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Abstract

COVID-19 emerged in September 2020 as a disease caused by the virus SARS-CoV-2. The disease presented as pneumonia at first but later
was shown to cause multisystem infections and long-term complications. Many efforts have been put into discovering the exact
pathogenesis of the disease. In this review, we aim to discuss an emerging tool in disease modeling, organoids, in the investigation of

COVID-19. This review will introduce some methods and breakthroughs achieved by organoids and the limitations of this system.
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1. COVID-19 and SARS-CoV-2

COVID-191s a disease caused by SARS-CoV-2, a novel betacorona-
virus first isolated in patients with idiopathic pneumonia in
Wuhan 2020." This coronavirus, along with the better-known
SARS-CoV and MERS-CoV, belongs to betacoronavirus, although
phylogenetic study shows that SARS-CoV-2 is more distant to
these 2 strains.’

Coronavirus is a positive single-stranded RNA enveloped virus
with characteristic spike glycoproteins on the envelope, hence the
name coronavirus. It is made of 4 structural proteins: the spike
glycoprotein (S), envelope protein (E), membrane protein (M),
and nucleocapsid protein (N). The RNA genome with the 5’ cap
and a poly-A tail is protected inside the nucleocapsid. The 5’ cap
frameshift between 2 Orfs, Orfla and Orflb, allows production
of 2 polyproteins, which are then further cleaved to produce 16
nonstructural proteins. The 3’ end encodes the 4 structural
proteins.’

2. Multisystemic pathology in COVID-19

The disease COVID-19, originally discovered as a pneumonia
in Wuhan, shares similar characteristics to MERS-CoV and
SARS-CoV and presents pneumonia-like symptoms.* ACE2, like
the SARS coronaviruses, was identified as the major receptor me-
diating virus entry.” However, as new variants emerge and the in-
fected population grows, pathologies in the circulatory system,
kidneys, brain, and so on have been reported.® Postinfection com-
plications like brain fog and persistent pulmonary fibrosis are also
new pathologies grouped together as “long COVID” (beautifully
summarized by Michelen et al.” in a systematic review). These
presentations are shown in Fig. 1A-D.

There are many theories for how long COVID develops. The
major directions proposed include autoimmunity, immune dysre-
gulation, microbiota dysbiosis, vascular and hemodynamic ab-
normality, and dysfunctional nervous system.® Autoimmunity
may be caused by bystander activation, viral persistence, or viral
mimicry.” Immune dysregulation is also related to an imbalance

of lymphocytes, particularly the dysregulated proinflammatory
macrophage activation, leading to increased sensitivity toward
stimuli or release of cytokines such as tumor necrosis factor
(TNF)-0.21°"* Microbiota dysbiosis is a new theory that has gained
attention but has little evidence on its cause or effect.**** Vascular
damages after infection may be explained by regenerated senes-
cent or dysfunctional endothelium, leading to a prothrombotic en-
vironment and vasoconstriction.’®'® Dysfunctional nervous
system may be a result of injury by direct infection or autoimmune
inflammation. 2

ACE2 expression was found to be very limited in tissues by tran-
scriptomics?® and could not fully explain the multisystemic man-
ifestations. New evidence suggests that structural proteins may
activate pattern recognizing receptors (PRRs),’*?> and nonstruc-
tural proteins may be responsible for the cytokine storm.?® More
receptors have also been identified.”” To better understand the
pathophysiology and tropism of SARS-CoV-2, scientists have em-
ployed a new model, organoids.

2.1 Organoids

Organoids make use of stem cells in 3-dimensional (3D) aggre-
gates, when given appropriate growth factors and nutrition, and
they differentiate and self-assemble into a cluster of cells with
functional cell types, mimicking the structure and function of
an organ in vivo. The idea of in vitro organism regeneration was
first raised in 1907 by Henry Van Peters Wilson.”® Efforts have
since been made to generate organs in vitro from dissociated em-
bryonic cells. Now, many more organoids have been developed,
such as lung, kidney, brain, tonsil, gut tube, liver, heart, vascular,
and cancer organoids.”**° The commonly agreed-on criteria for
defining an organoid is a 3D self-organizing and expandable tissue
recapitulating the structure and development of in vivo organs.
Hence, organoids are typically derived from stem cells, which
are embryonic stem cells, induced pluripotent stem cells, or mul-
tipotent stem cells. Organoids are also generated from differenti-
ated niche cells.*>*!
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Fig. 1. SARS-CoV-2 immune responses in each organ. (A) Cell types, location, and structure of the respiratory tract. (B) Sustained infection in intestinal
epithelium by dynamics of interferons. Intestinal stem cells are naturally immune to SARS-CoV-2 infection due to lack of ACE2 expression. As the cells
differentiate into enterocytes, ACE2 is expressed and cells become permissive to infection. Type I interferon reduces infection by preventing
differentiation of intestinal stem cells while interferon gamma promotes differentiation, thus leading to sustained infection in the intestine. Gray cells
represent infected enterocytes. Figure created with biorender.com. (C) Proposed mechanisms for systolic and diastolic dysfunction. Cardiomyocyte
dysfunction is proposed to be contributed by cytopathic effect, sarcomere breakdown, autophagy, and mitochondria overload during infection.

Endocardium (endothelium) and fibroblasts also contribute to dysfunction of

uninfected cells by producing cytokines such as IL-6 and TNF.

Figure created with biorender.com. (D) Modes of infection in the central nervous system. Different models have proposed direct or indirect killing of

neurons, infection and death of astrocytes, and infection of endothelium and
methods. Figure created with biorender.com

In the field of neural organoids, scientists assembled 2 organo-
ids to model an interconnection of neurons, hence named “assem-
bloids.”*? The idea of assembloids can be extended to describe in
vitro tissues that are assembled from organoids with another or-
ganoid, immune cell, or any kind of cell.

