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COVID-19 pathophysiology
The global pandemic caused by the novel SARS-CoV-2 and its
associated morbidity and mortality are prompting researchers
to develop reliable COVID-19 models. Indeed, more comprehen-
sive knowledge of the pathogenesis of SARS-CoV-2, and disease
model platforms for drug screening, should enable scientists to
identify preventive and therapeutic strategies.1

The SARS-CoV-2 genome comprises a 50 terminal open read-
ing frame (ORF1/ab) that encodes the replicase polyprotein 1a
(pp1a) and pp1ab. These polyproteins are broken by papain-
like cysteine protease (PLpro) and 3C-like serine protease
(3CLpro) to generate nonstructural proteins, including RNA-
dependent RNA polymerase (RdRp) and helicase (Hel), the key
enzymes engaged in transcription and replication of CoVs. The
structural proteins of the virus, including spike (S), envelope
(E), membrane (M) and nucleocapsid (N), are encoded from the
30 one-third of the CoV genome. The S-glycoprotein mediates
entry of the virus by binding to the angiotensin-converting
FIGURE 1
Organoids as potential platforms for investigating the role of genetic backgroun
three classes of gene, including receptors (a), HLAs (b) and other immune-relate
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). For instance, a. human
with COVID-19. Manipulating the organoid genome through cluster regularly in
direct cytopathic effects of virus together with other involved mechanisms. Ab
transmembrane proteins; MHC, major histocompatibility complex.
enzyme 2 (ACE2) receptor, or other alternative receptors on host
cells.2,3 Upon virus entry, its genomic RNA is replicated and new
viral particles are released. The damage-associated molecular pat-
terns (DAMPs) produced by infected cells initiate production of
proinflammatory cytokines, such as interleukin (IL)-6, which
leads to the recruitment of immune cells, including macrophages
and T cells, to the site of infection. Overproduction of these
proinflammatory cytokines, a phenomenon called cytokine
release syndrome (CRS), causes severe lung damage, acute respi-
ratory distress syndrome (ARDS), and, ultimately, multiorgan
damage.4

Given the heavy burden that COVID-19 pandemic has
imposed on all aspects of life worldwide, there is a significant
need to determine the crucial mechanisms involved in the
pathogenesis of the virus and to identify efficient drugs. To this
end, introducing reliable models to mimic pathological events
would be helpful for understanding disease pathogenesis as well
as for drug screening. Of note, the principal concern in drug
Drug Discovery Today

d in coronavirus 2019 (COVID-19) pathogenesis. Genetic polymorphisms in
d genes (c), might affect the susceptibility of individuals exposed to severe
leukocyte antigen (HLA)-A*11:01 causes more severe symptoms in patients
terspaced palindromic repeat (CRISPR) technology could help to reveal the
breviations: ACE, angiotensin-converting enzyme; IFITM, interferon-induced
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development for new emerging diseases is unknown side effects
and possible toxicity, which make the in vitro and in vivo evalua-
tion of new candidates vital.5
Genetic background and gene editing in the clinical
course of COVID-19
Beside risk factors, such as age and pre-existing conditions,
genetic background can also affect COVID-19 susceptibility. This
is more evident in familial cases of COVID-19.6 Genetic varia-
tions in three main classes of gene, encoding receptors, HLA,
and ‘other’ immune-related genes, are of important in this regard
(Fig. 1).7 For instance, determining the allele frequencies in dif-
ferent areas of the ACE gene that encode the S-protein binding
domain, such as residues near lysine 31, and tyrosine 41, 82–
84, and 353–357 in ACE2, especially in different geographic pop-
ulations, would be informative.8 Although not all polymor-
phisms in ACE2 were shown to be correlated significantly with
SARS-CoV-1 susceptibility, some might have a role in COVID-
19 susceptibility (Table S1 in the supplemental information
online).7,8 Moreover, based on computational models, it appears
that the intermolecular interactions of two alleles of this gene,
rs73635825 and rs143936283, with the S protein exhibit signifi-
cant differences.9 Research demonstrated the association
between ACE2 expression and specific conditions, such as essen-
tial hypertension, diabetic heart disease, and dyslipidemia.10

