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Microphysiological systems (MPS), also known as miniaturized physiological environments, have been
engineered to create and study functional tissue units capable of replicating organ-level responses in
specific contexts. The MPS has the potential to provide insights about the safety, characterization, and
effectiveness of medical products that are different and complementary to insights gained from traditional
testing systems, which can help facilitate the transition of potential medical products from preclinical
phases to clinical trials, and eventually to market. While many MPS are versatile and can be used in various
applications, most of the current applications have primarily focused on drug discovery and testing. Yet,
there is a limited amount of research available that demonstrates the use of MPS in assessing biological
products such as cellular and gene therapies. This review paper aims to address this gap by discussing
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recent technical advancements in MPS and their potential for assessing biological products. We further
discuss the challenges and considerations involved in successful translation of MPS into mainstream
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Introduction

Over the past few decades, researchers have made remarkable
progress in developing accessible and informative in vitro
models that can potentially reduce, refine, or even replace
the use of traditional animal models in nonclinical studies.

Johnny Lam is a biomedical
engineer in the Office of
Therapeutic Products in the
Center for Biologics Evaluation
and Research at FDA, where he
performs both lead product
review and research activities.
Johnny's main research interests
involve  studying complex cell-
based therapies and how their
product quality attributes relate
to functionally relevant
bioactivities. His research focuses
on the development and
adaptation of wide-ranging microphysiological systems as
platforms to evaluate various functional outcomes of various cell
types toward improving the quality and potency of manufactured
cell-based products. Johnny received his Ph.D. in Bioengineering in
2015 at Rice University, where he developed and evaluated
injectable multi-layered hydrogel composites for cell and controlled
growth factor delivery for in vivo orthopedic tissue repair.

Johnny Lam

Lab Chip, 2024, 24,1293-1306 | 1293


http://crossmark.crossref.org/dialog/?doi=10.1039/d3lc00876b&domain=pdf&date_stamp=2024-02-22
http://orcid.org/0000-0003-1411-6955
http://orcid.org/0000-0001-6695-6951
http://orcid.org/0000-0001-9664-6399
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lc00876b
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC024005

Open Access Article. Published on 17 January 2024. Downloaded on 3/24/2026 10:01:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

These models also offer new approaches for testing medical
products. In addition to ethical concerns, the main reason
for the limitations of animal models is their inherent
differences when compared to humans.' For example, a
report indicates that drug failures primarily result from
either a lack of efficacy (56%) or safety issues (28%) where
failures are attributed to an insufficient therapeutic index,
which is a comparison of the amount of a therapeutic agent
that causes the therapeutic effect to the amount that causes
toxicity.> These disparities may be attributed to variations in
drug-metabolizing enzyme activity among species.” Even
when a model seems to accurately represent a disease,
variations in finer details such as cellular receptors and
signaling pathways can adversely affect the
assessment of potential therapies.* The FDA Modernization
Act 2.0 was passed on December 29th, 2022 as part of the
broader Consolidated Appropriations Act to acknowledge the
emergence of alternative methods that can offer new insights
and additional information alongside traditional methods.
This amendment to Section 505 of the Federal Food, Drug,
and Cosmetic Act (21 U.S.C. 355) replaces the term “pre-
clinical tests (including tests on animals)” with the term
“nonclinical tests”. Although the definition of nonclinical
tests, as stated in the act, still encompasses animal tests, it is
important to note that the term ‘nonclinical test’ include
various alternative methods. These alternative methods
include cell-based assays, microphysiological systems, and
bioprinted, or computer models.” This clarification comes as
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a response to the evolving discussions regarding the
limitations and ethical issues surrounding the use of animal
models. It is important to note that regulatory authorities
and industries have been accepting alternative methods that
are scientifically well qualified. For example, the FDA
guidance ‘“Nonclinical safety evaluation of the immunotoxic
potential of drugs and biologics™ recommends that, due to
immunological differences in expression and sensitivity
between humans and nonclinical test species, additional
safety considerations may be required for therapeutics
intended to modulate the immune response, which can lead
to adverse reactions such as excessive cytokine release.
Therefore, the guidance document recommends that
sponsors provide specific immune system pharmacological
data using human cells before initiating clinical trials.
Studying cells grown in 2D has provided valuable insights
into intracellular processes, but this approach has limitations
when it comes to understanding the complex interactions
that occur between cells, the extracellular matrix (ECM),
tissues, and organs. To address these limitations, developing
3D cell cultures, such as MPS, capable of creating specific
physiological conditions, tissue-like perfusion, mechanical
cues, and chemical environments have become important. It
is worth noting that there are different definitions of MPS
that have been proposed, each providing different levels of
coverage. For example, the FDA's Alternative Methods
Working Group (AMWG) provides a broad definition of MPS.
They describe it as in vitro platforms consisting of human or

animal cells, tissue/organ-derived explants, and/or self-
assembling organoids that are designed to create
microenvironmental niches that facilitate appropriate

biochemical, electrical, and mechanical responses at the
organ/tissue level.” It also defines organ-on-chip as a subset
of MPS consisting of a miniaturized physiological
environment engineered to yield functional tissue units. The
Innovation & Quality Microphysiological Systems (IQ MPS)
Affiliate, which consists of pharmaceutical and biotechnology
companies, uses the term, complex in vitro models (CIVM).
CIVM refers to models of broad complexity, including
micropatterned co-culture systems, 3D microtissues such as
spheroids and organoids, 3D bioprinted tissues, and/or
organ-on-chip.® The IQ MPS affiliate defines MPS as a model
representing the more complex side of the CIVM spectrum,
such as 3D bioprinted tissues and organ-on-chip. The
applications of MPS are vast, encompassing the modeling of
both healthy and diseased conditions in human biology, as
well as translational research aimed at assessing the efficacy,
specificity, and potency of therapeutic candidates, such as
pharmaceutical drugs or biological products.” Although MPS
have made significant progress in developing models that
closely mimic in vivo conditions, it is important to
acknowledge that they still face certain challenges. These
challenges include the use of complex culture techniques,
difficulties in imaging caused by cell growth in the
z-direction, problems with extended cell culture, and the
development of necrosis in the engineered tissue due to the

This journal is © The Royal Society of Chemistry 2024
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lack of a fully functional vasculature within it.'®"
Researchers aim to minimize the need for animal testing;
however, it is probable that some degree of it will remain
necessary to support the development of various medical
products before they can be brought to market.

