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Microphysiological Systems for Cancer Immunotherapy
Research and Development

Yansong Peng and Esak Lee*

Cancer immunotherapy focuses on the use of patients’ adaptive immune
systems to combat cancer. In the past decade, FDA has approved many
immunotherapy products for cancer patients who suffer from primary tumors,
tumor relapse, and metastases. However, these immunotherapies still show
resistance in many patients and often lead to inconsistent responses in
patients due to variations in tumor genetic mutations and tumor immune
microenvironment. Microfluidics-based organ-on-a-chip technologies or
microphysiological systems have opened new ways that can provide relatively
fast screening for personalized immunotherapy and help researchers and
clinicians understand tumor-immune interactions in a patient-specific
manner. They also have the potential to overcome the limitations of traditional
drug screening and testing, given the models provide a more realistic 3D
microenvironment with better controllability, reproducibility, and physiological
relevance. This review focuses on the cutting-edge microphysiological
organ-on-a-chip devices developed in recent years for studying cancer
immunity and testing cancer immunotherapeutic agents, as well as some of
the largest challenges of translating this technology to clinical applications in
immunotherapy and personalized medicine.

1. Introduction

Cancer, a disease in which abnormal cells grow uncontrollably
by disregarding the normal rules of cell division, affects 1 of ev-
ery 3 individuals in the United States.[1] Cancer has been studied
for decades, and the majority of previous studies have classified
it as strictly a genetic disease, meaning that it involves changes
or mutations in the cell genome.[2] However, more recent stud-
ies have shown that immuno-oncology, a focus on the adaptive
immune system’s behavior in relation to cancer, can further ex-
plain the mechanisms and development of cancer in the context
of its immune microenvironment.[2] This is evident from the ex-
pansion of six hallmarks of cancer, initially proposed by Hanahan
and Weinberg in 2000,[3] to ten hallmarks in 2011[4] and fourteen
in 2022,[5] two of which involve the immune system, including
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“avoiding immune destruction” and
“tumor-promoting inflammation”.

The six hallmarks of cancer proposed
by Hanahan and Weinberg in 2000 can
be described using an analogy to a traf-
fic light: 1) Immortality: indefinite di-
viding and limitless replicative potential
2) “Go” signals: produce self-sufficient
growth factors from oncogenes to con-
tinuously divide; 3) “Stop” signals: insen-
sitive to and override neighboring cells’
anti-growth signals to continue dividing;
4) Evading apoptosis: resist programmed
cell death; 5) Sustained angiogenesis: in-
duction of new blood vessel growth to
keep nutrient supply lines open; 6) Tis-
sue invasion and metastasis: migration
and spread of cancer cells from the pri-
mary tumor site to different parts of the
body.[1,3] Among these, metastasis is the
leading cause of death in patients with
malignant neoplasms.[6]

More recent studies have shown that
immuno-oncology, a focus on the adap-
tive immune systems’ behavior about

cancer, can further explain the mechanisms and behaviors of can-
cer and its microenvironment. The immune system can initially
play a role in opposing tumor formation, but it can grow toler-
ant and even helpful to tumor growth and proliferation.[7] The
immune system is responsible for defending the body against
invaders through its innate and acquired immunity. The former,
which is also called non-specific immunity, is present from birth
and as its secondary name suggests, defends against foreign cells
without identifying them. The latter, which is often called specific
or adaptive immunity, is built on specific exposure and memory
of antigens of various invaders. The function of the adaptive im-
mune system is primarily performed by lymphocytes, which are a
type of white blood cell. Of the lymphocytes, key cell types include
B cells, which can differentiate into plasma cells that secrete anti-
bodies, a type of protein that binds to foreign invader cells using
antigen-specific receptors on the surface.[8] T cells, another type
of lymphocytes, work to kill infected or mutated cells found in the
body. Specifically, cytotoxic T cells, also called tumor-infiltrating
lymphocytes (TILs), target host cells that have become infected or
cancerous, making them critical in the field of immuno-oncology.

Therefore, instead of considering it solely a genetic disease,
cancer is more appropriately described as a “systemic abnormal-
ity.” A heterotypic model can be used to evaluate the changes
in cell physiology, which ultimately lead to the development of
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cancer.[1,2] Current dogma states that cancer is a multi-gene and
multi-step systemic disease, which originates from a single ab-
normal cell (i.e., clonal origin) with an altered DNA sequence
(i.e., mutation).[1] Factors that may cause cancer are heredi-
tary (e.g., gene) and/or environmental (e.g., lifestyle and age).
The model looks at tumors as complex tissues, in which can-
cer cells recruit and utilize normal cells for their survival and
proliferation.[1]

Knowing this, immunotherapy, which involves preventing the
immune system from helping metastasis and promoting it to de-
tect and fight cancer cells, is growing in the field of cancer re-
search and adopted as a systemic approach to treat cancer.[7] Per-
sonalized therapy and precision medicine approaches play a cru-
cial role in the development and implementation of immunother-
apy because each patient’s tumor microenvironment (TME) is
different. These differences include a mix of biophysical and im-
munological changes in the lesion.[9] Recent immuno-oncology
studies emphasize the cancer-immune cycle, including the inter-
actions between tumor and immune cells,[10] tumor and stromal
cells,[11] tumor and endothelial cells,[12] as well as immune and
endothelial cells.[13] Understanding how different cell types work
synergistically to either promote tumor growth or suppress anti-
tumor immunity is a necessary step to improve the therapeutic
efficacy of immunotherapy.

Cancer research has long been relying on in vivo models. Cur-
rent technology for in vivo imaging of individual cells includes
intravital microscopy (IVM), which provides the ability to visu-
alize lymphocyte trafficking in real-time in the context of tissue
complexity. Direct imaging of individual immune cell types in
their native context provides the most accurate spatiotemporal
assessment of immune effector functions, but the complexity
of the milieu also makes it challenging to parse out individual
molecular contributions.[14] Furthermore, high-resolution multi-
photon microscopy uses single or dual laser systems that limit
the number of fluorophores that can be simultaneously excited,
therefore restricting the ability to visualize more complex struc-
tures and multicellular components in wider fields, or in longer
timeframes.[15] In addition to imaging issues, in vivo models of-
ten fail to isolate causes and behaviors, resulting in experiments
that cannot be fully decoupled and controlled. Other than having
various technological limitations, animal models present ethical
concerns, higher costs, longer study time, and many physiolog-
ical and immunological differences than humans.[7,16] It is esti-
mated that less than 8% of successful animal trials for cancer
drugs translate to successful human clinical trials, primarily due
to inter-specific differences in physiology and cell biology.[17]

Microphysiological system (MPS), also known as Organ-on-a-
Chip, is an integrative microfluidics-based modeling system that
merges biological, physical, and chemical knowledge and tech-
nologies to address specific biological and clinical problems in
disease modeling and drug development fields (Figure 1).[18] The
microphysiological system, by its name, is an engineered in vitro
or ex vivo culture system upon which multiple types of cells are
controllably cultured with organotypic architectures, biochemi-
cal factors, and mechanical cues within a 3D extracellular ma-
trix (ECM) to recapitulate the physiology and/or pathophysiology
of the in vivo tissues and organs.[19] The origin of MPS can be
traced back to three decades ago, beginning with the fabrication
and application of microfluidic devices to culture cells of interest

for biological interrogations.[20] As a type of microfluidic device,
MPS is fabricated with materials such as polydimethylsiloxane
(PDMS) using the soft lithography approach. First, silicon master
molds of the designed structure are fabricated by photolithogra-
phy. Different layers of the microfluidic device are then generated
with PDMS polymers using replica molding, which replicates the
micro-size features from the silicon molds to PDMS slabs. The
PDMS slabs are finally assembled either with each other or with
glass slides via oxygen plasma-assisted bonding.[21]

