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Abstract

Purpose of Review Organoids are an emerging technology utilizing three-dimensional (3D), multi-cellular in vitro models
to represent the function and physiological responses of tissues and organs. By using physiologically relevant models, more
accurate tissue responses to viral infection can be observed, and effective treatments and preventive strategies can be identi-
fied. Animals and two-dimensional (2D) cell culture models occasionally result in inaccurate disease modeling outcomes.
Organoids have been developed to better represent human organ and tissue systems, and accurately model tissue function and
disease responses. By using organoids to study SARS-Cov-2 infection, researchers have now evaluated the viral effects on
different organs and evaluate efficacy of potential treatments. The purpose of this review is to highlight organoid technolo-
gies and their ability to model SARS-Cov-2 infection and tissue responses.

Recent Findings Lung, cardiac, kidney, and small intestine organoids have been examined as potential models of SARS-
CoV-2 infection. Lung organoid research has highlighted that SARS-CoV-2 shows preferential infection of club cells and
have shown value for the rapid screening and evaluations of multiple anti-viral drugs. Kidney organoid research suggests
human recombinant soluble ACE2 as a preventative measure during early-stage infection. Using small intestine organoids,
fecal to oral transmission has been evaluated as a transmission route for the virus. Lastly in cardiac organoids drug evalua-
tion studies have found that drugs such as bromodomain, external family inhibitors, BETi, and apabetalone may be effective
treatments for SARs-CoV-2 cardiac injury.

Summary Organoids are an effective tool to study the effects of viral infections and for drug screening and evaluation studies.
By using organoids, more accurate disease modeling can be performed, and physiological effects of infection and treatment
can be better understood.

Keywords Organoids - SARS-CoV-2 - Viral models - 3D cultures - Drug screening - Treatment - In vitro models

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged late 2019 and quickly became a worldwide
pandemic. Spread through transmission of respiratory aero-
sols and droplets, its high infectious rate led to rapid illness,
multi-organ disease, and deaths or long-term post-COVID
sequelae. The high transmissibility and virulence of this
virus highlighted the urgent need for physiologically relevant
research models to study the interaction of the SARS-CoV-2
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virus across multiple tissues, and identify novel therapeutics
and treatment modalities.

There are currently an array of in vivo and in vitro model
systems used to study the mechanisms of viral infections and
evaluate novel drug candidates and therapies. These models
range from simple monotypic cell cultures of immortalized
cell lines to complex models that utilize entire organs or
large animal species (Fig. 1). Any model system has their
own strengths and limitations. For example, monotypic
cultures of immortalized cell lines provide a cost-effective
means for high-throughput assessment of virus infectiv-
ity, replication, or drug effects. With the average cost of
developing a new drug ranging from $314 million to $2.8
billion, immortalized monotypic cultures provide a costly
benefit [1]. However, immortalized cell lines are inherently
abnormal in their genetic composition and generally lack
physiologically accurate form, function, and complexity of
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Fig. 1 Generalizations of different models and their relationship with throughput and physiological relevance

their host tissues. These molecular differences may lead to
research findings that are not reproducible in normal non-
immortalized cells and tissues. Model limitations add to the
median cost per product ($985 million between 2009 and
2018) for the research and development of new therapeutic
drugs and biologic agents, including failed trails [1]. Clinical
drug development trials have been estimated to have a 90%
failure rate [2]. Total capitalized costs have been shown to
increase at 7.4% annually, accounting for price inflation[3].
Improved model development can discover potential obsta-
cles prior to the capital investment.

