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This critical review aims to highlight how modeling of the immune response has adapted over time to
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utilize microphysiological systems. Topics covered here will discuss the integral components of the
immune system in various human body systems, and how these interactions are modeled using these
systems. Through the use of microphysiological systems, we have not only expanded on foundations of

basic immune cell information, but have also gleaned insight on how immune cells work both
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Introducing the innate immune
system

The innate immune system works tirelessly as a guardian of
our health and well-being. It is our first line of defence to the
world that we interact with during every moment of the day.
To effectively coordinate this protection of the human body
from infection many characters are at play. Together they
form a network of tightly woven checks and balances to
ensure the proper response is implemented to identify foreign
bodies and then eliminate the harmful or disregard the
commensal. While this review focuses on representation of
the innate immune system (focusing on the immune cells
listed in Table 1) in microphysiological systems (MPS), the
innate and adaptive responses are tightly interconnected. It is
necessary to discuss both to understand the direction and
needs of the immunocompetent MPS field.

Within the human body both primary and secondary
lymphoid organs reside in their specific areas with regulatory
niches existing within these varying organs. The primary
lymphoid organs consist of the bone marrow and the
thymus, while the secondary organs consist of lymph nodes,
spleen, and tonsils. The bone marrow and thymus are where
immune cells migrate to mature into lymphocytes. The
secondary organs are where immune cells carry out their
functions during a response." The bone marrow is also the
main site for haematopoiesis, or the main location where
innate immune cells are produced.”> The unique spatial
organization of the bone marrow creates the niches necessary
for hematopoietic stem cells to differentiate into immune
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independently and collaboratively within an entire human body system.

cells, with the process taking place in the spaces between
reticular cells, vessels, and bone.

Recent studies suggest that infection can be detected by
innate immune cells through pattern-recognition receptors
(PRRs). There are three categories of PRRs: secreted,
membrane bound, and phagocytic which are found in the
blood stream, on cell membranes, and in the cytosol. PRRs
can detect certain structures expressed by pathogens called
pathogen-associated molecular patterns (PAMPs).
Lipopolysaccharide (LPS) is a well-defined PAMP found on
Gram-negative bacteria, another is peptidoglycan found on
Gram-positive bacteria.® Toll-like receptors, characteristic of a
variety of hematopoietic-descended cells such as monocytes,
macrophages, neutrophils, and eosinophils, are a type of PRR
that can recognize many PAMPs on microbes attempting to
cross cell membranes. Another type of PRR is cytosolic NLRs
- nucleotide-binding domain, leucine-rich repeat proteins -
which lend the immune system the ability to detect soluble
intracellular pathogens. NLRs can also recognize and bind
products of cellular damage such as uric acid. Binding of
PRRs to PAMPs is one mechanism that spurs the immune
system to mount a response against a developing infection.

Upon recognition of antigenic material, specific signalling
pathways are activated depending on which PRR was bound.”
The exact signalling cascade may vary, but this activation
generally results in release of pro-inflammatory factors such
as cytokines and chemokines that in turn attract a variety of
innate effector molecules such as neutrophils, macrophages,
and dendritic cells to the infection site. Dendritic cells are
especially important at this point, as they will take up
antigen, become activated and then deliver the antigen to the
lymph nodes to assist in the development of an adaptive
response. The influx of effector molecules also allows
important innate responses such as phagocytosis of
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Table 1 Cells of the innate immune system

Macrophage

Phagocytic cells found in tissues,
involved in engulfing and digesting
pathogens and debris.

Neutrophils

Phagocytic Cells

Most abundant type
of white blood cells,
rapidly recruited to sites of infection.

Monocytes

Circulating white blood cells
that can differentiate
into macrophages or dendritic cells.

Dendritic Cells

Antigen-presenting cells
that capture and present antigens
to T cells.

Natural Killer (NK) Cell

Lymphocytes that recognize and kill
infected or abnormal cells.

Lymphocytes

Mast Cells

Tissue-resident cells that release
histamine and other
inflammatory mediators.

Granulocytes

Basophils

Circulating granulocytes involved
in allergic reactions and
parasitic infections.

