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Inflammatory diseases and cancer metastases lack concrete pharmaceuticals for their
effective treatment despite great strides in advancing our understanding of disease
progression. One feature of these disease pathogeneses that remains to be fully explored,
both biologically and pharmaceutically, is the passage of cancer and immune cells
from the blood to the underlying tissue in the process of extravasation. Regardless of
migratory cell type, all steps in extravasation involve molecular interactions that serve as
a rich landscape of targets for pharmaceutical inhibition or promotion. Transendothelial
migration (TEM), or the migration of the cell through the vascular endothelium, is a
particularly promising area of interest as it constitutes the final and most involved
step in the extravasation cascade. While in vivo models of cancer metastasis and
inflammatory diseases have contributed to our current understanding of TEM, the
knowledge surrounding this phenomenon would be significantly lacking without the use
of in vitro platforms. In addition to the ease of use, low cost, and high controllability, in
vitro platforms permit the use of human cell lines to represent certain features of disease
pathology better, as seen in the clinic. These benefits over traditional pre-clinical models
for efficacy and toxicity testing are especially important in the modern pursuit of novel
drug candidates. Here, we review the cellular and molecular events involved in leukocyte
and cancer cell extravasation, with a keen focus on TEM, as discovered by seminal
and progressive in vitro platforms. In vitro studies of TEM, specifically, showcase the
great experimental progress at the lab bench and highlight the historical success of in
vitro platforms for biological discovery. This success shows the potential for applying
these platforms for pharmaceutical compound screening. In addition to immune and
cancer cell TEM, we discuss the promise of hepatocyte transplantation, a process in
which systemically delivered hepatocytes must transmigrate across the liver sinusoidal
endothelium to successfully engraft and restore liver function. Lastly, we concisely
summarize the evolving field of porous membranes for the study of TEM.

Keywords: transendothelial migration, extravasation, leukocytes, metastasis, in vitro platforms, drug discovery,
hepatocyte transplantation, porous membranes
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INTRODUCTION

The vascular system exists as a connection between all tissues
and organs. In addition to a plethora of soluble molecules, many
cell types are critically circulated by blood flow throughout the
body. With both remedial and pathological outcomes, immune,
and metastatic cancer cells use the circulatory system to navigate
to sites of interest. Similarly, stem cells systemically administered
for therapeutic applications freely travel within circulation until
a target tissue is reached (1). While the mechanisms and reasons
for cell dissemination and extravasation may differ in these
scenarios, one inevitable step in each case is the crossing of
the vascular endothelial barrier, also known as transendothelial
migration (TEM).

In vivo, the extravasation cascade is a complex process
involving both changes in protein expression and the structure
of the vascular endothelium. Immune and cancer cells alike
may alter protein expression or affinity to aid in the capture,
rolling, firm adhesion, and diapedesis (TEM) of the cells out
of circulation (2, 3). This cascade is a well-studied and highly
characterized process, particularly for immune leukocytes, that
has benefitted greatly from the use of in vitro model systems.
Leaving the realm of traditional murine studies, in vitro systems
provide a highly controlled platform for experimentation.
Additionally, the reductionism afforded by these platforms
permits meticulous characterization of the mechanisms that
facilitate each step of the extravasation cascade.

Despite significant advances in pharmacology, drug discovery
remains an inherently costly task. Furthermore, low clinical trial
success rates (4) highlight the poor predictive nature of animal
models for testing of efficacy and safety. The immune response
in mice, for example, is known to be markedly different than
humans when given a similar systemic inflammatory insult (5).
These findings help explain the failure of promising therapies
in clinical trials, such as those aimed at treating the devastating
inflammatory disease, sepsis (6).

One promising avenue to rekindle the stagnant pre-clinical
drug discovery approach is the use of sophisticated and highly
controllable in vitro platforms. For both a variety of inflammatory
diseases and cancers, in vitro platforms that permit the study of
leukocyte or cancer cell transmigration may help elucidate novel
drug targets promoting beneficial, or limiting damaging, cell
extravasation. In this review, we will provide an overview of the
current understanding of immune and cancer cell extravasation,
with a keen focus on TEM, as strengthened by both traditional
and modern microphysiological systems. Furthermore, we will
highlight particularly promising areas of research for novel anti-
inflammatory and anti-metastatic drug development. Lastly, we
will comment on emerging biological and engineering topics
concerning the field of TEM.

IMMUNE CELL EXTRAVASATION

Recognition and clearance of pathogens is a key function of
leukocytes in immunity. While innate and adaptive leukocytes
have distinct roles in the immune response to foreign bodies,
one conserved feature of nearly all leukocytes is the ability

to traverse the vascular endothelium. As such, leukocyte
extravasation (Figure 1) involves a tightly regulated cascade
of signaling and mechanical events that end in the TEM of
leukocytes to the tissue. While this phenomenon is essential in
mounting a remedial response to bacteria or viruses, dysregulated
immune cell extravasation underlies the pathogenesis of many
human diseases, including rheumatoid arthritis, Crohn’s disease,
multiple sclerosis, psoriasis, atherosclerosis, and sepsis (7,
8). Therefore, improving our understanding of molecular
mechanisms of leukocyte extravasation, as well as quickly
screening pharmaceuticals aimed at limiting dysregulated TEM
specifically, will greatly impact the clinic. In this section, we will
review the use of in vitro mimetics for the elucidation of leukocyte
extravasation mechanisms (summarized in Table 1) and avenues
for drug discovery.

Capture/Rolling

The first step in the leukocyte extravasation cascade is the
recruitment and adhesion of immune cells to the apical
endothelial cell (EC) surface. A major barrier to this process is
the shear force exerted on circulating leukocytes preventing non-
specific adhesion to the vessel walls. Immune cells can overcome
these shear forces and adhere to the endothelium via a variety
of molecular interactions, most prominently selectins. While the
molecules involved in leukocyte adhesion vary by cell and tissue,
there is much overlap in mechanisms, and thus can be described
in general terms.

Adhesion is initiated by low-affinity binding and rolling across
the endothelium. With high on and off rates, these interactions
can occur under flow, and sometimes even require flow (2).
In addition, these interactions keep cells in close contact with
the endothelium to permit the initiation of the subsequent
step in the extravasation cascade, leukocyte arrest. Leukocytes
bind to varying selectins and cell adhesion molecules depending
on immune cell class. These molecules and their respective
ligands/receptors are upregulated by ECs and immune cells when
exposed to pro-inflammatory cytokines, such as tumor necrosis
factor alpha (TNF-a) and Interleukin 1 beta (IL-183) (22-25).
Cytokines can also induce degradation of the EC glycocalyx to
increase exposure of these molecules on the apical EC surface
for adhesion (26). Further, degradation of the glycocalyx can in
turn induce a greater endothelial response (27). Which molecules
are upregulated and to what extent they are upregulated depends
on the stimulus that cells are exposed to and the concentration
of stimulus (24, 28). In addition, binding can occur in a tissue-
dependent manner due to inherent differences of ECs in different
tissues [i.e., EC heterogeneity (29)]. Given these complexities,
in vitro systems have permitted highly controlled studies that
focus on specific immune cells and tissues to understand diverse
extravasation mechanisms.

Both in vitro and in vivo studies have shown that primary
adhesion and rolling of neutrophils and monocytes occur mainly
via three selectins: E-selectin, P-selectin, and L-selectin, and
their ligands (2, 22, 30). Details about these selectins have been
reviewed extensively elsewhere (31, 32). In addition to selectins,
integrins play a role in slowing down rolling cells to allow for
firm adhesion (2, 30). While lymphocytes can bind selectins
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FIGURE 1 | The leukocyte extravasation cascade is an elaborate process understood in part due to the use of well-controlled in vitro studies. Platforms incorporating
vascular endothelial cells and physiological environmental conditions (e.g., shear stress) permit the highly controlled study of all steps of the leukocyte extravasation
cascade: capture, rolling, arrest, intravascular crawling, and both paracellular and transcellular transendothelial migration. P and E selectin bind leukocytes to aid in the
capture and rolling phases of extravasation. LFA-1/Mac-1: ICAM-1 and VLA-4: VCAM-1 form high affinity/avidity integrin/ligand interactions to halt leukocytes on the
apical endothelial cell surface during arrest. Integrin activation is aided by chemokine signaling (neutrophil chemokine IL-8 and its receptors CXCR1/2 pictured here). In
addition to leukocyte arrest and intravascular crawling, LFA-1/Mac-1: ICAM-1 interactions function to signal VE-cadherin junctional turnover and opening of the
endothelial cell-cell junctions. Additionally, PECAM-1 and CD99 homophilic interactions between leukocytes and endothelial cells function to drive membrane
mobilization from the lateral border recycling compartment (LBRC) to increase membrane surface area around the transmigrating leukocyte. The understanding of
each of these components of leukocyte extravasation have been guided by the use of simple and modern in vitro systems. These same devices can, in turn, function

as early stage drug discovery platforms for preventing devastating inflammatory diseases.

during primary adhesion and rolling, they may also roll along
intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1) (2, 23, 33). The role of cell
adhesion molecules in high-affinity binding following rolling but
prior to diapedesis will be discussed in greater detail later in
this review.

