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Organoids in virology
Julie T. S. Chu1 and Mart M. Lamers1✉

To adequately prepare against imminent disease outbreaks from diverse and ever-changing viral pathogens, improved
experimental models that can accurately recapitulate host-virus responses and disease pathogenesis in human are essential.
Organoid platforms have emerged in recent years as amenable in vitro tools that can bridge the limitations of traditional 2D cell
lines and animal models for viral disease research. We highlight in this review the key insights that have contributed by organoid
models to virus research, the limitations that exist in current platforms, and outline novel approaches that are being applied to
address these shortcomings.
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INTRODUCTION
Emerging zoonotic viruses have had a profound impact on the
early twenty-first century. Influenza virus, Ebola virus, Zika virus,
and the pandemic severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) have collectively exemplified the substantiality of
public health threat posed by emerging viruses. At the same time,
urbanization1, climate change2 and wildlife trade3 are predicted to
increase the propensity for viral disease emergence in the coming
decades. As we usher in a new era of infectious disease, novel
approaches to establish greater outbreak preparedness need to
be employed. Within this framework, development of physiologi-
cally relevant laboratory models for studying disease pathophy-
siology and development of therapeutics to relieve disease
burden needs to be prioritized.
In recent years, organoids have gained significant recognition

as physiologically relevant in vitro platforms in the realm of
virus research, and existing platforms are being refined
continuously to better accommodate human viral disease
studies. In this review, we will highlight key virological findings
that have been uncovered using organoid models. Additionally,
we will discuss the limitations of existing organoid platforms,
particularly with relevance to virological research, and novel
strategies that are being explored to overcome these
shortcomings.

Traditional experimental models for viral diseases
Two-dimensional (2D) cultured cell lines have served as tools for
virus propagation since the early 1900s4, and remain the most
used platform for studying viral diseases. Traditional 2D cell lines
are easy to handle, affordable to maintain and amenable to a wide
range of experimental techniques. However, most cell lines are
genetically immortalized, cancerous, or transformed to enable
long-term culturing, thus often possess defects such as dysfunc-
tional innate immune signaling pathways. Inherent differences
between 2D cell lines and normal cells in vivo can result in
bottlenecks that select for cell line adapted viral mutants with
altered entry receptor usage5, transmissibility6 and pathogeni-
city7,8 compared to their clinically isolated forms. An alternative
in vitro platform is primary cells derived directly from patient
tissues, which are of greater resemblance to human cells in vivo,
but rely on steady sources of fresh tissue to generate as they

typically can only be passaged a few times before showing signs
of senescence9.
Animal models are used to recapitulate viral disease

processes that occur at the whole organism level. Model
organisms have served as valuable platforms for determining
disease-causative viral agents in fulfillment of Koch’s postu-
lates10,11 and as preclinical platforms for vaccines and
antivirals12,13. Certain physiological traits encompassed by
individual animal models that are of high resemblance to those
in humans have also been harnessed to study viral disease
pathogenesis14. For example, ferrets are a favorable model for
studying transmission of influenza viruses, owing to the high
histological and anatomical similarity of their respiratory tracts
to those of human15. However, inherent differences between
host species limit clinical translatability of findings from animal
studies, since viral disease is the end product of a myriad of
virus-host interactions that are fine-tuned by evolution. More-
over, as viruses generally exhibit a narrow host range16, studies
of human viruses in animal models often require extensive
rounds of virus adaptation in the target species, resulting in
adapted variants with mutations that may alter key viral
phenotypes that are relevant to human disease17–19. Alterna-
tively, specialized transgenic or humanized organisms with
engineered susceptibility towards the viral target may be
employed, but are generally costly, time consuming and labor
intensive to generate20–22.
Given the shortcomings of traditional experimental platforms in

authentically recapitulating viral disease in human, developing
improved models that can better represent cellular phenotype
diversity, disease susceptibility and host responses, whilst being
amenable to a wide range of experimental techniques, is a priority
in virology. In the past decade, human stem cell-derived organoids
have proven repeatedly to be an asset to virus research,
unraveling critical viral disease mechanisms that were previously
undeterminable in traditional experimental platforms, identifying
viral and host factors that facilitate infection, and providing tools
for propagating viruses that were previously challenging to
cultivate in vitro. Applicability of organoid platforms to virus
research was further demonstrated when they were rapidly
employed for disease modeling early during the COVID-19
pandemic and have since contributed a wealth of knowledge
towards the disease. In this review, we discuss how organoids
have been employed to fulfill critical knowledge gaps in virology.
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We focus our discussion on viruses that have been studied
extensively using organoid models in recent years.