Microphysiological systems make use of their compact size
and microchannels to precisely manipulate various fluidic and
chemical parameters, such as flow rate, pressure, oxygen, and
pH level, providing controllable cell culture conditions. Micro-
physiological devices, designed and manufactured using a reduc-
tionist approach, do not strive for reproducing the whole tissue
or organ at the original scale, but instead mimicking the major
organotypic characteristics, such as basic and functional units of
organs in a 3D setting at a micrometer to millimeter scale. MPS
shares some similar approaches but is different from the concept
of tissue engineering, which is a broader approach focusing on
replacing large deficient tissues or even whole organs.[22]

Microphysiological system particularly fits the application in
drug development and disease modeling and is a good medium
between in vivo and in vitro studies. MPS also provides a 3D en-
vironment critical for immune response studies.[27] Most reviews
focus on cancer studies and cancer drug development from a bi-
ological perspective using either 2D or animal models. Here we
present a comprehensive and critical review on the application of
MPS on immuno-oncology and immunotherapy research from
both biological and engineering perspectives. We first summa-
rized the MPS used for mechanistic studies of immune-cancer
cell interaction and tumor microenvironment, followed by its ap-
plication in preclinical development and testing of immunother-
apies, including adoptive T cell therapy and immune checkpoint
inhibition. Finally, future trends and challenges in its use in can-
cer drugs and immunotherapy development were discussed.

2. Microphysiological Systems as an Emerging
Tool to Study Immuno-Oncology

A microphysiological system is an emerging tool that provides
a robust and efficient platform for immuno-engineering study
(Figure 2). Aiming to quantitatively analyze and modulate the
immune response and cancer development, MPS is not only pre-
cise in the single-cell analysis of immune cells[28] but also power-
ful for the spatiotemporal identification of interactions between
tumor cells and immune cells.[11b–e] The microfluidic single-cell
analysis allows the heterogeneous study of immune cells includ-
ing cellular communication and signaling pathways, which is
usually overshadowed by conventional bulk study methods.[29] In
addition to the single-cell and cell-cell interaction analyses, MPS
is also used in the recapitulation of the tumor microenvironment
(TME) to study cancer cell migration and invasion[6,12a,30] as well
as immune cell trafficking and infiltration.[31] Providing a 3D en-
vironment that is cell-specific, organ-specific, or patient-specific,
MPS is particularly useful in isolating and studying the multi-
factorial processes of tumor intravasation and metastasis; this
warrants MPS is a powerful tool for the development of novel
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Figure 1. Organ-specific microphysiological systems for immunotherapy research and drug development. A) A liver chip developed by Pavesi et al. to
assess the efficacy of different TCR T cells on human cancer hepatocytes. Reproduced with permission.[23] Copyright 2017, American Society for Clinical
Investigation. B) A vascularized breast tumor chip developed by Kwak et al. to study tumor interaction with perfused blood vessels and tumor-induced
angiogenesis. Reproduced with permission.[24] Copyright 2020, Springer Nature. C) A brain chip developed by Cui et al. to study the tumor-immune
environment and ICB therapy outcome in glioblastoma. Reproduced with permission.[25] Copyright 2020, eLife. D) A bone marrow chip developed by Ma
et al. to dissect the chemotherapy resistance in leukemia. Reproduced with permission.[26] Copyright 2020, American Association for the Advancement
of Science. Part of the figure generated using BioRender.com.

therapies and vaccines to manipulate and modulate the antitu-
mor immune response in vivo.[27]

2.1. MPS for Single Immune Cell Analysis

Single immune cell manipulation and analysis using MPS may
delineate the heterogeneous behaviors of immune cells over-
shadowed by conventional bulk study methods. Microfluidic
technique in single-cell immunology studies was well summa-
rized by Jammes and Maerkl.[32]

For instance, Huang et al. developed a PDMS-based microflu-
idic immunophenotyping assay (MIPA) to profile cytokines
secreted by human monocytes.[28b] The device consisted of two
layers separated by a surface-micromachined PDMS microfiltra-
tion membrane (PMM), which is a rapid and robust platform for
immunophenotyping compared to conventional cell-stimulation
assay using enzyme-linked immunosorbent assay (ELISA) or
intracellular cytokine staining (ICCS) assay in terms of efficient

cytokine diffusion time, reduced sample volume, and increased
detection sensitivity.

Common techniques used in microfluidics-based single-cell
analysis include microfluidic chips with i) cell traps, ii) droplet
microfluidics, and iii) valve-based microfluidics.[29] i) Cell traps,
as its name suggests, take advantage of carefully considered
geometries to trap and confine cells passively. This type of mi-
crofluidic device is relatively easy to design but is hard to conduct
complex fluid control and manipulation. Xue et al. developed a
single-cell, multiplexed microfluidic device to evaluate the cy-
tokine release profile of CD19 CAR-T cells upon antigen-specific
stimulation.[28a] CAR-T cells were stimulated and incubated in a
single-cell barcode chip (SCBC), which consists of a microcham-
ber array, and a glass slide patterned with antibodies. Single
CAR-T cells trapped within the microchamber then underwent
imaging and downstream proteomic analysis. Combined with
advanced bioinformatic tools and software, researchers were
able to visualize and compare the functional landscape of the
CAR-T cells between donors. This platform can be used to study
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Figure 2. Microfluidics-based microphysiological systems as an emerging tool to study immuno-oncology. A) Layout of the microfluidic device used to
generate droplets for single immune cell analysis. Reproduced with permission.[28c] Copyright 2022, Multidisciplinary Digital Publishing Institute. B)
Working principle of the microfluidic device for immune-cancer interactions at the single cell level. The tumor cell (green color) killed by the T cell (blue
color) expresses the red fluorescence (scale bar: 200 μm). Reproduced with permission.[10d] Copyright 2020, Royal Society of Chemistry. C) Establishment
of a 3D cancer cell migration model in a microfluidic channel. i) Cancer cells are seeded into the microfluidic channel and ii) perfusion-cultured for 3 days
to allow the formation of 3D cellular aggregate. iii) A collagen barrier is formed around the 3D cellular aggregate by laminar flow complex coacervation
of a positively charged collagen and a negatively charged HEMA-MMA-MAA terpolymer. iv) Cancer cell migration/invasion is then initiated by perfusing
chemo-attractant through the side perfusion channels. Reproduced with permission.[6] Copyright 2018, Multidisciplinary Digital Publishing Institute.

and prevent cytokine release syndrome (CRS) and improve the
safety and efficacy of future CAR-T therapy.

