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Microphysiological Systems for
Studying Cellular Crosstalk During
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Department of Chemical and Biological Engineering, University of Colorado – Boulder, Boulder, CO, United States

Neutrophils are the primary responders to infection, rapidly migrating to sites of
inflammation and clearing pathogens through a variety of antimicrobial functions. This
response is controlled by a complex network of signals produced by vascular cells, tissue
resident cells, other immune cells, and the pathogen itself. Despite significant efforts to
understand how these signals are integrated into the neutrophil response, we still do not
have a complete picture of the mechanisms regulating this process. This is in part due to
the inherent disadvantages of the most-used experimental systems: in vitro systems lack
the complexity of the tissue microenvironment and animal models do not accurately
capture the human immune response. Advanced microfluidic devices incorporating
relevant tissue architectures, cell-cell interactions, and live pathogen sources have been
developed to overcome these challenges. In this review, we will discuss the in vitromodels
currently being used to study the neutrophil response to infection, specifically in the
context of cell-cell interactions, and provide an overview of their findings. We will also
provide recommendations for the future direction of the field and what important aspects
of the infectious microenvironment are missing from the current models.

Keywords: neutrophil, microfluidics, infection, in vitromodels, innate immunity, cell-cell interactions, inflammation,
antimicrobial functions
INTRODUCTION

The innate immune response to infection is a complicated process requiring a coordinated effort by
many cell populations. Neutrophils are one of the first cells to arrive at an infection and are critical
in limiting pathogen spread, but their response must be tightly regulated. Defects in neutrophil
recruitment can lead to recurrent, unresolved infections and excessive neutrophil activity can lead to
chronic inflammation and tissue damage; therefore, understanding the signals driving neutrophil
recruitment is critical for controlling their response following an infection. It has been shown that
the tissue environment and cellular interactions can have a significant impact on neutrophil
function but new ways of studying the innate immune system are needed to determine how these
interactions affect neutrophil function.

Two experimental systems are predominantly used for studying the innate immune response to
infection: in vitro “cells-in-a-dish” and in vivo animal models. While animal models allow
researchers to visualize the neutrophil response in a physiologically relevant environment that
includes cellular interactions, their inherent complexity makes teasing apart the role of specific
org April 2021 | Volume 12 | Article 6615371
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signals or interactions difficult. Therefore, in vitro models where
primary human cells can be used are a necessary complement to
animal models. Unfortunately, traditional in vitro systems lack
important components of the infectious microenvironment
including cell-cell interactions, three-dimensional structures,
and a tissue mimic or extracellular matrix. Recently, several
physiologically relevant in vitromodels have been developed that
incorporate these features. These studies have demonstrated the
importance of including relevant geometries, cell-cell
interactions, and cell matrix interactions in investigating the
immune response.
THE NEUTROPHIL RESPONSE TO
INFLAMMATION

As the first cellular responders during inflammation, neutrophils
serve as the foot soldiers of the innate immune response. Within
minutes of infection or injury, neutrophils activate and migrate
from the blood vessel to the site of inflammation where they clear
pathogens and signal for the activation and recruitment of other
immune cells. To achieve this rapid response, neutrophils
employ non-specific antimicrobial activities, such as the
generation of reactive oxygen species (ROS), that damage both
pathogenic and host cells. Consequently, excessive neutrophil
activity contributes to the pathology of several inflammatory
diseases, including rheumatoid arthritis and gout (1, 2).
Conversely, insufficient neutrophil activity is associated with
recurrent and more severe infections as encountered by
individuals with neutropenia, chronic granulomatous disease,
and leukocyte adhesion deficiency (3–5). Therefore, it is crucial
that neutrophil activity is highly regulated to prevent excessive
collateral damage of healthy tissue, while still protecting the host
from pathogens.

Neutrophil recruitment to inflammation is mediated by an
intricate meshwork of cellular interactions including, but not
limited to, interactions between neutrophils, endothelial cells,
other immune cells, and pathogens (6–10). Following infection,
neutrophils escape the circulation through a series of interactions
with endothelial cells, which line the blood vessel lumen, in a
process known as the leukocyte adhesion cascade (Figure 1).
Upon activation by signals from infected or injured tissue, blood
vessel endothelial cells upregulate selectins, which then bind and
capture circulating neutrophils (11, 12). These neutrophils then
roll along the endothelium, accumulating bonds between
integrins on their surface and adhesion molecules on the
endothelial surface. Eventually, the neutrophils stop rolling and
begin crawling along the endothelium, extending protrusions in
search of a point to extravasate, or migrate, through the blood
vessel (13, 14). Extravasation, whether transcellular (through an
endothelial cell) or paracellular (between two endothelial cells), is
mediated by the binding of adhesion molecules on the
endothelial cell surface and their corresponding neutrophil
ligands (14–18). After extravasation, neutrophils release
neutrophil elastase to make a hole in the basement membrane
of the blood vessel and migrate into the tissue (19). While this
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process is primarily governed by neutrophil-endothelial cell
interactions, other cell types, such as monocytes, have been
shown to influence neutrophil extravasation (20).

Once in the tissue, neutrophils follow chemoattractant gradients
to locate and migrate to the site of inflammation. Neutrophils have
over 30 receptors on their surface that recognize proinflammatory
signals including cytokines released by tissue resident cells, damage-
associated molecular patterns (DAMPs), and pathogen-associated
molecular patterns (PAMPs) that guide their movement (21)
(Figure 1). DNA, high mobility group protein B1, N-formyl
peptides, extracellular matrix proteins, adenosine triphosphate
(ATP), and uric acid are examples of DAMPs that drive early
neutrophil recruitment in tissue. Their roles in this process have
been previously reviewed (22–24). Tissue resident cells, such as
macrophages and mast cells, also recognize DAMPs, PAMPs, and
inflammatory cytokines. Upon stimulation, these resident cells
produce and secrete inflammatory cytokines of their own,
including interleukin-8 (IL-8), a potent neutrophil
chemoattractant (25–28). As chemoattractants populate the local
environment, they establish a gradient that directs neutrophils to the
site of inflammation (29–32).

At the site of inflammation, neutrophils begin a neutrophil-
recruitment feedback loop by releasing interleukin-1b (IL-1b),
which activates macrophages, dendritic cells, gd T cells, and
endothelial cells to produce and release chemokines to recruit
more neutrophils (33, 34). In addition to inflammatory
cytokines, tissue resident cells and migrating neutrophils
produce lipid mediators, most notably leukotriene B4 (LTB4),
major contributors to a sustained neutrophil response (35–40).
In both sterile and infected neutrophil responses, neutrophils
swarm at the site of inflammation. Swarming is a process
whereby neutrophils cluster around necrotic tissue and
pathogens, including bacteria, fungi, and parasites (41). At the
inflammatory site neutrophils continue to secrete LTB4 and
express integrins to facilitate swarming. These swarms form a
seal encased by late recruited macrophages and monocytes (42).

Upon reaching the site of inflammation, neutrophils employ
various antimicrobial techniques to clear cellular debris as well as
contain and kill pathogens. Their primary method of pathogen
clearance is engulfment or phagocytosis (43, 44). Additionally,
neutrophils attack pathogens by releasing ROS during
respiratory bursts (45–47) and producing neutrophil
extracellular traps (NETs) (48–50). NETs consist of
decondensed neutrophil DNA and associated proteins in a
web-like structure that prevent pathogens from spreading,
while marking them for phagocytosis (48, 49).

As is the case with extravasation, neutrophil antimicrobial
activity is influenced by interactions with other cells (50–52).
Additionally, ROS and NETs contain proinflammatory signals
that activate other cells, including neutrophils, to sustain and
increase the inflammatory response. If not properly regulated,
these signals can cause unwanted autoimmune responses and
disease (53–56). Pathogens also influence neutrophil
antimicrobial activity (57). For example, whether or not a
neutrophil produces NETs is partially determined by the size
of microbes (58).
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Interaction with macrophages is especially important in the
regulation of both neutrophil recruitment and resolution.
Monocyte-derived macrophages clear NETs to prevent an
overactive immune response, resolving inflammation (59).
Dysregulation of this process, namely in the case of Lupus
macrophages, leads to inflammasome activation in response to
NETs, which in turn triggers the release of inflammatory
cytokines inducing further NET production, or NETosis (60).
Additionally, tissue resident macrophages downregulate
neutrophil swarming and activity by hiding microlesions
from neutrophils in tissue (61). Macrophages also inhibit
sustained neutrophil recruitment and neutrophil-mediated
killing in fungal infections by preventing fungal germination,
a process that activates neutrophils (62). Finally, macrophages
Frontiers in Immunology | www.frontiersin.org 3
play a role in phagocytosis of neutrophils and their
components, helping to resolve inflammation (63, 64).