The development of MPS was motivated by the need to
enhance the effectiveness, efficiency, and safety of
pharmaceutical development and testing. Pilot studies have
demonstrated this in drug pharmacokinetics (PKs), including
bioavailability prediction, investigation of low-clearance
compounds, and drug-drug interactions studies."> One
fascinating example is the use of in vitro lung models for
drug testing that aim to replicate the complexities of the

human lung such as lung epithelial cells, vascular
endothelial cells, an air-liquid interface, and cyclic
mechanical  stretching. These lung models have

demonstrated substantial utility as relevant analytical tools in
clinically relevant research. For instance, they recapitulate
key aspects of COVID-19-induced conditions, such as fibrosis
and inflammation, and assist in identifying potential therapy
candidates."® Another noteworthy application of MPS involves
the study of drug toxicity, particularly within heart and liver
models. Cardiotoxicity accounts for approximately one-third
of pharmaceutical withdrawals due to safety concerns, while
the liver plays a crucial role in drug metabolism, significantly
influencing the overall effect of drug. The combination of
heart and liver tissue in vitro models has the potential to
improve the predictability and efficiency of drug toxicity
screening.'®"> Several research laboratories, such as those in
the laboratories in the FDA Division of Applied Regulatory
Science in the Center for Drug Evaluation and Research
(CDER), currently focus on the evaluation of MPS for
generating consistent experimental results in drug toxicity,
metabolism, and pharmacokinetics assays for specific
contexts of use.'®*™®

The application of MPS extends beyond screening or
testing of pharmaceuticals. There are ongoing efforts to
develop alternative platforms for evaluating different types of
products, such as biological products. As per the definition
outlined by the Public Health Service (PHS) Act, biological
products refer to a wide range of substances employed to
prevent, treat, or cure of human diseases. These substances
include viruses, serums, toxins, vaccines, blood derivatives,
and proteins/peptides.”® In contrast to well-defined
chemically  synthesized drugs, biological products,
particularly those involving human cells, tissues, or ex vivo
gene-modified cells, exhibit inherent heterogeneity. It is
important to note that these products are often influenced by
variations in the manufacturing process, wherein even minor
modifications can substantially affect their quality and
effectiveness.® These challenges underscore the importance
of improving testing methods to ensure that biological
products are properly evaluated with greater sensitivity,
accuracy, and predictability. MPS technologies can be
beneficial in testing various biological products, spanning
from simple isolated and expanded cells (e.g., autologous
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chondrocytes for cartilage repair) to more intricate genetically
modified cells (e.g., gene-edited allogeneic CAR T cells
transduced with a viral vector). In the following sections, we
discuss advanced technologies that are used to integrate MPS
for testing biological products in specific contexts of use.
Furthermore, we discuss important technical considerations
that are necessary for effectively incorporating these
technologies into the development and testing processes of
biological products.

Technical advancements in
developing MPS

When discussing MPS, the organ-on-a-chip is the most widely
recognized system. However, it is essential to acknowledge
that there is a wide range of model systems that may fall
under this umbrella term depending on the specific
definition being used. The overarching goal of these
technologies is to meticulously control the behavior of cells
within the system, thus facilitating the generation of more
pertinent and precise data for various applications. In this
review article, we categorized MPS into four distinct
technologies as illustrated in Fig. 1. It's worth highlighting
that these technological advancements are constantly
evolving, and the focus of this section is to spotlight the
latest developments in technology.

A) Organoids/cellular aggregates

In comparison to 2D models, spheroids or cellular aggregates
serve as 3D in vitro platforms capable of capturing biological
complexities. Cellular aggregates are not only utilized as a
testing platform, but they are also employed in the
development of implantable biological products. The
preservation and activation of cellular functions within 3D
niche microenvironments are of utmost importance during
the development of cellular aggregates. Complex interactions
between ECM molecules play a significant role in this
regard.”® The study conducted by Choi et al*' investigated
the effectiveness of a FGF2-tethered substrate in improving
the survival of transplanted adipose-derived stem cell
spheroids (FECS-Ad) as a mean to mitigate the challenge of
low cell survival in cell therapy. Additionally, it was observed
that the upregulation of tissue inhibitor of metalloproteinase
1 (TIMP1) had a significant role in improving the survival
and therapeutic efficacy of transplanted FECS-Ad in a mouse
model of critical limb ischemia. Moreover, when developing
a testing platform, it is possible to generate spheroids from
primary cells that have been isolated from patients. This
allows for the replication of specific pathological conditions,
thereby creating a model that is specific to each patient.*?
Organoids are another type of cellular aggregates that are
typically derived from adult stem cells (ASCs), embryonic
stem cells (ESCs), or induced pluripotent stem cells (iPSCs).
The formation of organoids involves providing suitable
physical and biochemical cues that stimulate differentiation
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Fig. 1 Schematic illustration of four MPS technologies discussed in this review and their applications in creating a biomimetic environment through
the stimulation of differentiation, delivery of biochemical cues, mimicry of native organ architecture, and incorporation of mechanical forces.