Several in vitro flow systems have been utilized to study
rolling and capture of immune cells. Because these steps
occur prior to transmigration, most studies have utilized well-
established flow systems, such as the circular parallel plate
flow chamber, the flow chamber system, and perfusion flow
loop/straight tube models (27, 33-35). Most of these systems
utilize syringe pumps or cyclic motion to analyze rolling and
adhesion under flow conditions. While simple, these systems
have been instrumental in establishing the roles of specific
selectins and other molecules. For example, Green and colleagues
demonstrated that endothelial E-selectin induces clustering and
colocalization of L-selectin and PSGL-1 on neutrophil microvilli
during rolling using a flow chamber system. This redistribution
is critical for activation and firm adhesion of the leukocyte, and
the in vitro flow system mimicking the shear stress of the post-
capillary venules [1 dyn/cm?, a primary location of leukocyte
diapedesis (36)] allowed the mechanisms of redistribution and
activation to be discovered (13). More sophisticated models
have also been developed in recent years to better mimic
in vivo conditions. For example, Benson et al. developed a
microfluidic device using photolithography that models the scale
and mechanics of in vivo post-capillary venules to study the
effects of extensional stress and capillary extension on leukocyte

adhesion (37). Initially, in the absence of red blood cells (RBC),
leukocytes (freshly-isolated peripheral blood mononuclear cells,
PBMCs) were captured at initial extensional regions due to
formation of aggregates and secondary capture. This is not
physiologically relevant, however, so the addition of RBCs
was crucial in this model. After RBC addition, slow rolling
across an ICAM-1-coated surface was observed, highlighting the
platforms potential use to understand mechanisms of rolling and
capture. Further, Prabhakarpandian et al. were able to create
microfluidic networks via digitization of in vivo microvessels
and soft-lithography. By modeling the complex geometry more
accurately than accomplished by the parallel plate flow chamber,
they were able to observe primary adhesion of particles (anti-P-
selectin conjugated) largely at bifurcations of branches (P-selectin
coated), which is in agreement with in vivo data (38).

It is important to note that while the studies presented to
this point demonstrate the impact of shear flow on leukocyte
capture, ECs alone are also greatly influenced by flow. For
example, Santaguida et al. monitored bovine aortic endothelial
bed permeability, as measured by transendothelial electrical
resistance (TEER), under static and flow conditions. A shear
stress of 4 dyn/cm? (mimicking the peak shear of the post-
capillary venules) had a profound impact on peak TEER, with
dynamic cells reaching a peak resistance of ~65 Ohm cm? vs.
10 Ohm cm? in static cultures (39). Voyvodic et al. built and
characterized a custom flow chamber to further characterize
the effects of shear on human umbilical vein endothelial cells
(HUVEGCs). Under a shear stress of 20 dyn/cm? [A shear
level representative of flow in the capillaries (36)], HUVECs
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TABLE 1 | Summary of highlighted in vitro studies on immune cell transendothelial migration.

References Endothelium Migratory cell line Extracellular Inflammatory Flow
matrix stimulus
Allingham et al. (9) Human umbilical vein HL-60 & primary human Matrigel 10ng/mL TNF-a
neutrophils
Bixel et al. (10) Mouse bend.5 Mouse neutrophils Laminin 5nM TNF-a or
10ng/mL IL-1B
Buffone et al. (11) Human umbilical vein HL-60 & primary human IL-1B 100 to 800 s~'
neutrophils
Carman et al. (12) Human umbilical vein Primary human neutrophils, Fibronectin 100 ng/mL TNF-a
monocytes, & lymphocytes
Green et al. (13) Transfected L-cells, Primary human neutrophils 200 U/mL TNF-a 1 dyn/cm?
CHO, or human
umbilical vein
Khire et al. (14) Human umbilical vein Primary human neutrophils Collagen | gel & 10 dyn/cm?
fibronectin
Mossu et al. (15) Human brain like T cells Gelatin 10ng/mL TNF-a 0.1-1.5 dyn/cm?
O’Brien et al. (16) REN mesothelioma Primary human neutrophils Fibronectin 10 U/mL IL-1B or
100 U/mL TNF-a
Salminen et al. (17) Human umbilical vein Primary human neutrophils Collagen | gel or 4.5 dyn/cm?
fibronectin
Shaw et al. (18) Human umbilical vein Primary human neutrophils Fibronectin 25ng/mL TNF-a 1 dyn/cm?
Steiner et al. (19) Primary mouse brain T cell line SJL.PLP7 Matrigel 25ng/mL TNF-a 0.25-1.5 dyn/cm?
microvessel
Watson et al. (20) Human umbilical vein Human mononuclear Collagen | gel TNF-a or IL-1B
or mouse heart leukocytes & neutrophils or
mouse leukocytes
Yang et al. (21) Human umbilical vein Primary human neutrophils & Fibronectin 25ng/mL TNF-a 1 dyn/cm?

T cells

were observed to elongate and align in the direction of flow
(40). This elongation was observed more readily in HUVECs
sheared with laminar/steady vs. pulsatile flow, demonstrating
the importance of flow characterization in these platforms.
Together, these studies urge the consideration of flow priming
of ECs in vascular models. However, the added complexity of
advanced systems like these typically comes with the cost of
reducing manufacturability and throughput. Given that these
platform goals are particularly important in drug discovery,
as compound screening must be performed in well-controlled
and high-volume platforms (41), studies must pre-consider the
importance of EC elongation and barrier enhancement before
designing around these challenging outcomes. Nonetheless, in
vitro systems incorporating shear stress modules have greatly
contributed to our understanding of leukocyte capture and exist
as an important tool for drug discovery.

Firm Adhesion, Arrest, and Luminal

Crawling

Following selectin mediated leukocyte capture and rolling,
leukocyte integrins engage EC counter receptors to achieve
firm adhesion and arrest (42). The process of immune cell
arrest involves a series of adhesive events including affinity,
valency, and binding stabilization, all combining to control the
overall avidity or adhesiveness of the immune cell-substrate
interaction (43).

To initiate cell arrest, immune cell expressed G-protein
coupled receptors (GPCRs) bind chemokines, signaling to induce
changes in integrin binding affinity (inside-out signaling). GPCR
inside-out signaling functions to alter integrin structure; in an
inactivated state, integrins hold a bent low-affinity position
that transitions to an extended, high-affinity conformation
during the course of activation (44). The extended high-
affinity conformation exposes the ligand binding pocket of the
target integrins, allowing for firm adhesion to the apical EC
surface. The most well-characterized integrins involved in this
process are B, integrins, leukocyte function-associated antigen
1 (LFA-1; arf, or CD11a-CD18) and macrophage-1 antigen
(Mac-1; apmp, or CD11b-CD18) (45). Both LFA-1 and Mac-
1 bind the EC-expressed ligand, ICAM-1 (CD54). ICAM-1 is
basally expressed in low levels on the cell membrane of ECs,
however, inflammation is associated with an increase in ICAM-
1 expression and presentation, allowing for increased LFA-1 and
Mac-1 binding, ultimately driving immune cell arrest (19, 21).

While many chemokines are hypothesized to be involved in
immune cell arrest [relevant review (46)], one chemokine of
particular importance in vascular inflammation is the C-X-C
chemokine interleukin 8 (IL-8; CXCL8) (47-49). IL-8 is produced
by ECs (as well as fibroblasts, macrophages, and mast cells) and
signals through immune cell expressed GPCRs, CXCRI1, and
CXCR2. Notably, murine IL-8 homologs (KC, MIP-1, and LIX)
do not accurately reflect the function of IL-8 in humans (50),
therefore, traditional murine models are not suitable for the study

Frontiers in Medical Technology | www.frontiersin.org 4

November 2020 | Volume 2 | Article 600616


https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles

Salminen et al.

Targets of Transendothelial Migration

of IL-8 without exogenous perfusion. As a result, many early
studies of IL-8 effects on leukocyte recruitment and arrest were
performed in vitro, using human cells.