Organoid models for viral diseases
Organoids are defined as multicellular structures or “mini-
organs” derived from stem or progenitor cells that are
composed of organ-specific cell types with the capacity to
self-organize through cell sorting and spatially restricted
lineage commitment23,24. Organoid models are generally
three-dimensional (3D) structures that are either embedded in
an extracellular matrix (ECM) gel or free-floating in medium,
and require exogenous supplementation of growth factors that
are essential for stem cell proliferation. In recent years, many 2D

organoid models composed of cells that are directly grown on a
flat surface with or without ECM coating, have also been
established25–28. Organoids can either be derived from
embryonic or induced pluripotent stem cells (together referred
to as PSCs) or adult stem cells (ASCs) (Fig. 1). PSC-derived
organoids from fetal tissues or somatic cells are generated
through a stepwise differentiation process that requires
supplementation of specific growth factors at each stage29,30.
Additionally, PSCs can be induced to differentiate into a wide
range of tissue types from all three germ layers. Since PSC
organoids are formed through processes that are unique to
embryonic development, they make for ideal models to study
organogenesis, in vivo development, and viral diseases known
to impact these processes. ASC-derived organoids, which were
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Fig. 1 Generation of adult (ASC) and pluripotent stem cell (PSC)-derived organoid models. A Embryonic (ESC) or induced pluripotent
stem cells (iPSCs), together referred to as PSCs, can be derived from embryonic tissues or reprogrammed from terminally differentiated
fibroblasts (and other somatic cells), respectively. These progenitors can be induced to form PSC organoids from all three germ layers
through a stepwise differentiation process that requires supplementation of specific growth factors at each stage. PSC organoids
contain niche components from the stroma in addition to epithelial cell types, but often present fetal or neonatal phenotypes that
closer resemble developing organs rather than adult tissues. B ASC organoids are generated from stem cells isolated from adult
tissues that have regenerative potential. Following isolation and expansion, ASCs can be cultured in vitro with specific combinations of
growth factors to induce formation of organoids containing diverse epithelial cell types from the tissue origin. Figure created with
BioRender.
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first established for the intestine after the identification of Lgr5
as a marker of adult gut stem cells31,32, can be generated from
tissue-resident stem cells in adult tissues or organs through
mimicking the adult stem cell niche during tissue renewal or
damage repair. Resultant ASC-derived organoids model adult
cells in vivo with high accuracy, but generally only contain
epithelial cells.
For 3D organoids, the cell surface is often embedded in the

interior and inaccessible to viruses. As such, viral infection
studies often require additional steps such as disrupting
organoids into fragments, precision slicing of organoids33,
microinjecting viruses into the organoid lumen34, or generating
inverted organoids that adopt an “apical out” conformation in
3D35. In contrast, 2D organoids such as those differentiated on a
Transwell at air-liquid interface (ALI), do not have this limitation
and thus are frequently used as tools in virology. Comparisons
of these available approaches have previously been reviewed36

and is illustrated in Fig. 2. In recent years, a wide range of
organoid systems have been generated and applied to model
human viral diseases.

Norovirus
Human noroviruses (HuNoVs) are the leading cause of acute
and food-borne gastroenteritis worldwide37. Unsuccessful
attempts in cultivating HuNoVs using primary and continuous
cell lines have hindered understanding of disease pathogenesis
and development of therapeutics for over three decades.
Human intestinal organoids (hIOs) derived from human ASCs
provided the first platform that allowed for in vitro HuNoV
replication in a reproducible manner, and further aided
identification of enterocytes as the predominant intestinal