and maturation of organ-like structures and characteristics.*
To facilitate the development of larger and more intricate
tissues, it is necessary for stem cell aggregates/organoids to
undergo a transformation into a complex system with
heterogeneous components and cell-type patterns.>* Recently,
researchers developed a three-part system that involved
organoids resembling the cerebral cortex and spinal cord,
along with a 3D spheroid of skeletal muscle. This system
demonstrated the successful connection of corticofugal
projection neurons with spinal motor neurons, resulting in
the formation of neuromuscular contacts capable of inducing
muscle twitching upon cortical neuron stimulation.”> The
size of organoids is another factor that contributes to the
maturity. Smaller free-floating organoids tend to not fully
mature,>® whereas larger ones create necrotic cores, which in
turn restricts their progression into mature stages. The use of
endothelial-lined vessels and dynamic culture conditions can
help eliminate the necrosis observed in these models. This
approach also allows the model to mature into a larger and
more complex construct.”” In addition, flattened organoids
were developed to provide adequate nutrient and oxygen
supply, which helps prevent conditions such as hypoxia and
necrosis.”® The flattened organoids also ensure a consistent
exposure to inducing factors throughout the development of
organoids, resulting in a more uniform differentiation
process and the formation of homogeneous tissue. To
overcome the diffusion limit and develop cortical organoids
that closely resemble the late-stage human cortex, the sliced
neocortical organoid (SNO) system was introduced. Through
this innovation, continuous growth of organoids without
internal cell death was achieved, resulting in the emergence
of fresh neurons and the formation of an expanded cortical
plate that faithfully replicates the neocortex development

1296 | Lab Chip, 2024, 24,1293-1306

seen in a human embryo during the third trimester.”* In
conclusion, 3D cellular aggregates represent a remarkable
advancement in biomedical research. They provide a valuable
platform for studying and recapitulating the complex
characteristics of human organs and diseases in vitro.

B) Cell-laden hydrogels

Cells in the human body are surrounded by 3D ECM, which
have a critical role in regulating essential cellular functions
such as growth, proliferation, and migration.>* Hydrogels are
polymer networks that are hydrophilic and can be designed
to mimic the properties of ECM. A study conducted by
Mooney's research group®' developed an immunomodulatory
extracellular matrix (iECM) hydrogel to enhance the
immunomodulatory properties of bone marrow-derived
primary human mesenchymal stromal cells (hMSCs). This
system combines sustained inflammatory licensing with 3D
encapsulation in hydrogels with tunable mechanical
properties. This novel material allows for the investigation of
its capacity to inhibit human T cell proliferation. The 3D
hydrogel comprises an interpenetrating network of click-
functionalized alginate and fibrillar collagen, with
incorporated heparin-coated beads loaded with interferon-y.
In addition, the development of stimulus-responsive
hydrogels that can provide on-demand responses in response
to specific stimuli is currently ongoing. For example, Tsui
et al® developed tissue engineering scaffolds using
electroconductive hydrogels composed of reduced graphene
oxide (rGO) dispersed within decellularized porcine
myocardial extracellular matrix (dECM). The degree of
graphene oxide (GO) was carefully adjusted to modulate the
electrical and mechanical properties of the hydrogels, which

This journal is © The Royal Society of Chemistry 2024
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in turn had a direct impact on promoting functional
improvements in engineered cardiac MPS. In this
experiment, human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) and human bone marrow-
derived stromal cells were mixed and cultured within the
dECM-rGO hydrogel scaffold. The resulting cardiac tissues
closely resembled the native myocardium and exhibited
increased expression of genes involved in regulating
contractile and electrophysiological function, including
calcium-handling, action potential duration, and conduction
velocity. The use of hydrogels in the construction of
microfluidics-based MPS is growing. However, it is important
to carefully select and modify hydrogels to ensure
compatibility with the microfluidics-based system. For
example, it was demonstrated that controlling hydrogel
swelling is important in achieving vasculogenesis of human
iPSC-derived endothelial cells (hiPSC-ECs) encapsulated in a
poly (ethylene glycol) (PEG)-based hydrogel within a confined
microfluidic channel. The PEG-based hydrogel, when used in
a traditional cell culture setup, was able to support the
formation of a vascular network. However, the hydrogel did
not exhibit the same property when used in a microfluidic
system. This failure was attributed to a higher level of
effective polymer and crosslinking density in the constrained
state compared to the unconstrained state. Incorporating
PEG-grafted poly(propargyl-L-glutamate) resulted in neutral
swelling properties, which allowed for the successful vascular
network formation within the confined MPS.*

C) Bioprinting

The emergence of 3D bioprinting presents a remarkably
viable method for crafting physiologically pertinent tissue
models. This is achieved through precise cell and ECM
component deposition, facilitating the development of 3D
models that replicate the architecture of native tissue. Similar
to the cellular aggregates discussed above, this technique
serves a dual purpose. It is utilized in the construction of
MPS and the development of tissue-engineered products.**
Horvath et al®® conducted a study where they utilized a
valve-based bioprinting approach to recreate the structure of
the human air-blood tissue barrier. This was achieved by
employing a layer-by-layer printing technique to separate the
printed epithelial cell layer from the underlying endothelium
using a thin basement membrane created using Matrigel™.
The constructed model facilitated complex cell-cell
interactions, leading to a closer resemblance to the intricate
cell networks found at the air-blood barrier in living
organisms, both structurally and functionally. Another
example involves the promotion of alignhment and elongation
of cardiomyocytes. The researchers fabricated multilayer
cantilevers with microgrooves using 3D micro-extrusion
bioprinting to guide the growth of hiPSCs-derived
cardiomyocytes.*® Through this process, the cardiomyocytes
were aligned on microgrooves with a filament spacing of 60
pm, resulting in the formation of an anisotropic laminar

This journal is © The Royal Society of Chemistry 2024
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tissue with electrical propagation similar to that of the native
ventricle. Bioprinting has also gained considerable attention
in assembling 3D cellular aggregates into tissue, especially
for engineering complex in vitro systems, with a specific focus
on the nervous system. One noteworthy study conducted by
Bowser and Moore,*” focused on the development of a neural
MPS by combining two distinct approaches. Initially, they
fabricated spinal cord spheroids using magnetic
nanoparticles, which had a size range of 300-400 pm.
Subsequently, these spheroids were strategically positioned
within a 3D poly-ethylene glycol diacrylate (PEGDA) hydrogel
construct using magnetic bioprinting. The findings of the
study demonstrated that the photopatterned hydrogel not
only guided but also provided support for long-distance 3D
neural projections. This led to the successful production of
neural MPS.