Although further investigation is required, it is possible that
the level of ACE2 expression might be higher in Asian popula-
tions compared with Caucasian and Black populations.11 This
highlights the importance of investigating SNPs that affect the
gene expression profile among different populations. Recently,
the variant rs12329760 in the TMPRSS2 protein was also shown
to have a lesser frequency among patients critically ill with
COVID-19.12 This variant presents differential allelic frequency
in different populations and might be related with decreased sta-
bility of the TMPRSS2 protein and ACE2 binding (Table S1 in the
supplemental information online).12,13 In addition, there is evi-
dence that certain HLA haplotypes present in different ethnicity
groups are associated with different risks for SARS-CoV2 infec-
tions (Fig. 1).12,14,15 Genetic variations in other genes involved
in innate and adaptive immunity can also alter COVID-19 sus-
ceptibility.7 For example, the single nucleotide polymorphism
(SNP) rs12252 in interferon (IFN)-induced transmembrane 3
(IFITM3) was demonstrated to have a significant association with
the risk of hospitalization because of COVID-19,16 which might
also hold true for genetic variants of genes encoding the main
members of the type I IFN signaling pathway, as well as GOLGA3
and DPP7.12,17 Although information regarding such genetic
variations is invaluable for modeling COVID-19 and, conse-
quently, drug screening, diverse environmental factors and other
interacting genetic elements should also be considered, which
will also affect the application of pharmacogenomics in different
populations.8 Pharmacogenomics is the study of genetic varia-
tions in terms of individual drug response to reduce adverse
effects and to enhance the therapeutic efficacy of a drug.18 It
combines pharmacokinetics (PK) and pharmacodynamics (PD)
of candidate drugs to determine drug dosing and adverse drug
reactions (ADRs). For instance, individuals who are carriers of
1064 www.drugdiscoverytoday.com
the HLA-B*5701 allele demonstrated increased sensitivity to the
anti-HIV drug, abacavir.19 The significance of pharmacoge-
nomics in a COVID-19 context has also been underscored. In
this regard, the different frequencies of SNP alleles associated
with toxicity or therapeutic responses to the most promising
and repurposed drugs in patients with COVID-19 were recently
described.20
Common in vitro and in vivo models for viral disease
modeling
The unprecedented challenges posed by COVID-19 necessitate
fast identification of appropriate models to recapitulate different
aspects of this disease.
In vitro modeling
Classically, in vitro cell (line) monolayer models are used to unra-
vel the pathogenesis mechanism of virulent agents, including
coronaviruses, because they are relatively simple. Using human
airway epithelial cells (HAECs), kinetics of viral infection, alter-
ations in tissue levels of cellular ultrastructures, as well as tran-
scriptional immune profiles induced by SARS-CoV2 have been
analyzed. This model was also used to assess the inhibitory
effects of remdesivir and remdesivir combined with diltiazem
on SARS-CoV-2 infection.21 Another example is the replication
assessment of a synthesized recombinant chimeric BtCoV-
HKU5 that encodes the S glycoprotein of SARS-CoV in Vero E6
cells.22 A high-throughput screen of �12 000 known compounds
revealed that MDL-28170, and ONO 5334 and apilimod, mem-
bers of the cysteine protease inhibitor and PIKfyve kinase inhibi-
tor classes, respectively, show antiviral activity in Vero E6, Huh-
7, HEK293T, and human induced pluripotent stem cell (hiPSC)-
derived pneumocyte-like cells.23 In accordance with the impor-
tance of interactions between the DNA-damage response (DDR)
pathways and RNA viruses, Garcia et al. recently identified ber-
zosertib, an ATR kinase inhibitor, which blocks SARS-CoV-2 at
post-entry level in the Vero E6 cell line.24
In vivo modeling
Given the significance of in vivo evaluations for developing pro-
phylactic and therapeutic strategies, several animal models have
been used for SARS-CoV investigations, including genetically
modified mice, hamsters, ferrets and various nonhuman
primates.

Dipeptidyl peptidase 4 (DPP4) is an essential protein for Mid-
dle East respiratory syndrome coronavirus (MERS-CoV) entry and
cellular infection. Given interspecies differences in the amino
acid sequence of this protein,25 providing selective animal mod-
els for evaluating MERS infection appears reasonable. Given that
their DPP4 is �96% similar to its human ortholog, marmosets
have been used to model the pathogenesis of, and therapeutic
options for, MERS-CoV infections (Fig. 2a).26 This demonstrated
the beneficial effects of lopinavir/ritonavir treatment on clinical
disease manifestations in the treated groups.27 Likewise, clinical
benefits of remdesivir (GS-5734) were observed in a Rhesus maca-
que model of COVID-19.28

Although mice have various advantages for disease modeling,
including their small size, rapid breeding, and the potential to be
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FIGURE 2
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disease modeling. (a) Platforms for disease modeling. In vitro (2D adherent cultures and 3D
organoids), and in vivo modeling have thus far been widely used to assess pathogenesis and test candidate drugs. In summary, Vero E6 cells and human
airway epithelial cells (HAECs) are two most common cell lines used in SARS-CoV-2 studies. Genetically modified mice, hamsters, ferrets, and various
nonhuman primates are among the animals used for assessing the pathogenesis and testing candidate drugs. For instance, mRNA vaccine candidates for
COVID-19 have been evaluated in mice. In addition, clinical benefits of remdesivir have been shown in the Rhesus macaque model of coronavirus 2019
(COVID-19). Considering the limitations of these models, including failure to represent the multiple aspects of the infection and the inability to mimic the
complex nature of human immunity, organoids are attracting attention because of their ability to show host–microbe interactions and their potential for drug
screening. Organoids also have limitations such as in mimicking native tissue microenvironment, long-term culture and expansion, reliance on Matrigel, and
lack of full maturity. These need to be addressed in future. (b) Organoids for mechanism elucidation in COVID-19. Given the notable manifestation ov COVID-
19 in lungs, kidneys, gastrointestinal system, liver, and brain, among others, scientists have focused on creating the corresponding organoids. Thus far,
human bronchial, kidney, intestinal, liver ductal, and brain organoids contain various types of cell, have been developed to mimic virus entry and recapitulate
the viral life cycle, along with the possible mechanism involved in pathogenesis, including the direct cytopathic effects. Abbreviation: ACE, angiotensin-
converting enzyme.
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easily genetically manipulated, there are barriers regarding their
use for COVID-19 modeling. Mice are poorly susceptible to
SARS-CoV because of amino acid differences in ACE2 between
mice and humans.29 By taking advantage of reverse genetics,
Dinnon et al. remodeled both the S protein of SARS-CoV-2 and
the murine ACE2 protein. This then enabled mice to be infected
www.drugdiscoverytoday.com 1065
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with the recombinant virus. This mouse-adapted SARS-CoV-2
model reflects the age-related pathogenesis in terms of severity
and has been used to test the prophylactic and therapeutic effi-
ciency of IFN k1a.30 In addition, BtCoV-HKU5 recombinant
virus, used to infect Vero E6 cells, also demonstrated enhanced
virulence and airway epithelial cell damage in mice (Fig. 2a).22

Humanized mice are another promising animal model to recapit-
ulate complex biological responses and improving our under-
standing of various dimensions of pathological disorders.31 The
Ad5-hACE2 humanized mouse can be used to investigate
COVID-19 pathogenesis and therapeutic modalities as well as
vaccine candidates.32 In addition, the Syrian hamster can also
mirror various dimensions of COVID-19 infection in humans.33

