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Introduction

Model systems that recapitulate the biology of the human 
immune system are critical to the clinical translation and suc-
cess of drugs and biologics. The safety of drugs and biologics 
depends on evaluating how these agents induce immuno-
suppressive, immunostimulatory, hypersensitivity, and/or 
autoimmune reactions in vivo.1,2 In addition to their safety 
profile, many drugs and biologics depend on the immune 
system for their mechanism of action and efficacy in treat-
ing diseases. These include vaccines and immunotherapies 
that boost the immune system’s natural ability to combat 
pathogens and cancers, as well as immunosuppressants 
that dampen the immune system during inflammatory and 
autoimmune diseases. Furthermore, inflammatory or anti-
inflammatory drugs/biologics can have off-target effects 
in vivo, as the immune system is intimately linked with a 
variety of other biological processes in our body, such as 

the human gut microbiome3 and wound healing.4 Given the 
complexity of the immune system and its interdependence 
with other biological systems, predicting and measuring 
how drugs and biologics interact with the human immune 
system are a significant challenge for regulatory bodies and 
industries translating these therapies. In pursuing regula-
tory approval, drug developers typically evaluate safety and 
efficacy of new drugs and biologics using in vitro assays or 
animal models during the product development stage.

However, these animal models and in vitro assays have 
significant limitations in predicting how these drugs and 
biologics interact with the human immune system in vivo. 
Widely used murine models exhibit fundamental cel-
lular and molecular differences in their inflammatory 
responses compared to the human in vivo immune system.5 
Humanized mice also demonstrate defects in their engrafted 
human immune system, which do not completely recapitu-
late human disease.6 Furthermore, in vitro assays, which are 
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Minireview

Impact Statement

This review discusses recent advancements in 
engineering microphysiological systems (MPSs) 
to model certain aspects of immunity. MPSs are 
increasingly able to model the function of vaccines 
in vitro and ex vivo by modeling lymphatic organs. 
Furthermore, MPS can recapitulate how tissue 
interfaces provide immunity to certain organs in our 
body. They may also serve a platform for modeling 
inflammatory diseases and provide a test bed for 
screening anti-inflammatory agents. Models of the 
tumor microenvironment may be predicative of the 
responses that drug and cellular immunotherapies 
have in patients.
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most commonly performed in two-dimensional (2D) tissue 
culture polystyrene, fail to recapitulate in vivo cellular and 
chemical microenvironments of the human immune system 
and do not capture the complex interactions that molecular 
and cellular immune components have with different tissues 
and organ systems.

Microphysiological systems (MPSs) are microscale cell 
culture platforms that may recapitulate key features of the 
human immune system. These platforms, which may include 
monocultures, co-cultures of multiple cell types, tissue/organ 
explants, and/or organoids,7 incorporate key features of a 
tissue’s or organ’s microenvironment, including chemical, 
physical, and cellular cues. In combination with biomateri-
als mimicking extracellular matrix (ECM) and microfluidic 
technologies, these systems can also control the spatial and 
temporal presentation of cues to model healthy and diseased 
tissues. Incorporation of molecular and cellular components 
of the immune system into these systems may potentially 
model human inflammatory processes with greater fidelity 
than animal models and traditional in vitro assays.

In this minireview, we provide an overview of the immu-
nology of (1) lymphatic tissues, (2) immunity and inflam-
mation at tissue interfaces, (3) inflammatory disorders and 
diseases, and (4) immunity in tumor microenvironments 
(TMEs), and then further discuss MPSs for modeling these 
immunological tissues and phenomena. For lymphatic tis-
sues, we discuss how MPS systems can model lymphatic 
vessels and lymph node structures that are involved in 
generating adaptive immune responses with vaccines. 
Furthermore, we provide examples of the gastrointestinal 
(GI) mucosa barrier, the blood–brain barrier (BBB), and the 
placental barrier that MPS can model to assess inflammation 
and immunity at these tissue interfaces. We also discuss MPS 
models for recapitulating the pathology of atopic dermatitis 
(AD), arthritis, and cystic fibrosis (CF). Finally, we discuss 
approaches to model the TME and how these can be lever-
aged to evaluate chimeric antigen receptor (CAR) T-cells and 
immune checkpoint blockade therapies.

MPSs modeling lymphatic tissues

Vaccination

Vaccines, which provide acquired immunity to certain path-
ogens, are critical for reducing morbidity and mortality to 
many infectious diseases, including severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). Between 2011 and 
2020, there were over 600 clinical trials registered on National 
Institutes of Health’s (NIH) ClinicalTrials.gov investigating 
the clinical use of vaccines8 and at least 46 clinical trials as of 
2021 for SARS-CoV-2 vaccines.9 Many types of vaccines are 
being explored preclinically and/or clinically, which include 
inactivated, attenuated, subunit, viral vector, nanoparticle, 
and RNA/DNA vaccines.10 Furthermore, dendritic cell (DC) 
vaccines are being widely explored as cell-based vaccines 
for the treatment of various cancers, with over 130 on-going 
clinical trials as of 2021.11 Vaccines against pathogens con-
sist of antigens (or agents that produce antigens), which are 
components of the pathogen to which the body develops 
adaptive immunity. In addition to this, vaccines may contain 
adjuvants, which enhance the immune responses to antigens 

typically by activating pattern recognition receptors (PRRs), 
such as toll-like receptors (TLRs), present on the surface and 
in the endosomes of antigen-presenting cells.

Vaccines are delivered to patients via several routes, 
including via intramuscular, subcutaneous, oral, and intra-
nasal administration. Upon injection into the body, the 
antigen and adjuvant molecules are delivered to secondary 
lymphoid organs via three routes: (1) uptake by an antigen-
presenting cell (i.e. DCs, macrophages, B-cells), (2) convec-
tion into draining lymph nodes via lymphatic vessels, and (3) 
diffusion into blood vasculature, where they are delivered to 
the spleen, liver, and kidneys.12 The two arms of the adaptive 
immune system, consisting primarily of humoral immunity 
(B-cells) and cellular immunity (T-cells), are then activated 
in different ways. Activation of T-cell immunity typically 
begins with immature DCs that process antigen and mature 
via activation of their TLRs.13 These mature DCs upregulate 
CCR7 and follow gradients of CCL21 into lymphatic vessels, 
where they eventually traffic to the lymph nodes in the T-cell 
zone. Here, DCs will present antigen to and activate naïve or 
memory T-cells, to induce a cell-mediated adaptive immune 
responses. Activation of B-cell humoral immunity is induced 
by antigens that are delivered to secondary lymph nodes 
without antigen-presenting cells.13 These antigens, which can 
be in soluble form or displayed by DCs/macrophages, acti-
vate naïve B-cells that then process the antigen and present 
it to activated helper T-cells. The B-cells then migrate toward 
lymph node follicles, where they are activated by T follicular 
helper cells and form germinal centers. At these germinal 
centers, extensive B-cell proliferation, isotype switching, 
somatic hypermutation, affinity maturation, memory B-cell 
generation, and plasma cell generation occur. These plasma 
cells secrete large quantities of antibodies against pathogens. 
Given the complexity of these immunological processes, the 
safety and efficacy of vaccines are extensively tested preclini-
cally in animal models. However, advancements in MPSs 
are enabling the study of these processes in vitro and ex vivo.

MPSs for evaluating vaccines

The migration of DCs toward gradients of CCL19 or CCL21 
in biomaterials and/or microfluidic devices may provide 
insights into their migration toward lymphatics in response 
to vaccination. Previous work evaluating the migration of 
human mature dendritic cells (mDCs) in porous fibrillar col-
lagen I scaffolds has revealed that mDCs adopt an amoeboid 
migration mode in response to CCL19 and CCL21 stimula-
tion.14 Microfluidic devices have also enabled the evaluation 
of mature DC migration in response to defined gradients 
of these cytokines, specifically in three-dimensional (3D) 
collagen I/Matrigel hydrogels15 and under confinement 
under agarose gels; these studies have demonstrated that 
both exhausted and active mature DCs respond to gradients 
of CCL1916 and that DCs may migrate more preferentially 
toward CCL21 than CCL19.15 Laser-writing and chemokine 
immobilization technologies have further enabled the com-
parison of DC migration under soluble CCL19 versus immo-
bilized gradients of CCL21.17 Microfluidic devices have also 
been designed to simultaneously evaluate DC migration in 
response to CCL19 and T-cell activation by DCs.18
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MPS modeling the cellular and fluid flow microenviron-
ments of lymphatics and lymph vessels have also been uti-
lized to model immune cell trafficking to the lymph nodes. A 
3D microfluidic model of lymphatic microvasculature with 
interstitial flow through a fibrin matrix has been shown to 
induce peripheral blood mononuclear cell (PBMC) recruit-
ment with tumor necrosis factor (TNF)-α stimulation in a 
CCR7 and CXCR4–dependent manner.19 Furthermore, a 
microfluidic perfusion model that was engineered to model 
the subcapsular sinus (Figure 1(A)) demonstrated that 
monocyte and metastatic cancer cell adhesion was depend-
ent on E-selectin in the flow microenvironment.20 Fluid flow 
has been shown to be critical to the expression of CCL21 by 
primary fibroblastic reticular cells (FRCs) cultured on 3D 
polyurethane hydrogel with collagen and Matrigel21 This 
may be relevant to engineering MPS of the lymph node T-cell 
zone that can regulate T-cell and DC trafficking.