In a study by DiVietro and colleagues, a laminar flow chamber
was utilized to probe the effects of IL-8 on CD18 integrin
mediated ICAM-1 binding (51). In vivo, IL-8 is presented on
the apical/luminal EC surface in an insoluble (proteoglycan-
bound) form (52). Therefore, this study examined the effects of
IL-8 immobilized to a firm surface. Primary human neutrophils
were perfused over a polystyrene surface coated with ICAM-1
(50 sites/pum?), IL-8 (350 sites/pm?), or a coimmobilization of
the two. In so doing, they found a sharp increase in neutrophil
arrest when perfused over the combined coating as compared
to either coating individually. When neutrophils were again
perfused over the combined coating in the presence of TS1/18
(anti-CD18 IgGl), cell arrest returned to the baseline observed
on the ICAM-1 only surface. This study highlights the ability
of IL-8 to activate B, integrins in the process of immune cell
arrest. Similar studies utilizing parallel plate flow chambers,
with the addition of a HUVEC monolayer, demonstrated the
importance of IL-8 in driving the arrest of monocytes (53) and
eosinophils (54). Both innate immune cell types were more
prone to arrest on inflamed HUVECs in the presence of IL-8.
While antibody blocking of B, integrins again had a negative
effect on monocyte arrest in the presence of IL-8, less effect was
seen in the eosinophil population. Given the aforementioned
disconnect between murine and human inflammation, these
in vitro studies were ultimately critical in advancing the
understanding of IL-8 in immunity, particularly cell arrest.
Since the discovery and characterization of IL-8, multiple other
chemokines (e.g.,, CXCL6, CCL2, and CXCL12) have been
elucidated for their key roles in inflammation and homeostatic
immune function [reviewed in depth here (55)]. Secretion of
these chemokines by ECs and tissue resident immune cells
establish complex chemotactic gradients, driving inflammation
resolution or adaptive immune surveillance. In vitro platforms
can further help us understand how a microenvironment of
competing chemokines [e.g., host-derived IL-8 vs. pathogen-
derived N-formylmethionine-leucyl-phenylalanine (fMLP)] may
resolve (56), and determine what chemokines are most adept for
drug targeting.

Once bound to the apical EC surface, immune cells begin to
traverse the cell membrane in pursuit of a location for diapedesis.
This process of intravascular crawling involves specific regulation
of integrin binding and cell polarization, allowing immune cells
to efficiently navigate to a site of vascular exit (2). While advances
in in vivo imaging techniques have greatly contributed to the
understanding of immune cell intravascular crawling, the benefits
of the high spatial and temporal resolution afforded by in vitro
vascular mimetics is just beginning to be realized (14, 17).

Similar to immune cell arrest, regulation of LFA-1 and Mac-
1 binding to ICAM-1 plays a major role in defining immune
cell crawling. The distinct functions of these molecules in
neutrophil crawling was investigated in a study by Buffone et al.
HUVECs were seed on tissue-culture polystyrene plates, exposed
to 10ng/mL of recombinant IL-1B (>4h), and assembled
into a parallel-plate flow chamber (11). To determine the

migration patterns of leukocytes on the inflamed endothelium,
two neutrophil sources were used: (1) the human leukemia
cell, neutrophil-like HL-60s and (2) freshly isolated primary
human neutrophils. While not primarily derived, HL-60s have
an added benefit over freshly isolated neutrophils as they
may be cultured indefinitely in their pre-differentiated state,
adding great flexibility to study design (57, 58). In either case,
neutrophils preferentially migrated with the direction of flow
on stimulated HUVEC monolayers in an integrin dependent
manner. When LFA-1 was blocked, any previously observed
upstream migration was completely attenuated. Interestingly,
when Mac-1 was blocked, migration became preferentially
upstream (against the direction of flow), suggesting key and
divergent roles of LFA-1 and Mac-1 in determining the direction
of neutrophil crawling on the apical surface of inflamed ECs.
While upstream crawling is not typical of wild-type/untreated
innate immune cells in vivo, native Thl memory/effector T
cells are known to preferentially crawl against flow on brain
microvessels in vivo (59). This phenomenon was reconstituted in
vitro on TNF-a stimulated primary mouse brain microvascular
endothelial cells (p)MBMECs) (19). CD4" Th1 memory/effector
T cells showed preferential migration against flow on inflamed
PMBMECs grown in a parallel flow chamber. In agreement with
Buffone et al. LFA-1 and ICAM-1 were determined to be critical
in regulating this phenomenon. Given Thl memory/effector T
cells do not express Mac-1, the ability of these cells to migrate
upstream in the brain microvascular in vivo may be attributed to
the sole expression of LFA-1.

In addition to ICAM-1, LFA-1 and Mac-1 utilize ICAM-
2 for immune cell arrest and crawling (60, 61), however, the
adhesive strength of this bond is far less than the respective
integrin bond to ICAM-1 (62), thus the role it plays in these
phenomena is less well-understood. Furthermore, Steiner et al.
ruled out ICAM-2 as a possible mediator of upstream migration
of Th1l memory/eftector T cells in vitro (19). T cells crawling
on wild-type primary mouse brain microvascular endothelial
cells (pMBMECs) primarily migrated against the direction of
flow. While ICAM-1 knockout in pMBMECs had an inhibitory
effect on tracked upstream migration, ICAM-2 knockout had
no effect. Overall, these studies support the conclusion that
intravascular crawling of both innate and adaptive immune cells
is not random and is instead regulated in a manor to provide
quick resolution of the insulting target. Whether therapeutics
targeting intravascular crawling may prove beneficial to the clinic
remains to be determined.

Transendothelial Migration/Diapedesis

Diapedesis, the step in which a migrating cell moves from the
luminal to the abluminal sides of the vascular wall, is known
to occur by two distinct mechanisms: paracellular (between
the endothelial cell-cell contacts) and transcellular (through
the EC body). These different routes of TEM have been
observed in vitro utilizing high-resolution light microscopy. In
a study by Carman and Springer, TNF-a stimulated [100 ng/mL
for 12h] HUVECs (plated on fibronectin coated glass) were
exposed to chemoattractants specific to monocytes, neutrophils,
or lymphocytes, rinsed, and the respective leukocytes were added
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(63). Slides were transferred to an incubation chamber atop a
high-resolution confocal microscope and images were taken at
100X to distinguish instances of paracellular vs. transcellular
migration. For all three leukocyte subgroups, ~90% of TEM
took the paracellular route. The authors note, however, that
some instances of migration appeared to resemble transcellular
diapedesis, but were too close to the cell-cell junction to
distinguish from paracellular migration. We suspect this may
be a common feature of transcellular migration as the thinnest
part of the EC, and thus the most energetically favorable location
for diapedesis, tends to be at the periphery. Furthermore, there
is growing evidence that EC heterogeneity and inflammatory
environment variation may regulate the decision to emigrate
para- vs. transcellularly. In a study by Carman et al. lymphocyte
transcellular migration was observed in 10% of total diapedesis
events across HUVECs in vitro (12). Under the same conditions,
microvascular cell lines permitted ~30% transcellular migration.
Thus, heterogeneity between macro and microvascular ECs may
play a role in facilitating para- vs. transcellular leukocyte TEM.
Additionally, Yang et al. discovered that neutrophil transcellular
migration was dependent on ICAM-1 function, density, and
distribution; HUVECs expressing high levels of ICAM-1 favored
neutrophil transcellular migration, which was largely attenuated
by ICAM-1 disruption (21). Inflammatory environments that
induce greater levels of ICAM-1 expression may, in turn,
favor transcellular leukocyte TEM. The use of super-resolution
microscopy (STED/STORM) and compatible in vitro platforms
may help better elucidate the exact percentage of cells that
transmigrate through the cell body. Nonetheless, in vitro studies
have cemented the concepts of trans- and paracellular migration,
urging future work to explore the exact molecular mechanisms
underlying each method.