Using in silico analysis, Lee et al. found that hamster ACE2 can
interact with the receptor-binding domain of the surface S pro-
tein of SARS-CoV-2. Interestingly, clinical and histopathological
findings in this animal model highly mimic symptoms in
patients with COVID-19. Finally, vaccine development, as an
urgent need to control the speed of spread of the SARS-CoV-2
pandemic, has benefited enormously from animal models, as
recently summarized.34
Advantages and limitations of current models
Animal models and human cell lines have thus far contributed
extensively to the study of respiratory viral infections and the
genetic diversity that affects the clinical manifestations of an
infection. However, both strategies have limitations, such as
the translation of murine model results to human diseases is
not always possible given that human immunity is more redun-
dant compared with that of inbred mouse lines. By contrast,
1066 www.drugdiscoverytoday.com
human cell lines might also not fully recapitulate all characteris-
tics of primary human cells.35 Therefore, newer models are vital
for development of anti-COVID-19 drugs.

An effective platform should not only recapitulate the patho-
genesis, but also unravel various aspects of the toxicology, PK,
PD, and immunology of prophylactic and therapeutic
approaches. However, in terms of COVID-19, one major chal-
lenge is that a single platform might not meet all the facets of
the infection in humans because of complicated crosstalk
between the host and virus. Therefore, using a wide range of plat-
forms is required. In addition, the selection of the final platform
depends on the initial question and, as a result, different classes
of drug and vaccine must be tested in specific models. The model
used in preclinical studies should also precisely reflect the PK of
the drugs in humans.29

Here, we discuss several approaches that could be used to
improve pathogenesis studies and drug development, including
genome-based and computational platforms suitable for drug
discovery and the use of more complex human cell culture mod-
els, also termed organoid/spheroid models. Finally, we address
the possibility of using the latter in an ‘organ on a chip’ (OoC)
or even ‘human on chip’ (HoC) culture system to fully under-
stand COVID-19 pathogenesis in a human context as well as to
develop effective drugs.

Genome-based and computational platforms for drug
screening
The lack of reliable drug-screening platforms highlights the cru-
cial need to evaluate possible tools in the context of COVID-
19. Here, we describe two main drug-screening approaches that
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have already been used for COVID-19 drug discovery. The use of
cellular modelling platforms and especially advanced 3D models,
(e.g., organoids and microfluidic devices), in combination with
the following strategies, could pave the way to uncover more effi-
cient drugs.
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Genome-based strategies for drug screening
The virus genome comprises two ORFs, ORF 1a and ORF1b,
encoding nonstructural proteins and replication-related pro-
teins, respectively. After translation of ORF1a, ribosomes bypass
the stop codon to act on ORF1b through programmed ribosomal
frameshifting (PRF). Taking advantage of PRF, several studies
have evaluated the ability of a variety of drugs to reduce PRF effi-
ciency and, hence, inhibit viral infection. One example is anti-
FIGURE 3
Drug-screening platforms. Genome-based strategies and computational appro
(COVID-19). Using programmed ribosomal frameshifting (PRF), a strategy for the
Drug Administration (FDA)-approved drugs have been evaluated in the context
nanoluciferase gene insertion in viral genome and provides both diagnostic and
(SARS-CoV-2). In AlphaLISA technology, excitation of the donor bead at a certain
the acceptor bead to produce light. Computational approaches comprise
immunoinformatics. The first three strategies have been used so far to e
immunoinformatics is applied for the detection of the most reliable antigens able
in vaccine development. Abbreviation: AlphaLISA, amplified luminescent proxim
frameshift compounds with the potential to be used as antiviral
agents against SARS-CoV.36 An in vitro drug-screening tool has
been developed based on reporter system activity, which works
under the control of the PRF element in SARS-CoV-2. Using this
novel system, high-throughput screening of a series of US Food
and Drug Administration (FDA)-approved antiviral drugs against
COVID-19 was carried out. These studies demonstrated that iva-
caftor and huperzine A could change effectively the 1-ribosomal
frame shift of SARS-CoV-2 in vitro.37

Xie et al. designed a screening platform in which a nanolu-
ciferase (Nluc) cassette was inserted in the SARS-CoV-2 to create
a high-throughput platform for both diagnostic and drug-
screening applications. Bioluminescence was then used to deter-
mine inhibitory effects of candidate drugs.38 A similar platform,
Drug Discovery Today

ach are two main measures for drug-screening against coronavirus 2019
translation of nonstructural viral proteins, the efficacy of many US Food and
of COVID-19. Another genome-based strategy, Nluc, is taking advantage of
therapeutic applications for severe acute respiratory syndrome coronavirus 2
wavelength leads to generation of radical oxygen species, which activates

MT-DTI, homology modeling, high-content morphological profiling, and
valuate a range of FDA-approved drugs against SARS-CoV-2, whereas
to confer the ability to produce strong immune responses and can be used
ity homogenous assay.
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termed amplified luminescent proximity homogenous assay
(AlphaLISA) technology, also offers diagnostic and drug-
screening applications for SARS-CoV-2. In this system, excitation
of the donor bead at a certain wavelength produces a radical oxy-
gen species that, in turn, activates the acceptor bead to produce
light. Gorshkov et al. developed a N-based AlphaLISA assay for
detecting COVID-19 infection and screening for viral inhibitors.
This platform is based on the vicinity of two labeled antibodies
taht bind to NP in the samples to generate luminescent signals.
The authors suggest that such a system has the potential to iden-
tify inhibitors of N in SARS-CoV-2 (Fig. 3).39