Organoids leverage both self-organization of tissue patterning
during development and interactions of heterologous cell types
in a 3D context.****

2.2 Modeling COVID-19 with organoids

With complex pathophysiology and multisystemic consequences,
the COVID-19 disease is difficult to model with simply cell lines.
Therefore, more organoids are being used in the study of this dis-
ease than other diseases in the past. Organoids are broadly

choroid plexus epithelium (ependymal cells) and gain entry via these 2

classified into adult stem cell-derived or patient-derived organo-
ids and also pluripotent stem cell (PSC)-derived organoids.

Adult stem cell-derived organoids are easy to generate and
hence most widely employed. The protocol involves sampling pri-
mary tissue, dissociate and reaggregation into spheroids. The sphe-
roids are then embedded in extracellular matrices such as Matrigel
and cultured with growth factors to support in vitro expansion.**
The organoid generated from patient-derived adult stem cells
avoids the troublesome differentiation of tissue-specific cells
from PSCs. However, the genetic traits between different patients
makes this type of organoid difficult to standardize, and the mod-
eling of disease may be biased significantly by the population of pa-
tients used to generate organoids. At the same time, the specific
genetic makeup of patient-derived organoids makes this an ideal
platform for personalized cancer drug screening.*®
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Fig. 2. Immune responses to SARS-CoV-2 infection. Shared cellular responses of all organoids reported in this review. Tissue epithelial cells expressing
ACE2 (lung, intestine, pancreas) are shown. The pathways or phenomenon reproduced in organoids are highlighted by a red box. While organoids can
produce a higher level of complexity, this also limits details on activation of pathways except by scRNA-seq. Even so, the protein interactions are not
characterized. The major pathways reproduced and observed in organoids include membrane serine protease-mediated virus fusion with cell,
cathepsin-dependent endosomal entry, dampened interferon-stimulated genes (ISG) transcription, and type I/l interferon response and NF-«B

activation. Figure created with biorender.com.

PSC-derived organoids are differentiated from established cell
lines (e.g. induced PSCs or embryonic stem cells). These organoids
require strict control of the culture condition to generate an orga-
noid. These models can give a more reproducible result, making
the study more valid. Cell lines can also be modified with various
gene editing techniques (e.g. CRISPR or lentivirus) to study the ef-
fect of certain genes’ roles in the disease.*®

There are many organoids currently employed to model
COVID-19, and these models will be discussed below.

2.3 Pathophysiology study using organoids

A lot is still not known about the pathophysiology of COVID-19.
Much effort has been put into using organoids to model the dis-
ease. Commonly used techniques with organoids include tran-
scriptome analysis, histology, genetic modification, proteomics,
and metabolomics.*’*® Together with postmortem analysis, an
in vivo mice model, and tissue biopsy, organoids can offer con-
crete explanations to many questions. Scientists have discovered
a number of pathways used by SARS-CoV-2, many of which can be
observed or reproduced in vitro with organoids. Organoids have
been used to study host entry factors and inflammatory reactions
in cells. Figures 2 and 3 show a simplified diagram of various
discovered pathways and highlight the findings of organoids (de-
tailed signaling pathways regarding Toll-like receptors and retin-
oic acid inducible gene I in diseases and COVID-19 can be found in
studies and reviews by Yamada et al.,,* Khanmohammadi and
Rezaei,” and Mabrey et al.>%). It has been shown that delayed
type I interferon response is associated with severe clinical out-
comes such as the cytokine storm.”"*? The earliest interferon
and TNF responses come from the mucosa, where Toll-like recep-
tors activate transcription of these genes.>*** Asimmune cells are

critical mediators of the cytokine storm syndrome, the current
challenge of organoid modeling is how to endow immune cells.
Either coculture with peripheral blood mononuclear cells or code-
velopment of immune cell in organoids will be taken. The details
of findings in each type of organoid will be discussed below.

2.4 Respiratory tract organoids

Respiratory tract organoids are the first organoids used to study
COVID-19 due to pneumonia being the most ubiquitous presenta-
tion in the early stage of pandemic. The use of respiratory organo-
ids in disease modeling includes airway organoids with
respiratory epithelium, alveolar organoids, bronchioalveolar or-
ganoids, lung organoids, and bronchial organoids (reviewed by
Tindle et al.,*").

The generation of respiratory organoids from pluripotent stem
cells generally starts from differentiation into the endoderm.
Pluripotent stem cells are programmed into the definitive endo-
derm and anterior foregut by manipulation of various pathways,
including bone morphogenetic protein (BMP), wingless/INT
(Wnt), activin/nodal, hedgehog, fibroblast growth factor (FGF),
and retinoic acid. The final step is to differentiate into lung pro-
genitor cells (LPCs). Then the LPCs can be further differentiated
into respiratory epithelium by xenograft in a severe combined im-
munodeficiency mice renal capsule. Alternatively, in vitro culture
as spheroids will produce a distal airway such as alveoli. Such or-
ganoids generally consist of an epithelium supported by either
Matrigel or a small number of stromal cells, including mesenchy-
mal cells.>>*® Some researchers have shown that by creating an
air-liquid interface, the cells can be polarized and differentiate
into respiratory epithelium resembling the upper respiratory
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Fig. 3. Consequences of SARS-CoV-2 immune responses. Tissue-level inflammatory response as observed in organoids. Tissue epithelial cells
expressing ACE2 (lung, intestine, pancreas) are shown. Cell death of infected cell may be caused by disturbed metabolism such as downregulation of
electron transport chain genes or inhibition of autophagy, caspase activation by proinflammatory genes, or dysfunctional stromal cells. Adjacent cells
activate apoptosis pathways under stimulation by cytokines or due to a disturbed tissue environment. Figure created with biorender.com.

tract. Respiratory organoids are reviewed more deeply by Yang
etal.”’