target for infection and replication38. Importantly, the study
pinpointed bile as a strain-dependent required factor or
enhancer for in vitro viral replication, the mechanism of which
requires further investigation38. hIOs also provided a platform
for assessing the effectiveness of virus inactivation strategies as
disease countermeasures against different HuNoV strains39.
Consistent with findings from animal and human studies40,41,
hIOs demonstrated strain-dependent HuNoV binding specificity
for histo-blood group antigens expressed on the mucosal
surface of the gastrointestinal tract, matchedness of which was
necessary to enable viral replication in vitro42. Following
successes in HuNoVs studies, hIOs have also been adopted to
compare infectivity and host responses elicited by other enteric
viruses such as human rotavirus43, echovirus (E11)44, coxsackie
B virus (CVB)45 and enterovirus 7146. In contrast to observations
from infected 2D intestinal cell lines conducted in the same
study, infectivity and profile of inflammatory responses
mounted by each enteric virus in hIOs were distinct. In
particular, CVB and E11 were able to replicate in enteroids
with greater efficiency, but robust induction of transcripts for
ISGs, cytokines and chemokines associated with antiviral
signaling was observed only following infection with E1147,
collectively demonstrating the promise of hIOs as a human
relevant model to unveil critical host-pathogen interactions at
the gastro-intestinal cellular barrier.

Influenza virus
Influenza A viruses (IAV) exhibit a diverse host range and display
remarkable capacity to rapidly evolve under selection pressure
and adapt to new hosts. IAVs possess a segmented genome and a
low fidelity RNA polymerase, which continuously generate
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Fig. 2 Methods of infecting organoid cultures. Airway organoids are depicted as an example in this figure. Differentiated organoids
generated for viral disease studies can be cultured as (A). 3D structures embedded in an ECM scaffold or (B). a 2D pseudostratified epithelial
layer at air-liquid interface. 3D organoids typically require additional processing prior to infection to enable access to the apical layer that is
embedded in the interior. This can be achieved through (C). enzymatically or mechanically disrupting organoids into fragments and re-
embedding into ECM scaffolds prior to infection or (D). generating inverted apical-out organoids. Alternatively, viruses can be (E).
microinjected into the lumen of intact 3D organoids. Figure created with BioRender.
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reassortants and antigenic variants that have the potential to cross
species barriers and cause epidemics, and even pandemics.
However, robust in vitro models for predicting zoonotic spillover
potential of animal harbored IAVs had previously been lacking. A
potential recourse for this is human ASC-derived airway organoids
(AOs) that morphologically and functionally resemble human
airways at near physiological levels. 2D AOs differentiated under
defined conditions demonstrated the ability to distinguish the
replicative capacity of human-infective IAVs from poorly human-
infective avian and swine subtypes48. Importantly, high levels of
serine proteases including TMPRSS2, TMPRSS4, HAT and matrip-
tase, which conduct proteolytic cleavage of the virus surface
hemagglutinin preceding viral-host membrane fusion, were
expressed intrinsically upon AO differentiation48. Another study
comparing replication capacity and host innate immune
responses elicited by avian H5 and H7 viruses isolated from
human patients, and human pandemic H1N1, identified higher
replication capacity of H1N1 and avian H7N9 in AO cultures,
whereas secretion of pro-inflammatory cytokines such as IL-6 and
IFN-β were most pronounced following infection with high-
pathogenic avian (HPAI) H5N149, for which cytokine dysregulation
has been postulated to contribute to severe disease phenotypes
in human patients. For H7 subtypes, higher replication capacity
was displayed by the human-infective H7N9/Ah strain compared
to the poorly human-infective H7N2 in AO49. These findings were
consistent with observations in ex vivo human bronchus explants.
In another study, human AO were used to assess the spillover risk
of recent HPAI avian H5N6 and H5N8 isolates. Lower replication
competence of H5N6/H5N8 isolates compared to human pan-
demic H1N1 and H5N1 in AO epithelial cells indicated low
likelihood of these strains in contributing to severe disease in
humans50. Taken together, these studies have substantiated the
promise of using AO platforms to assess viral tropism and
infectivity in human for pandemic risk assessment of
zoonotic IAVs.
Owing to the rapidly evolving nature of IAVs, seasonal