Eosinophils

Granulocytes that combat parasites
and modulate allergic responses.

Microglia

Resident macrophages
in the central nervous system.

Kupffer Cells

Specialized macrophages in the liver,
responsible for phagocytosis
and debris clearance.

Tissue Resident Cells

Langerhans Cells

Dendritic cells located in the skin
and mucosal tissues, involved in
antigen presentation.

This journal is © The Royal Society of Chemistry 2024
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pathogenic material to begin, most swiftly by neutrophils as
well as macrophages and granulocytes.

Neutrophils are commonly understood to be first
responders of the immune system and as such they are fully
equipped to handle an array of pathogens. Common
inflammatory responses include producing reactive oxygen
species to inflict damage to the pathogen, deploying
neutrophil extracellular traps (NETSs) to snare them, ingesting
them through phagocytosis, and even signalling other
immune cells for support.” Neutrophils release inflammatory
cytokines to recruit antigen presenting cells (APC) such as
macrophages. This in turn results in the release of more
inflammatory cytokines that signal further recruitment of
neutrophils, thus generating an inflammatory feedback loop
in an acute inflammatory process known as neutrophil
swarming.®® Recruited innate cells will then utilize their
specialized antigen presenting skills by ingesting pathogenic
material and delivering it to components of the adaptive
immune system for further action.

This of course is an oversimplification of the innate
immune process and still there are many other moving parts
involved. There are many diseases linked to the immune
system, plus immune response to clinical therapies can
greatly influence therapeutic efficacy, so it is imperative to
understand this network of interactions. Although a
therapeutic compound is highly regulated as it progresses
through simple, in vitro single-organ studies and animal
models, it may still fail when it is finally tested in human
trials. While safeguards are in place, failures are common as
the prior tests lack the complexity of the human body -
especially the intricate machinations of the immune system.
Integrating MPS into this framework could help to reduce
economic burden, adverse effects in humans, and the
number of animals used in therapeutic development.

Modelling primary immune tissues

MPS are still a relatively novel design that has become a rapidly
growing field. Following quickly on the heels of microfluidics
developed in the 2000s, we see the appearance of
microphysiological platforms for the use of cell culture take off
around 2012.° The last decade has yielded a multitude of
various organ-on-a-chip models that have contributed to the
biomedical field. As we continue to advance, there is an
understanding that the need for models of the immune system
are necessary. There are many organ-on-a-chip models that
exist to physiologically mimic immune organs (e.g., bone
marrow, thymus, lymph nodes, spleen). Models recapitulating
the human bone marrow (hBM) tend to be more focused on
the innate immune component while others, like lymph nodes
and thymus, are centred more on the adaptive immune system
- more specifically on T lymphocytes.

The human bone marrow (hBM) is a complex organ
essential to the immune system and is critical for both
hematopoietic and immune homeostasis. Nelson et al
designed a hBM-on-a-chip model with a 96-well format,
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which allows for eight independent “chips” to be studied at
once, which is not typically seen in organ-on-a-chip models."
This model was designed specifically so that endosteal,
central marrow, and perivascular niches of the human bone
marrow could all be incorporated. The composition and
microphysiology of hBM is accurately mimicked in this
complex multi-niche microtissue due to how various cell
types are differentiated and seeded into the model. To mimic
the bone-like endosteal layer of hBM within the model,
osteogenic differentiation of human mesenchymal stromal
cells (MSCs) was performed, which produced mineralization
of the bottom surface of the device. Once this endosteal layer
was in place within the hBM-on-a-chip, human endothelial
cells and MSCs were seeded in a fibrin-collagen hydrogel
network (mimicking the central marrow), creating a 3D
microvascular network, which mimics the perivascular niche
of the hBM. Nelson et al. discovered one of the key insights
that this model provided was that the presence of the
endosteal niche caused a decrease in proliferation and
increased maintenance of CD34+ hematopoietic stem cells.
The hBM is considered an immune-privileged site for
hematopoietic stem cells, which are responsible for giving
rise to a variety of immune cells through differentiation."*