Computational platforms for drug screening
Artificial intelligence (AI) has recently gained attention for accel-
erating drug repurposing against a variety of challenging dis-
eases, including COVID-19. AI can be used to mimic a complex
human biological system in terms of drug–target interactions
in an integrating platform in which different aspects of possible
effects can be evaluated.40 Using AI technology, the inhibitory
ability of a range of antiviral drugs has been tested against
COVID-19.41,42 Molecule Transformer-Drug Target Interaction
(MT-DTI) is a deep learning drug target interaction-based model
through which inhibitory effects of a range of commercially
available drugs were assessed. This in silico approach identified
the antiretroviral compound, atazanavir, as a powerful candidate
agent against SARS-CoV-2.43 In addition, taking advantage of
homology modeling, Wu et al. conducted docking analysis of
the ZINC drug database and a Chinese natural products database
for 21 known targets of SARs-CoV-2. As a result of such compu-
tational modeling, several new compounds with possible antivi-
ral effects were proposed.44 Recently, a quantitative high-
throughput platform was developed to detect antiviral activity
of FDA-approved compounds. Quantitative high-content mor-
phological profiling, an image-based technique that enables
identification of the underlying pathways during infection, was
added to an AI-based machine learning strategy to determine
the type of viral mechanism of action that would be affected,
including viral entry, propagation, and modulation of host cellu-
lar responses. Using this technology, lactoferrin has been sug-
gested to be a powerful inhibitor of the infection, which might
enhance the efficacy of, for example, remdesivir (Fig. 3).45

Finally, immuno-informatics offers opportunities to screen
antigens to confer strong immune responses against viral infec-
tions with the aim of efficient vaccine development. Several
studies have focused on the identification of vaccine candidates
for COVID-19 through this approach, which was recently sum-
marized elsewhere.46

The use of the above-described computational platforms for
drug screening allows fast screens of candidate drugs for their
efficacy against COVID-19. However, additional downstream
studies are required to demonstrate the effectiveness and/or lack
of toxicity of these drugs in human models. As discussed earlier,
although 2D cell line models are easy to use, they do not recreate
several aspects and the complexity of human disease. Therefore,
we go on to discuss human organoid models that have been
developed during the past 5–10 years, that better mimic different
aspects of human tissues, and are/will be an important asset in
COVID-19 disease modeling and drug development strategies.
1068 www.drugdiscoverytoday.com
Organoids
Organoids can be generated from pluripotent stem cells (PSCs)
[i.e., embryonic stem cells (ESCs) or induced pluripotent stem
cells (iPSCs)] embryonic progenitors, as well as organ-specific
adult stem cells (ASCs).47 Spontaneous cell sorting and spatially
restricted lineage commitment, mimicking processes occurring
during in vivo tissue development, are the main underlying
mechanisms through which these structures self-organize
in vitro. Generally, organoids are defined by the fact that they
comprise multiple tissue-specific cell types and display similar
organization of cells as well as key tissue-specific functions com-
pared with their in vivo correspondents (Fig. 2a,b).48

In addition, organoid platforms can be further engineered to
incorporate an appropriate microenvironment that biomimics
the in vivo environment of the related tissue. This can be
achieved by, for instance, the incorporation of scaffolds [such
as using microcontact printing to recapitulate the natural extra-
cellular matrix (ECM)] with high specificity and flexibility. The
spatiotemporal control of signals to cells should be taken into
account in such bioengineering processes.49
PSC-derived organoids
When factors that maintain the pluripotency of PSCs are
removed from cultures, spontaneous differentiation of PSCs in
3D embryoid bodies (EBs) containing cells from the three germ
layers ensues. When such EBs are exposed to specific growth fac-
tors, cytokines, and media, directed differentiation of the cells in
an EB to cells of a given germ layer, or tissue can be achieved, to
form so-called ‘organoids’.47
ASC-derived organoids
Organoids can also be generated from adult tissue (stem) cells,
including endoderm-derived organoids (e.g., intestinal, gastric,
liver, pancreatic, and lung), mesoderm-derived organoids (e.g.,
bone spheroids), and ectoderm-derived organoids (e.g., mam-
mary organoids organoids).47 In contrast to organoids derived
from PSCs, the stem cell giving rise to the adult tissue-derived
organoids has a more limited differentiation potential.
Advantages
Given the similarities in the developmental process of organoids
and their original correspondent tissues, they yield models in
which the structure and function of the tissue are recapitulated,
at least to some extent. As a result, organoids might enable the
culture of viruses that are only poorly maintained in commonly
used 2D-cultured models, because organoids provide a more nat-
ural virus host environment. Such virus-infected organoids are
believed to be valuable for disease modeling because they can
better mimic the clinical observations in vivo and virus–host tis-
sue interactions.50 Numerous infectious conditions have been
modeled in organoid cultures.47,51,52 In addition, organoids, to
some extent, also enable assessment of drug diffusion and deliv-
ery, enhancing the predictability of drug screens in 3D compared
with 2D cultures.53 Hence, organoids could overcome challenges
in preclinical drug screening in terms of safety, efficiency, and
cost-effectiveness, as well as genotype–phenotype testing, with
the aim of personalized and regenerative medicine.51,54
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Limitations
Despite these advantages, several shortcomings exist. These
include absence of a complete tissue microenvironment (such
as incorporation of the immune system, innervation, among
others; and in ASC organoids, the limitation of a single germ
layer, hence precluding, for instance, the stromal niche present
in epithelial organs). Given the importance of the immune sys-
tem (not present in organoids) in antiviral defense, there is a
need to develop even more complete modeling systems such as
microfluidic platforms. Moreover, incomplete maturation and
presence of the often-used Matrigel, which is a variable source
of ECM, and the often limited long-term maintenance of some
organoids, constitute other limitations of organoid models.
Finally, crosstalk between different organs cannot be modeled
via organoids, unless they are incorporated in microfluidic
systems.55

Organoids in modeling SARS-CoV-2 infection
The use of organoids in COVID-19 could aid the following three
aims: (i) elucidating the pathogenesis of organ disease caused by
COVID-19; (ii) performing drug screens; and (iii) validating
potential therapeutic strategies. When combined with CRISPR
technology, organoids may answer many unsolved questions
related to SARS-CoV-2 (Fig. 2b). Here, we describe how organoids
have been used to elucidate disease mechanisms and as tools for
testing therapeutic interventions specifically for COVID-19.