influenza vaccine formulations need to be updated annually.
Quadrivalent and trivalent inactivated vaccines (IIVs), which are
most commonly administered around the world, contain only
antigens representative of human IAV and IBV strains, with
limited coverage for zoonotic subtypes. While exploration of
novel vaccine modalities that can provide broad spectrum
protection are underway, majority of pre-clinical vaccine
assessments are conducted in mice or non-human primates,
and observed responses are often poorly predictive of those in
humans51,52. Primary human tonsil organoids were recently
explored in proof-of-concept studies as a platform for evaluat-
ing humoral responses to influenza vaccines. Tonsil organoids
cultured in vitro were able to functionally retain germinal
centre (GC) features, including production of antigen specific
antibodies, somatic hypermutation and affinity maturation
upon stimulation with a live-attenuated influenza vaccine
(LAIV)53. In another study, tonsil organoids isolated and
expanded from a single individual established distinct cellular
and antibody dynamics following stimulation by different
antigen modalities originating from IIVs, LAIVs and IAVs, and
has been proposed as a blueprint to profile in vivo immune
responses in future clinical trials without the need for
experimental animals54.

SARS-CoV-2
The COVID-19 pandemic has heralded an unprecedented volume
of research activity over a short period of time. Notably, significant
insights into SARS-CoV-2 tropism, replication kinetics and
mechanisms of disease pathogenesis were elucidated using
organoids. Consistent with findings from human COVID-19
cases55,56, ciliated cells expressing ACE2 and TMPRSS2 were

identified as the primary cellular target during initial infection in
differentiated AOs derived from resected human airway tissues57.
In severe COVID-19 cases, patients develop acute respiratory
distress syndrome that is characterized by diffuse alveolar damage
and formation of hyaline membranes that hinders gas
exchange58,59. A recent study in a primary nasal epithelial
organoid model identified that SARS-CoV-2 binds to ACE2
receptors expressed on the surface of motile cilia and hijacks
the host cell to trigger formation of elongated apical microvilli,
which are used to traverse viral progeny across the mucus layer60.
Importantly, depletion of epithelial cilia in this model inhibited
SARS-CoV-2 infection, suggesting motile cilia as a novel target for
blocking entry and spread of viruses in the airway60. Due to the
lack of clinical material from early infection timepoints, character-
ization of COVID-19 pathophysiology in the distal lung during
early infection has been a challenge. Studies using 3D distal lung
organoids have aided identification of club cells as a cellular target
in the lower airways61. Further, transcriptomic and histological
analyses on alveolospheres cultured from primary human lung
tissue have shed light on crucial constituents of the inflammatory
state upon infection of the alveoli, including upregulation of
interferon-mediated responses and apoptosis, as well as a loss of
mature AT2 phenotype and AT2 cell death, as indicated by
downregulated expression of genes encoding for surfactant
proteins62–65, which corroborates with clinical findings in COVID-
19 lung tissues66–68.
Though COVID-19 primarily presents clinically as a respiratory

disease, systemic symptoms that manifest during early infection or
consequently as disease sequelae have also been reported
widely69. Moreover, as ACE2 is expressed across various mamma-
lian tissues, SARS-CoV-2 can potentially spread to other organs in
the body following initial infection of the respiratory tract.
Enterocytes in the intestinal epithelium, which express ACE2
abundantly, were shown to support robust SARS-CoV-2 replication
in a small intestine organoid (hSIO) model. Genetic signatures
induced by infection in hSIO included cytokines and IFN-
stimulated genes associated with IFN type I and III responses70,71,
which may contribute to gastrointestinal inflammation and in part
give rise to gastrointestinal symptoms observed in COVID-19
patients72. The type II transmembrane serine protease (TTSP)-
dependent entry of SARS-CoV-2 had been identified early during
the pandemic in a human AO model, which further pinpointed the
multibasic cleavage motif (MBCS) on the virus spike protein to be
an adaptation feature that facilitates efficient TTSP usage73.
Importantly, loss of the MBCS motif is observed upon viral
propagation in cells that lack TTSPs, but not in AOs differentiated
at ALI74. A follow-up study conducted in CRISPR/Cas9 modified
hIOs further demonstrated that SARS-CoV-2, as well as MERS-CoV
and SARS-CoV, specifically utilize TMPRSS2 for entry, making it an
attractive target for pan-coronavirus therapeutics. During the
emergence of the Omicron variant, several studies reported a
switch in viral entry pathway towards TMPRSS2-independent
endosomal entry75,76. This was later demonstrated in AOs and
CRISPR/Cas9 modified hSIOs to be a cell line-specific phenom-
enon, as TTSP-mediated entry was still efficiently utilized by
Omicron in organoids77.
Besides elucidating host-virus interaction and pathophysiologi-