Another model that recapitulates the key physiological
properties of the hBM microenvironment was designed by
Cairns et al They designed their model, known as the
“Humimic Chip2”, to observe bone marrow toxicity as a side
effect of treatment with oncology drugs, which is a
phenomenon that directly affects the immune system.'” The
specifications of this “Humimic Chip2” include a 3D ceramic
scaffold (made from hydroxyapatite) with a pore size and
structure within the device that mimics the human
cancellous bone. CD34+ human stem and progenitor cells
(HSPCs) were co-cultured with MSCs to provide the porous
environment present in hBM, and medium was circulated via
a microfluidic channel to maintain the simulation of the
bone marrow niche. The use of MSCs in this model is
extremely important because they have the capacity to induce
immunomodulation of varying cell types involved in both the
innate and adaptive immune responses.”® The only way to
assess the hBM toxicity within this model is to analyse the
hBM through an endpoint assay. The specific endpoint assay
used by Cairns et al. was flow cytometry, achieved by staining
the cell populations within the medium and the 3D scaffold
of this model and looking to see which types of immune cells
were still present after dosing the system with various drugs.
The “Humimic Chip2” model gives researchers the baseline
they need when it comes to designing models for drug
development regarding the bone marrow.

Within all the lymphoid organs, mature innate immune
cells, most commonly macrophages and DCs, cause an initial
innate response to foreign cells within the body. Upon
activation these antigen presenting cells will travel to
secondary immune organs, such as lymph nodes, to activate
an adaptive immune response. Human lymph nodes (hLN)
are bean-shaped structures that line lymphatic vessels acting
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as filters, where immune cells trap germs and stimulate the
production of antigen-specific antibodies via adaptive
immune processes.'* hLNs play a crucial role in the systemic
circulation of the body. At the thoracic duct, lymphatic
vessels return lymph and its content to blood."> In a
hematogenous context, propulsive lymph flow drives
metastasis in lymph-borne cancer cells, as hLNs are integral
in the spread of cancer into circulation.™

Shanti et al. wanted to design a microenvironment that
simulated the hLN to work on drug development.'” They
produced a LN-on-a-chip model where they inserted different
types of immune cells (dendritic cells and macrophages) into
the microfluidic device to incorporate key features of the
hLN. These characteristics entail similarity in the
components of the extracellular matrix (ECM), replication of
lymphatic flow pattern, viability of cells encapsulated in
collagen throughout the duration of immunotoxicity
experiments, compartmentalization of immune cells, and
interactions of different cell types across the different
chambers on the system. By creating these features, they
demonstrated that this LN-on-a-chip model can maintain cell
viability for more than 72 hours, which is the time necessary
to study drug toxicity. Future models regarding the hLN could
be designed to investigate the role of innate immune cells in
more detail. Elevation of a hLN microphysiological platform
could offer insights to effects on migration of innate APCs
and the interaction leading to the activation of adaptive
immune cells in response to drug therapies or various
disease phenotypes.

The thymus, tonsils, and spleen all appear to be
underrepresented in organ-on-a-chip models up until this
point, with these organs being focus points on the
development of new immune response models. The thymus
is a gland-like organ where, as mentioned before, T cells
mature into lymphocytes, and it is responsible for
coordinating the processes between the innate and adaptive
immune systems. The tonsils consist of three different
regions: palatine, lingual, and adenoids, all containing white
blood cells responsible for killing germs or starting an
immune reaction. The spleen is one of the more complex
lymphoid organs with functions ranging from breaking down
erythrocytes, storing and breaking down thrombocytes, and
storing various immune cells such as phagocytes, which act
as a filter for germs that get into the bloodstream."
Incorporating these three lymphoid organs into future MPS
designs would help researchers paint the full picture of how
the immune system responds to different stimuli.

Over the last decade vast strides in the development of
MPS have benefited our understanding of organ-to-organ
interactions in a laboratory setting. As these systems have
grown in complexity there has been an understanding that
the immune system must be integrated into these platforms.
In this review we will continue to cover the development of
the innate immune system in the realm of MPS, especially as
it pertains to the incorporation of innate immunity into
models of various body systems.

