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A deeper understanding of the mechanisms of tumor cell extravasation is essential in
creating therapies that target this crucial step in cancer metastasis. Here, we use a
microfluidic platform to study tumor cell extravasation from in vitro microvascular networks
formed via vasculogenesis. We demonstrate tight endothelial cell-cell junctions, basement
membrane deposition and physiological values of vessel permeability. Employing our assay,
we demonstrate impaired endothelial barrier function and increased extravasation efficiency
with inflammatory cytokine stimulation, as well as positive correlations between the
metastatic potentials of MDA-MB-231, HT-1080 and MCF-10A and their extravasation
capabilities. High-resolution time-lapse microscopy reveals the highly dynamic nature of
extravasation events, beginning with thin tumor cell protrusions across the endothelium
followed by extrusion of the remainder of the cell body through the formation of small (~1
um) openings in the endothelial barrier which grows in size (~8um) to allow for nuclear
transmigration. No disruption to endothelial cell-cell junctions is discernible at 60X, or by
changes in local barrier function after completion of transmigration. Tumor transendothelial
migration efficiency is significantly higher in trapped cells compared to non-trapped adhered
cells, and in cell clusters versus single tumor cells.

Introduction

Cancer cells disseminate in the body by undergoing several steps, including the invasion of
surrounding tissues, intravasation into the blood vessel, transport in the circulation,
extravasation from the vasculature and proliferation at a secondary site. Extravasation
involves a cascade of events consisting of (1) tumor cell arrest on the endothelium resulting
in the formation of dynamic contacts that give rise to significant cytoskeletal changes, and
(2) tumor cell transendothelial migration (TEM) and subsequent invasion into the
surrounding matrix®. Although the mechanisms of intravasation have been widely studied,
the precise cellular interactions and molecular alterations associated with extravasation are
poorly understood. In fact, most data are gathered from low-resolution in vivo studies and
endpoint assays that indirectly observe tumor cells via quantification of secondary tumor
formation in existing animal models 2-6. As such, direct observation of tumor cell arrest on
and subsequent migration across an endothelium in a precisely controlled and
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physiologically relevant microenvironment would provide important insight into
extravasation mechanisms.

Currently, in vitro models such as the Boyden chamber-Transwell assays provide a
relatively simple and high throughput method for parametric cell migration studies 78, yet
do not allow monitoring of the entire process of extravasation and are limited in their
physiological relevance. Conversely, in vivo models of extravasation such as rat-tail vein
injection of tumor cells ® mostly do not allow for high-resolution visualization of
extravasation events. More recently, intravital microscopy performed on optically
transparent transgenic zebrafish has enabled high spatial and temporal resolution imaging °;
however, as with most in vivo platforms, the ability to perform parametric studies is
restricted. Recently, microfluidic technologies have been developed to enable high
resolution and dynamic study of both tumor cell intravasation and extravasation'9-14. In the
latter, devices consist of microchannels connected by 3D ECM hydrogels, where tumor cells
are seeded in one channel, arrest onto and extravasate across an endothelial cell (EC)
monolayer and into a hydrogell4. However, the use of polydimethylsiloxane (PDMS) posts
to contain the gel often prevents the formation of a continuous, low-permeable EC
monolayer. It is also difficult to predict how changes in stiffness between the PDMS and gel
affect extravasation mechanisms. Furthermore, most studies of extravasation or TEM across
planar EC monolayers 12 13. 15,16 gre [imited in their physiological relevance.

3D microvascular networks (UVNSs) have been widely explored in vitro and are particularly
amenable to the study of vascular biology and modeling of disease in a more physiologically
relevant configuration than endothelial lined tubes or monolayers. uVNs can be formed from
self-organized, physiologically relevant vascularization processes, including sprouting
angiogenesis and vasculogenesis. Recently, several groups have developed microfluidic
platforms capable of generating perfusable 3D uVNs 17-19, While no in vitro system can
fully recapitulate the complexity of an in vivo situation, such vasculature have the potential
to more closely model the in vivo tumor cell extravasation environment.