cal mechanisms, organoids have also shown promise as a
translational platform for drug efficacy determination and
identification of novel therapeutics for SARS-CoV-2. In particular,
cardiac, lung and hIOs have been adopted for drug screening,
from which a broad spectrum of SARS-CoV-2 entry inhibitors78,
replication suppressors63,79, as well as cardioprotective drugs80

that could be utilized as COVID-19 therapeutics had been
identified. Additionally, innovative efforts to combine organoid
models with gene editing techniques such as CRISPR/Cas9 to
identify host genetic factors implied in SARS-CoV-2 infection have
recently been established in the form of a CRISPR-knockout
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biobank81. Combination of CRISPR/Cas9 technology with human
PSC-derived hepatocyte and blood vessel organoids have also
been implemented in studies for viruses beyond SARS-CoV-2, such
as filoviruses, which have identified the guanine nucleoside
exchange factor CCZ1 as an essential host factor that controls
early replication of Ebola and Marburg viruses82. Such technique
could be applied to future studies of other novel and emerging
viruses to enable rapid characterization of host factors involved in
pathogen interaction, and identify targets for antiviral develop-
ment. Additionally, organoids can also be readily cultured from
diverse host species, thus hold promise to model differences in
virus susceptibility between hosts. New animal derived organoid
models ranging from snake venom glands83 to bat intestines70 are
being established rapidly, some of which had already been
applied to study virus tropism and host responses, such as for
SARS-CoV-270.

Zika virus
Since its identification in Africa, the mosquito-borne Zika virus
(ZIKV) has spread extensively across the globe. Global footprint of
ZIKV has increased drastically in the last two decades, and has
caused large outbreaks in the Yap Islands in 200784, in French
Polynesia in 201385 and in South America in 201586. While majority
of ZIKV cases are asymptomatic or mildly symptomatic, concern of
ZIKV-associated severe pathogenic effects became prominent
during the 2015 outbreak in Brazil, where a substantial number of
infections during pregnancy was associated with neurological
abnormalities and in particular, microencephaly in newborns87.
Due to the lack of accessibility to live infected human fetal tissues,
clinical understanding of ZIKV pathogenesis in the fetal central
nervous system were limited. Using human PSC-derived cerebral
organoids and pregnant mouse models, multiple groups have
demonstrated that ZIKV infection results in disruption of the
cerebral cortical layers and decline in proliferative zones, as well as
reduced levels of functional neurones88,89. In accordance with
these findings, another study that used brain region-specific
organoids grown in spinning bioreactors showed that both Asian
and African ZIKV strains preferentially and productively infected
neural progenitors and triggered premature differentiation90,
which closely resembled infection patterns observed in human
fetuses91. Subsequent studies in human PSC-derived brain
organoids identified alterations in the DNA methylome of neural
progenitors and differentiated neurons following ZIKV infection at
genes implicated in neuropsychiatric disorders92, suggesting
neuropsychiatric complications as a potential downstream effect
of fetal ZIKV infection. Additionally, human cortical organoids have
been adopted in drug repurposing screens for therapeutics that
can limit ZIKV induced progenitor cell death from FDA-approved
drug libraries93 as well as in characterizing the mechanism of
action of novel anti-ZIKV compounds94.

Limitations of organoid platforms in virology
As organoid platforms gain increasing popularity as in vitro tools
for modeling viral diseases, it is important to recognize the
advantages and address the limitations of each organoid system
to achieve improved models with optimal physiological relevance,
and increase translational applicability of findings. For example,
ASC-derived organoids can well represent the architecture and
functional aspects of the adult tissue epithelium, and stably retain
epigenetic signatures from the original tissue throughout
passages95. As such, they are able to model responses to viral
infections within different genetic backgrounds and disease
states. However, ASC-organoids generally lack representation
beyond epithelial phenotypes, which include stromal, immune
and vascular niches, and thus are of limited representativeness of
epithelial-microenvironment interactions in the context of viral
diseases. On the other hand, PSCs are valuable for culturing

