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Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) has caused a
pandemic since December 2019 that originated in Wuhan, China. Soon after that, the
world health organization declared Coronavirus disease-2019 a global health concern.
SARS-CoV-2 is responsible for a lethal respiratory infection as well as the involvement
of other organs due to its large tropism spectrum such as neurologic, cardiovascular,
endocrine, gastrointestinal, and renal systems. Since the behavior of the virus is not fully
understood, a new manifestation of the infection is revealed every day. In order to be
able to design more efficient drugs and vaccines to treat the infection, finding out the
exact mechanism of pathogenicity would be necessary. Although there have been some
big steps toward understanding the relevant process, there are still some deficiencies
in this field. Accordingly, regenerative medicine (RM), can offer promising opportunities
in discovering the exact mechanisms and specific treatments. For instance, since it
is not always possible to catch the pathophysiology mechanisms in human beings,
several modeling methods have been introduced in this field that can be studied in three
main groups: stem cell-based models, organoids, and animal models. Regarding stem
cell-based models, induced pluripotent stem cells are the major study subjects, which
are generated by reprogramming the somatic stem cells and then directing them into
different adult cell populations to study their behavior toward the infection. In organoid
models, different cell lines can be guided to produce a 3D structure including liver, heart,
and brain-like platforms. Among animal models, mice are the most common species in
this field. However, in order for mice models to be permissive to the virus, angiotensin-
converting enzyme 2 receptors, the main receptor involved in the pathogenicity of the
virus, should be introduced to the host cells through different methods. Here, the current
known mechanism of SARS-CoV-2 infection, different suggested models, the specific
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response toward different manipulation as well as challenges and shortcomings in each
case have been reviewed. Finally, we have tried to provide a quick summary of the
present available RM-based models for SARS-CoV-2 infection, as an essential part of
developing drugs, for future therapeutic goals.

Keywords: COVID-19, SARS-CoV-2, model, stem cell, induced pluripotent stem cells, regenerative
medicine, organoid

INTRODUCTION

Emerging from Wuhan, China, severe acute respiratory
syndrome Coronavirus-2(SARS-CoV-2) has introduced a new
pandemic to the world. Coronavirus disease-2019(COVID-
19) is the new deadly viral infection in the family of human
coronaviruses including SARS and Middle East Respiratory
Syndrome (MERS). It is more contagious than the former ones
and has caused considerable mortality and morbidity. Due to the
lack of an effective treatment, the number of patients is rising

Abbreviations: SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus-
2; MERS, Middle East Respiratory Syndrome; RM, Regenerative Medicine;
hESCs, Human Embryonic Stem Cells; hiPSCs, Human Induced Pluripotent
Stem Cells; MSCs, Mesenchymal Stem Cells; NSCs, Neural stem cells; NPCs,
Neural progenitor cells; NK, Natural killer cells; AT2s, Type2 Alveolar Epithelial
Cells; ARB, Angiotensin Receptor Blocker; hrsACE2, Human Recombinant
Soluble ACE2; ARDS, Acute Respiratory Distress Syndrome; HSV1, Herpes
Simplex virus-1; IFN, Interferon; HLA, Human Leukocyte Adhesion; hs-
cTnI, Highly sensitive troponin-I; Cyr61, Cysteine-rich protein 61; CCN1,
CCN family number 1; GSIs, γ-Secretase Inhibitors; GFP, Green Fluorescent
Protein; SFTPC, Surfactant Protein-C; QNHC, Quinacrine Dihydrochloride;
MPA, Mycophenolic Acid; CLDN1, claudin1; SLC10A2, solute carrier family
10 member 2; CFTR, Cystic Fibrosis Transmembrane Conductance Regulator;
RLU,Relative Luciferase Units; ECM, Extracellular Matrix; SCID, Severe Combined
Immune Deficiency; NOD, Non-obese Diabetic; NSG, NOD-SCID iL2RGnull ;
3D, 3 dimensional; hACE2, Human Angiotensin-Converting Enzyme 2; hPSC,
Human Pluripotent Stem Cell; PDGFb, Platelet Derived Growth Factor Subunit
B; KRT18, Cytokeratin 18; TMPRSS2, Transmembrane Serine Protease 2; RIG-
I, Retinoic acid-Inducible Gene-I-like; PAMPs, Pathogen-Associated Molecular
Patterns; Ang-1, Angiopoietin-1; KGF, Keratinocyte Growth Factor; BNP, Brain
Natriuretic Peptide; MAS, Macrophage Activation Syndrome; ORF, Open Reading
Frame; GM-CSF, Granulocyte-Macrophage Colony-Stimulating Factor; CXCL,
C-X-C motif Chemokine Ligand; CXCL10/IP-10, C–X–C motif chemokine Ligand
10/Interferon γ-induced Protein 10 kDa; S protein, Spike; BMI, Body Mass
Index; PD, Programmed cell Death protein; CD, Cluster of Differentiation;
NSP, Non-structural Protein; M protein, Membrane; E protein, Envelope; N
protein, Nucleocapsid; HCQ, Hydroxychloroquine; LPS, Lipopolysaccharide;
DEX, Dexamethasone; TNF-a, Tumor Necrosis Factor Alpha; IL, Interleukin;
NC, No Change; ARCoV, A vaccine candidate with the component of a
mRNA sequence encoding the receptor binding domain of the virus which
is encapsulated in lipid nanoparticles; RANTES, CCL5; Exo MSC-NTF, MCS-
derived exosomes producing neurotrophic factor; AKI, Acute Kidney Injury;
NIH, National Institutes of Health; WHO, World Health Organization; FDA,
Food and Drug Administration; RAS, Renin–Angiotensin System; SIRS, Severe
Inflammatory Response Syndrome; BBB, Blood- Brain Barrier; TAT, Thrombin
Antithrombin complex; ABSCs, Airway Basal Stem Cells; CS, Cigarette Smoke;
APC, Antigen Presenting Cells; STAT-1, Signal Transducer And Activator Of
Transcription 1; JAK, Janus kinase; CRISPR/Cas9, Clustered Regularly Interspaced
Short Palindromic Repeats and CRISPR-associated protein9; MASCp6, Mouse-
Adapted Strain At Passage 6; Ifnar1-/- mice, C57BL/6 mice with a genetic
ablation of their type I interferon receptors; Il28r-/- mice, C57BL/6 mice with a
genetic ablation of their type III interferon receptors; WT, Wild Type; STAT2-
/- hamster, lacking type I and III IFN signaling; IL28R hamster, lacking IFN
type III signaling; ISG, Interferon-Stimulated Genes; GI, Gastrointestinal; PMN,
Polymorphonuclear.

constantly (Akhmerov and Marbán, 2020; Basiri et al., 2020;
Becker, 2020; Golchin et al., 2020; Yang et al., 2020).

Scientists’ knowledge of this infection is rapidly growing, for
instance, the function of the angiotensin-converting enzyme2
(ACE2) receptor in SARS-CoV-2 tropism and mechanism of
infection is partially understood (Harmer et al., 2002; Becker,
2020; Yu et al., 2020). The ACE2 receptor is expressed on
a large proportion of human cells such as lung parenchyma,
the heart, kidney, and gastrointestinal tract. It is believed
that the ACE2 receptor plays a significant role in the
presentation of many symptoms: acute respiratory distress
syndrome (ARDS), diarrhea, etc. (Yiangou et al., 2020).
Although many biotechnology companies have developed
different vaccines and millions of people have been vaccinated to
date, their effectiveness is still under question and longer follow-
up is needed. Among various attempts and intensive research
on possible strategies, constructing regenerative medicine
(RM) based platforms has been investigated for a novel
therapeutic approach that can provide the information needed
for understanding the virus behavior and its pathogenesis
(Ramezankhani et al., 2020; Yang et al., 2020). RM is about
repairing, regenerating, and restoring the missing function of
organs or tissues, thus it can be beneficial for studying the
interactions between the virus and host cells and therefore,
the pathophysiology, which can lead to the development of
new drugs and vaccines (Atala et al., 2020; Basiri et al., 2020;
Yang et al., 2020). As an example of therapeutic attempts, cell
therapies, especially mesenchymal stem cell (MSC) therapy, have
undergone investigations. MSCs have promising features like
immunomodulatory effects, which are helpful in treating SARS-
CoV-2 infection (Basiri et al., 2020; Golchin et al., 2020). At the
time of writing this review, around 80 clinical trials are registered
in www.clinicaltrials.gov that have utilized cell- based strategies
including stem cells (mostly MSCs) and their derivatives (e.g.,
exosomes), memory T cells, and natural killer (NK) cells for
treating COVID-19 and its related organ injuries. However, there
are limited data on MSC therapy in pre-clinical studies, especially
on models of lung injury of COVID-19 (Khoury et al., 2020;
Ramezankhani et al., 2020; Ferreras et al., 2021; Park et al., 2021;
Pérez-Martínez et al., 2021). Disease modeling (in vitro, in vivo,
or both) is considered to be one of the major components
of RM. Indeed, to elucidate the infection mechanisms and its
manifestation in the human body, proper and reliable models
are of urgent need. Accordingly, many animal models, different
types of stem cells, and the cell-based cultures and organoids [a 3
dimensional (3D) structure in extracellular matrix (ECM)] have
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been used frequently to model diseases including neurological,
cardiac, and metabolic disorders (Sterneckert et al., 2014; Doss
and Sachinidis, 2019; Atala et al., 2020; Basiri et al., 2020; Sun
et al., 2020; Payab et al., 2021). To model COVID-19, some of
the most common animal species are mice, rats, and hamsters.
For instance, mice have been genetically engineered to express
the human ACE2 gene. In addition, there have been attempts
toward using ACE2 expressing stem cells in RM platforms (Atala
et al., 2020; Yang et al., 2020). Moreover, since SARS-CoV-
2 affects multiple systems and organs, RM has played a role
in analyzing the infection mechanism and host response by
generating organoids of the lung, kidney, cardio, intestine which
replicate the critical features of organs and model the disease
in vitro (Atala et al., 2020; Basiri et al., 2020; Sun et al., 2020).
In this review, a brief report of the known pathophysiology of
SARS-CoV-2 infection in different organs is presented. Then, an
extended review of recent advances toward designing models of
COVID-19 is provided to help researchers find the best and most
appropriate model. This article has tried to present the available
data on modeling strategies of this new infection and their pros
and cons for designing future effective therapeutic strategies.

