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1 | INTRODUCTION

1,2,3,4

Summary

Severe acute respiratory syndrome related coronavirus-2 (SARS-CoV-2) is the
cause of Covid-19 which was classified as a global pandemic in March 2020. The
increasing global health and economic burden of SARS-CoV-2 has necessitated
urgent investigations into the pathogenesis of disease and development of thera-
peutic and vaccination regimens. Human trials of vaccine and antiviral candidates
have been undertaken, but basic pathogenetic studies are still required to inform
these trials. Gaps in understanding of cellular infection by, and immunity to, SARS-
CoV-2 mean additional models are required to assist in improved design of these
therapeutics. Human organoids are three-dimensional models that contain multiple
cell types and mimic human organs in ex vivo culture conditions. The SARS-CoV-2
virus has been implicated in causing not only respiratory injury but also injury to
other organs such as the brain, liver and kidneys. Consequently, a variety of
different organoid models have been employed to investigate the pathogenic
mechanisms of disease due to SARS-CoV-2. Data on these models have not been
systematically assembled. In this review, we highlight key findings from studies that
have utilised different human organoid types to investigate the expression of
SARS-CoV-2 receptors, permissiveness, immune response, dysregulation of cellular

functions, and potential antiviral therapeutics.
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coronaviruses are one of the leading causes of the common cold and

tend to result in mild respiratory tract symptoms, although recent

Severe acute respiratory syndrome related coronavirus-2 data suggest they can cause more severe disease.® Novel human
(SARS-CoV-2) is a member of the Coronaviridae family and is a coronaviruses have emerged over the last two decades including
single-stranded positive-sense enveloped RNA virus.*? Human severe acute respiratory syndrome related coronavirus (SARS-CoV),
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syndrome; Hpi, hours post-infection; hPSC, human pluripotent stem cells; hrsACE2, human recombinant soluble ACE2; HSV-1, herpes simplex virus type 1; IFN, interferon; iPSC, induced
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the Middle Eastern respiratory syndrome related coronavirus
(MERS-CoV), and recently SARS-CoV-2.2*° Covid-19 is caused by
SARS-CoV-2 infection and was classified as a pandemic by the World
Health Organisation (WHO) in March 2020.° The symptoms of
Covid-19 range widely, presenting as asymptomatic in many in-
dividuals or fever, myalgia, cough, chest tightness, and in severe cases
pneumonia, occasionally resulting in death.”

The current pandemic has developed globally rapidly, meaning
there is urgency around studies of the pathogenetic mechanisms of
SARS-CoV-2 infection to inform development of antiviral drugs and
vaccines. A key method of investigating pathogenesis of infection,
assisting design and development of therapeutics, is the employment
of three-dimensional, multi-cell-type culture models known as orga-
noids. These allow (i) investigation in a human, biologically relevant
model, (ii) utilisation of multicellular models to demonstrate the
effects of infection and treatment on different cell lines, and
(iii) dissection of the molecular response of individual cells within a

human organ.

1.1 | Overview of traditional models for disease
pathogenesis research

Two-dimensional cell monocultures and animal models are frequently
used to model human viral infections. Monocultures are the primary
model used in the isolation and propagation of viruses, including the
first culture of SARS-CoV-2 in the Vero/hSLAM cell line.2 However,
monocultures do not accurately represent the complexity of in vivo
tissues. Different cell types in organs, such as the brain, have specific
gene regulation patterns which would otherwise not be taken into
account in single-cell culture models.”!° This has been further
confirmed by reported alterations in cell signalling networks between
two- and three-dimensional culture systems.'*? In order to over-
come these limitations, researchers have begun utilising alternative
three-dimensional disease modelling systems, such as organoids.
These more closely mimic the complex multi-cell-type composition
and structure of human organs.*>#

Animal models are multi-cell-type, multi-organ models that
facilitate the translation from basic research to clinical trials. Animal
models are essential in informing the development of antiviral
treatments and vaccines and have recently been used to eval-
uate Covid-19 vaccine candidates in models such as Rhesus
macaques.’>"*” However, the differing developmental patterns
between non-human animals and humans® have necessitated the
development of alternative human organ models such as organoids.
Furthermore, the ethical considerations involved in animal research
are monitored through the 3Rs principle (replacement, reduction
and refinement of animal research) in an effort to maximise high-
quality data while minimising harm to animals during research.'?
This principle dictates the replacement of animal models where
possible through the use of alternative culture systems such as

human organoids.?°

1.2 | Organoid generation and use in modelling viral
infection

Organoids are organ-like tissue models from pluripotent stem cells or
progenitor cells through differentiation.'® During the differentiation
process, multiple cell types arise and self-organize to form cellular
organisation and tissue morphology resembling in vivo human organs,
which can be used to model infection.*®*