While a complete understanding of the molecular basis
of leukocyte TEM is lacking, in vitro models have greatly
advanced our understanding of proteins key in these processes.
One well-characterized player in the process of TEM is the
immunoglobulin superfamily protein, platelet endothelial cell
adhesion molecule —1 (PECAM-1, CD31). PECAM-1 is natively
expressed at high levels at the endothelial cell-cell junctions,
as well as on a number of leukocytes, including monocytes,
neutrophils, and subclasses of T cells (64). PECAM-1 signals
through homophilic, PECAM-1-PECAM-1 interactions, hence
the importance of both vascular and immune cell expression
(65). An early in vitro study utilizing anti-PECAM-1 blocking
antibodies and a simple leukocyte transmigration assay assessed
the reliance of PECAM-1 in the process of monocyte TEM
(66). Primary human monocyte TEM was quantified on TNF-a
stimulated [10 ng/mL] HUVEC monolayers (seeded on hydrated
collagen gels in a 96-well plate to permit complete monocyte
TEM) in the presence of anti-PECAM-1 monoclonal Ab hec7
or isotype-matched control Ab. Nearly 100% TEM was reported
in the control monocyte group compared to <20% TEM in
the presence of the anti-PECAM-1 Ab (regardless of whether
monocytes were pre-incubated or Ab was added at time of assay).
This work established PECAM-1 as a key component of leukocyte
TEM in the presence of inflammatory cytokines. Interestingly,
20% of monocytes remain capable of TEM, thus PECAM-1

blocking is not sufficient to completely halt leukocyte TEM under
these conditions.

The effects of PECAM-1 on leukocyte TEM in vitro was also
assessed using the well-established Costar Transwell™ platform
(16). This work established the following: (1) PECAM-1 is
not upregulated on ECs (as measured by immunofluorescence)
following inflammatory cytokine (IL-1f or TNF-a) stimulation,
(2) PECAM-1 blocking (via anti-PECAM-1 mAb) does not alter
leukocyte adhesion or luminal crawling upstream of diapedesis,
and (3) Leukocyte TEM involves both PECAM-1 dependent
and independent mechanisms. This was evident in the case
of chemokine driven TEM, as PECAM-1 blocking had no
effect on IL-8 or leukotriene B4 (LTB4) induced neutrophil
TEM. A complementary in vitro study utilizing high-resolution
immunofluorescence to observe PECAM-1 and EC membrane
dynamics concluded what we now believe to be the main
function of PECAM-1 in TEM: PECAM-1 signaling mobilizes
membrane from a cellular region known as the lateral border
recycling compartment (LBRC) (67) to the site of leukocyte
TEM, increasing EC membrane surface area and surrounding the
immune cell in the intermediate stages of diapedesis (68). Thus,
PECAM-1 signaling has been established as a facilitating (but not
essential) factor in leukocyte TEM using in vitro platforms.

Downstream of PECAM-1-PECAM-1 signaling is a second
set of homophilic interactions between leukocyte and EC
expressed CD99 (10). Much like PECAM-1, CD99 is primarily
localized at the EC border, and plays a distinct role in
leukocyte diapedesis (69). Unraveling the specific function
of CD99 in leukocyte TEM has been greatly aided by the
use of in vitro transmigration assays. In a study by Watson
et al. anti-CD99 monoclonal Abs drastically reduced monocyte
transmigration across TNF-o activated HUVEC monolayers
(grown on hydrated type I collagen gels) as compared to a
non-blocking anti-vascular endothelial (VE)-cadherin control
Abs (20). Further experimentation demonstrated that CD99
(constitutively expressed in a complex with ezrin) engagement
activates soluble adenylate cyclase to locally produce cAMP
and activate protein kinase A, ultimately directing a second
wave of LBRC targeting to the site of TEM. CD99 signaling
was also determined to be critical in neutrophil transmigration
across inflamed (IL-1f stimulated) HUVEC monolayers in vitro:
Anti-CD99 blocking resulted in an 80% reduction in TEM as
compared to the anti-VE-cadherin non-blocking control (70).
Thus, PECAM-1 and CD99 function in similar but separate and
sequential manners to direct EC membrane mobilization from
the LBRC to the site of TEM, allowing for proper leukocyte
TEM. Interestingly, even though PECAM-1 and CD99 tend to
localize to the EC junction, the role of LBRC recycling appears
to be conserved across both trans- and paracellular TEM. The
exact molecular mechanisms within the LBRC underlying TEM
post-LBRC recycling is less clear and remains to be studied.
While PECAM-1 and CD99 expression is not necessarily altered
in inflammation, these molecules clearly play a role in the
immune response in inflammation and exist as potential high
yield therapeutic targets for limiting over-excessive leukocyte
TEM. Importantly, however, ubiquitous expression of PECAM-
1 and CD99 limits the ability to specifically target regions of
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inflammation if inhibitors are delivered systemically. Developing
therapeutic vectors that target regions of inflammation and
subsequently inhibit PECAM-1 and CD99 function on a local
level are critical for the success of these potential therapeutics if
off-target immunosuppressive effects are to be avoided.

The final, well-understood molecular mediator of leukocyte
TEM is VE-cadherin (cadherin-5, CD144). VE-cadherin is
an adherens junction protein and major component of the
vascular endothelial barrier and thus a barrier to transmigrating
leukocytes (71). Unlike PECAM-1 and CD99, VE-cadherin’s
role in leukocyte transmigration is exclusive to the paracellular
route. Of note, VE-cadherin junctions are disrupted in
inflammation even in the absence of leukocytes. Whether
vascular barrier dysfunction in inflammation is exclusively a
result of leukocyte-independent mechanisms or a combination
of leukocyte-dependent and independent mechanisms is often
debated [reviewed previously (72)], however, it is clear VE-
cadherin rearrangement does have a major role in facilitating
paracellular leukocyte TEM. Observational studies utilizing
optically favorable in vitro vascular models were critical in
establishing the participation of VE-cadherin in TEM. In a
study by Shaw et al. HUVECs were plated on fibronectin-coated
glass coverslips and subsequently transduced with a VEcadGFP
adenoviral vector to allow for real-time observation of VE-
cadherin dynamics without directly inhibiting the function of
the adherens junction (18). Transduced HUVECs were grown
to confluency and stimulated with TNF-a [25 ng/mL for 4-6 h].
Primary human neutrophils and monocytes were perfused over
the HUVEC surface and transmigration was observed under
sequential fluorescence and differential interference contrast
(DIC) imaging. The authors note a definitive and transient
opening of VE-cadherin cell-cell junctions at sites of TEM.
However, some instances of leukocyte TEM took place at sites
of pre-existing VE-cadherin gaps, particularly at multicellular
junctions (3 or more cells). In the case of VE-cadherin opening,
the authors report quick resealing (~5 min) of the junction post-
TEM, thus this process is quick and non-permanent as to not
disrupt the vascular barrier for prolonged periods of time.

Recently, our lab studied the effects of chemokine driven
neutrophil TEM on vascular barrier integrity using a novel
vascular mimetic (14). While most TEM studies employ the use
of inflammatory cytokines, or a combination of cytokines and
chemokines, our work aimed to directly probe the consequence
of neutrophil transmigration in the absence of EC inflammatory
effects. This work was aided by the use of an optically
transparent nanoporous membrane that allowed for fMLP
presentation to the basal channel of the two-channel vascular
mimetic. We ultimately observed dynamic opening and closing
of HUVEC-expressed VE-cadherin junctions at sites of TEM
that was coupled with a drop in transendothelial impedance
(representative of barrier integrity), reflecting the ability of
leukocytes to disrupt HUVEC junctions in the absence of
inflammatory cytokines. These changes in barrier integrity,
however, are minor, and may not contribute greatly to the overall
effects of inflammation, particularly in cases of few TEM events.

Following seminal observational studies like that of Shaw
et al. researchers have begun to identify upstream mediators of

VE-cadherin gap formation in leukocyte TEM. Tyrosines Y658
and Y731 on the cytoplasmic tail of VE-cadherin bind p120
and either B-catenin or plakoglobin, respectively, to link VE-
cadherin to the actin cytoskeleton (71). Phosphorylation of these
tyrosine residues, potentially a downstream result of ICAM-1
or VCAM-1 signaling, dissociates these bonds, allowing for VE-
cadherin endocytosis and weakening of the cell-cell junction
(73). This mechanism was found critical for the facilitation of
neutrophil TEM in vitro: blocking Y685 or Y731 phosphorylation
on VE-cadherin (within HUVECs seeded on a Transwell™
filter) significantly decreased primary human neutrophil TEM
as compared to control (9). A more recent in vitro TEM study
by Gonzalez and colleagues elucidated that this phosphorylation
event is downstream of LBRC targeting, as selective blocking of
LBRC recycling resulted in a loss of VE-cadherin gap formation
and decreased leukocyte TEM (67). Conversely, inhibiting
Y658 and Y731 phosphorylation did not alter LBRC targeting.
Together, these studies highlight the critical role of VE-cadherin
modulation in facilitating successful leukocyte TEM.