Here, we present a microfluidic platform for the modeling of the entire process of
extravasation from within in vitro uVNs assembled via vasculogenesis. Our platform offers
key advantages over existing in vitro extravasation models by enabling all of the following:
(1) high temporal and spatial resolution of extravasation events, (2) the ability to perform
parametric studies in a tightly controlled and high throughput microenvironment and (3)
increased physiological relevance compared to 2D and 3D planar monolayer models. We
employ our model to demonstrate the effect of inflammatory cytokine stimulation on
endothelial barrier function and TEM efficiency, and the positive correlation between
metastatic potentials of different tumor cell lines and their extravasation capabilities. We
demonstrate high spatiotemporal visualization of the sequential steps of extravasation from
invitro tVNSs, and observe the TEM patterns of different tumor cell subpopulations
including mechanically entrapped cells, single arrested tumor cells and cell clusters.
Findings from our platform result in a deeper understanding of tumor cell extravasation
mechanisms and demonstrate our assay’s potential to be employed for the discovery of
factors that could inhibit this crucial step in metastasis.
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Materials and Methods

Microvascular network formation

Microfluidic devices were fabricated via standard soft lithography as described

previously 19. Fibrinogen solution was prepared by reconstituting 5 mg/mL or 10 mg/mL of
bovine fibrinogen (Sigma, MO) in PBS and dissolving the mixture in a 37°C water bath for
2 h. The solution was then filtered using a 0.2 um filter and stored at 4°C. Human umbilical
vein endothelial cells (HUVECSs) (Lonza, MA) were cultured in supplemented endothelial
growth medium (EGM-2, Lonza) and grown to passage 5 before they were trypsinized and
resuspended at a concentration of 8 million cells/mL in a solution of EGM with 0.15U/mL
GM-6001 (PeproTech, NJ) and thrombin (0.5 U/mL, Sigma). The cell suspension was then
mixed in a 1:1 ratio with 20 pL of 5mg/mL fibrinogen to achieve a final concentration of 4
million cells/mL and immediately injected into the HUVEC gel channel. Normal lung
fibroblasts (NHLFs) (Lonza, MA) cultured in supplemented FGM (Sigma, MO) until
passage 5 were similarly dissociated and suspended with the 10 mg/mL fibrinogen solution
to reach a final cell density of 9 million cells/mL, and was injected into the NHLF channel.
Devices were placed in a humidity box at room temperature and gels were allowed to cure
for 20 minutes before filling the media channels with supplemented EGM. Media was
replenished every 24 h for the duration of the culture. All cells were maintained in a
humidified incubator at 37°C and 5% CO5.

Tumor cell seeding in pVNs

MDA-MB-231, HT-1080 (from Dr. Frank Gertler, MIT) cultured in DMEM (Sigma, MO)
supplemented with 10% FBS and 1% Pen-Strep (Invitrogen, CA), and MCF-10A cells (from
the Brugge Lab, cultured as described previously 2°) were trypsinized and resuspended at a
final concentration of 0.4 M cells/mL in EGM. Media from the reservoirs of the two
channels flanking the HUVEC channel were aspirated and 40 pL of the tumor cell
suspension was introduced into one of the reservoirs of the central media channel. This
creates a pressure drop of 5.2 mmH-,O across the vascular network, drawing the tumor cells
into the vasculature. Devices were placed in an incubator immediately after seeding and left
to equilibrate for 30 min, after which devices were washed by applying fresh media via a
pressure drop in the same direction as the tumor cell seeding to remove any non-adherent
cells.

Quantification of vessel permeability

The method used to quantify vessel permeability was based on that described previously®°.
Briefly, background fluorescence images of the vascular network were obtained (I). The
media in all reservoirs were aspirated and the three reservoirs on one side were injected with
45 L of 10 uM 70 kDa MW Texas red dextran solution (Invitrogen, CA) simultaneously.
Devices were placed in an incubator for 20 min, and then transferred to the microscope
environmental chamber for another 10 min, to account for time required for dextran
diffusion into the vessels and recovery from agitation during transfer. Once equilibrium was
established (i.e. intensity inside the vessels remained constant), fluorescent images were
captured every 5 min for 60 min. The permeability coefficient was calculated by obtaining
the average intensity in a measuring window containing both the vessel segment and
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surrounding gel, at the initial and final time points. Individual sections of the vessel network
of length ~80 um each (2 sections/ROI, 4 ROl/device, n=3) were selected for analysis. The
length of each section varied slightly, in order to capture a segment that was relatively
uniform in diameter. Care was taken to select vessel segments in the central region of the
channel, which was far enough from the media-gel boundary. Permeability coefficients were
computed as:

1 (L d
Py= ¢
d Ii—Ib< At >X4

where [; Ifand Ip are the initial, final and background average intensities, At is the time
between the two captured images, and d is the average diameter of the vessel segment. All
imaging was performed using a confocal microscope (Olympus, Japan).

Immunofluorescent and live staining

To quantify extravasation events, HUVECs were fixed and stained with rhodamine
phalloidin (Alexa Fluor 568, Invitrogen) at the final time point to visualize the position of
the tumor cell relative to the endothelial barrier. For live tracking of extravasation events, a
plasma membrane cell tracker was used (Cell Mask Deep Red Stain, Invitrogen) on
HUVEC:s via incubation at 5ug/mL for 30 min. Cell viability assays were performed using a
Live/dead cytotoxicity kit (Invitrogen) containing SYTO 10 (2 pM) and ethidium
homodimer (4 uM), and following the manufacturer’s instructions.

