/pubmed/32256609
http://doi.org/10.1128/MMBR.69.4.635-664.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339739
http://doi.org/10.1016/j.scr.2021.102207
http://doi.org/10.1056/NEJMoa030781
http://doi.org/10.1126/science.1118391
http://doi.org/10.1038/nm1024
http://doi.org/10.1128/JVI.79.2.884-895.2005
http://doi.org/10.1056/NEJMoa1211721
http://doi.org/10.1128/mBio.00884-14
http://doi.org/10.1016/j.cell.2020.02.058
http://doi.org/10.3390/ijms22052356
http://doi.org/10.3389/fcimb.2020.587269
http://www.ncbi.nlm.nih.gov/pubmed/33324574

Cells 2022, 11, 2758 13 of 14

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Yang, L.; Han, Y.; Nilsson-Payant, B.E.; Gupta, V.; Wang, P.; Duan, X.; Tang, X.; Zhu, J.; Zhao, Z; Jaffré, F; et al. A Human
Pluripotent Stem Cell-based Platform to Study SARS-CoV-2 Tropism and Model Virus Infection in Human Cells and Organoids.
Cell Stem Cell 2020, 27, 125-136.e7. [CrossRef]

Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by
SARS-CoV-2. Nature 2020, 581, 221-224. [CrossRef]

Li, E; Li, W,; Farzan, M.; Harrison, S.C. Structure of SARS coronavirus spike receptor-binding domain complexed with receptor.
Science 2005, 309, 1864-1868. [CrossRef]

Li, H,; Liu, L.; Zhang, D.; Xu, J.; Dai, H.; Tang, N.; Su, X.; Cao, B. SARS-CoV-2 and viral sepsis: Observations and hypotheses.
Lancet 2020, 395, 1517-1520. [CrossRef]

Spiezia, L.; Boscolo, A.; Poletto, F.; Cerruti, L.; Tiberio, I.; Campello, E.; Navalesi, P.; Simioni, P. COVID-19-Related Severe
Hypercoagulability in Patients Admitted to Intensive Care Unit for Acute Respiratory Failure. Thromb. Haemost. 2020, 120,
998-1000. [CrossRef]

Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov,
A.; et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in Covid-19. N. Engl. ]. Med. 2020, 383, 120-128.
[CrossRef]

Zhang, Y.; Xiao, M.; Zhang, S.; Xia, P; Cao, W,; Jiang, W.; Chen, H.; Ding, X.; Zhao, H.; Zhang, H.; et al. Coagulopathy and
Antiphospholipid Antibodies in Patients with Covid-19. N. Engl. ]. Med. 2020, 382, e38. [CrossRef] [PubMed]

Puelles, V.G.; Litgehetmann, M.; Lindenmeyer, M.T.; Sperhake, J.; Wong, M.N.; Allweiss, L.; Chilla, S.; Heinemann, A.; Wanner,
N.; Liu, S.; et al. Multiorgan and Renal Tropism of SARS-CoV-2. N. Engl. |. Med. 2020, 383, 590-592. [CrossRef] [PubMed]
Solomon, I.H.; Normandin, E.; Bhattacharyya, S.; Mukerji, S.S.; Keller, K.; Ali, A.S.; Adams, G.; Hornick, J.L.; Padera, R.E, Jr.;
Sabeti, P. Neuropathological Features of Covid-19. N. Engl. |. Med. 2020, 383, 989-992. [CrossRef]

Lamers, M.M.; van der Vaart, J.; Knoops, K.; Riesebosch, S.; Breugem, T.IL; Mykytyn, A.Z.; Beumer, J.; Schipper, D.; Bezstarosti, K.;
Koopman, C.D,; et al. An organoid-derived bronchioalveolar model for SARS-CoV-2 infection of human alveolar type II-like cells.
EMBO J. 2021, 40, €105912. [CrossRef]