METASTASIS

Whereas, immune cell TEM can pertain to remedial or
maladaptive actions, the intravasation or extravasation
of carcinoma cells is exclusively pathogenic. Cancer cell
dissemination (i.e., metastasis) accounts for 90% of disease
mortality (74), and thus exists as a potentially high yield target
for the treatment of carcinomas. These pharmaceuticals belong
to a class of drugs aptly termed migrastatics, juxtaposing the
more well-understood class of cancer drugs, cytostatics (anti-
cancer cell proliferation) (75). Like immune cell extravasation,
the low cost, high throughput, and optimal imaging permitted
by in vitro systems has greatly influenced our understanding of
metastasis (summarized in Table 2) and can open the door to a
future of effective drug discovery platforms in pursuit of novel
cancer therapeutics.

Epithelial-Mesenchymal Transition

The metastasis cascade (Figure 2) begins with the transition
of cancer cells from an adherent, cobblestone, epithelial
morphology, into a spindle-shaped, mesenchymal morphology in
a process termed epithelial-mesenchymal transition (EMT) (84).
While not all cancers involve EMT, it is likely that the metastasis
of nearly all carcinomas, a class of cancers that makes up 80-
90% of all cancers, involves EMT (85). During EMT, cancer cells
begin to invade the normal tissue parenchyma surrounding the
tumor. Eventually tumor cells locate and intravasate the vascular
endothelium in an abluminal to luminal manor, permitting
dissemination through circulation. With 90% of cancer related
deaths associated with metastasis (86), EMT, invasion, and
intravasation are of high interest in the clinical setting.

EMT involves a cascade of signaling events and transcription
factors leading to distinct morphological and protein changes
characterizing the transition. This process confers resistance to
many immune and chemotherapeutics (87), and thus represents
a key focus for effective treatment of ensuing carcinoma
metastasis/progression. Additionally, the ability of these cancer
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TABLE 2 | Summary of highlighted in vitro studies on cancer cell transendothelial migration.

References Endothelium Migratory cell line Extracellular Inflammatory Flow
matrix stimulus
Chen et al. (76) Human umbilical vein MDA-MB-231, A-375, MA2, & Fibrin/Collagen | gel 5 dyn/cm?

Cuietal. (77)

Hamilla et al. (74)

Herman et al. (78)

Jeon et al. (79)

Li et al. (80)

Ni et al. (81)

Song et al. (82)

Zervantonakis et al. (83)

Primary human vascular

Human umbilical vein

Human cerebral
microvessel or primary
rat brain

Human microvascular

Bovine aortic

Human pulmonary
microvessel

Human dermal
microvascular
Human microvessel &
umbilical vein

4T1
MDA-MB-231 & MCF-10A

MDA-MB-231, A375, & SW1990

A2058, B16/F10, MDA-MB-231,
&4T1

MDA-MB-231 & MCF-10A
Calu-1, HT-1080, Colo 205,
HT-29, SW 620, SW 480, & L-132
A459

MDA-MB-231

HT1080 & MDA-MB-231

Poly-D-lysine &
fibronectin
Fibronectin

Rat tail collagen
Collage | gel &
matrigel
Matrigel
Collagen | gel

Fibronectin

3D ECM
(non-specific)

2.5-10 dyn/cm?

25ng/mL
TNF-a

0.05 dyn/cm?
50ng/mL 0.5-2.5 dyn/cm?
TNF-a

2ng/mL TNF-a

Primary
Tumor

"

e E ST

Cancer Cell

Local Invasion/EMT

i | Transendothelial
n ravas.cu ar Migration
Crawling = ]
Nuclear
Confinement

Size exclusion B2 Integrins?
P/E-Selectin? ICAM-1?

B1 Integrins

Lamin A/C
phosphorylation
- Nuclear softening

FIGURE 2 | From local invasion to micrometastasis formation, metastatic cancer cells take a complex, and strenuous path to complete the metastasis cascade. While
the percentage of cancer cells able to successfully form a secondary tumor is low, metastasis accounts for 90% of cancer mortality, thus making it one of the most
important oncological processes that can be exploited for drug discovery. Cancer cells begin the metastasis cascade by transitioning from a static, epithelial
phenotype to a dynamic, mesenchymal phenotype (EMT), and invading surrounding tissue. Once on the basal endothelial cell surface, metastatic cancer cells may
intravasate into circulation, moving across the endothelium from the abluminal to luminal surface. Shear blood flow releases the cancer cell from the luminal vascular
wall where it is carried to a secondary location. Size restriction in the capillaries halts the cancer cell, where B1 integrins can attach and facilitate transendothelial

migration. In some cases, P and E selectin as well as B, integrins have been implicated in cancer cell extravasation, however, more studies are needed to understand
the role these proteins play. Given the ridged nature of the cell nucleus, all contents of a transmigrating cancer cell are pushed into the basement membrane until the
last minute when which the nucleus is squeezed through. Lamin A/C phosphorylation permits nuclear softening and severe deformation, aiding in the push across the
endothelium. Successful transendothelial migration constitutes the final step in forming a secondary tumor. In vitro models have greatly contributed to these fresh
understandings of metastasis and are opening the door to novel drug targets.
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cells to migrate to and through the vascular endothelium must
be achieved for metastasis to occur. Ultimately, only 0.01% of
circulating tumor cells lead to the formation of metastatic tumors
at secondary sites (88). Developing therapeutics that block or
limit cancer cell EMT, invasion and intravasation will greatly
reduce the metastatic potential of carcinomas.

EMT is largely regulated by transcription factors (EMT-TFs)
that suppress or induce genes favoring the cell transition from
an epithelial state to a mesenchymal state. The most well-
characterized transcription factors involved in EMT include
the zinc-finger E-box binding homeobox factors ZEBI and
ZEB2, SNAIL, SLUG, and the basic helix-loop-helix factors
TWIST1 and TWIST2 (89). EMT is often initiated by various
environmental factors (e.g., hypoxia) (90), growth factors (e.g.,
TGE-B) (91), and extracellular matrix proteins. Following
induction of EMT, EMT-TFs repress epithelial proteins that
regulated apical and basal membrane distinction, cell-cell
adhesion, and cell-basement membrane adhesion: Adherens
junction protein E-cadherin, tight junction proteins occludins
and claudins, and ogP4 integrins are all repressed in EMT.
Additionally, these same transcription factors function to
induce genes favoring the mesenchymal phenotype: N-cadherin,
vimentin, fibronectin, matrix metalloproteinases (MMPs), and 8;
and B3 integrins are all upregulated in EMT. How these factors
regulate certain steps in the transition cascade and how they
differ depending on cancer origin, has been researched in-depth
[reviewed here (84)]. There are many intermediate phenotypes
that determine the invasive potential of cells undergoing the EMT
transition (92), thus the process is complex and sporadic to confer
metastatic potential.

While EMT has been studied on simple 2D culture substrates,
recent work has demonstrated the importance of recapitulating
the complex 3D microenvironment to properly model EMT in
vitro, potentially opening doors to advanced drug screening and
cancer biology tools. In a study by Pal et al. hybrid scaffolds
were designed to mimic the fibrous extracellular matrix for
physiological tumor growth (93). Poly Lactic-co-Glycolic Acid
(PLGA) was electrospun to form porous scaffolds that were then
coated with gelatin methacrylamide (GelMA) to provide adhesive
contacts for physiological cell growth. The final composite
contained a biochemical microenvironment provided by the
GelMA with filamentous structures provided by the electrospun
PLGA. MDA-MB-231 breast cancer cells exhibited elevated
expression of EMT-TFs SNAIL, ZEB1, and TWIST2 when grown
in the composite scaffold as compared to PLGA or GelMA
alone. Similarly, MKN74 gastric cancer cells had significantly
higher expression of SNAIL and ZEB1 compared to scaffold
components alone. Thus, this work demonstrated the importance
in replicating the biochemical, dimensional, and architectural
features of the in vivo tumor microenvironment when studying
EMT in vitro. As our ability to readily build microphysiological
systems advances, platforms like that of Pal et al. will greatly
aid in the ability to explore potential EMT-associated molecular
targets for cancer treatment, if supplemented with traditional
chemotherapies to reduce initial tumor presence.

The study of EMT-conferred chemotherapy resistance
may also be aided by the use of microphysiological

systems. Ki et al. demonstrated the ability of pancreatic
ductal adenocarcinoma (PDAC) cells to resist treatment
with the chemotherapy drug gemcitabine when cultured
in 3D hydrogels as compared to standard 2D cultures,
potentially due to the post-EMT phenotype of the
cells seeded in 3D microenvironments (94). Therefore,
microphysiological systems may also provide key insight
into cancer-specific drug resistance and directly inform
clinical treatment.