Microfluidic devices and/or biomaterials can also be 
leveraged to study DC antigen-presentation to T-cells in a 
physiologically relevant manner. Microfluidic cell platforms 
have been utilized to evaluate early T-cell activation events 
between single DCs and T-cells22 or small groups of compart-
mentalized DCs and T-cells.23 DC activation of antigen-spe-
cific T-cells has also been evaluated in collagen I hydrogels, 
which mimic a key ECM protein found in lymph nodes.24,25 
The effect of flow on antigen-presentation between DCs 
and T-cells in microfluidic devices has also been explored 
to evaluate the effect of interstitial flow observed in the in 
vivo lymph node microenvironment.25,26 Cultured lymph 
node slices from mice may also evaluate T-cells activation 
ex vivo in physiologically relevant microenvironments, as 
these slices presumably contain T-cells, DCs, and intact fibro-
blast reticular cell network (Figure 1(B)).27 Stimulation of 
these slices with anti-CD3 to stimulate T-cells and/or R848 to 

Figure 1.  Examples of lymphatic microphysiological systems that may be used to evaluate vaccines. (A) A divergent channel perfusion system is used to evaluate 
the effect of lymph node subcapsular sinus microenvironment-mimicking flow on cancer and immune cell adhesion in vitro.20 (Source: Reproduced with permission, 
Copyright 2021 Elsevier.) (B) Murine lymph node slices cultured ex vivo can model cellular adaptive immune responses and antigen-specific responses.27 (Source: 
Reproduced with permission, Copyright 2021 American Chemical Society.) (C) A lymph node follicle on a chip can induce ectopic lymph node follicle formation from 
primary B- and T-cells under flow to model lymph node germinal centers. In right confocal images, green denotes extracellular matrix fibers by second harmonic 
imaging and magenta denotes Hoechst staining of culture lymphocytes.30 (Source: Reproduced with permission, an open-access journal printed by 2022 Wiley-VCH 
GmbH.)
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stimulate the antigen-presenting cells resulted in upregula-
tion of CD69 and cytokine production, demonstrating their 
ability to model activation of T-cells.27

Several recent developments in germinal center mod-
eling have also demonstrated the ability to test vaccine 
antibody production ex vivo. Polyethylene glycol (PEG) 
hydrogels functionalized with integrin binding REDV or 
RGD and seeded with naïve B-cells and 40LB stromal cells 
demonstrated ex vivo B-cell differentiation, as well as light-
zone germinal center B-cell phenotype. Furthermore, the 
authors showed antigen-specific B-cell enrichment with 
first apoptosis signal FAS and B-cell receptor (BCR) stimula-
tion in their 3D system.28 This system was also leveraged to 
evaluate germinal center B-cell responses to novel designer 
conjugate vaccines in vitro.29 In a two-channel microfluidic 
device, primary human B- and T-cells were shown to self-
assemble into ectopic lymphoid follicles (LFs) when cultured 
in a collagen gel in one channel and with flow applied to 
the second channel (Figure 1(C)). When co-cultured with 
monocyte-derived DCs, these LFs induced plasma cell for-
mation, B-cell class switching, and antibody production.30 
Organoids derived from human tonsils were able to simi-
larly model key features of human germinal centers, in terms 
of antigen-specific antibody production, affinity maturation, 
plasma blast differentiation, and class-switching in response 
to rabies and SARS-COV-2 vaccines.31 The MIMIC system 
was also developed, which consists of human umbilical vein 
endothelial cells (ECs) cultured on top of a collagen matrix 
with PMBCs; DCs, follicular DCs, T-cells, and B-cells were 
then sequentially added to the system to model the order 
of immune response in lymph nodes.32 This system demon-
strated antigen-specific antibody production in response to 
various vaccines.32

While not directly relevant to the evaluation of vaccines, 
there have also been a number of MPSs modeling the physi-
ology and function of healthy and diseased bone marrow, 
where all blood cells including immune cells are derived 
from. Microfluidic single-cell arrays have been developed 
to evaluate the behavior of hundreds of hematopoietic stem 
cells that are normal or exhibit chronic myeloid leukemia.33 A 
recently developed bone marrow-on-a-chip utilizing human 
hematopoietic stem cells (HSCs), bone marrow stromal cells, 
and human umbilical vein ECs in a two-channel device with 
collagen and fibrin was able to support myeloerythroid dif-
ferentiation, as well as model drug toxicity on erythrocytes 
and neutrophils.34 Another model utilizing biphasic calcium 
phosphate–based scaffolds and human cell lines was able 
to model key features of the bone marrow niche and model 
bone marrow pathologies in response to disseminated can-
cer cells and leukemia.35 A leukemia-on-a-chip modeling the 
perivascular and endosteal niches of the bone marrow was 
also able to model heterogeneous chemoresistance across 
various B-cell acute lymphoblastic leukemia cell lines.36

Summary

MPSs modeling key features of lymphatic tissues, includ-
ing lymphatic vessels, the lymph node subcapsular sinus, 
the lymph node T-cell zone/paracortex, and the lymph 
node B-cell zone/germinal center, are being developed 

with increasing complexity and physiological relevance for 
evaluating vaccine therapies. This is in part due to novel 
approaches for modeling key chemical and physical micro-
environments of lymphatic tissues, such as chemokine 
gradients and fluid flow, as well as improved methods for 
engineering stromal and EC compartments of these lym-
phatic tissues through tissue engineering approaches and 
organoids. A current drawback of these systems is that they 
are currently evaluated as individual MPS systems, whereas 
vaccination and adaptive immune responses require a com-
plex integration of various lymphatic tissues to fully model 
the entire cascade of T-/B-cell generation, antigen-presen-
tation, adaptive immune cell activation, and immune cell 
migration. More accurate models of lymphatic tissues that 
fluidically link various lymphatic MPS systems will allow 
for more accurate modeling of the immune cell cascade for 
evaluating vaccines and immunotherapies.

MPSs modeling immunity and 
inflammation at tissue interfaces

Immunity and inflammation at the GI tract interface

The mucosal surface in the GI tract is the largest among all 
mucosal systems in the human body. The GI tract interface 
acts as a physical barrier to limit foreign substances, such 
as pathogens, dietary antigens, and toxins, from entering 
host internal tissue from the digestive lumen. The GI tract 
is made of specialized epithelial cells that form the wall 
of lumen tract, as well as mucins secreted by mucous and 
goblet cells on the luminal side, unstirred layer, and base-
ment membrane on the abluminal side. The GI mucosal 
barrier dynamically regulates the interactions between the 
intestinal epithelial immune system and luminal micro-
organisms and toxins. The immune defense mechanisms 
include immunoglobulin A (IgA) secreted from B-cells, anti-
microbial proteins, intraepithelial lymphocytes that secrete 
growth factors to repair compromised barrier and pro-
inflammatory factors to fight against pathogens, and mac-
rophages for “eating” pathogens that cross the epithelial 
layer.37 Alterations in homeostasis due to the dysfunction 
of the GI barrier contribute to gut diseases. For example, 
Bradford et al.38 showed that high TNF levels activated the 
mucosal immune system, which disrupt the gut barrier 
integrity. When interleukin (IL)-10 was knocked out, mice 
developed colitis accompanied with increased intestinal 
permeability.39 It was also demonstrated that while myosin 
light-chain kinase (MLCK)-derived tight junction activation 
is insufficient to cause disease, it activates mucosal immune 
cells by increasing lamina propria T-cells, enhancing pro-
inflammatory cytokine secretion such as interferon (IFN)-γ, 
TNF and IL-10, as well as relocating CD11c+ DCs to base-
ment membrane.40

MPS for modeling immunity at the GI interface

GI MPS models have been developed to study intestinal 
responses under physiological situations (i.e. relevant oxy-
gen gradients, transepithelial gradient of morphogens),41,42 to 
customize gut-on-a-chips using biopsy tissue from patients43 
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and to investigate the immune response under pathological 
conditions. For example, a microfluidic device was devel-
oped, featuring human Caco-2 intestinal epithelial cells on a 
10-µm porous poly(dimethylsiloxane) (PDMS) matrix, flow 
rate of 30 µL/h, and specific mechanical deformations to 
promote formation of intestinal microvillus (Figure 2(A)). 
This model discovered an unknown contribution of IL-8, 
IL-6, IL-1β, and TNF-α to induce villus injury and compro-
mise the barrier integrity after stimulation with immune 
cells and lipopolysaccharide (LPS) endotoxins together.44 In 
2018, Shi and Kim reported a colitis disease model induced 
by 2% dextran sodium sulfate (DSS) to demonstrate that 
direct contact between PBMCs and DSS-sensitized epithelial 
cells is necessary to cause epithelial oxidative stress and to 
produce pro-inflammatory cytokines. It was revealed that 
treatment efficacy by probiotic gut bacteria was significantly 
decreased when the gut barrier was compromised in their 
controllable models.45 GI MPS can also be used to investigate 
the immune response after mucosal barriers are infected by 
parasites such as Toxoplasma gondii46 or Helicobacter pylori.47 