ii) Droplet microfluidics is advantageous in a way that al-
lows the encapsulation of single immune cells to interrogate
the heterogeneity of immune cell activation and cytokine se-
cretion in a more controlled manner. Tiemeijer et al. devel-
oped a hydrogel-based droplet microfluidic device for pheno-
typic and functional analysis of cytotoxic T lymphocytes (CTL)
(Figure 2A).[28c] Single CTLs were encapsulated in agarose mi-
crogel with either Dynabeads or soluble stimuli like phorbol 12-
myristate 13-acetate (PMA) and ionomycin. Oil and surfactant
were used to generate single droplets. Compared to other con-
ventional droplet microfluidic techniques, this platform allows
multiparameter phenotypic and functional measurements after
the T cells were recovered from the microgel via emulsification
for high-throughput downstream analysis and sorting using flow
cytometry.

iii) Valve-based microfluidics is large-scale integration of
pneumatic valves arrayed as fluidic multiplexers for complex
fluid manipulation.[10d] They are highly controllable and pro-
grammable, but the design and fabrication processes are usually
laborious. Briones et al. designed a high-throughput microfluidic
chip with 5000 hydrodynamic traps and control microvalves.[28d]

The microchambers in the chip were compartmentalized by the
circular microvalves, which had a sealing pressure as low as

0.04 MPa and were able to confine enzymes and substrates in
picoliter volumes. The device was successfully used to profile
the enzymatic activity and granzyme B expression of single im-
mune cells individually trapped and isolated in the microcham-
bers from patient peripheral blood mononuclear cells (PBMC).

2.2. MPS for Studying Immune Cell and Tumor Cell Interactions

The anti-tumor immune response often starts with the uptake
of tumor antigens by the antigen-presenting cells like the den-
dritic cells (DC) that carry antigens from the tumor environment
to the tumor-draining lymph node (TdLN) for T cell priming and
activation.[9] This process involves complex interactions of mul-
tiple types of immune cells with tumor cells. The ability to quan-
titatively analyze individual T cell activation status, formation of
immune synapse, as well as the efficacy of tumor cell killing at the
single-cell level is critical in understanding, regulating, and en-
hancing the tumor immunosurveillance and immune response.
Techniques used in the single-cell analysis, which involve com-
plicated interaction of fluids in different phases, are not suitable
for culturing different cell types at the same time.[10d] Current
3D microfluidic devices for immune-cancer cell interaction stud-
ies are normally made up of multiple compartmentalized cham-
bers to house various cell types and incorporated with Matrigel or
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collagen scaffold to create a more physiologically relevant envi-
ronment for cells to attach and grow.

Mattei et al. developed an on-chip model of B16F10 melanoma
to study the mechanism of interferon regulatory factor (IRF)−8
in regulating immune and tumor cell migration behavior.[10b]

The device has two main culture chambers, a melanoma, and
a spleen cell compartment, which were connected to the central
end-closed chambers via an array of narrow capillary migration
microchannels. They discovered a more durable and functional
interaction of wild-type splenocytes with the tumor cells com-
pared to their IRF-8 knockout counterpart. The knockout of IRF-
8 in the immune cells resulted in their poor migratory capacity
and thus a more invasive behavior of the melanoma cells. The
group hypothesized that the up-regulation of IRF-8 expression
led to the secretion of soluble factors like interleukin (IL)−27, a
cytokine with anti-tumor and anti-angiogenic activity.

Tu et al. created a high-throughput microwell array device to
interrogate CD8+ T cells’ killing capacity, kinetics, and immune
synapse formation affected by their initial distance and cell ratio
to the leukemia cancer cells (Figure 2B).[10d] The device consists
of a single PDMS layer containing well arrays connected to a flow
channel. Using this device, they were able to observe in real-time
the time required between TCR engagement and T cell-mediated
killing. They found that T cells could move toward the leukemia
cell and kill the target cell at an initial distance as far as 15 μm
and that most (51%) T cells were able to kill tumor cells within
50 min. They also found that anti-PD-1 treatment could signifi-
cantly reduce the T cell inertia and killing time needed against
leukemia cancer cells.

Parlato et al. created a microfluidic device with three cham-
bers to study the migration of DCs toward colorectal cancer
cells (CRC).[10e] The device consists of a central immune culture
compartment, where DCs are in floating motion, and two side
narrow chambers with tumor cells embedded in a type I collagen
matrix. The immune and tumor chamber were connected via a
series of capillary migration channels to mimic the extravasation
of DCs into the peripheral tissues, and the two side tumor
chambers were treated with different conditions. They found
that DCs showed increased phagocytosis and antigen cross-
presentation activities as well as tended to recognize and migrate
toward the cancer cells treated with interferon (INF)-𝛼 and
romidepsin, which was mostly regulated by the CXCR4/CCL12
axis.

2.3. MPS for Studying Tumor Microenvironment and Metastasis

Many research groups endeavor to develop more robust, com-
plex microphysiological systems to better recapitulate the in vivo
physiology and pathophysiology of the organ-specific microenvi-
ronment. These systems often compose of delicate geometries
and microarchitectures with different cell types that may self-
assemble into complex structures and vascularized functional
units. Many MPS have been developed to dissect and interrogate
the cancer-immune cycle; this includes trafficking and migration
of T cells, extravasation and colonization of tumor cells, APC pro-
cessing and presentation of tumor-associated antigens (TAA), T
cell priming and activation by APCs, as well as the interaction
between cancer cells and macrophages.

2.3.1. Reconstructing Tumor Lymphatics on MPS

One of the major components of the tumor microenvironment
is tumor lymphatics. The majority of cancers metastasize ini-
tially through the lymphatic system, but the mechanisms of lym-
phogenous metastasis remain poorly understood and understud-
ied compared to hematogenous metastasis.[33] Furthermore, the
lymphatic system not only acts as a route for cancer metasta-
sis but also mediates fluid flows that affect antigen distribution,
lymph node organization, leukocyte trafficking, and immune
activation.[34] O’Melia et al. and Greenlee et al. summarized in
their reviews various engineering tools that enable quantitative
analysis of lymphatic transport, lymphatic metastasis, and anti-
tumor immune response.[33,35] Since metastasis is a critical stage
in cancer development dissemination, creating the right TME
with necessary biochemical and biophysical cues as well as mi-
croarchitecture is essential for successfully recapitulating tumor-
specific metastatic niche.

Henderson et al. developed an engineered lymphatic vessel
model to understand lymphatic endothelial cell-cell junction for-
mation and junction tightening in fibronectin via integrin alpha
5,[36] which can be adopted to model tumor invasion to lymphat-
ics or immune cell trafficking to tumor lymphatics. There was
another study showing that head and neck tumor-derived fibrob-
lasts promote tumor lymphangiogenesis in their lymphatics and
tumor co-culture model.[37] A lymphoid follicle (LF)-on-a-chip
was developed by Goyal et al. to recapitulate human seasonal vac-
cination and adjuvant responses.[31c] B and T cells autonomously
assemble into ectopic LFs on the chip when cultured in a 3D ECM
gel, with superfusion via a parallel channel separated by a micro-
porous membrane. The functional LF was able to support plasma
cell differentiation and display antigen-specific IgG production as
well as secretion of clinically relevant cytokines when added au-
tologous dendritic cells (DCs) and vaccinated with the influenza
vaccine. Pisano et al. created an in vitro model of the tumor-
lymphatic microenvironment using a standard Boyden chamber
coupled with a micro-channel and fluid control component.[30a]

The system could simultaneously create transendothelial and lu-
minal flows that rendered the model more physiologically rel-
evant to the lymphatic microenvironment. The device revealed
mechanisms of flow-enhanced invasion of MDA-MB-231 tumor
cells. They found that the luminal flow upregulated tumor cell
transmigration rate via the CCL21/CCR7 signaling pathway and
when combined with the transmural flow, these biomechanical
cues additively increase tumor cell intravasation.