To verify the presence of tight cell-cell junctions, rabbit monoclonal primary antibody for
human VE cadherin (Abcam, MA) and secondary antibodies (Alexa Fluor 568, Invitrogen)
were used. To verify the presence of basement membrane deposition, mouse monoclonal
antibody for human collagen IV (Abcam) was used, followed by a secondary antibody
(Alexa Fluor, 488, Invitrogen). Devices were washed once with PBS, fixed with 4% (w/v)
paraformaldehyde in PBS for 20 min and permeabilized with 0.1% Triton X-100 (Sigma)
for 10 min. Samples were blocked with 5% BSA (Sigma) and 2% goat serum (Sigma) for 2
h at room temperature, and incubated with primary antibodies for 24 h at 4° (VE-cadherin,
1:100; Collagen 1V, 1:100). This was followed by washing and incubation with secondary
antibodies (1:200) at room temperature for 3 h. Devices were then counterstained with
rhodamine phalloidin for actin (1:200) and DAPI for nuclei (1:1000, Invitrogen). All images
were obtained via confocal microscopy and processed using the IMARIS imaging software.

Quantification of extravasation

Using the IMARIS imaging software, the nuclei of each tumor cell in an ROl was identified
and marked using the IMARIS Spot tracker function. Only cells with nuclei found on the
basal side of the endothelial barrier (either directly adjacent to or migrated away from the
barrier) were counted as an extravasation event. ROIs were selected such that the edge
effects at the boundary between the gel and media channel were avoided, as such areas may
contain cells that have migrated into the gel from the outside media channel. As a further
precaution, time-lapse confocal microscopy was performed for each device for the entire
duration of the culture period, to ensure that cells migrated from media channel were not
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considered in the final calculation. We calculated the extravasation efficiency as the ratio of
extravasated cells to the total number of cells found inside the microvasculature by
analyzing a minimum of 6 ROI per device, which are selected randomly out of 30 total ROI
per device. The dimensions of each ROl were 750 pm by 750 um by 300 um (height).

For the quantification of extravasation efficiency of different subpopulations, tumor cells
whose diameter was larger than the segment of vessel immediately downstream was
categorized as entrapped, while all other cells that remained after washing with medium
were considered to be part of the adhered non-trapped population. The extravasation
efficiency of each subpopulation was defined as the ratio of the number of extravasated cells
to the total number of cells classified in the subpopulation. Likewise, clusters were defined
as a group of 2 or more tumor cells in direct contact with one another, while single cells
were those not in contact with any other tumor cell. In these experiments, extravasation
events were analyzed via live fluorescent-bright field overlay images. The location of the
vessel wall was determined by live images taken at O hr. Extravasated cells were identified
as those with a spread morphology and protrusions past the vessel wall into the matrix, and
non extravasated cells were identified as generally rounded cells within the vessel.

TNF-a stimulation of HUVECs

For cytokine stimulation experiments, HUVECs were stimulated with 2, 5 or 10 ng/mL of
TNF-a (R&D systems, MI), at 96 h after endothelial seeding, for 12 h. To ensure that the
results observed were not due to the direct modulation of TNF-a on tumor cell migration,
devices were washed and incubated in normal media for 30 min prior to tumor cell seeding.

Statistical Analysis

Results

The values reported correspond to an average value over a minimum of 3 independent
experiments, with 3 devices per experimental condition and a minimum of 6 ROI per device.
Data are presented as mean + SD. Comparisons were performed using one-way ANOVA
with pairwise comparisons by the Tukey test. Statistical significance is taken as *p<0.05. All
statistical analyses were done via SigmaStat 3.5 (Systat Software Inc., IL).

Formation and characterization of in vitro uVNs in microfluidic devices

In order to model a physiologically relevant tumor cell extravasation microenvironment, we
employ a microfluidic platform 13. 18 to develop stable, functional and perfusable in vitro
MV Ns via vasculogenesis. We use a two gel-channel device to allow the co-culture of
HUVECs and NHLFs in a 3D ECM hydrogel (Fig. 1a—b). This spatial patterning of both
HUVECs and stromal cells allows diffusion-dependent, non-juxtracrine, and paracrine cell-
cell interactions that give rise to more natural blood vessels, compared with HUVEC
monoculture 7. 18, Single HUVECs begin to spread and organize into tubule-like structures
within the gel by day 2, and by day 4, uVNs with lumens ranging from 8 to 96 pm in
diameter are formed. Lumens communicate with the two flanking media channels, allowing
vessel perfusion. Vessels are relatively quiescent, with individual vessel diameters
increasing by 5.1+4.7% from days 4 to 5, and 5.7+£5.4% from days 5 to 6 (Fig. S1a).