Using respiratory organoids, scientists can model SARS-CoV-2
infections in vitro and study tropism of the virus along the respira-
tory tract (Fig. 4). Ekanger et al.”® used airway organoids and alveo-
lar organoids developed from a surgical resection specimen to
study viral tropism of SARS-CoV-2 and influenza A. They con-
firmed that sialic acid, ACE2, and TMPRSS2 were expressed in
the organoids and studied viral tropism in both bronchial and al-
veolar epithelia by infection with a clinical isolate of SARS-CoV-2
and pseudotyped influenza A viruses. Infection was quantified by
quantitative reverse transcriptase polymerase chain reaction
(RT-gPCR) or a reporter gene. From hematoxylin and eosin-
stained sections, they observed organoid cytopathology, which re-
sembled that from patient samples. Using similar strategies with
organoids, scientists have repeatedly confirmed that ACE2 and
TMPRSS2 are expressed in the respiratory tract, and the presence
of both proteins is required for infection.?*>9°*

Single-cell analysis on organoids identified alveolar type 2
pneumocytes (AT2) and club cells as targets of viral tropism in dis-
tal airway organoids.?%#2646 Although ACE?2 is ubiquitously ex-
pressed on the apical side of the respiratory epithelium and
alveoli, variable TMPRSS2 expression limits tropism of the virus
in the respiratory tract as only cells colabeled with ACE2 and
TMPRSS? are infected.®* Mykytyn et al.®® took a step further by us-
ing airway organoids to investigate the effect of multibasic cleav-
age motifin spike protein (i.e. unique for SARS-CoV-2). They found
that a deletion in the motif results in a lower infection rate, while
serine protease inhibitor but not cathepsin 3 inhibitor could re-
duce the virus entry rate, suggesting that TMPRSS? is predomin-
antly used in airway infection.

The role of the proximal airway for sustaining viral infection has
been established by Tindle et al.,** who found that organoids with
only proximal or distal airway cell types could not mount an over-
zealous host response. Ciliated cells have been identified as targets
for infection by Sano et al.>® with bronchial organoids. Chiu et al.®*
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Fig. 4. Long COVID symptoms. Authors’ selected list of long COVID symptoms reported with low bias from a systematic review by Michelen et al.”

COVID-19 is a systemic disease. While infections of the nervous system, gastrointestinal tract, heart, respiratory tract, and skin have been reported,
scientists have not been able to demonstrate the pathologic mechanisms of long COVID after resolution of primary disease. Other reports of long COVID
symptoms include many more symptoms or manifestations such as fatigue and autoimmune disease flares like type 1 diabetes mellitus. However, due
to the rarity of such events or lack of unbiased studies, we cannot say for sure what can be attributed to long COVID, and there is no consensus of what

should be included as long COVID yet. Figure created with biorender.com.

demonstrated the loss of intercellular tight junctions in nasal orga-
noids after infection by estimating epithelial integrity with transepi-
thelial electrical resistance. They also found that the omicron
variant could infect nasal organoids more easily than the previous
delta or wild-type virus, which is explained by Meng et al.,” who
demonstrated lower dependence of omicron on TMPRSS? for infec-
tion by using various cell lines. Hence, Chiu et al.®* suggested that
infection and breakdown of the nasal epithelium may contribute
to a higher transmission rate for the omicron variant.

A pathophysiology study using organoids also gives us many
hints to the pathogenesis. Strikoudis and colleagues modeled
lung fibrosis with human PSC-derived organoids. They defined

that IL-11 mediates fibrogenesis and a potential therapeutic tar-
get.®® Kim and colleagues used lung fibrosis organoids for drug
discovery and identified ERK signaling could be a potential thera-
peutic target.®’

2.5 Gut, pancreatic, liver, and gastric organoids

Reports of patients with COVID-19 started to increase in 2020
when major outbreaks started.”® At the time, there was a hypoth-
esis of SARS-CoV-2 infecting the gut due to high ACE2 transcripts
in the intestine.?®>’! Therefore, researchers turned to study the
interaction of SARS-CoV-2 with the gut. Although 2-dimensional
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culture of a single type of cells could offer many insights, the
benefit of organoids is its capacity in modeling the interaction of
heterologous cell types in a 3D context. Gut organoids follow a
similar differentiation protocol to lung organoids since both are
endoderm derived. In fact, lung organoid generation protocols
are built on modification of gut organoids. PSCs are first differen-
tiated into definitive endoderm by activin A. Then, tissue-specific
inhibition and activation of FGF and Wnt are provided in addition
to hormones such as gastrin or hepatocyte growth factor, which
specify the fate of the endoderm-derived organoid.”? Finally, the
organoid is maintained in a medium consisting of 4 factors discov-
ered by Sato et al.”*: Wnt (in the form of R-spondin), epidermal
growth factor, and Notch (Noggin) signaling and Matrigel to sup-
port Lgr5 + universal gut stem cell. Gut organoids are reviewed
in depth by Date and Sato.”*

As expected, infection of the intestine is demonstrated in intes-
tinal organoids using the methods illustrated in sections above by
different researchers.””#° As expected, both distal and proximal
intestines were found to be permissive to infection,”” and ACE2
expression was confirmed in intestinal organoids.”’#° To identify
the tropism range, single-cell analysis and confocal microscopy
were used. Lamers et al.,”® using organoids, identified infection
in proliferating and nonproliferating enterocyte lineage cells but
not in enteroendocrine cells by confocal immunofluorescent.
Meanwhile, Triana et al.”® found that less than 10% of cells
marked by confocal microscopy were genuinely infected, as con-
firmed by RT-qPCR. Nevertheless, they identified immature enter-
ocytes as primary target of the virus. However, a discrepancy
between a different organoid model on tropism and receptor the-
ory has been observed. Lamers et al.”® observed in PSC-derived or-
ganoids that enterocyte precursors and differentiated enterocytes
have a similarinfection rate despite a 1,000-fold higher ACE2 tran-
script in the latter. Their conclusion is reproduced by Triana
et al.,”? who used PSC-derived organoids and identified TMPRSS2
as the major limiting factor for entry since ACE2 is highly ex-
pressed in all cell types. Meanwhile, Jang et al.”” could positively
correlate patient-derived organoid virus titer with ACE2 and
TMPRSS2 transcript level.