These models displayed robust in vivo like signatures indi-
cated by (1) decreased transcript levels of MKI67, LGR5, 
and AXIN2, (2) highly increased levels of VIL1, BEST4, and 
MUC2,46 and (3) continuous expression of MUC5AC, MUC6, 
TFF1, and TFF2.47 After infection, they found immune cells 
migrated to the infected sites to stimulate IFN-γ-dependent 
innate immune response46 and to increase pro-inflammatory 
cytokines such as TNF-α to stimulate defense.46,47

Immunity and inflammation at the BBB

The BBB play a key role in maintaining sensitive brain 
homeostasis: the brain needs to keep an extra stable micro-
environment for its precise neural connections. It includes a 
monolayer of ECs sealed by tight junctions to form the blood 
vessel wall, a dense brush-like glycocalyx on the luminal 
site of the ECs, a basement membrane surrounding the EC 
monolayer, pericytes embedded in the basement membrane, 
and astrocyte endfeet that wrap the pericyte processes and 
the basement membrane. The BBB also dynamically inter-
acts with microglia and neurons, forming a “neurovascular 
unit” to maintain cerebral homeostasis. CNS parenchyma 
is described as an immune privileged site for two reasons: 
(1) DCs and other APCs are found beyond the CNS paren-
chyma in the brain, in regions such as meanings and circum-
ventricular organs with incomplete BBB and (2) at healthy 
state, parenchymal intact BBB limits lymphocytes across into 
brain parenchyma from blood circulation.48–51 While micro-
glia in the brain parenchyma play a primary role in immune 
surveillance for host defense, the central nervous system 
(CNS) is an immune privileged site: not only does it lack 
draining lymphatics and local antigen-presenting cells like 
DCs, but the BBB also prevents almost all lymphocytes from 
penetrating into the CNS from blood circulation. An excep-
tion to this is the migration of activated T-cells across the 
BBB, which is mediated by α4-integrins.52 However, under a 
pathological status, resting T-cells can also pass through the 
BBB and invade the CNS due to upregulation of endothelial 
intercellular adhesion molecule-1 (ICAM-1) and vascular 
cell adhesion molecule-1 (VCAM-1) on ECs.52 There are sev-
eral steps required for T-cells to cross the BBB. First, T-cells 
are captured by ICAM-1 and VCAM-1 present on the EC 
surface, followed by T-cell activation after attachment. The 
activated T-cells then arrest and start to crawl along the cer-
ebral endothelium. Eventually, these T-cells cross the BBB 
through intact tight junctions, the paracellular pathway or 
the transcellular pathway.53

MPS for modeling immunity at the BBB

Since the development of MPSs, various BBB models have 
been used to study the mechanisms of BBB inflammation 
such as T-cell penetration into the BBB under physiologi-
cal flow.54 These systems have also been used to investigate 
the immune response under neuroinflammation55 patho-
gen infection conditions caused by the fungi Cryptococcus 
neoformans,56 RNA viruses such as Zika virus (ZIKV) and 
Dengue virus,57 or SARS-CoV-2 virus.58 A neuroinflamma-
tion model was established by seeding brain microvessel 
EC on a physiologically relevant loose and porous ECM 
gel embedded with mural cells including brain pericytes 

Figure 2.  Examples of microphysiological systems to model tissue interface. (A) 
A GI-on-a-chip displays mechanical strain (gray arrows) and shear force (white 
arrows) contribute to the microvillous formation.44 (Source: Reproduced with 
permission, Copyright 2015 National Academy of Sciences (NAS).) (B) A 3D 
human BBB model shows an endothelial monolayer at longitudinal and cross-
sectional view, and that SARS-CoV-2 spike protein S1 disrupt tight junctions 
(white arrows).58 (Source: Reproduced with permission, an open-access journal 
printed by 2020 Elsevier.) Scale bar: 20 μm. (C) A placenta-on-a-chip model 
shows the trophoblasts and endothelial cells on the opposite of a microporous 
membrane, and the flow mimic the physiological environment.67 (Source: 
Reproduced with permission, Copyright 2018 American Chemical Society.)



2006   Experimental Biology and Medicine   Volume 248   November 2023

and astrocytes, which play a key role in neuroprotection, in 
addition to secreting pro-inflammatory cytokines like IL-6 
and IL-8 to regulate both the acute and late-stage immune 
responses and to trigger immune cell recruitment to injured 
sites.55 A BBB model with microgravity-driven fluid flow 
demonstrated C. neoformans penetration-involved transcy-
tosis by first attaching to the endothelial layer, then cross-
ing the EC without changing EC morphology, and finally 
passing through the endothelium.56 The brain-liver-on-a-
chip was developed by connecting the BBB unit to a liver-
on-a-chip unit and was used to study the neurotropism of 
C. neoformans to control microbial neurotropic behaviors, 
as well as to screen the genes that facilitate microorgan-
isms cross BBB.56 Bramley et al.57 reported a 3D human BBB 
model by cultivating brain microvessel EC in a rotating wall 
vessel bioreactor to mimic in vivo microgravity and shear 
forces. This model has a similar transcriptional profiles to in 
vivo physiological states, including well-characterized BBB 
makers such as VE-cadherin, claudin-1, connecin-26, ZO-3, 
LRP1, Glut-1, IGFL1, and Na+/K+ ATPase-1. The model 
also demonstrated intact BBB resistance to viral infection 
by secreting antimicrobial factors like IFN-β, IFN-λ1, and 
IFN-λ2 as innate immune responses, while compromised 
BBB pretreated by TNF-α was susceptible to ZIKV infection. 
Many studies reported that SARS-CoV-2 virus can interact 
with the BBB by binding ACE2 receptor on cerebral EC to 
cause neurological symptoms, like headache, nausea, and 
dizziness. Using a gel-based cylindrical hollow space micro-
fluidic system (Figure 2(B)), it was demonstrated that the 
virus-spike proteins S1 and S2 alone can activate the cere-
bral endothelial pro-inflammatory response by upregulating 
endothelial ICAM-1 and VCAM-1 for immune cell attach-
ment.58 Recently, a report showed SARS-CoV-2 infection also 
cause upregulation of inflammatory cytokines such as IL-6, 
IL-8, TNF-α, CXCL10, and CCL3 in glial cells.59

Immunity and inflammation at the placental barrier

During pregnancy, the fetus must be protected from the 
immune system of the mother, while simultaneously permit-
ting the delivery of oxygen and nutrients and the elimination 
of waste from the fetus. One strategy used by mammals is 
the formation of a placenta shortly after the embryo implants 
into the uterus. Initial formation of the human placenta is 
hemodichorial, having two layers. A single layer of multi-
nucleated syncytiotrophoblasts (SYNTs) that are directly in 
touch with maternal blood are layered over a second layer 
of mononucleated cytotrophoblasts (CTBs). As the placenta 
continues to develop throughout the second and third tri-
mesters, the CTB layer becomes progressively perforated 
and sparse. Eventually, the placenta becomes hemomono-
chorial, with only the SYNTs remaining as a barrier. The 
placenta offers a barrier not only to permit gas, nutrients, 
and waste exchange but also to provide an immune defense 
barrier to prevent maternal white blood cells and patho-
gens from entering the fetus while still allowing antibody 
transfer. The defense mechanisms include the following: 
(1) the TLRs on SYNT layer recognize pathogens and initi-
ate innate immune responses; (2) the SYNTs form a dense 
brush-like structure at the maternal-facing surface to resist 

direct microbial infections such as Listeria monocytogenes and 
Toxoplasma gondii;60 (3) the SYNTs constitutively secrete anti-
viral factors, such as type III IFNs (IFN-λ) and specific miroR-
NAs, to resist viral infections;61 and (4) the SYNT express 
FcRn and FcγRIII receptors to actively transport protective 
IgG antibodies from the mother to the fetus.62

Compromising the function of SYNT leads to more fetal 
infections. For example, it has been demonstrated that in 
IFN-λ deficient mouse models, the fetuses are more suscepti-
ble to ZIKV infection due to dysfunction of IFN-λ signaling.61