2.3.2. Reconstructing Tumor Metastatic Niches on MPS

The tumor microenvironment directly impacts tumor metas-
tasis. There have been several studies reconstructing tu-
mor metastatic niches on MPS. A miniaturized version of
the metastatic model was developed by Toh et al. using a
microfluidic-based culture chip to simulate cancer cell migration
and invasion across the basement membrane, though their
model lacked the endothelial cell (EC) layer described in Pisano
et al (Figure 2C).[6] They cultured metastatic MX-1 breast can-
cer cells in the middle channel surrounded by a micropillar
array, which allowed cancer cells to form 3D cellular aggregates
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resembling cancer tumors before initiating migration and in-
vasion. A 3D collagen barrier was then formed around the 3D
cancer cell aggregate via a polyelectrolyte complex coacervation
process. The group was able to monitor cell migration in real
time, resolving different aspects of cancer cell intravasation such
as loss of cell adhesion, different modes of cell motility, and ECM
degradation. They observed both mesenchymal and amoeboid
modes of migration as well as collective migration, which is rarely
seen in other 2D migration assays including using the Boyden
chamber.

Nguyen et al. took a step further and reconstituted ex vivo a hu-
man epidermal growth factor receptor 2 positive (HER2+) breast
tumor microenvironment consisting of four cell populations in-
cluding cancer, immune, endothelial, and fibroblasts.[30b] The
chip consisted of five parallel microchambers separated by reg-
ularly spaced micropillars that allow the confinement of hydro-
gels, mimicking the original in vivo architecture in tumors. The
group managed to characterize the ecosystem-level responses to
the drug trastuzumab (Herceptin) and dissect the roles of stro-
mal components including immune cells and fibroblasts. They
found that cancer-associated fibroblasts (CAFs) were antagonists
of Trastuzumab, inhibiting the capacity of the chemotherapy to
stimulate longer cancer-immune cell interactions. One limita-
tion of this model is that ECs were grown in a 2D monolayer
instead of a 3D conduit for immune cell trafficking.

There have been studies preparing rudimentary blood vessels
and showing tumor cell interactions with the engineered ves-
sels in 3D as part of the tumor metastatic cascade. Kutys et al.
used a biomimetic vascularized mammary duct platform to in-
vestigate the mutation-specific morphogenic phenotypes of en-
dothelial vessels. They discovered that PI3K𝛼H1047R led to IL-6
secretion from mammary duct paracrine signaling and drove
vascular dysfunction and remodeling.[38] Nguyen et al. created
an organotypic pancreatic ductal adenocarcinoma (PDAC)-on-a-
chip culture model that emulates vascular invasion and tumor-
blood vessel interactions.[12a] The device is featured by a perfus-
able endothelial lumen and a cancerous pancreatic duct, and they
found the activin-ALK7 pathway a mediator of endothelial abla-
tion. Kwak et al. developed an organ-specific breast tumor ex-
travasation model by creating an engineered vessel surrounded
by bone or lung parenchymal cells and introducing bone- or
lung-tropic breast tumor cells into the vessel lumen. The model
shows organ-specific tumor cell extravasation and colonization
showing regression of lung-tropic breast tumor cells in bone
microenvironment.[39]

3. On-Chip Testing of Cancer Immunotherapy

Previously, tumor immunotherapy was categorized into active
(e.g., immune checkpoint blockade) and passive (e.g., adoptive T
cell transfer) types depending on the ability to engage the host im-
mune system.[40] More recently, the boundary between active and
passive immunotherapy has become blurry with an expanding
appreciation of the complex tumor immune microenvironment
and its dynamic effector and suppressor responses that dictate
the terms of cancer remission.[41]

Adoptive cell-mediated cancer immunotherapy, or adoptive
cell therapy (ACT), utilizes either endogenous TILs or genetically

engineered T cells that express either highly specific T cell recep-
tors (TCRs) or chimeric antigen receptors (CARs).[42] ACT has the
growth of development from 2017–2019, with nearly 1200 new
cell therapy products that are currently in the preclinical and clin-
ical evaluation.[42b] Besides TCR and CAR T cell therapy, immune
checkpoint blockade (ICB) currently represents another promis-
ing cancer therapeutics. The number of preclinical and clinical
trials evaluating T cell-targeted modulators has increased to more
than 4000 in 2020.[42b]

All these novel immunotherapies have shown great perfor-
mance in early clinical trials, though patient response varies. The
underlying mechanisms that suppress anti-tumor immune re-
sponses are suggested to be from the immunosuppressive mi-
lieu within the local TME.[43] Preclinical evaluation of genetically
engineered T cell products and ICB within the TME may reveal
the underlying mechanisms compromising the efficacy of differ-
ent immunotherapies and lead the way for clinicians toward de-
veloping better-personalized therapeutics.[41] The application of
microfluidic tissue-engineered tumor immunity models for the
testing of potential therapies may greatly help predict the efficacy
and clinical outcome of personalized immunotherapies.

3.1. MPS for Screening T Cell Receptor-Redirected T Cells

T cell receptor-redirected T cells (TCR T cells) are isolated cancer-
reactive immune cells from the body, enhanced and expanded
ex vivo, and reinfused back into the patient.[42b,44] Common
strategies to test engineered T cells for cancer immunotherapy
include using 2D standard tissue culture models and murine
tumor models.[42a] However, murine models fail to represent
central mediators in human immunity, while in vitro 2D tumor
models cannot faithfully capture the spatiotemporal dynamics
of T-cell infiltration and tumor eradication.[17,41,42] Many studies
have reported discrepancies in their findings between 2D and
3D models.[45] MPS is a valuable tool to perform preclinical
tests of the therapeutic efficacy of engineered T cells as well as
their on-target off-tumor toxicity in a fast and reproducible way
compared to the patient-derived xenograft (PDX) mice models
(Figure 3).[46]

Pavesi et al. developed a 3D human liver cancer microphys-
iological model to assess the efficacy of different TCR T cells
(Figure 1A).[23] The central region of the device was confined by
two rows of trapezoidal pillars that confine the type I collagen
and tumor cells. The cytotoxicity of engineered TCR-T cells was
found to be different in 3D from 2D because the chemotaxis and
motility of T cells largely impacted their interactions with the
tumor cells in 3D. They found that the retroviral-mediated sta-
bly transduced TCR-T cells (retroV-TCR-T cells) had higher ef-
ficacy than mRNA-electroporated transiently transfected TCR-T
cells (mRNA-TCR-T cells) only in their 3D model. Although both
TCR-T cell preparations showed reduced killing capacity in the
hypoxic condition, the retroV-TCR-T cells showed an increased
ability to kill in the presence of inflammatory cytokines such as
IFN-𝛾 and TNF-𝛼.