Further work on investigation of tropism reveals common dy-
namics with respiratory infections (Fig. 4). Heuberger et al.,”® us-
ing colon organoids, demonstrated that interferon (IFN) gamma
promoted enterocyte infections by promoting differentiation. As
a result, the ACE2 + cell population increased and supported ro-
bust virus replication, which is similar to the results of Tindle
etal,*®who suggested that AT? differentiation into AT1 increased
the ACE2+cell population and supported viral infections.
Meanwhile, ACE2 has been downregulated in infected cells,”
which is similar to their counterparts in lung.®* Using intestinal
organoids, the tropism of different virus variants was tested.
Similar to results from lung organoids,®” omicron has been ob-
served to depend more on endosomal entry instead of membrane
fusion in contrast to delta and wild type, thus decreasing its reli-
ance on TMPRSS2 expression and gain wider tropism.”’

The presence of inflammation in the gut also has been investi-
gated. Inflammation is significantin intestinal organoids. Infected
intestinal organoids upregulate interferon-related genes, includ-
ing IL-2, IL-6, and JAK/STAT, which are common also in infected
lung or other epithelial cell types,”” suggesting that all epithelial
pathophysiology may be similar and contribute to multisystemic
inflammation in the same way. This is further illustrated by
Triana et al.,”” who used patient-derived organoids to demon-
strate the same finding in addition to ACE2 downregulation and
proinflammatory gene upregulation. They also described that

while a strong NF-kB/TNF-mediated response is elicited in in-
fected immature enterocytes, only bystander cells activate
interferon-mediated responses, with a higher interferon-stimu-
lated genes (ISG) transcription level in ileum organoids than co-
lonic organoids. They further produced IRF3 knock-out
enterocytes and infected them with SARS-CoV-2 and astrovirus,
showing ISG upregulation in the latter only, suggesting IFN signal-
ing pathway suppression by SARS-CoV-2, which is in good agree-
ment with results of other studies.®” Jang et al.’’ stratified
patient-derived organoids into high-infection and low-infection
groups. They observed insignificant changes in gene expression
between uninfected and infected groups before 72 h and observed
more pronounced ISG upregulation in the high-infection group
72 h postinfection, suggesting that type I IFN response is delayed
(delayed IFN response by viral nonstructural proteins is reviewed
by Znaidia et al.%?).

Metabolic derangement is also observed using intestinal orga-
noids. Jang et al.”” showed that genes associated with zinc and
copper homeostasis were upregulated in high-infection groups,
suggesting these might be a stress response from infection.
Gassen et al.®* observed decreased protein breakdown in infected
cells by metabolomics and proved that autophagy is blocked in
cell lines and a primary tissue sample. In primary intestinal orga-
noids, they could upregulate autophagy and reduce virus titer by
supplementation of polyamine to reactivate autophagy, suggest-
ing that autophagy is suppressed to prevent virus degradation
and shunt more resources to virus production.

Liver organoids showed that both hepatocytes and cholangio-
cytes are permissive to infection and supported viral replica-
tion.®># Yang et al.®® observed a direct cytopathic effect, which
may cause liver injury, while an upregulated chemokine response
also has been observed by others, hinting at inflammation-
mediated liver injury.

Pancreatic organoids also shed light on pancreatic complica-
tions in patients with COVID-19. Pancreatic injury is observed in
patients as flares of type 1 diabetes mellitus or acute necrotic pan-
creatitis.®”®8 Using pancreatic organoids, it is shown that both
endocrine and exocrine pancreas could be infected and release
CXCL12, which is a well-known driver of pancreatic inflammation
leading to acute pancreatitis.®’

Gastric organoids also have shown interesting viral tropism
patterns. The stomach is composed of epithelial cells, epithelial
progenitors, enteroendocrine cells, and other secretory cells.
While results illustrated above show no infection of enteroendo-
crine cells and only enterocytes are infected, it raises the question
of whether the stomach can be infected. Giobbe et al.*° used pri-
mary gastric organoids sampled from different developmental
stages to study infection in the stomach. They reported high
TMPRSS2 across all organoids while ACE2 expression varied across
different patients and developmental stages. Nevertheless, all or-
ganoids were permissive to infection. They observed apoptosis of
gastric cells indicated by activated caspase 3, and genes related
to antiviral pathways were upregulated. Interestingly, IFN tran-
scripts were not upregulated. Single-cell analysis reveals that
>15% of somatostatin-secreting delta cells were infected while
less than 5% of goblet cells were infected, suggesting a different
role of enteroendocrine cells in infection along the gut tube.

2.6 Cardiac organoids

Cardiac organoids refer to a 3D culture of cardiomyocytes with
neurons, endothelial cells, fibroblasts, and sometimes resident
macrophages. Unlike gut and respiratory organoids mentioned,
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cardiac organoids take many more forms than just spheroids,
tubes, or hollow spheres as a physiologic heart cannot be repre-
sented by an epithelium alone. Simple cardiac organoids are usu-
ally spheroids while complex organoids typically use bioprinting
or molded extracellular matrix (ECM) as a scaffold, and cells are
seeded inside to mimic the structure and function of heart in vitro
(reviewed by Zhu et al.*®).