Use of organoids to elucidate COVID-19 pathophysiology
Organoids have already been used to model viral infections
(Table S2 in the supplemental information online). Several
mechanisms by which SARS-CoV-2 affects various organs have
been proposed, even though our understanding of COVID-19
pathogenesis and susceptibility-determining factor(s), among
others, is far from complete. This is caused, at least in part, by
a lack of appropriate disease models. Models successfully used
so far include monkey kidney-derived cell lines that are suscepti-
ble to SARS-CoV infection and support its replication because of
the high expression of ACE-2 in kidney tissue.56 In addition, the
human Huh7 cell line and human airway epithelial cells have
also been useful for isolating the virus.57 However, more com-
plete models, such as organoids, will likely increase our under-
standing of viral tissue tropism, susceptibility of different
tissues to infection, ability of different tissues to support viral
replication, as well as differences in response by different tissues
to SARS-CoV-2. When co-cultured with immune cells, in vitro
imitation of immune response to viral particles might also be
possible.58 Here, we provide an overview of how organoids have
been used in COVID-19 pathogenesis studies.

Human lung organoids
Given that COVID-19 is a respiratory-based disease, human lung
organoids generated from PSCs containing both bronchial and
alveolar epithelial cells have been used. The presence of one or
the other of these two cell types can affect viral entry, because
single cell RNA-sequencing of human lung demonstrated that,
although both cell types have strong expression of TMPRSS2,
ACE2 expression is predominant in bronchial cells.59 Infecting
ACE2-expressing human alveolar organoids with SARS-CoV-2
was shown to cause a robust increase in cytokine and chemokine
response. Moreover, screening of FDA-approved drugs demon-
strated that two drugs, namely imatinib and mycophenolic acid,
could inhibit viral entry.60 In another study, Suzuki et al. used
human bronchial organoids (hBOs), containing basal, club, cili-
ated, and goblet cells, to recapitulate the viral life cycle and assess
the effect of the virus on the survival of the cells. Five days after
infection, significant cytotoxicity was observed, which could be
prevented by the TMPRSS2 inhibitor, camostat. Hence, this mod-
els might be useful to screen for antiviral agents.61

Intestinal organoids
Gastrointestinal (GI) manifestations are present in a subset of
patients with COVID-19. Moreover, the highest levels of ACE2
expression are seen in intestinal enterocytes.62,63 Lamers et al.
established human small intestinal organoids (hSIOs) under four
different culture conditions. They demonstrated that the orga-
noids can be infected by SARS-CoV-2. The infected cells were
proliferating progenitors and enterocytes, and their number
increased over time with concomitant production of new virus.
In addition, transcriptome studies demonstrated the induction
of generic viral response pathways.62 Of note, intestinal orga-
noids can also be established from horseshoe bats, the animal
believed to be the original host of SARS-CoV-2. Following the
infection of bat intestinal organoids with SARS-CoV-2, a robust
viral replication was observed along with an increasing cyto-
pathogenic effect,64 suggesting that viral infection is possible
also in bat intestine, and that this too could be used to model
COVID-19 infection.

Kidney organoids
Multiple indirect mechanisms have been proposed to underlay
kidney damage and failure in patients with COVID-19 and
include damage caused by the cytokine storm, endothelial dam-
age, hemodynamic instability, among others.65 However,
because ACE2 is highly expressed in kidney tubules, direct infec-
tion of kidney tissue might be a possibility. Therefore, Monteil
et al. developed kidney organoids that have tubular networks
to assess the direct infectivity of SARS-CoV-2. They demonstrated
that tubular- and podocyte-like cells expressed ACE2. Further-
more, they found that virus entry and production of infectious
viral progeny were possible in these organoids, and that these
could be blocked by human recombinant soluble ACE2.63 How-
ever, a direct cytopathic effect (CPE) of the virus was not
reported.

Liver organoids
The exact cause of liver damage in patients with COVID-19 is not
yet clear. As seen for renal damage, this could be a secondary
phenomenon; however, given that ACE and TMPRSS2 are highly
expressed on biliary cells, direct cytopathotoxicity might also be
possible. However, mature hepatocytes do not express ACE2.66

Zhao et al. investigated long-term expandable liver ductal orga-
noids that express both ACE2 and TMPRSS2. These organoids
were infectable and supported SARS-COV-2 viral replication.
Moreover, CPE by SARS-COV-2 was observed, suggesting that
cholangiocytes might explain, at least in part, observed liver dys-
function in patients with COVID-19.67
www.drugdiscoverytoday.com 1069
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Brain organoids
Numerous neurological symptoms have been reported among
patients with COVID-19, suggesting that the central nervous sys-
tem (CNS) is affected by the infection process.68 Again, whether
these are directly caused by viral infections of cells within the
CNS or are secondary effects is unclear. Ramani et al. recently
reported that neurons in brain organoids, which contain cells
with cortical neuronal identity as well as glial cells, can be
infected with SARS-CoV-2. Interestingly, the phenotypic changes
observed were reminiscent of tauopathies, with altered Tau local-
ization and hyperphosphorylation along with neuronal death,69

but no viral replication was seen. Zhang et al. demonstrated that
SARS-COV-2 also infects neuronal progenitors in typical brain
organoids, and that the virus also replicates in these organoids.70
Vascular organoids
Coagulopathy is one of the hallmarks observed in patients with
COVID-19.40 Endothelial damage is a well-known cause of coag-
ulopathies, and ACE2 is expressed on endothelium throughout
the body.71 Endothelium also expresses the TMPRSS2 receptor.71