Hikmet, F.; Méar, L.; Edvinsson, A.; Micke, P.; Uhlén, M.; Lindskog, C. The protein expression profile of ACE2 in human tissues.
Mol. Syst. Biol. 2020, 16, €9610. [CrossRef]

Hou, YJ.; Okuda, K.; Edwards, C.E.; Martinez, D.R.; Asakura, T.; Dinnon, K.H., 3rd; Kato, T.; Lee, R.E.; Yount, B.L.; Mascenik, T.M.;
et al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient in the Respiratory Tract. Cell 2020, 182, 429-446.e14.
[CrossRef]

Katsura, H.; Sontake, V.; Tata, A.; Kobayashi, Y.; Edwards, C.E.; Heaton, B.E.; Konkimalla, A.; Asakura, T.; Mikami, Y.; Fritch,
E.J.; et al. Human Lung Stem Cell-Based Alveolospheres Provide Insights into SARS-CoV-2-Mediated Interferon Responses and
Pneumocyte Dysfunction. Cell Stem Cell 2020, 27, 890-904.e8. [CrossRef]

Trougakos, I.P.; Stamatelopoulos, K.; Terpos, E.; Tsitsilonis, O.E.; Aivalioti, E.; Paraskevis, D.; Kastritis, E.; Pavlakis, G.N.;
Dimopoulos, M.A. Insights to SARS-CoV-2 life cycle, pathophysiology, and rationalized treatments that target COVID-19 clinical
complications. J. Biomed. Sci. 2021, 28, 9. [CrossRef]

Huang, K.-Y,; Lin, M.-S; Kuo, T.-C.; Chen, C.-L.; Lin, C.-C.; Chou, Y.-C.; Chao, T.-L.; Pang, Y.-H.; Kao, H.-C.; Huang, R.-S.; et al.
Humanized COVID-19 decoy antibody effectively blocks viral entry and prevents SARS-CoV-2 infection. EMBO Mol. Med. 2021,
13, €12828. [CrossRef]

Yousefi, H.; Mashouri, L.; Okpechi, S.C.; Alahari, N.; Alahari, S.K. Repurposing existing drugs for the treatment of COVID-
19/SARS-CoV-2 infection: A review describing drug mechanisms of action. Biochem. Pharm. 2021, 183, 114296. [CrossRef]
Magro, G. COVID-19: Review on latest available drugs and therapies against SARS-CoV-2. Coagulation and inflammation
cross-talking. Virus Res. 2020, 286, 198070. [CrossRef] [PubMed]

Mulay, A.; Konda, B.; Garcia, G.; Yao, C.; Beil, S.; Villalba, ].M.; Koziol, C.; Sen, C.; Purkayastha, A.; Kolls, ].5. SARS-CoV-2
infection of primary human lung epithelium for COVID-19 modeling and drug discovery. Cell Rep. 2021, 35, 109055. [CrossRef]
[PubMed]

Li, F; Han, M.; Dai, P; Xu, W.; He, J.; Tao, X.; Wu, Y.; Tong, X.; Xia, X.; Guo, W.; et al. Distinct mechanisms for TMPRSS2 expression
explain organ-specific inhibition of SARS-CoV-2 infection by enzalutamide. Nat. Commun. 2021, 12, 866. [CrossRef]

Samuel, R.M.; Majd, H.; Richter, M.N.; Ghazizadeh, Z.; Zekavat, S.M.; Navickas, A.; Ramirez, ].T.; Asgharian, H.; Simoneau,
C.R,; Bonser, L.R.; et al. Androgen Signaling Regulates SARS-CoV-2 Receptor Levels and Is Associated with Severe COVID-19
Symptoms in Men. Cell Stem Cell 2020, 27, 876-889.e12. [CrossRef]

Wang, S.; Li, W.,; Hui, H.; Tiwari, S.K.; Zhang, Q.; Croker, B.A.; Rawlings, S.; Smith, D.; Carlin, A.F,; Rana, TM.; et al. Cholesterol
25-Hydroxylase inhibits SARS-CoV-2 and other coronaviruses by depleting membrane cholesterol. EMBO J. 2020, 39, e106057.
[CrossRef]

