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The National Center for Advancing Translational Sciences (NCATS) Assay Guidance Manual (AGM) Workshop on 3D Tissue 
Models for Antiviral Drug Development, held virtually on 7–8 June 2022, provided comprehensive coverage of critical concepts 
intended to help scientists establish robust, reproducible, and scalable 3D tissue models to study viruses with pandemic 
potential. This workshop was organized by NCATS, the National Institute of Allergy and Infectious Diseases, and the Bill and 
Melinda Gates Foundation. During the workshop, scientific experts from academia, industry, and government provided an 
overview of 3D tissue models’ utility and limitations, use of existing 3D tissue models for antiviral drug development, practical 
advice, best practices, and case studies about the application of available 3D tissue models to infectious disease modeling. This 
report includes a summary of each workshop session as well as a discussion of perspectives and challenges related to the use of 
3D tissues in antiviral drug discovery.
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The National Center for Advancing Translational Sciences 
(NCATS) Assay Guidance Manual (AGM) program [1] hosted 
a 2-day virtual workshop on 7–8 June 2022 that covered a broad 
range of critical concepts, including practical approaches and 
best practices for developing standardized 3-dimensional 
(3D) cellular assays with the hope of helping the community 
to develop antiviral therapeutics for future pandemic threats 
successfully. This workshop aimed to help scientists establish 
robust, reproducible, scalable, consistent, advanced 3D tissue 

models to study pandemic threat viruses. This workshop was 
jointly organized by NCATS, the National Institute of Allergy 
and Infectious Diseases (NIAID), and the Bill and Melinda 
Gates Foundation.

The workshop comprised introductory comments by leader
ship of the organizing institutions, a keynote presentation, 3 ses
sions that contained multiple short talks followed by a discussion, 
and a closing session where discussions were summarized, and 
future perspectives were discussed (meeting agenda and links to 
video recordings are shown in Table 1). Introductory comments 
covered how NCATS is catalyzing translational innovation, Bill 
and Melinda Gates Foundation’s activities around the area of in
fectious diseases and global preparedness to pandemics, and 
NIAID’s approach to preparing for future pandemics. Principal 
session topics included an overview of 3D tissue models and their 
utility and limitations, application of existing 3D tissue models for 
antiviral drug development, and use of robust and reproducible 
3D tissue models from drug discovery through development.

AGM 3D Tissue Models Workshop Report • JID 2023:228 (Suppl 5) • S337

The Journal of Infectious Diseases                                

S U P P L E M E N T  A R T I C L E

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/228/Supplem

ent_5/S337/7260682 by M
ediSurf user on 21 M

arch 2024

https://orcid.org/0000-0001-8186-2160
https://orcid.org/0000-0002-4482-3274
https://orcid.org/0000-0002-9629-1417
https://orcid.org/0000-0003-3956-6610
https://orcid.org/0000-0002-9557-7376
https://orcid.org/0000-0002-4254-2751
https://orcid.org/0000-0003-1359-7689
https://orcid.org/0000-0002-4549-6535
https://orcid.org/0000-0001-5631-8534
https://orcid.org/0000-0003-4756-0956
https://orcid.org/0000-0003-2068-4174
https://orcid.org/0000-0001-5626-7722
https://orcid.org/0000-0002-5073-442x
https://orcid.org/0000-0003-4042-0264
mailto:sarine.markossian@nih.gov
mailto:robert.jordan@gatesfoundation.org
https://doi.org/10.1093/infdis/jiad334


Three-dimensional human cell-based tissue models are com
posed of primary human cells or human pluripotent stem cells 
(hPSCs) that self-assemble and differentiate to form organ-like 
structures that mirror the physiology and structure of human or
gans [2]. Sometimes referred to as microphysiological systems 
(MPS), organs-on-chips, or in vitro organ constructs, these sys
tems are designed to model complex physiological processes and 
cell-cell interactions that can be used to probe complex biology 
associated with disease phenotypes. The use of 3D tissue models 

for antiviral drug discovery is an active area of research that has 
yet to be fully harnessed. This report summarizes the proceedings 
of the meeting, including insights into current research on MPS 
as well as technical and regulatory challenges associated with the 
use of MPS in antiviral drug discovery. This report is also timely 
because it could help scientists generate robust and reproducible 
data from alternative nonclinical methods that are potentially 
more predictive for presentation to the Food and Drug 
Administration (FDA); recently, the FDA Modernization Act 

Table 1. Agenda of the Virtual Assay Guidance Workshop on 3D Tissue Models for Antiviral Drug Development Held 7–8 June 2022

Purpose: This workshop aimed to help scientists establish robust, reproducible, scalable, consistent, advanced 3D tissue models to study pandemic threat viruses.

Day 1

Introductory comments • Joni L. Rutter, National Center for Advancing Translational Sciences (NCATS), National 
Institutes of Health (NIH)

• Robert Jordan, Bill and Melinda Gates Foundation
• Emily Erbelding, National Institute of Allergy and Infectious Diseases (NIAID), NIH

Overview of the workshop objectives • Sarine Markossian, NCATS, NIH

Keynote: SARS-CoV-2, the start of a new scientific renaissance in 
biological science

• Simon Funnell, UK Health Security Agency (UKHSA)

Session 1: 3D Tissue models: utility and limitations 
Chair: Marc Ferrer, NCATS, NIH

• 3D cardiovascular disease models 
Christine Mummery, Leiden University Medical Center

• Human tissue stem cell-derived organoids model viral infection 
Hans Clevers, F. Hoffmann-La Roche Ltd

• Deconstructing and reconstructing the patient 
Linda Griffith, Massachusetts Institute of Technology (MIT)

• Body-on-a-chip systems 
Anthony Atala, Wake Forest School of Medicine

• Vasculogenesis and angiogenesis engineering models 
Zhengpeng (Jason) Wan, MIT

• Advances in organ-on-chip platform technologies toward higher throughput, high 
containment operations, and tools for personalized medicine 
Jeffrey T. Borenstein, Draper

• Discussion and Q&A

Day 2

Session 2: Utility of the existing 3D tissue models for antiviral 
drug development 
Chair: Ann E. Eakin, NIAID, NIH

• Modeling respiratory viral infections in human lung chips 
Donald E. Ingber, Wyss Institute at Harvard University

• Defining viral pathogenesis mechanisms using human cerebral organoids 
Lee Gehrke, MIT and Harvard Medical School

• Human intestinal organoids as a platform for testing antivirals to human norovirus 
Sashi Ramani, Baylor College of Medicine

• Antiviral screening pipeline and lessons learned 
Sara Cherry, University of Pennsylvania (UPenn)

• Developing models for viral infections and disease to incorporate into the drug screening 
pipeline 
Emily M. Lee, NCATS, NIH

• Using organoid models of tissue resident immunity to study infectious disease 
Calvin Kuo, Stanford University School of Medicine

• Discussion and Q&A

Session 3: Use of robust and reproducible 3D tissue models from 
drug discovery through development 
Chair: Robert Jordan, Bill and Melinda Gates Foundation

• Connecting and supporting the tissue modeling community via the MPSCoRe global Working 
Group 
Nicole C. Kleinstreuer, National Institute of Environmental Health Sciences (NIEHS), NIH

• Towards a microphysiological system (MPS) for evaluating IgG antivirals during pregnancy 
Evi Struble, US Food and Drug Administration

• Modeling viral infections in brain organoids 
Thomas Hartung, Johns Hopkins University

• Standardized human mini-organs on microchips to identify antiviral therapeutics at scale 
Edwin A. Rosado-Olivieri, RumiViro

• Discussion and Q&A

Session 4: Closing session: summary of discussions and 
perspectives on the challenges ahead

• Simon Funnell, UKHSA
• Sara Cherry, UPenn
• Nicole C. Kleinstreuer, NIEHS, NIH

Closing statement and adjourn • Sarine Markossian, NCATS, NIH

Related links Event information: https://ncats.corsizio.com/c/62153215b176e58b1884dfc5
Day 1 on 7 June 2022: https://videocast.nih.gov/watch=45399
Day 2 on 8 June 2022: https://videocast.nih.gov/watch=45401
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2.0 and the FDA Omnibus Reform Act, which encourage the use 
of alternative nonclinical studies, were signed into law [3].

SARS-COV-2, AN UNLIKELY DRIVER IN 
COLLABORATION AND INNOVATION IN DRUG 
DISCOVERY

The coronavirus disease 2019 (COVID-19) pandemic, resulting 
from the rapid and ongoing transmission of severe acute respirato
ry syndrome coronavirus 2 (SARS-CoV-2), caused global morbid
ity and mortality, adversely impacting global economies and health 
care resources. The collaborative environment that materialized as 
a response to the COVID-19 pandemic, characterized by rapid 
sharing of data and reagents among investigators, was a testament 
to the commitment of the scientific and medical community to 
provide solutions to this deadly pandemic. Interactions between 
drug manufacturers, academic scientists, physicians, governments, 
and nongovernmental organizations helped coordinate sharing of 
data, critical reagents, and assays that led to new advances in anti
viral drug discovery. This rapid access to high-quality scientific data 
for decision making and new tools for antiviral discovery was of 
clear value to scientific, medical, and nonscientific communities.

This pandemic also exposed a potential gap in the preclinical 
development of novel treatments for viral diseases due to the 
limitations of traditional cell culture systems and available an
imal models [4–6]. The utility of any preclinical model is dictat
ed by its ability to recapitulate the human disease state and 
response to treatment or preventive interventions. To date, an
imal models have been the best tools to make such predictions 
prior to initiating clinical trials, but current scientific achieve
ments have brought forth alternative methods, such as human 
MPS, that show great promise in complementing and, perhaps 
even replacing, some animal studies. The quality, reproducibil
ity, and integrity of MPS have improved [7], and new areas of 
research focused on understanding how best to incorporate 
humoral as well as T-cell immunity can be assessed in such 
systems and should be considered. Providing actionable data 
on antiviral drug efficacy and pharmacokinetics using MPS 
should also be considered for drug discovery research, which 
may reduce cost and time of drug discovery, offset the potential 
for the demand for resource-limited animals such as nonhu
man primates, or, in fact, be the only choice for studying 
both infection and complex biology associated with some infec
tious diseases. These models may be able to provide necessary 
results more expediently if they can be developed faster than an 
animal model for a new pandemic threat virus. They would also 
be a beneficial alternative in instances where animal housing 
capacity becomes a rate-limiting issue during a pandemic. In 
addition, more scientists may be able to perform experiments 
utilizing a 3D model than an animal study, especially once 
they become more accessible and standardized.

Consequently, the use of MPS can be a tremendous opportu
nity to identify therapeutics in a more rapid, accurate, and 

inexpensive fashion in the future. This workshop showcased 
many sophisticated methods and platforms currently in use 
for studying virus replication and pathogenesis that will pro
vide a platform for studying new human viral pandemic threat 
pathogens that might not easily propagate in animal cell lines or 
animal models, which would be a barrier to vaccine, drug, and 
therapeutic development.

3D TISSUE MODELS: UTILITY AND LIMITATIONS

Over the past decade, 3D organotypic cellular models have 
emerged as promising assay platforms for preclinical drug dis
covery and development that could help narrow the translation 
gap (Figure 1). Many reviews and perspectives cover compre
hensive listings of models and guidelines for their use in pre
clinical drug discovery [8–12]. In this section, we provide a 
broad overview of the available 3D tissue models, the current 
efforts towards standardization, and their applications in mod
eling viral infections and antiviral discovery. This section fo
cuses on topics discussed in session 1 of the workshop and is 
not intended to be a comprehensive review of all current 3D tis
sue models. We also discuss challenges and opportunities relat
ed to the utility of these 3D organotypic models in research and 
their incorporation into drug discovery and development 
pipelines.