MECHANISM OF SARS-COV-2
INFECTION

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-
2) is a highly transmissible virus that demonstrates a broad
spectrum of tissue tropism, a quality that justifies its level of
contagiousness (Harrison et al., 2020; Khoury et al., 2020). Due
to its multi-organ tropism, a spectrum of pathologic symptoms
from neurological, cardiac, pancreatic, digestive, and renal to the
most common one, respiratory signs can be presented (Alsaad
et al., 2020; Puelles et al., 2020; Qin and Zhao, 2020; Simoneau
and Ott, 2020; Wiersinga et al., 2020; Yang et al., 2020). The multi-
organ tropism is due to the ACE2 receptor expression on different
cells around the body. In the following part, a brief description of
the chain of events when SARS-CoV-2 attacks different organs
of the body is presented. Knowing this mechanism helps us
understand the foundation of each model designing better.

Lung
In respiratory tract involvement, SARS-CoV-2 causes symptoms
from viral pneumonia to ARDS of the upper and lower
respiratory tracts (Khoury et al., 2020; Simoneau and Ott, 2020;
Youk et al., 2020). ARDS diagnosis is confirmed based on Berlin
2012 criteria: (1) presence of a clinical insult as well as new
or worsening respiratory symptoms. (2) bilateral opacities on
the imaging that are not fully described as effusion, collapse, or
nodule. (3) respiratory failure due to edema that is not due to
cardiac failure or volume overload and (4) impaired oxygenation
that is described in three levels of mild, moderate, and severe each
with its specific cut-offs (Gibson et al., 2020). Since the beginning
of the pandemic in 2019, there have been some huge steps toward
discovering the mechanism of action and virulence of the virus
in order to improve the efficacy of vaccines and drug candidates
(Ramezankhani et al., 2020; Zheng et al., 2021). SARS-CoV-2

is composed of four main structural proteins including Spike
(S), Membrane (M), Envelope (E), and Nucleocapsid (N). In the
mechanism of virus infection, the very first step of pathogenicity
is the entrance to the parenchymal lung cells by the interaction
between ACE2 receptors and virus surface S protein (Harrison
et al., 2020; Li et al., 2020; Ramezankhani et al., 2020; Shang
et al., 2020; Simoneau and Ott, 2020; Yang et al., 2020). After that,
viral S protein undergoes lysis by transmembrane serine protease
2 (TMPRSS2) of the host cells. This gives the virus genome an
opportunity to be translated to viral polymerase and proteases
by the host ribosomes (Li et al., 2020; Simoneau and Ott,
2020). The products of this process are viral RNA and structural
proteins (Fehr and Perlman, 2015; Li et al., 2020; Simoneau
and Ott, 2020). The range of SARS-CoV-2 effects on the
respiratory system varies from pneumonia to ARDS. The clinical
definition was provided in the previous part. In SARS-CoV-2
infection, the pathological features of ARDS are associated with
diffuse alveolar changes such as hyaline membrane formation,
interstitial thickening, edema, and fibroblasts proliferation. The
associated mechanisms are discussed in the following (Gibson
et al., 2020). One of them is the direct cytopathic effect
(Ramezankhani et al., 2020). Studies have shown that SARS-CoV-
2 causes apoptosis and necrosis in ACE2 positive cells (airway
epithelial cells in this case) via cytopathic effect. In addition,
cilia movement cessation is another pathologic effect in the
airways. Direct virus entrance in some other ACE2 positive cells
is one of the possible suggested mechanisms of cell damage
(Ramezankhani et al., 2020; Wang et al., 2020). Considering
the immunologic effects, the host retinoic acid-inducible gene-
I-like (RIG-I) or Toll-like receptors recognize viral pathogen-
associated molecular patterns (PAMPs) (Simoneau and Ott,
2020). In the cellular immune system, antigen presenting cells
(APC) activate CD4 + cells as well as CD8 + T cells, which
destroy infected cells directly. Furthermore, a part of the pro-
inflammatory cytokine production (such as interleukin (IL)-1, IL-
6, IL-12, interferon(IFN)-γ, and Tumor Necrosis Factor(TNF)-a)
is induced by CD4 + T cells, that leads to recruitment of innate
immune cells (Costela-Ruiz et al., 2020; Ramezankhani et al.,
2020). The uncontrolled production of inflammatory cytokines
can also cause cytokine storm, which then leads to ARDS
(Molinaro et al., 2020; Ramezankhani et al., 2020). The cytokine
storm increases vascular permeability leading to edema as one
of the items in ARDS criteria due to damaging the endothelial
cell junctions (tight junction protein and the zonula occludens)
as well as letting proteins, neutrophils, erythrocytes, and platelets
pass into the interstitial tissue. This process is compatible with
opacities seen in imaging. Then with the progression of alveolar
accumulation with exudate, ventilation to perfusion mismatch
is exaggerated and deteriorates impaired oxygenation that
results in the progression toward ARDS (Molinaro et al., 2020;
Ramezankhani et al., 2020; Suri et al., 2021). Another reason
for the hyperinflammatory state is macrophage hyperactivation
and neutrophil infiltration. macrophage hyperactivation causes
macrophage activation syndrome (MAS) and the latter results
in necroinflammation (Cao, 2020; Otsuka and Seino, 2020;
Ramezankhani et al., 2020). Interferons (mainly IFN-1) are
another group of antiviral factors produced because of antiviral

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 October 2021 | Volume 9 | Article 683619

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-683619 October 19, 2021 Time: 18:36 # 4

Larijani et al. COVID-19 Modeling and Regenerative Medicine

immune response (Boudewijns et al., 2020; Busnadiego et al.,
2020; Lei et al., 2020; Simoneau and Ott, 2020). Memory T cells
mostly show an immune response to SARS-CoV-2 structural
proteins, especially S proteins. Accordingly, structural proteins
could be considered as vaccine candidates (Ng et al., 2016;
Ramezankhani et al., 2020). SARS-CoV-2 interferes with immune
system antiviral actions by using different methods such as
causing cell apoptosis and cytopathic effects (Simoneau and Ott,
2020). In addition, SARS-CoV-2 contains enzymes that modify
viral and host cell RNAs. This mechanism makes the virus able
to escape antiviral receptor detection. Different mechanisms have
been proved to be associated with immune system evasion by
SASR-CoV-2. SARS-CoV-2 possesses several proteins such as
the NSP family, ORF proteins, M, N that are important in
evading the immune system through several ways like cleaving
host mRNA, inhibiting inflammatory cytokines production,
sequestering viral RNA, inducing apoptosis or direct cytopathic
effects, and inhibiting host proteins translation. Discussing
these mechanisms in detail is beyond the scope of this article
(Kasuga et al., 2021). Different factors have been known to be
associated with poor prognosis of ARDS in COVID-19 patients,
lymphopenia and cytokine storm are the two most important
factors (Pourbagheri-Sigaroodi et al., 2020). Cell reduction in
lymphopenia happens in T CD4 + and 8 + as well as B cells.
The expression of CD38 and human leukocyte adhesion (HLA)-
DR in T cells as the hallmark of T cell activation during viral
pneumonia, was significantly higher in COVID-19 patients (Hue
et al., 2020). PD-1 expression demonstrates immune dysfunction
during sepsis. A study showed that during the pathogenesis
of the infection, CD8 + T cells express lower levels of PD-
1 in comparison to non-COVID ARDS patients (Hue et al.,
2020). This finding supports the previous claim that immune
system hyper activation is one of the associated mechanisms in
ARDS development and probably forecasts its severity during
COVID-19 infection (Hue et al., 2020). Higher levels of IL-
10, CXCL10/IP-10, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and CX3CL1 as well as more severe viral
shedding in the examination of nasopharyngeal swabs were
also reported in COVID-ARDS patients (Hue et al., 2020). It
highlights that immune dysregulation and more severe viral
shedding are other negative prognostic factors of COVID-
ADRS (Hue et al., 2020). Systemic inflammatory response,
as well as multi-organ failure, can affect the susceptibility of
developing ARDS. Comorbidities like old age, hypertension,
diabetes mellitus, elevated BMI, cardiac and chronic lung diseases
are associated with progression to ARDS in COVID-19 infection
(Suri et al., 2021). On the other hand, some studies have reported
a more severe phenotype of the disease in immunocompromised
patients (Belsky et al., 2021). Therefore, we can conclude that
hyper inflammatory response of a competent immune system and
the cytopathic effect of the virus in the absence of an effective
immune system are two possible underlying factors of developing
ARDS. However, this deduction is not complete due to the lack
of sufficient knowledge in the case of COVID-19 pathogenicity,
which reflects the need for designing effective models in order
to facilitate studying viral mechanisms of action in more detail
(Remy et al., 2020).

Kidney
Renal involvement in COVID-19 infection is manifested most
commonly as Acute Kidney Injury (AKI) which makes the
patient prone to other complications (Robbins-Juarez et al.,
2020; Arikan et al., 2021). Several pathophysiologic mechanisms
have been suggested to be the cause of COVID-19 renal
manifestations, which are discussed briefly in the following point.
The first one is systemic hemodynamic instability (Legrand et al.,
2021). In this state, due to decreased cardiac output or renal
venous congestion, renal perfusion is disrupted. The underlying
reasons for decreased cardiac output are mentioned under
the cardiovascular system subtitle. On the other hand, venous
dilation increases renal interstitial and tubular pressure that lead
to a hypoxic situation as well as compromising the glomerular
filtration rate (Legrand et al., 2021). Another underlying reason
is cytokine storm, a life-threatening situation during which the
immune system is highly activated and inflammatory cytokines
are extensively released, causing organ failure. In addition to
systemic inflammation, cytokine release can happen locally in
renal tissue. During COVID-19 infection, renal cells start to
release inflammatory cytokines such as TNF and FAS that cause
renal dysfunction by direct cell injury (Legrand et al., 2021).
The virus can also induce cell damage through the cytopathic
effect that invades renal cells directly. On the other hand, SARS-
CoV-2 inhibits type I IFN production which leads to increased
viral replication as well as immune dysregulation. Out-of-control
complement release is another underlying reason for hyper-
inflammatory state during SARS-CoV-2 infection that induces
tissue injury. Adaptive immunity dysfunction such as T cell,
plasmacytoid dendritic cell, eosinophil, and natural killer cell
depletion has also been reported during the course of infection.
The last mechanism is endothelial damage and micro-thrombi
formation, the pathophysiology of which is discussed under the
“cardiovascular system subtitle” (Legrand et al., 2021).