Of the available model systems, 2D cell culture models
(tissue-specific monotypic cultures) are typically used to
study the human response to viral infection on a cellular
level. 2D models generally utilize a single well-defined
cell type harvested from tissue cell isolation techniques, or
cell lines which can be generated by a variety of means to
enable expansion of these cell types. The isolated cells are
typically expanded and passaged on tissue-coated plastic,
collagen-coated plates, or Transwell membranes. Tissue-
coasted plastic is the simplest form, relying on the cells
ability to attach to plastic-based materials under submerged
culture media incubation. Collagen coating of plastic plates
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is often performed to increase the cell attachment of less
adherent cells, thus improving expansion efficiency. Tran-
swell systems add complexity by allowing an air liquid inter-
face for the monolayer, permitting barrier interactions and
ion transport through a membrane into media. Transwell
cultures are particularly useful for analyzing lung and air-
way cell cultures, since physiologically these cells are in an
air-exposed environment. 2D models are useful for testing
wide ranges of genetic variability based on the cell donors,
with low maintenance needs and moderate to low cost [4].
Genetically engineered cell lines such as wild-type VeroE6
have been used for the successful isolation and propaga-
tion of the SARS-CoV-2 virus, as well as investigating the
roles of certain enzymes in response to SARS-CoV-2 [5].
Studies have also shown viral replication in Vero- VeroE6
cells under trypsin-free environments [6]. Unfortunately,
2D models have many limitations, primarily due to their
monotypic cell environment and lack of supporting tissue
components that are present in vivo such as extracellular
matrix components. 2D monotypic culture models are often
more susceptible to treatments compared to humans or ani-
mal models, and their abilities to accurately model overall
tissue function and responses are limited compared to more
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complex 3D co-culture models. 2D cultures often lack the
complexity of tissue and diversity of cells in the individual
model combined with limited lifespan in culture.

Unlike 2D model systems, animal models provide a
complete functional organism that can be evaluated for sys-
temic, tissue-specific responses to a virus, drug, or treat-
ment. However, animal studies can be prohibitively expen-
sive and, although animal models provide a systematic
response, differences in animal anatomy, physiology, and
immune responses often do not always reproduce the viral
responses or pathogenesis observed in humans. In the field
of oncology, for example, animal models’ average rate of
useful translation to clinical trials is less than 8% [7]. Animal
models tend to overestimate treatment effectiveness by about
30% due to negative results often not published[8]. Data sug-
gests that between 41 and 89% of transcription factors among
4000 genes differ between humans and mice[9]. Along with
physiological differences, animal model methodologies can
also effect results. Stress is a common factor that may have
significant effects on experimental results as well as thera-
peutic agents[10]. Preclinical trials have expanded on the
correlation between animal model’s toxicity and observed
human toxicity. Using data for over 108 drugs ranging from
small molecules, biologics as well as conjugates showed a
weak correlation for predictability with a median positive
predictor value of 0.65 and a negative predictor value of
0.5 [11]. This correlation can be further examined when
looking into animal models for SARS-CoV-2. For exam-
ple, numerous studies have shown that SARS-CoV-2 targets
angiotensin converting enzyme II (ACE2) for infection in
humans, but the ACE2 receptors of wild-type mice prevent
SARS-CoV-2 from entering the cells [12]. The inhibition
of entry is most likely attributed to the histidine located at
353 position, whereas human ACE2 contains a lysine that
promotes improved virus-receptor interaction [13]. Unlike
mice, Syrian hamsters have been successfully infected with
SARS-CoV-2 and exhibited rapid breathing, weight loss,
high viral load in the lungs, and spleen and lymphoid atro-
phy within the first week [4, 14]. Similarly, ferret models
showed increased body temperatures, combined with viral
replication and shedding, which led to airborne transmission
between animals in this study [4]. Exposed felines showed
respiratory tract inflammation, along with viral replication
in the nose and throat combined with airborne transmission.
Canines, on the other hand, did not demonstrate viral repli-
cation post exposure and appeared to be resistant to the virus
similar to pigs, chickens, and ducks [15]. These examples
demonstrate the variability in animal study outcomes and
highlights both the value and limitations of in vivo model
systems. Recently, there have been advances in the genera-
tion of “humanized” animal models in which animals are
engrafted with human cells and tissues [16]. Humanized ani-
mal models improve the ability to predict human responses

to virus and therapeutics. However, the current models are
limited to specific host species, limited humanized compo-
nents, and have a higher cost than non-humanized animal
models.