This journal is © The Royal Society of Chemistry 2024
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The innate immune system and the
epithelium

Epithelial linings from our skin to the walls of our gut help
to deter any opportunistic pathogens that seek to cause us
harm. This serves as a physical barrier to the vulnerable
tissues and provides a home for harmless bacteria that
prevent the colonization of these pathogens. The flora that
resides on each of us is unique and is known as our
microbiome. The microbiome is an intriguing topic that has
garnered much interest in recent years, with many studies
finding various diseases linked to the dysbiosis of
commensal bacteria found on and within the human body.
When reviewing the innate immune system, there are many
nuances to address regarding the relationships between our
immune cells, the epithelium, and the specific microflora
crowding our epithelial tissues.

While the inflammatory process in the human body has
similar key players involved throughout, the exact mechanism
of action is regionally specific for each organ (Fig. 1). The
epithelium of the skin consists primarily of stratified
keratinocytes with Langerhans cells interspersed throughout
them. Under homeostatic conditions these cells work together
to maintain barrier integrity and to distinguish between
commensal and pathogenic microorganisms to prevent
infiltration of infectious agents. An inflammatory response
could be initiated due to direct injury that then allows
opportunistic pathogens direct access to our circulation.
Langerhans cells, which are dendritic-like cells, capture
pathogenic material, and can migrate through the tissue to
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Fig. 1 Inflammation in epithelial tissues.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Critical review

nearby lymph nodes to present the antigen to adaptive immune
cells. Inflammatory cytokines released by keratinocytes recruit
neutrophils from the peripheral blood to the site of injury.

The epithelium of the gastrointestinal tract consists of
enterocytes, enteroendocrine cells, goblet cells, intestinal
stem cells, Paneth cells, and tuft cells. Under homeostatic
conditions these cells work similarly to that of the lung in
the sense that they form both a physical barrier and mucosal
barrier to microorganisms. Tight junctions of the epithelium
form a strong barrier that is protected by a layer of
antimicrobial mucous attributed to Paneth and goblet cells.
Inflammation in the gastrointestinal tract could be attributed
to food allergies or a variety of opportunistic pathogens.
Common progression of inflammation in the gut includes
degradation of the mucus layer allowing opportunistic
pathogens access to epithelium. Thus, resulting in similarly
described immune cell recruitment and antigen presentation.

The epithelium of the respiratory tract consists of basal
cells, ciliated epithelial cells, club cells, goblet cells, ionocyte,
and neuroendocrine cells. In healthy lung tissue, basal cells
generate ciliated and secretory cell types, epithelial cells
maintain barrier integrity, and the goblet and club cells secrete
antimicrobial mucins. Inflammation in the respiratory tract
could be attributed to a variety of stimuli such as allergens,
bacterial infection, or viral infections. Common immune
response include increase in antimicrobial mucous production
to trap pathogenic material that can then be swept away by
ciliated epithelial cells, release of inflammatory cytokines to
attract neutrophils and macrophages, followed by phagocytosis
and antigen presentation to adaptive immune cells.

Inflammation of the Respiratory Tract

(]

Allergens

© Viruses Eosinophil Oidnes
. o 4 . >

Bacteria
S

Basal  Goblet
cell cell ocel ® cell

M. 0 @

Dendritic cell Neutrophil e

@

Inflammation of the Gastrointestinal Tract

Enteroendocrine
cell

Neutrophil
Recruitment

AR L))
S 8 R n &
P Paneth (@
@ . cel L

Dendritic
ell

Lab Chip, 2024, 24, 3604-3625 | 3607


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00812f

Open Access Article. Published on 03 July 2024. Downloaded on 10/19/2024 2:08:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical review
The skin

The skin, the first line of defense against many of the
pathogens encountered daily, is a prominent place to start
when we think about modeling immune interactions with the
epithelium. MPS of the skin are one of the most vastly used
throughout the industry - fitting as the skin is also the largest
organ. With the growing pressure exerted on the cosmetics
industry to move away from animal testing, modeling skin
using MPS is a necessary alternative. The skin provides a prime
model to study the immune system as it encounters many
irritants, whether it be a hypersensitivity or an allergic reaction
to a product, damage due to UV exposure, or even direct insults
that cause damage to the epithelial barrier. All of these may
elicit a different form of immune response, which makes the
field of MPS skin modeling diverse.