Organoids have successfully been used to model neurological
infections such as with Zika virus (ZIKV).2* Congenital ZIKV infection
has been associated with the development of foetal neural malfor-
mation such as microcephaly.?? Researchers have utilised cerebral
organoids to study pathogenesis of ZIKV infection, including brain-
region-specific forebrain organoids.21 In this model, ZIKV induced
increased cell death and reduced cellular proliferation, subse-
quently decreasing neuronal volume, inducing microcephaly-like
pathophysiology,?* suggesting a mechanism for ZIKV-induced
neural malformation.

Different organoids have been utilised in SARS-CoV-2 mecha-
nistic investigations. The respiratory tract is the major organ system
affected by Covid-19 disease, although injury to other organs has
been observed including acute kidney injury, cardiovascular disease
and neurological disease including encephalopathy, encephalitis,
Guillain-Barre syndrome and acute stroke.?>2* The wide array of
organs affected in Covid-19 disease necessitates the use of a variety
of organoid models to extrapolate the mechanisms of SARS-CoV-2
infection in different systems. Specific growth and differentiation
factors that facilitate the development and generation of a variety of
organoids have been used to produce organoids simulating different
human organs, allowing a biologically relevant, three-dimensional
model for disease.’®>'* In this review, we detail the conclusions
drawn from 16 studies investigating SARS-CoV-2 infection of
different human organoid models.

2 | SARS-CoV-2 AND ORGANOIDS

2.1 | Expression of SARS-CoV-2 receptors in
organoids

The SARS-CoV-2 spike (S) protein, which is structurally similar to
that of SARS-CoV, mediates viral attachment and cellular entry
through the binding of the N-terminal S1 subunit to the metal-
lopeptidase, angiotensin | converting enzyme 2 (ACE2) receptor
(Figure 1).2°°?7 Interestingly, SARS-CoV-2 binds to the ACE2 re-
ceptor with a higher affinity than does SARS-CoV.?> Hoffmann et al.
suggest the SARS-CoV-2 S protein is primed by the transmembrane
serine protease 2 (TMPRSS2), inducing virus-host cell fusion, similar
to SARS-CoV (Figure 1).2¢ Using single-cell RNA sequencing datasets,
several studies have determined the ACE2 and TMPRSS2 receptors
are expressed in the human lung, eye, heart, oesophagus, ileum,
colon, liver, testis  (pre-print).28-%°

kidney, gallbladder and
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Spike (S) protein

ACE2 detected in:

Lung, bronchial, choroid plexus,
hippocampus, brain, brain spheres,
SEAM eye, intestinal enteroids,
colonic, kidney, and liver organoids.

Host cell

TMPRSS2 detected in:

Lung, bronchial, choroid plexus,
hippocampal, SEAM eye, intestinal
enteroids, colonic, and liver
organoids.

FIGURE 1 Severe acute respiratory syndrome related coronavirus-2 (SARS-CoV-2) and host cell receptors. (a) Viral attachment and
cellular entry is mediated by the SARS-CoV-2 spike (S) protein. The N-terminal subunit, S1 binds to the receptor, angiotensin | converting
enzyme 2 (ACE2).2°~?7 Hoffmann et al. suggest the S protein is primed by the transmembrane serine protease 2 (TMPRSS2), inducing host cell
fusion.?® (b) Using single cell RNA sequencing datasets, various human organs have been identified as expressing the target receptors for
SARS-CoV-2 infection, ACE2 and TMPRS52.28-39 Subsequently, numerous organoid models have been utilised to detect ACE2 and

TMPRSS2.31-43

Investigating the presence of these host cell receptors in various
organoid models is an important first step in determining their ability
to support viral infection. The detection of these receptors in various
organoids is summarised in Figure 1.

In organoids, the ACE2 receptor was detected in lung
(pre-print),2*®2 bronchial (pre-print),®® the choroid plexus,®* hippo-

5 self-formed ectodermal autonomous multi-

) 36 37,38
’

campus,*  brain,®

zone (SEAM) eye (pre-print colonic,®?