Invasion and Intravasation

Microphysiological tools have also been developed to study
the invasion of cancer cells into the surrounding extracellular
matrix and intravasation across the vascular endothelium into
circulation. These devices include both an extracellular matrix
component as well as regions for the co-culture of vascular
ECs. In a study by Zervantonakis et al. a microfluidic device
consisting of three parallel microchannels was constructed for the
systematic study of cancer cell invasion and intravasation (83).
The channel configuration allowed for co-culture of fibrosarcoma
HT1080 or breast carcinoma MDA-MB-231 cancer cell lines with
primary microvascular endothelial cells (MVECs) or HUVECs.
Tumor and endothelial cells were seeded in distinct channels
and were separated by a 500 um wide extracellular matrix
hydrogel. In situ live cell imaging permitted the study of
cancer cell intravasation across normal and perturbed (TNF-a
stimulated) EC barriers. Zervantonakis et al. ultimately observed
elevated tumor cell intravasation across perturbed EC barriers,
highlighting the potential role of inflammation in this early
step of metastasis. Similar devices have been used by others
for the controlled study of invasion and intravasation at the
lab bench (95-97). Plug-and-play microfluidic devices have also
been developed, permitting independent study of each step in
the invasion-metastasis cascade. One such device featured in the
work by Ni and colleagues includes a removable U-well insert
that permits tumor cell, extracellular matrix, and EC additions
to study EMT, invasion, intravasation, and cell detachment into
circulation under flow (81). Given the importance of cancer
cell EMT, invasion, and intravasation on metastasis, tools like
these will ultimately guide future drug development for the
prophylactic treatment of cancer metastasis that, if successful,
could limit the mortality of most cancers (98).

Capture

The mechanisms involved in cancer cell capture (the beginning of
the cancer cell extravasation cascade) on the apical EC surface are
still not fully understood. It is possible that many features of this
process are relatively conserved across immune and cancer cells,
as studies have observed both cell classes utilizing selectins and
integrins during rolling and primary adhesion. Unlike leukocytes,
however, which express selectins themselves, cancer cells express
only the ligands for selectins found on the endothelium (31, 99),
limiting their function in capture.

Using flow cells similar to those used for leukocyte studies,
investigations have begun to unravel the key molecules and
mechanisms involved in metastatic cell capture on the vascular
wall. Several studies have elucidated a key role for E-selectin and
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its various ligands (99-102). Shea et al. utilized micropatterning
of E-selectin and HA to elucidate their roles in pancreatic cell
rolling and adhesion. They discovered that E-selectin promotes
adhesion of pancreatic cancer cells to HA and arrest of cells
on the endothelium by both slowing the cells and bringing
them in close proximity to the surface (101). Edwards et al.
used photoconvertible protein technologies to study single cell
velocities of colon carcinoma cells during rolling and adhesion.
The microfluidic device was functionalized with selectins at
tunable ratios for a reductionist approach to elucidate the roles of
each selectin (103). Additionally, Spencer and Baker developed
a cone and plate device within a 96-well plate format, which,
combined with electric cell-substrate impedance sensing, can
analyze cancer cell adhesion to the extracellular matrix or cell
monolayers under flow conditions in a high throughput manner.
They elucidated differences between two breast cancer cell lines
(MDA-MB-231 and MCF-7). For MDA-MB-231, adhesion to
a collagen II-coated surface increased under flow conditions,
whereas it decreased for MCE-7. The high throughput nature
of this devices allows these differences to be discovered more
readily (104). These studies suggest potential parallels between
the capture of immune cells and cancer cells by endothelium but
also provide methods to elucidate important differences for the
purposes of drug targeting.

Arrest and Luminal Crawling
P integrins have been hypothesized to play a role in cancer cell
arrest in vivo (105) and in vitro (106). By integrins primarily
bind EC basement membrane components (as well as the EC
expressed ligand, VCAM-1) (107). Therefore, while immune cells
preferentially bind with B, integrins to proteins upregulated
in inflammation, cancer cells may arrest in uninflamed
environments, further distinguishing the targeted and sporadic
nature of immune and cancer cell TEM, respectively. A study by
Song et al. however, suggests that inflammation may still promote
cancer cell arrest (82). In this work, a custom microfluidic device
was designed that allowed for cytokine stimulation of a human
dermal microvascular endothelial cell (HDMEC) monolayer
in one location and no stimulation elsewhere in the same
device. In so doing, they observed more cancer cell adhesion in
cytokine activated ECs compared to the non-cytokine exposed
endothelium. Still, other studies point to a non-molecular, size
restriction mechanism for cancer cell arrest. Given the larger size
of cancer cells compared to immune cells, they are often forced
into contact with the walls of narrowed microvasculature (108).
Once arrested on the apical EC surface, cancer cell may exhibit
migratory behavior. In vivo studies have highlighted intravascular
crawling of cancer cells (109, 110), however, this area of research
has not been carefully examined in vascular mimetics. While
some studies claim to observe intravascular crawling (77, 111),
quantification and/or molecular mechanisms were not explored.
We suspect this is due to the relatively static nature of cancer cells
in relation to the highly motile immune cells. This is evident in
a study by Bapu et al. in which extended time-lapse microscopy
was utilized to observe cancer cell intravascular crawling (112).
Representative images depict cancer cells migrating roughly 20-
50 wm over 4 h. Thus, while the cells appear to crawl, the speed

associated with this migratory behavior is minimal, requiring
lengthy studies. Despite this difficulty, investigating cancer cell
migration on vascular ECs will greatly benefit from the imaging
and quantification afforded by in vitro platforms and should
prove beneficial in the pursuit of novel migrastatics.

Transendothelial Migration

Cancer cell crossing of the vascular endothelium in the process
of TEM has long been considered a key step in metastasis (113).
However, many of the mechanisms involved in this process are
only now being elucidated. This is further complicated by the
fact that cancer cells exist in many forms, therefore the proteins
involved in diapedesis of certain classes of cancer cells may not
match those of others. Nonetheless, in vitro devices have allowed
for direct observation of single cell transmigration in models
of metastasis, laying the foundation to better understand the
mechanisms involved.

Early in vitro studies of cancer cell TEM utilized simple
Boyden chamber configurations to probe the ability of cancer
cell lines to cross the endothelium. In a study by Li and Zhu,
seven tumor cell lines (Calu-1, HT-1080, SW 620, SW 480,
HT-29, L-132, and Colo 205) were analyzed for their ability
to traverse a bovine aortic endothelial cell (BAEC) monolayer
atop a Transwell™ filter (80). Radioactivity of Cr-51-labeled,
transmigrated tumor cell lines were quantified to assess the
degree of cell TEM. While this study (and many other studies
utilizing Boyden chambers) was limited in imaging capability,
the radiometric technique highlighted the variability in cancer
cell TEM potential across the seven tested tumor cell lines.
The authors conclude that variations in observed EC retraction
resulting from tumor cell-release cytotoxic or enzymatic factors
may be responsible for the subsequent TEM variability. Lastly,
this work also established the extended time needed for complete
cancer cell TEM (>4 h).

More recent work takes advantage of the optical clarity
afforded by in vitro devices to better understand the processes
involved in cancer cell TEM. Like leukocytes, cancer cells have
been shown to traverse the endothelium both through the
paracellular and transcellular routes (78). Cancer cells may also
incorporate into the endothelium during TEM in a process
distinct from paracellular leukocyte TEM: MDA-MB-231, A375,
and SW1990 cancer cell lines were observed incorporating into
HUVEC monolayers in vitro (74). The process involved EC
rounding and dispersal as the cancer cell pushed into and spread
across the underlying basement membrane. The total process
lasted anywhere from 15 to 60 min, representative of a relatively
quick method of transmigration. Overall, however, the most well-
studied mechanism of cancer cell TEM is §; integrin-dependent
paracellular migration (114). In a study by Chen et al. a custom
design microfluidic device was used to observe MDA-MB-231
cancer cells breaching a HUVEC monolayer (76). The process
of TEM begins with a thin protrusion through the HUVEC
cell-cell junction to the underlying basement membrane. Over
the course of 3-4h, the basement membrane side protrusion
begins to grow, all while maintaining a minimal gap in the
endothelium (~1 pm). At the last minute, the ridged cancer cell
nucleus is deformed [a key mechanism in cancer cell TEM (115)]
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and pushed through a widening cell-cell junction (~ 8 pm),
a process that lasts ~15min and constitutes the final act of
TEM. B, integrin knock down (through stable expression of
shRNA targeting integrin f;) in MDA-MB-231 cancer cells
prevented protrusion formation, thus halting TEM at the apical
EC membrane. Thus, post-arrest, cancer cells protrude through
the EC cell-cell junctions and bind to basement membrane
components via B integrin activation, push cell contents to the
extravascular space, and further open the cell-cell junction to
allow for nuclear transmigration (3, 79, 116).