Ramadan et al. delivered a MPS for monitoring interactions
between the skin and immune cells."® For this model they
established a co-culture of keratinocytes and DCs to investigate
protective qualities of the skin by exposing keratinocytes to UV.
They also monitored immune responses of the DCs when their
model was exposed to infection (through exposure to LPS) in
the presence or absence of keratinocytes. Certainly, to no
surprise, they found that UV exposure degrades keratinocytes
and weakens their tight junctions. They also found that
immune responses were dampened with the protective barrier
provided by the keratinocytes. Their model was not without
limitations, as the immune cells used were an immortalized
line and do not behave the same as primary human immune
cells, however they offered a scaffold from which more
researchers could build.

Work that explores this interaction a little deeper was
presented by researchers Chau et al. when they introduced a
3D immunocompetent model of the skin in early 2013."
Their multi-layered model incorporated an air-liquid
interface (ALI) with an optimized medium to support the
culture of keratinocytes, fibroblasts, and DCs. All of the cells
utilized in this platform were acquired from primary human
donors. DCS sandwiched between the epidermal
keratinocytes and lower dermal fibroblasts remained viable
for 5 days and were able to successfully migrate through the
layers and out into the liquid layer of the model while
retaining their viability. They were then able to administer a
skin sensitizer, dinitrochlorobenzene (DNCB), to the apical
surface and monitor immune response. They found that
upon application of DNCB a significant increase in DCs
migrated through the layers of the skin. There was also an
upregulation of CD86 on the DCs, which is utilized for
antigen presentation and T-cell activation.

Researchers Kwak et al. further expanded on the modeling
of the immune response in the skin by addition of a
vasculature component to their model.>® The skin is highly
vascularized and relies on this network of microvessels to
maintain homeostasis. The ability to incorporate a vascular
component to the skin allows exploration of avenues of
nutrient delivery, wound healing, and immune response to
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infection. Their tripartite skin model (consisting of a human
keratinocyte cell line, primary human fibroblasts, and
HUVECS) worked to recapitulate the epidermal, dermal, and
endothelial layers of the skin. Their system was also
subjected to gravity driven flow to mimic the fluidic
condition of the vasculature of the skin. They found that
their model could elicit an inflammatory response when
subjected to SDS, a known skin irritant. A significant increase
in IL-6 production was observed when exposed to sodium
dodecyl sulfate (SDS) compared to unexposed controls. They
further added to this skin model by integrating leukocytes to
study immune migration in response to injury. Upon
exposure of the skin model to UV, they were able to capture
trafficking of the leukocytes from the vasculature component
to the site of the injury.

The gastrointestinal tract

As we further explore modeling of the innate responses and
epithelium, a focus to microfluidic devices of the gut and
their incorporated immune cells will be reported. Resident
immune cells in the gut, primarily consisting of macrophages
and DCs, have the important job of discerning when to
initiate an inflammatory immune response and when to
proceed as usual. When these immune cells encounter
pathogenic material in circulation or in other tissues, the
innate response eliminates the pathogen. However, with the
high population of commensal microbiota found within the
gastrointestinal tract, if immune cells employed an
inflammatory response during each interaction there would
be sustained, chronic inflammation. Oftentimes this results
in what is known as inflammatory bowel disease. Instead,
these resident immune cells should specifically target foreign
opportunistic pathogens before they can disseminate disease
throughout the body.

Many developments in intestinal modeling have been
made, however many have excluded the immune perspective.
In 2010, researchers Leonard et al. recognized the need for
inclusion of an immune component to fully represent disease
conditions of the gastrointestinal tract.”' A trans-well-based
triculture of Caco-2 cells with primary human blood derived
macrophages and DCs were used to monitor responses when
inoculated with LPS or treated with pro-inflammatory
cytokines. Upon encountering the pro-inflammatory stimuli,
the following occurred: increased disruption in the epithelial
tight junctions, increase in transportation across the
membrane, and increase in pro-inflammatory markers - all
of which were further increased when compared to a
monoculture consisting of only Caco-2 cells. Additionally,
migration of immune cells to the apical side of the model
and uptake of particles was observed during the
inflammatory response. This work points out the necessity of
the immune components when modeling interactions that
take place within the gut.