Basics of organoid systems

Organoids are broadly defined as complex, multicellular, 3D
in-vitro culture structures, derived from primary tissues or
a stem cell source, which retain characteristic features of
the original tissue [4]. However, the functional definition of
an organoid varies in the literature and among researchers
in the field. Organoids have been described as primary cell
explants grafted onto 3D extracellular matrices, cell cultures
consisting of different cell types derived from organ specific
progenitor cells or stem cells, and 3D cell clusters of primary
tissue capable of self-organization, self-renewal, and func-
tion similar to that of the source tissue [17].

Adult stem cells (ASC) derived from primary tissue or
reprogramed differentiated cell types such as pluripotent
stem cells (PSCs), embryonic stem cells (ESCs), or induced
PSCs (iPSCs) have been deployed to generate organoids
[18-20]. Under optimal growth conditions, these cells dem-
onstrate inherent capacity to proliferate, self-organize, and
develop specific features of an organ structure and function
[21]. Broadly, organoids maintain a heterogeneous cell pop-
ulation, cell—cell and cell-matrix interactions, and sustain
native gene, protein, and metabolic profile with microarchi-
tectural and stromal cues. Many organoid types are opti-
mized specially for disease modeling, drug discovery, drug
testing, and personalized medicine [4, 22-30] (Fig. 2).

Higher complexity primary cell-derived organoids are
being developed in the form of 3D tissue systems called
“organ-tissue-equivalents” (OTEs). OTEs are commonly
fabricated using tissue engineering principles, incorporat-
ing multiple cell types, biomimetic extracellular matrix sub-
strates, and an organized microarchitecture that mimics the
tissue source. OTEs can also be incorporated into microflu-
idic chips, allowing for systematic infections and analysis.
These OTEs can encompass multiple cell types and when
integrated with microfluidic chips they are typically referred
to as an “organ-on-a-chip.” This characteristic is especially
useful for studying the effects of drugs on unintended organs
using a system of integrated OTEs known as a “body-on-a-
chip.” Inclusion of immune organoid cultures allows for an
immune response to a stimulant and better system modeling
[31].

Lung organoid models

The lung is a highly complex branched organ with more
than 40 distinct cell types tailoring its unique cellular
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Fig.2 An overview of the development of organoids and their role in personalized medicine

architecture. The cell types include epithelial, vascular, stro-
mal, and immune cells. The epithelial cells undergo distinct
branching morphogenesis to form airway conducting bron-
chi, which opens into air sacs and alveolar space to facili-
tate gas exchange. Airway conducting bronchi is composed
of ciliated cells and secretory cells (goblet and club cells),
whereas alveolar epithelial lining comprises two distinct cell
types: alveolar type II cells (AEC2s) and alveolar type I cells
(AEC1s) [32]. Considering cellular heterogeneity within the
respiratory system and the specialized functions of individ-
ual cell types, it is unlikely that conventional cell line-based
in vitro models could recapitulate in vivo lung physiology
comparable to differentiated primary airway cell cultures.
Therefore, complex 3D lung organoids provide an excellent
platform for research considering their ability to bio-mimic
airway epithelial function and the lung microenvironment
[32-35].

Lung spheroids
Spheroids are typically less complex forms of an orga-
noid, consisting of an aggregation of cells. Spheroids can

be formed from a cell suspension that aggregates into a
compact sphere, clonal proliferation under low adherence
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conditions, partial dissociation of tissue followed by com-
paction and remodeling, and lastly a combination of cutting
tissue and expanding under low-adherence conditions [36].
Spheroids do not require any scaffold or matrix to form,
but are merged through cellular interactions. Ions and nutri-
ents diffuse through the cellular channels into the core cells,
emphasizing the importance of cellular transport [37]. Due
to significance of cellular transportation, spheroids are lim-
ited in size based on the diffusion of nutrients often creating
necrotic cores. Spheroids contain surface exposed cells as
well as buried cells with various levels of oxygenation [38].
The necrotic core produces spheroids with similar charac-
teristics to in vivo tumors leading to a focus on oncology-
based research. Spheroids have been used to study invasion,
metastasis, antineoplastic drugs, radioresponsiveness, and
hypoxic effects [36].