Overview of 3D Cardiovascular Disease Models and Efforts Towards 
Standardization

hPSCs are used to build various 3D tissue models, including tis
sues for modeling cardiovascular disease. hPSCs can differenti
ate to different cell types, including cardiomyocytes (CMs), but 
these cells tend to be immature. This is a persistent problem in 
the field, and it remains crucial to ensure the maturity of the cell 
types derived from hPSCs prior to their usage in modeling hu
man disease. Work done by Dr Christine Mummery’s laborato
ry at Leiden University Medical Center is addressing this 
challenge to create physiologically relevant 3D cardiovascular 
tissue models that mimic the human heart. The Mummery lab
oratory has developed technologies for scalable and inexpen
sive production of tissue models to study cardiac disease and 
toxicity based on mature cardiomyocytes (de Korte, Davis, 
Mummery, unpublished). Their work has revealed that cross
talk between 3 types of cardiac cells promotes advanced cardi
omyocyte maturation [13]. Robust protocols were derived to 
produce different cardiovascular cell types, including endothe
lial cells (ECs), CMs, and cardiac fibroblasts; they have all been 
made available for public use [13, 14]. These cells can be cryo
preserved and then be used upon thaw to assemble microtissues 
in which the CMs mature [15]. Further validation of these tis
sues shows that they have structural, electrical, mechanical, and 
metabolic features similar to those of postnatal CMs [13, 14]. 
These microtissues could be used for multilineage cardiac 
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disease modeling, cardiotoxicity, and high-throughput screen
ing [13, 14, 16].

Mummery and colleagues have also built 3D organotypic 
models to study vascular diseases. In an effort towards stand
ardization, they have shown that ECs derived from the same 
control line of human induced pluripotent stem cells 
(hiPSCs) show low batch-to-batch variability when measuring 
their barrier function, but differences are observed when com
paring different hiPSC lines. Hence, it is extremely important 
to establish validation criteria when analyzing differentiation 
for each cell line. Once validated, these ECs can be added to 
organ-on-a-chip platforms to build 3D vessels-on-a-chip to 
study vascular diseases such as hereditary hemorrhagic telangi
ectasia [17]. Many of the described hiPSC and organoid models 
can be repurposed for examining effects of viruses, drug repur
posing, and screening for antiviral therapeutic targets.

Overview of Organoids Developed at the Hubrecht Institute and Their Use 
in Modeling Human Viral Infections and Diseases

The group led by Dr Hans Clevers at the Hubrecht Institute in the 
Netherlands has pioneered the development of human organoids 
in the past decade [18]. The first organoids developed were intes
tinal organoids, or human Lgr5 stem cell derived miniguts 
[19–21]. Similar protocols have been now developed to generate 
organoids from other epithelial tissues of the human body, includ
ing stomach, liver, lung, prostate, mammary glands, and others 
[22–26]. These organoids produce fully mature cell types specific 
to the epithelial tissue they are derived from, and these systems 
have been extremely valuable for disease modeling, including 
the use of lung organoids to study viral mechanisms of infection, 
as described in the paragraphs below. Future advancements will 
improve these systems by including cell types from other organs 
as well as immune components and/or blood vessels.

Chronic infection by viruses can be studied in these organo
ids. Human lung airway organoids have been used to study 

infection by a variety of viruses, including SARS-CoV-2, respi
ratory syncytial virus, and influenza [26]. Additional work by 
Clevers and colleagues showed that enterocytes can be readily 
infected by SARS-CoV and SARS-CoV-2 using human small 
intestinal organoids (hSIOs). The human intestinal epithelium 
supports SARS-CoV-2 replication, thus confirming that hSIOs 
could serve as an experimental model to study coronavirus in
fection and disease biology [27].

This work highlighted the value of using organoids to assess 
tropism, study viral mechanisms of infection, and as assay plat
forms for antiviral testing. They showed that chloroquine did 
not block viral replication in organoids, despite findings that 
indicated the drug blocked viral entry into Vero cells [28]. 
Such differences illustrate important discrepancies in the viral 
mechanism of infection between cell lines and organoids 
[4, 6, 29]. Hence, it is important to include organoids in the 
drug testing pipeline for the development of antivirals to help 
bridge the translation gap from the bench to the clinic.

Organ-on-a-Chip and Body-on-a-Chip Systems

The Wake Forest Institute for Regenerative Medicine, led by Dr 
Anthony Atala, has pioneered the production of biofabricated 
human tissues using bioprinting, organoids, and tissue chip 
systems. The tissue and organ constructs produced maintain 
their structural integrity, cell viability, and function long term 
[30, 31]. Dr Atala and colleagues have been using these biofab
ricated tissue systems to tackle a major problem in drug devel
opment: the lack of translation of preclinical studies into the 
clinic due to the lack of predictability of cellular and animal 
preclinical models currently being used. The biofabricated tis
sue models developed in the Atala laboratory also include the 
extracellular matrices derived from the specified organs while 
preserving the tissue’s stiffness. This creates structures that 
have a high fidelity to the human organs they are mimicking 
[32]. Using their methodologies, they have created many 

Figure 1. Scheme showing various three-dimensional (3D) tissue models used in preclinical research spanning from low to high complexity. 3D tissue models vary sub
stantially with respect to design, throughput, complexity, and physiological relevance. Physiological complexity and relevance usually contrast assay throughput. Session 1 of 
this workshop covered a variety of tissue models spanning from organoids to body-on-a-chip systems, and discussed their utility and limitations for drug screening. Figure 
created with BioRender.com.
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normal and disease models for many organs, including liver, 
heart, brain/blood-brain barrier, lung, kidney, and others 
[33–40].

Dr Atala and colleagues have successfully created multior
gan, humanoid sensor platforms by combining bioprinting, or
ganoids, and tissue-chip technologies in one assay platform, 
referred to as body-on-a-chip models [41, 42]. These systems 
are being used to test different drugs and study their toxicity 
and efficacy on multiple organs at the same time for conditions 
such as cancer and infectious diseases [41, 43]. In one example, 
they demonstrated that a drug shown to be nontoxic in an iso
lated cardiac system caused a severe inflammatory response in a 
body-on-a-chip model. They have also built in the capability to 
study the proteome, transcriptome, and metabolome of 
drug-exposed tissues. Additionally, these systems are being uti
lized for accelerating gene therapy studies and for small mole
cule drug screening to identify potential new drugs to treat a 
variety of disease conditions [44, 45]. These body-on-a-chip 
models have the potential to help enhance drug discovery 
and clinical translation. Current research is aimed at standard
ization for variables such as cell sources, genetic variability, and 
data analyses systems.

The laboratory of Dr Linda Griffith at Massachusetts 
Institute of Technology (MIT) has also developed multiple 
MPS for different organs, connected together physiologically 
on an open-system microfluidic platform, with flow control, 
which are compatible with quantitative measurements of tissue 
functional markers to test the effects of compounds, including 
lipophilic drugs [46]. This system has been used to study 
organ-to-organ crosstalk during inflammation [47, 48]. The 
Griffith laboratory has developed both organoids and MPS to 
model endometriosis, a complex inflammatory disease charac
terized by the ectopic growth of the endometrium [49–51]. This 
work led to the identification of c-Jun N-terminal kinase as a 
new nonhormonal drug target to treat this disease in a subset 
of patients [52]. To further their research and test complex dis
ease mechanisms as well as drug interventions, the team suc
cessfully built disease models of interactions between 
patient-derived epithelia, stroma, and immune cells using fully 
defined synthetic extracellular matrices [53–55]. Focusing on 
building these complex models of interaction allowed for the 
creation of tissue banks for highly multiplexed experiments. 
They also showed that synthetic extracellular matrices better 
capture in vivo phenotypes and provide more reproducible re
sults than using Matrigel; it is a “low-noise” microenvironment 
that facilitates crosstalk observations.

Vasculogenesis and Angiogenesis Models

Vasculature provides nutrients and oxygen to the tissues and 
organs of the body. There is, therefore, a need to incorporate 
the vascular system in the production of physiologically rele
vant MPS, with perfusion and long-term viability for better 

assessment of organ function in normal and disease states. 
The laboratory of Dr Roger Kamm at MIT has pioneered 
the engineering of microvasculature in microfluidic systems. 
They have developed vascularized microfluidic platforms for 
a variety of applications, including angiogenesis, vasculogen
esis, cancer cell extravasation, immune cell migration, vascu
larized solid tumors, organoids, and models of transport 
across the blood-brain barrier or other barriers within the 
body [56–64]. The group has also recently published robust 
protocols to generate perfusable physiological microvascular 
networks in microfluidic devices, including using human im
mortalized endothelial cells as a stable cell source instead of 
primary cells, a robust 2-step seeding method, and a strategy 
of applying interstitial flow to promote perfusable microvas
cular network formation as an excellent effort towards stand
ardization of these models [65–67]. These devices are 
compatible with quantitative measurements, including imag
ing, biochemical/omic analysis, as well as assays for functional 
assessment [68–71].

Advances in MPS Towards Higher-Throughput, High-Containment 
Operations and Amenability for Personalized Medicine

There is a critical need to increase the robustness, reliability, and 
sample throughput of the MPS being developed to enhance their 
utility in drug screening and development of new therapies. 
Many companies are commercializing devices to address the 
need for increased throughput by building microfluidic systems 
in multiwell plate-like platforms, including the multichannel 
OrganoPlate platform, a microfluidic tissue plate with up to 96 
tissue chips per plate by Mimetas (https://www.mimetas.com/ 
en/home/); and the idenTx 40 Plate by AIM Biotech (https:// 
aimbiotech.com/), a system based on microfluidic models devel
oped in Dr Roger Kamm’s laboratory; or the PREDICT96, a 
plate-based 96-device microfluidic platform with integrated 
pumping in each apical and basal channel in each well, developed 
by Dr Jeffrey Borenstein and colleagues at Draper (https://www. 
draper.com/explore-solutions/predict96) [72, 73]. These micro
fluidic platforms enable the study of complex cellular models 
with sufficient sample throughput to test many conditions with 
statistical replicates on a single plate to reduce variability and in
crease the capacity of these systems while maintaining their fidel
ity and predictive power. These systems are being used to screen 
many organ/tissue types, including kidney, liver, lung, blood- 
brain barrier, and others.

COVID-19 presented an opportunity to address a gap in the 
preclinical development of therapies, including limitations of 
both animal models and simplified immortalized cell culture sys
tems. MPS were utilized to test and develop effective therapies for 
viral infections in a rapid, inexpensive, and accurate manner. As 
part of the pandemic response, Draper recently generated an air
way model, PREDICT96-ALI (Air-Liquid-Interface) [74] for ap
plications in respiratory infectious disease research on influenza 
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A virus and coronaviruses. Cells were sourced from various re
gions of the airways of living donors from various demographic 
populations. These demographics are known to influence the re
sults obtained from infectious disease models. High containment 
operations (biosafety level 3 [BSL-3] facilities) were accessed, and 
operations established to utilize the native virus in disease mod
eling and the therapeutic discovery process. The group has dem
onstrated robust viral replication of SARS-CoV-2 in the 
PREDICT96-ALI plates, which were then successfully used to 
test drugs with different mechanisms of antiviral action. The 
data generated using antivirals were highly predictive of observed 
clinical outcomes, paving the way to apply this model in larger, 
different patient populations in the future as well as to work on 
emerging variants.