Lee et al. tested TCR T cell therapy for hepatitis B virus (HBV)-
related hepatocellular carcinoma (HCC) on a modified microflu-
idic device previously designed by Pavesi et al. through the incor-
poration of human primary monocytes (Figure 3A).[47] The device

Adv. Biology 2023, 2300077 © 2023 Wiley-VCH GmbH2300077 (6 of 15)
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Figure 3. Microphysiological systems for screening T cell receptor-redirected T cells. A) A 3D multicellular tumor microenvironment microfluidic model
consisting of a middle hydrogel channel (2) flanked by two media channels (1, 3) for the mechanistic study of the effect of monocytes on TCR T cell
killing of tumor cell aggregates. Human monocytes were inserted together with target HepG2-preS1-GFP cell aggregates in collagen gel in the central
hydrogel region (2), while HBV-specific TCR T cells were added into one fluidic channel (1) to mimic the intrahepatic carcinoma environment. Reproduced
with permission.[47] Copyright 2018, Frontiers Media SA. B) The droplet microfluidic device used to generate 120 μm-diameter droplets containing co-
encapsulated TCR T cells and target cells. A flow-focusing droplet generator was used to generate water-in-oil droplets. The two symmetric inlets were
loaded with cell solutions containing food dyes for better clarity: blue for TCR cells and red for target cells, before being mixed at the junction where
the aqueous phase got pinched by HFE 7500 oil containing 2.2% by weight fluoro-surfactant (PFPE 5000-PEG900) to generate droplets. C) Generated
droplets are loaded into a floating droplet array (iFDA) containing 10368 trapping wells for imaging. Droplets occupied all the trapping wells after
the loading and flushing of the extra droplets. Right image: higher magnification of a trapping well containing a 120 μm-diameter droplet with a NY-
ESO-1 specific TCR T cell interacting with a target cell. Scale bar: 100 μm. B,C) were reproduced with permission.[10c] Copyright 2018, Royal Society of
Chemistry.

is made up of a middle hydrogel channel flanked by two media.
Tumor spheroids were cocultured with human primary mono-
cytes in the middle channel, while TCR T cells were perfused
through the two media channels. They found that monocytes
played a suppressive role in retrovirally transduced (Tdx) TCR T
cell therapy via a PD-L1/PD-1-dependent mechanism on their 3D
microfluidic model, whereas the mRNA electroporated (EP) TCR
T cell cytotoxicity was not affected by the presence of monocytes.
Such suppressive effect of monocytes on TCR T cell therapy was
lost in the 2D cytotoxicity assays, indicating the importance of a
3D environment in maintaining valid outcomes from immuno-
logical assays.

Segaliny et al. developed a droplet microfluidics platform
for functional screening and real-time monitoring of single
TCR T cell activation upon recognition of target tumor cells
(Figure 3B,C).[10c] The device has a flow-focusing generator with
two types of fluids containing the continuous phase and disperse
phase to trap single TCR T cells with single target cells. The
droplet then goes to the inverted floating droplet array (iFDA),
which contains trapping wells to monitor individual droplet and
TCR T cell activities. Activated T cells can be then sorted using
the UV-laser microdissection microscope with heat-induced cav-
itation. This platform is powerful for identifying rare clones of
TCR and future TCR discovery.

3.2. MPS for Screening Chimeric Antigen Receptor T Cells

CARs are simulated receptors containing an extracellular single-
chain variable fragment (scFv), a transmembrane domain, as
well as an intracellular region of immunoreceptor tyrosine-based
activation motifs (ITAMs) in association with a co-stimulatory
signal.[48] In contrast to TCR T cells, CAR-modified T cells can
detect epitopes of tumor-associated antigens (TAAs) independent
of the presence of the major histocompatibility complex (MHC)
molecules, which cancer cells often mutate and lose to evade the
immune system.[42b] CAR delivery has a wider spectrum of func-
tional effects than transduced T cell receptors (TCRs) but is re-
stricted to identifying markers located on the cell surface.[48]

Current CAR-T therapies are mostly clinically approved for
hematogenous tumors. CD19 CAR T-cell therapy, for example,
has achieved a durable clinical benefit in a subset of patients with
chronic lymphocytic leukemia and non-Hodgkin lymphoma.[46]

Nevertheless, there are currently no approved CAR-T cell thera-
pies for solid tumors.[49] The previous generation of CARs has
varied abilities in activities such as IL-2 secretion and CAR affin-
ity. The third generation of CARs, containing two different cos-
timulatory domains collective with a special activation domain in
their cytoplasmic section, demonstrated a greater ability to the
treatment of solid tumors in several mouse models.[48]

Adv. Biology 2023, 2300077 © 2023 Wiley-VCH GmbH2300077 (7 of 15)
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Figure 4. Microphysiological systems for screening chimeric antigen receptor T cells. A) Schematic illustrations showing the assembly of the micropat-
terned tumor arrays (MiTA) for the quantification of CAR T cell killing. A 16-well device, zoom-in of one well during the printing of the 64 spots, tumor-cell
patterning in the wells, and subsequent CAR T cell loading and imaging. Reproduced with permission.[31b] Copyright 2019, Wiley. B) Assembly of the
multilayered blood vessel/tumor tissue chip (MBTC) to investigate T cell infiltration into solid tumors and confocal image of ECs and TCs located in
the MBTC. An endothelial cell (EC) monolayer cultured on a porous membrane and a 3D collagen gel containing tumor cells (TCs) is located between
the top chamber and the bottom plate. EC junctions were stained with FITC-conjugated anti-VE-cadherin antibodies, TCs were labeled with cytoplasmic
fluorescence dyes, and nuclei were stained with DAPI. Scale bar: 100 μm. Reproduced with permission.[31a] Copyright 2021, Royal Society of Chemistry.

Despite the promising patient response outcome from ACT,
both TCR and CAR-T cell therapies are proven less effective
in treating solid tumors than skin cancer (e.g., melanoma) and
blood cancer (e.g., leukemia) due to inefficiency in immune
cell infiltration. The pivotal challenges in the field of solid tu-
mor T-cell therapies can be summarized into three major parts:
recognition, trafficking, and survival in the tumor.[48] Many MPS
have been developed in recent years to tackle these challenges
(Figure 4).

First, recognition of TAAs in solid tumors is challenging due
to antigen heterogeneity. While cancer cells in hematological ma-
lignancies normally express the special and individual markers,
solid tumors often do not express one-specific marker, but in-
stead, tumor-associated antigens (TAAs) that are often also ex-
pressed on natural tissues.[48] Wang et al. developed a multi-
faceted micropatterned tumor array (MiTA) to evaluate the CAR-
T trafficking, clustering, and killing dynamics (Figure 4A).[31b]

The device was created using a glass substrate patterned with
poly-L-lysine and ZETAG to form tumor-cell islands, as well as a
top PDMS membrane containing individual compartments that
minimize the mechanical perturbation acting on loosely adher-
ent T cells and prevents artificial cell interactions induced by cell
drifting. Using this device, the group tested various constructs of

CAR-T and found that CAR-T cells merging into large clusters
are more effective in tumor cell killing. They also concluded that
efficient killing is driven by antigen-specific binding. For exam-
ple, APRIL-based T cells can eliminate both BCMA-positive and
negative multiple myeloma (MM.1) tumor cells, while anti-BCAR
T cells can only eliminate BCMA-positive tumor cells.