Bioprinting is currently being utilized to develop
vascularized MPS. In order to culture larger 3D tissue models,
it is essential to have vasculature. However, the complexity of
vasculature presents challenges when attempting to replicate
it using traditional fabrication methods. Byambaa et al.**
demonstrated the creation of a biomimetic in vitro niche for
engineering vasculogenic and osteogenic environments. This
was achieved by utilizing gelatin methacryloyl (GelMA)
hydrogel loaded with silicate nanoplatelets to create cell-
laden cylinder elements. Human umbilical vein endothelial
cells and bone marrow-derived human mesenchymal stromal
cells were co-cultured within these elements to enhance
spreading. They also introduced varying
concentrations of vascular endothelial growth factor (VEGF)
that were chemically conjugated in the adjacent bone niches.
This study demonstrates the feasibility of creating bone-like
structures that include vascular channels. Thus, the
utilization of bioprinting in constructing organ-on-a-chip
models offers numerous advantages in comparison to the
traditional method of depositing cells and hydrogels to create
intricate structures in a controlled manner.*

vascular

D) Organ-on-a-chip

In recent years, there has been a remarkable surge in
experimental research that utilizes organ-on-a-chip platforms.
This surge is primarily due to advancements in microfluidics
technologies. These technologies enable the manipulation of
the cellular microenvironment, allowing for the creation of
functional tissue and organ interactions on a smaller scale
that more closely resemble the interactions occurring in the
human body than 2D models. In addition, organ-on-a-chip
technology can be tailored to accommodate high-throughput
assay workflows, which are essential for evaluating a large
number of potential candidates with multiple replicates. The
study by Song et al.*® presents a 3D tumor model designed
for in vitro testing of immune-cell-mediated cytotoxicity
against colorectal cancer cells using a high-throughput
injection-molded microfluidic platform. The uniformity of
the devices led to reproducible experiments, allowing for 10
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times more experiments compared to conventional
microfluidic devices. Yu and colleagues*' also introduced a
microfluidic platform called MicroVascular Injection-Molded
Plastic Array 3D Culture (MV-IMPACT), to generate an array
of micro-vascularized tissues for studying tumor invasion
and circulating tumor extravasation. The same device was
used to examine the infiltration, migration, and cytotoxic
activity of NK-92 cells against HeLa cells within the collagen
matrix, which was reported as a high-throughput 3D co-
culture system of cytotoxic lymphocytes with cancer cells.*?
Another advantage is the integration of patient-specific cells
into these organ chips, enabling the development of
personalized models.** Yada et al** developed the
microfluidic platform to investigate lymphatic spread in head
and neck cancer. The study utilized a controlled tumor
microenvironment (TME) consisting of cancer-associated
fibroblasts, a tumor spheroid, and a lymphatic microvessel to
investigate metastasis. Through this study, the researchers
discovered alterations in the metabolic states of lymphatic
endothelial cells and cancer cells in the TME. Additionally,
they identified a previously unknown molecule called
macrophage migration inhibitory factor (MIF) secreted by
lymphatic endothelial cells in the TME. This platform
provided valuable insights into the migration and metastasis
of head and mneck cancer, thereby enhancing our
understanding of disease progression. In another study,
researchers developed a microengineered human alveolus
chip that recapitulated lung injury and immune responses
caused by SARS-CoV-2, providing a representation of these
processes at an organ level in a laboratory setting.*> To
mimic the critical features of the human alveolar-capillary
barrier, the researchers co-cultured human alveolar
epithelium, microvascular endothelium, and circulating
immune cells under fluidic flow conditions. Following SARS-
CoV-2 (strain 107) infection, the epithelium showed higher
susceptibility to the virus compared to the endothelium.
Transcriptional analyses revealed activated innate immune
responses in the epithelium and cytokine-dependent
pathways in the endothelium. The organ-on-a-chip
technology also enables the monitoring of genetic mutations
in small populations of cells. Yu et al.*® conducted a study
where they employed a CRISPRi-microfluidics screening
platform to identify genes that have the potential to be
modified to improve the secretion of r-proteins in
Corynebacterium glutamicum. Thousands of single-guide RNAs
from a CRISPR interference library were employed to target
and suppress various genes. Another intriguing application
of the organ-on-a-chip technology lies in its ability to
replicate the persistent cyclic stretching encountered by
specific organs using programmable pumps. An example of
this concept can be found in the work of Otomo et al,*’
where they utilized electro-conjugated fluid (ECF)
micropumps integrated into a microfluidic system to stretch
a microporous membrane. They applied a voltage of 1.1-1.6
kv to the ECF micropump, allowing them to control the
strain of the microporous membrane. The result of study

1298 | Lab Chip, 2024, 24,1293-1306

View Article Online

Lab on a Chip

demonstrated the device's capability to stretch the
microporous membrane with a strain range of 5-15% at a
frequency of 0.2 Hz, which closely resembles the in vivo
conditions of organs. The examples discussed here
demonstrate the wide range of applications for organ-on-chip
technologies in various areas of research. These applications
span from cancer metastasis and atherosclerosis to genetic
screening and immunotherapy.