Eye
According to studies, COVID-19 infection does not cause specific
retinal involvement, however, conjunctivitis has been reported
in some cases with positive PCR (Pirraglia et al., 2020; Seah
and Agrawal, 2020). On the other hand, patients with eye
comorbidities are at risk of advanced or uncontrolled forms
of the disease because of disrupted ophthalmic care delivery
during the pandemic (Pujari et al., 2021). However, several
ophthalmic symptoms have been reported in animal studies
such as retinitis, conjunctivitis, anterior uveitis, chorditis, retinal
detachment and, optic neuritis (Seah and Agrawal, 2020). The
underlying vacuities during the COVID-19 infection can cause
these symptoms (Seah and Agrawal, 2020). Tissue inflammation
is also directly induced by viral replication in the retina that
causes immune cells to infiltrate and pro-inflammatory cytokines
to be released (Seah and Agrawal, 2020). An autoimmune nature
of the infection is also suggested in the studies due to the
autoantibodies that are produced during the infection against
retinal cells that lead to degradation of photoreceptors, ganglion
cells, and neuroretina (Seah and Agrawal, 2020). ACE2 protein,
which is necessary for the virus entrance, is expressed in the
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aqueous humor but more studies are needed in order to explore
its expression in other structures such as conjunctiva or cornea
(Seah and Agrawal, 2020).

Gut
Patients with COVID-19 can show several gastrointestinal
symptoms such as diarrhea, nausea, vomiting, gastrointestinal
bleeding, and abdominal pain (Zhang J. et al., 2020). ACE2
receptor, as well as TMPRSS2, are highly expressed in the
gastrointestinal system, thus viral entrance and replication
happen extensively in the gut after the respiratory system.
Tissue inflammation underlies these symptoms during infection
(Steardo et al., 2020; Zhang J. et al., 2020). High levels of fecal
calprotectin and IL-6 as inflammatory factors support this claim
(Zhang J. et al., 2020). Hyper-inflammatory syndromes such as
hemophagocytic lymphohistiocytosis and cytokine storm also
are accused of organ failure in the gastrointestinal system like
other body organs (Zhang J. et al., 2020). However, based on
studies human defensin-5 protein that plays an important role
against SARS-CoV-2 in the gut, can be increased during the
inflammation (Zhang J. et al., 2020).

Liver
Abnormal liver transferase levels can be detected in about 15–
43% of COVID-19 patients with more probability in severe
cases (Zhang C. et al., 2020). Acute liver injury has also been
reported in some studies (Zhang C. et al., 2020). Liver injury
can happen during systemic inflammation that is caused by
inflammatory cytokine release during the course of infection.
High levels of Th17 and 2, IL-2,6,7,10, TNF-a, granulocyte-
colony stimulating factor, IFN-inducible protein-10, monocyte
chemotactic protein 1and macrophage inflammatory protein 1
alpha in COVID-19 patients support this idea (Li and Fan,
2020). Liver dysfunction can also happen through direct viral
invasion in the infection (Zhang C. et al., 2020). In addition,
stress- induced liver injury is another pathologic event that
can be caused by hypoxia-reoxygenation, activation of oxidative
stress mechanisms, intestinal endotoxemia, and activation of the
sympathetic nervous and adrenocortical system in COVID-19
patients (Li and Fan, 2020). As cholangiocytes highly express
ACE2 receptors, they are suggested to be one of the main cells
responsible for liver injury in COVID-19 infection (Zhang C.
et al., 2020). However, ACE2 is poorly expressed in the liver,
suggesting that there are other entrance paths of the virus to infect
the cells (Steardo et al., 2020). Drug toxicity is also mentioned
to be another reason for liver dysfunction (Li and Fan, 2020;
Zhang C. et al., 2020).

Brain
Neurological symptoms of SARS-CoV-2 infection are categorized
into two different groups, the first one is anosmia and ageusia that
are reported in mild cases and the second group of symptoms
consists of mental confusion and cognitive impairment in
severe cases (Chigr et al., 2020). ACE2 receptors in the
CNS are specifically expressed in the brain stem, subfornical
organ, paraventricular nucleus, the nucleus of tractus solitaries,
and rostral ventrolateral medulla which are responsible for

respiratory and cardiovascular systems regulation, therefore a
part of these systems dysfunction can be explained by this claim
(Chigr et al., 2020; Steardo et al., 2020). There are different
entrance paths to the nervous system. Nasal inoculation of SARS-
CoV-2 can infect CNS via the olfactory bulb; other paths are
bloodstream (blood-brain barrier (BBB) disruption) and vagus
nerve that carries the virus from the respiratory system (Chigr
et al., 2020; Steardo et al., 2020). Like other organs, tissue
inflammation affects the nervous system. Microglia and astrocyte
activation support this issue (Steardo et al., 2020). Astrocytes can
be attacked by the virus, cells that play an important role in
forming BBB, so by astrocyte involvement, the neuro-infection
expands. This situation happens when a systemic cytokine storm
is triggered by SARS-CoV-2 (Steardo et al., 2020). BBB disruption
leads to neuroinflammation that causes neuronal death (Steardo
et al., 2020). Hence, the cognitive disorder, behavioral and
personality changes that are reported in severe cases can be
explained by this mechanism (Steardo et al., 2020). Persistent
neuro-inflammation along with hypoxia is accompanied by more
severe presentations such as delirium (Steardo et al., 2020).

Cardiovascular System
As mentioned before, cardiac function can be compromised
during SARS-CoV-2 infection leading to decreased cardiac
output and in advanced stages, multi-organ dysfunction.
Cardiovascular injury can happen through different mechanisms.
The first one as was mentioned before is systemic inflammation
which involves the cardiovascular system as well as other tissue
(Petrovic et al., 2020). Low level of inflammation is the reason
for non-specific viral infection symptoms but in severe cases,
if the severe inflammatory response syndrome (SIRS) criteria
are met, hemodynamic disorders such as shock, disseminated
intravascular coagulopathy, and multi-organ failure will lead
to cardiac dysfunction (Petrovic et al., 2020). In rare cases,
myocardial injury due to hyper-inflammation is reported during
COVID-19 infection that compromises cardiac function. Renin–
angiotensin system (RAS) activation in the first stages of SIRS to
reverse the situation, is responsible for increasing blood pressure
through different mechanisms, one of them is vasoconstriction.
At first, this condition helps the cardiovascular system to reverse
the situation but by the time, hypertension will increase the
burden on the cardiovascular system until the heart cannot
compensate for the situation (Petrovic et al., 2020). In addition,
viral entrance through ACE2 down- regulates its production.
This leads to an imbalance between ACE2 and angiotensinogen
II levels that is another reason for cardiovascular failure (Petrovic
et al., 2020). Hypercoagulable state of the body in COVID-19 as
well as plaque instability can exaggerate cardiovascular failure.
Hyper-inflammation is one of the triggers of hypercoagulability
by disrupting the hematopoietic system (Petrovic et al., 2020).
It also plays a negative role in inducing plaque instability.
Elevated levels of catecholamines as a result of inflammation
may cause plaque rupture that can lead to acute coronary
syndrome (Petrovic et al., 2020). Plaque rupture, by exposing
its content (foamy macrophage) as well as smooth muscles,
induces micro- thrombi formation that can move to other organs
and cause organ dysfunction (Petrovic et al., 2020). IL-6, an
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inflammatory cytokine, can also be released by smooth muscles
and worsen the situation.

MODELING COVID-19

As the pandemic goes on, the necessity to discover the
mechanisms of virulence and injury to cells and tissues becomes
more and more critical (Sun et al., 2020; Youk et al., 2020). Since it
is not always possible to directly investigate the pathophysiology
mechanisms in human beings, several modeling methods have
been introduced including organoids, different types of stem cells,
and animals (Boudewijns et al., 2020; Li et al., 2020; Shpichka
et al., 2020; Sun et al., 2020). Several types of 3D-designed
organoids derived from body organs that are targets of SARS-
CoV-2 organotropism are discussed. Stem cell models can be
categorized into two main groups induced pluripotent stem cells
(iPSCs) and non- iPSCs. Various types of animal models, each
with the quality of being infected by the virus in an innate manner
or by being induced through different methods are discussed
extendedly under the subtitle. These models can have several
functions other than helping the scientists understand different
aspects of COVID-19 pathogenesis such as testing the efficacy
of drug and vaccine candidates. Based on a recent update of
the National Institutes of Health (NIH) COVID-19 treatment
guideline, there are some antiviral, immunosuppressant, and
antimalarial drugs that are used during the infection. Remdesivir
-the only Food and Drug Administration (FDA)-approved
COVID-19 drug- and dexamethasone are approved by the
NIH guideline (Covid-19 Treatment Guidelines Panel, 2021).
The convalescent plasma is suggested for the emergency cases.
In addition, ivermectin, nitazoxanide, hydroxychloroquine,
chloroquine, azithromycin, lopinavir/ritonavir, and other HIV
Protease inhibitors are some other drugs that are not approved
by the guideline. Remdesivir suppresses RNA transcription
by inhibiting RNA polymerase function. Chloroquine as an
antimalarial drug inhibits viral cell-binding by preventing the
ACE-2 receptor to be glycosylated. Both Chloroquine and
Hydroxychloroquine have immunomodulatory features as well
as inhibiting viral fusion because of increasing endosomal pH
and preventing viral genome to be released. Azithromycin as
a synergistic drug has antiviral and anti-inflammatory effects.
However, neither of them has shown efficacy in lowering viral
load in respiratory tracts clinically. Ivermectin as an antiparasitic
drug inhibits a specific type of intracellular transporting proteins
of infected cells that are used by the virus to spread infection.
But, it has not shown a significant clinical advantage in trials.
HIV Protease inhibitors were suggested to inhibit COVID-19
proteases but trials did not support that clinically. Nitazoxanide
is an antiparasitic drug that suppresses specific enzymes of
the infected cell that are hijacked by the virus for processing
viral proteins. Clinical trials do not confirm that in COVID-
19 patients. Different types of anti-SARS-CoV-2 monoclonal
antibodies have been proved to be effective in mild to moderate
cases that are at the risk of COVID severity. Some other
drugs are under evaluation such as colchicine, fluvoxamine,
and other immunomodulators (Covid- 19 Treatment Guidelines

Panel, 2021). COVID-19 specific T lymphocytes as a plasma
subset of convalescent donors have shown some progress in this
field (Ferreras et al., 2021). Furthermore, RM has made some
steps toward COVID-19 treatment. As previously mentioned,
the efficacy of using MSCs in the treatment of the infection
has been shown in different clinical studies (Sánchez-Guijo
et al., 2020). However, there is still much to be done for
the suggested medical, immunologic and RM treatments to
be approved by valid organizations. Modeling can extensively
advance this field of study.