During the last push across the endothelium, constrictive
spaces (i.e., endothelial junctions) require the facilitation
of critical mechanisms including active cancer cell nucleus
deformation, cytoskeleton rearrangement and contraction,
and nuclear softening. In these scenarios, cytoskeleton
rearrangement, and contraction provides the mechanical
forces for nuclear deformation, while softening of the nuclei
due to the phosphorylation of Lamin A/C enables severe
nuclear deformation (117-119). In some cases, severe nuclear
deformation can lead to nuclear envelope rupture, which in
turn can results in DNA damages due to uncontrolled exchange
between the nucleus and the cytoplasm, as well as chromatin
protrusion and fragmentation (120-122). Much more can be
studied on the effects of nuclear confinement in metastasis,
particularly how cancer cells overcome this barrier, using novel
in vitro platforms.

Overall, TEM during metastasis constitutes a key step in
the dissemination of carcinomas. To date, in vitro models have
greatly influenced our understanding of cancer cell TEM. How
the endothelium regulates this process directly remains to be
studied. Developing cancer cell TEM platforms that rapidly
detect instances of cell TEM may open the door to high-
throughput platforms on which numerous drug candidates
can be scanned for their ability to halt metastatic cancer
cells at the apical EC surface during this critical step in the
metastatic cascade.

EMERGING TOPICS IN
TRANSENDOTHELIAL MIGRATION

Novel Cell Transendothelial Migration for

Therapeutics

Developing novel molecular compounds for the inhibition or
promotion of immune and cancer cell TEM has and will
continue to be a high interest target in the drug discovery field.
As our ability to isolate and manipulate cells for therapeutic
applications advances, the avenues for regenerative medicine
approaches may expand beyond tradition transplantation, and
thus exist as an alternative to pharmaceutical treatment of
tissue damage. These advances may permit the regeneration
of damaged tissues or organs from primary donor or stem
cells. One barrier to this progress may be our understanding of
systemic administration of exogenous cells, specifically how we
may manipulate these cells to quickly and non-disruptively pass
the vascular endothelium to the site of tissue injury. To this end,
microfluidic devices modeling novel donor or stem cell TEM may

prove immensely beneficial in advancing our understanding of
these potential processes.

Medicinal Signaling Cells (MSCs) (123) have been extensively
studied in cell-based therapies for their immunomodulatory,
immunosuppressive, and regenerative characteristics ideal for
inflammatory, immune-mediated, and degenerative diseases.
Various experimental therapies are underway for diseases of
the musculoskeletal system (124), immune disorders (125),
and even tumors (126). MSCs are derived from adult tissues
(bone marrow, peripheral blood and adipose tissue) or from
birth-associated tissues (placenta, amnion, umbilical cord and
cord blood) which can differentiate into multiple lineages
including osteocytes, adipocytes, and chondrocytes in vitro.
In vivo MSCs do not function as tissue progenitors, but as
secretory cells that induce the body’s regenerative potential as
a member of the universal stem cell niche present in tissues.
A vital aspect of this regenerative effect is the endogenous and
exogenous MSC ability to home into injured sites with high
cytokine, chemokine and factor concentrations. This homing
mechanism is defined as the active or passive arrest of the
MSC within the vasculature followed by transmigration across
the endothelium (127). Extensively described in its similarity
to leukocyte transmigration, MSC homing is hypothesized to
be comprised of the same five stages observed in leukocyte
extravasation (circulation, rolling, adhesion, crawling, and TEM).
Differences arise in the circulation stage where MSCs can
experience impediments due to their larger size which can disrupt
blood flow in small vessels and cause microembolisms (128-
130). Recent observations show MSCs flattening to reduce the
obstruction, yet the timing or mechanism of this passive arrest are
not understood and can introduce serious consequences. MSCs
differ in the crawling phase as well where they statically form
cup-like protrusions into the endothelial barrier to aid in their
TEM either transcellularly or through integration intracellularly.
Enhancing TEM specificity of MSCs to the wound site is key to
increasing the innate regenerative potential in each tissue (131).
There are certain risks which still need to be overcome in MSC
therapies including tumorigenicity (132), pro-inflammation and
the increased risk of fibrosis with recurring treatments (133).
Nonetheless, there are exciting clinical trials in the autologous
and allogenic transplantations of functionalized MSCs for
various diseases (ClinicalTrials.gov, key word MSC, Active).

While the plasticity and versatility of stems cells make them
an obvious target of interest for tissue regeneration, primary,
terminally differentiated cells also have the ability to aid in wound
healing. Primary liver cells, hepatocytes, are a key example of
primary cells with high regenerative capacity, studied extensively
to date. Hepatocyte transplantation (HT) is a promising
alternative approach to orthotopic liver transplantation for
the treatment of acute liver failure (134-137) and inherited
metabolic diseases of the liver (138-141). The aim of HT is the
replacement of 5-15% of the native liver mass with healthy donor
hepatocytes to restore physiological liver function (142, 143).
As a result of three decades of research and development, HT
is established as a safe procedure and performed clinically in
over 100 cases internationally that have resulted in a bridge
to liver transplantation or full recovery in many patients (144,
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145). In contrast to orthotopic liver transplantation, HT is less
invasive, enables multiple recipients to be transplanted from a
single donor organ while the recipient’s organ is not removed for
faster recovery, cells can be cryopreserved and stored, and the
procedure can be repeated if needed.

The HT procedure involves isolating hepatocytes from donor
liver deemed unsuitable for transplantation or surplus liver
tissue from a healthy individual using collagenase perfusion,
followed by injection into the portal vein (Figure3) (147).
Upon injection, transplanted hepatocytes migrate into liver
sinusoids where they become entrapped, but must attach to
the sinusoidal endothelium as well as undergo migration across
the perisinusoidal space, separating the hepatocytes from the
sinusoid, to engraft in the liver parenchyma (148, 149). The
cells unable to quickly migrate across the endothelial barrier
to integrate into the liver plates, are attacked and destroyed
by immune cells. The immune response results in 70% loss of
transplanted cells within 24-48 h after infusion (150, 151). Once
in the liver parenchyma, the transplanted cells are stimulated by
hormone and growth factors, and cell-cell and cell-extracellular
matrix interactions critical for cell survival in the host (149).
In addition, it is essential that engrafted cells are induced to
proliferate following transplantation, which occurs under certain
disease conditions that confers a selective growth advantage to
donor hepatocytes (152), portal vein occlusion (153, 154), partial
hepatectomy (155), and native liver irradiation (156). In mice,
only 0.1-0.3% of donor hepatocytes engraft following infusion
(157), highlighting the importance of engrafted hepatocytes
undergoing expansion in the host liver. Prior studies conducted
in rats have shown that sinusoidal endothelial disruption
is a critical step for the entry of donor hepatocytes into
the perisinusoidal space and subsequent engraftment using
pharmacological agents and low-dose irradiation (136, 156,
158). Although augmenting engraftment, these approaches
are toxic and not used clinically. Further, the attachment
of hepatocytes to the sinusoidal endothelium modulates cell
engraftment. The administration of fibronectin-like polymer
prior to donor hepatocyte infusion was shown to enhance
engraftment, suggesting that integrin-mediated interactions are
essential for hepatocyte binding and migration through the
sinusoidal endothelial barrier (159). However, the biophysical
mechanisms of migration by hepatocytes and the time scales by
which they occur have not been characterized.

Studies of hepatocyte migration across the sinusoidal
endothelial barrier within an in vitro model would facilitate
rapid screening of strategies for hepatocytes to evade immune
responses and accelerate disruption of the sinusoidal endothelial
layer. In addition, these in vitro models can potentially be
used to facilitate screening of quality hepatocytes for clinical
transplantation. A vast interest lies in gene editing using CRISPR-
Cas technology in autologous hepatocytes for gene therapy
targeting inherited metabolic diseases affecting the liver, which
has been effective in animal models (160-162) and is the aim for
future therapies. The advantage of the gene editing approach is
it eliminates the need for immunosuppression and risk of graft
rejection as cells isolated from the patient’s resected liver are
substrates for transplantation or hepatocytes may be edited in

vivo to correct a monogenetic disease. In addition, gene editing
has been used to introduce selection markers to make hepatocytes
resistant to a small-molecule inhibitor for inducing gene
modified hepatocytes to proliferate following engraftment in
preclinical studies (163). As an alternative to fully differentiated
hepatocytes, patient-derived reprogrammed iPSCs gene edited
and differentiated into hepatocytes have the potential to be used
for transplantation in the liver as demonstrated in preclinical
studies in a mouse model of hemophilia B (164). Combining gene
editing with in vitro assays would facilitate studies to identify
genes that determine the efficiency of migration by hepatocytes
across the sinusoidal endothelial barrier, such that precisely
altering their expression using gene editing results in improved
hepatocyte engraftment.