As the importance of the gut microbiome became clearer
in the proceeding years, researchers investigated ways to

This journal is © The Royal Society of Chemistry 2024
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model these interactions in a human-based, physiologically
relevant manner. A microfluidic interface was created in 2016
that modeled interactions between human and microbials in
the gastrointestinal tract called HuMiX.”> This interface,
established by researchers Shah et al, created
microenvironments within the model consisting of various
oxygen concentrations for the co-culture of human cells and
bacteria. Immunological responses of gut epithelial Caco-2
cells were observed when co-cultured with gut bacteria
Lactobacillus rhamnosus GG. This co-culture suggested an
anti-inflammatory response to the bacteria as there were
decreases in the cytokine detection of CCL20 and IL-8.
Additionally, while not the primary focus of the work,
preliminary studies also determined the capability of
inclusion of CD4+ T-cells to model immune response.

An exciting and more recent development in modeling the
human intestinal environment was recently demonstrated by
researchers Maurer et al This microfluidic biochip
recapitulated endothelial and epithelial gut components co-
cultured with peripheral blood mononuclear cells (PBMCs)
that were differentiated to represent mucosal macrophages
and dendritic cells.”® As both immune cells are integral in
maintaining  the  homeostatic  conditions of the
gastrointestinal tract, this model provides useful insight to
the modeling of the gut. Moreover, immune mediation to gut
microbiota was observed with the introduction of microbial
associated molecular patterns (MAMPs) in the form of LPS
and from commensal and opportunistic microbiota such as
L. rhamnosus and C. albicans. Primary HUVECS and human
epithelial colorectal cell line Caco-2 cells were cultured on
opposing sides of a porous membrane to simulate an
intestinal vasculature (endothelial side) and an intestinal
lumen (epithelial side). They found that exposure to LPS on
the endothelial side resulted in a pro-inflammatory response
and disruption to the barrier integrity, as expected in cases of
endotoxemia. In contrast, no inflammatory response was
observed when exposed to LPS on the epithelial side. Further
experimentation demonstrated the benefit of commensal
microbiota. Colonization of L. rhamnosus on the epithelial
side not only failed to stimulate a pro-inflammatory immune
response but contributed to the protection of barrier integrity
during LPS infection. Additionally, this colonization inhibited
the growth of opportunistic pathogen C. albicans. This model
offered exciting new insights in modeling the complex nature
of tissue specific immune cells as we know their behavior is
vastly different from those in systemic circulation. The
capability to model immunotolerance of certain microbiota
while also observing inflammatory responses to pathogens,
as noted in this study, is necessary to fully understand the
complex machinations of the gut.

The respiratory tract

The need for models to study the respiratory system,
especially as it pertains to immune response, has become
increasingly apparent since the global pandemic resulting

This journal is © The Royal Society of Chemistry 2024
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from SARS-CoV-2. We all now understand the gravity of the
matter and the use of MPS can help to fortify our
understanding of respiratory illnesses.

In 2010, researchers Huh et al. recapitulated the lung by
developing an alveolar-capillary interface to study neutrophil
response to pro-inflammatory stimuli.>* When introducing
tumor necrosis factor alpha (TNF-a) in the medium,
characteristic lung inflammation responses were observed
such as: increased ICAM-1 expression, binding of neutrophils
to ICAM-1, and transmigration of the neutrophils across the
capillary-alveolar membrane. Response to bacterial infection
could also be modeled using this platform. When the alveolar
microchannels were inoculated with Escherichia coli bacteria,
primary human pulmonary microvascular endothelial cells
were activated and in response neutrophils extravasated
across the barrier toward the infection, resulting in
phagocytosis of the bacteria.