Stem Cell Modeling
Induced Pluripotent Stem Cells-Derived Models
Although embryonic stem cells (ESCs) have been used in
many clinical trials and studies as a valuable source in
different fields of regenerative medicine, downsides such as
ethical concerns and immune rejection following allogeneic
transplantation led to the development of iPSCs. These stem
cells are produced by reprogramming adult somatic cells and
like ESCs, can differentiate into any type of somatic cells.
IPSC discovery resulted in enormous progress in research areas
such as biomedicine, drug discovery, diseases pathophysiology
and etiology, cell therapy, and generally, regenerative and
personalized medicine (Doss and Sachinidis, 2019). Moreover,
hiPSCs have been recently used as beneficial models of
infectious diseases. For instance, hiPSC-derived hepatocytes
have been infected with hepatitis B virus, and hiPSC-derived
cardiomyocytes have been studied for cardiomyopathy of Chagas
disease. Another example is the study of hiPSC-derived neural
progenitor cells (NPCs) infection with Zika virus and Herpes
Simplex virus-1(HSV1). Accordingly, different types of cells
derived from iPSCs have been investigated for SARS-CoV-
2 infection (Nolasco et al., 2020). Type2 alveolar epithelial
cells (AT2s) play a crucial role in the lung by producing
surfactant and differentiating into type 1 alveolar epithelial cells
(AT1s). However, their proliferation capacity is poor in in vitro
cultures. On the other hand, hiPSC-derived AT2s have greater
proliferative potential. AT2s derived from hiPSCs (either in an
organoid form or in vitro culture at the air-liquid interface)
have provided a valuable tool for studying and modeling the
effects of SARS-CoV-2 infection on these cells and presenting
the changes in cellular and molecular mechanisms including
loss of surfactant gene expression, cellular toxicity and stress,
and viral entry via TMPRSS2 (Anderson and Francis, 2018;
Abo et al., 2020; Nolasco et al., 2020). In addition to lung
infection, SARS-CoV-2 can cause systemic inflammation and
infect other systems and organs like CNS, digestive tract, and
liver (Kase and Okano, 2020; Simoneau and Ott, 2020). One
of the proposed mechanisms of viral migration is endothelium
infection. Although direct infection of endothelial cells by SARS-
CoV-2 is reported, there are controversial results from studying
hiPSC-derived endothelial cells. Results of these studies showed
that the infection of these cells by SARS-CoV-2 pseudo virus
entry was lower than other cells like cardiomyocytes and even
no infection was detected while they expressed ACE2 (Nolasco
et al., 2020; Yang et al., 2020). Therefore, one of the hypotheses
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for the actual pathogenesis is in vivo up-regulation of ACE2
in response to systemic changes and interferon stimulation, as
ACE2 is an interferon-stimulated gene (ISG). This hypothesis
needs to be tested by models of endothelial cells from iPSCs.
Besides, COVID-19 is known to bring a hypercoagulable state
upon patients-probably not in a similar way to other infections-
presumably by cytokine storm and endothelial dysfunction.
Therefore, hiPSC-derived endothelial cells can help understand
the possible novel mechanisms of hypercoagulation in this
vascular-thrombotic disease (Nolasco et al., 2020). There have
been concerns about cardiac manifestations of COVID-19
since myocardial injury and arrhythmias are reported in some
patients. ACE2 is expressed in cardiomyocytes that makes them
susceptible to SARS-CoV-2 infection. It is found that patients
with heart failure exhibit more ACE2 expression that can make
them more prone to severe conditions. Also, high levels of highly
sensitive Troponin-I (hs-cTnI) lead to a poor prognosis of the
disease. It is not completely clear whether all cardiovascular
changes are directly due to the virus infection or are results
of other organ dysfunctions like impaired pulmonary function.
Accordingly, different studies have used cardiomyocytes derived
from hiPSCs and hESCs for modeling this condition and
drug screening (e.g., ACE inhibitors or ARBs, remdesivir, and
chloroquine). It is found that the cells are susceptible to viral
infection and replication that causes apoptosis and contractility
alterations, including ceased beating. In addition, the infection
induces changes in gene expression like down-regulating ACE2
expression and the genes associated with mitochondrial function
(Choi et al., 2020; Nolasco et al., 2020; Sharma et al., 2020). ACE2
has well-known protective effects for the heart by inhibiting
overload of angiotensin II. Studies have shown that SARS-CoV-2
causes translocation of ACE2, which results in its suppression,
and also the virus increases brain natriuretic peptide (BNP)
expression. Hence, the infection results in dysregulation of
angiotensin balance and leads to inflammation and thrombosis
as well as increasing some inflammatory cytokines. It can be
concluded that both the direct cytopathic effect and the immune
response of the host are responsible for the cardiac injury (Wong
et al., 2020). Different neurological disorders in patients with
COVID-19 (especially those with comorbidities) are reported
such as headache, loss of smell and taste, meningitis, and
acute hemorrhagic necrotizing encephalopathy (Kase and Okano,
2020; Moriguchi et al., 2020; Poyiadji et al., 2020; Simoneau
and Ott, 2020). It seems that SARS-CoV-2 can have a direct
pathogenic effect on CNS cells in addition to causing cytokine
storms, but the exact mechanism remains unclear. Therefore,
many iPSC-derived models have been used to understand this
mechanism (Simoneau and Ott, 2020). Cysteine-rich protein
61(Cyr61) or CCN family number 1(CCN1) is a virulent factor
that is known to be enhanced in SARS-COV-2 infection. Further,
ACE2 expression is high in some parts of the brain like the
thalamus and choroid plexus. To investigate the potential role
of these receptors for CNS infection, the expression of ACE2
and CCN1 was examined in neural stem cells (NSCs) and
NPCs derived from hiPSCs. The expression of these SARS-
CoV-2 targets not only was seen in hiPCS-derived NSC/NPCs
but also was found in the young neurons differentiated from

these cells, thus SARS-CoV-2 can infect them. Moreover, this
COVID-19 model was used to find a therapeutic approach.
Pretreatment of hiPSCs-derived NSC/NPCs (neurosphere) with
γ-secretase inhibitors (GSIs), DAPT, and compound 34, which
inhibit signaling, was performed. The expression of CCN1
was significantly suppressed in neurospheres. Hence, GSIs
can be used to treat CNS disorders of COVID-19, though
further investigation is required (Kase and Okano, 2020). Some
other studies of iPSC-derived brain organoids are addressed in
the next section.

Other Stem Cell Models
In addition to the iPSC-derived models discussed, we reviewed
models derived from other types of stem cells. For instance,
scientists have used cultured human airway basal stem cells
(ABSCs) as a MSC-based model of SARS-CoV-2 infection
(Purkayastha et al., 2020). It was confirmed that the viral
load in ABSCs that were exposed to cigarette smoking (CS)
was about 2-3 folds higher than in the mock-exposed group.
The result changed after 72 h due to cell apoptosis as well
as patients’ genetic differences. Other effects of CS on the
respiratory tract are decreased ciliated cells as well as the
increased level of ABSCs as a part of a repair response
stimulated by the specific exposure. None of them would
happen in a normal process of virus pathogenicity due to
repair mechanism inhibition. An increased rate of apoptosis
is also another finding during SARS-CoV-2 infection that is
confirmed by ABSCs model. This process is reinforced by CS.
This model also can be applied to investigate the effect of
interferon therapy on innate immune system activity state. Based
on the findings of ABSC models, down-regulation of gene
expression including those associated with immune responses
and metabolic processes would be another result of the infection,
however, genes involved in interferon signaling and chromatin
organization seem to be the exceptions. Altogether, ABSCs can
be a suitable MSC model in order to study the virus mechanism
of action leading to acute lung injury in humans, on which
the effect of environmental factors such as CS can be studied
(Purkayastha et al., 2020).

Organoid Models
Regenerative medicine has provided organoids that have many
advantages in the field of disease modeling in comparison to
in vivo and other in vitro models. Organoids can be generated
either from adult stem cells or PSCs. Establishing organoids
from PSCs like iPSCs and ESCs needs the media containing
growth factors for culturing in a way that mimics the process
of developing a particular structure in an embryo. On the other
hand, organoids derived from adult stem cells are formed by
providing a 3D matrix and growth factors for the resident stem
cells of our targeted tissue (Atala et al., 2020; van der Vaart
et al., 2021). This novel technology of artificially developed
3D structures is more accessible and a faster tool than animal
models. Moreover, they mimic the relevant niche and maintain
the genetic profile and physiological characteristics of their
original tissue. Hence, since organoids have contributed to
gaining more insight into the pathophysiology of different
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organ dysfunctions and investigating therapeutic approaches,
they can serve as valuable models for investigating the SARS-
CoV-2 infection and its treatment strategies (Atala et al., 2020;
Mahalingam et al., 2021).

Lung
The primary cause of mortality in this pandemic is lung
disease; therefore respiratory models including airway and
alveolar organoids were used to study SARS-CoV-2. As an
example of airway organoids, Lamers et al. generated 2D
bronchoalveolar-like organoids in the air-liquid system and
small airway 2D cultures from human small airway stem cells.
The bronchoalveolar model included alveolar, basal, and rare
neuroendocrine cells which were grown from 3D lung bud
tip progenitor organoids. The models were infected by the
virus and AT2 like cells were targeted in bronchoalveolar
type while in small airway model, ciliated cells were known
as the main targets of SARS-CoV-2. Moreover, to test drug
screening, the bronchoalveolar model was treated with IFN-
λ1. The results showed reduced viral replication and infection.
Despite the advantages of studying the pathogenesis using the
airway organoids, establishing more specialized alveolar systems
are essential (Salahudeen et al., 2020; Lamers et al., 2021;
van der Vaart et al., 2021). ARDS is one of the most severe
clinical presentations of COVID-19. As previously described,
AT2s have a pivotal role in lung involvement and ARDS.
However, modeling AT2s in vitro has been challenging due
to limitations like rapid dedifferentiation, loss of phenotype,
and requirement of supporting fibroblasts (Huang et al., 2020;
Katsura et al., 2020). Accordingly, some recent studies have
developed new models of AT2s derived from iPSCs. Huang
et al. generated iPSC-derived AT2s cultured in 2D air-liquid
interface and 3D epithelial spheres expressing surfactant protein-
C (SFTPC). The 2D cultures were used to adapt the model
with the physiopathology of SARS-CoV-2 infection as it happens
at the apical membrane of the cells, 2D cultures can simulate
the mechanism more accurately than the 3D types. ACE2 and
TMPRSS2 expression was confirmed by immunofluorescence
staining and the SARS-CoV-2 infection was indicated by
localizing the viral particles in different spaces like the lamellar
body and tubular myelin. After the infection, the epithelial-
intrinsic innate immune response including inflammatory
phenotype and NF-κB signaling (1day post-infection), decreased
expression of surfactant gene, cellular stress and toxicity,
moderate IFN responses, and iPSC-derived AT2 death (4 days
post-infection) was observed. Moreover, camostat mesylate
(aTMPRSS2 inhibitor) and remdesivir administration resulted in
reduced infection, which indicates therapeutic potentials (Huang
et al., 2020). Katsura et al. (2020) established a novel alveosphere
culture for AT2s from primary lung tissue that expressed ACE2
and TMPRSS2, and was permissive to the infection. Similar
findings were reported after the SARS-CoV-2 infection including
up-regulation of inflammatory signaling, cell death, surfactant
loss, and the IFN response. In addition, pre-treatment of the
alveospheres with IFNs revealed a prophylactic effect and reduced
viral titers. One of the differences between these two studies is
the time of IFN response; in the alveosphere model, the IFN