Lung organoids

Airway and alveolar lung organoids can also be developed
from pluripotent stem cell (PSCs), adult stem cell (ASCs)
[35, 39, 40], or progenitor cells dissociated and isolated from
donor lung tissue. PSC-derived lung organoids are developed
by differentiating progenitor stem cells into mature lung
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epithelium. PSC differentiation protocols are continuously
evolving with the goal of optimizing PSC lung organoids
with adult lung cell heterogeneity [41-45]. PSC-derived
organoids have provided a unique advantage to investigate
lung disease and infections at various developmental stages
[46—48]. On other hand, ASC-derived lung organoids are
developed using isolated adult stem cells from various lung
sites. These organoids can mitigate the technical difficulties
of PSC cell differentiation. Basal cells are building units for
most upper airway organoids (tracheospheres and broncho-
spheres). These basal cells self-renew and differentiate into
ciliated cells and secretory cells [32]. AEC2 serves as adult
stem cell units for alveolar organoids and upon any injury,
AEC2s regenerate and differentiate into AEC1s [49]. Con-
versely, ASC-derived lung organoids are used to investigate
mature stages of various lung diseases especially lung cancer
[50]. Due to ease of generation, ASC-derived lung organoids
have enabled more rigorous tissue level research by provid-
ing high-throughput microengineering approaches.

Lung-on-a-chip

Primary cell-derived organoids in the form of lung-on-a-
chip (LOC) models have been growing in interest due to
their ability to accurately model air-tissue interactions. The
lungs are a common point of entry for toxins, pathogens,
and drugs through inhalation. LOC models can produce key
aspects of physiological structure, including innate defense
features like mucociliary transport. In addition to a differen-
tiated airway epithelium, LOC models can contain a base-
ment membrane and extracellular matrix, as well as support-
ing cell types, such as tissue fibroblasts, endothelial cells,
and immune cells [S1-54]. Recent advancements in LOC
models incorporate pneumatic channels or diaphragm-like
structures which induce cyclic wall stretching to simulate
the mechanisms of breathing [55, 56]. These LOC models
allow for aerosolized drug delivery to the epithelial surface
and soluble drug delivery to the basolateral compartment to
model intravenous drug delivery. The diversity of LOC mod-
els is increasing as they incorporate increasing complexity to
achieve greater physiologic relevance. These systems hold
promise for novel discoveries and increase the likelihood
that research findings will be translatable and hold human
relevance [31].

Other organoids relevant for SARS-CoV-2
disease modeling

Over recent years, there has been a rapid evolution and
diversification of multiple organoid model systems includ-
ing heart, brain, kidneys, and intestines. Like the res-
piratory system models, these organoids provide novel,

physiologically relevant platforms for studying SARS-
CoV-2 infection, COVID-19 sequelae, and emerging treat-
ment strategies.

Brain organoids

SARS-CoV-2 has been linked to both short- and long-term
neuropsychiatric symptoms and long-term brain sequelae
in infected individuals [57]. Recent advancements in the
development of complex brain organoids with multiple
cell types may provide an improved model for elucidat-
ing the underlying mechanisms of COVID-19 pathologies.
Embryonic stem cells or pluripotent stem cells, astrocytes,
and neural progenitors all together tailor PSC-derived brain
organoids. PSC-derived brain organoids are engineered to
mimic specific regions (mini brain [58], ventral and dor-
sal forebrain [59, 60], choroid plexus [61], thalamus [62,
63], hypothalamus [64], midbrain [65, 66], and cerebellum
[67]) of brain by guided differentiation [68]. Brain orga-
noids have been used for models of neurological diseases,
neuropsychiatric disorders, brain tumors, and drug testing
in vitro [69, 70]. ASC-derived brain organoids are not pre-
ferred considering the surgical complications during tissue
biopsy and complex cellular heterogeneity [40]. Develop-
ment of blood brain barrier (BBB) 3D spheroids may be the
solution to overcome these complications. Human spheroid
models were generated containing human brain microvas-
cular endothelial cells (HBMEC), human pericytes (HBVP),
human astrocytes (HA), human microglia (HM), human oli-
godendrocytes (HO), and human neurons (HN). Combining
these cell types with an endothelial cell core showed tight
junction expression, adherens junctions, and cell-specific
markers, suggesting a functional blood brain barrier model
for drug screening and disease modeling [71].