MPS-based assays for testing
biological products

As stated above, the primary focus of MPS technology has
been on studying how cells respond to pharmaceuticals and
assessing the toxicity of various substances. There has been a
recent increase in recognition of the broader range and
potential applications of this technology in the analysis and
characterization of biological products. In this section, we
delve into the advantages and challenges associated with
implementing MPS technology within the field of biological
product testing. As illustrated in Fig. 2, our primary focus is
on assessing the bioactivity and safety of biological products,
evaluating immune responses, and assessing tumorigenicity
using MPS platforms.

Bioactivity testing

The presence of heterogeneity in biological products can lead
to significant variations in potency or bioactivity, even when
biological products are produced through the same
manufacturing processes. According to the regulations
outlined in 21 CFR 610 and 21 CFR 600.3(s), potency refers to
the specific ability or capacity of the product. This can be
determined through appropriate laboratory tests or by
adequately controlled clinical data obtained from the
administration of the product in the manner intended, to
effect a given result.”® Assessing potency is important to
ensure the consistent reliability and comparability of the
manufactured products in terms of clinical safety and
effectiveness. However, determining potency poses a
significant challenge when it comes to advancing some
cellular therapy products into pivotal clinical trials. The
choice of assay(s) for measuring bioactivity should ideally be
based on the intended biological effect, which can be linked
to the clinical response.**" In this context, MPS may offer a
useful platform for assessing the potency of cellular products.
For example, Lam et al.>> developed a physiologically relevant
test platform for measuring the specific paracrine effect of
MSCs in stimulating vasculogenesis, serving as a measure of
their specific bioactivity (Fig. 2a). When MSCs from different
donors and passages were co-cultured with human umbilical
vein endothelial cells (HUVECs) as part of a cell-based assay
built using an MPS platform, there were significant variability
in the MSC vasculogenic potency among donors and
passages. In another study, they investigated the
chondrogenic capacity of MSCs derived from different donors

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Examples of MPS that have been used for the assessment of biological products. A) Bioactivity testing: Endothelial cells and stromal cells
(such as human lung fibroblasts and MSCs) were embedded in fibrin hydrogels and co-cultured within individual compartments of the device as a
potential test system for assessing stromal cell bioactivity for inducing vasculogenesis.>? B) Safety assessment: The safety of six AAV variants in
preclinical models of the human liver was studied to uncover which combination of models is the most relevant for the identification of AAV capsid
variant for safe and efficient transgene delivery to primary human hepatocytes.”® C) Immune response: MPS that supports a triple culture of three-
dimensional (3D) colorectal tumor microtissues, 3D cardiac microtissues, and human-derived natural killer (NK) cells in the same microfluidic

network to study the possible interactions among components.”*

subjected to a spectrum of manufacturing conditions. By
characterizing the morphology of MSC aggregates in 3D
culture, they identified potential quality attributes that could
predict the cells' chondrogenic potential. This study also
revealed unique morphological dynamics of MSC aggregates
dependent on both the cell line and passage. By developing a
simple nondestructive approach that demonstrated a strong
correlation between early MSC aggregate morphology and
chondrogenic potential, they provided a valuable tool for
estimating MSC chondrogenic differentiation capacity at an
early stage.>

Characterizing and measuring the potency of vectors in
gene therapy also present certain challenges. The European
Medicines Agency (EMA) guidelines state that the potency
assay should evaluate the efficiency of gene transfer
(infectivity/transduction/delivery) and the effectiveness of the
therapeutic sequence in demonstrating its intended activity>*
which aligns with recommendations from US FDA.>* In one
example, researchers have developed a specialized
microfluidic platform called the human retina-on-chip (RoC)
model to examine the potency of various types of adeno-
associated viral (AAV) vectors, a non-enveloped virus
engineered to deliver DNA to target cells, using induced
pluripotent stem cell-derived retinal organoids (iPSC-ROs)
and retinal pigment epithelium (RPE). The system was
designed to mimic physiological conditions through
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compartmentalization and a vasculature-like perfusion.
Nutrient supply was provided through a choroidal-like
vasculature. Prior to testing on the RoC model, the
transduction efficacy of the AAV vectors was confirmed in an
animal model in vivo. Subsequently, these vectors were tested
on iPSC-ROs at different maturity levels (differentiated for 80
days as immature ROs and for 300 days as mature ones
containing all cell types) to assess the impact of maturation
on AAV transduction efficacy. The assessment of AAV vectors'
impact on the growth and morphology of the organoids
indicated that day 300 organoids did not exhibit detrimental
changes after viral transduction, whereas a significant
percentage of day 80 organoids showed signs of degeneration
or disorganization. The presented data in this study
demonstrated the potential of iPSC-based RoC as an
innovative approach for evaluating AAV vectors' bioactivity
within cell-based systems of different maturities, holding
significant implications for advancing gene therapy
research.”® Immunotherapies targeting cancers is another
field that could greatly benefit from the development of
targeted potency assays. For example, a key to a successful
immunotherapy lies in the ability of genetically modified T
cells, known as chimeric antigen receptor (CAR) T cells and
T-cell receptor (TCR) T cells, to target specific antigens or
markers on tumor cells. CAR T cells achieve this through
direct targeting, while TCR T cells use histocompatibility
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leukocyte antigen (HLA) mediation for specific targeting of
tumor cells. Several variables, including the variety of tumor-
associated antigens, design of immunoreceptors, and the
specific T-cell subset(s) to be modified, all collectively
determine the therapeutic potency of these genetically
engineered T cells.”” A publication by Wolf and coworkers®®
has summarized various potency assays that either directly
measure immune cell cytotoxic activity or use surrogate
markers like cytokine release. Recently, a 3D microfluidic
platform that replicates the hepatitis B virus-associated
hepatocellular carcinoma (HBV-HCC) environment has been
developed. This platform enabled the investigation of how
human primary monocytes influence the killing efficacy of
HBV-specific TCR T cells generated through several methods
and analyzed the role of PD-L1/PD-1 expression during their
interactions.”® Overall, these MPS-based assays may
contribute to enhancing the potency evaluation strategy by
incorporating additional physiologically relevant cells and
structures that were not feasible in traditional assays.