MPS for modeling immunity at the placental barrier

Microfabrication combined with bioengineering technology 
enables the development of placental MPS to study drug 
transport,63 placental defense mechanisms to resist ZIKV 
invasion,64 the evaluation of common nanoparticles on the 
barrier,65 and the immune response after the interface is 
insulted by parasites,66 bacteria,67 and viruses.64,66 First, it 
has been reported that a microengineered human placen-
tal barrier recaptures the efflux pump-mediated transport 
function for investigating the transport of glyburide (gesta-
tional diabetes drug) and diacetate (an antimicrobial drug) 
from the mother to the fetus.63,68 Second, the placental bar-
rier functions as a physical barrier to resist virus invasion 
by different mechanisms, including the release of antiviral 
cytokines such as IFNs. Using an organoid-based human 
placental model, it was revealed that the constant release of 
IFN-λ1 and IFN-λ2 from SYNT plays a role in resistance to 
ZIKV during different trimesters of human gestation, which 
is comparable to the function of human chorionic villous 
explants.64 Third, it has been demonstrated that the micro-
engineered placental barrier could be used to evaluate the 
unknown and potentially serious effects of nanomedicine. 
For instance, a microengineered 3D placental model dem-
onstrated that exposure to nanoparticles such as titanium 
dioxide nanoparticles (TiO2-NPs) compromises the integrity 
of the human placental barrier and significantly increases the 
number of maternal macrophages adhering to the tropho-
blastic cell layer.65 Finally, several microengineered placental 
models have been developed to investigate how the placen-
tal barrier responds to pathogenic insults. McConkey et al.66 
constructed a 3D placental barrier with a rotating wall vessel 
bioreactor filled with dextran beads coated with collagen to 
serve as an ECM scaffold to induce the expression of SYNT-
associated markers, such as BhCG, hPL, SYN, MFDS2, and 
PP13 in amounts comparable to primary human trophoblasts 
(PHTs). This model showed similar transcriptional profiles 
to PHT and was resistant to infection by vesicular stomatitis 
virus and Toxoplasma gondii. Escherichia coli is the one of the 
common inflammatory-causing bacteria found in fetuses. 
To investigate how the maternal-fetal interface responds to 
E. coli invasion, Zhu et al.67 established a microengineered 
placental barrier with multicellular layers formation under 
flow. The porous matrix (0.4 µm) acted as the ECM, a key 
factor that enabled the trophoblasts and endothelium to 
assemble into a placental barrier with functional microvilli 
similar to that found in vivo (Figure 2(C)). By adding E. coli 
into this microsystem, an inflammatory placental model was 
established, as indicated by a high level of pro-inflammatory 
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cytokines such as IL-1α, IL-1ß, IL-8, and TNF-α. Such 
inflammatory conditions activate maternal macrophages 
for epithelial attachment and maternal innate immunity. 
The microengineered placental barrier also allowed for the 
investigation of crosstalk in response to bacterial infection 
between placental surfaces and fetal vasculature through a 
microporous membrane.67

Summary

Due to the complexity of tissue interfaces, mimicking the in 
vivo-like microenvironment is critical to ensuring that tis-
sue barrier models function properly. The key factors for 
developing physiological barrier models include (1) ECM 
support with proper pore size to allow molecule diffusion 
and communication; for example, pore size of 40 nm creates 
physiologically relevant permeability;54 (2) mechanical flex-
ibility of ECM, as removal of mechanical distortions could 
cause outgrowth of bacteria;44 (3) proper sheer forces applied 
to MPS;57,63,66 and (4) in vivo like structures.46 As they fea-
ture these in vivo-like properties, MPS can be used to create 
defined conditions of specific barriers, such as an intestinal 
model with microvillus structures, a BBB model with specific 
tight junction and efflux pump formation, and a placental 
barrier model with the unique SYNT layer. Ultimately, mim-
icking these in vivo-like microenvironments may provide a 
system could potentially be useful in evaluating the safety 
and immunotoxicity of drugs and biologics at these tissue 
interfaces. Furthermore, they may serve as a platform for 
testing the efficacy of biologics and drugs for treating inflam-
matory disorders at these interfaces. While MPS for tissue 
interfaces bridges the gap between animal and clinical stud-
ies, however, these systems have several limitations. Tissue 
interface models normally contain more than one kind of 
cell. This brings challenges to optimize the culture medium 
for different cell growth in the same environment. Moreover, 
MPS is small scale. When scaling up the system, it might 
cause a different response from the microsystem. Although 
the tissue interface MPS includes more complexity than a 2D 
culture system, it still lacks dynamic, real-time regulation by 
signals and hormones from other parts of the body. In the 
tissue interface MPS field, there is ample room for work to 
conquer these limitations to establish more accurate systems.

MPSs for modeling inflammatory 
disorders and diseases

AD

AD or eczema is an inflammatory skin disease that usually 
occurs in infancy or early childhood.69 AD causes the skin 
to become itchy, dry, red, and inflamed; patients with AD 
may develop subsequent conditions associated with other 
atopic disorders, such as allergic rhinitis and asthma.69,70 The 
treatment of AD can help control symptoms, and the condi-
tion improves with age.71 However, in certain cases, AD can 
persist throughout adulthood, and it can even manifest in 
adults.71 Pathogenesis of AD is strongly influenced by genetic, 
environmental, and immunological factors.71 Skin barrier dys-
function is a major pathogenic factor of AD, and it has been 
shown that AD patients with loss-of-function mutations in the 

skin barrier protein filaggrin, encoded by the FLG gene, suffer 
severe forms of AD.71 FLG is a key structural protein involved 
in the cornification of the outermost layer of the epidermis and 
epidermal differentiation,70 and understanding the functions 
of FLG will help to explain the complex role of FLG in skin 
barrier disease. Furthermore, immunological pathologies of 
AD involve both resident and infiltrated immune cells, such 
as DCs, macrophages, neutrophils, and various subsets of 
T-cells.71 These immune cells trigger immunological responses 
upon injury by increasing overproduction of Th2 molecular 
cues (i.e. thymic stromal lymphopoietin [TSLP] and cytokines 
[e.g. TNF-α, IFN-γ, IL-4, IL-13]) that further enhance Th2-type 
skin inflammation.71 In addition, interactions among patho-
gens, allergens, toxins, irritants, and pollutants in the environ-
ment can trigger the production of antigen-specific IgE, hence 
contributing to exacerbations of AD.72

MPS for modeling AD

Biofabricated 3D techniques can be used to generate skin tis-
sues with various physiological complexities. These tissues 
have the potential to be used for drug screening, disease 
modeling, and personalized medicine. In a multiwell plate 
format, 3D-bioprinting techniques were employed to con-
struct skin equivalent tissues including human epidermis, 
non-vascularized full-thickness (FTS) and vascularized full-
thickness skin (VFTS), and disease models of AD induced 
by IL-4.73 These 3D-fabricated models, which have different 
cell types in the dermal layer, a vascular feature, and phar-
macological validity for drug screening, offer a more clini-
cally relevant model to study human disease.73 Furthermore, 
the high-throughput screening (HTS) multiwell format is 
compatible with other HTS devices, such as liquid handler 
and plate reader, allowing screening, quantitative meas-
urement, biological testing, and evaluation. 3D immuno-
competent skin models were also developed to investigate 
the interactions between the keratinocytes and T-cells to 
understand the pathophysiology of inflammatory skin dis-
eases.74,75 The incorporation of T-cells, including Th1 and 
Th17 CD4+ T-cells, showed high expression of pro-inflam-
matory cytokines and chemokines, undifferentiated epi-
dermal phenotypes, and T-cell migration that recapitulated 
inflammatory skin conditions.74,75 The immunocompetent 
models were validated with treatment of anti-inflammatory 
drugs and neutralizing antibodies that helped to reduce pro-
inflammatory cytokine profiles.74,75 In addition, a 3D skin 
equivalent with a fibroblast-derived matrix allowed diseased 
phenotypes of inflammatory skin disorder such as AD and 
psoriasis to be developed.76 The study described a fibroblast-
derived matrix with an epidermis that was generated from 
primary keratinocytes with recombinant cytokine stimula-
tion to induce pathological T-cell conditions.76 Similarly, 
MPSs of skin models have been developed to test drugs and 
to study skin inflammation and edema (Figure 3(A) to (B)).77 
The microfluidic device of human skin-on-chip was created 
by co-culturing each cell type in a different layer with a 
porous membrane in between, to allow interlayer communi-
cation and mimic skin biology. Pro-inflammatory cytokines 
(i.e. IL-8, IL-6, and IL-1β) were found to be expressed in 
these inflammation and edema models.77 Furthermore, a 
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microphysiological full-thickness skin model demonstrated 
a stable structure and functionality of the skin, as well as an 
improvement in epidermal morphogenesis, differentiation, 
synthesis of basement membrane proteins, and skin bar-
rier function in a controlled microenvironment.78 In another 

microphysiological endothelial model that combined human 
dermal ECs, fibroblasts, and adipocytes, a model of micro-
vasculature was used to study differentiation of protein 
behaviors, quantification of protein transport, and vascular 
absorption.79