Small intestine organoids

The small intestine is a major organ with specialized epithe-
lium supported by mesenchyme which regulates digestive
function and nutrient intake. The small intestines express
ACE2 and TMPRSS?2 in large quantities, suggesting a target
for human enteric viruses [72]. Small intestinal organoids
are generated from both PSC and ASC origins [73]. Small
intestine organoids include enterocytes, goblet cells, enter-
oendocrine cells, transit amplifying cells, and stem cells
[74]. Intestinal organoids play a vital role in understanding
the changes within the intestinal microbiota during cancer
and infectious diseases [75-77]. For instance, Heo et al.
demonstrated propagation and complete life cycle of para-
sites within ASC-derived intestinal organoid, microinjected
with Cryptosporidium parvum oocysts [78].
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Cardiac organoids

SARS-CoV-2 is known to affect many organs due to the
presence of ACE2 and TMPRSS?2 receptors throughout the
body. In SARS-CoV-2 related deaths, there is a high associa-
tion with myocardial injury [79]. Cardiac organoids gener-
ated from human pluripotent stem cells were shown to create
chamber spaces as early as day 15, with gap junctions and
tubular structures like the features found in early human fetal
heart. The organoids consisted of 59% cardiomyocytes, 16%
epicardial cells, 14% endocardial cells, 12% cardiac fibro-
blasts, and 1.6% endothelial cells, while producing beating
for up to 8 weeks. These cardiac organoids were modified
to resemble pregestational diabetes (PGD), exhibiting larger
sizes reminiscent of macrosomia. The larger size suggests
cardiac hypertrophy, reminiscence of PGD [80]. Other car-
diac organoid models have been developed using induced
pluripotent stem cells derived from cardiomyocytes, in the
form of spheroids reaching about 250 pm in diameter. The
spherical organoids were analyzed non-invasively for the
change in beating kinetics as an indicator of health. The
effects of epinephrine, isoproterenol, quinidine, astemizole,
and ricin A chain were studied to verify the physiological
relevance of the organoids. Isoproteerenol and epinephrine
both increased the organoid beat rate to 40 beats per min and
42 beats per min, respectively. Whereas quinidine (12 beats
per min), astemizole (4 beats per min), and ricing A chain
(12 beats per min) reduced the beating rate, reminiscent of
the observed physiological effects [81].

Kidney organoids

Viral components found in stool and urine also suggest
SARS-CoV-2 may be able to affect the kidneys and small
intestines. Kidney failure is a common disease observed
from SARS-CoV-2 infections, but the mechanisms are still
unknown [82]. Kidney organoids can be generated by creat-
ing a 2D culture containing wild-type iPSCs differentiated
into mesoderm cells, then continuing differentiation into glo-
merular clusters and tubular structures. By day 18, the kid-
ney organoids developed nephrogenic zones with discern-
ible nephron-like structures. Using immunofluorescence,
the localization of BM integrin receptors was confirmed,
demonstrating kidney organoids mimic the normal develop-
ment of kidney differentiation [83].

Application of organoids for biological
and mechanistic viral studies

Organoids have been established as unique tools to better

understand viral pathogenesis in ways that that are absent or
non-physiological in 2D culture or animal models [84—86].
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The application of organoids in viral research could have
significant impacts on our ability to understand emerging
viruses. In the twenty-first century alone, there has been a
marked increase in viral epidemics including influenza A
virus subtype HIN1 (HIN1) (2009), Middle East respiratory
syndrome coronavirus (MERS-CoV) (2012), Ebola virus
(2014), Zika virus (2015), and SARS-CoV-2 (2019) [87].