There is no common or widely adopted protocol for the gener-
ation of cardiomyocytes. Unlike gut or intestinal organoids, there
are no primary cell-derived organoids as cardiac stem cells do not
exist. Thus, generation of the organoid must start with PSCs. PSCs
are first differentiated into mesoderm by BMP, FGF, nodal, and
TGF signaling.”* Cardiomyocyte differentiation is often spontan-
eous in an embryoid body (EB)* but can be enhanced by ascorbic
acid, careful manipulation of Wnt signals, or GSK3 inhibition.”
Cardiac organoids for a long time had been produced by reaggre-
gation of mature cardiomyocytes with other cell types, which
were not exactly organoids by definition. It was not until 2021
when Hofbauer et al.”® produced the first self-organizing “cardi-
oids” from PSCs that cardiac organoids truly existed.

For this reason, as of 29 December 2022, no research has been
published on COVID-19 modeling with cardiac organoids that
met the definition of self-organizing. Nevertheless, other pub-
lished studies of mock cardiac organoids offer much insight for
us to understand cardiovascular pathologies in COVID-19.

Bailey et al.?* constructed an engineered heart tissue capable of
spontaneous contraction by bioprinting of PSC-derived cardio-
myocytes, cardiac fibroblasts, and macrophages in a mold. The or-
ganoid was permissive to infection, and infection was not present
when cardiomyocytes were removed from the system. They
detected ACE2 transcripts and protein in cardiomyocytes and sug-
gested that tropism was ACE2 dependent. However, low TMPRSS2
expression and success in reducing infection by endosomal cyst-
eine protease inhibitor but not serine protease inhibitor suggested
viral entry utilized the endosomal pathway. Then they proceeded
toinvestigate the cause for clinically observed left ventricular sys-
tolic dysfunction. Histology of the organoid showed recruitment
of macrophage that resembled myocarditis. Reduced chronotro-
Dy, inotropy, and slow relaxation of the infected organoid success-
fully modeled LV systolic dysfunction. Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining revealed
apoptosis of cardiomyocytes. Single-cell RNA sequencing re-
vealed downregulation of electron transport chain, metabolic en-
zymes, and pathways related to muscle contraction, which may
account for the cardiomyocyte dysfunction. Sarcomere break-
down was also observed. The team proceeded to investigate the
role of inflammation in cardiac pathology. Bailey et al.’* hence
concluded damage to cardiomyocytes was caused by direct
infection.

However, the effect of inflammation is not to be overlooked.
Mills et al®® used cardiac organoids reaggregated with
PSC-derived cardiomyocytes, endothelial cells, and fibroblasts to
study cardiac dysfunction due to inflammation. First, they identi-
fied that cytokine receptors for TNF-a, IL-6, and so on were highly
expressed in epicardial cells and fibroblasts. By culturing the orga-
noids with a recipe of cytokines that they identified from patient
serum, they observed systolic and diastolic dysfunction in organo-
ids by TNF-a and IFN-y, IL-1B, and poly(l:C), respectively. They
identified increased phosphorylation of STAT1 and BRD4, the for-
mer being a signal transducer of type 1 interferon pathways” and
the latter identified to mediate mitochondrial homeostasis in car-
diomyocytes.”” Bromodomain extraterminal inhibitors were
tested in the organoids, and they attenuated diastolic dysfunction
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and downregulated some inflammatory genes, which were stimu-
lated by infection, proving BRD4's involvement in cardiac dys-
function during the cytokine storm. In short, these 2 studies
revealed that both direct infection and cytokines could possibly
cause cardiac dysfunction (Fig. 4).

2.7 Brain organoids

Brain organoids consists of neurons, glial cells, and, in some mod-
els, endothelium or choroid plexus generated from 3D differenti-
ation of human pluripotent stem cells. The organoid is derived
from neuroectoderm self-aggregation and maturation. The differ-
entiation begins with EBs, and neuroectoderm differentiation is
enhanced by using Neural Basal Medium with B27 supplements
and maintenance of neural stem cells with insulin or 2-mercap-
toethanol.”® Alternatively, PSCs can be directed to neural stem
cells by dual SMAD inhibition.”® Dual SMAD inhibition uses 2
small molecules, Noggin and SB431542, to inhibit the SMAD fam-
ily. Noggin is a BMP inhibitor and SB431542 inhibits the Lefty/
Activin/TGF-B pathways by blocking the phosphorylation of
ALK4, ALKS5, and ALK7 receptors. In addition, Wnt inhibition can
be used to enhance cortical neural differentiation.’® Then brain
organoids are cultured typically for more than 200 d for matur-
ation. The resulting organoids, depending on method used, may
resemble structures such as ventricles, cortical layers, blood-
brain barrier, or choroid plexus. Brain organoids are reviewed in
depth by Koo et al.**

Brain organoids have provided us with valuable evidence to ex-
plain some presentations of long COVID such as brain fog.
However, some evidence presented by brain organoids is conflict-
ing and illustrates the inconsistency of organoids. Here we will
briefly summarize some of the findings and conflicts.