In the pursuit of novel in vitro platforms to study hepatocyte
TEM, it is important to highlight EC heterogeneity [reviewed
in depth previously (29)]. While a majority of leukocyte TEM
occurs in the post-capillary venules (165), the liver (as well as
the lung) is unique in that inflammation induces TEM at the
capillary bed (166). In this region of the liver, sinusoidal ECs
differ from traditional post-capillary venule ECs in that they
are highly fenestrated, and have a comparatively discontinuous
basement membrane, across from which hepatocytes line (167).
This multi-cellular complex (like that of the brain and lung)
permits communication between hepatocytes and the sinusoidal
ECs. In the case of HT, it is important to take into account
all of the differing factors when constructing an explorative
platform. In a broader sense, while easy to obtain cell lines like
HUVECs have traditionally been used for in vitro studies of
TEM, EC heterogeneity must be considered when constructing
in vitro models of the vasculature in key organ systems such
as the liver, brain, and lung. Much like the pursuit of novel
HT strategies, a better understanding of EC heterogeneity
may permit the development of novel anti-inflammatories or
migrastatics with effects targeting clinically high-risk organs
(lung and brain). To conclude, HT is a prominent example of
novel primary cell TEM that, if better understood, can have
a profound impact in the clinic. Designing and building in
vitro platforms that carefully represent the physiology of the
vascular system of interest is key in bringing to light these
promising therapeutics.

Porous Membranes

As true for many of the works reviewed herein, porous
membranes are vital components of in vitro human barrier
models. These membranes enable multi-compartmental cell
culture and they may be engineered to facilitate physiological
cell-cell communication and cell transmigration (17, 168,
169). Establishing an in vitro barrier model that accurately
recapitulates the physiological conditions of barrier systems
in vivo requires high-porosity membranes with sub-micron
thicknesses and precise pore geometries (170, 171). In general,
these membranes should be mechanically robust, optically
transparent, and they should sustain cell attachment and growth
from relatively low cell density to confluency (169, 170, 172).
Despite a historical abundance of studies on cell transmigration
through human barrier models with porous membrane supports,
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FIGURE 3 | Emerging topics in the study of transendothelial migration (TEM). Hepatocyte transplantation is a promising treatment for liver disease and failure. In this
process, donor hepatocytes are perfused into the portal vein where they may translocate to the liver sinusoids. Similar to cancer cells, size restrictions in the liver
microvasculature, as well as potential integrin interactions, trap the hepatocytes at the apical endothelial cell surface. Entrapment resulting in ischemia-reperfusion
events and Kupffer cell activation lead to liver sinusoidal endothelium disruption. Additionally, vascular endothelial growth factor (VEGF)/vascular permeability factor
(VPF), hepatocyte growth factor (HGF), and other factors released by native hepatocytes in the liver plate further drive endothelium disruption, permitting passage of
transfused hepatocytes. Once across, donor hepatocytes integrate with native hepatocytes as mediated through the activation of matrix proteases and separation of
gap junctions (146). The ultimate goal of this process is to engraft these donor hepatocytes into the liver parenchyma and restore liver function. While there has been
some success using this treatment strategy, an improved understanding of the hepatocyte TEM process may lead to discoveries promoting enhanced engraftment of
hepatocytes in the liver. Using in vitro devices to breakdown and study this process is key to this progress.

membrane technologies continue to advance and diversify  respective study, the benefits of porous membranes with high-
(Figure 4), facilitating elevated barrier model construction  resolution imaging potential are immense in the context of
and diversifying applications. Thus, identifying the types of  transmigration studies.

porous membranes available and the uses they offer may Materials that have been proposed to substitute conventional
permit facile barrier model development in future studies track-etched membranes include novel polymeric thin films
of TEM. such as polydimethylsiloxane (PDMS) elastomer (176) and

Conventional polymeric membranes fabricated through  silicon-based thin layers such as silicon nitride (15). Among
a process called track-etching are the most widely used  silicon-based materials, porous nanocrystalline silicon (pnc-
membranes for tissue-on-a-chip and human barrier models.  Si), Silicon Oxide (SiO2), and Silicon Nitride (Si3N4) are
These membranes can be made with a variety of pore sizes, promising candidates which were successfully used by our
ranging from submicron to 8 um. Given the ease of handling  group to fabricate membranes for in vitro modeling of
and robust design, these commercially available membranes  tissue-on-a-chip and barrier systems. These membranes
are suitable for a variety of tissue-chip applications. However,  provided physiologically relevant thickness in the submicron
limitations in design and use motivate the exploration into novel ~ region, optical transparency, and controlled pore size and
membrane technologies for commercial use. Notably, due to the ~ pore distribution (17, 175, 177, 178). Notable examples of
application of random irradiation to create pores, the track- novel polymeric membranes for in vitro studies include
etching process leads to membranes with very low porosity =~ PDMS, parylene, and poly(carbonate) (PC). For example, one
(often <10%) with random pore distributions. Attempts to  of the pioneering studies for reconstructing the alveolar-
increase track-etch membrane porosity leads to an increased  blood interface of the lung involved casting PDMS on
chance of merged pores and even more variability (173, 10pum pillars to fabricate porous membranes (179). Like
174). Additionally, the relatively thick membrane structure  conventional polymeric track-etch membranes, however,
is limited in physiological relevance. For instance, ECs and  both these classes of materials possess advantages and
astrocytes (or glial cells) in the Blood-Brain Barrier (BBB)  disadvantages that should be considered and potentially
are separated by <300nm, while the thickness of track-etched  addressed for specific applications. In general, novel polymeric
membranes used to recapitulate this tissue barrier often exceed =~ membranes tend to adopt non-flat shapes, which makes cell
10 um (14, 173). When considering experimental potential,  culture and microscopy challenging (174). They also have
another notable deficiency is the lack of optical transparency  limited resistance to changes in temperature and pressure
for imaging purposes which limits high-resolution imaging  (180). Silicon-based membranes are more chemically and
(173, 175). While imaging may not always be the focus of a  thermally stable and have superior permeability, but are
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FIGURE 4 | Porous cell culture support membranes are a vital and ever evolving feature of vascular mimetics for transmigration studies. The three main categories of
porous membranes are conventional track-etched, silicon-based, and novel polymeric. Each of the main categories have pros (+) and cons (=) that may be weighed in
the early stages of planning experimentation. Conventional track-etched membranes (polycarbonate filter shown here) have aided in years of transmigration studies,
however, the onboarding of silicon-based (porous silicon nitride shown here) and novel polymeric (parylene membrane shown here) membranes has given way to
many options for use within this field. Balancing usability and affordability will be key for drug discovery platforms.

considered fragile and rigid (180, 181). Furthermore, expensive
processing of silicon limits membrane manufacturability.
Despite these material pitfalls, there are extra (and often
straightforward) steps such as chemical treatment, physical
reinforcement, introducing a support layer and modifications
in the fabrication strategies that can mitigate and potentially
eliminate these disadvantages. Much like the construction
of a microphysiological system itself, finding the balance
between usability and complexity/physiological relevance when
fabricating porous membranes for transmigration studies is key
to progressing this field and opening the door to novel drug
discovery platforms.

CONCLUSION

In vitro platforms have and continue to guide biological discovery
in a variety of fields. Given the complexity and imaging
needs to efficiently study cell TEM, in vitro platforms provide
labs with the unique opportunity to better our understanding
of this process across a variety of migratory cell types. In
many cases, the process of TEM can be exploited as a
limiting step in disease pathogenesis. Insufficient or maladaptive
leukocyte transmigration drives inflammatory disease and
immunodeficient patient outcomes. Additionally, cancer cell
TEM, both in intravasation and extravasation, constitutes a major
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step in metastasis. Lastly, systemic delivery of MSCs or donor
hepatocytes, for example, signifies the ability to exploit TEM for
regenerative medicine applications. Together, our understanding
of any of these TEM processes would not be the level it is without
the use of traditional and advanced in vitro platforms. With drug
discovery costs rising and applicant compounds decreasing, the
potential to cost-effectively and accurately screen drug candidates
using these in vitro platforms may be the spark needed to drive
pharmaceutical research and development forward.
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