One of the most prominent early examples of the value of
organoids for viral research was the use of brain organoids
during the Zika virus outbreak. While the Zika virus is not
a novel virus, the employment of human cerebral organoids
provided the foremost opportunity to analyze fetal brain
architecture and viral development in vitro [88-91]. Brain
organoid research revealed many pathological characteris-
tics of the Zika virus that influence its detrimental effects
on developing fetal brains. Using forebrain-specific human
iPSC organoids, Qian et al. demonstrated a microcephaly
phenotype characteristic of Zika-infected fetal brains along
with cellular tropism of neural progenitor cells [§9]. More
recently, Krenn et al. demonstrated virus-specific mecha-
nisms with an attenuated interferon response characteristic
of Zika microcephalic patients using Zika-infected brain
organoids [92]. The organoid model highlighted cellular
responses and distinct phenotypes not seen in 2D human
neural progenitor cell cultures.

Other organoid models have been similarly used to study
non-epidemic viruses. For instance, human intestinal orga-
noids derived from primary tissue or stem cells have been
crucial in understanding cell tropism for enteric viruses
[93-95]. Prior to organoid models, it was near impossible
to cultivate and replicate enteric viruses in the current intes-
tinal cell lines. Similarly, Nie et al. developed iPSC-derived
human liver organoids to illustrate and analyze hepatitis B
viral infection and its associated viral life cycle that is not
possible with other in vitro culture models and most animal
models [96].

Lung organoid models have been used to investigate cel-
lular tropism, viral replication, and pathogenesis of both
seasonal respiratory viruses and cross-species epidem-
ics viruses, such as avian HIN1 and H7N9 influenza [85,
97-99]. For instance, Bui et al. demonstrated successful
infection and susceptibility of human lung organoids to sea-
sonal influenza A and the less-studied influenza B viruses
[98]. They were able to shed light on the pathogenicity of
influenza B and the inhibitory effect of mucin on its viral
replication. Another study using the same model examined
the zoonotic potential of more recent strains of highly patho-
genic avian HSN6/H5NS influenza and showed lower rep-
lication competence indicative of low transmissibility [99].
Meanwhile, Harford et al. found that viruses like respira-
tory syncytial virus (RSV) can transfer hematogenously in
utero to the developing fetal lungs [100]. Using a pluripo-
tent stem cell lung organoid that models 1st trimester fetal
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development, they demonstrated that RSV causes significant
changes to lung architecture and gene expression indicative
of possible future chronic airway dysfunction.

Organoids in SARS-CoV-2 research
Lung organoids

The respiratory epithelium is the primary site of SARS-
CoV-2 infection and replication. Accordingly, there has been
considerable interest in accurately modeling a functional
respiratory epithelium with supporting tissues for COVID-
19-related research (Table 1). Salahudeen and colleagues
recently used single-cell transcriptomics on SARS-CoV-
2-infected distal lung organoids to conclude that SCGB1A1*
club cells were a primary viral target [101]. The other stud-
ies report that SARS-CoV-2 targeted club cells on airway
organoids with “apical-out” polarity and surface ACE2
expression [101]. Tissue-derived human bronchial epithe-
lial organoids developed by Suzuki et al. showed enhanced
expression of ACE2 and TMPRSS2 with differentiation in a
Matrigel matrix. SARS-CoV-2 infection of these spheroid-
like Matrigel organoids resulted in enhanced intracellular
viral genome quantity, progeny virus, cytotoxicity, pyknotic
cells, and increased type I interferon signals. Importantly,
treatment of these organoids with the serine protease inhibi-
tor Camostat significantly reduced viral copies [102]. Addi-
tional SARS-CoV-2 infection studies with lung organoids
reported a significant reduction in type 1/3 interferon signal-
ing post infection, which is consistent with infected patients
[103]. Furthermore, studies comparing conducting airway
and alveolar organoids identified sustained viral infection in
the conducting airway cells, while distal alveolar organoids
produced an immune response similar to that observed in
fatal disease [104]. Pei et al. created human airway organoids
and alveolar organoids using human embryonic stem cells
with multiple differentiation stages. These differentiation
stages started as embryonic stem cells, then proceeded to
definitive endoderm, anterior foregut endoderm, ventralized
anterior foregut endoderm, and lung progenitors before final-
izing into human airway organoids and alveolar organoids.
SARS-CoV-2 was shown to infect these organoids produc-
ing viral RNA as early as 24 h post infection. By using gene
ontology analysis, it was confirmed that the genes down-
regulated were associated with cell and lipid metabolism,
and the upregulated genes were associated with immune
response. To protect against SARS-CoV-2, CB6, a neutral-
izing antibody proven to inhibit SARS-CoV-2 infection in
rhesus monkeys, was analyzed. CB6 significantly repressed
the generation of viral particles, in human organoids justify-
ing the models used and drug candidate [105].

