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Abstract

Immunotherapies have been heavily explored in the last decade, ranging from new treatments for cancer to allergic diseases.
These therapies target the immune system, a complex organ system consisting of tissues with intricate structures and cells
with a multitude of functions. To better understand immune functions and develop better therapeutics, many cellular and
2-dimensional (2D) tissue models have been developed. However, research has demonstrated that the 3-dimensional (3D)
tissue structure can significantly affect cellular functions, and this is not recapitulated by more traditional 2D models. Micro-
fluidics has been used to design 3D tissue models that allow for intricate arrangements of cells and extracellular spaces, thus
allowing for more physiologically relevant in vitro model systems. Here, we summarize the multitude of microfluidic devices
designed to study the immune system with the ultimate goal to improve existing and design new immunotherapies. We have
included models of the different immune organs, including bone marrow and lymph node (LN), models of immunity in dis-
eases such as cancer and inflammatory bowel disease, and therapeutic models to test or engineer new immune-modulatory
treatments. We particularly emphasize research on how microfluidic devices are used to better understand different physi-
ological states and how interactions within the immune microenvironment can influence the efficacy of immunotherapies.
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Introduction

Emerging strategies in the field of microfluidics are helping
to transform the development of new immunotherapies and
tailor them to address specific disease conditions. Much of
the research efforts focus on advancing therapeutic solutions
for cancer treatment using, e.g., immune checkpoint inhi-
bition (ICI), monoclonal antibodies, adoptive cell transfer
(ACT), and chimeric antigen receptor (CAR)-T cell therapy.
These treatments take advantage of the immune system’s
specificity to target diseased tissues or cellular responses.
Unfortunately, inconsistent patient responses to immuno-
therapies make it difficult to choose the best options or pre-
dict the likelihood of treatment success. Microfluidic assays
can help to assess the efficacy of immunotherapies in vitro,
particularly with their potential use in individualized medi-
cine, to predict patient-specific responses to treatment. The
strategies highlighted in this review represent the latest in

< Katharina Maisel
maiselka@umd.edu

Department of Bioengineering, University of Maryland,
College Park, MD, USA

Published online: 03 July 2021

microfluidics used for modeling immunity and immunother-
apy. We first provide an overview of the immune system
and the different barriers to immunotherapy. We will then
give an overview of microfluidic devices, starting with gen-
eral manufacturing and finally focus on platforms designed
to study and recreate the complex nature of the immune
system, including immune involvement in gastrointestinal
diseases and cancers, devices to study immunotherapeutic
interventions, and microfluidics for single-cell analysis.

Overview of the immune system

The immune system has many layers, including physical
barriers to infection and cellular and acellular immunity
that comprise innate and adaptive immunity. Two key
physical barriers are the skin and mucosal surfaces, which
effectively trap and prevent pathogens and foreign par-
ticulates from entering the body [1]. In addition to pro-
viding a cellular barrier, mucosal surfaces are covered in
a sticky mucus mesh that filters and traps pathogens and
particulates, which are eventually excreted along with the
mucus. The skin is coated in a layer of dead cells, which
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provide a similarly tight barrier to infection and prevent
injury. However, some pathogens have found ways around
these barriers, through a myriad of mechanisms such as
bacterial flagella that effectively allow bacteria to “swim”
through mucus and thus reach the underlying epithelium.
Pathogens that can get past the physical barriers and infect
cells are then combated via acellular and cellular immune
responses.

Innate and adaptive immunity are initiated to rid the body
of any harmful particles by tagging pathogens for destruc-
tion, engulfing them to be destroyed, and secreting signals
to recruit other immune cells. Innate immune cells rapidly
respond to a broad range of pathogen-associated molecular
patterns (PAMPs), which activate innate immune cells to
clear an infection [1]. Innate immune cells can engulf path-
ogens to degrade them, a process called phagocytosis, or
release molecules that can lead to the destruction of patho-
gens [2]. While some of the innate cells actively fight patho-
gens, a subset of cells known as antigen-presenting cells
will phagocytose and process pathogens into small peptide
fragments to present to adaptive immune cells. Adaptive
immune cells, primarily B and T cells, are educated in the
LNs and spleen and are highly specific [1, 3]. The humoral,
B cell-mediated response, leads to antibody production by
B cells that bind to antigens and toxins on or secreted by
pathogens [3]. Antigen binding can coat pathogens, which
neutralizes viruses and toxins, and activates other immune
cell-mediated destruction of the pathogens [3]. T cells are
activated by antigen-presenting cells, provided the correct
antigen fragment is presented to them, and then form a cel-
lular or cytokine-based response that directly kills infected
cells or signals for other immune cells to infiltrate the area
[3]. The adaptive immune response is formed in 4-7 days,
making it a slower response compared to innate immunity
that can be activated within minutes. However, adaptive
immunity yields memory immune cells, which are rapidly
activated upon a second encounter with a pathogen and
quickly eliminate the infection.

Immune organs

The repertoire of leukocytes (white blood cells) is generated
in the bone marrow (BM). These cells further differenti-
ate and either travel throughout the bloodstream to tissues
(innate cells) or undergo differentiation and education via
other primary and secondary immune organs including the
spleen, thymus, and LNs (adaptive cells). Peripheral tis-
sues can also contain more specialized secondary lymphoid
organs, which include the mucosal associated lymphoid tis-
sues (MALT) such as the Peyer’s patches (PPs), adenoids,
and tonsils [4, 5].
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Bone marrow and thymus

Hematopoietic stem cells (HSCs) are housed within the BM
and can self-renew or differentiate into mature leukocytes,
largely depending on the environmental cues they receive
from the surrounding stromal cells [6, 7]. B and T cells
are two key adaptive immune cells that are generated in the
BM. The various components of BM within the bone
can be seen in the image (Fig. 1). The primary role of B
cells is the secretion of antibodies, and immunoglobu-
lin (Ig) receptors play a key role in antibody function [6]. Ig
receptors are made up of heavy and light chains that make
up two regions: one that can be recognized by other immune
cells and another that specifically binds to the pathogenic
antigens [6].

DNA segments, specifically V-D-J segments, can
be recombined in numerous ways to generate the wide
breadth of specificities required to maintain the antigen
repertoire captured by B cells [6]. B cell maturation starts
with recombination of D-J segments and is completed
during the pre-B-cell stage. Here, B cells express an early
form of the B cell receptor with the fully rearranged heavy
chain and surrogate light chains [6]. At this point, V-J
segments of the light chain will be rearranged and B cells
will go through a proliferative stage, which will cause
them to lose the pre-B-cell receptor and instead express
a fully functional B cell receptor [6]. Any self-reactive
B cells will be eliminated and any remaining B cells will
travel to the spleen for further development [6]. In the
spleen, B cells continue to develop and eventually will
become mature B cells that express the IgD receptor on
their surface [6]. At this point, B cells can recognize anti-
gens and undergo clonal expansion, the process in which
many copies of the same B cell are made to recognize
antigens and produce antibodies [6].