The tropism of SARS-CoV-2 in the brain has always been de-
bated (Fig. 4). A study showed expression of ACE2 and TMPRSS2
in organoids, especially neurons, and suggested that neurons
were directly infected with very limited glial cell involve-
ment 54192194 However, other studies showed that neurons
were not infected directly.'®7'% Instead, astrocytes and choroid
plexus endothelium are suggested to be infected by ACE2 and al-
ternative entry receptors such as BSG, DPP4, and NRP-1.19>1%7 Of
all glial cells, astrocytes are most often suggested to be permissive
toinfection. Even then, thereis discrepancy in the expression level
of ACE2, DPP4, BSG, and NRP-1 and which receptor is used for en-
try.1>1% A study by Pellegrini et al.’®” identified the choroid
plexus epithelium as the only infected cells in their cerebral orga-
noid, disagreeing with most other studies. For infectivity among
variants, Kong et al.'® showed that omicron and delta are less in-
fectious than the wild type, which isin partial agreement with ani-
mal models.”!

As tropisms identified by different organoid models were differ-
ent, the resulting pathophysiology is also different. Nevertheless,
there is still common ground.

Inflammatory genes, including IL-6 and type 1 interferon-
related genes, like all other organoid models, were identified to
be activated in infected cells, whether astrocytes’®>!%® or neu-
rons,** while antiapoptotic genes were downregulated. For studies
that identified astrocyte infections but not neurons, indirect
neuron killing was observed, as reflected by uninfected apoptotic
neurons by TUNEL or cell count.’®**% Kong et al.'® reported
NOD?2 upregulation activated NF-«B transcription and mitogen-
activated protein kinase (MAPK), leading to proinflammatory
chemokine and cytokine release. In addition, they observed down-
regulation of genes involved in cell-cell communication, cell
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junction organization, ion and fatty acid homeostasis, and solute
carrier-mediated transmembrane transport in infected astro-
cytes, implying metabolic derangement. Meanwhile, hyperme-
thylation of genes involved in neurogenesis, axonogenesis, and
synaptic transmission was observed in neurons, suggesting im-
paired synapse function. In good agreement with Kong et al.,’*®
Andrews et al.'%° reported upregulation of proinflammatory genes,
microglial activation pathway, and downregulated cholesterol syn-
thesis with altered calcium transport, cell size, and morphology in
infected astrocytes. Interestingly, Wang et al.,’*> who observed
low-grade infection of both neurons and astrocytes, also observed
increased ApoE4 in apoptotic astrocytes and proved that increased
ApoE4 relative to ApoE3 increased susceptibility. Although exact
mechanisms were not proposed in both pathways, we may specu-
late involvement of lipid metabolism in infection of astrocytes by
the virus.

On the other hand, studies that proposed direct neuron infec-
tions identified both direct and indirect killing. Ramani et al.**? ob-
served colocalization of the virus staining with TUNEL + signals.
Confocal microscopy showed altered Tau localization and aber-
rant phosphorylation of Tau, hinting that Tau phosphorylation
may be induced by viral infection stress, thus inducing apoptosis.
However, Mesci et al.’** suggested infection of neurons but pro-
posed indirect killing as they observed that TUNEL + cells were
not all stained positive for N protein of the virus and vice versa.
(From our point of view, this may be due to attachment of viral
particles, as suggested by Triana et al.”? in their study.) They pro-
ceeded to study physiology of infected neurons. It was found that
presynaptic proteins vGLUT1 and synapsin 1 were reduced by 70%
upon infection while postsynaptic protein PSD95 expression did
not differ significantly.

To conclude, both theories suggested indirect killing of neurons
and altered neuron physiology despite different models of trop-
ism, and they potentially give a basis for explaining neurologic dis-
orders observed in clinics.

2.8 Kidney organoids

Kidney functionally can be divided into 3 parts: glomeruli, tu-
bules, and urothelium and endothelium. A protocol developed
by Takasato et al.*®® can produce endothelium, glomeruli, and tu-
bules in 1 single PSC aggregate. The process involves manipula-
tion of Wnt, BMP, FGF, and nodal signals. The rationale is to
induce a primitive streak, an intermediate mesoderm, and finally
aggregation to spontaneously differentiate into kidney organoids.
Following the same differentiation path, many similar protocols
have been developed (reviewed by Khoshdel-Rad et al.'®).
However, organoids produced in this manner lack urothelium.
Aggregation with a ureteric bud organoid was found to be useful
for generating kidney organoids with a collecting duct tree.*

Kidney has received much attention since the pandemic began
as the first entry receptor identified ACE2 as a key enzyme in the
renin-angiotensin—aldosterone system (RAAS). There were specu-
lations of complications developing from dysfunction of RAAS
and the possibility of targeting viral entry by existing drugs such
as ACE inihbitor or angiotensin receptor blocker.’! Acute kidney
injury has been observed in patients, and pathology showed in-
flammation, tubular injury, and glomerulopathy despite incon-
sistent infections."#**?

Using renal organoids, scientists have unsurprisingly identified
ACE2 for mediating infection in almost all cell types in the kidney.
Loop of Henle progenitor, proximal tubule, podocytes, and mesen-
chymal cells were all found to be infected,****"” while serine

protease inhibitor reduced infections, suggesting the use of a
cell fusion pathway."” Inflammation patterns similar to other or-
gans were observed. MAPK, TNF-a, NF-xB, interferon signaling
pathways, and JAK/STAT were upregulated in infected cells.'"’

To address different pathologies observed clinically, scRNA-seq
was used. It was shown that inflammation was the main driver of
acute kidney injury. Nystrom et al.'*® showed expression of
APOL1 induced by cytokines resulted in podocyte loss and nephr-
opathy. Use of JAK inhibitors could block APOL1 expression, sug-
gesting that the process is mediated by JAK/STAT signaling by
cytokines. Another interesting study aiming to describe kidney fi-
brosis with organoids has shown a novel mechanism for fibrosis.*’
Jansen et al.*'” observed upregulated antiapoptotic and proinflam-
matory pathways in infected podocytes, proximal tubular cells,
and mesenchymal cells. In addition, TGF-B, PI3K/Akt, MAPK, and
WNT signaling in proximal tubular cells and mesenchymal clus-
ters was upregulated, which is known to mediate fibrosis. Gene on-
togeny enrichment showed upregulation of collagen-related ECM
genes, and pathway analysis revealed increased MAPK, NF-«kB,
TNF-a, WNT, and TGF-f activity, which was reasoned to cause fi-
brosis. Other upregulated terms include cellular stress and injury
response and cytoskeleton rearrangement. Using ligand-receptor
analysis, they also observed upregulated ligands from infected epi-
thelium, which potentially promoted mesenchyme fibrosis. Their
work illustrates the crosstalk between tissues in mediating fibrosis,
which is insightful to many other organs.