Brain organoids

There is suggestive evidence that SARS-CoV-2 may lead
to short- and long-term neuropsychiatric symptoms indica-
tive of independent brain damage. Although the brain is
not the direct target of infection, SARS-CoV-2 may have
the ability to pass through the blood brain barrier using cir-
cumventricular organs. Viral RNA has been detected in the
medulla and cerebellum, as well as viral proteins found in
brain vascular endothelium. Using brain organoids exposed
to SARS-Cov-2, viral nucleoproteins were found in TUJ1-
postive neurons and NESTIN neural progenitor cells. These
organoids showed SARS-CoV-2 were able to enter the orga-
noids, but not promote infection [106]. By utilizing human-
induced pluripotent stem cell brain organoids, SARS-CoV-2
was proved to readily infect choroid plexus epithelial cells,
while sparsely effecting neurons and astrocytes. Choroid
plexus brain organoids showed increased inflammation, with
altered barrier and secretory functions [107]. Mesci et al.
created brain organoids using neural precursor cells, corti-
cal neurons, and astrocytes. Using these brain organoids,
sofosbuvir, an FDA approved anti-hepatitis C treatment,
was tested as a possible treatment. Sofosbuvir was applied
twice a week post infection, and successfully decreased the
amount of neuronal cell death and viral accumulation as
well as restoring protein expression in synaptic puncta. It is
hypothesized that sofosbuvir can block replication by inhib-
iting SARS-CoV-2 RNA-dependent RNA polymerase. [108]

Small intestine organoids

In the intestines, ACE2 expression is substantially higher
than other organs including the lungs [72]. Due to the high
expression of ACE2 in the small intestines, possible fecal to
oral transmission was speculated. For this to occur, a virus
must survive the low pH, bile, and digestive enzymes com-
bined with bacterial byproducts through the GI tract. SARS-
CoV-2 lost effectiveness in simulated low pH gastric fluid;
howeyver, residual viruses were found in simulated human
small intestine fluids containing biological surfactants [72].
Certain components in simulated human colonic fluids inac-
tivated SARS-CoV-2 production [72]. Direct infections of
human intestinal organoids derived from pluripotent stem
cells showed SARS-CoV-2 sparring goblet cells lacking
ACE2 expression. These organoids were used to study the
effects of remdesivir on SAR-CoV-2 infections and con-
cluded remdesivir inhibited infection at low micromolar
concentrations. The model was also used to test the effect
of famotidine, an over-the-counter histaimine-2 receptor
antagonist, but showed relatively no effect on SARS-CoV-2
infections. EK1, a peptidic pancoronavirus fusion inhibitor,
decreased viral infection by 38% 48 h after infection [109].
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Small Intestine organoids have expanded the knowledge of
infection and highlighted multiple ways to effect infections.