39,40 41,42

intestinal enteroids,

kidney and liver organoids, as well as brain spheres.*®
Interestingly, ACE2 was also expressed in multipotent neural pro-
genitor cells (NPCs), from which brain spheres are generated through
differentiation.*® During foetal cerebral organogenesis, NPCs are a
crucial population of cells, with the capability of differentiating into
oligodendrocytes, astrocytes and neurons that populate the devel-
oped adult brain.***> The presence of the ACE2 receptor in this
population of cells suggests SARS-CoV-2 tropism, and further
research is required to determine the effects of infection on foetal
brain development. However, most guidelines suggest effects on the

foetus are unlikely (UK guidelines).2+4¢

The TMPRSS2 receptor was expressed in lung (pre-print),3%%2

bronchial (pre-print),3® choroid plexus,®* hippocampal,®* SEAM eye

),36 intestinal enteroid,®” colonic®? and liver** organoids.

(pre-print
However, TMPRSS2 receptor expression was reportedly below the

limit of detection in brain spheres.*®

Expression of these target cellular receptors localised in certain
cell populations in organoids. In lung organoids, ACE2 was detected
predominantly in club®! and alveolar type Il (AT2)-like cells (pre-
print).332 |nterestingly, in alveolar type | (AT1) and AT2-like cul-
tures, SARS-CoV-2 preferentially infected AT2 cells over AT1 cells,*”
which may be explained by the reported predominant detection of
ACE23%%2 in the AT2 population of cells. Enrichment of TMPRSS2
was reported in AT2-like®®? and club®! cells in lung organoids (pre-
print). Furthermore, results from Suzuki et al. suggested both ACE2
and TMPRSS2 are expressed in the basal cells of bronchial organoids,
but only TMPRSS2 is expressed in ciliated cells (pre-print).>®

Single-cell RNA sequencing of SEAM eye organoids revealed
ACE2 may be predominantly expressed in the limbus, conjunctiva and
a subset of ocular surface ectoderm cells (pre-print).%¢ The TMPRSS2
receptor was expressed in corneal cells in SEAM eye organoids
(pre-print).3¢ Single-cell profiling of kidney organoids revealed the
proximal tubule and podocyte Il cell clusters express ACE2.37

Organoids have allowed researchers to identify specific cell
populations that express SARS-CoV-2 receptors in the lung,332
eye® and kidney.3? Understanding the localisation and enrichment
of host cell receptors that are utilised by SARS-CoV-2 during infec-
tion not only indicates the cell types that are more permissive to
infection in specific organs, but also can potentially inform develop-

ment of targeted therapeutics to these vulnerable cell populations.
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Although organoids have facilitated the detection of target cell
receptors in different organ types, this alone is not sufficient to
determine the organ's permissiveness to SARS-CoV-2 infection, nor
the organs' ability to support viral replication. Yang et al. reported
that despite the expression of ACE2 in human pluripotent stem-
cell-derived macrophages, cortical neurons and endothelial cells,
they had little to no permissiveness to SARS-CoV-2 or SARS-CoV-2
pseudo-entry virus, suggesting other factors are involved in deter-
mining viral tropism.*?> Therefore, supplementing viral receptor
studies with those specifically investigating the tropism of different
organoids are necessary to ascertain their effectiveness as models for
SARS-CoV-2 infection.

2.2 | Permissiveness of organoids to SARS-CoV-2
infection

In a study using autopsy tissue samples from patients who had died
from Covid-19, SARS-CoV-2 was detected in the lungs, pharynx,
brain, heart, liver and kidneys, suggesting viral tropism in these
organs.*® Additionally, monocultures have been utilised to model and
establish SARS-CoV-2 tropism in cell lines representative of different
organ types including Caco2 (intestinal epithelial carcinoma), Calu3
(lung epithelial adenocarcinoma) and U251 (glioblastoma).*’

Studies investigating the permissiveness of different types of

organoids to SARS-CoV-2 infection are detailed in Table 1.3173%41-
43,50-52

2.3 | SARS-CoV-2 and the immune response

Increased production of cytokines has been implicated in the
immunopathology of disease in patients with Covid-19, resulting in
what is commonly referred to a ‘cytokine storm'.>>>% Various types of
organoids have been utilised to model this immunological
phenomenon. A Th1 cytokine response was elicited following SARS-
CoV-2 infection in alveolar (pre-print),”® choroid plexus®* and in-
testinal,>”> organoids (Table 2). In a study comparing post-mortem
lung samples from Covid-19 patients to biopsies from healthy lung
tissue from uninfected individuals, transcriptional analysis revealed
high chemokine signatures in Covid-19 patients including CCL2
(MCP-1), CCL8 (MCP-2) and CCL11.>® Similarly, induction of che-
mokines or chemokine transcripts were detected in SARS-CoV-2

42 |37,51 and

infected lung,®2 hepatocyte,*?> cholangiocyte,*? intestina
colonic®2 organoids (Table 2).