organoids from tissues with stem cells that are difficult to access
or are of embryonic derivative, such as the brain. PSC-derived
organoids typically contain both epithelial and mesenchymal
layers, making them of greater complexity than ASC-derived
organoids and can support investigations of epithelial-
mesenchymal interactions during viral infections. However, even
in a fully differentiated state, PSC models often retain cellular
phenotypes that are fetal or neonatal, which limits their
representativeness of viral-host interactions in adult functional
tissues96,97.
A shortcoming that is common in both ASC and PSC models is

the general lack of immune cell populations, which is pivotal in
the context of viral disease modeling, since excessive inflamma-
tion or dysfunctional immune responses often play an equally or
more important role in inducing host damage than direct
infection58,98,99. This infection-induced hyperinflammatory state
has yet to be thoroughly modeled in any organoid platforms.
Another aspect with room for improvement in both models is
better definition of growth conditions to achieve greater
reproducibility of findings. This may entail adopting culture
methods that can limit artefacts from ECM derivatives, such as
inflammatory proteins, which can lead to heterogeneity in
organoid formation from study to study100. In terms of integrating
organoid platforms into translational research, a major challenge
is to generate high-throughput platforms that are complementary
with organoid technology. In one study, human PSC-derived lung
organoid cultured in a 384-well format was used for antiviral
screening, and identified FDA approved drugs such as imatinib
and mycophenolic acid to be able to inhibit SARS-CoV-2 entry101.
Other models have additionally incorporated custom-engineered
platforms, such as a 96-well microchannel based ALI system, that
is designed to be compatible with high resolution in situ imaging
and real-time sensing. The platform supported replication of IAV
and the human seasonal coronavirus NL63, for which detected
viral copies could be reduced using oseltamivir and camostat
mesylate respectively102. As of present, organoid platforms for
certain high-risk pathogens such as causative agents for viral
hemorrhagic fevers remain scarce, in part due to the stringency of
BSL-4 containment facilities. However, research on these viruses
—particularly those featured in the WHO priority list103—is critical
for epidemic and pandemic preparedness. Finally, since viral
disease pathophysiology rarely localizes in a single organ,
employing novel strategies to capture inter-organ interactions
would be essential to understand systemic effects of viral
infections. Approaches to address these existing limitations are
currently being explored progressively in organoid research.

“Next-generation” organoid platforms
Immune co-culture. For viral disease studies, devising methods to
include immune cell populations in organoid platforms is a critical
consideration going forward, since exacerbated or dysfunctional
immune responses are thought to underlie severe disease for
many viruses, including SARS-CoV-2 58,99,104, HPAI H5N1105 and
Ebola106. Acute cardiac injury was shown to be associated with a
significantly greater mortality rate in COVID-19 patients, but
causes of myocardial histopathology is poorly understood.
Previously, studies from post-mortem heart samples from
COVID-19 patients have identified increased inflammatory infiltra-
tion of CD11b+ and CD68+ macrophages107–110. To model the
effects of macrophage-mediated hyperinflammation in cardio-
myocytes (CM), an immuno-cardiac co-culture platform was
generated using human PSC-derived CMs and monocytes/
macrophages. The study identified CCL2 as the primary chemo-
kine secreted by CMs to recruit monocytes upon SARS-CoV-2
infection, and presence of macrophages to significantly reduce
the incidence of infected CMs111. In a separate co-culture study, IL-
6 and TNF-ɑ generated by recruited macrophages during SARS-
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CoV-2 infection resulted in increased levels reactive oxygen
species and apoptosis of CMs. Inhibition of IL-6 and TNF-ɑ
through drug blockage of the JAK/STAT pathway was able to
protect CMs from macrophage-induced hyperinflammation112.
A recent complex lung organoid model generated from intact

human lung fragments was shown to retain differentiated lung
epithelial lineages, mesenchymal components as well as tissue-
resident immune cell subsets. Innate and adaptive immune
responses following SARS-CoV-2 infection of the complex
organoid mirrored clinical observations in vivo113. Importantly,
virus-specific memory T cell responses was observed following
infection in lung samples from SARS-CoV-2 seropositive donors,
demonstrating the capacity for mounting of lung resident T cell
memory in absence of peripheral lymphoid components in this
co-culture system. While maintaining immune cell longevity and
phenotype preservation is a major challenge for organoid
immune co-cultures, the study observed that T cell-tropic
cytokines helped to sustain organoid immune content over
time114.
Studies of other respiratory viruses beyond SARS-CoV-2 have