T cells are generated in the BM and travel to the thy-
mus where they continue differentiation [6]. They travel
from the outer cortex, into the thymic medulla, and exit
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Fig.1 Structure of bone [8]. All immune cells originate from the
bone marrow, the spongy area within the bone
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Fig.2 Structure of the thymus. The thymus is roughly segregated into
two regions: cortex and medulla. These regions can be divided into
sub-regions where specific cells can be found [9]

from the corticomedullary junction [6]. These specific
regions of the thymus can be seen in the cross-sectional
image (Fig. 2). T cells can be categorized into CD4*
helper T cells and CD8" cytotoxic T cells [6]. CD4*
T cells help activate B cells and CD8* T cells directly
eliminate infected cells and also secrete cytokines
and chemokines at the sites of infection that help pro-
mote immune cell recruitment and activation. Early T
cells lack both of these cell markers and are referred
to as CD4~ CD8™ double-negative cells [6]. Simi-
lar to B cells, the genes of the T cell receptor (TCR)
are first rearranged to get a large range of sequences
that can respond to a variety of potentially antigenic
peptide sequences [6]. Early T cells express TCR af
or TCR yé on the surface, with TCR aff being more
common [6]. Early T cells proliferate rapidly, and the
p- chain genes rearrange until the T cell develops into a
CD4" CD8* double positive cell [6]. At this point, the T
cell will stop proliferation, and the a-chain is rearranged
[6]. These T cells undergo both positive and negative
selection before they are considered mature [6]. Positive
selection occurs in the cortex of the thymus and it is the
process of selecting cells that can bind various presented
peptide sequences [6]. This process determines whether
a T cell will be a helper or cytotoxic cell. Negative selec-
tion occurs in the medulla of the thymus and is the pro-
cess of selecting against cells that have a high affinity
for self-peptides, resulting in tolerance to the body’s cells
[6]. T cells that have undergone both processes are con-
sidered mature and exit the thymus [6].

Lymph node

LNs scattered throughout the body are crucial to shaping
adaptive immunity. The LN is a highly specialized organ
with specific compartments containing immune cells. The
capsule is the outer connective tissue of the LN that sur-
rounds the inner cortex and paracortex portions of the LN
[10]. Between the capsule and the cortex is the subcapsu-
lar sinus which is responsible for the transport of lymph
fluid. Lymph fluid contains antigens from the periphery that
travel via lymphatic vessels to the LN until they hit the
subcapsular sinus [11]. The subcapsular sinus is formed by
endothelial cells that form a basement membrane mesh, and
size exclusion prohibits molecules larger than 70 kDa from
entering [11]. Fluid and molecules then enter via the affer-
ent lymphatic vessels and continue via the sinuses, includ-
ing the trabecular and medullary sinuses [10]. Text describ-
ing the specific compartments within the LN is found in
the image (Fig. 3). Antigen-presenting cells (APCs) and
inflammatory mediators travel within the LN using the
conduit system [11, 12]. In the LN, APCs migrate to the
cortex and paracortex to educate B and T cells [11]. The
compartment immediately adjacent to the subcapsular sinus
is the cortex, which mainly consists of B cells assembled
into follicles [10]. Immature B cells form germinal centers
during inflammation, and the presence of antigens leads to
B cell maturation and production of high affinity antibod-
ies [10]. Next is the paracortex, which is rich in T cells that
are here educated by APCs, primarily dendritic cells (DCs)
[10, 11]. DCs present antigens in the form of peptide frag-
ments to CD4 +or CD8 + T cells, which get activated if their
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Fig.3 Structure of a LN [13]. The outer capsule encloses the LN.
The LN consists of two regions: the cortex (light green), the B cell
zone, and the paracortex (light blue), the T cell zone
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T cell receptor recognizes the peptide and co-stimulatory
molecules are present, yielding helper or cytotoxic T cells
[6]. Helper T cells are recruited to the B cell zone to help
activate B cells and secrete the antibody type appropriate
to the specific immune response [6]. Activated B and T
cells leave the LN and migrate to affected tissues by exiting
through the efferent lymphatics.

Because entrance into the LN is highly size-dependent,
it is critical to study how therapeutics travel within a target
environment to accurately gauge how the therapeutic will
interact with the multiple cell types in the LN. Some thera-
peutics that are preferentially taken up into lymphatics may
not be successfully delivered into the LN because of the
different size restrictions these two environments have [14].
The transport and diffusion of therapeutics that are predicted
and observed in vitro may be transported vastly differently
in vivo, introducing the need for in vitro models that are
physiologically relevant [14].

Spleen

Another key lymphoid organ is the spleen. While the spleen
plays an integral role in the immune system, it functions
quite differently from the LN [15]. The spleen has two spe-
cialized regions, white and red pulp. The white pulp takes
in foreign antigens to be presented to B and T cells, while
the red pulp removes dead, damaged, or opsonized cells
from circulation while also scanning for pathogens and
tissue damage [15]. Because of this dual function, models
separating the two regions are integral to predict responses
similar to those observed in vivo. The two compartments
work together to successfully filter blood and the spleen
cannot function correctly without one of the compart-
ments. Microfluidic devices that can house these different
compartments, including the numerous different cell types
involved in splenic functions, could lead to new therapeutic
targets and improve our ability to screen and develop such
immunotherapies.

Mucosal associated lymphoid tissue

Mucosal immunity is key in surveying potentially hazard-
ous pathogens and particles that may enter the body. The
mucosal associated lymphoid tissue (MALT) is a special-
ized, localized secondary organ that is present throughout
the mucosal surfaces of the body including the lungs and
gastrointestinal (GI) tract [6]. Their function is similar to
that of the LN, in that T and B cells are educated and acti-
vated in these MALTs. Lymphoid tissues that are associated
with a specific mucosal surface are called according to their
region of association, e.g., the bronchial or GI associated
lymphoid tissues (BALT and GALT, respectively) [6]. The
GALT has both loose disorganized clusters of lymphoid cells
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in the lamina propria and well-organized structures like the
tonsils, adenoids, appendix, and Peyer’s patches [5, 6]. The
lamina propria lies just beneath the epithelial layer and con-
tains B cells, T cells, DCs, and macrophages [6]. As part
of the mucosal epithelium, the MALT is usually coated in M
cells, a type of epithelial cells that transport foreign antigen
from the lumen and into the MALT [6, 16]. Once foreign
materials are transported across the epithelium, APCs can
activate B and T cells, leading them to differentiate into
effector cells [6].

Microbe entry into tissues

Microbes have established ways that help them enter the
body and evade recognition from the immune system. Many
microbes take advantage of the vulnerability of diseased or
damaged tissue to make their way into the body. They may
also have cloaking mechanisms to avoid immune responses
through cell wall modifications [17]. The cell wall of microbes
is their first line of defense against the body’s immune
responses. By modulating properties of the cell wall they can
deter immune cells from targeting and killing the microbe[17].
Escherichia coli (E. coli) and other gram-negative organisms
can change a component of their cell wall changing the charge
from negative to positive [17], which allows them to repel
other positively charged immune components that could lead
to elimination [17]. Other microbes like Neisseria menin-
gitidis (N. meningitidsi) can create a polysaccharide capsule
to cloak themselves from encountered immune cells [17].
Microbes can also produce effector proteins that directly target
immune cells and inhibit their function [17]. Staphylococcus
aureus (S. aureus) for example secretes staphylococcal protein
A (spA) that binds to antibodies and B cell receptors, inhibit-
ing their functions [17]. Mechanisms of evasion are one of the
challenges to developing effective immunotherapies.

Challenges to effective design and delivery
of immunotherapy

Structural barriers

As mentioned, many lymphoid organs are highly organized
and typically house cells within compartments in the organ.
The highly organized nature of lymphoid organs ensures the
correct immune responses are shaped and initiated. Many
models that are used to study immunotherapies do not take
into account the structure of their target organs, which
may lead to variable responses in vivo. A simple culture of
immune cells with therapeutics only shows how cells react
with a single cell when they are nearby. However, the thera-
peutic being studied may not even reach the area that this
specific cell type is located and thus lead to less effectiveness
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in vivo. Additional environmental changes including the
presence of mechanical forces such as increased flow dur-
ing inflammation also influence how therapeutics move
within a tissue, a component that is difficult to mimic in
most standard 2D in vitro models [18]. Microfluidic devices
can be designed to hold multiple compartments with con-
necting channels, providing an easy way to model both cel-
lular interactions and barriers due to tissue structures. Such
models are crucial for studying and developing more effec-
tive immunotherapies.