Huang, J.; Hume, A.].; Abo, K.M.; Werder, R.B.; Villacorta-Martin, C.; Alysandratos, K.-D.; Beermann, M.L.; Simone-Roach, C;
Lindstrom-Vautrin, J.; Olejnik, J.; et al. SARS-CoV-2 Infection of Pluripotent Stem Cell-Derived Human Lung Alveolar Type 2
Cells Elicits a Rapid Epithelial-Intrinsic Inflammatory Response. Cell Stem Cell 2020, 27, 962-973.€7. [CrossRef]

Mykytyn, A.Z.; Breugem, T.I; Riesebosch, S.; Schipper, D.; van den Doel, P.B.; Rottier, R.J.; Lamers, M.M.; Haagmans, B.L.
SARS-CoV-2 entry into human airway organoids is serine protease-mediated and facilitated by the multibasic cleavage site. Elife
2021, 10, e64508. [CrossRef]


http://doi.org/10.1016/j.stem.2020.06.015
http://doi.org/10.1038/s41586-020-2179-y
http://doi.org/10.1126/science.1116480
http://doi.org/10.1016/S0140-6736(20)30920-X
http://doi.org/10.1055/s-0040-1714350
http://doi.org/10.1056/NEJMoa2015432
http://doi.org/10.1056/NEJMc2007575
http://www.ncbi.nlm.nih.gov/pubmed/32268022
http://doi.org/10.1056/NEJMc2011400
http://www.ncbi.nlm.nih.gov/pubmed/32402155
http://doi.org/10.1056/NEJMc2019373
http://doi.org/10.15252/embj.2020105912
http://doi.org/10.15252/msb.20209610
http://doi.org/10.1016/j.cell.2020.05.042
http://doi.org/10.1016/j.stem.2020.10.005
http://doi.org/10.1186/s12929-020-00703-5
http://doi.org/10.15252/emmm.202012828
http://doi.org/10.1016/j.bcp.2020.114296
http://doi.org/10.1016/j.virusres.2020.198070
http://www.ncbi.nlm.nih.gov/pubmed/32569708
http://doi.org/10.1016/j.celrep.2021.109055
http://www.ncbi.nlm.nih.gov/pubmed/33905739
http://doi.org/10.1038/s41467-021-21171-x
http://doi.org/10.1016/j.stem.2020.11.009
http://doi.org/10.15252/embj.2020106057
http://doi.org/10.1016/j.stem.2020.09.013
http://doi.org/10.7554/eLife.64508

Cells 2022, 11, 2758 14 of 14

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Cox, RM.; Wolf, ].D.; Plemper, R K. Therapeutically administered ribonucleoside analogue MK-4482 /EIDD-2801 blocks SARS-
CoV-2 transmission in ferrets. Nat. Microbiol. 2021, 6, 11-18. [CrossRef]

Beigel, ].H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.; Luetkemeyer, A.;
Kline, S.; et al. Remdesivir for the Treatment of COVID-19—preliminary report. N. Engl. ]. Med. 2020, 383, 1813-1826. [CrossRef]
Ader, E; Bouscambert-Duchamp, M.; Hites, M.; Peiffer-Smadja, N.; Poissy, J.; Belhadi, D.; Diallo, A.; Lé, M.-P.; Peytavin, G.; Staub,
T.; et al. Remdesivir plus standard of care versus standard of care alone for the treatment of patients admitted to hospital with
COVID-19 (DisCoVeRy): A phase 3, randomised, controlled, open-label trial. Lancet Infect. Dis. 2021, 22, 209-221. [CrossRef]
Youk, J.; Kim, T,; Evans, K.V,; Jeong, Y.I; Hur, Y.; Hong, S.P; Kim, ].H.; Yi, K.; Kim, S.Y.; Na, K.J.; et al. Three-Dimensional Human
Alveolar Stem Cell Culture Models Reveal Infection Response to SARS-CoV-2. Cell Stem Cell 2020, 27, 905-919.e10. [CrossRef]
[PubMed]