To better understand the neutrophil response to infection,
regulatory interactions between neutrophils and other cells, both
host and pathogenic, must be studied in experimental systems
that account for cell-cell interactions. While early studies with
simple in vitro and complex in vivo models have gleaned
fundamental knowledge of these interactions, they have key
limitations. More recently, a range of physiologically relevant
microfluidic devices have been developed to circumvent these
limitations. These devices give a controlled, highly tailorable
environment with low cost and high throughput for the study of
human immune cell interactions. This review will focus on in
vitro devices and how they have helped elucidate the effects of
FIGURE 1 | Neutrophil Response to Infection. Following infection, endothelial cells lining the vasculature become activated, releasing adhesion molecules and
cytokines. These signals activate neutrophils, initiating the leukocyte adhesion cascade. Neutrophils then extravasate through the blood vessel and migrate to the site
of infection following PAMPs, released by the pathogen, and DAMPs released by tissue resident cells (macrophages, dendritic cells, fibroblasts). There, they fight the
infection by releasing NETs and Reactive Oxygen Species (ROS), and directly phagocytosing the pathogen.
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neutrophil interactions with host and pathogenic cells on the
neutrophil response.
IN VITRO MODELS FOR STUDYING THE
NEUTROPHIL RESPONSE

Historically, studies investigating the role of neutrophils in the
immune response have been conducted in two types of models:
simple in vitro systems, primarily investigating isolated
interactions between two cell populations or a single cell
population and an activating signal, and complex in vivo
models, such as zebrafish or mice. These systems have led to
important findings that serve as a knowledge base for the field;
however, they have limitations. Simple in vitro models fail to
capture the three-dimensional architecture of an in vivo
environment along with pertinent physical cues. Furthermore,
isolating cell types and investigating their interactions neglects
important cellular signals from their environment. Conversely,
animal models provide a complex and physiologically relevant
three-dimensional environment to study immune responses;
however, they are costly, low throughput, have a high degree
of variability, and do not always translate to the human immune
response. As such, recent efforts have focused on developing new
experimental platforms for studying the neutrophil response to
infection that include the physiological relevance of in vivo
systems while preserving the advantages of studying cells in vitro.
Frontiers in Immunology | www.frontiersin.org 4
Traditionally, simple in vitro models, such as Transwell assays
and Dunn chambers, have been used to study neutrophils in two-
dimensional environments. The first experiments investigating
cell-cell interactions and the neutrophil response to infection
used a simple Transwell assay. In general, these models consist of
a well-in-well system in which endothelial monolayers are formed
on porous membranes in the top well and inflammatory signals are
added into the bottom well (Figure 2A). Neutrophils are then
added to the top well and the number of neutrophils that migrate
through the monolayer into the bottom well is quantified (65). This
type of device has been used to model the innate immune response
in different environments by altering the vascular cell sources and
varying activation signals (66–77). For example, these devices have
been used to study neutrophil migration in response to common
inflammatory chemoattractants, including IL-8 and N-
formylmethionine-leucyl-phenylalanine (fMLP) (29, 78) (Figure
2A, top), and in response to live bacterial infections, including
Escherichia coli, Streptococcus pneumoniae, and Staphylococcus
aureus (79) (Figure 2A, bottom). They have also been used to
study the neutrophil response in the presence of additional
supporting cell types such as pericytes (80, 81). Transwell assays
are well designed for use in investigating overall neutrophil
migratory behavior and their interaction with an endothelium,
but, due to their design, they only allow for end-point analysis.
Therefore, more complex models are required for real time
monitoring of neutrophil behavior.

Animal models, primarily mice and zebrafish, have been the
standard for conducting studies in complex, physiologically
A B C D

FIGURE 2 | In Vitro Systems for Studying the Neutrophil Response to Infection. (A) Transwell assays, a well-in-well system with a porous membrane divider, are
used to investigate neutrophil migration to chemokines (top, green gradient) and bacterial sources (bottom, red gradient) through cellular monolayers. (B) 2D
microfluidic devices are used to investigate various aspects of neutrophil migration, including neutrophil reverse migration and migration through bifurcations, to
soluble chemokines (top). Devices have also been designed to investigate direct interactions between neutrophils and both bacterial and fungal pathogens (bottom).
(C) 3D microfluidic devices are used to investigate neutrophil migration to soluble chemokines in an extracellular matrix hydrogel following extravasation through an
endothelium. Neutrophils migrate through an endothelial monolayer, seeded on the hydrogel, and into the ECM. (D) Organotypic microfluidic devices include a model
vasculature containing endothelial cells in a relevant lumen geometry. These devices use both chemokines and live pathogens to induce migration.
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relevant systems (82, 83). Unlike Transwell assays, these animal
models allow for in vivo imaging of neutrophils in a complex
environment. In addition to live imaging of neutrophils, animal
models have been used to identify complex neutrophil activity
not seen in simple in vitro models, such as NETosis (48),
migration away from a wound following interaction with a
macrophage (84), and reverse transendothelial migration (85),
the process whereby extravasated or partially extravasated
neutrophils migrate back through the endothelium to renter
the blood vessel. While these models allow for live imaging and
can capture complex neutrophil phenomena, they do not always
translate to human neutrophil activity. Furthermore, their
inherent complexity makes it difficult to isolate and investigate
the role of specific cell-cell interactions in regulating the
neutrophil response. Consequently, recent work has focused on
developing physiologically relevant in vitro microfluidic devices
that combine the advantages of simple in vitro models while
mimicking the in vivo environment.

Microfluidic devices are well-suited for studying the immune
response because they can be designed with customizable
geometries and require low reagent and cell volumes. These
factors make them ideal for working with primary human cells
and for precisely controlling the spatiotemporal presentation of
signaling molecules and pathogens. During their response in
vivo, neutrophils are exposed to activating signals from both
tissue resident cells and the pathogen at different times and
locations; therefore, spatiotemporal resolution of signal
presentation is critical for modeling the in vivo environment
and developing an understanding of how neutrophils respond to
these varying signals. Additionally, they are straightforward to
create and use, cost-effective, and can be multiplexed for high-
throughput studies. These devices can be designed to include
cellular components, tissue components, and architectures
relevant for modeling the human immune system. Furthermore,
they can be created to monitor innate immune cell function
through many mechanisms including time-lapse imaging of cell
behavior, collection and evaluation of cells, and quantification of
soluble signals. Importantly, microfluidic devices allow for
single-cell analysis which is of particular interest for studying
neutrophils as recent reports have found high levels of neutrophil
heterogeneity (86).Recently, researchers have developed
increasingly complex devices incorporating physiologically
relevant components and structures. These devices have brought
about new insights into the role of both tissue architecture and
neutrophil interactions with tissue components, vascular and
stromal cells, and pathogens in modulating the innate
immune response.