Cellular barriers and therapeutic targets

In lymphoid organs and other tissues, there are multiple
cell types and components that are in close contact with
each other. This includes immune cells and components of
the extracellular matrix (ECM), cytokines, and stromal or
diseased cells in the immune microenvironment. Because
these different components are so close together, it makes
it difficult to determine the effects of immunotherapies on
specific components. Additionally, current models often
that include co-culture of two cell types that are in close
contact may lead to synergistic or antagonistic responses in
neighboring cells that may not be physiologically relevant.
Therefore, models that can support multiple cell types and
acellular components within one enclosed system are criti-
cal in the development and evaluation of immunotherapies.
Microfluidic devices are a promising platform as they easily
incorporate supporting structures like the ECM and different
cell types in appropriate tissue-like arrangements, while also
allowing the introduction of mechanical forces and immu-
nological molecules within the microenvironment such as
antigens or cytokines.

Screening

To make effective immunotherapies, it is crucial to use phys-
iologically relevant systems to study specifically induced
cellular immune responses. There are numerous different
immune cells (e.g., neutrophils, macrophages, monocytes,
eosinophils, basophils, natural killer cells, B cells, T cells,
and DCs) that can be broken down into even more subsets,
each having different functionalities [19, 20]. It becomes
difficult to screen for drugs or new delivery platforms in
the presence of all cell types and assess the cell type that is
most specifically and effectively responding to the immu-
notherapy. Microfluidic devices can aid the screening pro-
cesses through reproducible and easy single-cell analysis.
Additionally, microfluidics enables the delivery of immuno-
therapeutics over the course of time and cellular responses
can be monitored using, for example, microscopy and timed
sample analysis. Such microfluidic systems provide a more

streamlined analysis of specific responses, opening the
potential for individualized therapies.

Microfluidic devices

Microfluidic devices are extremely versatile and can be
designed for many purposes and applications such as study-
ing single cells in response to various stimuli, creating
organs on a chip, or screening drugs in an enclosed environ-
ment. As the name suggests, microfluidic devices are typi-
cally on the millimeter scale to hold volumes of microlit-
ers or less. Particular attention to the aspect ratio must be
taken to ensure the proper function of the device, specifically
fluid movement. Fluids are usually transported throughout
the device using capillary action often in combination with
external machines including pumps, valves, and mixers that
are connected to input and output ports. Devices can also
be comprised of multiple layers to control channel direc-
tions, mixing, and location of different biological or cellular
compartments.

The manufacturing of microfluidic devices typically
involves soft lithography (Fig. 4), where a positive mold out
is created out of a silicon wafer (dark brown), a photoresist
(light brown), and a mask (gray). The mask covers sections
of the photoresist that will form the positive mold. Once the
mold is created, a material such as poly(dimethyl sulfox-
ide) (PDMYS) is poured onto it and cured. The final PDMS
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Fig.4 Process of soft lithography [24]. A positive mold is first cre-
ated out of a silicon wafer, a photoresist, and a mask. Once the mold
is created, liquid material is poured onto the mold and cured to create
the full microfluidic device
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microfluidic device can then be removed from the mask.
Other fabrication methods to create a positive mold include
electron beam lithography, injection molding, and lamina-
tion. For electron beam lithography, a beam of electrons
is focused on specific areas of the electron-sensitive film,
which changes the solubility of the resist [21]. The film with
the etched design is placed in a solvent within which the
electron-exposed portions of the film dissolve, resulting in a
positive mold [21]. For injection molding, a melted thermo-
plastic material is injected into a closed negative mold [22].
Lamination involves laser cutting the design on thin layers
of laminate and then stacking each layer on top of each other
to create a positive mold of the final device [23]. Devices
can be made from a variety of materials including inorganic
(silicon, glass, ceramic), polymeric (elastomers and ther-
moplastic polymers), and paper (cellulose-based) materials.
These materials must be bio-inert to prevent interference
with the molecules, cells, and fluids contained in the device.

Organ-on-a-chip
Gut-on-a-chip

Mucosal surfaces play a large role in immunity, and MALTSs
can create a local immune response within the affected tis-
sue. The gut is the largest of the mucosal surfaces, and an
array of gut-on-a-chip (GOC) devices have been developed.
Many of these models aim to recapitulate the cellular and
ECM arrangement of the gut, including a mucus layer, epi-
thelial layer, and ECM. In a study by Pocock et al., GOC
technology was used to predict and analyze the transport of
model therapeutic agents through the bioactive layer [25].
The chip featured three layers of PDMS and polycarbonate
to separate the apical and basal chambers [25]. The authors
found that the GOC model improved permeability coef-
ficients of the model agents compared to rat tissues in an
Ussing chamber [25]. The device also mimicked villi-like
surfaces which are important for the movement of materials
within the lumen of the gut [25]. Future iterations of this
model could include immune cells, to study their behavior
in a more physiologically relevant in vitro model system.
Researchers have used GOC models to better understand
the progression of enterovirus infections, which commonly
cause vomiting and diarrhea in patients [26]. 2D in vitro
models of the gut often lack physiological fluid flow,
peristalsis-like mechanical deformations, villi like struc-
tures, and the four different epithelial cell types (absorp-
tive, mucus-secreting, enteroendocrine, and Paneth cells)
[26]. To overcome some of these challenges, researchers
created a microfluidic device with two chambers (apical
and basal sides) separated by a thin, porous membrane.
The top chamber, apical side, holds Caco2 cells, which
after 3 weeks of culture in a monolayer differentiate into
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enterocyte-like cells. Caco?2 cells were exposed to fluid
flow and mechanical deformations, which encouraged villi
and tight junction formation within 6 days, after which
enterovirus infection could be studied [26]. Infection with
Coxsackievirus B (CVB1) at the apical side of the device
led to a loss of villi morphology and tight junctions and
cell detachment, resulting in an overall loss of barrier
function [26]. Viral load was confirmed to be higher on
the apical side post infection, including when CVB1 was
delivered on the basal side, suggesting that infection can
occur on the basal or apical side of the cells, but virions
are preferentially shed on the apical side [26]. Similarly, a
higher quantity of cytokines, the chemokine (C-X-C motif)
ligand (CXCL)-10 and interleukin (IL)-8, were released on
the apical side regardless of where CVB1 was delivered
[26]. This model could be implemented to study a variety
of gut infections and diseases, particularly focusing on the
effects of mechanical cues like deformation (peristalsis)
or fluid flow on infection. Control over sampling and the
addition of other cell types like immune cells to this sys-
tem could lead to substantial advances in our understand-
ing of gut immunity during infection.