Among the consequences of viral infection induced cytokine
storms in the lung are cellular apoptosis, vascular leakage, insufficient
T-cell response and the development of acute respiratory distress
syndrome (ARDS).>>°¢ A recent cohort study reported up to 85% of
Covid-19 patients admitted to the ICU had developed ARDS,*” and
this was associated with increased mortality rates.’®>? The SARS-
CoV-2-mediated increase in cytokine and chemokine signatures

observed in both organoid models and clinical settings may reflect

the immunopathological mechanism for the development of further
Covid-19-related sequelae.

Interferons (IFNs) are innate immune response proteins secreted
by host cells and are responsible for inducing and regulating antiviral
mechanisms following viral infection.®®¢* The effects of SARS-CoV-2
infection on IFN signalling have been summarised in Table 3. Tran-
scriptomics analysis of infected alveolar organoids 2 days post-
infection (dpi) revealed IFN signalling was the most upregulated
canonical pathway (pre-print).>° Similarly, SARS-CoV-2 infection of
bronchial organoids induced a moderate increase in type | IFN and
IFN-stimulated genes (ISGs) at 5 dpi (pre-print).>® Upregulation of
type I (IFN- A)°? as well as modest expression of 1SGs, such as
ISG15° were also observed in infected colon and intestinal orga-
noids at 24 and 60 hours post-infection (hpi), respectively. Similarly,
SARS-CoV-2 infection of intestinal enteroids induced expression of
IFNL2 and IFNL3 at 48 hpi.%”

However, contrary to these findings, no upregulation of type | or
type Il IFNs was reported in SARS-CoV-2-infected SEAM eye
organoids, although the hpi was unclear from the published studies
(pre-print).3¢ Similarly, no upregulation of type | IFN (IFN-B1) was
observed in colon organoids at 24 hpi®? and expression of IFN-a,
IFN-B and IFN-y was barely induced in infected intestinal enteroids
at 48 hpi.®” These data are reflective of SARS-CoV-2-infected human
ex vivo lung tissues which exhibited no significant induction of IFN I,
Il or 11142

It is possible that the difference in results between the afore-
mentioned studies is due to differential IFN responses in different
organ types in response to SARS-CoV-2 infection. Variances in
experimental design may also impact the induction of IFNs in
different tissues. Longer infection times in future investigations
would allow researchers to fully elucidate whether the observed lack
of IFN induction in certain organoids is a result of SARS-CoV-2-
mediated suppression, or an infection-induced delay in the
response. Lei et al. reported a delayed IFN response in infected
Calu-3 cells (airway epithelial cell line) where SARS-CoV-2 induced a
substantial but delayed type | IFN response in which IFN-B and
ISG56 only modestly increased at 12 hpi, but were significantly
increased by 24 hpi®® In mice, SARS-CoV-2 infection similarly
induced a prolonged yet delayed type | IFN signal which triggered
innate inflammatory monocyte-macrophages, resulting in increased
cytokine and chemokines, and impaired T-cell response.®* Dysregu-
lation of the T-cell response is also reported in Covid-19 patients,®>
suggesting a mechanistic link between SARS-CoV-2-mediated IFN
dysregulation and immune sequelae. The potential delay in IFN
production and its downstream mechanistic effects during SARS-
CoV-2 infection are yet to be completely explained, and further
research combining clinical findings and organoids is necessary
before any conclusions are drawn.

Dysregulation of immune pathways was also observed in SARS-
CoV-2 infected organoids. Infection induced expression of various
immune pathways in lung and liver organoids including cytokine-

32,42 IL- 17’32,42

cytokine receptor interaction, chemokine,*?

TNF,3242 NF- kB,*?>*° TLR° and IL1.5° In bronchial organoids,
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TABLE 1 Permissiveness to SARS-CoV-2 infection in various organoid models

Organoid type

Lung

Brain spheres and
cerebral
organoids

SEAM eye
organoid

Liver

Enteroids/
Intestinal
organoids

Source

Human pluripotent stem cells
(hPSC)