Challenges and Opportunities

MPS can be constructed from patient-derived cells, replicate the 
physiology of human tissues, and be used for disease modeling 
and drug screening. Although the technologies to bioengineer 
these tissues are advancing rapidly, there are still many challeng
es to make these complex engineered cellular systems available 
for biologists to validate these models and incorporate them 
into research. Crosstalk between different disciplines (including 
biologists, physicists, chemists, and bioengineers) is key for the 
advancement of these models and their adoption into research, 
drug discovery/development, and regulatory submissions.

The appropriate 3D tissue model to use depends on the ap
plication and question that is being asked, in a “fit-for-purpose” 
approach. However, regardless of the technology platform 
used, the biology and physiology of 3D tissue models need to 
be rigorously tested and validated to the extent possible in vitro, 
so that they can generate reproducible data, and are scalable for 
high-throughput screening. Hence, it is critical to keep the bal
ance between innovation and operationalization for their adop
tion as assay platforms to be used along early discovery, 
preclinical development, and regulatory filing. Considerations 
for building robust 3D tissue models include the use of the ap
propriate cell types (tissue-specific primary human cells, iPSCs, 
etc.) in appropriate native-like proportions, in conditions 
where they can interact with each other, and using media 
that are compatible with all cell types and physiological features 
like vasculature. In addition, extracellular matrices play a major 
role in the functionality of the tissues, including their stiffness; 
thus, it may be critical to incorporate biomimetic extracellular 
matrices in these tissues. Finally, for tissue-on-a-chip systems 
there is a need to include proper native-like volume propor
tions of the organs and assess the proper flow rates.

The rigorous biological validation and assessment of the 
clinical predictability of 3D tissue models for disease modeling 
and therapeutics development is challenging because of limited 
access to in vivo and clinical data to do head-to-head compar
isons between MPS and real human data in a quantitative 

manner. Challenges also remain for the standardization of these 
3D tissue models—including reliable cell sourcing, genetic/ 
epigenetic variability with diverse patient cells, and biomarkers 
of tissue physiology and morphology, in both healthy and dis
ease states. The future of the field relies on the sourcing and 
scale-up of patient cell production, including cells from diverse 
populations, standardization, and building cell banks to reduce 
batch-to-batch variability. The International Society for Stem 
Cell Research (https://www.isscr.org/) is addressing this issue 
by working on consensus documents about reagent standardi
zations, monitoring genetic drifts, and practical advice for their 
isolation and maintenance that will help scientists standardize 
stem cells; they will be made available to the public soon. 
Although standardization is crucial, it should be noted that var
iability between patients must be accounted for in some situa
tions, and the utility of these models needs to be assessed in a 
fit-for-purpose manner.

UTILITY OF THE EXISTING 3D TISSUE MODELS FOR 
ANTIVIRAL DRUG DEVELOPMENT

Three-dimensional tissue models were developed to model a 
wide variety of tissue types and have proven useful in studying 
various aspects of viral infection. These models have also been 
used to evaluate antiviral compounds and have provided rich 
data sets, exploring the impact of antivirals and virus replica
tion on the host response to infection. Data generated from 
these physiologically relevant systems can provide antiviral de
velopers with new tools to stratify antiviral compounds based 
on activity and have a higher probability of impacting viral rep
lication in vivo. In session 2 of the workshop, a summary of the 
current efforts in the community towards incorporating 3D tis
sue models in viral research and drug discovery were discussed 
(Figure 2). In addition, the presenters focused on the challenges 
and opportunities related to the utility of these models in viral 
disease modeling and drug development.

Human Organoids for Viral Disease Modeling and Antiviral Discovery

Organoid cultures derived from human embryonic stem cells 
(cerebral organoids) can be used to study replication of neuro
tropic viruses and their impact on brain physiology. A team of 
scientists at MIT and Harvard, including Drs Lee Gehrke and 
Rudolf Jaenisch, used this system to understand how closely re
lated flaviviruses (like Zika virus and dengue virus) cause dif
ferential neuropathology upon infection. Cerebral organoids 
infected with Zika virus showed infection of neural progenitor 
cells, astrocytes, and microglia-like cells with virus-induced cell 
death occurring primarily in neural progenitor cells. Further 
comparisons between infection of cerebral organoids with 
Zika virus or dengue virus showed that dengue virus induced 
a stronger innate immune response in the organoids, which 
could clear virus infection more efficiently than Zika virus 
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[75]. This system was used to study Zika virus virulence by in
fecting cerebral organoid cultures with Zika virus strains that 
cause mild, moderate, and severe disease. These studies showed 
that infection of cerebral organoids with the Zika virus strains 
causing mild disease in humans had little impact on the overall 
structure of the organoid cultures, while the more virulent 
strains changed the organization of the ventricles, suggesting 
there was a different impact on brain pathophysiology.

There are many variables that can affect outcomes in the de
velopment and utility of these cerebral organoids. To help the 
community, this team has devised valuable best practices and 
tips for developing and working with cerebral organoids. 
These best practices include the following: to find a good collab
orator who is a stem cell biologist for reliable cell sourcing; avoid 
using hPSCs that show signs of premature differentiation; take 
precautions to avoid bacterial contamination and add antibiotics 
if necessary to reduce risk of infection; be gentle when handling 
and transferring the cultures; culture organoids individually or 
sparsely (ie, culture them in 24-well plates) to reduce clumping 
and fusion; if cryosectioning, use embedding substrate (OCT) 
with blue color to help visualize the organoids; and reduce var
iability by using batched samples for experiments. Sharing 
such practical advice is paramount to other research teams— 
the community can benefit from these teachings, so they produce 
robust and reproducible data with organoids.

Human intestinal enteroid (HIE) cultures can also be devel
oped to study replication of viruses that infect the gastrointes
tinal tract. Scientists at Baylor College of Medicine, led by Drs 
Sasirekha Ramani, Mary Estes, and their team, developed HIEs 
that support human norovirus replication, providing a system 
for therapeutic development. Norovirus causes acute gastroen
teritis in immunocompetent individuals of all ages and chronic 
infections in immunocompromised individuals. This virus has 
been difficult to study for almost 50 years due to the absence of 
intestinal cell culture models that support robust and reproduc
ible virus replication. The human gastrointestinal tract is 

composed of a polarized epithelial layer that contains numer
ous cell types, including enterocytes, enteroendocrine cells, 
tuft cells, goblet cells, Paneth cells, and stem cells. HIE cultures, 
which contain these epithelial cells, are established from stem 
cells isolated from human intestinal biopsies or surgical tissue 
[76–78]. Other methods using PSCs create intestinal organoid 
cultures associated with mesenchyme; these cultures do not 
support human norovirus replication. The development of 
HIE cultures was a breakthrough for studying previously non
cultivable viruses, such as norovirus, and these cultures have 
been shown to support replication of multiple human norovi
rus strains representing different genogroups and variants 
[76, 79]. HIEs also recapitulate genetic susceptibility to norovi
rus based on the expression of the Fut2 gene, which is required 
for infection with most human noroviruses [76, 80]. This mod
el system can be adapted for drug discovery to screen com
pound libraries for inhibitors of norovirus. Virus replication 
in HIE monolayers is quantified by real-time quantitative poly
merase chain reaction (RT-qPCR), and compound cytotoxicity 
is measured by release of lactate dehydrogenase or other com
mercially available assays [81, 82]. The HIE system will greatly 
facilitate discovery of antivirals targeting norovirus replication 
and other viruses that replicate in the gastrointestinal tract.

Moreover, organoid cultures derived from tissues in the up
per and lower respiratory tracts provide opportunities to study 
differences in viral replication related to lung physiology. These 
differences could provide information on how viruses cause 
pneumonia and other respiratory complications. Lung organo
id cultures were derived by Dr Calvin Kuo and colleagues at 
Stanford University from human alveolar epithelial type II 
(AT2) or KRT+ basal cells from human tissue biopsies repre
senting different areas of the lung [83]. AT2 organoid cultures 
were developed with lumens lined with differentiated club cells 
(nonciliated epithelial cells found mainly in bronchioles and in 
large airways) and ciliated epithelial cells. These distal lung or
ganoid cultures could be inverted to reverse their polarity, 

Figure 2. Scheme showing how three-dimensional (3D) tissue models are incorporated into the antiviral development pipeline. Disease modeling with 3D tissue models 
(organoids, organ-on-a-chip, etc.) is essential for target identification purposes. 3D models of infection can also be incorporated in drug screening and lead optimization 
stages of the pipeline. Toxicology predictions using body-on-chip models could also be performed. Sessions 1–3 of this workshop presented multiple case studies on 
how these 3D models of infection have been incorporated into the antiviral drug discovery pipeline. Figure created with BioRender.com.
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exposing ACE-2 expressing cells on the outer portion of the or
ganoid to enable infection with SARS-CoV-2 and other respi
ratory viruses. Single-cell analysis of infected cultures 
demonstrated that SARS-CoV-2 could infect club cells in addi
tion to ACE-2+ ciliated epithelia. These data suggest that distal 
lung organoid cultures provide a model for exploring infection 
phenotypes in the upper and lower respiratory tract.

Conventional organoids typically only include epithelial cells. 
In general, there is a pressing need for second-generation orga
noid models that holistically preserve epithelial cells along with 
stromal components, including immune cells, vasculature, and 
fibroblasts. Dr Calvin Kuo and colleagues have also been devel
oping such organoids with increased cellular complexity by cul
turing intact tissue fragments at an air-liquid interface (ALI), 
including gastrointestinal tissues with stromal components 
[84, 85]. Culture of cancer biopsies using this method incorpo
rates diverse tumor-resident immune populations without artifi
cial reconstitution including T, B, NK and myeloid cells, and 
recapitulates anti-PD-1–mediated immune checkpoint inhibition 
with tumor killing [86]. This method has been recently extended 
to an adult human lung organoid culture that propagates from in
tact distal lung fragments with alveoli alongside tissue-resident 
memory T cells, B cells, and myeloid cells, which has now been 
applied to SARS-CoV-2 infection [Calvin J. Kuo, unpublished].

Human Organ-on-a-Chip for Viral Disease Modeling and Antiviral 
Discovery

The organ-on-a-chip technology developed at the Wyss 
Institute at Harvard University by Dr Donald Ingber and col
leagues reconstitutes human organ-level structures and func
tions by coculturing 2 or more tissue types in adjacent 
channels of a microfluidic culture device. This technology is de
signed to replace animal testing in drug development and can 
also be used to advance the development of personalized med
icines. The human lung-on-a-chip technology was initially de
signed to model alveolar function using human alveolar cells 
cultured under air within one microfluidic channel on a porous 
membrane with capillary endothelial cells grown on its under
side in a parallel channel that experiences dynamic fluid flow to 
recreate the alveolar-capillary interface of the lung. The lung al
veolus chip also incorporates hollow side chambers to which a 
vacuum can be applied cyclically to simulate the physical pro
cess of breathing and associated tissue deformations [87]. This 
system has been used to model organ-level responses such as 
recruitment of circulating white blood cells in response to viral 
infection, pulmonary edema, mechanical control of innate 
response to viral infections, and mucus pathophysiology 
[87–91]. Using this model, physiological breathing motions 
were discovered to suppress viral infection by stimulating in
nate immunity and elaboration of protective interferons [90]. 
This work also led to identification of host genes required for 
the host inflammatory response to viral infection as well as 

identification of an existing drug (Azeliragon) that targets 
this pathway and prevents release of multiple inflammatory cy
tokines in infected lung chips. These data were included in a 
submission of an investigational new drug application to the 
FDA to initiate COVID-19 trials with this compound.