In 2015, researchers Benam et al. effectively modeled a
small airway-on-a-chip to study inflammatory responses in
the lung.>® This model consisted of both the epithelial and
endothelial components to mimic human bronchioles
allowing for phenotypic disease models of asthma and
chronic obstructive pulmonary disease (COPD). Primary
human airway epithelial cells were exposed to air while
primary human pulmonary microvascular endothelial cells
were exposed to medium. These cell types were seeded on
opposite sides of the same porous membrane to allow for
cell-to-cell interaction. When the model was exposed to IL-13,
asthmatic conditions were induced, resulting in increased
goblet cells and inflammatory cytokines coupled with a
decrease in ciliary beat frequency.

Childhood asthma can develop into two different
phenotypes known as non-allergic (eosinophilic) and allergic
asthma, with the base immune mechanism being relatively
the same.®?” Both types are driven by type 2 inflammation,
characterized by airway inflammation resulting in both
airway mucus plugging and bronchoconstriction.*® Not only
does dysfunction within the innate immune system lead to
childhood asthma development, but adult asthmatics
experience exacerbations due to primary immunodeficiency,
which causes recurrent infections in both the upper and
lower respiratory tracts.’

To study inflammatory responses in patients with asthma
or COPD, the same model by Benam et al. was exposed to
polyinosinic-polycytidylic acid (p(I:C)), which functioned as a
mimic of viral infection. For the asthmatic model, this
exposure not only resulted in a pro-inflammatory response in
the epithelium (marked by an increase of RANTES and IL-6),
but also an increase in endothelial adhesion markers
resulted in increased recruitment of neutrophils. To model
COPD healthy epithelial cells were replaced with diseased
COPD epithelial cells. For the COPD model, systems were
either exposed to LPS to induce macrophage activity or p(I:C)
to induce neutrophil activity. Both of which generated a pro-
inflammatory response, however only the LPS-treated systems
saw a significant increase in pro-inflammatory cell response
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when compared to healthy controls. The increase in GM-CSF,
a macrophage stimulating factor, suggests that it may require
more attention when studying infection in COPD patients.

Further studies of viral activity in the lungs were
published in 2021 by Si et al*° A microfluidic bronchial-
airway-on-a-chip system that is lined by both pulmonary
and bronchial-airway endothelium was used for the purpose
of rapidly identifying candidate therapeutics for varying
diseases and viruses that affect the lungs. Within this
model, it was also possible to demonstrate the recruitment
of immune cells as part of a response. Upon infection,
primary neutrophils migrated to the infected chip within
the system through vascular channels and recruited even
more circulating immune cells to the apical surface of the
lung epithelium.

Chen et al created a lung-on-a-chip platform that
contained alveolar and bronchial components, resident
macrophages, and circulating monocytes.”® Within this
model, they constructed and used a fully automated
spreading system capable of simulating the advancement of
infection within the lung. Once infected, they were able to
analyze and classify both the inflammation-induced changes
in the lung epithelium and varying macrophage morphology,
due to a deep-learning-based recognition module included
within the system. Not only is an inflammatory immune
response induced upon infection, but it is also induced upon
injury to the human body, so it is imperative that future
organ-on-a-chip models are designed with a component to
simulate cell injury to observe and analyze the response.

As we contemplate improvements to respiratory MPS,
it's important to also consider the unexplored microbial
terrain of the lungs. When most think about the
microbiome common things that come to mind would be
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the skin or the gut, but what about the lungs? While the
lungs contain a million bacteria per gram of tissue less
than that seen in the gut,®* they still influence our body's
responses in healthy and diseased states. Clinical
perturbations in the lung microbiome has been studied in
relation to asthma,®® COPD,** cystic fibrosis,®® and other
respiratory diseases. Respiratory MPS offer novel platforms
to dissect the balance between commensal and
opportunistic microbes in airway homeostasis.