Distal lung epithelial cells and
MRC5 human lung fibroblast
cells

Distal airway cells from patient
lung tissue

Normal human bronchial
epithelial cells

Induced pluripotent stem cells
(iPSC)

iPSC

iPSC

Human embryonic stem cells
(hESC)

iPSC

Liver bile duct-derived

progenitor cells

hPSC

Intestinal samples from patients

Patient tissue

Patient tissue

Patient tissue

Patient tissue

Stem cells isolated from human
tissue

SARS-CoV-2 strain
e SARS-CoV-2 (USA-WA1/2020)

e SARS-CoV-2-entry virus (AG-luciferase
virus pseudo-typed with SARS-CoV-2 spike
protein)

e SARS-CoV-2 (USA-WA1/2020)

e SARS-CoV-2 (USA-WA1/2020)

e SARS-CoV-2/Hu/DP/Kng/19-020

e SARS-CoV-2/Wuhan-1/2020

e SARS-CoV-2 USA-WA1/2020

e SARS-CoV-2 NRW-42

e SARS-CoV-2/USA-WA1/2020
e SARS-CoV-2 pseudo-entry virus (Luc)
e SARS-CoV-2 (USA-WA1/2020)

e SARS-CoV-2 from a COVID-19 patient in
Shanghai

e SARS-CoV-2 pseudo-entry virus (Luc)
e SARS-CoV-2 (USA-WA1/2020)

o Clinical samples from COVID-19 patients

e Wild-type SARS-CoV-2
e VSV-SARS-CoV-2
¢ Wild-type SARS-CoV-2
e VSV-SARS-CoV-2
e VSV-SARS-CoV-2

e SARS-CoV-2 (isolate BetaCoV/Munich/
BavPat1/2020)

e SARS-CoV-2 (strain BavPat1)

Permissiveness

Permissive and supported robust viral
replication.%?

Intact alveolar organoids were refractory to
viral infection. Gentle physical and
enzymatic disruption to organoids made
them permissive to infection and viral
replication (pre-print).>®

Permissive to infection. Organoids required
everting so cells would be relocated and
the ACE2 receptor would face outward
(pre-print).5*

Permissive to infection and viral replication
(pre-print).33

Permissive to infection. Small fraction of
neural cells contained viral particles.
Increased viral RNA indicative of
replication.*®

Choroid plexus organoids are permissive to
productive infection.>*

Brain organoids are permissive to infection
but do not support active viral
replication.®®

Permissive to infection (pre-print).3

Liver hepatocyte organoids. Permissive in
ALB + hepatocytes and supported robust
replication.*?

Liver ductal organoids. Permissive and
supported robust replication. Infected
cholangiocytes formed syncytia.**

Cholangiocyte organoids. Permissive in CK19
+ cholangiocytes and supported robust
replication.*?

Enteroids are permissive to infection. Most
infected cells were Villin+, indicating
enterocytes are the predominant target
cells for infection.%”

Duodenal organoids are permissive to
infection.®®

lleum-derived organoids are permissive to
infection and support robust viral
replication.®®

Colon-derived organoids are permissive and
support viral replication.®®

Small intestinal organoids are permissive and
support productive infection. Viral
particles detected in the lumen of the
organoid.?

Permissive to infection, supports viral
replication, and de novo infectious virus
production.>2

(Continues)
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TABLE 1 (Continued)

Organoid type Source SARS-CoV-2 strain Permissiveness
Colonoids/Colonic  Colonic sample from patient e Clinical samples from COVID-19 patients  Permissive to infection and robust viral
organoids replication.®
hPSC e SARS-CoV-2-entry virus (AG-luciferase Permissive.*?
virus pseudo-typed with SARS-CoV-2 spike
protein)
Capillary iPSC e SARS-CoV-2 clinical isolate Permissive to active viral replication.*?
Kidney hESC e SARS-CoV-2 clinical isolate Permissive to viral replication.3’

Note: Table summarising the tropism of different strains of SARS-CoV-2 in various organoid types as well as their ability to support viral replication
when specified.

Abbreviations: ACE2, angiotensin | converting enzyme 2; hESC, human embryonic stem cells; hPSC, human pluripotent stem cells; iPSC, induced
pluripotent stem cells; SARS-CoV-2, severe acute respiratory syndrome related coronavirus-2; SEAM, self-formed ectodermal autonomous multi-zone.

TABLE 2 Expression profiles of cytokines and chemokines in organoid models following SARS-CoV-2 infection

Expression of cytokines and chemokines Downregulation of cytokines and chemokines
Organoid type following SARS-CoV-2 infection following SARS-CoV-2 infection
Alveolar (pre-print) IFNB1%°
Lung® CXCL2, CXCL3, CXCL5, CCL2, and CCL203?
Choroid plexus CCL7, IL-32, CCL2 (MCP1), IL-18, and 1L-8%*
Intestinal/intestinal enteroids ~ CCR1, CCRS, IL16, IL3%” CXCL10 (IP10)*”** CCR2, CCR5 and IL5%
Hepatocyte CXCL1, CXCL3, CXCL5, CXCL6 (GCP-2), and CCL20 (MIP3a)*?
Cholangiocyte CXCL1, CXCL2 (MIP-2a), CXCL3, and CCL2 (MCP-1)*2
Colonic? CXCL6, CXCL8, CXCL11, IL-1a, IL-1p32

Note: Table summarising the expression profiles of different cytokines and chemokines in a variety of SARS-CoV-2 infected organoid models. These data
are indicative of the induction of cytokine and chemokines during infection in a majority of organoid types.