A popular method to model the epithelial barrier is the
OrganoPlate [27, 28]. It has three channels, two of which
are used as perfusion channels and a third is used as inter-
stitial tissue space, containing ECM. Beaurivage et al. used
the OrganoPlate to study the pathophysiology of irritable
bowel disease (IBD). They seeded Caco2 cells in one of the
channels, where Caco2s formed tight junctions and showed
no leakiness after 4 days of culture [28]. To induce IBD, a
cytokine cocktail of IL-1p, tumor necrosis factor (TNF)-a,
and interferon (IFN)-y was introduced into the basal chan-
nel. To confirm induction of IBD, cytokine secretion, barrier
integrity, and adherent protein expression were quantified
[28]. Exposure to the cytokine cocktail induced subse-
quent basal secretion of cytokines and chemokines inter-
feron y—induced protein (IP)-10, IL-8, and chemokine
ligand (CCL)-20 was significantly higher compared to
negative controls [28], which are key epithelial pro-
inflammatory molecules [28]. Application of the cytokine
cocktail also induced disruption of epithelial barrier
integrity and reduced E-cadherin on epithelial cells
[28]. The group then investigated if the effects of the
cytokine cocktail can be reversed using a well-known
anti-inflammatory drug, [5-(p-fluorophenyl)-2-ureido]
thiophene-3-carboxamide (TPCA-1) [28, 29]. When cells
were exposed to TPCA-1 for 2 h before the addition of the
cytokine cocktail, secretion of CXCL-10, IL-8, and CCL-20
was reduced both on the apical and basal sides [28]. At a con-
centration of 1.25 mM, TPCA-1 restored barrier function and
cell viability. Since IBD currently has no curative treatment,
using the OrganoPlate IBD model could improve our under-
standing of the pathology of IBD, and, importantly, screen
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for therapeutic targets to reduce inflammatory responses in
IBD patients.

The OrganoPlate has also been used to model neutrophil
infiltration in inflammatory conditions (Fig. 5) [27]. Gjor-
evski et al. sought to explore how neutrophils infiltrated
mucosal surfaces during inflammation to assess the potential
for neutrophilic therapeutic interventions. This phenomenon
is important in the inflammatory response as the migration
of neutrophils to an area helps recruit other cells that propa-
gate the inflammatory response [27]. Caco2 cells were used
to model the epithelial layer, and collagen and non-activated
macrophages were seeded into the ECM channel [27]. In
the homeostatic condition, the epithelial barrier is con-
nected by tight junctions and macrophages found beneath
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Fig.5 OrganoPlate setup. A Each square of the OrganoPlate is one
individual gut model. B, C Each square is made up of three parallel
channels: two perfusion (red) and one for ECM components

Reproduced from Ramadan, et al.

Fig.6 3D schematic drawings of chips 1-4. Chip 1 (Cl1): three cir-
cular concentered compartments separated by porous barriers. Chip
2 (C2): two circular concentered compartments interface with a
downstream semi-circular compartment. Chip 3 (C3): four U-shaped
concentered compartments with the inner compartment connected
through a channel to another circular compartment. Chip 4 (C4): two
interdigitated compartments interfaced with a small circular compart-
ment located inside the upstream compartment.

the epithelium are inactivated [27]. The presence of inac-
tivated macrophages did not affect barrier function of the
Caco?2 cell model [27]. However, when macrophages were
activated by bacterial components, lipopolysaccharide (LPS)
and N-formylmethionine-leucyl-phenylalanine (fMLP), bar-
rier function was compromised, modeling a leaky gut [27].
This successfully modeled an inflammatory response as evi-
denced by an increase in the secretion of cytokines IL-1b,
Mip-1a, Mip-1B, TNF-a, and IL-6 in the basal channel [27].
The authors next looked at neutrophil infiltration in the con-
text of mucosal inflammation. Collagen concentration was
varied to assess how ECM density affects neutrophil migra-
tion. High concentrations of ECM (>4 mg/ml) reduced neu-
trophil invasion, while lower concentrations (1-3 mg/ml)
enhanced neutrophil infiltration. Additionally, the presence
of activated macrophages in ECM with a concentration of
3 mg/ml induced neutrophil infiltration, suggesting that neu-
trophils could sense the inflammatory environment. It has
been suggested that bioactive products of ECM degradation
can also influence neutrophil migration [27]. To test this
hypothesis, the authors introduced matrix metalloproteinase
9 (MMP9) and prolyl endopeptidase (PE) to induce in situ
enzymatic degradation of the ECM into tripeptide Pro-Gly-
Pro (PGP) products. The presence of PGP induced robust
neutrophil infiltration compared to non-degraded control.
Overall, OrganoPlate has a simple layout but can be used for
many applications including disease modeling, drug screen-
ing, and studying cell interactions.

Ramadan et al. utilized a set of multiple microfluidic
chips that allowed co-culturing of multiple cell types adja-
cent to each other to better understand the effect of obesity
on insulin resistance in type 2 diabetes [30]. The device was
developed from four microfluidic systems—chip 1, three cir-
cular components separated with porous barriers, chip 2,
two circular concentrated compartments with a semi-circular
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compartment downstream, chip 3, four U-shaped compart-
ments, and chip 4, two interdigitated compartments with a
small circular compartment, as shown in Fig. 6. This paper
describes four designs, but the chips can be customized to
model any tissue or organ with the appropriate orientation
and distribution that mimics the in vivo environment. The
chips were separated by thin sidewalls with small pores that
prevent cell migration and allow for continuous perfusion
and diffusion in a dynamic environment between compart-
ments, which mimics the environment in the human body.
Through finite element analysis, researchers found that the
shear stresses were within the range of those found in vivo.
To demonstrate an example of the functionality of this
microfluidic system, the role of obesity and inflammation on
insulin resistance in type 2 diabetes was assessed. Research
has demonstrated that inflammatory cells infiltrate fat tissues
and interact with adipocytes in obese patients, ultimately
leading to insulin resistance. Here, researchers co-cultured
adipocytes with U937, human lymphocyte, cells in their
microfluidic models. The researchers found that immune
cells infiltrate into the adipocyte regions, which mimics the
process that occurs in obesity. This device paves the way for
immune-metabolic profiling.

Lung-on-a-chip

Lung-on-a-chip (LOC) models have proven to be a great
resource for studying immune responses to stimuli such as
cytokines and therapeutics. The first LOC was described
by the Ingber group which replicated a functional alveolar-
capillary interface and was used to study responses to bac-
teria and inflammatory cytokines [31]. This model tested
epithelial response to silica nanoparticles and illustrated
toxic effects of ultrafine airborne particles, modeled by the
nanoparticles [31]. Silica nanoparticles increased the expres-
sion levels of intercellular adhesion molecule—1 (ICAM-1)
in endothelial cells, which effectively induced neutrophil
capture [31]. The upregulation of ICAM-1 signifies a pulmo-
nary immune response [31]. Since then, many iterations and
applications have evolved from the original design: mod-
eling of mechanical forces or disease and drug screening
to name a few. One group designed a device that included a
stretchable membrane, simulating breathing within the lung
[32]. Zamprogno et al. produced a collagen-elastin mem-
brane that can be sandwiched into a microfluidic device for
further evaluation [32]. Human primary alveolar epithelial
cells (hAECs) and human lung microvascular endothelial
cells (VeraVec) were cultured on both sides of the mem-
brane and were shown to withstand a 10% strain [32]. The
researchers also established permeability through the cell
layer, showing that smaller particles are more effectively
transported. Such models allow researchers to take into
account the effect that mechanical forces have on therapeutic
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pharmacokinetics and distribution and thus may improve the
therapeutic design.