also adopted immune co-culture models. Differentiated nasal
epithelium co-cultured with human PBMCs were used to
characterize epithelium-leukocyte crosstalk during exposure
to the influenza H3N2 strain, identifying monocytes, NK cells
and innate T cells as the first to be activated at early stages of
infection115. By partitioning epithelial cells and PBMCs in
culture with a Transwell insert, direct PBMC infection was
prevented, allowing for identification of immune responses
triggered by soluble factors that are released by the infected
epithelium115. Co-cultures of human pulmonary organoids and
neutrophils have also been established previously to investi-
gate neutrophil migration patterns in the context of inflamma-
tion, and been adapted to study neutrophil-epithelium
interactions during RSV infection, identifying cytokines such
as IP-10 and RANTES to have a crucial role in recruiting
leukocytes during early infection34.
Recently, a co-culture study established using PSC-derived

liver organoids (LOs) comprised of hepatocytes and Kupffer-like
cells, and macrophages from the same donor, was used to
elucidate the role of hepatitis C virus (HCV) infection in the
pathogenesis of non-alcoholic fatty liver disease (NAFLD)116. In
particular, infection with HCV upregulated host lipogenesis
resulting in fatty acid accumulation in LOs, which was
accentuated in the presence of macrophages. Moreover,
therapeutics that are used to target non-alcoholic steatohepa-
titis and are currently in late-stage clinical trials elicited similar
outcomes in the LO platform and in human cohorts, demon-
strating the potential for the co-culture system to be used for
future evaluation of NAFLD pathogenesis, and potentially other
chronic liver diseases, as well as for evaluation of therapeutic
efficacy116. Currently, novel organoids platforms to model
immune responses to viral infections in the lymphoid micro-
environment are also being established. Lymphoid organoids
proliferated from murine splenocytes has established a basis for
in vitro induction of GC-like B cells, which could be applied to
elucidate mechanisms of mounting humoral B cell immunity
during viral infections in humans, as well as development of
vaccines and antibody-based immunotherapy against viral
diseases117. As immune co-culture organoid systems advance
rapidly and become increasingly incorporated into viral disease
studies, additional considerations need to be accounted for,
such as high variability of immune responses between
individuals to viral infections, depending on their immunologi-
cal history118. For this, individualized co-culture platforms
generated from patient tissues and paired-blood samples can
be utilized (Fig. 3). Additionally, future studies on immunolo-
gical responses to viral infection will have to optimize co-
culture systems to faithfully recapitulate immune cell states

during infection, and support long-term preservation of
immune cells in culture.

Organ-on-a-chip. While existing organoid platforms show pro-
mise in representing viral disease pathogenesis in individual tissues
or organs, they lack the ability to recapitulate systemic disease,
which involves signaling cues and crosstalk between epithelium
components and their surrounding microenvironment. A possible
avenue to bridge these limitations is microfluidics-based organ
chips. Minimalistic organ chips are generally composed of cells
from a tissue of interest, an ECM interface and a neighboring
vascular and/or connective tissues which are seeded onto
interconnected flow-through chambers of a microfluidic
device119–121. Since the first development of a lung alveolus organ
chip, numerous designs have become available at pre-commercial
and commercial stages, allowing for prototyping of cellular, tissue,
and organ level responses for different viral diseases122–125.
Perfused human gut chip platforms have been applied to