pathway was detected 48 h post-infection while in the iPSC-
derived model, it occurred 4 days after the infection. Another 3D
culture technique was developed for hAT2s from healthy donor
lungs by Youk et al., which established the cellular polarity and
made the AT2s stable, although it did not completely present the
full alveoli. It demonstrated transcriptional changes after SARS-
CoV-2 infection, IFN response, and ISGs expression at 3 days
post-infection (Youk et al., 2020). By comparing the details and
results of the mentioned studies, some models have considerable
advantages. For instance, 2D structures showed more virus titer
than the 3D organoids, which can be more useful for testing the
antiviral agents. Further, in 3D organoids, the apical side of the
cells is inside the model while in the 2D culture, especially the
bronchoalveolar-like model, they are exposed to the air. Hence,
they are suggested to be more relevant and suitable for studying
the virus pathogenesis (Lamers et al., 2021). Besides, Han et al.
generated an in vivo model of lung organoids. The organoids
were developed from human pluripotent stem cells (hPSCs) and
the presence of AT2-like cells and the expression of ACE2, and
TMPRSS2 were validated. To make the in vivo model, progenitor
cells of the lung were transplanted subcutaneously into non-obese
diabetic (NOD) severe combined immune deficiency (SCID)
gamma (NSG) iL2RGnul mice and produced structures with AT2-
like cells expressing ACE2. To test the infection, the xenograft
was inoculated with SARS-CoV-2 entry virus. The RNA analysis
confirmed the infection, and the infected organoids showed
enhanced chemokine signaling compared to the mock-infected
group. Moreover, the inhibitory effects of some FDA-approved
drugs including imatinib, mycophenolic acid (MPA), quinacrine
dihydrochloride (QNHC), and chloroquine were investigated
and a significant reduction of infection and virus entry was
observed. In addition, the transplanted mice were treated with
imatinib mesylate, MPA, or QNHC before virus inoculation that
decreased the luciferase staining. Conclusively, lung organoids
were introduced as useful candidates for modeling the drug
discovery of COVID-19 (Han et al., 2021).

It is evident that organoids can contribute to understanding
the mechanism of this new infection. The airway models can be
studied for virus shedding and mild forms of the disease and the
alveolar models are more relevant for research on severe stages
and complications of COVID-19 (van der Vaart et al., 2021).

Liver
A liver organoid is produced by differentiation of hiPSCs into
definitive endoderm and then, inducing liver cells (mainly
albumin+cells). The immunostaining showed ACE2 expression
in most albumin+ hepatocytes. Next, using the SARS-CoV-2
pseudo-entry virus showed that the organoid is permissive to
the infection that is similar to adult primary hepatocyte and
cholangiocyte organoids. The results were consistent with the
reports of COVID-19-related hepatitis, which was observed in
some patients (Yang et al., 2020; Yu et al., 2020). In order to
investigate the pathogenesis of SARS-CoV-2 infection in the
liver, human liver ductal organoids were generated from liver
bile duct-derived progenitor cells in a long-term 3D culture
system. The immunostaining indicated ACE2+ and TMPRSS2+
cholangiocytes and the examination of SARS-CoV-2 genomic
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RNAs showed susceptibility of the cells to infection and increased
viral load. Besides, the significant decrease in the viral load 24 h
after the infection was due to enhanced expression of apoptotic
factors and cholangiocytes’ death. Since the main function of
cholangiocytes is the transportation of bile acid, the tight junction
between them is necessary for the collection and excretion of bile
acid from hepatocytes into bile ducts. In SARS-CoV-2 infection,
the expression of genes involved in cell junction organization
such as claudin1 (CLDN1), a bile acid transportation like
solute carrier family 10 member 2(SLC10A2) and cystic fibrosis
transmembrane conductance regulator (CFTR) is decreased.
Hence, it causes liver damage by impairing cholangiocyte
function and accumulation of bile acid. In addition, the organoid
can be used for drug discovery to prevent liver injury of COVID-
19 (Zhao et al., 2020; Youhanna et al., 2021).

Eye
Although it is reported that eyes are affected in COVID-19,
there is no available evidence of retinal involvement (Ahmad
Mulyadi Lai et al., 2021). ACE2 and TMPRSS2 are known
to be expressed in the retinal organoid (Mahalingam et al.,
2021). Accordingly, hiPSC-derived retinal organoids and a retinal
monolayer culture dissociated from the organoid were utilized.
Real-time quantitative PCR (qPCR) and immunofluorescence
staining showed ACE2 and TMPRSS2 expression both in
the organoid and monolayer cultures. Additionally, SARS-
CoV-2 pseudovirus containing the GFP coding sequence
was employed to study the susceptibility of the organoids
and the monolayer cultures to the infection. Detecting GFP
signals demonstrated that SARS-CoV-2 could infect them and
enhance the expression of some genes related to the apoptosis
pathway and inflammation response. On the other hand,
in a pre-print study, Makovoz et al. has produced hPSC-
derived whole eye organoids. The results showed that the
expression of ACE2 and TMPRSS2 in the cornea was high
and the corneal organoids were permissive for virus entry and
infection. Limbus was found to be the most susceptible part
which exhibited a significant NF-κB mediated inflammatory
response. However, it is not clear whether the inflammation
is due to direct infection or the virus spreading to the eye
through systemic infection (Makovoz et al., 2020; Yu, 2021).
Altogether, it seems that the eye is a route of infection;
hence the organoids and monolayer cultures represent useful
models of studying the SARS-CoV-2 mechanism of pathogenesis
(Ahmad Mulyadi Lai et al., 2021).

Kidney
One of the most common organ damages in COVID-19 patients
is AKI. Moreover, ACE2 is significantly expressed in convoluted
tubules but it is not clear whether the kidney injury is due
to direct cytopathic effects of the virus or immunopathogenic
damage (Xia et al., 2020; Mahalingam et al., 2021). Hence,
2D conditional reprogramming (CR) and 3D organoid of
human kidney proximal tubule epithelial cells (KPTECs) were
established as novel platforms. The DNA repair ability and
lineage function, and expression of specific function markers
were maintained in CR KPTECs. Interestingly, the ACE2

expression was detected in both models with a higher level
(around two-fold) in the 3D organoid. The permissiveness
of the reprogrammed cells and the models for SARS-CoV-
2 infection was estimated by reading relative luciferase units
(RLU) after the pseudovirus infection. Hence, these cells
have served as physiological platforms to model SARS-CoV-
2 infection, investigate the kidney response, and use them
for drug discovery (Xia et al., 2020). Further, one of the
proposed treatments of COVID-19 is human recombinant
soluble ACE2 (hrsACE2) which has undergone phases 1 and 2
clinical trials. The potential inhibitory effect of hrsACE2 was
tested in kidney organoids developed from hESCs. A mixture
of hrsACE2 and particles of SARS-CoV-2 was used for infecting
the kidney organoid and qRT-PCR indicated a dose-dependent
reduction in the level of SARS-CoV-2infection and viral load
(Monteil et al., 2020).

Gut
Gastrointestinal symptoms of COVID-19 are one of the most
familiar and prevalent effects of the infection that are present
in around 50% of patients (Krüger et al., 2021). For improving
research quality, different intestinal and colonic organoids were
produced. For instance, a human small intestinal organoid
(hSIO) was developed from primary gut epithelial stem cells.
Cultured hSIOs were exposed to both SARS-CoV and SARS-
CoV-2 and qRT-PCR assessment showed infected enterocyte
lineage cells with both viruses. Further, mRNA sequence analysis
indicated that SARS-COV-2 caused ISGs and cytokines induction
and up-regulation of ACE2 stronger than SARS-COV (Lamers
et al., 2020). In another study, human intestinal organoids
were derived from PSCs. ACE2 and TMPRSS2 expression was
seen in the intestinal cells except for goblet cells, which lacked
ACE2 expression. The viral RNA levels exhibited infection
of the organoid cells (not goblet cells). Additionally, the
inhibitory effects of remdesivir, famotidine, and EK1 (a peptidic
pancoronavirus fusion inhibitor) were investigated. The results
showed that remdesivir blocked SARS-CoV-2 replication in a
dose dependent manner; EK1 decreased the number of infected
cells. However, famotidine did not show any inhibitory effect
in the intestinal organoids. Thus, human intestinal organoids
derived from PSCs represented a valuable physiological model
for experimental studies (Krüger et al., 2021). Further studies
indicated ACE2 and TMPRSS2 expression as well as SARS-
COV-2 permissiveness of colonic organoid derived from hPSCs.
For studying COVID-19 in vivo, the colon organoids were
transplanted under the kidney capsule of NSG mice. In addition
to ACE2 detection, infecting the organoid with SARS-CoV-
2 via intra-xenograft inoculation confirmed the permissiveness
and the viral infection of the organoids. Next, the inhibitory
effects of some FDA-approved drugs were tested. Colonic
organoids were treated with imatinib, QNHC, and MPA and
then infected with SARS-CoV-2. They all resulted in decreased
viral RNA level and nucleocapsid protein expression that means
blocking the infection. Taken together, the colonic organoids
have introduced an experimental model for drug discovery
(Han et al., 2021).
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Cardiovascular System
The endothelial damage of COVID-19 is a matter of great
importance that needs further investigation. Not only As
previously mentioned, hiPSCs derived endothelial cells express
ACE2, yet they seem not to be infected with SARS-CoV-2 since
the pseudo-entry virus resulted in low luciferase activity (Yang
et al., 2020; Yiangou et al., 2020). On the other hand, capillary
organoids derived from iPSCs exhibited SARS-CoV-2 replication
that was revealed by analyzing qRT-PCR. Moreover, as discussed
in kidney organoids, Monteil et al. revealed that the infection was
reduced by adding hrsACE2 (Monteil et al., 2020). Collectively,
there is a possibility that the injury of the endothelium is not due
to direct infection but the paracrine effects that should be studied
in different relevant models (Yiangou et al., 2020).