Watson, P.A.; Arora, VK,; Sawyers, C.L. Emerging mechanisms of resistance to androgen receptor inhibitors in prostate cancer.
Nat. Rev. Cancer 2015, 15, 701-711. [CrossRef] [PubMed]

Jin, ].M.; Bai, P.; He, W.; Wu, F; Liu, X.F; Han, D.M.; Liu, S.; Yang, ] K. Gender Differences in Patients with COVID-19: Focus on
Severity and Mortality. Front. Public Health 2020, 8, 152. [CrossRef]

Li, X;; Xu, S.; Yu, M.; Wang, K; Tao, Y.; Zhou, Y.; Shi, J.; Zhou, M.; Wu, B.; Yang, Z.; et al. Risk factors for severity and mortality in
adult COVID-19 inpatients in Wuhan. . Allergy Clin. Immunol. 2020, 146, 110-118. [CrossRef]

Vrillon, A.; Hourregue, C.; Azuar, J.; Grosset, L.; Boutelier, A.; Tan, S.; Roger, M.; Mourman, V.; Mouly, S.; Séne, D.; et al. COVID-19
in Older Adults: A Series of 76 Patients Aged 85 Years and Older with COVID-19. |. Am. Geriatr. Soc. 2020, 68, 2735-2743.
[CrossRef]

Imam, Z.; Odish, F,; Gill, I.; O’Connor, D.; Armstrong, J.; Vanood, A.; Ibironke, O.; Hanna, A.; Ranski, A.; Halalau, A. Older age
and comorbidity are independent mortality predictors in a large cohort of 1305 COVID-19 patients in Michigan, United States. J.
Intern. Med. 2020, 288, 469-476. [CrossRef]

Wu, C,; Chen, X,; Cai, Y.; Xia, ].; Zhou, X.; Xu, S.; Huang, H.; Zhang, L.; Zhou, X.; Du, C.; et al. Risk Factors Associated With Acute
Respiratory Distress Syndrome and Death in Patients With Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA Intern.
Med. 2020, 180, 934-943. [CrossRef]

Grasselli, G.; Zangrillo, A.; Zanella, A.; Antonelli, M.; Cabrini, L.; Castelli, A.; Cereda, D.; Coluccello, A.; Foti, G.; Fumagalli, R.;
et al. Baseline Characteristics and Outcomes of 1591 Patients Infected With SARS-CoV-2 Admitted to ICUs of the Lombardy
Region, Italy. JAMA 2020, 323, 1574-1581. [CrossRef]

Bose, B.; Kapoor, S.; Nihad, M. Induced Pluripotent Stem Cell Derived Human Lung Organoids to Map and Treat the SARS-CoV2
Infections In Vitro. Adv. Exp. Med. Biol. 2021, 1312, 1-17.

Ramezankhani, R.; Solhi, R.; Chai, Y.C.; Vosough, M.; Verfaillie, C. Organoid and microfluidics-based platforms for drug screening
in COVID-19. Drug. Discov. Today 2022, 27, 1062-1076. [CrossRef]

Dobrindt, K.; Hoagland, D.A ; Seah, C.; Kassim, B.; O’Shea, C.P.; Murphy, A.; Iskhakova, M.; Fernando, M.B.; Powell, S.K.; Deans,
PJ.M.; et al. Common Genetic Variation in Humans Impacts In Vitro Susceptibility to SARS-CoV-2 Infection. Stem. Cell Rep. 2021,
16, 505-518. [CrossRef]

Wang, C.; Zhang, M; Jr, G.G,; Tian, E.; Cui, Q.; Chen, X,; Sun, G.; Wang, J.; Arumugaswami, V.; Shi, Y.; et al. ApoE-Isoform-
Dependent SARS-CoV-2 Neurotropism and Cellular Response. Cell Stem Cell 2021, 28, 331-342.e5. [CrossRef]