Several groups have developed microfluidic devices that allow
for real time imaging and evaluation of the neutrophil response.
These devices have been specifically designed to include elements
that allow them to investigate individual neutrophil functions.
Microfluidic devices have been designed for studying
mechanisms of neutrophil migration (87–91), NETosis (92–
94), ROS generation (92, 95) and, more recently, direct
interactions between neutrophils and pathogens (Figure 2B).
While many devices use representative chemokines to model an
Frontiers in Immunology | www.frontiersin.org 5
infectious source, devices have recently been designed to
incorporate live, intact bacteria and fungi (Figure 2B, bottom).
The addition of live pathogens increases the relevance of the
neutrophil response and allows researchers to investigate the
direct mechanisms of interaction between neutrophils and
pathogens. A few recently described two-dimensional models
for investigating neutrophil interactions with Aspergillus
fumigatus (A. fumigatus) follow a similar design. The different
models all have a chamber for loading of fungal conidia, space for
outward hyphal growth to occur, and a separate loading port for
the introduction of neutrophils. One device was designed to
investigate the influence of directed migration on neutrophil
interactions with the fungus A. fumigatus by requiring
neutrophils to migrate up an fMLP gradient into a chemotaxis
chamber before interacting with fungal spores (96). Devices have
also been developed to investigate other neutrophil functions
following interaction with fungal pathogens including one
containing an array of fungal clusters designed to monitor
neutrophil swarming (97). In addition to fungal pathogens,
devices have been designed to investigate neutrophilic response
to bacteria. A device of this nature was developed with ‘war
theaters’ consisting of an inner microchamber seeded with
bacteria inside a larger chamber seeded with neutrophils,
allowing researchers to study the neutrophil recruitment and
interactions with growing bacteria (Figure 2B, bottom) (98).
These microfluidic devices have allowed researchers to
investigate important components of the neutrophil response
in an effective, high-throughput, and easily repeatable way and
have led to critical discoveries about neutrophil-pathogen
interactions that could only be studied in highly controlled
environments. However, these devices do not account for key
components of the in vivo infectious microenvironment,
including three-dimensional structures, and do not replicate
important events during the neutrophil response to infection
such as extravasation through the vasculature. Therefore, devices
with additional complexity have been developed to investigate
the influence of those factors.

It has become apparent that multicellular interactions have a
significant impact on the neutrophil response to infection.
Additionally, migration in a three-dimensional system is not
always well represented by migration in a two-dimensional
model (87, 99, 100). As a result, microfluidic devices have been
designed that incorporate multiple cell populations to investigate
their interactions in three-dimensional environments.
Interaction with endothelial cells is an important first step in
neutrophil extravasation as part of their response to infection,
therefore there is a particular interest in investigating neutrophil-
endothelial cell interactions and many microfluidic devices have
been designed to study how this interaction directs the
neutrophil response (101–105). A consistent theme in the
design of these devices is the creation of an endothelial cell
layer on a gel surface, separating neutrophils from a
chemoattractant chamber (Figure 2C). These models generally
use a synthetic hydrogel or collagen as the surface for growing
the endothelial monolayer. Neutrophil migration across this
endothelial layer is then monitored using time-lapse
April 2021 | Volume 12 | Article 661537
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microscopy and evaluated using end point analyses. The
increased physiological relevance for investigating the
neutrophil response in three-dimensions and the additional
imaging mechanisms available for real-time study represent
significant improvements over the Transwell system, however,
these devices do not include relevant architectures and additional
cell types.

Recent work has demonstrated the importance of incorporating
relevant three-dimensional structure into microfluidic devices
for studying the innate immune system. Specifically in the case of
the endothelium, it was discovered that endothelial cells have
different protein expression and secretion profiles when grown in
a relevant lumen geometry compared to a two-dimensional
monolayer (106). This altered endothelial cell signaling could
have a direct effect on neutrophil migration and function. Several
microfluidic models have been developed for investigating the
vasculature (107–110) and recently these models have been
expanded to look at migration of neutrophils out of the
vasculature. Models of the vasculature for studying signaling of
the endothelium in three-dimensional architectures for the
purposes of angiogenesis or inflammatory environments have
been reviewed elsewhere (111, 112).

As the importance of physiologically relevant architectures
becomes more evident, more devices are being created that
incorporate geometries that mimic the in vivo environment.
The most relevant architecture to be considered when studying
the innate immune response to infection is the blood vessel
lumen; therefore, devices that incorporate model lumens are
becoming increasingly more common (Figure 2D). In general,
these devices are formed by creating a hollow structure in a
hydrogel that is then seeded with endothelial cells to form a
luminal monolayer. The specific strategies used for fabrication,
activation, and incorporation of flow into these devices differ
between model designs. An early high-throughput device design
used viscous finger patterning to create continuous lumens in
hydrogels within microchannels (113). This approach was
further developed into the LumeNEXT system (114).
LumeNEXT creates lumens by polymerizing an extracellular
matrix (ECM) solution around a PDMS rod that when
removed leaves behind a hollow lumen. This device has been
used for studies investigating the role of live pathogens (115) and
cell-cell interactions, including with endothelial cells (116, 117),
during the neutrophil inflammatory response. The LumeNEXT
system has also been used in combination with the Stacks open
microfluidic system (118). The Stacks system uses hollow discs
filled with ECM gels stacked atop one another to create a
continuous matrix. This device, and others like it, allow for the
formation of soluble gradients within the matrix. Cells migrate
from the lumen to a chemoattractant source through these
Stacks, which are then separated allowing distinct neutrophil
subpopulations to be collected based on migratory ability (119).
Others have used alternative methods for fabricating lumen
structures. Endothelial-lined channels have been created using
in vivo images of vascular networks as a pattern to create
channels using polydimethylsiloxane (PDMS). These channels
contain conduits to a tissue compartment, allowing neutrophils
Frontiers in Immunology | www.frontiersin.org 6
to migrate out of the endothelium (95). Introducing a model
lumen into microfluidic devices for studying innate immunity
has led to new insights and opened new research directions.

The field of tissue engineering has been investigating the
vascularization of hydrogels for years and has developed
innovative technologies for creating vascular networks. Systems
using sacrificial polymer fibers or rods, similar to the
LumeNEXT device are common (120, 121); however, more
creative approaches have also been developed. Grigoryan et al.
recently developed a particularly novel method for creating a
complex, entangled vascular network using food dye additives as
photoabsorbers for projection soft lithography. They then used
this technology to create perfusable vascular networks that model
lung alveolae (122). While these technologies have not extended
to the investigation of the immune system, the potential for
further development of microfluidic devices mimicking in vivo
biology for the investigation of the neutrophil response could use
these platforms for inspiration.

A majority of the previously discussed microfluidic devices
require a neutrophil isolation step in which neutrophils removed
from whole blood. This isolation allows for the investigation of
neutrophils specific role in innate immunity; however, it also
removes neutrophils from blood components that may influence
neutrophil behavior and created a neutrophil environment that is
not entirely representative of in vivo conditions. Additionally, the
process of neutrophil isolation from whole blood can result in
artificial activation of neutrophils, leading to inaccurate results.
Therefore, researchers have developed microfluidic models that
allow for the use of whole blood as the source of neutrophils,
eliminating the neutrophil isolation step. By circumventing the
isolation step these models avoid unintentional neutrophil
activation and have higher throughput than models that
require neutrophil purification from blood. In general, these
devices contain a whole blood loading chamber connected by a
channel to a chemotaxis chamber where chemoattractant is
added and neutrophil migration can be evaluated (88, 123–
127). Continued development of these devices will allow for
further insights into signals controlling neutrophil function.

Microfluidic devices, especially those designed to use whole
blood, have shown great potential for use in a variety of clinical
applications. Devices allowing for the use of whole blood are
particularly beneficial in clinical settings where their efficiency
can have real time health implications. Additionally, these
devices have a lower blood volume requirement than other
device designs making them far less invasive. One such device,
developed for the clinical diagnosis of asthma, isolates
neutrophils from whole blood added to the system using a
two-step process in which neutrophils bind to P-selectin then
other blood cells are washed away. Asthma is then diagnosed
using chemotaxis measurements (128). Devices have also been
designed for the diagnosis of sepsis by measuring spontaneous
neutrophil motility in blood (129, 130) and for monitoring NET
prevalence within the blood post burn injury or sepsis (93).
These types of whole blood microfluidic devices will continue to
allow for quick and non-invasive diagnosis of a variety of innate
immune related diseases.
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NEUTROPHIL INTERACTIONS WITH THE
BLOOD VESSEL

During an immune response, neutrophils must first extravasate
through the blood vessel before navigating the extracellular
matrix to reach the site of inflammation (Figure 1). This is a
multi-step process governed by interactions between neutrophils
and blood vessel cells, including endothelial cells, pericytes,
smooth muscle cells, and fibroblasts. Endothelial cells line the
lumen of the blood vessel and are the first cells neutrophils
encounter during the inflammatory response; therefore,
neutrophil-endothelial cell interactions have been studied most
thoroughly. Less well studied are the interactions with cells lining
the sub-luminal components of the blood vessel, such as
pericytes, smooth muscle cells, and fibroblasts (Table 1).