To assess whether SARS-COV-2 can infect endothelial cells and
cause endothelial damage, Monteil et al. created vascular orga-
noids and exposed these to SARS-CoV-2. They demonstrated suc-
cessful infection, which, as seen for in kidney organoids, could
be prevented by human recombinant soluble ACE2.63 Whether
the infection causes CPE was not described. Nevertheless, studies
in 2D cultures suggest that endothelial cells are not productively
infected by SARS-COV-2, but that the virus causes an inflamma-
tory response, which might then lay at the basis of the
coagulopathy.71

Therefore, organoids are promising tools for investigating
SARS-COV-2 infections and specific host–virus interactions.
The initial studies described above confirm this promise. In addi-
tion, because organoids can be created in a patient-specific way,
they might ultimately also aid in understanding different indi-
vidual susceptibilities. They could also form an interesting plat-
form for drug screening and developing personalized medicine.
Mechanism elucidation
Further assessment of organoids
The field of SARS-COV-2 disease modeling is young, given that
the virus was only detected 2 years ago. Therefore, many of the
studies listed above, although promising, have not yet been able
to fully define the usefulness of organoids of different tissues for
modeling disease pathogenesis. Therefore, additional studies will
shed ever-increasing light on which cells/tissues are infected
robustly be the virus, whether the infection can be propagated
in these tissues, and how infection affects the function of a given
cell, in a tissue-like setting. In addition, by using progressively
advancing single cell ‘omics technologies, including spatial
‘omics, it will become possible to understand how infection of
a given cell in an organoid affects the function of not only the
infected cell, but also its nearest neighbors, to fully comprehend
how tissue damage occurs in patients with SARS-COV-2. As dis-
cussed below, once these tissues can be co-cultured on ‘body-
on-a-chip’ systems, the effects of infection of one tissue on dis-
tant tissues will also be testable.
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Creating genetically diverse organoid/iPSC banks
Using organoids, whether from different ASCs or PSCs, offers
advantages for studying the host immune responses to viral
infections. Although we do not yet understand why some
patients develop more severe disease than others, it should theo-
retically be possible to start elucidating an individual’s response
to SARS-COV-2 infections, and to determine the contribution
of underlying genetic traits of an individual to the severity of dis-
ease development. Having a bank of organoids or initial PSCs
available that cover a range of racially and genetically different
individuals will be vital for studying the genetic predisposition
of COVID-19 and subsequently its pharmacogenomics.35

An alternative way to define susceptibility risks for SARS-COV-
2 is to use precise gene editing to mimic allelic variation via
CRISPR technology in organoids, either in the original stem cells
or in single cells dissociated from organoids.72 Moreover, CRSIPR
technology should also enable identification of the role of host
proteins, or signaling pathways in SARS-COV-2-mediated patho-
physiology, via gene knockout studies, or by exploiting CRISPRa/
i technology, which allows gene activation or inhibition.73

Therapeutics validation and drug screening
The first studies describing the use of organoids to study SARS-
COV-2 have already yielded novel information regarding how
the infection can be blocked or mitigated. However, the merger
of SARS-COV-2 infection and organoid modeling research is very
young. Nevertheless, further development of the combination of
organoid modeling, identifying robust phenotypic alterations,
followed by phenotypic drug-screening approaches, will be vital
for identifying novel therapeutics that can interfere in many of
the steps during SARS-COV-2 disease progression, and could lead
to the development of new and powerful antiviral drug
entities.74
Prospects for COVID-19 modeling: toward novel
platforms for disease modelling and drug screening
Currently, the heterogeneity of organoids in terms of their size
and/or cellular composition remains a major challenge, and pre-
vents their wide and robust use for disease modeling.75 More-
over, most organoids contain cells from only one germ layer
(e.g., epithelium), but not the surrounding mesodermal niche
cells, which also hampers full disease modeling (Fig. 4). These
shortcomings are addressed herein.