Benam et al. sought to build models of respiratory dis-
eases including asthma and chronic obstructive pulmonary
disease (COPD) using two chambers separated by a thin,
porous membrane. Human airway epithelial cells were
first cultured in the top chamber under flow after which
the media was removed to create an air-liquid interface,
which induces polarization and cilia formation in the air-
way epithelial cells [33]. After 5 weeks, microvascular
endothelial cells were cultured on the bottom chamber to
create the airway-blood interface. This model was used
to study allergic airway inflammation characteristic of
asthma by introducing the cytokine IL-13. IL-13 exposure
in the airway epithelial cells caused an increase in goblet
cells, higher production of cytokines granulocyte colony-
stimulating factor (G-CSF) and granulocyte—macrophage
colony-stimulating factor (GM-CSF), and a decrease in the
frequency of cilia beating [33]. COPD was also success-
fully modeled by stimulating the cells with viral mimicking
adjuvant poly(I:C) or with LPS. These molecules increase
secretion of IL-8 and M-CSF, consistent with what is found
in patients with COPD [33]. After successfully building
models of both diseases, the group wanted to see if certain
anti-inflammatory drugs could reduce cytokine secretion.
Because IL-13 signals through the JAK-STAT signaling
pathway in asthma, tofacitinib, an inhibitor of JAK-1, -2,
and -3 was tested [33]. They found that when chips were
infused with tofacitinib (1 and 10 pM), G-CSF and GM-
CSF levels decreased, cilia started to beat at normal fre-
quencies, and there was suppressed goblet cell hyperpla-
sia [33]. To test reduce the inflammatory response in the
COPD model, the group tested bromodomain-containing
protein 4, an inhibitor of NFxB signaling [33]. Researchers
found a reduction in the expression levels of E-selectin,
vascular cell adhesion molecule (VCAM-1), and intercel-
lular adhesion molecule (ICAM)-1, and neutrophil recruit-
ment was reduced by a third [33]. In summary, LOC models
have helped enhance our understanding of inflammatory
responses and model therapeutic function in disease states.

Lymph node-on-a-chip

Several organ-on-a-chip devices try to recapitulate the 3D
architecture of the LN, allowing researchers to better under-
stand how different LN processes and interactions occur.
One way to study the LN environment is to use live LN tis-
sue slice cultures. This maintains 3D architecture and cell
complexity, and when integrated into a microfluidic device,
the surrounding environmental cues can be easily manipu-
lated. Ross et al. created a device that housed the LN slice
and delivered media within the top chamber [34]. The device
allowed for tracking of particles and molecules in microscale
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areas of the slice to calculate the rate of diffusion throughout
the tissue using microscopy [34]. It is important to look at
diffusion within tissues because it reveals specific character-
istics of the extracellular space such as the tissue-like tortu-
osity [34]. The researchers then used this model to study the
diffusion of 10-kDa dextran within different regions of the
LN. The diffusion coefficient of dextran in both the cortex
and paracortex were found to be very similar, suggesting that
the extracellular space is similar for these two regions [34].
The authors suggest that the model can be used for future
experiments studying the diffusion of immunotherapies to
assess whether or not these can reach their target cells within
the LNs.

The same group adapted this device to stimulate and
observe specific points within the LN using an 80-xm port
above the LN slice [35]. Using this device, the researchers
illustrated how glucose conjugates move throughout and
stimulate cells within a specific LN region. Glucose con-
jugates have been used as drug delivery systems to target
cancer cells and may also be used to preferentially target
lymphocytes [35]. They found that fluorescent glucose-
bovine serum albumin (BSA) conjugates delivered to the
T cell zone were cleared after 15 min, but stayed localized
when delivered to B cell zones [35]. Glucose-BSA con-
jugates were delivered to the intersection of the T and B
cell zones, and it was discovered that after 5 min the dis-
tribution of conjugates was equal between the two zones.
However, after 15 min, over 90% of the conjugates were
in the B cell zones [35]. When conjugates were delivered
to splenocytes, ~23% of the T cell and 57% of the B cell
population took up conjugates [35]. Devices such as these
enable us to more closely study communication between the
myriad of different immune cells and provide live informa-
tion about the spatial arrangement and movement of immune
cells throughout lymphoid organs and beyond. Such new
knowledge may yield new therapeutic targets and improve
our design of immunotherapies.

The LN slice culture system has also been used to explore
tumor—LN communication [36]. They designed a device that
could hold ex vivo slices of LNs in one compartment that is
connected through tubing with another compartment con-
taining tumor slices. Their system was able to recirculate
flow from tumor to LN, allowing the capture and recircula-
tion of proteins via flow across the tumor slice in their model
system. The authors confirmed the functionality by demon-
strating that co-culture of tumor slices with draining LNs
(tumor draining and non-tumor draining) led to immunosup-
pression as demonstrated by the reduced capacity to produce
IFNY in both compartments compared to IFNy production in
anaive LN. Interestingly, co-culture of tumor-draining LNs
with non-tumor draining LNs further suppressed non-tumor-
draining LN IFNy secretion [36]. This microfluidic system
could be applied to study effects of peripheral tissues or

tumors on LN responses and including spatially dependent
changes such as cell migration.

DC migration and homing within the LN play a large
role in the adaptive immune response [37]. This migration is
largely directed by gradients of CCL19 and CCL21, both of
which are ligands for the CCR7 receptor [37]. Haessler et al.
developed a microfluidic device to study DC migration in
3D. Their device consisted of a central channel that housed
DCs and two side channels that housed CCL19 and CCL21,
both of which were filled with ECM filled with collagen
I and Matrigel [37]. The group first sought out to see the
effects of CCR7 signaling on the chemokinetics of CCL19
and CCL20. They found that there was only a small affect
on DCs and found that increases in the number of migrating
cells and average cell speed only occurred at CCL19 con-
centrations above 50 nM and CCL21 concentrations above
100 nM [37]. When the DCs were exposed to an increasing
concentration gradient, the chemotactic response decreased
for CCL19, but not for CCL21 [37]. This observation may
be explained by the fact that CCL21 ligands are recycled,
while CCL19 is not [37]. When the concentration gradient
was kept constant and the average concentration was var-
ied, the chemosensitivity decreased as average concentra-
tion decreased only for CCL21 [37]. Lastly, when percent
gradient was increased, there was a positive correlation with
chemotaxis found in CCL21, but a flat trend for CCL19 [37].
This device revealed key parameters that affect DC migra-
tion that has not been seen in a 3D model. Studying the
transport and migration of key cells and molecules will help
ensure that immunotherapies are properly translated from
bench to clinic.

For more information and LN modeling including the
use of organoid systems, readers are referred to the review
by Kim et al. [38].

Tonsil-on-a-chip

One challenge that many researchers face is the lack of
translation from a mouse model to humans. Many adaptive
immune responses to vaccines and other immunotherapies
in mice are not predictive of the human response. While 3D
models that utilize ex vivo samples of tissues reveal a lot
of information about how molecules move within the tis-
sue, they cannot maintain the architecture past 4 days and
typically are not representative of the full adaptive immune
response. A key component in lymphoid organs is the ger-
minal center where B cells mature and differentiate. Species
variation in adaptive immune responses can be alleviated
by using models that utilize human samples. Wagar et al.
successfully created tonsil organoids from single-cell sus-
pensions of human tonsil tissue [39]. After several days in
culture, cells began to form clusters [39]. After 7 days in cul-
ture, the organoid system was stimulated with live attenuated
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influenza vaccine (LAIV) and was found to have an increase
in B cell differentiation, plasmablast frequencies, and anti-
body secretion compared to unstimulated organoids [39].
The group was able to track the progression of both B and T
cell differentiation within the organoid. As time progressed,
more B cells were found to express CD38 and CD27, illus-
trating the shift to a pre-germinal center phenotype [39].