Neutrophil-Endothelial Cell Interactions
Early approaches to studying neutrophil-endothelial cell
interactions employed Transwell assays and were instrumental
in identifying key molecules that govern neutrophil-endothelial
cell interactions during neutrophil transendothelial migration
(TEM). They employed a variety of neutrophil chemoattractants
produced by host cells, including IL-8, complement component 5a
(C5a), and granulocyte-macrophage colony-stimulating factor
(GM-CSF), as well as by pathogens, including fMLP and
lipopolysaccharide (LPS) (65–77). These studies identified
cytosolic and extracellular molecules that facilitate neutrophil
TEM, including human neutrophil elastase (HNE) (70),
endothelial Rho and Rho kinase (71), plasminogen activator
inhibitor-1 (73), and ribosomal p70 S6 kinase (76). Other
studies focused on neutrophil and endothelial cell surface
proteins, such as macrophage-1 (Mac-1) and lymphocyte
function-associated antigen-1 (LFA-1) on neutrophils and
intercellular adhesion molecule-1 (ICAM-1), ICAM-2, and
platelet-endothelial cell adhesion molecule-1 (PECAM-1) on
endothelial cells, and their roles in neutrophil-endothelial cell
interactions (65, 67, 69, 72, 75). Furthermore, a handful of
experiments have used Transwell assays to study how
viral infections influence neutrophil TEM (151–153). These
studies found that Respiratory Syncytial Virus-infected epithelial
cells and Cytomegalovirus-infected endothelial cells induce rapid
neutrophil TEM (151, 152). Studies employing Transwells have
identified important signaling pathways regulating neutrophil-
endothelial cell interactions but only allow for end-point analysis
and miss key aspects of the infectious environment, including
variable presentation of soluble signals and mechanical signals.

To further elucidate factors affecting neutrophil-endothelial
cell interactions, researchers have created more biologically
accurate systems by designing in vitro devices that incorporate
various characteristics of the in vivo environment not captured
by Transwells. One such characteristic is the varying abluminal
matrix stiffness found in differing tissues or disease states. A
model using endothelial monolayers seeded on polyacrylamide
hydrogels of varying stiffness showed neutrophil TEM increases
on stiffer substrates (131, 132). This was accomplished by
enhancing endothelial cell contractility through a myosin light
Frontiers in Immunology | www.frontiersin.org
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chain-dependent pathway. Furthermore, this device highlighted
the importance of myosin II mediated contractility and actin
polymerization in neutrophils, for the speed and completion
of TEM, respectively (133). Together these studies show that
the physical environment affects individual cell types
and subsequently alters their interactions with other cells
during inflammation.

While this polyacrylamide model gives a tailorable substrate
stiffness, it is restricted to chemokinetic (randommigration) studies,
not allowing for chemotactic (directed migration) responses.
Furthermore, it does not allow for migration analysis of
neutrophils in three-dimensional environments. This is significant
as neutrophil integrin regulatory proteins differentially affect
migration in two- and three-dimensional environments (87).
Therefore, three-dimensional models allowing for analysis of
neutrophil chemotaxis have been developed (Figure 2C) (101,
102, 105). Using these devices, researchers have been able to
elucidate the relative potency of various chemoattractants. It was
demonstrated that fMLP is a more potent chemoattractant than
IL-8 during the early stages of neutrophil TEM (101). In agreement
with these results, it was determined that, in the presence of
competing chemoattractant gradients, neutrophils preferentially
migrate towards fMLP over IL-8 (105). Interestingly, studies with
that same device found no preferential neutrophil migration
between competing gradients of LTB4 and fMLP. Together, these
results suggest a hierarchy in pro-migratory signals in directing
neutrophil migration.

The effect of an endothelium on the neutrophil response to
infections in unique organ environments, such as the lung, has
been studied using microfluidic models specifically designed to
replicate the in vivo environment (103, 104). These models stack
an air channel on top of a liquid channel with a porous
membrane separating the two. The membrane is seeded with
epithelial and endothelial cell monolayers on the top and bottom
sides, respectively. Using these lung models, researchers have
found that stimulating, infecting, or replicating disease states in
the epithelial cell layer activates the endothelial cell layer,
resulting in neutrophil recruitment, activation, and TEM
(103, 104).

These devices all contain a two-dimensional endothelial cell
monolayer and, therefore, do not capture the in vivo architecture
of the endothelium. This is important to note as the three-
dimensional geometry of the endothelium affects growth factor
and cytokine secretion levels as well as phenotypic behavior of
endothelial cells (106). For this reason, microfluidic devices have
been developed to employ an endothelial lumen to more
accurately capture the shape of blood vessels in vivo (Figure
2D) (114). One such device, LumeNEXT, was used to investigate
the neutrophil response to the bacterial pathogen Pseudomonas
aeruginosa. Interestingly, it was discovered that neutrophil
lifetime and migration towards P. aeruginosa were significantly
increased when an endothelium was present, compared to
neutrophils migrating in the absence of an endothelium (116).
These studies were extended by combining LumeNEXT with
Stacks, as described above, to investigate the effect of
transendothelial migration (TEM) on neutrophil function.
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It was discovered that TEM neutrophils upregulate genes for
ROS production, cell adhesion, and chemokine receptors and
produce higher levels of ROS in response to phorbol-12-
myristate-13-acetate (PMA) stimulation compared to their
non-TEM counterparts (119).
Frontiers in Immunology | www.frontiersin.org 8
Models with relevant vascular architectures have also revealed
how vessel structure alters neutrophil-endothelial cell
interactions and neutrophil function. The Kiani Lab found that
neutrophils preferentially adhere to activated endothelial cells
near bifurcations in a protein kinase Cd-dependent manner
TABLE 1 | Summary of Results.

Cell Type Model Infectious Sources Major Result Reference

Blood Vessel
• Endothelial Cells • Transwell • IL8, C5a, GM-CSF,

fMLP, LPS
• Human neutrophil elastase, Rho, Rho kinase, plasminogen activator inhbitor-1, and

ribosomal p70S6 kinase drive neutrophil TEM
(70, 71, 73,

76)
• Transwell • Mac-1 and LFA-1 on neutrophils and ICAM-1, ICAM-2, and PECAM-1 on

endothelial cells mediate neutrophil TEM
(65, 67, 69,
72, 75)

• 2D • TNF-a Activated
ECs

• Stiffer substrates enhance neutrophil TEM due to myosin-light chain dependent
increases in endothelial cell contractility

(131–133)

• 3D • fMLP, IL8, LTB4 • fMLP is a more potent neutrophil chemoattractant than IL8, suggesting a hierarchy
of pro-migratory signals

(101, 102,
105)

• Organotypic
(LumeNEXT)

• Bacteria
(P. aeruginosa)

• Endothelial secretion of IL-6 and GM-CSF enhanced neutrophil migration
and lifetime

(116)

• Organotypic
(LumeNEXT +
STACKS)

• IL8 • TEM increases expression of genes for ROS production, cell adhesion, and
chemokine receptors

(119)

• Orgoanotypic
(Bioinspired
Vasculature)

• fMLP • Neutrophils adhere to endothelial cells near bifurcations in a protein kinase Cd-
dependent manner

(134)

• Pericytes • Transwell • TNF-a Activated
ECs/PCs

• Endothelial cell secretion of MIF decreased pericyte contractility and barrier function
via reduced phospho-myosin light chain kinase

(135–137)

• Transwell • IL-17 Activated
Pericytes

• Conditioned media from IL-17 activated pericytes increased neutrophil polarization,
TNFa, IL1a, IL1b, IL8 secretion, phagocytosis

(81, 138)

• Fibroblasts • Transwell • RA, UV light, cystic
fibrosis

• Inflammatory fibroblasts increased neutrophil adhesion to endothelial cells and TEM (139, 140)