Safety assessment

MPS has the potential to be used in testing the toxicity of
gene therapy products, such as CAR T cells.®* CAR T cells
may face challenges related to specificity and safety,
particularly when there is an effort to artificially enhance the
affinity of T cells in order to enhance the effectiveness of the
product. This heightened affinity could lead to CAR T
reactivity with self-peptides found in other tissues, potentially
causing severe cross-reactive toxicity.""*> This toxicity has the
potential to lead to cardiogenic shock and has unfortunately
resulted in fatalities among patients.”® Currently, in vivo
models and in silico pipelines are used to assess cross-
reactive toxicity.**™®” However, the development of MPS that
can replicate specific tissue conditions could have potential
applications in evaluating safety concerns related to cross-
reactivity. In addition, MPS technology can be utilized to
assess the potential toxicity risks associated with AAV vectors.
While wild type AAV does not generally induce illness on its
own, employing it as a gene therapy vector may introduce
new risks associated with uncontrolled transgene expression
and impurities during manufacturing. These risk could lead
to inflammatory reactions within host tissues.®® A research
group created a platform known as Human Liver Tissue
Equivalent (hLTE) Platform and utilized it to introduce
clinically relevant serotypes AAV5 (hLTE-5) and AAV3b (hLTE-
3b).°° This approach aimed to enhance the understanding of
the effectiveness as well as safety of AAV gene therapy in the
human liver. Through chromogenic assays, it was revealed
that the production of urea in cell culture supernatants was
reduced in the groups transduced with AAV in comparison to
the non-transduced hLTEs, indicating a decline in the
functionality of hepatocytes. Additionally, PCR assay for
human fibrosis identified the disruption of multiple genes
associated with fibrosis and inflammation in both hLTE-5
and hLTE-3b. In conclusion, the study demonstrated that
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while AAV5 displayed greater transduction efficiency in
hLTEs than AAV3b, both groups exhibited compromised self-
aggregation and diminished hepatocyte functionality,
warranting further attention and investigation. Similarly,
Westhaus and colleagues”® conducted a functional evaluation
of six AAV vectors in twelve in vitro models of the human liver
including immortalized cells, iPSC-derived and primary
hepatocytes, as well as primary human hepatic organoids,
and in vivo models Fig. 2b. Their objective was to determine
the most relevant model for selecting an AAV capsid variant
that ensures safe and efficient transgene delivery to primary
human hepatocytes. Their study produced different results
across different in vitro liver models. For example, while
AAV2 performed exceptionally well in immortalized liver
cancer cell lines in terms of cell entry and transgene
expression levels, its performance declined when tested in
iPSC-derived and primary cells. This highlights the
importance of selecting an appropriate in vitro liver model
when testing AAV variants.

Immune response

Evaluating the immune response directed towards biologics
holds a pivotal role in comprehensively understanding the
interactions between biologics and the immune system. Liu
et al.”?> developed a co-culture system where CAR-T cells,
tumor cells, and macrophages was incorporated in a ratio of
1:3:1. This study demonstrated that CAR-T treatment
activates macrophage AIM2 inflammasomes, resulting in the
release of bioactive IL-1f. Simultaneously, the release of
tumor cell DNA prompted by CAR-T treatment further
intensified the activation of AIM2 inflammasomes within
macrophages. Interestingly, there is a specific focus on using
MPS to study immune responses by replicating particular

functions  through the incorporation of immune
components.”® For instance, a proof-of-concept study was
conducted to develop an immunocompetent

microphysiological system (iMPS). This system supported a
triple culture of 3D colorectal tumor microtissues, 3D cardiac
microtissues, and human-derived natural killer (NK) cells
within the same microfluidic network (Fig. 2c¢). Using this
system, the authors studied different aspects of the
interactions between tumors and NK cells. These included
studying the direct interaction between the two, examining
how NK cells can kill tumors, observing how the presence of
NK cells can lead to the production of pro-inflammatory
chemokines and cytokines, and analyzing the impact of these
interactions on healthy cardiac microtissues. The findings
demonstrated that NK cells have the specific ability to kill
tumors, and there were increased levels of chemokines and
cytokines produced by both tumor and NK cells. This
suggests that there is communication between the two and
an inflammatory milieu is being created. While the viability
and morphological integrity of cardiac microtissues remained
largely unaffected, alterations in their beating behavior were
observed. This highlights the potential of iMPS for bioactivity

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lc00876b

Open Access Article. Published on 17 January 2024. Downloaded on 3/24/2026 10:01:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

and early safety testing of novel cell therapy candidates,
providing valuable insights into the interactions between
tumor cells and NK cells, as well as their impact on cardiac
microtissues.”*

Understanding and mitigating immune responses against
viral vectors and their transgene products is another a crucial
aspect of advancing safe and effective gene therapy
strategies.”* The immune responses and related adverse
events are closely tied to the dosages of AAV vectors and, to
some extent, the method of application. When administering
low to moderate doses, like those used for treating ocular
diseases or hemophilia B with an optimized transgene
product, noticeable T cell responses are often absent,
although they may prompt AAV capsid-specific antibody
responses.”> Several research groups have employed
organoids in studying potential immunotoxicity of liver-
directed AAV gene delivery. These ongoing studies utilize
human liver organoids comprising all major cell types
present in the human liver, with frequencies that are
physiologically relevant, enabling the evaluation of innate
immune responses.”® The recent developments in creating
3D immune organoids show promise for studying the
pathways of AAV-mediated immune activation in greater
detail. Functional studies on repeated dosing and therapy-
induced immunity to AAV can be conducted by integrating
liver and lymphoid microtissues, such as lymph nodes and
spleen, into these models. This presents a remarkable
opportunity to leverage the advancements in bioengineering
to enhance our comprehension of AAV immunity and explore
novel strategies for mitigating safety concerns.””