Finally, some studies also modeled kidney infections with co-
morbidities. Infection of a diabetes-modeling organoid by long-
term coculture in high glucose showed increased viralload and in-
creased ACE2 expression,** while polycystic kidney organoids
generated from PKD ™~ cells showed infection of the cyst epithe-
lium and cytopathic effect.*® Although clinical implications are
ambiguous, these studies demonstrate the potential of investigat-
ing effects of various comorbidities in COVID-19.

2.9 Drug screening and testing using organoids

Organoids resembling the function and structure of human or-
gans can be used for antiviral drug screening. The current ap-
proach to drug screening starts with a short hairpin RNA
(shRNA) or small-molecule library that is then applied to different
organoids and infected by viruses. The virus may be clinically iso-
lated strains, engineered clones with reporter gene, or pseudovi-
ruses each with different methods for tracking infection. Then
organoids that show different tropism or cytopathic effect are an-
alyzed by transcriptomics, proteomics, and metabolomics to un-
cover the underlying over- or underexpressed pathways and
hence suggest new therapeutic options or pathogenesis.

Duan et al.'* employed a small-molecule library in infected air-
way organoids and identified that GW6471 blocks infection. RNA
sequencing (RNA-seq) showed that the molecule inhibited HIF-1a
pathways. As chemokine or interferon pathways were not affected,
the team turned to metabolic profiling and revealed decreased lev-
els of fatty acids, including oleic acid, palmitic acid, palmitoleic
acid, and amino acids, as well as D-glucose 6-phosphate and citric
acid, which agreed with the downregulation of glycolysis genes as
discovered by RNA-seq. Inhibition of glycolysis by shRNA also pro-
duced the same effect, and the authors suggested that reduced lip-
id metabolism disrupted replication of viruses, for which the effect
is observed in many other viruses'?*'?! and reproduced by Chu
et al.'* by treating cell lines with fatty acid synthase inhibitor.

Similarly, Han et al.,2° using colonic and lung organoids, identi-
fied imatinib, mycophenolic acid, and quinacrine dihydrochloride
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as viral entry inhibitors at the physiologic level from a library of
drugs approved by the US Food and Drug Administration.

While drug screening makes use of a library, drug testing is
simply applying a drug to an organoid. Candidates that were
identified to reduce infection or damage in organoids include
type 1/3 interferon,®>®?# remdesivir,®*#*'%® polyclonal anti-
bodies,?411%1%3 atorvastatin,*®* sofosbuvir,*®* and EIDD-2801, ca-
mostat, and cycloheximide in combination with remdesivir.®!

Still, not many studies were published utilizing organoids for
large-scale drug screening for COVID-19. This is in part due to the
difficulty of handling contagious biosafety level 3 virus in laborator-
ies. However some greater constraints would be scalability, consist-
ency, and difficult readouts. Since organoids are heterogeneous, a
bigger sample size is needed for valid conclusions. In addition, the
tissue-level response can only be observed through histology, immu-
nohistochemistry, or spatial transcriptomics, which are labor inten-
sive or expensive, rendering large-scale drug library screening
impractical at institutional laboratories. Furthermore, the biggest
pitfall of using organoid infection models for drug screening is that
immune cells are excluded from the model, which are in fact the
most important drug targets against the COVID-19 cytokine storm.

2.10 How organoids could contribute to
COVID-19 study

The above organoid models have given us many insights into mo-
lecular pathways but do not push organoids to their fullest poten-
tial. The advantage of organoids over cell lines is the cell-type
diversity and spatial organization. This allows the study of inter-
cell communication and the effect of spatial organization on tis-
sue or molecular pathway heterogeneity. For example, many
immunology components involve transsignaling. IL6R can be
cleaved by membrane-bound protease or matrix metalloprotei-
nases to form soluble IL6R, which may bind to IL-6 and signal on
cells that do not express IL6R but gp130 to activate JAK/STAT sig-
naling.'®® Moreover, as mentioned previously, the entry of virus by
ACE2 requires another protease cleavage.*®***” Such proteases
may be coagulation factors, ADAM17, or the most well known,
TMPRSS2.1%812° Whether these proteases are expressed on the
membrane surface, released by other adjacent cells, or upregu-
lated during inflammation is not studied in details. For example,
thrombin and factor Xa are found to cleave ACE2 and promote vi-
rus particle entry, which may be speculated to extend the tropism
of virus in blood vessels.'*® ADAM17 is a secreted protease that
cleaves membrane-bound pro-TNF protein to release the func-
tional TNF-a and is known to be regulated positively and negative-
ly during inflammation."*®*** Such proteases are reported to have
great significance in studies conducted with patient samples but
are yet to be investigated in organoids.***133

Existing modeling data sets are yet to be explored in the direc-
tion of searching for heterogeneity and intercell communications.