The unique design features of this organ-on-a-chip model 
have been used to develop models of the lung airway and to mod
el other types of human lung disease. Lung airway chip models of 
chronic obstructive pulmonary disease (COPD) [92] and other 
disorders (eg, asthma, cystic fibrosis, cancer) have been devel
oped, and they also have been used to measure the impact of vi
rus infection [92] as well as to evaluate drug toxicity [88]. 
Infection of COPD lung chip models showed a 10-fold increase 
in virus replication compared to infection of normal lung tissues, 
which is consistent with observations from clinical studies (un
published observations). The lung airway chip was also used to 
study influenza virus evolution in the presence of exposure to 
suboptimal drug concentrations, with variants appearing after 
repeated passage from one chip to another mimicking 
human-to-human transmission [93]. Using this system, resis
tance to Tamiflu was generated in 25 chip-to-chip passages. In 
addition, multiple genetic mutations previously shown to medi
ate viral resistance to drug therapy in humans were identified in 
this chip study as well as additional mutations never seen before.

The lung airway chip was useful for identifying existing 
drugs that may be repurposed as antiviral therapies for 
SARS-CoV-2, including one (amodiaquine) that moved to hu
man clinical trials for COVID-19 [29]. This was accomplished 
by testing compounds using pseudotyped virus particles in a 
BSL-2 laboratory. By using computational approaches to com
pare transcriptional profiles from uninfected or SARS-CoV-2– 
infected patients and cells, compounds were identified in public 
databases that could potentially reverse transcriptional signa
tures observed during infection. Statins were identified to 
have the ability to reverse some of these transcriptional signals, 
suggesting that they may have a positive benefit to patients dur
ing SARS-CoV-2 infection. Interestingly, not all statins had 
equal antiviral effects, and this was confirmed in a retrospective 
study of more than 4000 COVID-19 patients, indicating off- 
target effects might contribute to the antiviral activity [94].

Finally, use of a CRISPR screen for potential antiviral long 
noncoding RNAs in combination with studies in human lung 
airway and alveolus chips led to the discovery of a new class of 
immunostimulatory double stranded RNAs (dsRNAs) that act 
as broad-spectrum antiviral therapeutics [95]. These dsRNAs po
tently inhibit infection by multiple types of coronaviruses 
(SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-NL63) and in
fluenza strains (H1N1, H3N2) in lung airway and alveolus chips 
as well as cell lines in vitro by inducing high levels of expression 
of protective type I/III interferons. Importantly, they also were 
shown to potently inhibit infection by native SARS-CoV-2 in a 
mouse model carried out in a BSL-3 laboratory.
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This section focuses on human organ-on-a-chip models for 
viral disease modeling and therapeutic evaluation discussed 
and presented in the workshop and is not intended to be a com
prehensive review; however, considering its physiological im
portance, it is imperative to direct the readers to major 
advancements in the skin-on-a-chip models field for viral dis
ease modeling, such as the vascularized skin-on-a-chip model 
published by Sun et al in 2022, and other comprehensive sum
maries found in the cited reviews [96–101].

Incorporation of 3D Tissue Models into the Antiviral Screening Pipeline

Incorporating organoid cultures into high-throughput screen
ing campaigns provides important information regarding anti
viral activity in primary cells, especially for compounds that 
target host proteins required for virus replication. NCATS’s in
tramural 3D Tissue Bioprinting Laboratory, led by Dr Marc 
Ferrer, is developing physiologically relevant, robust, and 
ready-to-use in vitro cellular assay platforms to rapidly model 
the infectivity of emerging viruses and develop new antiviral 
treatments [9]. They are utilizing primary human airway and 
alveolar epithelial tissue cultures, which provide an excellent 
model of respiratory epithelium and can be used to study rep
lication of respiratory viruses [102]. Primary human airway ep
ithelial cells are isolated from human biopsy tissues or derived 
from iPSCs and cultured at the ALI to induce terminal differ
entiation into a pseudostratified monolayer culture with muco
ciliary differentiation, as measured by the presence of 
functional beating cilia and mucus secretion. They also exhibit 
characteristic epithelial barrier functions, including expression 
of cell junctional proteins and the development of robust trans
epithelial electrical resistance values [103].

The complexity and cost of primary human airway cultures 
require careful consideration when including this model sys
tem into antiviral discovery campaigns. To increase throughput 
and reduce costs, compounds identified in primary screening 
assays in transformed cells that have undergone hit confirma
tion can be evaluated in primary human airway cultures to en
sure antiviral activity is retained in primary cells. A screening 
campaign, led by Dr Sara Cherry and colleagues at University 
of Pennsylvania, was designed to identify inhibitors of 
SARS-CoV-2 replication and used this type of screening para
digm. The primary screening assay was conducted on human 
respiratory epithelial Calu-3 cells to identify compounds that 
could inhibit SARS-CoV-2 replication. This cell culture model 
was selected for screening because nonrespiratory cell lines 
were found to use distinct entry and replication pathways com
pared to respiratory cell culture models [104]. Compounds active 
in the primary assay conducted in Calu-3 cells were further pro
filed in dose-response experiments using the primary human air
way epithelial cell cultures generated from bronchial or nasal 
tissue [105, 106]. Compounds that showed antiviral activity in 
transformed cultures but were not active in primary human 

airway epithelial cultures were excluded from further characteri
zation. In addition, the investigators tested libraries of immune 
agonists and found that activators of the STING pathway could 
inhibit SARS-CoV-2 infection in ALI models as well as in vivo 
[105]. Repurposing campaigns of known drugs with human expe
rience also revealed that combinations of the direct acting nucle
oside analog molnupiravir with inhibitors of de novo pyrimidine 
biosynthesis were synergistic in the ALI models as well as in an
imal models of SARS-CoV-2 infection [106]. By removing candi
dates that are not active in the ALI model, these data provide a 
powerful filter for antiviral screening to identify compounds 
that have a higher likelihood for in vivo antiviral activity.

Dr Emily Lee and colleagues at NCATS have run additional 
analyses on these primary ALI airway and alveolar epithelial 
cultures infected with different respiratory viruses using single- 
cell RNA sequencing. These analyses produced transcription 
profiles that may help identify potential biomarkers as diagnos
tic markers of infection [102]. Inclusion of additional organoid 
cultures that model other organ systems, such as vascular endo
thelium, brain, heart, kidney, liver, and gut, could be used to ex
pand the repertoire of biomarkers to characterize viruses that 
infect these organ systems. These data suggest that inclusion 
of ALI primary airway lung epithelial cells in antiviral discovery 
programs provides valuable information to help identify antivi
ral compounds that can be further developed into antiviral 
drugs.

Challenges and Opportunities

Three-dimensional tissue models, including MPS, are valuable 
tools for studying virus replication and host responses to infec
tion. These systems are designed to model organ physiology, 
including unique substructures within organs, like the upper 
and lower respiratory tracts. 3D tissue models derived from 
healthy and diseased tissues can be used to understand the 
host response to infection and impact of virus replication on 
human disease. Incorporating these models into antiviral 
screening programs can reduce costs and save time if used as 
a key secondary assay. These secondary assays can provide im
portant data about the activity of compounds in primary cell 
systems and help select compounds for further development 
that are more likely to be active in vivo or in humans. 
Advances in cryopreservation without losing the unique phys
iological properties of these models will enable wider use of 
these systems for drug discovery. MPS can also be used to sup
port regulated studies for preclinical development of antiviral 
compounds as long as the data generated are predictable and 
reproducible, and can potentially inform regulatory decision 
making by providing complimentary information related to 
the safety or efficacy of an antiviral product. In this regard, 
proper qualification of these models and assay end points for 
virus replication, pathogenesis, and cytotoxicity would facili
tate broader use of these model systems in drug development.
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USE OF ROBUST AND REPRODUCIBLE 3D TISSUE 
MODELS FROM DRUG DISCOVERY THROUGH 
DEVELOPMENT

Because of the high cost of drug discovery, industry tends to 
take a conservative approach to adopting novel technologies 
for discovery of new drug candidates. “Just because we can 
doesn’t mean we should” is often the default mindset. The prac
tical application of leveraging basic science discoveries from in
ternal and external research programs into developing new 
drugs is associated with opportunity costs and high attrition 
rates for new compounds entering the clinic from discovery 
that must be evaluated in cost-benefit analyses [107]. Return 
on investment from a commercial perspective drives decision 
making and motivates organizations to explore novel technol
ogies to reduce costs and increase success rates associated with 
drug development. Three-dimensional tissue constructs under 
dynamic conditions, or MPS, could provide value to drug dis
covery programs by modeling disease phenotypes that are dif
ficult to mimic in cell culture systems or animal models. MPS 
could also help us understand the impact of new drugs on nor
mal physiological mechanisms and identify potential safety lia
bilities. MPS mimic unique human organ physiology, so data 
generated with early drug candidates can impact decisions on 
whether to advance a new drug candidate, thereby saving 
time and increasing success rates to provide a better return 
on investment. In this section, we summarize the cutting-edge 
applications of 3D tissue models that were discussed in session 
3 of this workshop as well as discuss challenges and opportuni
ties, including the use of MPS in regulatory filings.

Use of MPS in Antiviral Drug Screening

Early antiviral drug screening typically involves identifying in
hibitors or modulators of well-defined and clinically validated 
targets using biochemical assays or cell-based tissue models 
to find new chemical matter that could be developed into novel 
drugs. The challenge with this process is developing model sys
tems that accurately reflect the disease phenotype where data 
generated can be translated into humans. MPS provide an op
portunity to probe complex biology at an early stage in the drug 
discovery process to help validate targets and reduce the chance 
that a drug candidate will fail due to safety or efficacy in later 
stages in the development process. Thus, model systems that 
can provide clear go/no-go decision points early in the discov
ery process save time and resources, increasing success rates 
while reducing opportunity costs.

To address this challenge, institutions from private and pub
lic sectors are moving towards developing MPS that can be 
adapted for high-throughput screens to screen for antivirals. 
An example of such cutting-edge work is being done by 
Rumi Viro (https://rumiviro.science/), where Dr Edwin 
Rosado-Olivieri and colleagues have developed an MPS model 
adapted for high-throughput screening in 96- and 384-well 

plates for early viral drug discovery [108–110]. This high- 
throughput model is highly robust and sensitive with optimal 
assay quality metrics such as a Z′ factor >0.5 and coefficient 
of variation <20%. It also has been extensively validated with 
neutralizing monoclonal antibodies and direct-acting antivirals 
that have shown antiviral activity in both preclinical models 
and clinical studies. Using this technology and an artificial 
intelligence-based computational biology platform, MPS were 
developed to define a set of quantitative phenotypic signatures 
that differentiate between normal healthy tissues and infected 
tissues. Such models were developed for lung, liver, kidney, 
and brain and adapted for high-throughput screening of chem
ical inhibitors that could impact the infectious disease pheno
types. These models can be used to screen up to 20 000 
compounds in a single round of high-throughput drug screen
ing. This platform is being used to identify direct acting and 
host-targeted antivirals for broad-spectrum activity against re
spiratory virus pathogens. Such systems provide an opportuni
ty to couple screening for molecules that impact host processes 
important for viral replication while also identifying potential 
off-target effects to allow for better stratification of hits that 
could be developed into antiviral drug candidates. These sys
tems offer advantages over traditional drug discovery ap
proaches that typically use transformed cell lines, which often 
miss drug candidates such as those that are only active in pri
mary cell cultures. They also identify potential safety liabilities 
that may not manifest in transformed cells. Adapting MPS to 
high-throughput screening offers a novel system to probe crit
ical virus-host interactions and identify new antivirals for im
portant viral diseases [108].