Figure 3.  Examples of microphysiological systems to model pathological inflammation. (A). A skin-on-a-chip microfluidic device presented a three-dimensional 
(3D) fluorescence image of the cross-section (A-A’). The 3D image showed four layers of three cell types that were uniformly stacked on two porous membranes. 
HaCaT cells, HS27 fibroblasts (Fbs), and HUVECs were stained in green, blue, and red, respectively. Scale bars: 300 μm. (B) Schematic of the skin edema model 
in a microfluidic device showed a control treatment, an inflammatory condition with TNF-α exposure, and a therapeutic treatment with TNF-α exposure after a 
dexamethasone (Dex) pretreatment on the top panel. On the bottom panel, immunofluorescence microscopy showed DAPI (blue) staining of HUVEC nuclei, and 
zonula occluden (ZO-1) (green) staining of HUVEC tight junctions. Gap junction was disrupted in the TNF-α-treat chip, and Dex prevented this TNF-α-induced 
disruption of the tight junctions. Scale bars: 100 μm. (Source: Reprinted from Figure 3(F) for Figure 3(A), Figure 7(B) for Figure 3(B), top panel, and Figure 6(G) to (I) 
for Figure 3(B), bottom panel from Wufuer et al.77 Distributed under a Creative Commons Attribution 4.0 International License (CC BY 4.0) http://creativecommons.
org/licenses/by/4.0/.) (C) A human joint-on-a-chip model displayed a co-culture system comprising chondral and fibroblasts-like synovial compartments for reciprocal 
inflammatory cross talk studies in arthritis research.82 (Source: Reprinted from Figure 1(B) of Rothbauer et al.82 with permission from the Royal Society of Chemistry. 
Distributed under a Creative Commons Attribution 3.0 Unported License (CC BY 3.0) https://creativecommons.org/licenses/by/3.0/.)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/3.0/
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Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic autoimmune disease 
that mostly affects the joints but can also affect the lung and 
vascular system.80 The pathophysiology of RA is character-
ized by immune cell infiltration into the synovial membrane 
and joint cavity, as well as signaling network malfunction 
that impairs the tissue repair process, leading to organ dam-
age.80 Major histocompatibility complex (MHC) proteins 
have been identified as the strongest genetic risk factor for 
RA.80,81 The disease process of RA begins when a person is 
exposed to genetic and/or environmental factors that alter 
the homeostasis of the immune system. The onset of the 
autoimmune process causes production of autoantibodies, 
autoreactive T-cells and B-cells, and DNA instability. These 
conditions lead to T-cell maldifferentiation, the tissue’s ina-
bility to maintain tolerance, synoviocyte autoaggression, and 
the loss of tissue-protective macrophage populations which 
result in joint damage.80 To further understand the disease 
process of RA, multiple 3D in vitro models were developed 
to mimic the disease process and gain insight into the thera-
peutic development.

MPS for modeling RA

Chondral organoids produced a high degree of cartilage 
physiology and architecture in an organoid-based joint-
on-a-chip co-culture system comprised of chondral and 
synovial compartments, enabling reciprocal inflammatory 
crosstalk (Figure 3(C)). When compared to monocultures, 
these organoids showed higher level of cytokines such as 
IL-6, IL-8, and matrix metalloproteinase-13 (MMP-13). The 
study demonstrated a high level of microenvironmental and 
cellular control over chondrosynovial crosstalk on tissue-
level behavior.82

In addition, a microscale system was developed to mimic 
osteoarthritis using mechanical stimulation at a physiologi-
cal and hyperphysiological compression (HPC) in conjunc-
tion with cytokine treatment.83 Compression of HPC induced 
MMP-13 production and inflammatory gene expression (i.e. 
IL-8, IL-6), ECM deposition of collagen and aggrecan, resorp-
tion imbalance, and induction of osteoarthritic gene expres-
sion levels.83 Furthermore, the model was used for screening 
and predicting anti-inflammatory drugs responses, which 
were comparable with previous preclinical and clinical 
reports.83 In addition, a 3D model of synovial angiogenesis, 
in which RA fibroblast-like synoviocytes (RAFLSs) and ECs 
were combined into spheroids embedded in matrix, allowed 
the study of signaling pathways in distinct cell types and the 
testing of inhibitors.84 To mimic RA disease progression, the 
spheroids were stimulated with RA synovial fluid (RASF) 
and growth factors to promote angiogenesis. The effect was 
blocked by an inhibitor that targeted the non-canonical 
nuclear factor-kB (NF-kB) pathway via NF-kB-inducing 
kinase (NIK).84 Furthermore, a 3D in vitro model of cartilage 
destruction was developed using chondrocytes, synovial 
fibroblasts, and macrophages in a collagen and proteogly-
can-enriched tri-culture system.85 To obtain the pro-inflam-
matory phenotype in the disease model, macrophages were 

activated with LPS. The disease model showed increased 
apoptosis, overproduction of matrix degrading enzyme, 
upregulation of pro-inflammatory cytokines, and reduc-
tion of matrix components such as collagen and aggrecan. 
Furthermore, using celecoxib at an appropriate dose reduced 
cartilage injury and proteoglycan breakdown, as well as pro-
vided chondroprotective effects.85 Another human cartilage-
bone-synovium (CBS) model was developed in a co-culture 
system using cartilage (C), bone (B), and synovium (S) to 
study mechanical injury (INJ), and early disease progression 
in an inflammatory environment.86 Both CBS co-cultures and 
CBS+ INJ models showed increased of chondrocyte death 
and induction of inflammatory cytokines (IL-1, IL-6, IL-8, 
and TNF-α) compared to the control, uninjured CB.86 The 
study highlighted the role of inflammation and injury to the 
contribution of early-stage disease progression.

CF

CF is a genetic condition that is caused by mutations in the 
CF transmembrane conductance regulator (CFTR) gene.87 
The severity of CF is determined by which organs are 
affected, and lung CF is the leading cause of morbidity and 
mortality in patients due to progressive loss of lung function 
and persistent inflammation.88 A defect in CFTR function 
aggravates lung infection and stimulates the innate immune 
system, causing an imbalance in the release of anti-/pro-
inflammatory cytokines and the infiltration of neutrophils, 
macrophages, and epithelial cells.89

In addition, the immune system in influenced by hyperin-
flammatory responses resulting from dysregulation of TLR 
and suppression of T-cell-mediated host response caused 
by myeloid-derived suppressor cells.89 Therefore, a better 
understanding of the innate immune system, pathways, 
mechanisms involved, and appropriate study models will 
help in the evaluation and identification of potential treat-
ments for CF.

MPS for modeling CF

Advances in microphysiological lung-on-a-chip devices 
have provided more physiologically relevant platforms 
to test the efficacy of these cells in the lung tissues. These 
systems offer a new opportunity for disease modeling and 
drug testing. Human airway-on-a-chip models of asthma 
and lung inflammation, utilizing isolated epithelial cells 
from healthy individuals and patients with chronic obstruc-
tive pulmonary disease (COPD), demonstrated hallmarks of 
overproduction of secreted cytokines, increased neutrophil 
migration, and greater susceptibility to viral and bacterial 
infection.90 Furthermore, IL-13 treatment of small airways 
resulted in an increase in goblet cells, overproduction of 
inflammatory cytokines such as granulocyte colony-stimu-
lating factor (G-CSF) and granulocyte macrophage-colony-
stimulating factor (GM-CSF) in the vascular channel, and a 
decrease in cilia.

These disease phenotypes were rescued by tofacitinib, 
a potent inhibitor of the Janus kinases/signal transducer 
and activator of transcription protein (JAK/STAT) pathway 
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for IL-13 signaling.90 Similarly, another human lung airway 
model offered a better understanding of lung obstructive 
disease by conducting a mechanistic study of epithelial–air-
way smooth muscle (ASM) interactions in a controlled envi-
ronment through biochemical and mechanical transduction, 
allowing for the study of airway contraction, positive–nega-
tive feedback of epithelial-ASM, and intercellular signaling 
interactions.91 Furthermore, a lung MPS in a high-through-
put multiwell format was established to study fibrotic dis-
ease and was further expanded to study cancer and CF by 
incorporating of microvascular into airway.92 The vascular 
co-culture system allowed the study of epithelial–fibroblast 
interaction and epithelium resembling CF on neutrophil 
migration in the 3D structure.92

Neutrophils were incorporated into the system to evalu-
ate the role of neutrophilic inflammation in the lung, how 
epithelial cells affected the neutrophil migration in the dis-
eased lung compared to the control model, and how the 
innate immune system was regulated in the healthy and 
disease lung epithelium.92 In a study that combined three 
complementary MPS, the systems were used to address the 
intricate mechanisms of lung disease and the effects of ciga-
rette smoke.93 The three MPS included (1) transwell system 
for co-culture of immune and epithelial cells, (2) precision-
cut lung slides, and (3) lung-on-a-chip model.93 These com-
plimentary MPS allowed to model the lung airways and 
study crosstalk between different lung cell types and disease 
progression.93 Together, these lung MPS provide a platform 
for studying lung disease, monitoring disease progression, 
and evaluating therapeutic responses.

Summary

Overall, MPSs provide promising platforms to study and to 
further our understanding of the pathogenesis of inflamma-
tory diseases, including AD, CF, and RA, as they are physi-
ologically relevant and reproducible. With the complex 3D 
microenvironment, these MPS models offer the opportunity 
to investigate targets of various therapeutics such as integ-
rity of barrier function, crosstalks of different cell types in 
the tissues, incorporation of immune cells, integration of 
mechanical/biological injury, and the possibility to mimic 
the vascular and immunological/molecular environment. 
The physiological complexity of MPS helps to overcome the 
weakness of 2D models, as they provide an alternative plat-
form for a deeper understanding of the signaling processes 
in these inflammatory diseases and in vitro tools for disease 
modeling, drug discovery, and therapy targeting the main-
tenance and repair of the barrier function, as well as mod-
eling inflammatory disorder. However, with the advantages 
of MPS, there are several limitations to note. For example, 
due to physiological complexity, it might not be possible to 
increase large-scale production and maintenance of these 
MPS. In addition, the complexity of these MPS involves 
multiple cell sources that might be hard to get access and 
requires optimization including media composition and 
duration of the culture. Although these MPS help to bridge 
the gap between in vitro and in vivo models, they need to be 
validated to confirm their efficiency and reproducibility, thus 
requiring further studies to be able to utilize for therapeutic 
approaches.