Abbreviation: SARS-CoV-2, severe acute respiratory syndrome related coronavirus-2.

2Data extrapolated from volcano plots of gene expression profiles from mock and SARS-CoV2-infected organoids in Han et al.? study.

TABLE 3 IFN response in different organoid types following SARS-CoV-2 infection

Induction of the IFN response following Minimal induction or downregulation of the IFN response Hours/days post
Organoid type SARS-CoV-2 infection following SARS-CoV-2 infection infection
Alveolar (pre-print) Upregulated®® . 2 dpi*°®
Bronchial (pre- Moderate increase in type | IFN and IFN- . 5 dpi®®
print) stimulated genes (15Gs)>®
Intestinal/intestinal Modest expression of 1SGs>* . 60 hpi®?
enteroids . 37 « . 37 :37
Induction of IFNL2 and IFNL3 IFN-a, IFN-B and IFN-y were “barely” induced 48 hpi
Colonic Upregulation of type IIl IFN (IFN-A)>2 No upregulation of type | IFN (IFN-B1)>? 24 hpi®?
SEAM eye (pre- . No upregulation of type | or type Il detected®® 2
print)

Note: Induction of IFN response in a variety of SARS-CoV-2 infected organoid types. The hours/days post infection appear to influence the induction of
an IFN response, where organoids analysed after shorter time periods after SARS-CoV-2 infection exhibited minimal induction or no upregulation of
some IFNs (i.e., 24-48 hpi).

Abbreviations: dpi, days post-infection; hpi, hours post-infection; IFN, interferon; SARS-CoV-2, severe acute respiratory syndrome related coronavirus-
2; SEAM, self-formed ectodermal autonomous multi-zone.

2Hpi unclear in study.
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SARS-CoV-2 infection increased expression of genes involved in
the regulation of immune effectors, inflammatory response, and
interferon-gamma production (pre-print).

Investigations involving organoids have thus far allowed
researchers to model the effects of SARS-CoV-2 infection on the
immune response in representative organ types, revealing the in-
duction of cytokine, chemokine, and other immune pathways. Further
research examining naturally infected lung tissue using immunohis-
tochemistry compared to ex vivo infection of lung organoids could be
used to evaluate the immunopathology of SARS-CoV-2 infection. This
approach has been successfully utilised in other tissues, for example,
analysis of the effects of cytomegalovirus infection on cytokine
expression in naturally infected placentae compared to an ex vivo

placental villous explant histoculture model.®®

2.4 | SARS-CoV-2 dysregulation of cellular function
Dysregulation of essential cellular proteins and functions during
SARS-CoV-2 infection has been reported in a number of models
including brain, lung and liver organoids. Cell death was observed in
SARS-CoV-2-infected brain®> and choroid plexus organoids,®* and an
increase in pyknotic cells and cell bursting was observed in infected
bronchial organoids (pre-print)®® and brain spheres,*® respectively.
Furthermore, markers of apoptosis such as caspase-3 and CD40
were increased in SARS-CoV-2-infected alveolar (pre-print),”°

brain®® and liver ductal*!

organoids. Interestingly, from 25 to 72 hpi,
SARS-CoV-2-infected choroid plexus organoids exhibited increased
cell death in both infected (1:4%-5-9%) and uninfected (1-9% 5-4%)
transthyretin positive cells.* Similarly, a proportion of apoptotic cells
in infected alveolar organoids was uninfected (pre-print).° This
suggests SARS-CoV-2 induces cytopathic effects on both infected
and neighbouring uninfected cells. These findings are reflective of
clinical observations of cellular apoptosis and necrosis in a number of
tissues of Covid-19 patients including the lung, thyroid and liver.®”¢®
This has also been observed in influenza A infection, which causes
cell death in the respiratory tract and lung parenchyma, which can, in
severe cases, result in increased inflammation, a compromised
epithelial cell barrier and lung failure.” The published studies to date
suggest SARS-CoV-2-mediated cell death may contribute to the
damage observed clinically in the organs of Covid-19 patients.”%”*
In brain organoids, SARS-CoV-2-induced phosphorylation and
re-localisation of tau (neuronal marker) from the axon of infected
neurons to the soma.®> The tau protein is responsible for stabilising
neuronal microtubules and promoting axonal growth.”? Hyper-
phosphorylation and abnormal tau aggregation are characteristics
of neurodegenerative diseases known as tauopathies such as
Alzheimer's disease (AD).”?>7# In fact, in a three-dimensional brain-
like model, herpes simplex virus type 1 (HSV-1)-induced hyper-
phosphorylation of tau and resulted in an AD-like pathology
including the development of B-amyloid (AB) plaque-like formations,
a marker of AD.”® Tau phosphorylation and re-localisation, as well as

cell death in SARS-CoV-2-infected brain organoids, indicate potential

neuronal cell damage® and should be further investigated as a
potential mechanism for SARS-CoV-2-induced cerebral sequelae.