Reliable recreation of an organ
The consistent differentiation of organoids is one of the main
challenges that needs to be addressed so that organoids can be
robustly used for disease modeling and drug-screening
approaches.76 For instance, the development of methods for uni-
directional lineage commitment and further differentiation and
maturation has already demonstrated that more consistent dif-
ferentiation might be possible. Variability mitigation has gained
attention especially in the field of brain organoids. For instance,
Nickels et al. generated human midbrains using a defined pat-
terning strategy, and starting from neural committed progeni-
tors, rather than PSCs, which reduced the variability of the
midbrain organoids significantly.75 The use of not only cocktails
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FIGURE 4
Future perspectives for coronavirus 2019 (COVID-19) modeling. Variability, multigerm-layer composition, and high-throughput analysis are three main
subjects that need further investigation in organoid platforms. Reliable recreation of an organoid is an important requirement for achieving comparable
results. Thus far, different strategies have been used to address this challenge. These contain optimization of the culture media and using certain matrices,
among others. Using different components of germ layers is another promising area to create fully functional organoids with the most similarity to the
human body environment. High-throughput screening of candidate drugs is another promised field for the future applications of organoids.
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of small molecules to drive lineage differentiation, but also PSC
culture conditions that are feeder and xeno free enhanced the
consistency of human cortical organoids generated from 15 dif-
ferent hiPSC lines.76 Similarly, human T cell differentiation also
appeared to be more consistent when using a serum-free system
to culture thymic organoids.77 Several tissue-engineering
approaches might also improve consistency. For instance,
replacement of less well-defined natural hydrogels, such as Matri-
gel, with synthetic hydrogels also decreases batch-to-batch vari-
ability. Alternatively, the use of chemically defined scaffolds
that enable the spatial and temporal controlled presentation of
external stimuli could improve differentiation, which can be cre-
ated, for instance, by bioprinting.78
Multigerm layer composition
Although the reductionist approach of having only a single
germ-layer population in an organoid has the merit of being able
to better control the make-up of that organoid, the lack of cells of
other germ layers, such as stromal niche cells, vasculature, or
immune cells, makes disease modeling incomplete. Incorporat-
ing the stromal compartment into organoids, such as vasculariza-
tion of brain organoids, has demonstrated how it might be
possible to improve organoid culture models.79 Not only will
incorporation of vascular cells in organoids enable assessment
of the crucial role of vascular tissue in COVID-19, but also the
perfusion of immune cells into a range of organoids.80 Indeed,
as illustrated by Nozaki et al. for gut organoids,81 incorporation
of immune system components into organoids might provide
insights into the role of inflammation in COVID-19.
Medium/high-throughput assays
Once robust and consistent organoid differentiation becomes
possible, organoids could be deployed for medium/high-
throughput screens to identify therapeutic drugs against
COVID-19. As alluded to above, this will require biobanks of
stem cells or derived organoids with different genetic back-
grounds.82 Initial studies on lung organoids demonstrated that
this will become feasible. For instance, hPSC-derived lung orga-
noids infected with SARS-CoV-2 were used to identify drugs in
the list of FDA-approved drugs that might block SARS-CoV-2
www.drugdiscoverytoday.com 1071
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viral entry.60 In another study, Mulay et al. demonstrated signif-
icant IFN signaling activation in lung organoids infected with
SARS-CoV-2. The viral infection/replication was shown to be
strongly inhibited by remdesivir.83 Given the significance of
drug-induced liver injury (DILI) in the context of liver patho-
physiology, Shinozawa et al. developed a hiPSC-derived liver
organoid (HLO) suitable for mid/high-throughput DILI com-
pound screening.84
What tissue engineering holds for COVID-19
investigations
Engineered tissues
Tissue engineering holds great promise for disease detection and
drug screening. The possible use of tissue-engineered products,
given the widespread organ complications in COVID-19 (lung,
heart, liver, gastrointestinal system, kidney, etc.), has been
described in detail elsewhere.85 However, there are still limited
numbers of studies that used engineered tissues in COVID-19,
although a recent study demonstrated cardiomyocyte tropism
of SARS-CoV-2 using a heart tissue model.86
From organ-on-chip to human-on-chip systems
Given the recent development of robust organoid differentiation
protocols for a variety of human organs, it now also becomes
FIGURE 5
Development of advanced technology in drug screening. Given limitations of an
To this end, chip platforms [from organ-on-chip (OoC) to human-on-chip (HoC)] h
of human body and provide a more reliable platform in the translational clinic
advanced technology that have been used in COVID-19 studies. OoC/HoC techn
drugs.
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possible to create so-called single-organoid OoC and complex
multiorganoid HoC systems. OoC/HoC represent an unprece-
dented platform that exploits advances made in organoid culture
and complex tissue engineering, microfluidic chip biofabrica-
tion, and micro-electromechanical system integration. These
microphysiological systems house either single organoids
(OoC) or multiple organoids each situated within specific com-
partments that are interconnected via microchannels and mimic
the systemic blood circulation, organ proximity, connectivity,
and functionality of a human body (HoC). Multiorganoid sys-
tems are necessary because many physiological functions and
pathological conditions are not attributable to one specific organ
but rather act at higher levels of tissue–tissue or multiorgan inter-
actions. Full exploitation of OoC and HoC models will require
further optimization of medium, standardization, and automa-
tion of injected media, compounds, and samples, fabrication as
well as scale-up, and integration of online analytics/sensors.87

Given that COVID-19 is a prime example of how disease start-
ing in one organ can affect many organs, development of HoC
models will significantly enhance our ability to study this
interorgan communication (Fig. 5). Whereas entry of SARS-
CoV-2 in cells via the ACE2 receptor (and TMPRSS2) might cause
CPE in infected cells of patients with COVID-19, whether this
occurs in all organs affected is not clear; and organ failure might
Drug Discovery Today

imal research, using novel and more practical strategies appears imperative.
ave been progressed extensively to emulate the complicated characteristics
al setting. Human lung-on-chip and gut-on-chip are two examples of such
ology offers great opportunities for high-throughput screening of candidate
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be secondary to factors produced by one infected and dying cell
affecting a neighboring cell or cells at a distance. Therefore, OoC/
HoC models are clinically relevant preclinical models to study
virus entry and spreading routes, and the secondary effects of
infection of one tissue on another tissue, as well as for assessing
prophylactic or therapeutic candidate drugs.88 Given the preva-
lence of lung involvement in the pathogenesis of COVID-19,
lung-on-chips should enable evaluation of immune cell
responses to SARS-CoV-2, as well as drug screening. These chips
enable more accurate modeling of lung organs, compared with
lung organoids, by, for example, culturing of bronchial-airway
epithelium at an air–liquid interface (ALI) and mimicking some
of the relevant features of the organ. For instance, a human lung
airway-on-chip model comprising ALI of human lung airway
epithelium and a perfusion system has been developed to model
SARS-CoV-2 virus entry, replication, strain-dependent virulence,
host cytokine production, and recruitment of circulating
immune cells, as well as to assess clinically approved ACE2
inhibitors.88 Similarly, Zhang et al. created a biomimetic alveo-
lar–capillary barrier-on-chip and revealed innate immune
responses upon alveolar barrier injury resulting from SARS-
CoV-2 infection, which could be alleviated by inhibiting viral
replication via remdesivir treatment.89 As another example, a
human gut-on-chip was created to model the intestinal epithe-
lium–vascular endothelium barrier to study the permissiveness
of SARS-CoV-2 infection and intestinal barrier injury and dys-
function resulting from morphological and genetic abnormali-
ties induced by the virus.90