Brain
In spite of the reports on finding SARS-CoV-2 in CSF and brain,
the exact prevalence of CNS infection and the mechanism of
virus entry and pathogenesis are not fully understood (Pellegrini
et al., 2020; Song et al., 2021). In a hiPSC-derived brain organoid,
SARS-CoV-2 infected the neurons and induced cell death despite
low levels of ACE2 expression. However, a productive replication
of the virus was not detected. Besides, SARS-CoV-2 caused
aberrant Tau localization and phosphorylation. Tau is a protein
that is responsible for stabilizing the microtubules of neurons
and promoting axonal growth. Tau dysfunction is known to be
involved in Alzheimer’s disease. While it is mainly localized at
the axons, the infected neurons showed an increased level of Tau
into the cell somas. Moreover, it was revealed that virus entry
caused tau phosphorylation at the T231 site, which is remarkable
for aberrant phosphorylation leading to neural toxicity. Although
tau hyper phosphorylation and abnormalities in the infected
neurons were detected, it is not completely clear whether they
are the direct effects of the virus or the results of neural stress.
Hence, more investigation is suggested (Ramani et al., 2020).
Another study developed dorsal forebrain organoids from hESCs
and reported that ACE2 was expressed in the organoid with
a significant decreased level in the progenitor and stem cells.
The neurons were found susceptible to the spike-containing
SARS-CoV-2 pseudo-entry virus but increasing the viral load
did not elevate the virus infectivity (Yi et al., 2020). Besides,
the BBB and blood-CSF-barrier (B-CSF-B) are known as major
obstacles to the entry of pathogens like SARS-CoV-2. B-CSF-B,
which is simpler than BBB, consists of an epithelial layer of the
choroid plexus, which has interactions with blood. In addition,
it participates in the immune response by producing some
inflammatory cytokines in the CSF. To test the choroid plexus
role in SARA-CoV-2 neurotropism, the hPSC-derived brain
organoids, which represented the choroid plexus and the cortical
tissue, were developed. ACE2 and TRMPSS2 expression were
detected in the choroid plexus and not in the neural progenitors.
Next, the organoids were incubated with both SARS-CoV-2 spike
pseudo virus and live SARS-CoV-2. The results showed that
the epithelial cells of the choroid plexus were susceptible to
the virus infection and its replication while the neural region
exhibited little to no infection. Moreover, at 4 days post-infection,
considerable damage to the barrier integrity and a decrease in the

internal fluid (CSF leakage) were reported (Pellegrini et al., 2020).
Similar findings were reported by Jacob et al. who generated
monolayer cultures of neurons, astrocytes, and microglia as well
as organoids of the cerebral cortex, hippocampus, hypothalamus,
midbrain, and choroid plexus (Jacob et al., 2020). The results
showed no infection in the monolayer culture of microglia and
sparse infection in cortical neurons and astrocytes. Additionally,
introducing SARS-CoV-2 to the multiple organoids indicated a
limited infection rate in neurons and astrocytes, which did not
exhibit a significant increase, days after the infection. Notably, the
choroid plexus regions in some organoids like the hippocampus
showed greater numbers of infected epithelial cells. For more
investigation, hiPSCs were grown to differentiate into the choroid
plexus organoid, in which a productive infection was observed.
SARS-CoV-2 led to enhanced cell death, inflammation, and
changes in the barrier and secretory function (Jacob et al., 2020).

The number of studies using iPSC-derived cells and organoid
models of COVID-19 associated disorders is rising. Most of these
studies are discussed in the text and some other researches and
pre-print literature are depicted in Figure 1. Also brief data on the
pros and cons of each stem cell or organoid model check Table 1.

Animal Models
As previously discussed, COVID-19 is a new scientific field of
study with noticeable gaps that have to be covered especially
in testing the efficacy of new therapeutic methods in the field
of clinical as well as regenerative medicine. Several animal
models can be used with similarities to the human body in
some aspects. These species also have been used for testing
drug/vaccine candidates of clinical medicine and proved their
efficacy, so it is implied that they can be suitable models for
regenerative medicine investigations. Different species have been
used in this field among which, mice are the most common
(Sun et al., 2020). The problem is that mice are resistant to
SARS-CoV-2 therefore this issue is resolved by introducing the
human ACE2 (hACE2) receptor via an adenovirus into the cells
(Atala et al., 2020; Zheng et al., 2021). In a study, cytokeratin
18 (KRT18) promoter, which is an epithelium specific gene,
was used for the host cells to express hACE2 (Chow et al.,
1997; Zheng et al., 2021). This process causes pneumonia along
with weight loss, severe pulmonary pathology, and SARS-CoV-
2 replication in the lungs (Sun et al., 2020; Zheng et al., 2021).
In some other studies, Lipopolysaccharide has been used to
simulate the hyperinflammatory state caused by SARS-COV-2
infection (Molinaro et al., 2020). Mice-based studies confirmed
the role of the interferon I (IFN-I) pathway in the clearance
of virus as well as the role of interferon II (IFN-II) signaling
through signal transducer and activator of transcription 1 (STAT-
1) in diminishing clinical severity and hyperinflammatory state
of the respiratory system (Sun et al., 2020). In an experiment
of Ad5-hACE2 mice, the application of plasma from recovered
patients improved the disease severity in addition to increasing
the clearance rate of the virus as well as remdesivir (Sun
et al., 2020). Leukosomes have been suggested to promote the
efficacy of anti-inflammation drugs when applied as a drug
delivery system (Molinaro et al., 2020). Ferret is another animal

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 October 2021 | Volume 9 | Article 683619

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-683619 October 19, 2021 Time: 18:36 # 11

Larijani et al. COVID-19 Modeling and Regenerative Medicine

FIGURE 1 | A Summary of pluripotent stem cell (PSC) derived 2d and 3D models of SARS-CoV-2 infection. Human induced pluripotent stem cells (hiPSCs) and
human embryonic stem cells (hESCs) have been used to produce adult somatic cells of different organs. Culturing these cells can become either 2D models of the
cells or tissue or the novel model of 3D organoids. Various studies have used PSCs (and some adult stem cells) to investigate the SARS-CoV-2 infection mechanism
and its manifestations. This figure provides a brief review of currently available researches on different stem cell-based models to discover the SARS-CoV-2
mechanism of action and potential therapeutic strategies. PSCs, Pluripotent stem cell; hESCs, Human embryonic stem cells; hiPSCs, Human induced pluripotent
stem cells; SARS-CoV-2, Severe acute respiratory syndrome Coronavirus-2; NSCs, Neural stem cells; NPCs, Neural progenitor cells; AT2s, Type2 alveolar epithelial;
2/3-D, 2/3 dimensional; KPTECs, Kidney proximal tubule epithelial cells; hSIO, Human small intestinal organoid.

model of SARS-COV-2 infection, which is prone to SARS-
COV per se and presents symptoms like cough, rhinorrhea,
and lower physical activity (ter Meulen et al., 2004; Park
et al., 2020). Positive samples of infectious virus only could be
collected through upper respiratory tract washes, and not other
collected specimens such as a rectal swab, which was positive
of low copy numbers of non-infectious virus (Shi et al., 2020).
Then, the application of suggested drugs such as lopinavir-
ritonavir, Hydroxychloroquine (HCQ), emtricitabine-tenofovir,
and human monoclonal antibodies led to lower severity of
clinical presentations (ter Meulen et al., 2004; Park et al., 2020).
Another study showed that as well as ferrets, cats, and with less
susceptibility, dogs are prone to SARS-CoV-2. In a study using

cats as animal models, it was proved that the infection transmits
in an airborne state among cats (Shi et al., 2020). Besides, in a
study of Syrian hamsters as one of the permissive species to SARS-
CoV-2, the STAT-2 signaling mechanism has been considered as
one of the mechanisms involved in the virus pathogenesis as well
as its protective role as part of the immune system (Boudewijns
et al., 2020). Each discussed model has some advantages that
make it appropriate to be used as a human body simulator but
some disadvantages that make investigations more challenging.
However, assessing these disadvantages opens new doors toward
developing more efficient animal models. Several types of species
models, specific manifestations of each after virus inoculation,
and results of suggested drugs/vaccine candidates have been
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TABLE 1 | Pros and cons of stem cell and organoid models of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2).

Type of model Pros Cons References

Stem cell models MSC-based models - Lower cost in contrast to lung organoid
models

- Various differentiation capacity of stem
cells from different donors
- variation in the number of infected
cells in each set of cultures
- Limited sample size due to the
challenges and costs of obtaining
human tissue
- Lack of inflammatory cells in the
cultures
- Offering only short-term culture
capabilities in contrast to the stability
and indefinite growing capabilities of
organoid models

Purkayastha et al.,
2020; Chugh et al.,
2021

IPSC-derived models - Generating various differentiated cells with
same genetic background
-Mimicking the biology of host-virus interaction
- Patient (genotype)-specific
- Suitable for gene editing
- The susceptibility to become more complex
via co-culturing
- Easy to keep in culture and maintain

- Labor/time consuming and higher
cost culture
- Possible variations among paths of
differentiations
- Some limitations in representing the
exact in vivo manifestation of infected
tissues

Nolasco et al.,
2020; Chugh et al.,
2021

Organoid models Brain - Allowing the scientist to explore neurotoxic
effect of COVID-19
- A suitable platform to study the antiviral
effects of anti COVID-19 drugs through
preserving BBB from viral damage

-Absence of vascularization as in
human brain
- Requiring modification for making
long-term observation possible

Chugh et al., 2021

Gut - Containing all proliferative and differentiated
cell types of the in vivo epithelium
- Reflecting the high susceptibility of
gastrointestinal system to be infected in vivo, by
representing the high rate of enterocytes
infection as the most common cell type pf
intestinal system.

- Weakness in showing the patient’s
defense mechanisms against digestive
system infection during COVID-19
(intestinal flora and lymphatic system)

Lamers et al.,
2020; Yu, 2021

Kidney - Effectively representing COVID-19 associated
AKI
- Showing the efficacy of combination therapy
using Remdesivir with human recombinant
soluble ACE2 in reducing virus entry and
replication.