In choroid plexus organoids, SARS-CoV-2 infection resulted in
the downregulation of a number of important genes, the dysregula-
tion of which is implicated in neurological malformations. Gene
ontology analysis of infected choroid plexus organoids at 72 hpi
revealed cell junction genes were downregulated, which Jacob et al.
suggested could cause disruption to blood-cerebrospinal fluid barrier
function.®* This disruption to the barrier has been implicated in
increased permeability, allowing entry of pathogens through the
barrier.”® Furthermore, SARS-CoV-2-downregulated genes involved
in ion channels and transmembrane transport,* indicating possible
mechanisms of pathogenesis and the development of neurological
symptoms observed in Covid-19 patients.””~7?

Zhao et al. reported expression of claudin 1 (CLDN1), a con-
stituent of tight junctions, was decreased in SARS-CoV-2-infected
liver ductal organoids.*? Infection also decreased enrichment of cell
junction organisation genes.** The blood-bile barrier function is
typically enabled by tight junctions, and chronic liver injury is asso-
ciated with a loss of function of these tight junctions in murine
models.®® Furthermore, SARS-CoV-2 infection of liver organoids
significantly reduced mRNA expression of the major bile acid trans-
porter genes; solute carrier family 10 member 2 (SLC10A2) and
cystic fibrosis transmembrane conductance regulator (CFTR).%! This
suggests the liver and hepatic injury observed in Covid-19 patients®!
is potentially mediated through SARS-CoV-2-induced dysregulation
of tight junctions and subsequent accumulation or leakage of bile acid

into the liver parenchyma.**

2.5 | Therapeutics

The rapid progression and burden of the Covid-19 pandemic have
driven a prompt development of therapeutics. Thus far, the efficacy
of a number of treatment options has been evaluated including
controlled trials that have shown promising results of remdesivir
and®? dexamethasone,®® both of which are licenced therapeutics.248°
However, recent findings from the WHO Solidarity trial have indi-
cated remdesivir treatment had little or no effect on hospitalised
Covid-19 patients (pre-print).2® A randomised control trial involving
combined therapy of remdesivir and baricitinib showed this improved
patient recovery time and clinical status of Covid-19 patients in
comparison to treatment with remdesivir alone.®” Inhaled nebulised
interferon beta-1a treatment report clinical benefit in improving the
outcome of Covid-19 disease in infected patients.®® Additionally,
several promising vaccine candidates have undergone phase 3 rand-
omised clinical trials including Pfizer (95%),2° Moderna (94.1%
efficacy)?® and Gamaleya (92% efficacy).”*

In tandem with these randomised controlled trials, research us-
ing organoid models would provide excellent assistance in the timely
evaluation of the safety and efficacy of various treatment options.
Lung organoids pre-treated with imatinib, mycophenolic acid (MPA),
quinacrine dihydrochloride (QNHC) and chloroquine blocked
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luciferase activity following SARS-CoV-2-entry virus infection,
suggesting potential efficacy in decreasing SARS-CoV-2 infection.3?
In SARS-CoV-2-infected alveolar organoids, viral nucleoprotein (N)
RNA was reduced following the treatment with IFN-B1 (3-2 log),
hydroxychloroquine (2-4 log) and remdesivir (9 log) compared to
infected, untreated organoids.>® However, hydroxychloroquine
exhibited variable effects on viral replication and gene expression
that were dependant on the donor epithelium (pre-print).>°
Pre-treatment of colon organoids with both IFN-Bf1 and IFN-A
significantly impaired infection and this was associated with a
decrease in viral genome copies.”?

Clinical-grade human recombinant soluble ACE2 (hrsACE2) has

1%2 and phase 27 clinical trials, and is report-

been tested in phase
edly well tolerated in patients with ARDS, a clinical feature of Covid-
19. In capillary and kidney organoids, ACE2 decreased SARS-CoV-2
infection.3?