MPSs for evaluating cancer 
immunotherapies

Immune cells in the TME

The TME is the cellular and extracellular environment within 
which cancer exists. The TME is often complex and com-
prises cytokines, hormones, growth factors, ECM, vascu-
lature (blood and lymphatic), and various cell types that 
include tumor, stromal, immune, endothelial, and fibroblasts 
(Figure 4(A)).94 Given its complex composition, the TME rep-
resents a unique environment that develops during tumor 
progression, where TME interactions with the surrounding 
host environment are orchestrated by the tumor.95 Within the 
TME, these various components interact with each other to 
initiate, protect, and promote the tumor via various mecha-
nisms of immune evasion.94 Mechanisms of tumor escape 
from immune intervention have been previously reviewed.96

The TME includes both adaptive and innate immune 
cells including T-cells, and natural killer (NK) cells and mac-
rophages, respectively. T-cells directly interact with tumor 
cells, as well as contribute to the chemokine and cytokine 
signaling within and around the TME. There are many differ-
ent types of T-cells which are critical to the immune response 
through actions such as killing infected cells, recruiting other 
immune cells through cytokine signaling, and regulating 
the immune response (to prevent chronic inflammation).94 
T-cells within the TME are usually either Th1, Th2, or Treg 
T-cells, which produce pro-inflammatory or anti-inflam-
matory cytokines.94 The proportion and characteristics of 
T-cells within the microenvironment can influence tumor 
progression. NK cells are circulatory lymphoid cells which 
have cytotoxic effector functions; their main goal is to kill 
circulating tumor cells.95 However, tumor cells can inhibit 
NK cells and/or avoid detection.95 Macrophage functions 
include wound healing, tissue repair, pathogen phagocyto-
sis, antigen-presentation to T-cells, and release of cytokines 
to induce an immune response. In the TME, there are also 
tumor-associated macrophages (TAMs) that are known to 
be immunosuppressive through reprogramming by factors 
in the microenvironment. These TAMs help in the promotion 
of the TME by releasing growth factors that promote growth, 
angiogenesis, movement, and invasion of cancer.94 All three 
of these immune cell types can be targeted therapeutically 
to reduce cancer progression. However, the TME is complex 
and difficult to replicate in a lab setting. MPSs are promising 
research tools as they can be used to model various aspects 
of the complex TME, leading to physiologically relevant con-
ditions for testing the effectiveness of and troubleshooting 
therapeutic strategies.

MPS for modeling the TME

MPS platforms may be leveraged to recapitulate major con-
stituents of the TME for targeted evaluation of tumor pro-
gression toward improving mechanistic understanding and 
identifying therapeutic approaches. Indeed, targeting the 
TME may provide a viable strategy for inhibiting cancer pro-
gression and potentially overcoming antitumor drug resist-
ance. 3D vascularized tumor models built using MPS tools 
offer physiologically relevant microenvironments that may 
have more predictive value in preclinical drug–response 
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studies over simple 2D cultures. One major constituent that 
is often modeled using MPS involves the tumor vascular 
niche and how tumor-associated ECs influence response to 
anti-tumor agents. Recent work evaluated the influence of 
two different tumor types, an ovarian cancer model (Skov3) 
and lung adenocarcinoma model (A549), on vascular net-
work formation within a custom MPS and found that tumor 
cells affected localized microvascular density differently 
depending on the cancer type (Figure 4(B)).97 Such differ-
ences in localized tumor-induced vascular dysregulation 
were associated with reduced chemotherapeutic delivery to 
tumor spheroids within this MPS and may model a potential 
mechanism of tumor-acquired drug resistance.97 While some 
research approaches utilize bespoke MPS with customized 
designs for in-depth mechanistic studies of tumor vascular 
niches, others have leveraged enhanced-throughput plat-
forms to engineer tumor-induced vascular formations at 
higher scales for drug-screening applications. One example 
involved the fabrication of an injection-molded platform that 

is amenable to the evaluation of nine different tumor cell 
lines on vasculature formation in a standardizable and user-
friendly fashion.98 Within the higher-throughput injection-
molded platform, it was observed that the morphology of 
microvascular network formations for each tumor co-cul-
ture condition was characteristic of the tumor-type evalu-
ated.98 The ability to model tumor-induced vasculatures 
with higher-throughput using MPS enables the preclinical 
screening of many different anti-tumor drugs that target 
the cancer-associated vasculature. While vascular elements 
are commonly integrated into TME models to investigate 
metastasis and evaluate vasculature-targeting therapies, sev-
eral studies using non-vascular TME models have also been 
reported, as discussed later. In recognition of the utility of 
standardizable MPS platforms as preclinical tools for study-
ing anticancer drugs, significant effort is being invested into 
evaluating the reproducibility of MPS models between labo-
ratories and demonstrating the enhanced predictive value of 
MPS models over traditional 2D cell cultures.99

Figure 4.  How microphysical tumor models are being used to understand the tumor microenvironment and possible cancer therapeutics. (A) Illustration of the 
complexity of the tumor microenvironment and some of its main components and how drug transport interacts with this environment97. (Source: Reproduced with 
permission, Copyright 2021 WILEY – VCH VERLAG GMBH & CO. KGAA). (B) The top image illustrates HUVEC-derived vasculature created in a microfluidic 
device used to assess permeability and shows how a tumor spheroid influences vascular network density within the in vitro model. The bottom three images show 
different cancer types modeled and vascularized within a microfluidic device. The image on the bottom left illustrates HUVEC-derived vasculature within ovarian 
carcinoma, where the white arrow indicating a ring of fibroblast taken at day 7. The middle and right most images show lung adenocarcinoma fixed at day 7. (Scale 
bar 200 microns).97 (Source: Reproduced with permission, Copyright 2021 WILEY – VCH VERLAG GMBH & CO. KGAA.) (C) Illustrates the process by which T-cell 
therapeutics are developed and used in a microfluidics to assess their anticancer ability.108 (Source: Reproduced with permission, Copyright 2021 American Society 
for Clinical Investigation.) (D) Illustrates the immunotherapeutic high-throughput observation chamber (iHOC) system which uses tumor spheroids as a microphysical 
model for the exploration of PDL-1 in T-cell infiltration of the tumor environment. Also included is an illustration showing PD-1’s role in T-cell immunosuppression and 
how this effects tumor infiltration within the tumor microenvironment.113 (Source: Edited and reproduced with permission, Copyright 2020 WILEY VCH.)
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Another constituent of the TME that is often recapitu-
lated using MPS are non-malignant cancer–associated fibro-
blasts (CAFs) and their crosstalk with cancer cells. MPS 
feature mechanisms for spatiotemporal control over co-
culture configuration of multiple different cell types which 
can be manipulated to study cell–cell communication. As 
an example, one study utilized a multichannel setup to 
separately co-culture pancreatic stellate cells (PSCs), which 
include pancreatic ductal adenocarcinoma stroma-derived 
cancer-associated fibroblasts, with human pancreatic can-
cer cells without initial cell–cell contact.100 It was found that 
the PSCs exhibited morphological changes and activation, 
which induced epithelial–mesenchymal transition–related 
changes in co-cultured pancreatic cancer cells that imparted 
drug resistance to chemotherapeutic drugs. Modeling non-
malignant elements of the TME using MPS could offer a 
valuable method for studying mechanisms of drug resist-
ance and therefore lead to the identification of novel targets 
for anticancer treatment.