- Cannot mimic the exact features of
native renal tissue

Chugh et al., 2021

Cardiovascular system - Suitable for exploring the efficacy of new drug
candidates in reversing cardio-toxic effects of
the virus
- Appropriate for validating the potential role of
specific genetic variants in COVID-19 pathology

- The impossibility of mimicking
arrhythmia and myocardial infarction
- The need for careful adjusting of drug
doses because of higher drug levels in
the organoid in comparison to human
blood due to the absence of metabolic
organs in the cardiovascular organoids

Yiangou et al.,
2020; Yu, 2021

Lung - Allowing efficient viral replication
- Suitable for exploring interactions between
human cells and viruses and the response of
lung stem cells to SARS-CoV-2
- Can be used to test drugs targeting a wide
range of viruses

- The absence of stroma and immune
cells
- The absence of a definite culturing
protocol in order to prevent bias

Chugh et al., 2021;
Lamers et al.,
2021; Mallapaty,
2021; Yu, 2021

Liver - Investigated liver tissue damage of
SARS-CoV-2 ex vivo.
- Mimicking host-virus interaction due to
retaining the biology of individual tissues such
as preserving human-specific
ACE2 + /TMPRSS2 + population of
cholangiocytes

- Inability to reflect the cellular
complexity of human hepatobiliary
system for instance specific immune
cell subsets
-Lack of non-parenchymal cells
-Presenting immature liver phenotype

Zhao et al., 2020;
Lui et al., 2021;
Youhanna et al.,
2021; Yu, 2021

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; AKI, Acute kidney injury; MSC, Mesenchymal Stem Cell; IPSC, Induced pluripotent stem cells; BBB,
Blood Brain Barrier; ACE2, Angiotensin-converting enzyme 2; TMPRSS2, Transmembrane protease; serine 2.
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TABLE 2 | Animal models of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-COV-2) and the results of tested drug/vaccine candidates.

Animal model Method of
model
designing

Presented symptoms Tested
drugs/vaccine
candidates

Results References

Ferrets Readily
permissive to
the virus

-↑Body temperatures
-Infectious virus shedding through
upper respiratory tract washes
- Loss of appetite

-Lopinavir-ritonavir
-HCQ
-Emtricitabine-
tenofovir

-↓Overall clinical scores than
control group
-↓Virus titer in
emtricitabine-tenofovir-treated
group

ter Meulen et al.,
2004; Park et al.,
2020; Shi et al.,
2020

Prophylactic human
monoclonal
antibody (against
SARS-CoV)

-↓Viral replication in the lung
-↓Viral induced lung pathology

Outbred domestic
cats

Readily
permissive to
the virus

-Infectious virus shedding through
nasal turbinate, soft palates, tonsils,
tracheas, lungs
-Massive lesions in the nasal and
tracheal mucosa epitheliums and
lungs

Shi et al., 2020

hACE2 BALB/c
mice

-Introducing
hACE2 via
adenovirus
-Introducing
KRT18

-Severe pneumonia
-vasculitis
-Severe brain involvement in some
cases
-Anosmia
-Weight loss

-Plasma of
recovered patients
-Poly I:C
-Remdesivir

-Protection against lethal
severity
-Accelerating virus clearance

Sun et al., 2020;
Zheng et al., 2021

BALB/c mice Intraperitoneal
injection of LPS

Severe lung damage (ARDS) DEX-loaded
leukosomes

-↑Therapeutic activity of
dexamethasone
-↓Inflammatory response

Molinaro et al.,
2020; Zhang N. N.
et al., 2020; Kaspi
et al., 2021

ARCoV vaccine
candidate

-↑Innate immune cells in the
muscles in IM injection
-↑Neutralizing antibodies and
IgG
-↑Cellular immunity
(CD4 + or8 + T cells)
-↑IFN-II, TNF-a, IL-2
-NC in IL-4 and IL-6

Exo MSC-NTF -↓Alveolar wall thickness, fibrin
presence, and neutrophil
accumulation
-↑Oxygenation saturation
-↓Proinflammatory cytokines
(IFN-II, IL-6, TNF-a, RANTES)
- ↓ TF, TAT

C57BL/6 mice
(Ifnar1-/- or Il28r-/-)

- Mild lung pathology (both)
-↑Viral replication (Ifnar1-/-)
-↑Intra-alveolar hemorrhage,
peribronchiolar inflammation
(Ifnar1-/-)

Plasma of
recovered patients

-3-10-fold↓in viral loads
-NC in histopathological
features
-↓Akt1 mRNA levels
-↑DDX58, cGAS mRNA levels

Yang et al., 2020

Immunocompetent
BALB/c mice

Inoculated with
MASCp6 virus

-Moderate pneumonia and
inflammatory responses in the lung
and trachea

ARCoV vaccine
candidate

-Full immunization Zhang N. N. et al.,
2020

Macaca
fascicularis

Readily
permissive to
the virus

ARCoV vaccine
candidate

-↑IgG
-↑IFN-II
-↑IL-4 + /CD4 + cell
response(no difference
between vaccinated and
placebo group)

Zhang N. N. et al.,
2020

(Continued)
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TABLE 2 | (Continued)

Animal model Method of
model
designing

Presented symptoms Tested
drugs/vaccine
candidates

Results References

Syrian hamsters
(WT)

Readily
permissive to
the virus

-Bronchopneumonia and
inflammatory response, neutrophil
infiltration, multifocal necrotizing
bronchiolitis and edema in the lungs

-VHH-72-Fc
-Plasma of
recovered patients

-↓Viral loads in the lung
(VHH-72-Fc)

Boudewijns et al.,
2020

Syrian hamsters
(STAT2-/- or
IL28R-a-/-)

Readily
permissive to
the virus

-↓ISG expression
-↓Antiviral response
-NC in viral RNA levels in the lung
(more infectious virus in STAT2-/-)
-↑Proinflammatory cytokines in the
lung
-↓Lung pathology and PMN cells
infiltration (STAT2-/-)
-Bronchopneumonia and
peribronchiolar inflammation
(IL28R-a-/-)

Yang et al., 2020

hACE2, human Angiotensin-Converting Enzyme 2; KRT18, cytokeratin 18; HCQ, Hydroxychloroquine; LPS, lipopolysaccharide; DEX, dexamethasone; ARCoV, a vaccine
candidate with the component of a mRNA sequence encoding the receptor binding domain of the virus which is encapsulated in lipid nanoparticles; IFN-II, interferon
II; TNF-a, tumor necrosis factor alpha; IL-2, interleukin-2; NC, no change; Exo MSC-NTF, MCS-derived exosomes producing neurotrophic factor; RANTES, CCL5; TF,
Tissue Factor; TAT, Thrombin Antithrombin complex; MASCp6, mouse-adapted strain at passage 6; Ifnar1-/- mice, C57BL/6 mice with a genetic ablation of their type
I interferon receptors; Il28r-/- mice, C57BL/6 mice with a genetic ablation of their type III interferon receptors; WT, wild type; STAT2-/- hamster, lacking type I and III
IFN signaling; IL28R hamster, lacking IFN type III signaling; ISG, interferon-stimulated genes; GI, gastrointestinal; PMN, polymorphonuclear; VHH-72-Fc, SARS-CoV-2-
specific single-domain antibody Fc fusion construct.

provided in Table 2. Also, pros and cons of each species model
are accessible in the Figure 2.

Challenges and Limitations
Despite all advantages of the models which were discussed,
there are different challenges in the experimental researches on
SARS-CoV-2 infection. IPSCs have been widely studied especially
for generating organoids, to model the new pandemic disease,
but there are some limitations that should be mentioned. For
instance, there are some reports that during the reprogramming
process, some of the epigenetic memory of donor cells is retained
in iPSCs that can result in biased differentiation to target cells.
Moreover, there are risks of tumorigenicity in the case of cell
transplantation which are contaminated with undifferentiated
iPSCs. However, novel protocols for differentiation and the
purification process as well as using molecules that cause selective
death of these cells have decreased the risks but more follow-
up is needed. Besides, differentiating somatic cells from hiPSCs
is considered to be expensive and time-consuming (Doss and
Sachinidis, 2019; Nolasco et al., 2020). Notable bottlenecks of
modeling using iPSC-derived cells are lack of maturity and
exhibiting embryonic-like characteristics, especially in late-onset
diseases. Some proposed ways to overcome these drawbacks are
treatment with mitochondrial stress inducers to provoke aging
and direct differentiation of somatic cells like fibroblasts to the
relevant cells like neurons that share similar cell markers. On
the other hand, novel technological advances like gene editing,
organ-on-chip, and "-omics" methodologies can improve the
iPSC-based therapeutic approaches (Doss and Sachinidis, 2019).
Organoids, as a product of advancements in the fields of PSCs
and cell therapy, ECM biology, and tissue engineering, have
played a critical role in experimental studies. In the field of

RM, organoids have been presented for transplantation instead
of organs like the liver, as they recapitulate the main aspects
of the organs. Moreover, they represent a step forward to
drug screening and a promising tool for personalized medicine.
However, there are some obstacles both in the future transplant
process and the current modeling area of this novel tool. Some
of the challenges and disadvantages of different organoids and
iPSC-derived cells are addressed in Table 1. The shape of the
organoids, their size, and cell composition and maturation are not
completely under control. Additionally, modeling complex and
chronic diseases needs a suitable microenvironment and is based
on advanced technology in bioengineering (Prior et al., 2019).
Major limitations of organoids in studying SARS-CoV-2 infection
include their simplicity and lack of immune cells. Therefore, the
studies mainly focus on intrinsic pathways. For instance, SARS-
CoV-2 causes epithelial damage and inflammatory response in
the lung. Hence, the absence of immune cells and stroma are
known as major challenges and limitations of lung organoids
(Chugh et al., 2021). It is suggested that the organoids can be
introduced to immune cells in culture to investigate extrinsic
mechanisms of actions (Katsura et al., 2020; Yang et al., 2020;
Youk et al., 2020). Accordingly, hESCs were utilized in a study
which is pre-print at the time of writing this review, to generate
a co-culture of lung cells and macrophages. The results showed
a reduction of SARS-CoV-2 N protein expression after adding
macrophages, though N protein was detected in the macrophages
per se. More studies are required to find the exact role of
macrophages, and also other parts of the immune system in
the pathogenesis of this virus (Duan et al., 2020; Simoneau and
Ott, 2020). In another pre-print study, a mixture of the upper
airway and alveolar cells derived from hiPSCs was developed.
It showed that the airway cells are more prone to infection
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FIGURE 2 | Pros and cons of each species model discussed in Table 1. In non-critical situations, the routine process of a medical treatment to be approved begins
from in vitro level of experiment and passes toward human experiments through passing the animal model testing stage. In the situation of global crisis such as the
COVID-19 pandemic, the in vitro and animal model testing stages are not much focused on and the candidate therapeutic methods are directly applied to volunteers.
But this gap has to be filled as soon as possible in order to reduce the drug/vaccines/Regenerative Medicine (RM) therapies rate of error. This figure provides the pros
and cons of different species models in the case of studying animal models used in this field (Kumar et al., 2020; Rahim and Muhammad, 2020; Zheng et al., 2021).
ACE2, Angiotensin-converting enzyme 2; hACE2, human-ACE2; SARS-COV2, Severe acute respiratory syndrome coronavirus 2; RM, Regenerative Medicine.