Use of MPS for Studying Infectious Diseases

The unique nature of MPS for studying complex physiological 
disease phenotypes is exemplified by work done using brain or
ganoids to study infectious diseases of the central nervous sys
tem [111]. One example is work done at the Johns Hopkins 
University Center for Alternatives to Animal Testing, led by 
Dr Thomas Hartung, where scientists are using iPSC-derived 
organotypic brain cultures (BrainSpheres) to study neurologi
cal diseases and toxicity [112]. BrainSpheres embody many of 
the cell types found in human brain tissue, including neurons, 
astrocytes, and oligodendrocytes with myelinated nerves that 
are active at an electrophysiological level [112]. The 
BrainSpheres are permissive to Zika and dengue virus infec
tions, causing a measurable inflammatory response [113]. 
Infection of BrainSpheres in the presence and absence of mi
croglia with dengue fever virus (DENV-1) or 2 strains of Zika 
virus (ZIKV-BR, ZIKV-UG) supported low levels of virus rep
lication over a 72-hour period, as measured by RT-qPCR of cul
ture supernatants and immunofluorescence of infected cells. 
Cytokine levels (TNF-α, CCL2, IL-1B, IL-6) measured by 
RT-qPCR were elevated in all cultures, but there was notably 
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more cytokine expression in BrainSpheres cocultured with mi
croglia. This MPS model is also susceptible to SARS-CoV-2 in
fection, with a small percent of neuronal cells staining positive 
for spike and M protein by immunofluorescence [114]. These 
data suggest that BrainSpheres could serve as a model system 
to study neurotropic virus infection and provide an assay for 
development of therapeutics to modulate virus-induced neuro
logical disease [115, 116].

Use of MPS for Developing Neutralizing Antibodies for Viral Diseases

Another example of the utility of MPS in therapeutic discovery 
is work done at the US FDA by Drs Evi Struble and Dayton 
Petibone for evaluating neutralizing IgG for Zika virus to pre
vent transplacental virus invasion and infection of the fetus. 
These polyclonal and monoclonal antibodies could potentially 
be used to prevent fetal abnormalities associated with Zika vi
rus infection in pregnant women. Although an important prod
uct characteristic that should be assessed prior to clinical use, 
transplacental migration of virus and antibody complexes is 
difficult to model in cell culture or small animal models. By re
capitulating the most salient features of human placenta, an 
MPS model would provide a tool to study (1) placental infec
tion by Zika virus, (2) placental transfer of this infection to 
the fetus, and (3) the role of antibodies in blocking or enhanc
ing the infection. For this study, a stepwise approach was 
adopted for developing the human placenta MPS. Human pla
cental cell cultures or a mammalian cell line expressing the 
FcRn receptor in a trans-well system were used to measure 
the migration of the Zika virus glycoprotein (or intact virus) 
alone or complexed with antibodies from the apical side of 
the cell monolayer to the basolateral side. The data showed 
that the Zika virus glycoprotein and intact virus can migrate 
to the basolateral side of the monolayer and, at the concentra
tion used in the assay, monoclonal antibodies inhibited this 
process. On the other hand, Zika virus entry in the cell mono
layer varied depending on the concentrations of antibody in the 
assay. At low and high concentrations of antibody, viral entry 
was inhibited, while intermediate concentrations of antibody 
either inhibited or enhanced virus entry [117, 118]. Thus, this 
assay was used to measure the effectiveness of the monoclonal 
antibody to neutralize virus infection in placental tissue and to 
generate dose-activity relationships to correlate the dose of an
tibody with tissue concentration and neutralizing antiviral ac
tivity. Ongoing and future work aims to expand the model to 
include multiple human placenta cells and fetal cells susceptible 
to Zika virus, aiming to provide a bridge between in vitro and in 
vivo models to generate data to support the continued evalua
tion of monoclonal or polyclonal antibody candidates.

The pharmacodynamics data generated from such unique 
MPS could provide regulators with information needed to sup
port clinical development. Like any conventional assays, it is 
important that MPS used to support regulatory filings be 

rooted in strong scientific principles with qualified quantitative 
end points for activity and toxicological assessments. MPS 
should be well qualified to address important biological end 
points that can be translated into clinical outcomes as well as 
address biological processes that cannot be otherwise studied 
in traditional model systems. The judicial use of MPS to probe 
unique aspects of a therapeutic can be highly valuable in pre
clinical assessment of drug candidates with data generated 
used to support regulatory filings.

The Microphysiological Systems for COVID Research Working Group

The use of MPS for antiviral drug development has benefited 
from communication of research methods and sharing reagents 
between investigators to provide guidance for the development 
and execution of these models in drug discovery. To facilitate 
this process, the UK National Centre for the Replacement, 
Refinement and Reduction of Animals in Research and the 
US National Toxicology Program Interagency Center for the 
Evaluation of Alternative Toxicological Methods (NICEATM) 
worked with additional partners (including NCATS and 
NIAID) to establish the Microphysiological Systems for 
COVID Research (MPSCoRe) global working group [119]. 
This working group, led by Drs Nicole Kleinstreuer and 
Anthony Holmes, provides a neutral forum to facilitate interac
tion and engagement of international research efforts in MPS, 
raise awareness and facilitate connections with the MPS 
COVID research community, understand the global regulatory 
needs for using MPS in drug research, and develop standards for 
model performance and end points. The MPSCoRe working 
group has developed several extensions to the open access 
MPS portal, the BioSystics Analytics Platform supported by 
NCATS, that provides a resource for information storage, ana
lytics, and modeling (https://mps.csb.pitt.edu). The COVID-19 
Disease Model Portal within this platform is a central repository 
for COVID-19 experimental data that is shared among working 
group members. The COVID-19 iPSC portal allows users to 
share information about available iPSC models and cells. 
The MPSCoRe working group is open to researchers from all 
sectors. They meet regularly to discuss opportunities and chal
lenges in the field of applying MPS to infectious disease research 
(https://ntp.niehs.nih.gov/go/mps).

Challenges and Opportunities

The use of MPS for antiviral drug discovery allows for the eval
uation of unique aspects of viral-host interactions and novel bi
ology that is difficult to reproduce in standard cell culture 
models or in vivo systems. MPS may not be a replacement 
for in vivo preclinical assessment in the near future, but rather 
complement existing preclinical models to provide detailed 
mechanistic and toxicological data as well as support product 
development. While MPS have demonstrated their utility to 
probe unique biological end points, industry and regulatory 
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agencies need to better define standardized end points to enable 
use of these model systems for antiviral drug development. 
Feedback from European regulators advised researchers to 
use MPS that are simple, single-organ models and measure 
pharmacologically relevant end points to establish regulatory 
feasibility and confidence in the data generated [120, 121]. 
Industry should work to establish standards and best practices 
for the use of MPS in product development, as recently pro
posed for the liver-on-a-chip [7]. Likewise, regulatory agencies 
need to work with industry to help establish best practices for 
use of MPS from a regulatory perspective to guide product 
development.

SUMMARY OF DISCUSSIONS AND PERSPECTIVES 
ON THE CHALLENGES AHEAD

The COVID-19 pandemic presented a unique opportunity to 
stress test the available 3D tissue model systems as well as 
show how impactful these models can be in providing human- 
relevant insights into pathophysiology and disease mechanisms 
and as potential platforms for therapeutic development. MPS 
demonstrate clear advantages over traditional cell culture assays 
with transformed cell lines for antiviral drug development, and 
the data produced by these models are not only more predictive 
of in vivo efficacy but also can be used to support regulatory fil
ings, especially in cases where the gold standard models do not 
perform well, such as the case of the Omicron variant and its cir
culating subvariants [5, 122–124]. Recent data from 2 drugs, hy
droxychloroquine and imatinib, consolidated MPS as a valuable 
tool for antiviral development, providing data that were pre
dictive of outcomes in animal models of SARS-CoV-2 infec
tion and in human studies. Hydroxychloroquine effectively 
inhibited SARS-CoV-2 in Vero E6 cells, but not in MPS nor 
in humans [4, 29, 125–127]. Imatinib showed a similar pattern 
to hydroxychloroquine: it inhibited SARS-CoV-2 infection 
in cell lines but was not effective in preclinical models, includ
ing MPS, and it failed to show any effectiveness in humans 
[6, 128, 129]. These examples emphasize the importance 
and utility of data generated in MPS for preclinical character
ization of drug candidates.

While there are clear advantages to the application of 3D tis
sue models in antiviral drug development, validation and qual
ification of these assays to support regulatory filings remains a 
challenge. For regulatory filings using data generated by MPS, 
model developers and end users should collaborate with regu
lators to discuss and develop qualification/validation criteria to 
ensure data generated in these systems meet expected standards 
for regulated studies. This type of negotiation with regulatory 
agencies is exemplified by recent work done by members of 
the IQMPS consortium (https://www.iqmps.org/), a world 
leader in this space, which is described in a recent publication 
[7]. This work focused on qualification criteria and standard 

compound sets for predicting drug-induced liver injury in a liv
er chip. This work shows a critical need to use reference com
pounds for validating these systems and demonstrating that 
they are reproducible and robust. Although progress has been 
achieved in validation and qualification of MPS data for regu
lated studies for individual programs, the quest to achieve a 
global consensus is still in its infancy. Hence, there is still a 
pressing need for global interactions and consensus building 
among different regulatory authorities and developers to estab
lish standard compound sets and qualification criteria that are 
target-organ specific. Engaging in frequent, iterative cycles of 
communication with regulatory authorities early in the drug 
discovery process will help developers design MPS and gener
ate data that will meet the standards required for regulated 
studies to support development of drug candidates.

Disseminating information about the opportunities to enga
ge with regulatory authorities and harbor advice on developing 
3D models is important. To that end, scientists can contact one 
of the different working groups and centers listed below to start 
a dialogue and obtain regulatory advice about using these 
models: 

• The Alternative Methods Working Group at FDA (https:// 
www.fda.gov/science-research/about-science-research-fda/ 
advancing-alternative-methods-fda)

• Relevant working groups at European Medicines Agency 
○ 3Rs Working Party (https://www.ema.europa.eu/en/ 

committees/working-parties-other-groups/chmp/3rs- 
working-party)

○ Innovation Task Force (https://www.ema.europa.eu/ 
en/human-regulatory/research-development/innovation- 
medicines)

• MPSCoRe working group coorganized by NICEATM and 
others [119].