Camostat, a TMPRSS2 inhibitor, is a promising therapeutic
candidate for SARS-CoV-2 in Caco-2 and Vero-TMPRSS2 cell culture
models.2® Suzuki et al. reported a reduction of SARS-CoV-2 genome
in infected bronchial organoids to 2% of that of infected, untreated
organoids (pre-print).33 Furthermore, camostat treatment sup-
pressed the SARS-CoV-2 mediated increase in genes involved in the

immune response (pre-print).>3

3 | ORGANOID LIMITATIONS AND FUTURE
CONSIDERATIONS

Despite the advantages of organoids as an alternative to traditional
culture systems, limitations exist in the organoid model. One such
limitation is the variability between individual organoids. Little et al.
reported transcriptional variability between kidney organoids from
different experimental batches, particularly in genes related to
temporal maturation.”* However, other studies have reported little
variability in cortical and dorsal forebrain organoids, comparing the
variation as being similar to that of endogenous brains.”>?¢

It is important to take into consideration the degree of accuracy
to which organoids mimic the cell composition and structure of hu-
man organ development. Bhaduri et al. reported smaller numbers of
cell subtypes in cortical organoids compared to primary brain tissue,
and a portion of organoid cells co-expressed markers for both radial
glial and neuronal cells, indicating broader cell type characterisation
in organoids.”” Structurally, the human cortex consists of stratified
laminae with distinct neuronal populations; however, cerebral orga-
noids reportedly contain neurons of different layers interspersed
throughout the organoid, indicating a lack of stratified organisation.”®
Other studies have, however, reported the development of different
brain regions and stratified layers within cerebral organoids.?%??

Unlike monocultures which are excellent for large-scale experi-
ments, the time-consuming and technically challenging nature of
organoid generation has brought into question the scalability of this
alternative model.!* Equipment such as the mini-bioreactor can

improve organoid scalability as it allows for the consistent culture of

multiple organoids and larger-scale organoid production that is
necessary for applications such as compound testing and drug
efficacy investigations.?!

The original source of the cells used to differentiate organoids is
an important consideration for future studies. The reviewed SARS-
CoV-2 infection studies (Table 1) utilised organoids derived from a
variety of cell types, including induced pluripotent stem cells (iPSC),
human embryonic stem cells (hESC), and cells obtained from patient-
derived tissue samples. Organoids that are derived from patient-
derived tissue biopsies without the cells first being reprogramed
into iPSCs reportedly develop simpler structures, comprising mostly
of epithelial cell types.®® In comparison, organoids that are derived
from stem cells undergo a multi-step differentiation process resulting
in more complex structures with multiple germ Iayers.zo'g'9 Further
research is required to examine differences in structural complexity
and cellular composition between organoid types, and this should be
taken into account in future studies of organoid infection by
SARS-CoV-2.

Organoids have proven to be an amenable culture system with
many new developments in place to improve upon the limitations
discussed above. Organoids are a multi-cell-type, three-dimensional
human organ model that can be used in tandem with traditional
animal and two-dimensional monocultures. The comparable effects
of SARS-CoV-2 infection in organoids and human and post-mortem
studies (particularly cellular tropism and immunopathology) that
were highlighted in this review, emphasises the benefits of using this
model for the study of other viral infections. Of note, the availability
of single-cell sequencing datasets have been useful in assessing the

28-30 and

presence of SARS-CoV-2 viral receptors in human organs,
will continue to assist the transition to organoid research and inform
researchers of key target genes in the investigation of other infec-

tious diseases.

4 | CONCLUDING STATEMENT

The onset of the Covid-19 pandemic has resulted in a global health
crisis, resulting in increasing numbers of people infected worldwide.
Three-dimensional, biologically relevant organoids are an excellent
tool for Covid-19 disease modelling and can be used to supplement
other forms of research into the pathogenetic mechanisms of SARS-
CoV-2 infection. Organoids have been shown to express SARS-CoV-2
receptors and studies have demonstrated viral pathogenesis and
tropism occurs, in many ways similar to that seen in human and
post-mortem studies. The immunopathological consequences of
SARS-CoV-2 infection of organoids have closely mirrored the in-
flammatory responses observed in patients with Covid-19, demon-
strating the biological relevance of organoid models. Several studies
have shown virus-induced pathogenetic effects on cells such as
apoptosis, and dysregulation of significant pathways and genes such
as immune and cell junctions.

Further research is needed to demonstrate the mechanisms of

SARS-CoV-2 causing clinical sequelae during Covid-19 disease.
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The use of organoids in tandem with traditional two-dimensional cell
culture, animal models, clinical studies and human clinical trials can
be utilised to identify important host and viral targets. These targets
can then be exploited in the development of safe and effective
antiviral interventions and vaccination programmes.
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