As discussed above, the coagulopathy caused by SARS-CoV-2
might be caused by direct viral entry in endothelium or an indi-
rect consequence of the cytokine storm. To start to tackle this
question, Thacker et al. created vascularized lung-on-chip to sim-
ulate SARS-CoV-2 infection and found a transient inflammatory
response in epithelium but a persistent inflammatory response in
endothelium because of IL-6 secretion even in the absence of
immune cells.91 Interestingly, IL-6 signaling could be reduced
with tocilizumab treatment, although this did not prevent loss
of barrier integrity. This might suggest that direct viral infection
in endothelial cells is also responsible for endothelial death. OoC
models might also provide novel insights into mechanisms
underlying the major cardiac and arrhythmic complications
often seen in patients with COVID-19, of which the cause is cur-
rently unknown. By exposing heart organoid on-chip to the virus
should both provide important pathophysiological information
and enable the identification of drugs that counteract these
phenotypes.

Multiorgan systems or the HoC could be designed in such a
way to enable testing of biotransformed drugs, whereby the
drugs are subjected initially to intestinal and liver organoid on-
chip for bioabsorption and biotransformation into active com-
pounds before entering the downstream targeted organoids, thus
emulating drug biodistribution in the heart, brain, kidney,
retina, and lung, including excretion of metabolized compound
waste. Such studies can currently only be performed in animal
models. However, because, for example, biotransformation
enzyme activities differ significantly between species, animal
models do not fully allow such evaluation. Similarly, such a mul-
tiorgan system could be useful to test the organ toxicity of candi-
date drugs and vaccines (in terms of dosing), potentially allowing
scientists to reduce the dependency on cost-inefficient nonhu-
man primate toxicity studies before conducting clinical trials.

There is no doubt that OoC/HoC could have important roles
in the pharmaceutical industry. They could serve as exploratory
humanized assays to identify potential human-specific hazards
(e.g., cyto- or mitotoxicity screening, or cytokine release assays)
of antiviral drugs by filtering early compounds and optimizing
molecular structure. This will help to replace pivotal animal stud-
ies and justify the subsequent test animal species both cost-wise
and ethically, which coincides with the concept of animal-free
safety testing.92 At a regulatory level, OoC/HoC could be useful
to complement, to certain extent, the mandatory requirements
for safety risk assessment and regulatory decision-making, in par-
ticular on the PK and PD, genotoxicity, phototoxicity, as well as
immunotoxicity. OoC/HoC also has the advantages of high-
throughput assays, whereby multiplexing and parallelization of
the microfluidic systems could be implemented to achieve
upscaling and/or outscaling of the screening platform.93 They
also represent enclosed and clean testing platforms, which are
vital to meet the standards for good laboratory practice (GLP).
Furthermore, operation at a minute volume within the microflu-
idic system offers versatility to screen more candidate drugs at
lower cost and also allows drug gradient and dose studies, render-
ing them an attractive one-stop in vitro system to test drug/vac-
cine efficacy and organ toxicity in place of preclinical animal
models.

Nonetheless, as also remains true for simple organoid models,
OoC/HoC technology is still in its infancy and industrial stake-
holders are adopting it slowly for obvious reasons: (i) the tech-
nology is seen more as a tool for research and development
(R&D); (ii) knowledge gaps between biologists and engineers
remained to be bridged to avoid mismatch between biology
and engineering aspects of the chip design; (iii) concerns over
the reproducibility, stability, logistic issues on cell viability, and
user-friendly aspects because of the complexity of the technol-
ogy; and (iv) unidentified translational demands and regulatory
requirements. Several scientific and technical challenges are fore-
seen94: (i) implementation of a universal medium for simultane-
ous co-culturing of different organoid types on-chip; otherwise, a
relative more complex nutrient-waste management system for
different media on-chip, including miniature automatization,
will be required; (ii) upscaling of microfluidic to millifluidic mod-
els to accommodate large or ever-growing organoids, an intrinsic
technical challenge for fabricating upscaled microfluidic with
micro-precision; alternatively, 3D printing technology can be
used at the expense of lower resolution95; (iii) integration of an
on-chip real-time monitoring system, including built-in
microsensors within the perfusion system or underneath the
chip to record cellular activity (e.g., cell vitality, metabolic,
inflammatory, and electrophysiology) of each organoids as well
as for assessing potential biomarker profiling as diagnosis or
prognosis of diseases96,97; (iv) implementation of interconnected
and perfusable endothelial vasculature between the different
organoids on-chip within the microfluidic microchannels,
whereby the hematopoietic and immune cells could be inte-
grated into the flow lines to simulate systemic circulation system
of human body.98 Herein, the flow lines could also serve as entry
www.drugdiscoverytoday.com 1073
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point for virus infection, therapeutics, or toxic compound infu-
sion; (iv) the need to develop culture medium with physico-
chemical properties (e.g. liquid viscosity, osmolarity, pH) close
to human blood and the optimization of the flow rate to mimic
interorgan and interstitial hemodynamics of the blood
circulation.

Concluding remarks
Despite extensive efforts to find efficient, safe, and reliable ther-
apies for COVID-19, no decisive treatment has thus far been
found. Using standard platforms with the closest resemblance
to human organs to recapitulate the complex in vivo conditions,
1074 www.drugdiscoverytoday.com
will be vital for identifying pathophysiological phenotypes of
SARS-CoV-2-infected tissues and drugs that efficiently interfere
with these events. Here, we discussed some novel platforms, both
genome based and computational platforms, to predict candi-
date drugs that, when validated with advanced multicellular
models of tissues, or even combined tissue models, such as in
HoC, could hasten the search to finding effective therapies and
prophylaxis for COVID-19, as well as many other diseases.

Appendix A. Supplementary material
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.drudis.2021.12.014.
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