There is a need to address the gap in accessibility and trans
ferability of these models with guidelines for standardization to 
leverage them for antiviral drug development. Providing access 
to these models and proper guidance on their use to virologists 
who are actively engaged in antiviral drug development is cru
cial for the advancement of the field of MPS research and for 
selection of antiviral compounds that can be developed into 
drugs. One way to achieve this goal is through collaborations 
between virologists and platform developers across institutions 
[102, 105, 106]. It is also imperative for the community to work 
together to create metrics for standardization across platforms 
and institutions.

This workshop was designed to provide guidelines and con
siderations for developing robust and reproducible 3D tissue 
models that can be used for discovery of antiviral therapeutics. 
As part of this workshop, best practices for MPS were dis
cussed and examples of how these models are used to study 
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virus replication and biology were presented. Additionally, 
gaps in research related to the affordability, accessibility, 
transferability, and reproducibility of these 3D tissue models 
were identified. These gaps will be addressed in the future 
with continued research in this area. The benefits of MPS in 
antiviral research were showcased in this workshop by the 
many sophisticated methods and platforms already in use in 
antiviral drug discovery programs. Research will continue to 
innovate and improve these model systems and address 
some of the gaps identified, bringing us close towards adop
tion of MPS as a routine part of antiviral drug discovery 
and development.

Notes

Acknowledgments. The authors thank the organizing institu
tions of this workshop including National Center for Advancing 
Translational Sciences, National Institute of Allergy and 
Infectious Diseases, and Bill and Melinda Gates Foundation, as 
well as any speakers and/or organizing committee members 
that are not included in the author list, in particular Drs Joni 
L. Rutter, Ann E. Eakin, Emily Erbelding, and Ken Duncan.

Disclaimer. The views expressed by E. B. S. are those of this 
author and do not necessarily represent the position of, nor im
ply endorsement from, the US Food and Drug Administration.

Financial support. This report summarizes the proceedings 
of the National Center for Advancing Translational Sciences 
(NCATS) Assay Guidance Manual (AGM) Workshop on 3D 
Tissue Models for Antiviral Drug Development that was held 
virtually on 7–8 June 2022 (online only). This workshop was 
supported by the Intramural Research Program of the 
NCATS, National Institutes of Health.

Supplement sponsorship. This article appears as part of the 
supplement “Report of the Assay Guidance Workshop on 3D 
Tissue Models for Antiviral Drug Development,” sponsored 
by the National Institutes of Health through the National 
Institute of Allergy and Infectious Diseases (NIAID) and 
National Center for Advancing Translational Sciences 
(NCATS)’s Antiviral Program for Pandemics (APP).

Potential conflicts of interest. A. A. is a shareholder in Biorg, 
Inc (Winston-Salem, NC). D. E. I. is a shareholder in Emulate, 
Inc (Boston, MA). E. A. R. is a shareholder in RUMI Viro, Inc 
and RUMI Scientific, Inc (New York, NY). T. H. is a sharehold
er in AxoSim, LLC (New Orleans, LA). All other authors report 
no potential conflicts.

All authors have submitted the ICMJE Form for Disclosure 
of Potential Conflicts of Interest. Conflicts that the editors con
sider relevant to the content of the manuscript have been 
disclosed.

References

1. Markossian S, Brimacombe KR, Sittampalam GS, et al. 
The NCATS assay guidance manual programme: 

advancing the practice and rigour of preclinical transla
tion. Nat Rev Drug Discov 2022; 21:863–4.

2. Wikswo JP. The relevance and potential roles of micro
physiological systems in biology and medicine. Exp Biol 
Med (Maywood) 2014; 239:1061–72.

3. Wadman M. FDA no longer has to require animal testing 
for new drugs. Science 2023; 379:127–8.

4. Funnell SGP, Dowling WE, Muñoz-Fontela C, et al. 
Emerging preclinical evidence does not support broad 
use of hydroxychloroquine in COVID-19 patients. Nat 
Commun 2020; 11:4253.

5. Armando F, Beythien G, Kaiser FK, et al. SARS-CoV-2 
Omicron variant causes mild pathology in the upper 
and lower respiratory tract of hamsters. Nat Commun 
2022; 13:3519.

6. Touret F, Driouich J-S, Cochin M, et al. Preclinical eval
uation of imatinib does not support its use as an antiviral 
drug against SARS-CoV-2. Antiviral Res 2021; 193: 
105137.

7. Ewart L, Apostolou A, Briggs SA, et al. Performance as
sessment and economic analysis of a human liver-chip 
for predictive toxicology. Commun Med (Lond) 2022; 
2:154.

8. Ekert JE, Deakyne J, Pribul-Allen P, et al. Recommended 
guidelines for developing, qualifying, and implementing 
complex in vitro models (CIVMs) for drug discovery. 
SLAS Discov 2020; 25:1174–90.

9. Jung O, Song MJ, Ferrer M. Operationalizing the use of 
biofabricated tissue models as preclinical screening plat
forms for drug discovery and development. SLAS 
Discov 2021; 26:1164–76.

10. Youhanna S, Kemas AM, Preiss L, et al. Organotypic and 
microphysiological human tissue models for drug discov
ery and development-current state-of-the-art and future 
perspectives. Pharmacol Rev 2022; 74:141–206.

11. Wang X, Kopec AK, Collinge M, et al. Application of im
munocompetent microphysiological systems in drug de
velopment: current perspective and recommendations. 
ALTEX 2022; 40:314–36.

12. Irrechukwu O, Yeager R, David R, Ekert J, Saravanakumar 
A, Choi CK. Applications of microphysiological systems to 
disease models in the biopharmaceutical industry: opportu
nities and challenges. ALTEX 2023; 40:485–518.

13. Giacomelli E, Meraviglia V, Campostrini G, et al. 
Human-iPSC-derived cardiac stromal cells enhance mat
uration in 3D cardiac microtissues and reveal non- 
cardiomyocyte contributions to heart disease. Cell Stem 
Cell 2020; 26:862–79.e11.

14. Campostrini G, Meraviglia V, Giacomelli E, et al. 
Generation, functional analysis and applications of isogenic 
three-dimensional self-aggregating cardiac microtissues 

AGM 3D Tissue Models Workshop Report • JID 2023:228 (Suppl 5) • S349

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/228/Supplem

ent_5/S337/7260682 by M
ediSurf user on 21 M

arch 2024



from human pluripotent stem cells. Nat Protoc 2021; 16: 
2213–56.

15. Campostrini G, Kosmidis G, Ward-van Oostwaard D, 
et al. Maturation of hiPSC-derived cardiomyocytes pro
motes adult alternative splicing of SCN5A and reveals 
changes in sodium current associated with cardiac ar
rhythmia. Cardiovasc Res 2023; 119:167–82.

16. Qiao X, van der Zanden SY, Wander DPA, et al. 
Uncoupling DNA damage from chromatin damage to de
toxify doxorubicin. Proc Natl Acad Sci U S A 2020; 117: 
15182–92.

17. Orlova VV, Nahon DM, Cochrane A, et al. Vascular de
fects associated with hereditary hemorrhagic telangiecta
sia revealed in patient-derived isogenic iPSCs in 3D 
vessels on chip. Stem Cell Reports 2022; 17:1536–45.

18. Clevers H. Modeling development and disease with orga
noids. Cell 2016; 165:1586–97.

19. Barker N, van Es JH, Kuipers J, et al. Identification of stem 
cells in small intestine and colon by marker gene Lgr5. 
Nature 2007; 449:1003–7.

20. Sato T, Vries RG, Snippert HJ, et al. Single Lgr5 stem cells 
build crypt-villus structures in vitro without a mesenchy
mal niche. Nature 2009; 459:262–5.

21. Sato T, Clevers H. Growing self-organizing mini-guts 
from a single intestinal stem cell: mechanism and applica
tions. Science 2013; 340:1190–4.

22. Sachs N, de Ligt J, Kopper O, et al. A living biobank of 
breast cancer organoids captures disease heterogeneity. 
Cell 2018; 172:373–86.e10.

23. Hu H, Gehart H, Artegiani B, et al. Long-term expansion 
of functional mouse and human hepatocytes as 3D orga
noids. Cell 2018; 175:1591–606.e19.

24. Karthaus WR, Iaquinta PJ, Drost J, et al. Identification of 
multipotent luminal progenitor cells in human prostate 
organoid cultures. Cell 2014; 159:163–75.

25. Stange DE, Koo B-K, Huch M, et al. Differentiated Troy+ 

chief cells act as reserve stem cells to generate all lineages 
of the stomach epithelium. Cell 2013; 155:357–68.

26. Sachs N, Papaspyropoulos A, Zomer-van Ommen DD, 
et al. Long-term expanding human airway organoids for 
disease modeling. EMBO J 2019; 38:e100300.

27. Lamers MM, Beumer J, van der Vaart J, et al. 
SARS-CoV-2 productively infects human gut enterocytes. 
Science 2020; 369:50–4.

28. Beumer J, Geurts MH, Lamers MM, et al. A CRISPR/Cas9 
genetically engineered organoid biobank reveals essential 
host factors for coronaviruses. Nat Commun 2021; 12: 
5498.

29. Si L, Bai H, Rodas M, et al. A human-airway-on-a-chip for 
the rapid identification of candidate antiviral therapeutics 
and prophylactics. Nat Biomed Eng 2021; 5:815–29.

30. Kang H-W, Lee SJ, Ko IK, Kengla C, Yoo JJ, Atala A. A 3D 
bioprinting system to produce human-scale tissue con
structs with structural integrity. Nat Biotechnol 2016; 
34:312–9.

31. Murphy SV, Atala A. 3D Bioprinting of tissues and or
gans. Nat Biotechnol 2014; 32:773–85.

32. Jorgensen AM, Yoo JJ, Atala A. Solid organ bioprinting: 
strategies to achieve organ function. Chem Rev 2020; 
120:11093–127.

33. Nzou G, Wicks RT, VanOstrand NR, et al. Multicellular 
3D neurovascular unit model for assessing hypoxia and 
neuroinflammation induced blood-brain barrier dysfunc
tion. Sci Rep 2020; 10:9766.

34. Sun G, Ding B, Wan M, Chen L, Jackson J, Atala A. 
Formation and optimization of three-dimensional orga
noids generated from urine-derived stem cells for renal 
function in vitro. Stem Cell Res Ther 2020; 11:309.

35. Sokolova V, Mekky G, van der Meer SB, Seeds MC, Atala 
AJ, Epple M. Transport of ultrasmall gold nanoparticles 
(2 nm) across the blood-brain barrier in a six-cell brain 
spheroid model. Sci Rep 2020; 10:18033.

36. Guo H, Deng N, Dou L, et al. 3-D human renal tubular 
organoids generated from urine-derived stem cells for 
nephrotoxicity screening. ACS Biomater Sci Eng 2020; 
6:6701–9.

37. Lu Z, Priya Rajan SA, Song Q, et al. 3D scaffold-free mi
crolivers with drug metabolic function generated by 
lineage-reprogrammed hepatocytes from human fibro
blasts. Biomaterials 2021; 269:120668.

38. Wang Z, Lee SJ, Cheng H-J, Yoo JJ, Atala A. 3D bio
printed functional and contractile cardiac tissue con
structs. Acta Biomater 2018; 70:48–56.

39. Zhang YS, Arneri A, Bersini S, et al. Bioprinting 3D mi
crofibrous scaffolds for engineering endothelialized myo
cardium and heart-on-a-chip. Biomaterials 2016; 110: 
45–59.