Cardiac organoids

The heart is also infected by SARS-CoV-2 due to the pres-
ence of ACE2 receptors. Patients with pre-existing cardio-
vascular diseases are more likely to die from an infection
with 20-30% of hospitalized patients experiencing cardiac
injury and dysfunction [79]. Using cardiac organoids with
a co-culture of endothelial cells, a mixture of cytokines
was identified as the inducing agent for diastolic dysfunc-
tion. Bromodomain and extraterminal family inhibitors
decreased ACE2 expression and reduced infection of cardi-
omyocytes thus able to combat dysfunction. BETi and apa-
betalone may serve as effective treatments for SARS-CoV-
2-mediated injury [110]. One of the ways to adapt organoids
to focus on the mechanism of is by creating organoids with
similar profiles to infected tissues. Human pluripotent
stem cell-derived cardiac organoids were treated with IL-1
(beta), an upstream cytokine typically seen in SARS-CoV-2
infections, to induce cytokine storms that mirror the SARS-
CoV-2 inflammatory profile. Using an inflammatory equiva-
lent organoid, immunomodulatory drugs were analyzed for
their effectiveness. IL-1RA (an IL-1 receptor antagonist),
tocilizumab (an antibody against IL-6 receptor), baricitinib
(a JAK/STAT inhibitor), and dexamethasone (a glucocor-
ticoid) were applied to the cardiac organoids on day 0 and
replenished at every media change. Dexamethasone was
able to ameliorate the cardiac organoids, while tocilizumab
and bricitinib were unable to improve contraction ampli-
tude but preserved sarcomere width. Although dexametha-
sone was able to improve cardiac organoids, consequently
it increased the presence of fibroblasts which may lead to
further side effects [111].

Kidney organoids

Kidney organoids developed by Lin et al. displayed ACE2
receptors in the proximal tubule and podocyte II cell clus-
ters, similar to native tissue [112]. The kidney organoids
were generated from embryonic stem cells and differentiated
producing tubular-like cells. Kidney organoids were infected
and monitored for 6 days, afterwards expressing the ability
to re-infect Vero E6 cells. The cells and tissues express-
ing the ACE2 receptors hosted viral replication, secreting
infectious progeny virus within the supernatant. Kidney
organoids led to the development of human recombinant
soluble ACE2 that can block SARS-CoV-2 infections in the
beginning phases [113]. This kidney model suggests that
SARS-CoV-2 can infect the kidneys, but its contribution in
multi-organ damage is unknown. Kidney organoids derived
from human induced pluripotent stem cells expressed RNA

sequences corresponding to the activation of profibrotic
signaling pathways and overexpression of collagen 1 pro-
teins when infected with SARS-CoV-2. In order to combat
viral uptake in the kidney organoids, a noncovalent inhibitor
of the SARS-CoV-2 main protease developed by the COVID
Moonshot consortium was used and reduced intracellular
SARS-CoV-2 RNA levels by over 4 logs [82]. This sug-
gests protease inhibitors may be a potential treatment to
reduce viral replication. The relationship between diabetes
and SARS-CoV-2 was further expanded on using human
pluripotent stem cell-derived kidney organoids. Diabetic
kidney organoids were developed using high glucose oscil-
lations and expressed increased collagen fiber deposition,
and upregulated glycolysis-associated genes. By exposing
infected organoids to an aerobic glycolysis inhibitors such as
dichloroacetate (DCA), the organoids resulted in decreased
infections providing insight on SARS-CoV-2 pathogenesis
targeting metabolism [114].

Conclusion

Organoids have served as useful models to mimic the mech-
anisms and biological responses to SARS-CoV-2 infection
and treatment. Organoid research has led to insight on the
mechanisms of viral infection and disease and evaluation of
possible treatment of SARS-CoV-2 infection. Through the
development of more advanced and physiologically accurate
organ and tissue-specific organoids, a better understanding
of viral infection, disease development, and rapid screening
and identification of efficacious treatments can occur. Orga-
noids can take several forms ranging from spheroids to more
complex microfluidic chip formats. Spheroids have been
proven very useful for studying brain and cardiac effects,
whereas 3D tissue organoids have been heavily used in the
lungs and other organs. Organoids have identified the ACE2
receptor as the point of entry and identified a list of drug
candidates including camostat and remdesivir, capable of
prevention. Organoids provide more physiologically relevant
models of human tissue function and disease, while enabling
higher throughput and low costs. These features supplement
current 2D and animal models and will enable acceleration
of future advances in research across many fields.
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