Tumorigenicity

Due to the intricate and heterogeneous characteristics of
biological products, it is imperative to carefully assess their
tumorigenicity. Stem cell-derived products in particular,
warrant significant attention in this regard due to the
potential presence of mutations inherited from the parental
cells used for reprogramming. One example is related to the
presence of residual undifferentiated iPSCs in iPS-Cartilage,
even after chondrogenic differentiation, which could lead to
teratoma formation following implantation.”® Prolonged
culture of MSCs have also been associated with a decrease in
their ability to differentiate and an increase in chromosomal
abnormalities, which can eventually lead to the development
of malignant cells.”” The assessment of tumorigenicity often
relies on animal models, although their sensitivity can vary
depending on the animal species used and the level of
immunosuppression applied. Currently, in vitro evaluations
employ agar colony formation, flow cytometry, and PCR to
detect impurities. However, there has been relatively less
attention paid on the development of MPS for assessing the
tumorigenicity risk associated with cell-based products.
Cultivating human tissues in vitro on a chip and integrating
immune cells provide alternative strategies for assessing
tumorgenicity. However, in order to achieve this goal, it is
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necessary to conduct comprehensive studies and make
enhancement. This is because there are various factors, such
as cell type, donor variations, incubation period, and
exposure profile differences, that can still introduce
variability in these in vitro models. It is important to
acknowledge that each cell-based product and its intended
patient population possess distinct characteristics and
unique properties. These properties can potentially lead to
immune rejection and genetic instability after being
cultured.®® Furthermore, it is important to consider that the
reprogramming and differentiation processes may pose a
potential risk of mutagenesis.®” This highlights the need for
careful consideration of these factors when conducting
tumorigenicity assessments.

Translation of MPS technology,
challenges and outlook

In the previous section, we discussed recent technological
advances in the field of MPS and their applications in the
testing of biological products. To effectively incorporate this
technology into product manufacturing, it is important to
carefully evaluate these new methodologies and determine
their level of readiness. The suitability of MPS for a clinical
product development program can be evaluated through
qualification and validation processes as shown in Fig. 3.%
Although some people may use the terms “validation” and
“qualification” interchangeably, it is important to recognize
the difference between the two terms, especially when
considering the context of qualifying and validating new
methods. The definitions provided in the draft document
titled “Validation, Qualification, and Regulatory Acceptance
of New Approach Methodologies”,®® drafted by the
Interagency Coordinating Committee on the Validation of
Alternative Methods (ICCVAM), are as follows:

e Validation: the process by which the accuracy, reliability,
and relevance of a procedure are established for a specific
purpose. Validation for one specific purpose does not imply
validation for other specific purposes. Further qualification
may be needed for a particular context of use.

e Qualification: a conclusion that the results of an
assessment using a validated model or assay can be relied
upon to have a specific interpretation and application in
product development and regulatory decision-making.

It is crucial to consider the context of use (COU) when
determining the necessary level of qualification and
validation. According to the ICCVAM document, the COU is a
clearly articulated description delineating the manner and
purpose of use for a particular method or approach. Having a
more specific COU can greatly assist in the qualification
process. This is because a specific COU establishes clear and
straightforward requirements for validation and qualification.
Consequently, the qualification process becomes more
precise and specific. The scope of the COU can be expanded
to include qualification of the assay for additional uses. It is
important to recognize that different assays serve different
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Illustration depicting the difference between qualification and validation. Both approaches are utilized to assess the capacity of MPS in

ensuring the safety and effectiveness of biological products within the given context.

purposes depending on the COU, which will serve a crucial
role in determining the extent of qualification and validation
required. For example, as stated in the FDA guidance
document, “Potency tests for cellular and gene therapy
product”,* it is necessary to properly qualify an assay in
order to determine if its performance is sufficient for
ensuring the potency of the product. Before initiating a
pivotal study, the potency assay must be qualified for
assessing relevant specific bioactivities of the medical
product; such assay(s) will need to be validated prior to
submitting a licensing application (BLA) for marketing
approval.

To qualify a model, it is essential to clearly define the
specific research questions and experiments in which these
models will be applied within the given COU. It is equally
important to have a clear understanding of the aspects of the
biological system being recapitulated and to determine the
appropriate level of complexity required to obtain the
necessary information. Scientists should aim to develop
organ constructs and integrated MPS that are as simple as
possible while minimizing unnecessary complexity. Rather
than developing multiorgan systems that are difficult to use
and analyze, some effort has been put into creating dynamic
cellular microenvironments and geometrical arrangements to
achieve cell polarization, direct cell-cell interaction, and the
propagation of biological signaling.** For example,
immunocompetent cancer-on-chip models have allowed
researchers to develop perfused structures in a tightly
controlled microenvironment to observe the direct
interactions of single tumor cells with immune cells.* While
not discouraging the development of complex systems, it's
important to note that complex systems demand a higher
investment in characterization and validation to mitigate
overall variability.