than alveolar cells in a manner that was similar to the patients’
lungs. Further, these novel models can be served as beneficial
platforms for drug discovery (Simoneau and Ott, 2020; Tindle
et al., 2021). In addition, since endothelial dysfunction and
vascular impairment like thrombosis and microangiopathy have
been found in patients’ lungs, adding endothelial cells to lung
organoids may lead to generating more relevant models (Lamers
et al., 2021). Due to the complicated behavior of SARS-CoV-
2, the involvement of multiple organs, and their interactions
with different types of cells and stem cells, more advanced
technologies like organ-on chips or complex organoids can
be more beneficial (Chugh et al., 2021). Among challenges in
brain organoids, the absence of vasculature in choroid plexus
organoids and the presence of not fully mature neurons in
cortical organoids, which affects the susceptibility to infection,
would be worth mentioning (Pellegrini et al., 2020). Moreover,
the results of studying SARS-CoV-2 infection in astrocytes,
microglia, and cortical neurons are controversial and to some
extent, inconsistent. Since these cells have a critical role in CNS
homeostasis, developing brain organoids containing these kinds
of cells could be useful to take a step forward (Ramani et al., 2021).
Besides, the current technology of organoids cannot manifest
the communication between different organs and immunological

responses in COVID-19 infection. In this context, animal models
are more advantageous (Yu, 2021). As one of the most necessary
major phases in manufacturing biomedical products, the ideal
animal models should be able to simulate the disease in humans
and its manifestations as similar to humans as it is possible. For
COVID-19 modeling, the animal model must be permissive to
the infection. Transgenic mice that express hACE2 are one of
the best animal models, yet their availability is limited. Another
mouse model is the adeno-associated virus delivery-based model,
which expresses ACE2 in non-relevant cells and makes the
interpretation of the analyzed data quite hard. Hamsters can
model SARS-CoV-2 infection but they can only be used to study
the mild forms of the disease because the lung pathology resolves
to normal after 14 days post-infection (Kumar et al., 2020). As
it was mentioned before, an important point about modeling
this disease is that additional risk factors like advanced age and
chronic diseases such as diabetes and obesity are associated with
increased morbidity and mortality. These comorbidities cause
alterations including the dysregulation in body homeostasis and
repair mechanisms that make the infection progress to its severe
and lethal forms. Hence, developing models with mentioned
features to provide a platform for shifting the disease from a
curable infection to a multi-organ failure state and ARDS can be
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beneficial. Accordingly, the results of using aged animals such as
aged mice and old macaques showed higher levels of lung injury
and inflammation. Other modified models for obesity (e.g., ob/ob
and high-fat diet-induced obesity mice), diabetes (e.g., STZ-
treated and NOD mice), and immune deficiency/impairment
(e.g., SCID and STAT1-knockout mice) might be more easily
available to analyze the progression of the severe status of SARS-
CoV-2 infection (Croy et al., 2007; Cleary et al., 2020; Payab et al.,
2021). Another advantage of using proposed animal models is the
possible ability to test the efficacy of interventions and treatments
in different stages of the disease. When animal models which
can develop multi-organ failure are used, suggested therapies for
the mild to severe conditions of the infection can be tested in
a pre-clinical setting. Therefore, the safety issues of the drugs
and even prophylactic agents might be explored better (Cleary
et al., 2020). Collectively, an appropriate model which develops
the disease, the body response, and the comorbidities for a
comprehensive understanding of the pathogenesis and possible
treatments is still elusive. Though, available models have led
to invaluable information on the disease and different vaccines
(Cleary et al., 2020; Kumar et al., 2020).

CONCLUSION AND CLOSING REMARKS

The COVID-19 pandemic has placed a huge burden on
people, communities, and health facilities all around the world.
Great attempts toward understanding the disease and finding
treatments and vaccines to fight against SARS-COV-2 are being
made. Giant clinical trials such as the world health organization
(WHO)’s Solidarity clinical trial and the randomized evaluation
of COVID-19 (RECOVERY) trial of the United Kingdom are
global platforms that are trying to identify the treatments of
SARS-CoV-2 infection (No Author, 2020). Current available
approved drugs for treating patients with COVID-19 are
remdesivir, dexamethasone, and immunomodulators including
tocilizumab and sarilumab (IL-6 inhibitors), baricitinib (a Janus
kinase (JAK) inhibitor), for hospitalized patients, and anti-SARS-
CoV-2 monoclonal antibodies like sotrovimab and casirivimab
for non-hospitalized adults. In addition to these drugs, RM-
based approaches including transplantation of progenitor or stem
cells, tissues, and exosomes have also gained attention. Several
trials of cell therapy are investigating the potential therapeutic
effects of stem cells (Asgharzade et al., 2021; Covid-19 Treatment
Guidelines Panel,2021; Rodriguez-Guerra et al., 2021). Besides,
RM has been considered to be a promising field for drug and
vaccine discovery and exploring the pathogenesis of the virus
through disease modeling. Stem cells (especially iPSCs) and
organoids, as major components of RM, have been recognized as
useful models of SARS-CoV-2 infection. Various PSC-derived cell
types (e.g., AT2s, cardiomyocytes, and neurons) were generated
to study the SARS-CoV-2 effect on human organs and systems.
Regarding the extensive data to support the value and benefits
of hiPSC-derived somatic cells to model different diseases as
well as various kinds of viruses, several studies on SARS-
CoV-2 infection have used this RM-based model. Developing
hiPSC-derived AT2s has clarified some aspects of the viral

pathogenesis in the lungs. Moreover, endothelial cells derived
from hiPSCs are known as a practical tool for studying the
hypercoagulable state, which is caused by SARS-CoV-2 (Atala
et al., 2020; Nolasco et al., 2020). The unique ability of SARS-
CoV-2 to cause myocardial injury in a considerable percentage
of patients has inspired scientists to explore the pathogenic
mechanism. Research on hiPSCs has revealed that the virus
directly affects the cardiomyocytes and actively replicates in
these cells. Additionally, as mentioned before, the virus causes
down-regulation of ACE2 expression, in contrast to other tissues
like the intestine (Lamers et al., 2020; Wong et al., 2020). In
addition, the antiviral effect of remdesivir and chloroquine was
assessed in cardiomyocytes derived from hiPSCs and hESCs.
Remdesivir exhibited stronger antiviral activity than chloroquine.
However, it induced cardiotoxicity by causing QT prolongation
and reducing cell viability at a higher concentration than the
estimated peak plasma concentration. The results not only
introduce the cardiomyocytes derived from hPSCs as a powerful
experimental model for drug screening but also advise close
monitoring of patients undergoing treatment with remdesivir,
especially those with chronic heart diseases or severe form of
COVID-19 (Choi et al., 2020). As well as hPSCs, organoids have
acted as both ex vivo and in vivo models for lung injury in
COVID-19. Transplantation of lung organoids into NSG mice
and testing some proposed drugs have made the models more
realistic and experimental (Han et al., 2021). Other organoid
models including small and large intestine, kidney, retina, liver,
pancreas, heart, and brain organoids are used and discussed
in this review. For example, brain organoids and iPSC-derived
neural cells have revealed some insights into the neurotropism
of SARS-CoV-2. The number of these studies is still limited and
the results are controversial, but they have been helpful in finding
some of the underlying causes of neurological defects and also,
testing some drugs. Based on currently available data, infecting
the choroid plexus is a major component of brain damage.
Different studies have suggested impairment of synaptogenesis,
viral toxicity in NSC/NPCs, and neural cell death to explain
the neurological symptoms. However, it is not clear whether
neurons, astrocytes, or microglia are infected by the virus or
not. There are reports of sparse to no infection in microglia
and cortical neurons, yet more investigation is required (Jacob
et al., 2020; Kase and Okano, 2020; Zhang B. Z. et al., 2020;
Ramani et al., 2021).

In addition to the role of organoids in exploring damages
of tissue and somatic cells, they are accepted as valuable
ex vivo models for studying stem cells. Accordingly, reports have
revealed that the stem cells can be affected by SARS-CoV-2 as
it decreases the population of resident stem cells in the lung.
Some studies have reported that one type of pulmonary stem
cell expresses ACE2, which can lead to its loss. Besides, intestinal
organoid-based studies showed that both quiescent and active
intestinal stem cells express ACE2. Therefore, investigating the
exact role of the signaling pathways and susceptibility of stem
cells to SARS-CoV-2 are essential in terms of finding potential
treatments (Chugh et al., 2021).

The application of organoids in studying new variants of
SAR-CoV-2 is another novel advantage of this model. The new
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variants including Delta and Lambda are more transmissible
and can escape from the immune system and to some extent,
the current vaccines. Organoid systems can provide a rapid
platform for comparison of these strains and their susceptibility
to vaccines and drugs (Mohammadi et al., 2021; van der Vaart
et al., 2021). Modifying the organoids by using novel technologies
like clustered regularly interspaced short palindromic repeats and
CRISPR-associated protein9 (CRISPR/Cas9) and biomaterials
as well as combining different cell types can result in more
applicable and reliable pre-clinical models (Yu, 2021).

Furthermore, different animal models have helped researchers
investigate body response and treatment options. Mice, hamsters,
ferrets, and primates are the most common animal models
and their characteristics were addressed previously. The size,
rapid growth, and breeding of mice have made them favorable
animal models in preclinical studies. On the other hand,
the problem of their resistance to SARS-CoV-2 infection has
raised some issues. The application of hACE2 transgene-
dependent expression and adeno-associated virus delivery
methods has helped scientists generate promising useful models.
Nonetheless, there are still concerns about the similarity of
hACE2 expression and distribution to humans and its related
possible differences in modeling the SARS-CoV-2 infection
mechanism. Hence, more specified manipulation of the relevant
locus in mice may develop more accurate models. In contrast
to mice, hamsters are known to be permissive to SARS-
CoV-2. This model can be used for the mild form of
COVID-19 and exploring the successful inflammation resolving

mechanisms for therapeutic targets (Cleary et al., 2020;
Kumar et al., 2020).

This review has discussed currently available models and
their challenges in the paradigm of RM and proposed
potential therapeutic approaches discovered in the experimental
studies. Despite previous advances in this field, there are
still shortcomings highlighted under the “CHALLENGES AND
LIMITATIONS” section, which should be defeated in order
to optimize COVID-19 RM modeling. For example, further
exploration of gene editing or “omics” to improve the
limitations of iPSC-based modeling such as immaturity and
epigenetic memory retaining problems is suggested. However,
economic efficiency should be considered in applying these
new technologies. Altogether, considering the impossibility of
studying the detailed mechanism of pathogenicity and the
sequence of suggested drugs or vaccine candidates in human
beings, these big steps toward RM in the SARS-CoV-2 field of
study should be continued.
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