Skylar-Scott, M.A.; Uzel, S.G.M.; Nam, L.L.; Ahrens, ].H.; Truby, R.L.; Damaraju, S.; Lewis, ].A. Biomanufacturing of organ-specific
tissues with high cellular density and embedded vascular channels. Sci. Adv. 2019, 5, eaaw2459. [CrossRef]

Workman, M.J.; Mahe, M.M.; Trisno, S.; Poling, H.M.; Watson, C.L.; Sundaram, N.; Chang, C.-F,; Schiesser, ].; Aubert, P.; Stanley,
E.G,; et al. Engineered human pluripotent-stem-cell-derived intestinal tissues with a functional enteric nervous system. Nat. Med.
2016, 23, 49-59. [CrossRef] [PubMed]

Gysi, D.M.; Valle, I.d; Zitnik, M.; Ameli, A.; Gan, X.; Varol, O.; Ghiassian, S.D.; Patten, J.J.; Davey, R.A.; Loscalzo, J.; et al.
Network medicine framework for identifying drug-repurposing opportunities for COVID-19. Proc. Natl. Acad. Sci. USA 2021,
118, €2025581118. [CrossRef] [PubMed]

Zhou, Y.; Hou, Y.; Shen, J.; Huang, Y.; Martin, W.; Cheng, F. Network-based drug repurposing for novel coronavirus 2019-
nCoV /SARS-CoV-2. Cell Discov. 2020, 6, 14. [CrossRef] [PubMed]

Xu, H; Jiao, Y.; Qin, S.; Zhao, W.; Chu, Q.; Wu, K. Organoid technology in disease modelling, drug development, personalized
treatment and regeneration medicine. Exp. Hematol. Oncol. 2018, 7, 30. [CrossRef] [PubMed]

Turhan, A.G.; Hwang, ].W.; Chaker, D.; Tasteyre, A.; Latsis, T.; Griscelli, F.; Desterke, C.; Bennaceur-Griscelli, A. iPSC-Derived
Organoids as Therapeutic Models in Regenerative Medicine and Oncology. Front. Med. 2021, 8, 728543. [CrossRef]


http://doi.org/10.1038/s41564-020-00835-2
http://doi.org/10.1056/NEJMoa2007764
http://doi.org/10.1016/S1473-3099(21)00485-0
http://doi.org/10.1016/j.stem.2020.10.004
http://www.ncbi.nlm.nih.gov/pubmed/33142113
http://doi.org/10.1038/nrc4016
http://www.ncbi.nlm.nih.gov/pubmed/26563462
http://doi.org/10.3389/fpubh.2020.00152
http://doi.org/10.1016/j.jaci.2020.04.006
http://doi.org/10.1111/jgs.16894
http://doi.org/10.1111/joim.13119
http://doi.org/10.1001/jamainternmed.2020.0994
http://doi.org/10.1001/jama.2020.5394
http://doi.org/10.1016/j.drudis.2021.12.014
http://doi.org/10.1016/j.stemcr.2021.02.010
http://doi.org/10.1016/j.stem.2020.12.018
http://doi.org/10.1126/sciadv.aaw2459
http://doi.org/10.1038/nm.4233
http://www.ncbi.nlm.nih.gov/pubmed/27869805
http://doi.org/10.1073/pnas.2025581118
http://www.ncbi.nlm.nih.gov/pubmed/33906951
http://doi.org/10.1038/s41421-020-0153-3
http://www.ncbi.nlm.nih.gov/pubmed/32194980
http://doi.org/10.1186/s40164-018-0122-9
http://www.ncbi.nlm.nih.gov/pubmed/30534474
http://doi.org/10.3389/fmed.2021.728543

	Introduction 
	Lung Organoids 
	SARS-CoV-2 
	Studies on SARS-CoV-2 with Lung Organoids 
	Clarifying the Pathogenesis of COVID-19 
	COVID-19 Drug Development 
	Promoting Precision Treatment of COVID-19 

	Conclusions and Future Perspectives 
	References