1302 | Lab Chip, 2024, 24, 1293-1306

Having confidence in the data obtained from MPS is
important for consumers. The development of animal cell-
based MPS may contribute to this goal by demonstrating the
correlation between in vivo and in vitro data.®® In addition,
these models can enhance confidence in producing findings
that have not been directly assessed in clinical trials. For
example, they can be used to study the cellular processes
occurring within a specific organ or to examine the
functional and phenotypic characteristics associated with a
particular  disease.’””®®  Furthermore, it enhances
understanding of the translational potential of various
findings and the reasons behind the different sensitivities of
different species.** Enhancing access to high-quality and
well-defined data is of utmost importance in the qualification
process. An example of this is organ-on-a-chip technology,
which requires accurate and careful estimation of parameters
such as shear stress, fluid flow, and cell ratios.”® Similarly,
for hydrogel-based MPS, it is crucial to adequately and
thoroughly characterize and report the composition,
degradation profile, biomechanical performance, and
biocompatibility of the hydrogel.”* If bioprinting is employed,
the composition of the bioink and the impact of printing
parameters such as pressure and shear stress on cell function
should be measured to ensure the quality and biological
relevance of the printed tissue construct. In order to ensure
the generation of high-quality data, it is essential to promote
thorough data recording, establish standardized operating
procedures (SOPs) and guidelines, and encourage the sharing
of data across various sectors. There is a growing emphasis
on enhancing the capacity of bioinformatics and
computational tools as well in order to effectively analyze the
substantial amount of data generated by MPS and draw
meaningful insights. Moreover, enhancing the system's
compatibility with physical assessments, such as histology,

our
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could offer valuable insights into spatial cellular organization
and histological analysis.

Additional aspects to consider during development of MPS

The greatest source of variability in MPS is the cells used in
their construction.”® Establishing acceptance criteria for
reproducible results is a foremost challenge. For example,
variations in iPSCs and differentiated cells arise from diverse
sources, resulting in heterogeneity. To minimize these
variations, one can establish specific selection criteria, such
as evaluating the expression of cell-specific markers or
creating gene expression signatures.”® Another study found
that the ability of epithelial cells to change to mesenchymal
cells is varied and donor-dependent, illustrating why it is
critical to thoroughly examine the cells before use and use
only those that meet the established acceptance criteria.’*

Media and hydrogels are another source of variability that
affects the progress and success of MPS platforms. There are
many undefined components in cell culture media which
might impact the reproducibility of data. For example, the
use of animal-derived serum in human models warrants
careful consideration due to batch-to-batch variability.”® To
ensure accurate and reliable results, it is crucial to have a
clear understanding of how serum components can
potentially impact the behavior of the biological product. The
careful selection of growth factors, along with their precise
quantities, holds paramount importance in facilitating robust
and reproducible cell growth and maintaining desired
functionalities. The inclusion of cells that secrete specific
cytokines can wield a profound influence on the biological
responses observed within the model. Moreover, in certain
cases, the development of a universal media formulation
capable of nurturing diverse cell types while upholding their
anticipated functionalities would help simplify the
experimental setup while ensuring consistent results across a
wide range of cell types. When designing matrices and
scaffolds, it is important to carefully consider the source,
understand their biological relevance and how they interact
with cells. The variability in composition, whether it is within
or between different batches, can significantly influence cell
response. The selection of the polymer may vary depending
on the organ model and the specific experimental question.
Additionally, it is essential to ensure that the biomaterial is
easily accessible and does not elicit unexpected or
undesirable responses.

Improving the robustness of endpoint measurements is
another area that can benefit from enhancements. Utilizing
techniques such as metabolomics, transcriptomics, and
proteomics at the single-cell level can offer comprehensive
characterization of models, thereby increasing confidence in
their ability to replicate in vivo tissue.”® When selecting a
model to investigate the modulation of a specific biochemical
pathway or for target validation, it is necessary to confirm the
expression levels of proteins and genes in that pathway, as
well as the biological target of interest, in the relevant cell
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types.  Additionally, = whenever feasible, conducting
measurements of cell-specific physiological functions is
advisable. For example, using multi-electrode arrays to record
the generation of action potentials can be a useful way to
identify phenotypes.  Similarly, conducting
metabolic activity assessments for hepatocytes or measuring
contraction in cardiomyocytes can provide valuable
information about their functionality specific to the organ
they belong to. Finally, efforts should be made to enhance
fabrication and operational management. When constructing
microfluidics-based MPS, it is crucial to take into account
several important factors. These factors include ensuring the
generation of adequate shear stress at physiologically relevant
rates to maintain stable protein and oxygen gradients within
the system for extended periods of time. Additionally,
researchers must also take into account the fact that
materials used in platform construction, such as
polydimethylsiloxane (PDMS), are known to absorb
hydrophobic small molecules.”””?® 1t is important to
thoroughly investigate the interaction between critical
molecules and other materials present in the platform. In
both plate-based setups (under stationary conditions) and
chip-based configurations (with dynamic conditions),
incorporating automated systems with electrical, optical, and
mechanical transduction is important for monitoring and
managing intricate small-scale tissue cultures. Incorporating
advanced imaging capabilities would enhance the ability to
track specific targeted receptors and off-target activities in
real-time. This would greatly improve operational supervision
and enable label-free long-term experiments.

In summary, to ensure the reliability and applicability of
MPS, it is important to carefully select suitable models,
exercise control over fabrication processes, and conduct
comprehensive characterization of materials and cells.

neuronal

Conclusion

In this paper, we discussed the recent advances of MPS
technologies in enhancing the recapitulation of organ
biology. Additionally, we discussed the potential applications
of these technologies in evaluating biological therapeutic
products, such as cell and gene therapies. While MPS
technologies offer several advantages over conventional
in vitro models, including increasing spatial and temporal
control, as well as enhanced controls of biochemical and
biomechanical characteristics, it is crucial to acknowledge
the challenges that come with their implementation. Material
choice, fabrication, analysis, standardization, and
reproducibility are ongoing challenges for researchers
working with MPS platforms. Despite these challenges, in
specific contexts, these platforms may enhance the prediction
of bioactivity and toxicity risks, and they also yield valuable
information about the immune reactions and tumorigenicity
of biologic products. Notably, MPS have the potential to
facilitate the emergence of platforms capable of preserving
the phenotypic characteristics of individual patients. This, in
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turn, would allow for a better understanding of
interindividual differences. We believe that embracing and
furthering the advancements in MPS will undoubtedly lead
us into an era of more effective and safer therapeutic
interventions. This will greatly benefit numerous patients,
reduce the need for animal experimentation, and ultimately
affect the future of healthcare.
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