Second, trafficking and infiltration of T cells into tumor tis-
sues through the vascular endothelium is obstructed due to the
overexpression of endothelin B receptors in cancer tissues and
downregulation of the ICAM-1,[44a,48] and the lack of chemokine
expression to guide T cell trafficking in the tumor.[50] Multiple
on-chip studies of T cell infiltration and trans-endothelial migra-
tion within the tumor concerning vessel permeability have been
developed.[13a,d,31a] For example, Lee et al. added a vascular com-
ponent to the microfluidic device to study T-cell infiltration into
the solid tumor tissue (Figure 4B).[31a] The device, named multi-
layered blood vessel/tumor tissue chip (MBTC), is composed of a
top fluidic chamber, a porous membrane covered with endothe-
lial cell (EC) monolayer, and a collagen gel block filled with tu-
mor cells. Using this device, the group successfully recapitulated
T cell extravasation and interstitial movement on a chip. T cell
activities such as intraluminal crawling and transendothelial mi-
gration (TEM) were observed, and tumor-associated ECs showed

Adv. Biology 2023, 2300077 © 2023 Wiley-VCH GmbH2300077 (8 of 15)
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disrupted adherens junctions with increased permeability and
NO production. Anergic ECs were unresponsive to inflammatory
cytokines such as TNF-𝛼, limiting T cell attachment and TEM.
Using anti-vascular endothelial growth factor (anti-VEGF) treat-
ment was able to revert EC anergy and promote T cell infiltration
into the tumor.

Third, T cell activation, survival, and proliferation in the im-
munosuppressive TME are also studied using various novel
microphysiological systems. Ma et al. developed a biomimetic
leukemia-on-a-chip platform to dissect the immunosuppressive
components in the bone marrow microenvironment potentially
for testing the CAR-T therapy (Figure 1D).[26] The device was
compartmentalized into a central venous sinus, a medullary
cavity, and an endosteal region by regularly spaced trapezoid
micropillars that confine cell-embedded hydrogels. Using the
platform, the group was able to compare how perivascular, en-
dosteal, and hematopoietic niche-derived factors maintained the
survival and quiescence of different B cell acute lymphoblastic
leukemia (B-ALL) subtypes, including ETV6-RUNX1+ REH B-
ALL and Philadelphia chromosome-positive (Ph+) SUP-B15 B-
ALL. They found that CXCL12/CXCR4 cytokine signaling axis
induced leukemia progression and that VCAM-1/VLA-4 adhesive
signaling axis enhanced B-ALL adhesion and clustering as well as
their ability to engage with perivascular stromal cells via the nu-
clear factor (NF)-𝜅B pathway. While ECs may enhance VCAM-
1 singling to regulate B-ALL progression, osteoblasts, and mes-
enchymal stem cells (MSC) promoted B-ALL dormancy via os-
teopontin (OPN) signaling. Future studies can be expanded on
this model by increasing its biological complexity with the addi-
tion of patient-derived immune cells and testing different CAR-T
constructs.

3.3. MPS for Screening Immune Checkpoint Blockade (ICB)

Immune checkpoints are immune co-stimulatory molecules that
regulate the activation and cytotoxicity of T cells.[51] Cancer cells
sometimes find ways to use these checkpoints to avoid be-
ing attacked by the immune cells. Two negative costimulatory
molecules of particular interest found on T cells are programmed
cell death 1 (PD-1) and cytotoxic T lymphocyte-associated pro-
tein 4 (CTLA-4).[52] PD-1 acts as an “off switch” that limits the
activity of T cells in peripheral tissues.[51b] The programmed cell
death ligand 1 (PD-L1) is commonly upregulated on the tumor
cell surface from many different human tumors. Forced expres-
sion of PD-L1 on tumor cells inhibits local anti-tumor T cell-
mediated responses.[51b] On the other hand, T cells’ CTLA-4 (in-
hibitory) competes with CD28 (stimulatory) by binding to B7 on
antigen-presenting cells like DCs.[51,53] CTLA-4 checkpoint pro-
tein prevents DCs from priming T cells to recognize tumors. The
“brakes” on the immune system are released, and T cells can kill
the cancer cells when these proteins are blocked. Blockades of
PD-1 with nivolumab and pembrolizumab or CTLA-4 with ip-
ilimumab demonstrate highly efficient anti-tumor activity and
have been approved by FDA for the clinical treatment of patients
with a broad range of tumor types.[51a] The ex vivo 3D tumor im-
mune models that incorporate the local TME-specific features
may as well facilitate monitoring of the dynamic responses to var-
ious ICB regimens, which will allow the effective profiling and

decision-making of more personalized and effective ICB thera-
pies (Figure 5).

Peranzoni and coworkers investigated how macrophages
impede natural T cell functions via PD- L1/PD-1 signaling
in mice models, which took 24–28 days to complete.[58] On
the other hand, Cui and colleagues developed a glioblastoma
(GBM)-on-a-chip to dissect the immunosuppressive compo-
nents, including the effect of macrophages on cytotoxic T cells,
in different tumor subtypes treated with ICB (Figure 1C).[25] The
establishment of an ex vivo tumor chip largely shortened the cul-
ture and analysis time to three days. The group found abundant
CD163+ tumor-associated macrophages (CD163+ M2 TAMs)
were attracted to the GBM niche with elevated expression of PD-
1/PD-L1, TGF-𝛽, IL-10, and CSF-1 cytokines. Blocking the CSF-1
receptor with BLZ945 successfully ablated CD163+ M2 TAMs
and strengthened CD154+CD8+ T-cell functionality and GBM
apoptosis on-chip by enhancing the PD-1 inhibitor nivolumab
efficacy.

Ayuso et al. also developed a tumor chip to evaluate the role of
TME stress on natural killer (NK) cell exhaustion.[54] The model
consists of a central chamber where breast cancer cells (MCF7)
with/without NK cells (NK-92) were embedded in a collagen hy-
drogel (Figure 5A). A lumen located at one end of the chamber
was lined with human umbilical vein endothelial cells (HUVECs)
and perfused with a medium to nourish the cells, mimicking
nutrient, pH, proliferation, and necrosis gradients across solid
tumors. They found that NK cells exhibited exhaustion by up-
regulating the expression of IDO-1, PD-1, and CTLA-4, and the
molecular and functional impact on NK cells was permanent and
persisted even after removing the environmental stress for an ad-
equate time. Using ICB like Atezolizumab alleviated NK cell ex-
haustion and improved their killing efficiency, but some tumor
cells still managed to survive at regions distal to the blood ves-
sel, suggesting the importance of vessel reconstruction in solid
tumors for immune cell trafficking, infiltration, and ultimately
complete eradication of tumors.