2.11 Limitations and future directions
to in vitro models

Although organoids recapitulate the function and structure of or-
gans, they are often a layer of simple epithelium resting on syn-
thetic or animal-derived ECM such as Matrigel. The lack of
connective tissue limits the growth and size of the organoids, low-
ering their physiologic relevance to real organs due to the lack of
blood flow and tissue-specific stroma. For example, lung organo-
ids lack perfusion by capillaries and their own ECM, and thus sci-
entists are unable to reproduce fibrosis in vitro or assess the tissue
remodeling during a cytokine storm.
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The physiologic relevance of organoids is also a limitation.
Organoids developed from PSCs are programmed to differentiate
by a combination of growth factors and small molecules.
However, exogenous signals may create cell phenotypes in organo-
ids that may not resemble that of human tissue. The discrepancy
between organoids and human body is amplified by the lack of sys-
tems. Our body is maintained by a cooperation of many systems,
while organoids solely interact with the culture medium and lim-
ited types of stromal cells. Evidence has shown that entry of viral
particles in non-ACE2-expressing cells can be achieved by a com-
plex of spike, ACE2, and vasopressin, which allows endocytosis of
virus by AT1 and AVPR1B."** Meanwhile, organoid studies have
shown that viral particle entry depends heavily on ACE2 expression
on the cell surface and demonstrated that lung organoid infections
are limited to ACE2-expressing cell types,®® contradictory to find-
ings of Yeung et al.»* Yet, evidence of recombinant ACE2 rescuing
infection*>*%¢ in lung or preferential infection in glomerular cells
were reported in autopsy studies.™®’

In addition, the resolution of pathways in organoids is limited to
the transcriptome. As demonstrated above, most inflammation
pathways studied in organoids are confined to immunofluorescent
staining of NF-kB, caspase 3/7, and transcriptome analysis by
scRNA-seq. Meanwhile, studies with cell lines have provided us
with immense value of the molecular mechanisms of viral immune
evasion.*?°1#2138139 Cyrrent methods for proteomics analysis in-
clude Western blot, mass spectrometry, cytometry time of flight
or enzyme-linked immunosorbent assay, and so on. While subcel-
lular spatial proteomic techniques exist (reviewed by Lundberg and
Borner*), the spatial information provided is lost during single-
cell dissociation or extraction. Therefore, for organoids to provide
us with tissue-level proteomics, a method for tissue-level spatial
proteomics is needed. New technology such as hydrogel expanded
tissue for microscopy,*** machine learning,** laser microdissec-
tion, robotics, or a combination of all*** will help to build a platform
for organoid proteomics.

The lack of innate immunity or tissue-resident immune cells
also poses a great challenge for modeling diseases with organoids,
especially in the case of infections and inflammation. The major
pathologies of COVID-19 are found to be related to activation of
macrophages and immune dysregulation while the actual cyto-
pathic effect is limited.*****° Hence, the immune system is a
key component for modeling disease pathology with in vitro plat-
forms. Mucosal immunity is often overlooked in COVID-19 and
consists of lymphoid cells, dendritic cells, antimicrobial peptides,
and so on (reviewed by Russell et al.*"). The response of mucosal
and PRR-mediated innate immunity is also found to correlate with
constant microbial challenges (reviewed by McDermott and
Huffnagle'™! and Shi et al.*?). In the case of organoids in vitro,
lack of stromal immune cells impairs the 2 types of immune re-
sponses and hence limits its use in modeling COVID-19, where
many pathologic presentations are mediated by dysfunction in
interferon pathways or the cytokine storm. The current approach
toincluding immune cellsis by coculture with an immune cell line
such stem cell-derived macrophages.*?

However, owing to dependence of organoids on growth factors,
the immune reaction is often altered as organoid maintenance
medium may consist of anti-inflammatory cytokines or hormones
such as the TGF family and cortisol.’* The lack of a proper micro-
bial challenge to cells results in a physiologically different im-
mune response. For example, antigen presentation by
endothelium is diminished in vitro but plays an important role
in vivo for lymphocyte activation.'®® Hence, the validity of im-
mune reactions observed in organoid coculture models is
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compromised. The organoid medium and lack of tissue-resident
immune cells also prevent scientists in studying tissue
remodeling.

To overcome these limitations, a new in vitro platform,
organ-on-chip (OOC), can be adopted.’® OOC is a microfluidics
chamber lined by cells inside channels. By precise bioprinting,
hemodynamics can be simulated by controlling the channel
size, structure, and flow rate to create an environment that sup-
ports cell line organization (reviewed by Sosa-Hernandez
et al."®’). Despite lower resemblance to human bodies than orga-
noids due to incorporation of exogenous materials, OOCs were
shown to model physiology accurately (reviewed by Yum
et al.’®®). O0OCs are superior to organoids because they are able
to use somatic cell lines instead of stem cells, thus removing the
need for strict control of medium growth factors and allowing
greater flexibility in culture medium. The platform is also more
consistent as well-established cell lines can be used, thus redu-
cing variation between protocols and cell behaviors due to differ-
ent stem cell lines. A major advantage of OOCs over organoids is
that multiorgan modeling is possible by microfluidic channels,
hence expanding the scope of study from a single organ to mul-
tiple systems.**® The new direction will be to combine organoids
with OOCs, leveraging both advantages in tissue complexity and
multiorgan modeling. The further direction could be incorpor-
ation of microbiota.

3. Conclusion

Organoid-based approaches allows convenient investigation of
pathophysiology in COVID-19. Organoids also allow high-
throughput screening of drugs or small molecules due to their
physiologic relevance and animals not being used. Supplying stro-
ma and immune cells would offer modeling systemic pathologies.
At the same time, technology advancement is needed to fully util-
ize organoids for the study of protein interactions. On the other
hand, microfluidics-based OOC has successfully overcome some
of these challenges, albeit with lower physiologic resemblance
and complexity. We can foresee that microfluidics with organoids
will be the next step for in vitro disease modeling.
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