Immune Cells
• Neutrophils • 2D • fMLP • At bifurcations, leading neutrophils perturb the chemoattractant gradient, directing

following neutrophils to take opposite path
(141)

• Organotypic • Fungus
(A. fumigatus)

• LTB4 signaling between neutrophils leads to swarming (117, 142–
144)

• Monocytes • Transwell • Infected monocytes • Neutrophils inhibit expression of IL6 and IL8 of infected monocytes (145)
• Organotypic

(LumeNEXT)
• A. Fungus

(fumigatus)
• Monocytes increase the neutrophil response in a MIP-1 and LPS

dependent manner
(117, 146)

• Dendritic Cells • Transwell • Fungus
(A. fumigatus)

• Neutrophil derived a-defensins induce DC migration and DC secretion of IL8
induces neutrophil migration

(147, 148)

• T Cells • Transwell • INFg + LPS
Activated
Neutrophils

• Activated neutrophils secrete CCL2 and CCL20, inducing Th17 chemotaxis and
activated Th17 cells secrete IL8, inducing neutrophil chemotaxis

(149)

Pathogens
• Bacterium • Transwell • Bacteria

(Escherichia coli)
and LPS

• Neutrophils display a more potent response to live bacteria than to LPS (79)

• 2D • Bacteria (S. aureus) • Bacterial proliferation and neutrophil recruitments kinetics determine neutrophils’
ability to clear bacterial pathogens

(98)

• Organotypic
(LumeNEXT)

• Bacteria
(P. aeruginosa)

• Activation of endothelial cells by P. aeruginosa led to increased neutrophil migration
and lifetime

(116)

• Fungus • 2D • Fungus
(A. fumigatus)

• Chemoattractant gradients prime neutrophils to block fungal germination, leading
to de novo tip formation of new hyphae which is independent of NETosis and
NADPH oxidase activity

(96, 150)

• Organotypic
(LumeNEXT)

• Fungus
(A. fumigatus)

• Neutrophils respond to A. fumigatus and their response is enhanced by paracrine
and autocrine signaling

(117)
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using a model vasculature, patterned to mimic an in vivo
network (134). This result was particularly interesting as it was
previously discovered, using a device with a tailorable
bifurcations, that wider bifurcation angles facilitate increased
neutrophil adhesion (154). Together, these results demonstrate
the importance of vascular architecture and the consideration of
both luminal structure and vascular bifurcations when studying
neutrophil-endothelial cell interactions.

A wide range of in vitro models have been used to study
neutrophil-endothelial cell interactions. Each system has its
noted advantages and disadvantages, making them ideal for
different types of studies. From identifying neutrophil
chemoattractants and endothelial cell activators to elucidating
the impacts of the physical environment on cell-cell interactions,
these tools help us deepen our understanding of neutrophil-
endothelial cell interactions during the inflammatory response.

Neutrophil-Pericyte Interactions
After extravasation through the endothelium, neutrophils
encounter pericytes in the basement membrane of the blood
vessel. Pericytes serve to physically stabilize blood vessels,
regulate blood flow, and aid in vascular development,
Frontiers in Immunology | www.frontiersin.org 9
maturation, remodeling, and permeability. These distinct
pericyte roles have been previously reviewed (155). More
recently, studies have investigated the role of pericytes in
neutrophil extravasation and migration. The Gonzalez Lab has
conducted extensive research on the effects of pericytes in
neutrophil TEM using endothelial cell and pericyte monolayers
in Transwell assays (80, 81, 135–138). Through a series of
studies, they found that tumor necrosis factor-a (TNF-a)
activation of endothelial cells and pericytes generates
competing pro- and anti-inflammatory signals. Specifically,
they showed neutrophils migrate through pericyte monolayers
to a lesser extent than they do through endothelial cell
monolayers and migrate through bilayers of the two cell types
at intermediate levels (135). They then demonstrated that the
observed intermediate migration is, in part, due to the disparate
effects of TNF-a on endothelial cells and pericytes. TNF-a
activation has a pro-inflammatory effect on endothelial cells,
inducing the secretion of macrophage migration inhibitory
factor (MIF), which has a pro-inflammatory effect on pericytes
(136, 137). Conversely, TNF-a activation has an anti-
inflammatory effect on pericytes, leading to a decrease in the
inflammatory phenotype of endothelial cells as indicated by
FIGURE 3 | Interactions with Immune Cells Influences the Neutrophil Response. Cell-cell signaling between neutrophils and other immune cells plays a significant
role in the innate immune response to infection. Leading neutrophils influence swarming and the directional migration of trailing neutrophils (top middle). Monocytes
induce neutrophil migration and in turn, neutrophils inhibit pro-inflammatory signaling by monocytes (top right). Release of miR-146a rich exosomes induces
neutrophil extracellular trap formation and reactive oxygen species generation (bottom right). Dendritic cells stimulate neutrophil migration while neutrophils have a
dual effect on dendritic cells, stimulating migration through release of a-defensins while reducing DC production of inflammatory signals through signaling through
NETs (bottom middle). NK cells can both promote neutrophil survival following stimulation by pro-inflammatory cytokines and promote neutrophil apoptosis following
stimulation with anti-inflammatory cytokines (bottom left). Neutrophils stimulate Th17 cell migration and induce CD4 T cells to become Th17 cells, which in turn
stimulate neutrophil migration (top left).
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decreased neutrophil TEM across endothelial monolayers treated
with supernatants from TNF-a treated pericytes (136).
Furthermore, they found that seeding endothelial monolayers
on pericyte-derived basement membrane decreased neutrophil
adhesion and migration through the endothelium. Specifically,
they found inflammatory stimuli led to fibronectin-rich,
collagen-poor protein deposition as well as augmented
fibronectin and laminin specific MMP production. Both these
factors facilitated increased neutrophil migration (81, 138).
Together, these results imply that endothelial cell-pericyte
paracrine signaling is important in the regulation of neutrophil
transmigration. They also suggest in vitro models that do not
incorporate pericytes may miss relevant interactions affecting
neutrophil migration.

While these studies demonstrated the importance of pericytes
in neutrophil migration, they were carried out using Transwell
assays which do not allow for real-time investigation of
neutrophil interactions with pericytes, and more complex in
vitro devices have not been used to investigate the intricacies of
human neutrophil-pericyte interactions in relevant architectures.
These studies indicate that endothelial-pericyte interactions
likely play an important role in neutrophil TEM. Endothelial
cell signaling is highly dependent on physical cues such as flow
and monolayer architecture; therefore, important signaling
pathways may not be captured in simple Transwell models.
The interaction of pericytes with endothelial cells in a lumen
geometry has been investigated in the context of tissue
engineering. Alimperti et al. developed a bicellular device
including endothelial lumens surrounded by attached pericytes,
or human bone marrow stromal cells exhibiting mural cell
characteristics similar to pericytes (156). They demonstrated
that while RhoA activity increases vascular permeability, Rac1
and N-cadherin help maintain barrier function. Additionally,
they found LPS, TNF-a, and thrombin increased vascular
permeability and resulted in the detachment of the stromal
cells from the endothelial lumen. The detachment of pericytes
from the endothelium during inflammation is not captured by
Transwell studies. As such, physiologically relevant in vitro
models are needed to study the role of this phenomenon
during inflammation. In the future, this model could be
adapted to study the effect of pericytes on neutrophil migration
in a relevant in vitro environment.

Neutrophil-Smooth Muscle Cell
Interactions
After extravasation through the basement membrane,
neutrophils must navigate their way through smooth muscle
cells. It has been shown that exosomes and nitric oxide, secreted
by neutrophils in response to bacterial stimulators (LPS or
fMLP), alter smooth muscle cell morphology and functionality
(157, 158). Furthermore, it is known that smooth muscle cells
secrete IL-8 in response to IL-17 stimulation (159). Despite
evidence of neutrophil-smooth muscle cell interactions during
inflammation, sophisticated in vitro devices emulating this part
of the in vivo environment have yet to be developed to study the
crosstalk between these cells. However, a lung airway-on-a-chip
Frontiers in Immunology | www.frontiersin.org 10
model for studying interactions between the epithelium and
smooth muscle cells has been previously created (160). The
design of this device could be used to generate a similar on-
chip platform for studying neutrophil-smooth muscle cell
interactions during inflammation.