Jenkins’ group used murine- and patient-derived organotypic
tumor spheroids (MDOTS/PDOTS) and successfully demon-
strated immune checkpoint sensitivity of PDOTS and testing
of combination therapy with TANK binding kinase (TBK)−1 or
cyclin-dependent kinases 4 and 6 (CDK4/6) (Figure 5B).[55,59]

The device was fabricated using cyclic olefin polymer (COP)
with three microfluidic chambers, each with a central gel chan-
nel flanked by two media channels. The group successfully
expanded the evaluation of tumor-immune interactions using
RNA-sequencing and recapitulated the results in their animal
studies, though they acknowledged the limitation of their plat-
form in capturing T-cell priming. Jiang et al. developed an im-
munotherapeutic high-throughput observation chamber (iHOC)
to study the immune checkpoint molecules on triple-negative
breast cancer spheroids (Figure 5C).[56] The device was composed
of an array of 3D-printed conical microwells to house the tu-
mor spheroids cocultured with T cells and a micropillar array
fabricated by photolithography for sampling secreted biomark-
ers from the microwells. The device was able to detect the IL-2
level secreted by T cells and monitor T cell infiltration into tumor
spheroids. It is worth noting that both Jenkins and Jiang incor-
porated tumor organoids into microfluidic devices for faster drug
screening and testing.

Adv. Biology 2023, 2300077 © 2023 Wiley-VCH GmbH2300077 (9 of 15)
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Figure 5. Microphysiological systems for screening immune checkpoint blockade. A) Scheme of the tumor-on-a-chip microdevice. The bottom panel
shows the microdevice cross section. The lumen was lined with endothelial cells (e.g., HUVECs) to generate a blood vessel surrogate, allowing the
perfusion of the medium, NK-92 cells, anti-PD-L1 antibodies (i.e., atezolizumab), or IDO-1 inhibitors (i.e., epacadostat). Reproduced with permission.[54]

Copyright 2021, American Association for the Advancement of Science. B) A microfluidic device to culture organotypic tumor spheroids. Each device
contains a center gel region with posts separating the gel region from the anti-parallel side channels. Reproduced with permission.[55] Copyright 2018,
Royal Society of Chemistry. C) Schematic illustration of the immunotherapeutic high-throughput observer chamber (iHOC). The iHOC consists of
microwell cell cultures and complimentary micropillar arrays for cytokine monitoring. The interactions among tumor spheroids, immune cells, and ICIs
can be directly observed in the mini-bioreactor arrays. Reproduced with permission.[56] Copyright 2021, Wiley. D) Cyclic olefin copolymer (COC) bonded
assembly with patterned channel layer laminated to thin, flat COC cover film. Upper Right Inset: Embedded 5-post V-trap design for capturing tumor
sample in the flow stream, located partway along each channel in the location shown. Lower Right Inset: Branched design with a dual port entry for media
and tumor-infiltrating lymphocytes (TILs) at the left and straight portion tumor fragment introduction port. Reproduced with permission.[57] Copyright
2018, Royal Society of Chemistry.

Compared to their models, Moore and coworkers developed
a more dynamic microfluidic system, termed “EVIDENT” (ex
vivo immuno-oncology dynamic environment for tumor biop-
sies), to test various ICB treatments and corresponding tumor
responses (Figure 5D).[57] The device can directly incorporate
patient-derived tumor tissues and create a better physiologically
relevant environment under dynamic fluid flow. Such a platform
is even more powerful and clinically ready in terms of the us-
age of low-sorption materials, precise and simple flow control by
a single pressure-driven pump, the ease of scaling up the device
to accommodate more samples, and machine learning automatic
analysis of images and results. The platform can be used to quan-
tify the level of T cell infiltration and tumor death by time and test

different ICB regimens for personalized therapy and precision
medicine.

All the aforementioned devices can recapitulate T cell extrava-
sation and engraftment events within the TME, perform ex vivo
profiling of PD-1 and CTLA-4 blockade for interrogating the
tumor immune microenvironment, as well as develop thera-
peutic combinations and facilitate precision immuno-oncology
efforts.[41] Nevertheless, unlike single-cell and pair-cell microflu-
idic platforms, the purpose and complexity of these microphys-
iological systems also limit their capability of studying the early
events in the cancer-immune cycle such as APC trafficking and
T-cell priming. Balancing the need and outcome of the studies is
the key to creating MPS for better clinical applications (Table 1).

Adv. Biology 2023, 2300077 © 2023 Wiley-VCH GmbH2300077 (10 of 15)
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Table 1. A summary of various microphysiological systems used for researching and developing cancer immunotherapies.

Group Cancer type Tumor cell Immune cell Stromal cell Application Technical highlight

Huang et al.[28b] Leukemia THP-1 Monocyte Single cell cytokine profiling PDMS microfiltration
membrane

Xue et al.[28a] CD19 CAR-T Single cell cytokine profiling Antibody barcode array

Tiemeijer et al.[28c] CD8 T cell Single cell cytokine profiling Single-cell droplet

Briones et al.[28d] Jurkat T cell Single cell granzyme B
activity assay

Valve-based microfluidics

Mattei et al.[10b] Skin B16F10 Splenocyte Immune cell migration Microchannel array

Tu et al.[10d] Leukemia C1498 CD8 T cell T cell activation and killing Microwell array

Parlato et al.[10e] Colorectal SW620 DC DC extravasation Microchannel array

Henderson
et al.[36]

LECa) EC junction formation Vessel lumen by
needle-driven approach

Goyal et al.[31c] B cell, T cell, DC Lymphoid follicle formation
and vaccine testing

Porous membrane

Pisano et al.[30a] Breast MDA-MB-231 LEC Tumor transendothelial
migration

Interstitial flow

Toh et al.[6 ] Breast MX1 Tumor metastasis and
invasion

Laminar flow polyelectrolyte
coacervation

Nguyen et al.[30b] Breast BT474, MCF7 PBMC HUVEC, CAF Trastuzumab effects on
tumor microenvironment

Microchambers separated by
micropillars

Kutys et al.[38] Breast MCF10A
(noncancerous)

hMVECb) 3D morphogenic behaviors
of endothelium

Vascularized mammary duct

Nguyen et al.[12a] Pancreatic PD7591 HUVEC Endothelial ablation by tumor Vessel lumen by
needle-driven approach

Kwak et al.[39] Breast MDA-MB-231 hMVEC, hFOBc),
hMSC, HLFd)

Organ-specific tumor cell
extravasation and

colonization

Multiplayer overhung
structure for needle guide

Pavesi et al.[23] Liver HepG2 TCR T cell Engineered T cell testing Microchannels separated by
trapezoidal pillars

Lee et al.[47] Liver HepG2 TCR T cell,
monocyte

Engineered T cell screening Microchannels separated by
trapezoidal pillars

Segaliny et al.[10c] Leukemia K562 TCR T cell Engineered T cell screening Inverted floating droplet array

Wang et al.[31b] Leukemia RPMI 8226, MM.1s CAR T cell Engineered T cell trafficking,
clustering, and killing

dynamics

Multifaceted micropatterned
tumor array

Lee et al.[31a] Skin B16F10-ova OT-1 T cell bEnd.3 T cell migration and
infiltration

Multilayered blood
vessel/tumor tissue chip

Ma et al.[26] Leukemia Reh, SUP-B15 HUVEC, hMSC,
hFOB

Tumor progression and
subtype characterization

Circular design mimicking
bone marrow niche

Cui et al.[25] Brain Patient-derived GBM CD8 T cell,
macrophage

hMVEC ICB screening on tumor
subtypes

Circular design mimicking
brain tumor niche

Ayuso et al.[54] Breast MCF7 NK-92 HUVEC ICB screening on immune
cell

Asymmetric design
generating chemical

gradients

Aref et al.[55] Colorectal, skin,
lung, brain

MC38, CT26, B16,
GL261, patient

Multiple Multiple ICB-based combinatory
therapy testing

Fabricated with Cyclic olefin
polymer

Jiang et al.[56] Breast MDA-MB-231 Jurkat T cell ICB testing and immune cell
monitoring