In addition, MPSs have also been used to model immune 
elements of the TME. Given that macrophage polariza-
tion within the TME is thought to play a significant role 
in influencing tumor progression, several 3D organotypic 
models have been leveraged for the study of TAMs. In one 
model based on a transwell-plate format, it was shown that 
human squamous cell carcinoma cells co-cultured with 
TAMs induced M2 macrophage polarization over prolonged 
periods without the need for exogenous IL-4, which led to 
increased tumor cell invasion in the model.101 To better study 
the role of TAMs in tumor progression, recent efforts have 
leveraged the advantages of microfluidic platforms to incor-
porate TAMs into engineered TMEs involving human lung 
adenocarcinoma (A549) cell aggregates.102 It was found that 
M1 and M2b subtypes of TAMs induced the greatest degree 
of tumor cell dispersion within the studied co-culture model. 
Another study worked on recapitulating the TME using can-
cer spheroids suspended in alginate gels. They found that by 
encapsulating single cells of CAFs ThP-1 or PBM, they were 
able to create tumor spheroids positive for common markers, 
such as N-cadherin and vimentin in addition to the appropri-
ate architecture and accumulation of ECM components such 
as collagen type I, collagen type IV, and fibronectin.103 They 
were able to use their model to activate monocytes into a 
TAM-associated phenotype without the addition of external 
factors – providing greater immunological relevance. These 
spheroids were then used to assess the effects of chemo- and 
immunotherapies such as Cisplatin and Paclitaxel, where 
they observed the repolarization of M2-like macrophages 
into M1-phenotypes.103 As an example of a non-vascular 
TME model for studying the cytotoxic effects of NK cells, one 
group reported a proof-of-concept immunocompetent MPS 
that comprised of the co-culture of HCT116 colorectal tumor 
microtissueis, cardiac microtissues, and human-derived NK 
cells within a customized commercial platform.104 To com-
pensate for the lack of vasculature within the immunocom-
petent MPS, gravity-driven perfusion was employed by 
cyclically tilting the culture device over a tiling angle of 5° 
each way. Utilizing this non-vascular TME model to study 
various cell–cell interactions, it was reported that the NK cells 

exhibited specific cytotoxic activity against the tumor sphe-
roids while sparing non-tumor cardiac tissues to an extent.104 
Other non-vascular immunocompetent MPS models of the 
TME have alternatively evaluated the role of lymphatic struc-
tures in cancer metastasis. For example, recent endeavors 
have explored the development of an in vitro head and neck 
cancer (HNC) TME by incorporating HNC tumor spheroids 
and lymphatic vessels within a bespoke MPS platform.105 The 
authors reported the novel secretion of pro-inflammatory 
macrophage migration inhibitory factor by lymphatic ECs 
that have been exposed to HNC cells within the MPS, sug-
gesting that lymphatic structures may be an important ele-
ment to consider when building immunocompetent TME 
models. Understanding the behavior of these various TME 
constituents may therefore prove to be important for the 
development of new cancer immunotherapies.

CAR T-cells

CAR T-cell therapy is a new and promising cancer therapy 
that has gained traction in recent years. CAR T is one of the 
three approaches for adoptive T-cell transfer which include 
tumor-infiltrating lymphocytes, T-cell receptor (TCR) T-cells, 
and CAR T-cells.106 CARs are the synthetic receptors that con-
sist of the following main components: an extracellular target 
antigen-binding domain, a hinge region, a transmembrane 
domain, and one or more intracellular signaling domains.106 
The transmembrane domain regulates functions such as 
expression level, stability, signaling and/or synapse forma-
tion, and dimerization of endogenous signaling molecules.106 
CAR T has been successful in binding to target antigens on 
cell surface that are independent from MHC receptor, which 
increases T-cell activation, thereby inducing an antitumor 
response and preventing tumor cells from evading the 
immune system.107 Success of these approaches has led to 
the US Food and Drug Administration (FDA) approval of 
anti-CD19 and anti-B-cell maturation antigen (BCMA) CAR 
T-cell therapy against B-cell malignancies.107 Despite great 
success, there are still many limitations of CAR T-cell therapy. 
Some limitations include antigen escape, on-target off-tumor 
effects, CAR T-cell trafficking and tumor infiltration, immu-
nosuppressive microenvironment, and CAR T-cell-associated 
toxicities.107 To further expand CAR T-cell therapy success, 
these limitations must be explored. However, many models 
are insufficient in replicating the in vivo microenvironment. 
MPSs are the closest in vitro models to replicating the physi-
ological system of the TME. Using these systems, the limita-
tions listed before can be explored and broken through.

MPS for evaluating CAR T-cells

Analytical platforms based on MPS offer a promising screen-
ing modality for the enhanced-throughput assessment of 
CAR T-cell functionality and bioactivity (i.e. potency) in 
physiologically relevant contexts. The development of such 
advanced analytical tools is also important for understand-
ing lot-to-lot variability of CAR T-cells that inherently arise 
from the manufacturing and processing of complex biolog-
ics. For example, organotypic platforms that can also incor-
porate physical and immunological barriers of the TME have 
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been utilized for the study of limited TCR or CAR T-cell 
efficacy against solid tumors, which represents a major 
obstacle in adoptive T-cell therapy. One study utilized a 
compartmentalized microfluidic device to investigate the 
anti-tumor effects of TCR T-cells against HepG2 human 
liver carcinoma cell aggregates within various TME condi-
tions.108 Using this model, researchers discerned that differ-
ences in cytotoxic abilities between two different TCR T-cell 
preparations may be due to differences in T-cell motility and 
dependency on IL-2. Such nuances are difficult to replicate 
using traditional 2D models. Another group developed a 3D 
microphysiological tumor model comprising non-small cell 
lung cancer cells or triple-negative breast cancer cells that 
also allowed for the introduction of therapeutic CAR T-cells 
via flow.109 When CAR T-cells engineered to target receptor 
tyrosine kinase-like orphan receptor 1 (ROR1) were intro-
duced into the tumor model, it was found that ROR1-CAR 
T-cells (derived from multiple different donors) infiltrated 
the tumor aggregates and exhibited significant cytolytic 
activity. One other example of an organotypic model for 
assessing CAR T-cell function involves a microdevice plat-
form that incorporates a 3D solid tumor section cultured 
in an engineered hypoxic gradient microenvironment with 
neighboring microfluidic channels for CAR T-cell delivery 
(Figure 4(C)).110 It was found that CAR T-induced cytotoxic-
ity can be spatially modulated by hypoxia and that the inhi-
bition of PD-L1 expression by hypoxic cancer cells did not 
enhance CAR T-killing effects within the model. While not 
performed in a self-enclosed MPS, such studies performed 
using an organotypic model support the value of incorporat-
ing physiologically relevant MPS platforms into analytical 
tools for evaluating cell therapies.

Immune checkpoint blockade

The immune checkpoint is a safety mechanism that prevents 
hyperactivation of immune cells and helps the immune 
system to function properly. The checkpoint molecules are 
receptors present on the surface of the immune cells, and 
when engaged with their ligands, initiate activating or inhib-
itory signaling. A major role of immune checkpoints is to 
identify and eliminate cancer cells to prevent further cancer 
growth. However, cancer cells have developed mechanisms 
to evade these checkpoints through the loss or mutation of 
immunogenic tumor antigens.111 This prevents the activation 
of the immune cells (T-cells, lymphocytes) from recogniz-
ing, and thereby destroying cancer cells. For example, some 
cancer cells present programmed death ligand 1 (PD-L1) 
which then targets the programmed death 1 (PD-1) (recep-
tor) molecule that is present on activated T-cells. When 
PD-L1 and PD-1 interact, it prevents the T-cell from attack-
ing, and therefore, the cancer cell survives.112 To surmount 
cancer mutations that confer immune evasion, researchers 
are developing checkpoint blockade immunotherapy which 
is intended to overcome the PD-1 activation mechanism. 
For example, scientists have developed drugs that prevent 
the interaction between PD-1 and PD-L1. This prevents the 
inactivation of T-cells by cancer cells and leads to destruction 
of the cancer cell.

MPS for evaluating checkpoint blockade therapies

MPS technologies may be used to model and monitor 
checkpoints in cancer–immune interactions within the 
TME in response to various immunotherapies. To provide 
a system for evaluating cancer immunotherapies based 
on immune checkpoint blockade, one approach involved 
a high-throughput MPS platform that modeled interac-
tions between MDA-MB-231 breast cancer cell aggregates 
and Jurkat T-cells when immune checkpoint inhibitors 
are introduced (Figure 4(D)).113 Investigators were able to 
observe how the PD-1 checkpoint could be modulated to 
adjust T-cell proliferation, cytokine secretion, and antitu-
mor activity. Indeed, MPS methodologies enable the ex vivo 
interrogation of various animal-derived and patient-derived 
tumors to immune checkpoint blockade. In one study, vari-
ous murine- and patient-derived organotypic tumor sphe-
roids containing tumor-infiltrating lymphoid and myeloid 
subpopulations were cultured within collagen hydrogels in a 
microfluidic culture system and treated with various combi-
nation therapies targeting PD-1 blockade.114 The researchers 
were able to recapitulate in vivo-like responses of the various 
tumors to PD-1 blockade via cytokine profiling toward the 
identification of methods to combat drug resistance. Another 
case study investigated the effectiveness of PD-1 checkpoint 
immunotherapy in a glioblastoma MPS model.115 Various 
patient-specific glioblastoma subtypes were co-cultured 
in a hyaluronan-rich Matrigel hydrogel with human brain 
microvascular ECs, TAMs, and CD8+ T-cells within a com-
partmentalized MPS to model the brain TME. It was found 
that T-cell and TAM phenotype were dependent on glioblas-
toma subtype, where the effectiveness of PD-1 blockade was 
enhanced when combined with the colony-stimulating fac-
tor-1 receptor (CSF-1R) inhibition of immunosuppressive M2 
TAMs in the model. Together, these examples illustrate the 
utility of MPS as platforms for broadly interrogating various 
tumor responses to immune checkpoint blockade, as well 
as for personalized screening of immunotherapies under 
patient-specific contexts.