40. Konar D, Devarasetty M, Yildiz DV, Atala A, Murphy SV. 
Lung-on-a-chip technologies for disease modeling and 
drug development. Biomed Eng Comput Biol 2016; 
7(Suppl 1):17–27.

41. Skardal A, Murphy SV, Devarasetty M, et al. Multi-tissue 
interactions in an integrated three-tissue organ-on-a-chip 
platform. Sci Rep 2017; 7:8837.

42. Zhang YS, Aleman J, Shin SR, et al. 
Multisensor-integrated organs-on-chips platform for au
tomated and continual in situ monitoring of organoid be
haviors. Proc Natl Acad Sci U S A 2017; 114:E2293–302.

43. Rajan SAP, Aleman J, Wan M, et al. Probing prodrug me
tabolism and reciprocal toxicity with an integrated and 
humanized multi-tissue organ-on-a-chip platform. Acta 
Biomater 2020; 106:124–35.

S350 • JID 2023:228 (Suppl 5) • Jordan et al

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/228/Supplem

ent_5/S337/7260682 by M
ediSurf user on 21 M

arch 2024



44. Skardal A, Aleman J, Forsythe S, et al. Drug compound 
screening in single and integrated multi-organoid 
body-on-a-chip systems. Biofabrication 2020; 12:025017.

45. Ramamurthy RM, Atala A, Porada CD, Almeida-Porada 
G. Organoids and microphysiological systems: promising 
models for accelerating AAV gene therapy studies. Front 
Immunol 2022; 13:1011143.

46. Edington CD, Chen WLK, Geishecker E, et al. 
Interconnected microphysiological systems for quantita
tive biology and pharmacology studies. Sci Rep 2018; 8: 
4530.

47. Trapecar M, Communal C, Velazquez J, et al. Gut-Liver 
physiomimetics reveal paradoxical modulation of 
IBD-related inflammation by short-chain fatty acids. 
Cell Syst 2020; 10:223–39.e9.

48. Trapecar M, Wogram E, Svoboda D, et al. Human phys
iomimetic model integrating microphysiological systems 
of the gut, liver, and brain for studies of neurodegenera
tive diseases. Sci Adv 2021; 7:eabd1707.

49. Gnecco JS, Brown AT, Kan EL, et al. Physiomimetic mod
els of adenomyosis. Semin Reprod Med 2020; 38:179–96.

50. Bailey AP, Hill AS, Beste MT, et al. Comparison of cyto
kines in the peritoneal fluid and conditioned medium of 
adolescents and adults with and without endometriosis. 
Am J Reprod Immunol 2021; 85:e13347.

51. Perrotta AR, Borrelli GM, Martins CO, et al. The vaginal 
microbiome as a tool to predict rASRM stage of disease in 
endometriosis: a pilot study. Reprod Sci 2020; 27: 
1064–73.

52. Beste MT, Pfäffle-Doyle N, Prentice EA, et al. Molecular 
network analysis of endometriosis reveals a role for 
c-Jun-regulated macrophage activation. Sci Transl Med 
2014; 6:222ra16.

53. Cook CD, Hill AS, Guo M, et al. Local remodeling of syn
thetic extracellular matrix microenvironments by co- 
cultured endometrial epithelial and stromal cells enables 
long-term dynamic physiological function. Integr Biol 
(Camb) 2017; 9:271–89.

54. Hernandez-Gordillo V, Kassis T, Lampejo A, et al. Fully 
synthetic matrices for in vitro culture of primary human 
intestinal enteroids and endometrial organoids. 
Biomaterials 2020; 254:120125.

55. Gnecco JS, Brown A, Buttrey K, et al. Organoid co-culture 
model of the human endometrium in a fully synthetic ex
tracellular matrix enables the study of epithelial-stromal 
crosstalk. Med 2023; 4: P554–579.E9. https://doi.org/10. 
1016/j.medj.2023.07.004.

56. Offeddu GS, Possenti L, Loessberg-Zahl JT, et al. 
Application of transmural flow across in vitro microvas
culature enables direct sampling of interstitial therapeutic 
molecule distribution. Small 2019; 15:e1902393.

57. Campisi M, Shin Y, Osaki T, Hajal C, Chiono V, Kamm 
RD. 3D self-organized microvascular model of the human 
blood-brain barrier with endothelial cells, pericytes and 
astrocytes. Biomaterials 2018; 180:117–29.

58. Offeddu GS, Haase K, Gillrie MR, et al. An on-chip model 
of protein paracellular and transcellular permeability in 
the microcirculation. Biomaterials 2019; 212:115–25.

59. Osaki T, Serrano JC, Kamm RD. Cooperative effects of 
vascular angiogenesis and lymphangiogenesis. Regen 
Eng Transl Med 2018; 4:120–32.

60. Offeddu GS, Serrano JC, Chen SW, et al. Microheart: a 
microfluidic pump for functional vascular culture in mi
crophysiological systems. J Biomech 2021; 119:110330.

61. Bai J, Haase K, Roberts JJ, et al. A novel 3D vascular assay 
for evaluating angiogenesis across porous membranes. 
Biomaterials 2021; 268:120592.

62. Haase K, Offeddu GS, Gillrie MR, Kamm RD. Endothelial 
regulation of drug transport in a 3D vascularized tumor 
model. Adv Funct Mater 2020; 30:2002444.

63. Hajal C, Shin Y, Li L, Serrano JC, Jacks T, Kamm RD. The 
CCL2-CCR2 astrocyte-cancer cell axis in tumor extrava
sation at the brain. Sci Adv 2021; 7:eabg8139.

64. Wan Z, Floryan MA, Coughlin MF, et al. New strategy for 
promoting vascularization in tumor spheroids in a micro
fluidic assay. Adv Healthc Mater 2022; 12:e2201784.

65. Wan Z, Zhong AX, Zhang S, et al. A robust method for 
perfusable microvascular network formation in vitro. 
Small Methods 2022; 6:e2200143.

66. Wan Z, Zhang S, Zhong AX, et al. A robust vasculogenic 
microfluidic model using human immortalized endothe
lial cells and Thy1 positive fibroblasts. Biomaterials 
2021; 276:121032.

67. Zhang S, Wan Z, Pavlou G, Zhong AX, Xu L, Kamm RD. 
Interstitial flow promotes the formation of functional mi
crovascular networks in vitro through upregulation of 
matrix metalloproteinase-2. Adv Funct Mater 2022; 32: 
2206767.

68. Chen MB, Whisler JA, Fröse J, Yu C, Shin Y, Kamm RD. 
On-chip human microvasculature assay for visualization 
and quantification of tumor cell extravasation dynamics. 
Nat Protoc 2017; 12:865–80.

69. Chung S, Sudo R, Mack PJ, Wan C-R, Vickerman V, 
Kamm RD. Cell migration into scaffolds under co-culture 
conditions in a microfluidic platform. Lab Chip 2009; 9: 
269–75.

70. Shin Y, Han S, Jeon JS, et al. Microfluidic assay for simul
taneous culture of multiple cell types on surfaces or within 
hydrogels. Nat Protoc 2012; 7:1247–59.

71. Vickerman V, Blundo J, Chung S, Kamm R. Design, fab
rication and implementation of a novel multi-parameter 
control microfluidic platform for three-dimensional cell 
culture and real-time imaging. Lab Chip 2008; 8:1468–77.

AGM 3D Tissue Models Workshop Report • JID 2023:228 (Suppl 5) • S351

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/228/Supplem

ent_5/S337/7260682 by M
ediSurf user on 21 M

arch 2024

https://doi.org/10.1016/j.medj.2023.07.004
https://doi.org/10.1016/j.medj.2023.07.004


72. Azizgolshani H, Coppeta JR, Vedula EM, et al. 
High-throughput organ-on-chip platform with integrated 
programmable fluid flow and real-time sensing for com
plex tissue models in drug development workflows. Lab 
Chip 2021; 21:1454–74.

73. Rogers MT, Gard AL, Gaibler R, et al. A high-throughput 
microfluidic bilayer co-culture platform to study 
endothelial-pericyte interactions. Sci Rep 2021; 11:12225.

74. Gard AL, Luu RJ, Miller CR, et al. High-throughput hu
man primary cell-based airway model for evaluating in
fluenza, coronavirus, or other respiratory viruses in 
vitro. Sci Rep 2021; 11:14961.

75. Muffat J, Li Y, Omer A, et al. Human induced pluripotent 
stem cell-derived glial cells and neural progenitors display 
divergent responses to Zika and dengue infections. Proc 
Natl Acad Sci U S A 2018; 115:7117–22.

76. Ettayebi K, Crawford SE, Murakami K, et al. Replication 
of human noroviruses in stem cell-derived human enter
oids. Science 2016; 353:1387–93.

77. Zou WY, Blutt SE, Crawford SE, et al. Human intestinal 
enteroids: new models to study gastrointestinal virus in
fections. Methods Mol Biol 2019; 1576:229–47.

78. Ramani S, Crawford SE, Blutt SE, Estes MK. Human orga
noid cultures: transformative new tools for human virus 
studies. Curr Opin Virol 2018; 29:79–86.

79. Ettayebi K, Tenge VR, Cortes-Penfield NW, et al. New in
sights and enhanced human norovirus cultivation in hu
man intestinal enteroids. mSphere 2021; 6:e01136–20.

80. Haga K, Ettayebi K, Tenge VR, et al. Genetic manipulation of 
human intestinal enteroids demonstrates the necessity of a 
functional fucosyltransferase 2 gene for secretor-dependent 
human norovirus infection. mBio 2020; 11:e00251-20.

81. Papin J, Vahrson W, Hines-Boykin R, Dittmer DP. 
Real-time quantitative PCR analysis of viral transcription. 
Methods Mol Biol 2005; 292:449–80.

82. Riss T, Niles A, Moravec R, et al. Cytotoxicity assays: in 
vitro methods to measure dead cells. In: Markossian S, 
Grossman A, Brimacombe K, eds. Assay guidance manu
al. Bethesda, MD: Eli Lilly & Company and National 
Center for Advancing Translational Sciences, 2004.

83. Salahudeen AA, Choi SS, Rustagi A, et al. Progenitor 
identification and SARS-CoV-2 infection in human distal 
lung organoids. Nature 2020; 588:670–5.

84. Li X, Nadauld L, Ootani A, et al. Oncogenic transforma
tion of diverse gastrointestinal tissues in primary organo
id culture. Nat Med 2014; 20:769–77.

85. Ootani A, Li X, Sangiorgi E, et al. Sustained in vitro intes
tinal epithelial culture within a Wnt-dependent stem cell 
niche. Nat Med 2009; 15:701–6.

86. Neal JT, Li X, Zhu J, et al. Organoid modeling of the tumor 
immune microenvironment. Cell 2018; 175:1972–88.e16.

87. Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, 
Hsin HY, Ingber DE. Reconstituting organ-level lung 
functions on a chip. Science 2010; 328:1662–8.

88. Huh D, Leslie DC, Matthews BD, et al. A human disease 
model of drug toxicity-induced pulmonary edema in a 
lung-on-a-chip microdevice. Sci Transl Med 2012; 4: 
159ra147.

89. Benam KH, Villenave R, Lucchesi C, et al. Small 
airway-on-a-chip enables analysis of human lung inflam
mation and drug responses in vitro. Nat Methods 2016; 
13:151–7.