Neutrophil-Fibroblast Interactions
Fibroblasts are present in the outer most layer of blood vessels,
the adventitia. Fibroblasts are the main producers of ECM
proteins and thus are crucial in tissue regeneration (161).
However, they also play significant roles in inflammatory
responses, as reviewed previously (162, 163). Early studies used
simple culturing techniques to demonstrate fibroblasts’ ability to
produce IL-8 (164). These culturing studies then advanced to
separate neutrophils and fibroblasts with a Transwell filter coated
with endothelial cells (165). These studies showed synovial
fibroblasts from patients with rheumatoid arthritis increased
the number of neutrophils adhering to endothelial cells
compared to their healthy counterparts. Recently, a device
incorporating a flat endothelium, fibroblasts in a sub-luminal
collagen gel, and a keratinocyte monolayer was developed (139).
Using this model, Kwak et al. demonstrated ultraviolet light-
induced cytokine secretion by the resident cells increased
neutrophil TEM. Mejıás et al. developed a system for studying
neutrophil recruitment from the vascular network incorporating
flat epithelial and endothelial monolayers in addition to
fibroblasts (140). By replacing the healthy epithelium with
cystic fibrosis human bronchial epitheliums, they were able to
induce a disease state that resulted in neutrophil recruitment.
These sophisticated devices should serve as models for
introducing additional cell types and reconfiguring the
geometries to make even more physiologically relevant systems
in the future.

Neutrophil-endothelial cell interactions have been studied
thoroughly, in both simple and complex in vitro systems.
However, evidence suggests that other vascular and stromal
cells, including pericytes, smooth muscle cells, and fibroblasts
impact neutrophil inflammatory responses. While some
microfluidic devices have been created to incorporate subsets
of these cells in one system, future work is needed to make more
biologically accurate replications of blood vessels and the
surrounding tissue that contain all relevant cells populations.
NEUTROPHIL INTERACTIONS WITH
IMMUNE CELLS

Inside of blood vessels, neutrophils communicate with other
immune cells to efficiently navigate the vascular network and
rapidly activate during an inflammatory response. Once outside
of the blood vessel, neutrophils must maneuver through the
ECM to reach the site of inflammation. Neutrophils achieve this
by following various chemoattractant gradients generated by
both pathogens and other host cells, including other immune
cells (Figure 1). Furthermore, immune cells help activate and
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inactivate neutrophils as is necessary for inducing, sustaining,
and eventually terminating inflammation (Figure 3).

Neutrophil-Neutrophil Interactions
Neutrophils signal to other neutrophils during inflammatory
responses, generally through a signal amplification mechanism.
They are the primary source of LTB4, a proinflammatory lipid
mediator, which is critical for the neutrophil response to
bacterial, fungal, and parasitic infections (38, 117, 166). At sites
of infection, neutrophil production of LTB4 has been shown to be
important for swarming, a phenomenon by which neutrophils
surround a pathogen and encase it to prevent it from spreading
throughout the body (97, 167). Interestingly, the swarming
response orchestrated by LTB4 varies in magnitude depending
on the pathogen type, indicating a role for the pathogen as well in
modulating this neutrophil function (97). While neutrophil
swarming has primarily been studied in vivo, physiologically
relevant microfluidic models of the neutrophil response have also
shown LTB4-mediated neutrophil swarming in response to A.
fumigatus (117, 142–144).

In addition to amplifying chemotactic signals through
secondary gradients of LTB4, neutrophils communicate inside
blood vessels by altering the physical environment. The
vasculature is a complex network, and neutrophils must be
able to navigate this network without forming “traffic jams.”
To investigate how neutrophils avoid build ups, Wang et al.
developed a field-goal shaped device where the channels create a
“T” then continue up from both branches, simulating a vascular
bifurcation (141). By controlling the width of the branch
channels and the distance between neutrophils approaching
the decision point, they determined leading neutrophils
perturb the chemoattractant gradient and, to a lesser extent,
the pressure gradient in the branch they traverse, causing closely
trailing neutrophils to enter the opposite branch. Whether inside
a blood vessel prior to activation or in the extracellular matrix
during an inflammatory response, neutrophils are constantly
communicating with one another to ensure they can respond
rapidly and efficiently when the innate immune response
is initiated.

Neutrophil-Monocyte/Macrophage/
Dendritic Cell Interactions
In addition to neutrophils, monocytes extravasate through the
blood vessel and into the surrounding tissue following an
inflammatory insult. Once in the tissue, they differentiate into
either macrophages or dendritic cells, in response to the
surrounding environmental cues (168, 169). Monocytes in each
of these differentiation states have been shown to interact with
neutrophils. Through a co-culturing method where monocytes
and neutrophils were either allowed to have direct contact with
one another or were separated by a Transwell filter, Tang et al.
demonstrated neutrophils inhibit the expression of IL-6 and IL-8
by rhinovirus infected monocytes, reducing inflammatory signal
production (145). Furthermore, using the LumeNEXT device, it
was discovered that monocytes increase the neutrophil migratory
response to A. fumigatus infection through a mechanism
Frontiers in Immunology | www.frontiersin.org 11
involving MIP-1 and to LPS in an extracellular nucleotide-
dependent manner (117, 146).

Complex, three-dimensional microfluidic devices have yet to
be designed to study neutrophil-macrophage interactions.
However, simple in vitro approaches have been used to study
the crosstalk between these cell types. It has also been shown
oxidized low-density lipoproteins induce secretion of miR-146a
rich exosomes by macrophages, which generate oxidative stress
in neutrophils, increasing neutrophil ROS production and NET
formation (170). Additionally, in a co-culturing study,
neutrophils and macrophages were shown to cooperate in a
contact dependent manner to eliminate macrophages infected
with Leishmania braziliensis (171).

Like neutrophil-macrophage interactions, neutrophil-
dendritic cell interactions have not been studied in complex
devices mimicking the in vivo environment, but simple in vitro
studies have been conducted. Transwell assays have been used to
show a-defensins, proinflammatory peptides derived from
neutrophils, induce immature dendritic cell migration and A.
fumigatus-infected dendritic cells induce neutrophil migration
through secretion of IL-8 (147, 148). Furthermore, incubating
dendritic cells with NETs prior to LPS exposure was found to
attenuate upregulation of dendritic cell markers and secretion of
inflammatory cytokines (172).

Dendritic cells and macrophages play a crucial role in the
both the innate and adaptive immune responses, but we have
only begun to understand how interactions with these cells guide
the neutrophil response. Current studies primarily use simple
Transwell assays that do not allow for a detailed evaluation of
neutrophil activation or function following interaction with
monocytic cells; therefore, these studies should be expanded to
complex devices that allow for real-time analysis.

Neutrophil-Platelet Interactions
Platelets are non-nucleated, membrane bound packets of
cytoplasm that are released into the blood by megakaryocytes
residing in the bone marrow. These cell fragments
predominantly serve to maintain blood vessel integrity as well
as initiate and participate in clotting. Prior to extravasation,
neutrophils interact with platelets in the blood. Most work
investigating neutrophil-platelet interactions has focused on
their interplay during thrombosis. Transwell studies showed
that platelet factor 4, which is secreted by activated platelets,
serves as a chemoattractant for neutrophils (173). Once drawn to
the platelets, neutrophils adhere to platelets through selectin-
ligand binding (P-selectin on platelets and L-selectin on
neutrophils), as was demonstrated in parallel plate flow
chambers (174). Flow chambers have also been used to show
that platelets indirectly affect neutrophils by releasing platelet-
derived extracellular vesicles (PEVs) that transiently bind to
either endothelial cells or neutrophils. Upon binding PEVs
induced increased adhesion molecule (ICAM-1 and VCAM-1)
expression by endothelial cells and integrin (CD11b) expression
on neutrophils, which promotes increased neutrophil-
endothelial cell adhesion interactions (175). Collectively, these
results indicate that platelets play a regulatory role in neutrophil
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transendothelial migration, yet their contribution to the
neutrophil response to infection has not been studied in depth.
Further investigation into the role of platelets in the neutrophil
response should be conducted in multicellular systems that
include endothelial cells, better recapitulating the in
vivo environment.