To confirm the structural integrity of these organoids, the
authors found that there were distinct aggregates of B and T
cells in both vaccine stimulated and unstimulated organoids
[39]. Additionally, within the B cells aggregates, two distinct
B cell subsets (CD83 and CXCR4) were found to form dark
and light regions, which is distinctive of germinal centers
within other lymphoid organs. Affinity maturation was con-
firmed by depleting the system of hemagglutinin (HA)* B
cells, stimulated with LAIV, and showing that more HA* B
cells after 10 days[39]. Somatic hypermutation of B cells was
also observed to increase at day 7 of the vaccine-stimulated
systems [39]. Human responses are extremely variable, and
the use of an organoid system similar to the one presented
here can help adjust for this variability and develop immuno-
therapies that can be more broadly delivered.

Bone marrow-on-a-chip

At the time when bone-marrow-on-a-chip (BMOC) was first
created, the previously used 2D models did not recapitulate
the topography, cell—cell interactions, architecture, and stift-
ness found within the in vivo environment [40]. The first
group that successfully created a BMOC implanted a hollow
cylinder in a mouse containing HSC, to mimic bone marrow,
and once differentiated, placed it into a microfluidic cham-
ber to produce blood cells [41]. They found that culturing
BM cells in stroma-supported media, the current standard
method for maintaining HSCs and hematopoietic progeni-
tor cells in vitro, resulted in fewer HSCs and more hemat-
opoietic progenitor cells after 4—7 days compared to freshly
excised BM [41]. To create this culture system, bone mar-
row stromal cells are cultured on a dish for 3 weeks until a
monolayer is formed [41]. Cells are then irradiated, and BM
cells are cultured on top of the irradiated cell layer [41]. In
contrast, when BM was placed into the microfluidic device,
HSC numbers were maintained similar to those found in
mice [41]. Even though cytokines are required for HSCs to
be maintained in 2D cultures in vitro, removing cytokines
from culture media did not affect the distribution of HSCs
and hematopoietic progenitors in the engineered BM, thus
suggesting that the device could maintain the BM niche [41].
This group then wanted to see if their BMOC can be used as
an in vitro model for y-radiation, which currently can only
be done to live mice [41]. y -Radiation has been shown to
produce toxic effects on BM cells of mice [41]. When the
engineered BM in the microfluidic device was exposed to
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radiation, the number of HSCs, hematopoietic progenitors,
lymphoid cells, and myeloid cells were similar to that found
in mice exposed to the same amount of radiation, but this
was not the case for cells in the stroma-supported culture
[41].

Another group created a device with a hematopoietic top
chamber and vascular bottom chamber to simulate vascular-
ized BM [42]. They used this device to explore the cytotoxic
effects of various drugs on the BM including 5-fluorouracil
(5-FU) and a small molecule inhibitor AZD2811. 5-FU is a
chemotherapeutic that causes DNA damage and apoptosis
in proliferating cells [42]. Researchers found that the hema-
totoxic effect in their model was similar to that of clinical
studies when cells that had been in culture in the device for
10-12 days were exposed to 5-FU for a total of 2 days [42].
Another drug that has been explored for the treatment of
hematological cancers is AZD2811, an inhibitor of Aurora
B kinase, which helps chromosomes align and segregate
during mitosis. While AZD2811 has been shown to cause
apoptosis in some cancer cells, its effect on bone marrow
cells has not fully been explored [42]. Exposure for 2 h at
higher concentrations caused neutropenia and anemia, while
exposure for 48 h at lower concentrations caused severe neu-
tropenia and no anemia [42]. BMOC holds the potential of
accurately assessing how treatments affect BM function.
Because immune cells originate from the BM, exploring
how potential immunotherapies affecting their functionality
will be crucial to understand how immune cell differentia-
tion will propagate.

A device from Aleman et al. sought to create multiple
niches within a device and observed where different cells,
i.e., hematopoietic stem and progenitor cell (HSPC), lym-
phoma cells, and leukemia cells, preferentially migrated
[40]. They found that HSPCs migrated to the mesenchymal
and sinusoidal areas, lymphoma cells migrated to the arterial
niche, and leukemia cells migrated most frequently to the
osteoblastic niche [40]. Studying cellular migration in this
controlled environment could enable us to also screen for
therapeutics that inhibit, e.g., leukemia and lymphoma cell
migration but not HSPC migration. Thus, BMOC models
could be crucial for not only biological understanding but
also therapeutic design.

While these models are a great first stem in BM mod-
eling, it does not include niches that are found in vivo. Stem
cells must be located within these niches so that they can
propagate, differentiate, and function properly outside of
their respective niches[43]. The endosteal, central mar-
row, and perivascular niches are all crucial for stem cell
development and are not included in microfluidic devices.
Bone-forming osteoblasts and bone-resorbing osteoclasts
are found in the endosteal niche[44]. Osteoblasts are of par-
ticular importance for stem cell development, as it has been
suggested that they influence HSC maturation [44]. As HSC
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mature, they move towards the central marrow niche where
the oxygen gradient is at its lowest [44]. This hypoxic envi-
ronment plays a large role in regulating stem cell function
[44]. The perivascular niche spans between the vascular and
endosteal niche [43]. This niche is particularly important in
maintaining the stem cell pool within the BM [45]. Integra-
tion of niches, particularly the three mentioned here, will
be important when studying the development of cells in the
BM. So many processes and responses are shaped due to the
environment and their inclusion in future models will help
recapitulate a better in vivo response.

Microfluidics for Tumor Models and Cancer
Immunotherapy

Although science and technology have made great strides in
cancer treatment, cancer remains the second leading cause
of death in the USA. Traditional animal models and in vitro
cell culture models have helped shape our understanding of
the cellular and genetic components affecting tumorigen-
esis. While indispensable for basic cancer research, these
models do not reliably recapitulate the physical environ-
ments of human tumors that can significantly affect cancer
pathology. Microfluidic devices can be used to recreate these
tumor microenvironments with relevant biological features
like fluid flow and matrix stiffness to better model cellular
behaviors and tumor responses to treatment. In addition to
screening for pharmaceutical efficacy and helping improve
therapeutic design, microfluidic models can also shed light
on important cell-cell interactions that can affect successful
immunotherapy. Modified or engineered lymphocytes, like
in adoptive cell therapy (ACT) or chimeric antigen receptor-
T (CAR-T) cell therapy, perform better against blood can-
cers than solid tissue tumors [46]. Recently, researchers have
investigated ways to expand the effectiveness of these cell
therapies in the treatment of cancers [47-50]. In microflu-
idics, the move away from 2D and towards 3D models has
led to simulations that better elucidate how cells interact
within the tumor microenvironment (TME). An added ben-
efit of these 3D tumor models is the ability to modify EMC
composition and mechanical properties to test the effects of
various TME characteristics on immune cell function and
cytotoxicity.

For breast cancer, several studies have involved micro-
fluidic systems. For instance, Lugo-Cintrén et al. observed
the effects of ECM density on lymphatic vessel func-
tion [51]. Lymphatic vessels were examined due to the
metastatic progression that occurs in breast cancer. For
this, they used a microfluidic device model to replicate a
lymphatic vessel in a type I collagen matrix. Morphological
changes and changes in pro-inflammatory cytokine secretion
were observed in the samples with higher ECM densities.

More specifically, the most upregulated cytokine observed
was IL-6, which serves as a regulator for endothelial cell
dysfunction and tumor progression. An increase in pro-
inflammatory cytokines and morphological changes are a
result of dysfunction in the endothelial barrier.