90. Bai H, Si L, Jiang A, et al. Mechanical control of innate im
mune responses against viral infection revealed in a hu
man lung alveolus chip. Nat Commun 2022; 13:1928.

91. Izadifar Z, Sontheimer-Phelps A, Lubamba BA, et al. 
Modeling mucus physiology and pathophysiology in hu
man organs-on-chips. Adv Drug Deliv Rev 2022; 191: 
114542.

92. Benam KH, Novak R, Nawroth J, et al. 
Matched-comparative modeling of normal and diseased 
human airway responses using a microengineered breath
ing lung chip. Cell Syst 2016; 3:456–66.e4.

93. Si L, Bai H, Oh CY, Jin L, Prantil-Baun R, Ingber DE. 
Clinically relevant influenza virus evolution reconstituted 
in a human lung airway-on-a-chip. Microbiol Spectr 
2021; 9:e0025721.

94. Sperry MM, Oskotsky TT, Marić I, et al. Target-agnostic 
drug prediction integrated with medical record analysis 
uncovers differential associations of statins with increased 
survival in COVID-19 patients. PLoS Comput Biol 2023; 
19:e1011050.

95. Si L, Bai H, Oh CY, et al. Self-assembling short immunos
timulatory duplex RNAs with broad-spectrum antiviral 
activity. Mol Ther Nucleic Acids 2022; 29:923–40.

96. Sun S, Jin L, Zheng Y, Zhu J. Modeling human HSV infec
tion via a vascularized immune-competent skin-on-chip 
platform. Nat Commun 2022; 13:5481.

97. Ahn J, Ohk K, Won J, et al. Modeling of three- 
dimensional innervated epidermal like-layer in a micro
fluidic chip-based coculture system. Nat Commun 2023; 
14:1488.

98. Mohamadali M, Ghiaseddin A, Irani S, Amirkhani MA, 
Dahmardehei M. Design and evaluation of a 
skin-on-a-chip pumpless microfluidic device. Sci Rep 
2023; 13:8861.

99. Costa S, Vilas-Boas V, Lebre F, et al. Microfluidic-based 
skin-on-chip systems for safety assessment of nanomate
rials [published online ahead of print 5 July 2023]. Trends 
Biotechnol doi: 10.1016/j.tibtech.2023.05.009.

100. Risueño I, Valencia L, Jorcano JL, Velasco D. 
Skin-on-a-chip models: general overview and future per
spectives. APL Bioeng 2021; 5:030901.

S352 • JID 2023:228 (Suppl 5) • Jordan et al

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/228/Supplem

ent_5/S337/7260682 by M
ediSurf user on 21 M

arch 2024

http://10.1016/j.tibtech.2023.05.009


101. Sung JH, Kim JJ. Recent advances in in vitro 
skin-on-a-chip models for drug testing. Expert Opin 
Drug Metab Toxicol 2023; 19:249–67.

102. Zarkoob H, Allué-Guardia A, Chen Y-C, et al. Modeling 
SARS-CoV-2 and influenza infections and antiviral treat
ments in human lung epithelial tissue equivalents. 
Commun Biol 2022; 5:810.

103. Bérubé J, Roussel L, Nattagh L, Rousseau S. Loss of cystic 
fibrosis transmembrane conductance regulator function 
enhances activation of p38 and ERK MAPKs, increasing 
interleukin-6 synthesis in airway epithelial cells exposed 
to Pseudomonas aeruginosa. J Biol Chem 2010; 285: 
22299–307.

104. Dittmar M, Lee JS, Whig K, et al. Drug repurposing 
screens reveal cell-type-specific entry pathways and 
FDA-approved drugs active against SARS-Cov-2. Cell 
Rep 2021; 35:108959.

105. Li M, Ferretti M, Ying B, et al. Pharmacological activation 
of STING blocks SARS-CoV-2 infection. Sci Immunol 
2021; 6:eabi9007.

106. Schultz DC, Johnson RM, Ayyanathan K, et al. 
Pyrimidine inhibitors synergize with nucleoside ana
logues to block SARS-CoV-2. Nature 2022; 604:134–40.

107. Paul SM, Mytelka DS, Dunwiddie CT, et al. How to im
prove R&D productivity: the pharmaceutical industry’s 
grand challenge. Nat Rev Drug Discov 2010; 9:203–14.

108. Rosado-Olivieri EA, Razooky B, Hoffmann H-H, De 
Santis R, Rice CM, Brivanlou AH. Self-organized stem 
cell-derived human lung buds with proximo-distal pat
terning and novel targets of SARS-CoV-2. bioRxiv, doi: 
10.1101/2021.01.06.425622, 6 January 2021, preprint: 
not peer reviewed.

109. Haremaki T, Metzger JJ, Rito T, Ozair MZ, Etoc F, 
Brivanlou AH. Self-organizing neuruloids model devel
opmental aspects of Huntington’s disease in the ectoder
mal compartment. Nat Biotechnol 2019; 37:1198–208.

110. Warmflash A, Sorre B, Etoc F, Siggia ED, Brivanlou AH. A 
method to recapitulate early embryonic spatial patterning in 
human embryonic stem cells. Nat Methods 2014; 11:847–54.

111. Shou Y, Liang F, Xu S, Li X. The application of brain or
ganoids: from neuronal development to neurological dis
eases. Front Cell Dev Biol 2020; 8:579659.

112. Pamies D, Barreras P, Block K, et al. A human brain mi
crophysiological system derived from induced pluripo
tent stem cells to study neurological diseases and 
toxicity. ALTEX 2017; 34:362–76.

113. Abreu CM, Gama L, Krasemann S, et al. Microglia in
crease inflammatory responses in iPSC-derived human 
BrainSpheres. Front Microbiol 2018; 9:2766.

114. Bullen CK, Hogberg HT, Bahadirli-Talbott A, et al. 
Infectability of human BrainSphere neurons suggests 
neurotropism of SARS-CoV-2. ALTEX 2020; 37:665–71.

115. Kang I, Smirnova L, Kuhn JH, Hogberg HT, Kleinstreuer 
NC, Hartung T. COVID-19—prime time for microphy
siological systems, as illustrated for the brain. ALTEX 
2021; 38:535–49.

116. Barreras P, Pamies D, Monaco MC, et al. A human- 
derived 3D brain organoid model to study JC virus infec
tion. J Neurovirol 2022; 28:17–26.

117. Xu Y, He Y, Momben-Abolfath S, et al. Entry and dispo
sition of Zika virus immune complexes in a tissue culture 
model of the maternal-fetal interface. Vaccines (Basel) 
2021; 9:145.

118. Xu Y, He Y, Momben-Abolfath S, et al. Zika virus infec
tion and antibody neutralization in FcRn expressing pla
centa and engineered cell lines. Vaccines (Basel) 2022; 10: 
2059.

119. Kleinstreuer N, Holmes A. Harnessing the power of mi
crophysiological systems for COVID-19 research. Drug 
Discov Today 2021; 26:2496–501.

120. European Medicines Agency. Guidance for applicants re
questing scientific advice (EMA/CVMP/11887/2020). 
2020. https://www.ema.europa.eu/en/documents/regula
tory-procedural-guideline/european-medicines-agency- 
guidance-companies-requesting-scientific-advice- 
veterinary_en.pdf. 

121. European Medicines Agency. Qualification of novel 
methodologies for drug development: guidance to appli
cants (EMA/CHMP/SAWP/72894/2008 Rev. 4). 2020. 
https://www.ema.europa.eu/en/documents/regulatory- 
procedural-guideline/qualification-novel-methodolo
gies-drug-development-guidance-applicants_en.pdf.

122. McMahan K, Giffin V, Tostanoski LH, et al. Reduced 
pathogenicity of the SARS-CoV-2 Omicron variant in 
hamsters. Med (N Y) 2022; 3:262–8.e4.

123. Ryan KA, Bewley KR, Watson RJ, et al. Syrian hamster 
convalescence from prototype SARS-CoV-2 confers mea
surable protection against the attenuated disease caused 
by the Omicron variant. PLoS Pathog 2023; 19:e1011293.

124. Halfmann PJ, Iida S, Iwatsuki-Horimoto K, et al. 
SARS-CoV-2 Omicron virus causes attenuated disease 
in mice and hamsters. Nature 2022; 603:687–92.

125. Wang M, Cao R, Zhang L, et al. Remdesivir and chloro
quine effectively inhibit the recently emerged novel coro
navirus (2019-nCoV) in vitro. Cell Res 2020; 30:269–71.

126. Boulware DR, Pullen MF, Bangdiwala AS, et al. A ran
domized trial of hydroxychloroquine as postexposure 
prophylaxis for COVID-19. N Engl J Med 2020; 383: 
517–25.

127. Self WH, Semler MW, Leither LM, et al. Effect of hydrox
ychloroquine on clinical status at 14 days in hospitalized 
patients with COVID-19: a randomized clinical trial. 
JAMA 2020; 324:2165–76.

AGM 3D Tissue Models Workshop Report • JID 2023:228 (Suppl 5) • S353

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/228/Supplem

ent_5/S337/7260682 by M
ediSurf user on 21 M

arch 2024

https://doi.org/10.1101/2021.01.06.425622


128. Aman J, Duijvelaar E, Botros L, et al. Imatinib in patients with 
severe COVID-19: a randomised, double-blind, placebo- 
controlled, clinical trial. Lancet Respir Med 2021; 9:957–68.

129. Strobelt R, Adler J, Paran N, et al. Imatinib inhibits 
SARS-CoV-2 infection by an off-target-mechanism. Sci 
Rep 2022; 12:5758.

S354 • JID 2023:228 (Suppl 5) • Jordan et al

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/228/Supplem

ent_5/S337/7260682 by M
ediSurf user on 21 M

arch 2024


	Report of the Assay Guidance Workshop on 3-Dimensional Tissue Models for Antiviral Drug Development
	SARS-COV-2, AN UNLIKELY DRIVER IN COLLABORATION AND INNOVATION IN DRUG DISCOVERY
	3D TISSUE MODELS: UTILITY AND LIMITATIONS
	Overview of 3D Cardiovascular Disease Models and Efforts Towards Standardization
	Overview of Organoids Developed at the Hubrecht Institute and Their Use in Modeling Human Viral Infections and Diseases
	Organ-on-a-Chip and Body-on-a-Chip Systems
	Vasculogenesis and Angiogenesis Models
	Advances in MPS Towards Higher-Throughput, High-Containment Operations and Amenability for Personalized Medicine
	Challenges and Opportunities

	UTILITY OF THE EXISTING 3D TISSUE MODELS FOR ANTIVIRAL DRUG DEVELOPMENT
	Human Organoids for Viral Disease Modeling and Antiviral Discovery
	Human Organ-on-a-Chip for Viral Disease Modeling and Antiviral Discovery
	Incorporation of 3D Tissue Models into the Antiviral Screening Pipeline
	Challenges and Opportunities

	USE OF ROBUST AND REPRODUCIBLE 3D TISSUE MODELS FROM DRUG DISCOVERY THROUGH DEVELOPMENT
	Use of MPS in Antiviral Drug Screening
	Use of MPS for Studying Infectious Diseases
	Use of MPS for Developing Neutralizing Antibodies for Viral Diseases
	The Microphysiological Systems for COVID Research Working Group
	Challenges and Opportunities

	SUMMARY OF DISCUSSIONS AND PERSPECTIVES ON THE CHALLENGES AHEAD
	Notes
	References