Neutrophil-Other Immune Cell Interactions
Of the remaining neutrophil-immune cell interactions, most in
vitro work has been conducted with Transwell assays or by
coculture of cells with and without porous membrane dividers.
Neutrophil interactions with T cells, mast cells, and natural killer
cells (NK cells) have been studied using these approaches.
Neutrophil-T cell Transwell assays have revealed neutrophils
induce Th17 chemotaxis by secreting CCL2 and CCL20 and
activated Th17 cells secreted IL-8 for the recruitment of
neutrophils (149). Furthermore, Toll-like Receptor 8 (TLR8)
activated neutrophils have been demonstrated to secrete IL-23,
which induces naïve CD4 T cells to become Th17 cells (176).
Numerous mast cell studies have shown stimulation with various
pathogens or pathogen-derived molecules induces secretion of
inflammatory cytokines and chemokines that augment
neutrophil migration (28, 177–179). Lastly, neutrophil-NK cell
studies have revealed both contact dependent and independent
crosstalk occur between the cells leading to changes in neutrophil
receptor expression and survival. NK cells stimulated with
proinflammatory cytokines, including IL-2, IL-15, and IL-18,
send neutrophil survival signals, and increase expression of Fc g
receptor I (CD64), CD11b, and CD69 on neutrophils (180).
Conversely, NK cells can also induce apoptosis of neutrophils in
a caspase and direct contact dependent manner in response to
IL-12, an anti-inflammatory cytokine (181). NK cells can also
bring about neutrophil apoptosis following ROS production
through binding of the MIC-A protein on neutrophils with the
NKG2D protein on NK cells (182).

Neutrophils signal to and receive signals from numerous
immune cell types that guide and regulate their activity during
an inflammatory response. This cellular crosstalk has been
investigated primarily in animal models and simple in vitro
studies, primarily co-cultures of neutrophils with another cell
type. In the same way Transwell inserts were used to discover key
signaling molecules and interactions between neutrophils and
endothelial cells or pericytes, co-culture studies have identified
molecules immune cells use to signal to neutrophils. However,
more complex microfluidic devices are needed to capture the
nuances of these cell-cell interactions in more physiologically
relevant environments.
NEUTROPHIL INTERACTIONS WITH
PATHOGENS

Cellular signaling between a pathogen source and responding
neutrophils plays a key and obvious role in directing the overall
innate immune response. Pathogens release several signals
driving the neutrophil response. Initially, pathogen derived
peptides activate endothelial cells lining the blood vessel
Frontiers in Immunology | www.frontiersin.org 12
initiating the neutrophil extravasation process described
previously. Once neutrophils have left the blood vessel, they
reach the site of infection by following PAMPs and pathogen
derived peptides released by the pathogen source (Figure 1).
Recent work has shown the neutrophil response is dependent on
the specific pathogen causing the inflammation (79). This
suggests the innate immune response is tuned to respond
specifically to distinct bacteria or fungi infecting the body. In
responding to a pathogen source, neutrophils have multiple tools
in their arsenal to use in attacking and slowing down the spread
of the infection, including phagocytosis, swarming, ROS
generation, and NETosis. Just as cellular interactions direct the
migratory response of neutrophils towards the pathogen source,
they also modulate the use of these antimicrobial response tools.
Microfluidic devices have been created to investigate the specific
and unique role the pathogen source plays in both directing
neutrophil migration and modulating neutrophil effector
functions upon interaction with the pathogen itself.

Neutrophil-Bacterium Interactions
Neutrophil-pathogen interactions have been investigated since
neutrophils were first discovered in the 19th century. Early
modern studies investigated the interactions between bacteria
and neutrophils by introducing both cell types into solution
together and monitoring the results (183). These studies
primarily focused on the metabolic pathways involved during
the interaction and the effects on respiration. As the field has
evolved, the research focus has shifted to investigating the
specific signaling events between the pathogen and neutrophils.
The methods used for investigating these interactions have
developed with improved experimental models. An early
model design used a simple Transwell assay where neutrophils
were seeded in the upper chamber and live, intact bacteria were
seeded in the lower chamber to investigate if different pathogens
distinctly directed the neutrophil response to infection (79).
Significantly, this paper demonstrated neutrophils display a
more potent response to the live, intact bacteria than to
isolated bacterial peptides. Specifically, they found neutrophil
migration towards Escherichia coli occurred at a rate ten-fold
greater than towards LPS. While many current and past studies
solely use bacterial peptides as their model for infection (66–77),
this paper highlights the importance of using whole bacteria.
Microfluidic devices of increasing physiological relevance have
been designed to further investigate neutrophil-pathogen
interactions. One such device used ‘war theatres’ (Figure 2B,
bottom) to identify that bacterial proliferation and neutrophil
recruitment kinetics were important factors in determining
pathogen infection outcomes, as measured by neutrophils’
ability to neutralize bacteria (98). Advanced microfluidic
devices incorporating physiologically relevant architectures and
additional cellular components have also been designed to
investigate neutrophil-pathogen interactions. It was discovered
using an organotypic lumen model that activation of an
endothelial lumen by the bacterial pathogen Pseudomonas
aeruginosa led to an enhanced neutrophil response due
to increased endothelial secretion of IL-6 and GM-CSF
(116). This paper investigated neutrophil recruitment to a
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single bacterial source, but additional research is needed
to further understand migration towards other types of
bacterial pathogens.

Neutrophil-Fungus Interactions
In addition to studying interactions between bacteria and
neutrophils, several groups have investigated interactions
between fungi and neutrophils, with many studies focusing
on the environmental fungus A. fumigatus. A. fumigatus is
a common opportunistic pathogen that, while harmless
to most people, can cause life-threatening disease in
immunocompromised individuals (184). It is well-studied,
making it a good model pathogen for studying innate
immunity in microfluidic devices. A series of studies using
devices specifically designed for examining neutrophil
interactions with A. fumigatus show neutrophils limit A.
fumigatus growth through a variety of mechanisms. Jones et al.
found an introduced chemoattractant gradient primed
neutrophils to migrate to A. fumigatus conidia and block
fungal germination and growth (96). Interestingly, this
blockage in hyphal growth is counteracted by the fungus via de
novo tip formation and development of a new hyphae near the
interaction site. This fungal behavior was discovered and found
to be independent of both NADPH oxidase activity and NETosis
using a microfluidic device allowing for single cell analysis of
fungal-neutrophil interactions (Figure 2B, bottom) (150). In the
presence of high numbers of neutrophils, this leaves the hyphae
vulnerable, but without a significant neutrophil response it can
lead to aggressive A. fumigatus invasion, potentially describing a
mechanism by which neutrophils protect against invasive A.
fumigatus infections. Finally, studies have used unique
microfluidic platforms to investigate molecules with
therapeutic potential. One such study describes bifunctional
compounds that bind to both the microbial target (A.
fumigatus) and the neutrophil chemoattractant receptors.
These compounds were able to assist neutrophils in slowing
hyphal growth and were also able to enhance phagocytosis of
conidia (185).

Neutrophil interactions with fungal infections have also been
investigated in three-dimensional models containing more
physiologically relevant components and architectures. The
ability of neutrophils to migrate in three dimensions in these
models is an improvement over previous two-dimensional
devices as migration in a three-dimensional environment is not
always well represented by migration in a two-dimensional
model (87, 99, 100) Importantly, these models include
endothelial cells which play an important role in modulating
the innate immune response. In vivo studies have demonstrated a
role for endothelial cells in altering the activation state of
neutrophils and altering their response to infection (186).
Therefore, it is critical to include these physiologically relevant
architectures and components to elucidate an accurate
understanding of neutrophil-pathogen interactions. Several
three-dimensional microfluidic devices have been created with
thematically similar designs but slight variations between them.
In general, these devices consist of an endothelial cell coated
lumen with neutrophils seeded within and a fungal source
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outside (Figure 2D) (115). Studies using three-dimensional
models have found paracrine signaling, from monocytes
through MIP-1 and other neutrophils through LTB4, plays an
important role in driving the neutrophil response towards a
source of A. fumigatus (117). These devices have provided new
insights into the neutrophil response to fungal infections and
identified paracrine signaling mechanisms influencing this
response; however, in vivo studies point to an important role
for other cell types, including macrophages, in regulating the
neutrophil response to fungal infections. New devices containing
additional relevant cell types are needed to fully understand the
neutrophil response to infection.