Summary

MPS complexity provides physiological relevance, allowing 
for easier translation into human trials of many different 
cancer immunotherapies. Modeling the TME using MPS has 
greatly advanced research by recapitulating the 3D microen-
vironment of in vivo conditions, creating a model that more 
accurately illustrates the effects of many immunotherapies. 
This provides great insight into the mechanisms of action 
within the TME that are unable to be explored in 2D condi-
tions. Many different aspects of immunotherapy ranging 
from immune cell interactions to immunotherapy drugs can 
be assessed with these types of models for different types of 
cancer in addition to different specificities of these therapies. 
However, these MPS systems are still evolving, and there 
are many improvements that have yet to be accomplished. 
As of now, these MPS systems do recapitulate complex-
ity of the TME systems better than their 2D counterparts; 
however, they are unable to include every aspect of the in 
vivo environment. In addition, many of these MPS models 
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require extensive time, money, and skill to be performed 
making them inaccessible to many. Nevertheless, MPS 
systems are promising new alternatives to in vivo models 
that provide comprehensive assessments of various cancer 
immunotherapies.

Future directions and considerations

A critical consideration in further developing MPSs for 
modeling immunity is the type and source of immune cells 
incorporated into the devices. Broadly, the immune cells 
incorporated into these devices may consist of cells from the 
innate immune system, which include monocytes, neutro-
phils, macrophages, DCs, and NK cells that provide rapid, 
non-specific immunity, as well as cells from the adaptive 
immune system, which include T- and B-cells that provide 
antigen-specific immune responses and immunological 
memory. In MPSs for modeling immunity/inflammation at 
tissue interfaces and inflammatory disorders/disease, the 
models discussed in this review mostly focus on incorporat-
ing cells from the innate immune system (Table 1), poten-
tially due to the decreased complexity of modeling these 
cellular responses. MPSs modeling lymphatic tissues and 
cancer immunotherapies have for the most part incorporated 
both innate and adaptive immune systems into their mod-
els (Table 1), due to the critical importance of the adaptive 
immune system in these tissues and conditions. However, 
many these MPS fail to properly model antigen-specific 
T- and B-cells responses, often studying polyclonal B- and 
T-cells responses in these systems.

Modeling the adaptive immune system remains a criti-
cal challenge in modeling the breadth of antigen-specific 
responses, as well as recapitulating self versus non-self 
immunity. The theoretical diversity of TCRs and BCRs in 
the human body is believed to be in the range of 1012–1018 
different TCRs/BCRs;116,117 both capturing this diversity 
and eliciting antigen-specific responses in lymphatic organ 
MPS systems to all potential antigens remains a challenge. 
Assuming this diversity can be recapitulated, there is also 
the challenge in modeling tolerance (i.e. deletion of self-
reactive T-cells), as well as self versus non-self immunity 
that arises from differences in human leukocyte antigen 
(HLA) antigens on cells from different donors. Taking this 
diversity into account requires either HLA matching dif-
ferent human cell types that are incorporated into a single 

MPS or deriving all cells in an MPS from a single donor. The 
later approach would benefit from methods of generating 
cells from induced pluripotent stem cells (iPSCs), in order to 
capture patient-to-patient variability. In terms of generating 
iPSC-derived immune cells, there has been success generat-
ing iPSC-derived macrophages, NK cells, DCs, and T-cells 
for immunotherapies,118 as well as eosinophils, mast cells, 
neutrophils, and B-cells.119–122 However, it remains to be seen 
whether these iPSC-derived immune cells can capture the 
diversity of function and phenotype of the innate immune 
system, as well as antigen-diversity of T- and B-cells.

In addition to challenges in modeling the cellular immune 
components in MPS, emerging advancements in combining 
organoids and organ-on-a-chip, which have traditionally 
been recognized as two distinct model systems, have yielded 
better approaches to model the structural components of 
tissues. Organoids, 3D multicellular tissues created by self-
organizing stem and progenitor cells have been shown to 
recapitulate the development process and early structural 
features of a variety organs, including kidneys,123 intestines,124 
and tonsil tissues,31 These organoids typically capture critical 
cell–cell interactions between different cell types, as well as 
cellular heterogeneities exhibited in these developing pro-
genitor and stem cells. However, these approaches often fail 
to recapitulate other key microenvironmental cues. On the 
contrary, organ-on-a-chip systems, which commonly utilize 
microfluidic devices or microfabrication technologies, focus 
on incorporating biochemical and mechanical cues to cells in 
devices, often in the form of fluid flow, ECM hydrogels, and/
or mechanical actuation. However, these technologies often 
fail to accurately model critical cell–cell contacts and cell het-
erogeneity found in these organs. Recently, the line between 
these two distinct technologies has blurred, with efforts to 
combine these two distinct technologies for engineering 
intestines125 and vascularized kidneys;126 these technologies 
have also been leveraged for evaluating immunological phe-
nomena, in the context of macrophage-intestine crosstalk and 
T-cell specific antibodies in kidneys, respectively.125,126 The 
integration of these approaches will yield more physiologi-
cally relevant approaches for modeling immunity in vitro.

The utility of MPSs for evaluating immunity depends on 
the analytical chemistries and bioassays that are utilized to 
probe cellular behavior on these systems. Depending on the 
biomaterial utilized in the MPS, extraction of cells from the 
device may be technically challenging and may impair cell 

Table 1.  Microphysiological systems utilizing innate and/or adaptive immune cells.

MPS category Innate immune cells Adaptive immune cells Innate and adaptive immune cells

Modeling lymphatic tissues Dendritic cells14–17

Monocytes20

B-cells28,29

T-cells and B-cells30

Dendritic cells and T-cells18,22,24–26

Dendritic cells, T-cells, and B-cells27,32

PMBCs19,31

Modeling immunity and 
inflammation at tissue interfaces

Neutrophils46

Natural kill cells46

Macrophages65

T-cells54 PBMCs44–47

Modeling inflammatory disorders 
and diseases

Macrophages85

Neutrophils90,92

T-cells74,75  

Evaluating cancer 
immunotherapies

Nonocytes, macrophages101–103

Natural killer cells104

T-cells108–110,113 Tumor-infiltrating myeloid and lymphoid 
cells114,115

MPS: microphysiological system.
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viability upon extraction. Assays including quantitative pol-
ymerase chain reaction (PCR), western blot, enzyme-linked 
immunosorbent assays (ELISAs), mass spectrometry, flow/
mass spectrometry, and RNA-seq may have limited utility in 
analyzing these systems, due to the intrinsic small volumes 
and cell numbers incorporated into these systems. Single-cell 
RNA-seq, in particular, will have tremendous utility in ana-
lyzing these models, due to both the low required cell num-
bers for the analysis and insights into cellular heterogeneity 
in these systems.127 The further development of multiplex 
assays that can analyze multiple analytes, proteins, and/or 
genes in small volumes of samples will improve our ability 
to analyze these systems and evaluate their ability to model 
immunity in vitro.128,129

A long-term goal for modeling immunity in vitro is to 
engineer MPSs representing different organs and tissues 
that are linked fluidically by channels or tubing that mod-
els blood vessel and lymphatic vessel flow between organs. 
These fluidically linked MPS systems would be able to essen-
tially model a “body-on-a-chip” and systemic circulation, 
as well as potentially recapitulate the pharmacokinetics of 
various drugs and biologics. Notable works have linked 
intestine, liver, kidney, bone marrow heart, lung, skin, BBB, 
and/or brain chips via vascular channels to model the phar-
macokinetics of drugs.128,129 Similar work linking heart, liver, 
bone, and skin chips via vascular channels also modeled 
the pharmacokinetics of doxorubicin and modeled clinically 
observed miRNA responses.130 Relevant to immunity, fluidi-
cally linking cultured lymph node slices with tumor slices 
was able to model immunosuppressive function of tumors 
on lymphatic organs.131 We envision that this approach 
could long term be applied to fluidically linked primary and 
secondary lymphoid organs, to induce the differentiation, 
proliferation, and activation of various immune cells in our 
body. For example, a fluidically linked bone marrow, thy-
mus, spleen, and lymph node chip could model the genera-
tion, differentiation, and activation of T- and B-cells.

Conclusions

MPSs have demonstrated the ability to recapitulate certain 
immunological functions and features of lymphatic tis-
sues, tissue interfaces, inflammatory diseases, and TMEs. 
Broadly, these systems have exhibited the ability to model 
how certain immunotherapies function in our body, how 
dysfunctional immune responses can propagate disease, 
and how our immune system can provide immunity and 
protection from pathogens. However, these systems are 
still limited by their inability to model the complex cellular 
and molecular interactions of the in vivo immune system. 
Despite these limitations, MPSs for modeling immunity may 
have long-term utility in predicting specific effects (but not 
complete responses) that drugs and biologics have on the 
human immune system and in certain immune-related dis-
eases. However, these systems will need to be qualified and 
validated in order for regulatory bodies to accept them as 
predictive models. While MPSs may not currently replace 
the usage of in vivo models for modeling the complexity of 
the immune system, they may significantly reduce time and 
resources spent while increasing the efficiency and speed 

of product development in preclinical stage by potentially 
reducing the need for animal testing.
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