Migration models of the innate
immune system

As we follow our immune response from the outer walls of
the epithelium to our blood and tissues it will be important
to understand how these cells arrive at these locations. As
development of the innate system using
microfluidic devices has advanced, a primary focus has been
on modeling inflammation. Replicating the trafficking
patterns of leukocytes is an integral component in our
understanding of inflammatory pathways. Systemic immune
cells circulate throughout our periphery and extravasate into
our tissues when summoned (Fig. 2). This migration into the
tissues is mediated by rolling adhesion as the immune cell
begins to bind to epithelial markers such as ICAM. As the
immune cell comes to a rest, it is removed from the
bloodstream as it squeezes in between the vascular
endothelial wall and infiltrates our tissues. To properly model
such aspects of immune recruitment, fluidic conditions are
required. Complex systems such as animal models have
contributed to this, however due to inconsistencies between
humans and animals, animal models can only enlighten our
understanding so much. For example, neutrophils make up
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approximately 60% of circulating leukocytes in humans but
only approximately 18% in mice.’® Through the use of
microfluidic devices in a study by Jones et al. it was also
uncovered that, in response to chemoattractants, activation
and migration of human neutrophils are significantly higher
than rodent neutrophils.® Complex in vitro models such as
MPS allow for the incorporation of immune cells under
microfluidic conditions that cannot be obtained under
traditional cell culture methods. By demonstrating the
success in  establishing  trafficking  patterns  of
immunocompetent MPS, which is necessary when
monitoring immunotoxicity, the field can offer an alternative
to animal models for preclinical studies.

Researchers Jones et al. in 2012 developed microfluidic
chambers to study trafficking interactions among a
heterogeneous population of neutrophils and monocytes.*’
This device consisted of a loading chamber with several
microfluidic channels, some of which would lead to
chambers pretreated with chemoattractant. Initially,
observations found that neutrophils arrived the fastest with
monocytes arriving hours behind, reflecting in vivo
characterization of neutrophils as first responders.
Interestingly, subpopulations of monocytes were determined
based on travel time and found that monocytes with high
elastase activity, a phenotype of activation in response to
inflammation, arrived faster than those that did not have
elevated elastase activity.

In a study performed by Hamza et al in 2015 a
microfluidic device was developed to monitor the trafficking
of neutrophils in response to stimuli.*® The loading of a
single drop of whole blood into this platform allowed for
subsequent migration of neutrophils out of the loading
compartment while retaining erythrocytes. Zymogen particles
were added to compartments surrounding this chamber and
leukotriene B4 (LTB4) was utilized to promote chemotaxis of
the neutrophils from the central compartment. This study
illuminated the self-regulating response of neutrophils by
monitoring their flow to the site of infection, as well as their
return to the central compartment. It was observed that
neutrophils that phagocytosed the pathogenic material
remained in the external compartments. However,
neutrophils that did not interact with the zymogen particles
returned to the central compartment. This provided a
microfluidic approach to understanding how the innate
immune response can mitigate infection without inducing
chronic inflammation that would lead to tissue damage.

Migratory habits of innate immune cells do not just
include traversal to the site of infection. Antigen presenting
cells, such as DCs, must also navigate to immune organs
such as lymph nodes to alert and activate the adaptive
immune response. Researchers Mitra et al. sought to model
this interaction in 2013.* Their model consisted of fluidic
pathways with a CCL-19 chemokine gradient that should
direct DCs to a T-cell chamber and result in T-cell activation.
Access to the chemotaxis channels would be barred to
inactivated DCs based on their morphology. However, they
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observed  morphological changes upon  activation,
transitioning from a circular to an amoeba-like shape,
allowing for migration into the chemotaxis channel. DCs
following the chemokine gradient would then land in the
T-cell chamber and induce T-cell activation.

In 2020 a study performed by Sasserath et al. integrated
THP-1 cells to a five-compartment microfluidic platform
containing three different organ constructs: heart, liver, and
skeletal muscle.”® This platform was maintained over the
course of 7 days to model innate immune response activation
pathways. Cardiotoxin amiodarone was administered to
monitor a tissue specific infiltration of immune cells. M2
activation was observed in the system as a response to
cardiac damage and infiltration of the cardiac cells occurred
while no presence of the THP-1 cells was detected in the
skeletal or hepatic components - additionally, no effects on
hepatic or skeletal muscle viability or functionality was
observed. However, upon delivery of LPS and INF-y, M1
activation was observed and as a result effects of a pro-
inflammatory immune response could be seen across all
organ constructs. This work elucidated the opportunity to
model immune response in human-on-a-chip models by
demonstrating activation pathways of reci