Not only have microfluidic devices been designed to
investigate interactions between neutrophils and different
pathogen types; they have also been designed for investigating
how neutrophils use different effector functions to combat these
pathogens. In general, these devices involve neutrophils being
captured, either by P-selectin (92) or by micropost arrays (93),
and stained to visualize NET formation and ROS production
under different conditions. One result of interest showed ROS
production was necessary for neutrophils to form NETs (92).
Studies using these devices have also shown an increase in NETs
circulating in the blood following a major burn (93). Neutrophil
use of effector functions is tightly regulated by cell-
cell interactions.

Pathogens play an important signaling role in modulating
neutrophil migration and effector functions as demonstrated by
the papers discussed above. A common theme among papers
investigating neutrophil-pathogen interactions is the diversity of
neutrophil responses arising from different pathogens. This
points to a critical need to better understand the uniqueness in
each neutrophil-pathogen interaction and what drives these
differences. The devices highlighted in this section have already
played an important role in expanding the depth of
understanding of this important relationship, but more work
must be done to further our understanding of how cell-cell
interactions contribute to the complicated signaling networks
driving the neutrophil response. Specifically, the interaction of
neutrophils with other tissue cells must be included in the
analysis of neutrophils’ response to pathogens. It is known that
interaction with vascular and other immune cells alters the
activation state of neutrophils in vitro (116) and in vivo (85,
187); therefore, analysis of neutrophil interactions with
pathogens in systems that do not include supporting cell
populations give an incomplete picture of neutrophil activation
and function.
CONCLUSION

A properly regulated neutrophil response is critical for fighting
infection while maintaining tissue homeostasis. Following
infection, neutrophils must process a complex milieu of signals
emanating from the cellular and physical components of their
environment into an efficient and directed response. There has
been a substantial effort to understand how the various signals
neutrophils encounter drive their response using both in vivo
April 2021 | Volume 12 | Article 661537
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and in vitro models. Numerous signaling pathways and cell-cell
interactions have been identified as critical regulators of the
neutrophil response using these models, but we still do not have a
clear picture of how these signals are integrated into a single
response following an infection. Our lack of understanding is
derived from a few key limitations of current experimental
systems. Animal models provide a complete overview of an
immune response but do not always correlate to human
disease and most current in vitro models lack at least one key
component of an infectious microenvironment: a live source of
infecting pathogen, relevant cell populations, and relevant
architectures. To create a full picture of the signaling networks
driving the neutrophil response, we must strive to develop new
models, inspired by in vivo biology, that capture all relevant
aspects of the infectious microenvironment. Initially, studies
must be conducted to increase our understanding of how
interactions with different cell types (smooth muscle cells,
fibroblasts, macrophages, dendritic cells, NK and T cells) alter
neutrophil function and activation using simple in vitro devices
that allow for real-time analysis. To date, these studies have
primarily been conducted using Transwell assays which prevent
investigation into the morphologies of interacting cells, the
modes of interaction, and the kinetics of neutrophil activation
and function. These studies will incrementally increase our
understanding of neutrophil function in the infectious
microenvironment. Future studies should then focus on the
development of devices that can include multiple cell
populations known to influence the neutrophil response to
Frontiers in Immunology | www.frontiersin.org 14
infection, including macrophages, dendritic cells, pericytes, and
stromal cells to investigate the complex cellular crosstalk
occurring in an environment that most closely recapitulates
tissues in vivo. This will require significant design optimization
as different cell populations require diverse culture times,
nutrients, and conditions in vitro; therefore, the authors
suggest an iterative process in which single cell populations are
included in each new design. In the design of these devices,
special attention should be paid to integrate cellular populations
that are most likely involved in multicellular signaling cascades
that influence neutrophil migration using results from simple in
vitro studies and in vivo work as a guide. Finally, evidence
suggests that live pathogens provide a more relevant stimulus
than peptides, yet many studies investigating neutrophil function
still rely on the introduction of inflammatory peptides or single
attractants. Therefore, there should be a significant emphasis in
the field to use a variety of live pathogens to simulate infections
rather than relying on bacterial derived peptides. By
understanding how cell-cell interactions regulate the neutrophil
response to infection, we can attempt to manipulate the response
through the intelligent development of new therapeutics to
treat infection.
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21. Futosi K, Fodor S, Mócsai A. International Immunopharmacology Reprint
of Neutrophil Cell Surface Receptors and Their Intracellular Signal
Transduction Pathways. Int Immunopharmacol (2013) 17:1185–97.
doi: 10.1016/j.intimp.2013.11.010

22. Broggi A, Granucci F. Microbe- and Danger-Induced Inflammation. Mol
Immunol (2015) 63:127–33. doi: 10.1016/j.molimm.2014.06.037
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Aspergillus Fumigatus Morphology and Dynamic Host Interactions. Nat
Rev Microbiol (2017) 15:661–74. doi: 10.1038/nrmicro.2017.90

185. Jones CN, Ellett F, Robertson AL, Forrest KM, Judice K, Balkovec JM, et al.
Bifunctional Small Molecules Enhance Neutrophil Activities Against
Aspergillus Fumigatus In Vivoand In Vitro. Front Immunol (2019) 10:644.
doi: 10.3389/fimmu.2019.00644

186. Owen-Woods C, Joulia R, Barkaway A, Rolas L, Ma B, Nottebaum AF,
et al. Local Microvascular Leakage Promotes Trafficking of Activated
Neutrophils to Remote Organs. J Clin Invest (2020) 130:2301–18.
doi: 10.1172/JCI133661

187. Woodfin A, Voisin M, Beyrau M, Colom B, Caille D, Diapouli F, et al. The
Junctional Adhesion Molecule JAM-C Regulates Polarized Transendothelial
Migration of Neutrophils In Vivo. Nat Immunol (2011) 12:761–70.
doi: 10.1038/ni.2062

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Richardson, Calo and Hind. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2021 | Volume 12 | Article 661537

https://doi.org/10.1007/s10753-018-0893-5
https://doi.org/10.1002/JLB.MA0818-308R
https://doi.org/10.1002/JLB.MA0818-308R
https://doi.org/10.1182/blood-2012-05-434209
https://doi.org/10.1002/jlb.67.6.841
https://doi.org/10.1073/pnas.96.14.8110
https://doi.org/10.1093/intimm/dxq434
https://doi.org/10.4049/jimmunol.1102002
https://doi.org/10.4049/jimmunol.1102002
https://doi.org/10.4049/jimmunol.1303180
https://doi.org/10.1007/BF02157686
https://doi.org/10.1007/BF02157686
https://doi.org/10.1038/nrmicro.2017.90
https://doi.org/10.3389/fimmu.2019.00644
https://doi.org/10.1172/JCI133661
https://doi.org/10.1038/ni.2062
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Microphysiological Systems for Studying Cellular Crosstalk During the Neutrophil Response to Infection
	Introduction
	The Neutrophil Response to Inflammation
	In Vitro Models for Studying the Neutrophil Response
	Neutrophil Interactions With the Blood Vessel
	Neutrophil-Endothelial Cell Interactions
	Neutrophil-Pericyte Interactions
	Neutrophil-Smooth Muscle Cell Interactions
	Neutrophil-Fibroblast Interactions

	Neutrophil Interactions With Immune Cells
	Neutrophil-Neutrophil Interactions
	Neutrophil-Monocyte/Macrophage/Dendritic Cell Interactions
	Neutrophil-Platelet Interactions
	Neutrophil-Other Immune Cell Interactions

	Neutrophil Interactions With Pathogens
	Neutrophil-Bacterium Interactions
	Neutrophil-Fungus Interactions

	Conclusion
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