3D-printed conical microwells

Moore et al.[57] Colorectal MC38, patient CD8 T cell ICB screening Cyclic olefin polymer and
V-shape post trap

a)
lymphatic endothelial cell;

b)
human microvascular endothelial cell;

c)
human fetal osteoblasts;

d)
human lung fibroblast

Adv. Biology 2023, 2300077 © 2023 Wiley-VCH GmbH2300077 (11 of 15)

 27010198, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adbi.202300077 by A

aron B
row

n - W
iley , W

iley O
nline L

ibrary on [07/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advanced-bio.com

Figure 6. Academic interests promote conceptualization, user-defined needs drive standardization, capital investments initiate commercialization. Early
and close collaboration between academic institutes, industrial R&D departments, and healthcare agencies during each stage of MPS development will
fulfill different interests and needs and generate a positive feedback loop to corroborate the effectiveness of MPS platforms and maximize their utility in
the actual healthcare industry.

4. Current Challenges and Future Perspectives on
Clinical Translation of Microphysiological Systems
for Cancer Immunotherapy

Despite the revolutionary power that MPS may bring to the can-
cer field, the overall improvement of immunotherapy develop-
ment has yet to be determined, with grand challenges existing in
the transition from basic research to preclinical applications, and
ultimately successful commercialization of MPS products.[21b]

Currently most microphysiological systems are fabricated in
research laboratories manually using the soft lithography tech-
nique. The low throughput and reproducibility of the manufac-
turing process is difficult for large-scale production and transla-
tion of MPS for the potential market: new technologies to achieve
both physiological relevance and high-throughput power would
be necessary. Also, the widely used fabrication material, PDMS,
requires innovation, and shall aim for more biologically inert, air-
and liquid-impermeable materials, like plastics, to reduce absorp-
tion of hydrophobic biomolecules and bubble formation.[42a,57]

Barriers in reliable cell sourcing, maintaining, and integrating
also restrain large-scale production of MPS, and hardships in cell
retrieval from the devices further hinder downstream molecu-
lar analyses such as flow cytometry, polymerase chain reaction
(PCR), and ELISA.[60] Scaling of the systems relevant to normal
human organ geometry and dimension is another critical factor
to consider during the design of MPS and data analysis. For in-

stance, the cell-to-media ratio and evaporation speed of the me-
dia both account for the functional and metabolic dynamics of
cells as well as their drug response. Sampling frequency and
volume from the devices may also affect study results. Data re-
trieved from MPS shall be benchmarked against “omics” (e.g.,
genomics, transcriptomics, proteomics) and animal studies.[21a]

To address these challenges, the current framework for devel-
oping MPS may be specified into three phases: conceptualiza-
tion, standardization, and commercialization (Figure 6).[61]

4.1. Academic Interests Promote Conceptualization

Conceptualization first lays a foundation for its physiological rel-
evance to the human body as microphysiological systems aim
to emulate the in vivo human physiology and tumor microen-
vironment. MPS is proven to be a valid platform to screen can-
cer immunotherapies, and most of the outcomes align with
the subsequent animal studies; however, preclinical results ob-
tained from MPS platforms still need to be validated on xenograft
murine models, which is the current gold standard for drug
development.[62] MPS are mostly published and researched
within the field of engineering, and as microfluidic devices are
further developed, studies need to approach the broader scien-
tific community across disciplines and industries.[7] Bridging the
gap between engineering and medicine is important since we
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need more medical applications rather than engineering proof
of concept. With a more integrated and collaborative method of
research, MPS can be further designed to be more applicable,
useful, and cost-effective.

4.2. User-Defined Needs Drive Standardization

Standardization looks from the analytical perspective, which cen-
ters on the analysis of large data sets obtained from the MPS de-
vices, validation of their diagnostic and therapeutic usage, and
reproducibility of effective and predictable models in any of their
practices. A series of requirements for consideration during the
development of MPS technology had been described by Suther-
land et al.[63] For example, the combination of tunable bioma-
terials with MPS will allow researchers to modulate the tumor
stromal environment and promote tissue regeneration at tumor
sites. Advanced biomaterials and fabrication techniques such as
3D bioprinting not only give a more accurate representation of
the tissues but also enable more intricate designs, rapid proto-
typing, and mass production of the devices.[64] With more com-
plex designs of the microfluidic 3D space, modeling individual
metastatic steps will become possible, allowing immunothera-
pies to be tested at each phase of cancer.[65] Implantable MPS
have the potential to temporally monitor a patient’s cancer metas-
tasis and control drug release to the tumor-specific site.[66] In
addition, functional single-cell selection and sequencing may
link genomic and transcriptomic profiles to phenotype and cellu-
lar characteristics to study metastatic or therapy-resistant cancer
cells.[67] The advance of microfluidic devices, in specific single-
cell analysis, results in a much higher influx of data than previous
2D or nontemporal methods. To fully use the results of research
in this field, new computational advances, such as AI and super-
computers, must go hand in hand with device development.[68]

4.3. Capital Investments Initiate Commercialization

Finally, though still too early to consider, the commercialization
of MPS technology emphasizes the industrial perspective, in-
cluding ease of operation, rapid mass production, and govern-
ment regulation. Concerns may arise regarding the fulfillment
of government regulation in intellectual property protection and
patent management, which are key elements in the commer-
cializing process. The standardization of various concepts, such
as modular and reconfigurable components of the MPS, may
help accelerate the process of acquiring regulatory approval and
commercialization.[69] The essence of the MPS guarantees its
ability to embrace patient-specific cells and capture genetic as
well as physiological differences, therefore making it possible to
customize treatments. For those unfit for standard clinical trial
designs, MPS and personalized medicine offer new solutions and
may optimize the treatment for specific patient biology.[70] In the
long run, MPS has the potential to bridge the gap between pre-
clinical cancer drug development and clinical trials.[21b,71]

5. Concluding Remarks

While animal models have been used for a long time in biomed-
ical research, they are genetically different from humans, and

there have been ethical issues in using live animals as experimen-
tal tools. It is also difficult to use animal models to establish the
mechanisms underlying tumor progression and immunity ow-
ing to the inability to decouple the relative contributions of bio-
logical and biophysical factors. In contrast, 2D cell culture models
are highly controllable with no ethical issues but do not recapitu-
late the 3D organization and function of the tumor microenviron-
ment in vivo. Microphysiological system is attracting attention
for their unique advantages in engineering the process of treating
cancer and their substantial promise for personalized and preci-
sion medicine. As a powerful and robust screening platform for
novel and combined therapies, such as the ultrasound-targeted
microbubble destruction (UTMD)[72] and tumor-targeted T-cell
bispecific antibodies,[73] MPS will greatly improve the therapeu-
tic efficacy, treatment sensitivity, and clinical response rate, and
have a broader impact on the drug development process. We be-
lieve MPS has the potential to bring revolutionary changes in
the cancer research community and become the next-generation
standard in scientific research.
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