study enteric virus infection. In addition to an intestinal
epithelial layer, a model additionally incorporated a vascular
channel that is separated from the epithelium by a porous
matrix-coated membrane to generate continuous fluid flow
through the intestinal lumen126. Under consistent perfusion
and cyclic mechanical strain, spontaneous formation of a
differentiated 3D epithelial layer with villus-like structures
containing proliferative crypts, mucus-secreting, Paneth and
enteroendocrine cells that resemble the in vivo intestinal
epithelium was enabled. Reconstituted human airways consist-
ing of differentiated airway epithelium cultured in parallel
channels with pulmonary microvascular components was used
to recapitulate epithelial and endothelium dysfunction as in
human airways in vivo when inoculated with IAV. The airway
chip has also been utilized to study human rhinovirus-induced
exacerbation of asthma, characterizing immune cell transen-
dothelial migration and hallmark inflammatory markers of the
disease state127. Perfusable, endothelialized microvessel chips
have shown promise for studying vascular dysfunction resulting
from infection with haemorrhagic viruses. In addition to
identifying vascular integrity loss and the resultant increase in
vascular permeability following infusion of Ebola virus-like
particles, the platform also identified activation of the Rho/
ROCK pathway to be a mediator of cytoskeleton remodeling
which resulted in albumin leakage from the engineered
vessels128. These chip platforms can potentially offer a new
avenue for uncovering pathophysiological mechanisms and
provide a basis for identifying candidate therapeutics for
haemorrhagic viruses, which otherwise would typically require
non-human primate model studies in specialized animal BSL-4
facilities.
Organ-on-a-chip technology can imbue drawbacks of existing

organoid platforms, such as presence tissue barriers, vascular
flow, spatiotemporal mechanical and chemical gradients as well
as recruitment of circulating immune cells (Fig. 3). Recent
efforts have further built upon existing chip technology to
integrate multiple organs on the same platform to form “body
chips”, allowing simulation of inter-organ communication and
systemic function129,130. However, existing microfluidic chip
platforms still have drawbacks, particularly since they often
contain immortalized cell lines. Increasing effort towards
advancing chip platforms to contain organoid-derived cells
would help attain greater physiological likedness. Achieving
in vitro platforms that can model viral disease to high
physiological relevance with reproducibility is of great priority,
particularly as organoids and organ-on-a-chip models are
gaining increased traction in translational research as a
substitute for animal testing131,132. Integrating human-derived
stem cells into chip compositions could also allow for
generation of individualized organ chips composed of

J.T.S. Chu and M.M. Lamers

6

npj Viruses (2024)     5 



Immune-epithelial 
crosstalk

Virus CytokinesTissue barriersEpithelial-endothelial 
crosstalk

Endothelial cells

C

Gene edited ASC 
organoids

CRISPR-Cas9 
gene editing

Knock-out organoid 
biobank

Host factor 

viruses

Human or animal

Immune-epithelial 
co-cultured organoid

Immune cells Organoid

iPSCs or 
primary tissue 

B

  Cells from organ of 
interest

Organ or body chip

A

iPSCs or paired blood 
sample

ASC organoids

iPSCs Gene edited 
iPSCs

Directed 
differentiation

Fig. 3 “Next generation” organoid models for virus research. A Organ-on-a-chip. Microfluidic-based single or multiple organ-on-a-chip
platforms engineered to contain vascular flow and spatiotemporal mechanical and chemical gradients can be used to model complex
interactions between the epithelium, stroma, and circulating immune components during virus infection. Multi-organ “body” chips can
additionally capture inter-organ crosstalk during infection to model systemic disease. B Immune co-culture. ASC or PSC organoids can be
cultured with immune cells isolated from a paired-blood sample or generated from PSCs to capture immune-epithelial crosstalk during viral
infections. C CRISPR/Cas9-gene edited organoids. Knock-out organoid biobanks can be used to screen for and identify host factors utilized by
novel viruses for entry. Biobanks can be generated from CRISPR/Cas9-edited ASC organoids, or edited iPSC progenitors that are subsequently
expanded clonally into PSC organoids. Figure created with BioRender.
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homogenous genotypes, which can serve as platforms for
personalized therapeutic development.

CONCLUSION
Over the past decade, organoid platforms have contributed
important findings to virus research by addressing critical knowl-
edge gaps in viral-host interaction and disease pathophysiology.
These models have shown to be advantageous in their tractability
and high human physiological relevance compared to other
traditional experimental platforms. As organoids become increas-
ingly prominent as in vitro models for virology studies, crucial
shortcomings that exist in platforms need to be addressed. Novel
approaches to improve existing organoid systems are currently
being explored widely. Next-generation organoid platforms such as
immune co-culture models that can emulate epithelial-immune
crosstalk during viral infections, microfluidics-based organ chips
that can capture systemic effects of viral disease, and CRISPR-edited
organoids that allow for precise identification of host targets that
modulate viral infections, show great promise to help refine
organoid technology to better accommodate viral research studies.
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