Ren et al. observed natural killer (NK)—cell interactions
with 4T1 breast cancer tumor cells in a microfluidic device
model featuring pump-free generation [52]. They were able
to track NK cell-4T1 interaction, migration, and morphol-
ogy. Migrations of NK in certain conditions that mimic
microenvironments for tumors can help researchers learn
more about the understanding of NK immunosurveillance
of cancer [38]. Interestingly, the shape of the 4T1 cells con-
tinuously changed when interacting with NK cells and some
even significantly shrunk. Under the conditions of a defined
chemical gradient, it was shown that LPS-activated DCs pro-
moted activated NK cell migrations to the 4T1 cells. A better
understanding of NK cell behavior in the context of cancer
may lead to new NK-cell based immunotherapies.

Detection of several analytes on a chip is also possible
using microfluidic devices. Gerner et al. established histo-
cytometry to visualize and quantify cell populations directly
in tissue sections through multiplexing antibody staining,
high-resolution confocal microscopy, and quantitative analy-
sis [53]. Migliozzi et al. developed a methodology to test up
to ten immuno-markers on the same tissue section [54]. This
method saves time and valuable samples as a 10-plex staining
procedure can be completed in under 7 h, including imag-
ing. The order of the biomarkers was PD-1, CD8, CK, CD4,
CD3, FOXP3, PD-L1, CDD56, and CD20, which was found
to be optimal for the multiplexing procedure. The procedure
starts with the autofluorescence recorded, then the slide is
stained and then imaged, goes through the elution process,
and then a final imaging step. This specialized immunofluo-
rescence protocol involves automatized microfluidic-assisted
multiplexing. Co-expression and colocalization patterns were
used to confirm the presence of different immune cells. Mul-
tiplexing is a great tool that can help further develop personal
diagnostics and therapeutics by increasing the speed of ana-
lyzing samples.

New designs in microfluidics aim to make immunotherapy
screening a quick and accessible tool for enhanced patient-
tailored treatments. Moore et al. developed a microfluidic
model, named EVIDENT, that incorporates up to twelve
stationary tumor biopsy tissues [55]. The tumor sections are
continuously perfused with autologous tumor-infiltrating
lymphocytes (TILs) under biologically appropriate fluid flow.
TILs are pre-treated with immunotherapies prior to circula-
tion via the media flow of the device, along with fluores-
cent antibody markers and dyes. This system allows for the
evaluation of lymphocyte responses to therapies like immune
checkpoint inhibition using confocal microscopy to measure
lymphocyte tumor infiltration and killing of tumor cells over
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several days [55]. The researchers found that when stauro-
sporine, a small molecule that induces cell death, was deliv-
ered to the TILs, there was a significant increase in cell death
when compared to vehicle controls [55]. When tumors were
exposed to TILs, it was found that TILs previously exposed
to anti-PD-1 therapy caused increased cell death in the tumor
cells [55]. The use of multiple tumor sections for assess-
ment in this device allowed researchers to better capture the
heterogeneity of a patient’s tumor and makes for a scalable,
high-throughput screening tool.

Recently, Beckwith et al. have improved on the design
of the EVIDENT model in a microfluidic tumor analysis
platform (TAP) [56]. The TAP is fabricated in a single piece
of resin and can be 3D printed in 1 h without the need for
further assembly. Like the EVIDENT model, TAP integrates
live tumor biopsy tissue perfused with adjustable media
components containing fluorescent antibody markers and
dyes. Tumor fragments were viable within the device for
72 h, and viability could be monitored during the entire
culture time [56]. Immunotherapy or drug molecules are
introduced to the device fluid flow to evaluate the cytotoxic
activity of resident TIL in the tumor tissue. The elimination
of circulating, pre-treated TIL allows for faster evaluation
of patient responses to therapy. Using confocal microscopy,
the researchers were able to observe significant tumor tissue
necrosis within 48 h of screening in response to anti-PD-1
therapy [56]. They compared the viability and T cell locali-
zation between anti-PD-1-therapy treated tumors and iso-
type antibody treated controls, and found that treated tumors
had more dead cells [56]. They also found that T cells were
localized in proximity to the dead cells, suggesting that there
is an increase in T cell-mediated killing due to the presence
of anti-PD-1-antibodies [56]. A drawback of this device is
potential variability in the cellular composition of the biopsy
sample since the device investigates anticancer properties of
resident lymphocytes within tumor tissue. The addition of a
standard method to confirm biopsy composition could add
nuance to treatment predictions made using this device as
a personalized tumor tissue model. Screening devices like
this that can use freshly excised (within 24 h) tumors will
help screen future immunotherapies for successful cytotoxic
effects and more personalized therapies.

Another ex vivo approach to patient-specific screening
for immunotherapy efficacy combines the benefits of 3D cell
culture with the precise environmental controls of microflu-
idics. 3D tumor spheroids have been gaining recognition as
useful models for research and therapeutic screening. They
present an improvement over 2D cancer cell cultures by
allowing for more physiologically relevant cell—cell inter-
actions and tissue organization that more closely mimic
human tumors and their resistance to therapy [57]. In their
model, Jenkins et al. incorporate slightly dissociated tumor
biopsy tissue into 3D tumor spheroids for short-term culture
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in a microfluidic device to assess individual responses and
resistances to ICI therapy. This method of spheroid forma-
tion preserves basic elements of the tumor tissue and micro-
environment, while allowing it to be viable in-vitro. They
used cytokine secretions from tumor spheroids as a meas-
ure of immune activation following ICI treatment delivered
into device media flow. They consistently observed more
cytokine production, including CCL19 and CXC13 in tumor
spheroids with phenotypically immunosuppressed infiltrat-
ing lymphocytes [58]. The various methods of data analysis
available from this device highlight its versatility in provid-
ing detailed evaluations of patient biopsies. Other microflu-
idic-based tumor spheroid systems and their applications are
described in a recent review [59]. Additionally, there are a
number of non-microfluidic tumor spheroid systems detailed
in another review that explores methods of characterizing
their utility as cancer therapy models [60].

Park et al. used a microfluidic device to encapsulated
HeLa cells in a collagen matrix and introduced NK-92 cells
at the interface of the collagen matrix [61]. The more the
NK-92 cells migrated towards the HeLa cells, the more cell
death was observed [61]. The model incorporates HeLa
cells in a collagen ECM barrier to recapitulate a fibrotic
TME. The researchers tested different concentrations of
collagen gel and found that with a higher concentration of
collagen, a smaller amount of NK-92 cells was found deep
in the collagen matrix, but at the same time, they found an
increase in cytotoxic activity against the HeLa cells [61].
The ECM helped reduce migration and access to the can-
cer cells, which lowered overall cytotoxicity [61]. When
comparing these results to a 2D model, they saw that more
NK-92-mediated killing of HeLa cells occurred in the 2D
model compared to their device [61]. This shows that the
TME is highly influenced by the surrounding ECM and that
accessibility into deeper portions of tissue is one of the
limiting factors in the killing of tumor cells [61]. With some
modifications, this model could be used to screen and enrich
for activated lymphocytes with greater cytotoxicity against
solid tumors for ACT [62].

Pavesi et al. developed a microfluidic model for the assess-
ment of engineered T cells that express tumor-specific T cell
receptors (TCR-T cells) against the physical and metabolic
barriers of solid tumor microenvironments [63]. The model
includes cancer cells suspended in a collagen ECM with T
cells circulating through media channels on either side. Lym-
phocyte cytotoxicity in this model is dependent in part on the
chemotaxis and motility of T cells, and thus simulates the
mechanical barriers to T cell infiltration into tumors in vivo.
Using this model, the cytotoxicity of engineered T cells
was measured under different clinically relevant conditions
such as hypoxia, systemic mTOR immunosuppression, and
inflammation. Researchers found that their 3D device was
able to evaluate efficacy between differentially engineered T
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cells activated against the same antigen. The engineered T
cells, in the presence or absence of IL-2, produced different
cytokine profiles in the 3D device, a distinction that was not
observable in the 2D model. The response from the TCR-T
cells could be heavily influenced by its preparation in a 3D
system. With further validation, this 3D model could be used
as a powerful and customizable tool for developing CAR-T
cells better optimized for the treatment of solid tumors [63].

Microfluidic models are also helping define the spe-
cific cell—cell interactions influencing immune responses
to immunotherapy. Researchers have targeted DCs second
only to T cells in their efforts to create cell-based immuno-
therapies [64]. Interferon-alpha—conditioned DCs (IFNa-
DCs) are known for their enhanced antigen presentation and
superior induction of T cell responses [65]. Parlato et al.
designed a model to study the migration of IFNa-DCs,
towards apoptotic, drug-treated cancer cells. The model
houses the IFNa-DCs separated from cancer cells and a thin
channel connects the two chambers. They found increased
IFNa-DC migration into the tumor chamber was driven by
secreted chemokines, like CXCL12, from the dying cancer
cells. IFNa-DC phagocytosis of drug-treated cancer cells
was also enhanced, which suggests that antigen presentation
to T cells may also have increased. This model highlights
the benefits of studying immune cell behavior in response to
combination therapy. The model could also be used to study
the migration of other immune cells towards tumor tissues,
infiltration into TMEs, and interactions of cancer cells with
immune cells the 3D tumor ECM [66].

Devices for therapeutic screening

Organ-on-a-chip devices can be used to observe and meas-
ure the antigenicity of specific proteins when in culture
with immune cells. Rosa et al. explored the dynamic rela-
tionship of T cells and DCs using a device with a single
channel and two inlet and outlet ports [67]. They stud-
ied CD4*/CD8™ T cell interactions with either antigen-
loaded DCs adhered to the bottom of the device or antigen-
loaded DCs suspended in solution under various levels
of shear stress. CD4" T cell-DC interactions started to
break at shear stresses between 0.01 and 12.0 Dyn cm™
and a decrease of interaction numbers was observed at
higher shear stresses. In contrast, CD8" T cell-DC inter-
actions only broke at higher shear stresses between the
range of 12.0-120.0 Dyn cm™ [67]. Using this device,
the authors applied a stream of CD4 +and CD8 + T cells
over a common DC monolayer. By doing this, they found
that the number of CD4 + T cell interactions stayed at a
constant 6.4 x 10° CD4* T cells to ~6.0 x 10* APCs for
80 min, compared to no attachment with the CD8 + T cells
[67]. Devices such as this could pave the way for future

screening cellular interactions, and how these might be
affected by physiological conditions like shear stress.

Another promising screening device is the DropMap
(Fig. 7). This cell-secretion assay analyzes individual B
cells using nanoparticles coated in capture antibodies
[68]. When a specific cell secretes the molecule of inter-
est, it is captured by antibodies on the nanoparticles and
detected using fluorescently labeled detection antibodies
[68]. Using this technology, both secretion rates and affin-
ity can be calculated [68]. The DropMap was used to study
the innate immune response in septic shock patients. A
monocyte population in the DropMap was maintained by
exposing cells to LPS, and it was found that there were
lower rates of TNF-a secretion in the environment by
septic shock patients compared to healthy controls [68].
Additionally, in septic shock patients, cells exhibit higher
endocytic activity [68]. Cells activated by LPS in the
device also more readily took up nanobeads than healthy
cells, suggesting that they have increased phagocytic capa-
bilities [68]. The authors also used the DropMap to quan-
tify secretion rates of TNF-a, IFN-y, IL-2, and IL-4 from
human T cells [68]. Ex vivo peripheral blood mononuclear
cells (PBMCs) were stimulated with phorbol 12-myristate
13-acetate (PMA)/ionomycin and cytokine secretion was
compared to unstimulated PBMCs. They found that stimu-
lation did not affect TNF-«, IL-2, and IL-4 secretion, but
enhanced IFN-y secretion. Screening of cell responses
is critical in diagnosis, as it could allow for analysis of
how well certain immunotherapy works and the type of
immune response currently mounted in a patient’s body,
and microfluidics could be a useful tool to achieve rapid
and cheap screening.
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Fig.7 DropMap schematic. a Cells enter the device one by one
where their produced cytokines and antibodies are met with captur-
ing antibodies on nanoparticles. b Non-secreting cells do not interact
with capture and detection antibodies. ¢ When cells are secreting tar-
get particles, they bind to capture antibodies and these bind to detec-
tion antibodies. The resulting fluorescent image can then be quanti-
fied
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Microfluidics for single-cell analysis
in immunotherapy

Recently, single-cell assays have been gaining traction
in the field of microfluidics. These offer a novel way to
study cells, individual responses to therapy, and isolated
cell—cell interactions [69]. Combining single-cell screen-
ing with the high throughput screening potential available
via microfluidics could revolutionize the process of dis-
covering new therapies and enhancing existing ones. For
example, one of the drawbacks of engineered cell thera-
pies like CAR-T cells is the amount of effort and time
required to produce modified T cells with high affinity
and specificity for the varying tumor antigens. Segaliny
et al. developed a microfluidic assay that captures indi-
vidual CAR-T cells in a droplet with a target cancer cell
and incubates them together in a trapping well. The assay
identified activated CAR-T cells that recognized tumor
cells by GFP expression. Then the activated cells were
isolated from the device for analysis of T cell receptor
(TCR) genetic sequences and downstream enrichment for
immunotherapy [70]. The assay is enriched for engineered
lymphocytes with enhanced cytotoxicity and tumor speci-
ficity, which enhances the therapeutic potential of these
T cells. This platform could also be used to screen and
enrich for B cells of particular specificity, crucial for the
development of potent monoclonal antibodies that could
be used as treatments.

Researchers have also developed devices to screen for
the production of specific proteins or cytotoxic effectors.
Briones et al. used a microfluidic device to screen for
the production of granzyme B (GrB), which effectively
induces cell apoptosis [71]. They analyzed the expression
of GrB in three different cell types: GrB-transduced Jur-
kat T lymphocyte cell, NK-92 natural killer cell (positive
control), and THP1 monocyte cell (negative control).
They found that NK-92 cells produced the most GrB,
consistent with findings in patients treated with immune
checkpoint blockade who also had elevated GrB levels
[71]. Therefore, a device that can screen protein produc-
tion may be useful in enhancing our understanding of
disease progression or treatment response in patients.

Conclusion and future directions

The field of microfluidic devices creates a new way of
analyzing biological systems that researchers could not
have in the past. They can be utilized to recreate intricate
parts of the body such as the gut and lymphoid organs.
These models create ways to study reactions to immuno-
therapies without having to use costly in vivo models and

@ Springer

while allowing for use of patient samples (individualized
medicine). Microfluidic devices can also be used to model
disease and disease progression, which can lead to a new
understanding of disease pathology that is crucial to effec-
tively design therapeutics. Additionally, creating more
complex devices that house multiple body systems has the
potential to lead to more streamlined testing of therapeu-
tics such as immunotherapies. Furthermore, devices that
can sustain an environment for longer times can pave the
way to better study disease progression. Faster and more
accurate single-cell analysis via microfluidics can improve
our understanding of cellular responses. Therefore, micro-
fluidics has significant potential implications in the devel-
opment and testing of immune modulatory therapeutics.
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