Integr Biol (Camb). Author manuscript; available in PMC 2014 May 30.
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Similarly, the normalized number of vessel branches exhibited no statistically significant
changes (Fig. S1b), indicating minimal EC remodeling and apoptosis.

To confirm the integrity of the endothelial barrier, staining of the networks at 96 h with anti-
VE-cadherin showed the presence of continuous cell-cell junctions spanning the entire
circumference of the lumen (Fig. 1c). We further detected the presence of collagen 1V in the
perivascular extracellular matrix, a sign of vessel maturation and stabilization (Fig. 1d).
Perfusion of the vasculature with 70 kDa dextran revealed patent lumens that were void of
local leaks (Fig. 1e) and exhibited a diffusive permeability of (8.92+1.47) x10~7 cm/s (n=24
vessel segments over 3 devices) at 96 h after HUVEC seeding.

Extravasation in pVNs

Cells were seeded at a density low enough to prevent clogging of the lumen openings and be
reflective of the low cell density in vivo 2, yet high enough to observe at least one
extravasation event per region of interest (ROI). After varying tumor seeding densities (Fig.
S2a), we selected 0.4 million MDA-MB-231 cells/mL, which produced an average of 21.2
+8.7 tumor cells per ROI (24 ROIs over 3 devices) (Fig. 2a). This corresponds to an
estimated 0.63 million cells/mL of vascular volume.

Tumor cells were seeded into the vascular network via the application of a 5.2 mm H,O
pressure drop across the HUVEC channel, 96 h after HUVEC seeding (Sl Video 1). This
corresponds to estimated shear stress values in the range of 0.012 to 0.48 Pa during cell
seeding, comparable to the range of wall shear stresses found in venular microvessels, (< 1
Pa) 22. Fixed sample images of seeded MDA-MB-231 revealed their possible locations and
morphologies throughout a 4-hour observation period (Fig. 2b). These include cells that are
(i) spread but contained within the lumen, (ii) transmigrated and spread on the outside of the
lumen, (iii) circular with protrusions penetrating the HUVEC barrier and contacting the
matrix, (iv) transmigrated away from the lumen, (v) circular and adhered within the lumen,
and (vi) circular and trapped in vessels with diameters smaller than that of the cell.

In untreated HUVECS, we quantified an MDA-MB-231 extravasation efficiency of
12.3+3.4% after 6 h and 23.6+4.5% after 24 h (Fig. 2c, Fig. S2b, Sl Video 2). Extravasation
could be observed as early as 30 min after tumor cell introduction into the vasculature, while
the number of extravasated cells plateaued at around 24 h, with no significant difference in
the number of extravasated cells at 48 h (p=0.298). The average number of tumor cells
found in each ROI exhibited a slight yet insignificant (p=0.37) increase between 0 h and 24
h (Fig. S2c). These results suggest that most extravasation events occur in the first 24 h,
which is similar to the time scales witnessed in vivo 2 23 and in other in vitro platforms 13,
Cell viability was 95.2+3.7% at 24 h, suggesting that the adhered yet non-migratory and/or
circular cells were likely not due to tumor cell apoptosis. Lastly, 10 um fluorescent beads
introduced into the vasculature were lodged but never extravasated, confirming that
extravasation from within the vessels is not a passive process inherent to the platform.

Integr Biol (Camb). Author manuscript; available in PMC 2014 May 30.
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Endothelial barrier function and TEM efficiency is sensitive to TNF-a

Inflammation can play a mediating role in cancer progression and metastasis 2426, For
instance, elevated levels of pro-inflammatory cytokines including IL-1B, TNF-a and I1L-6
have been found in the circulation of cancer patients, and may upregulate the expression of
adhesion molecules on the endothelium or in target organs 2°. Here, we investigated the
response endothelial barrier function and tumor cell TEM rates to TNF-a. Treatment of
MVNs with 2 ng/mL TNF-a for 12 h resulted in a 2.1-fold increase in HUVEC permeability
((18.4 +1.1) x10~7 cm/s compared to (8.68 + 0.6) x10~7 cm/s) to 70 kDa dextran, with no
significant difference in cell viability (Fig. 3a). Stimulation with 10 ng/mL TNF-a led to a
4.6-fold increase in permeability ((41.5 + 7.21) x10~/ cm/s). The high standard deviation in
the 10 ng/mL treatment was investigated; upon closer inspection, we observed what
appeared to be focal leaks, and cell viability was found to be significantly lower compared
to the control, indicating that such a high concentration of TNF-a led to endothelial cell-
death induced ruptures in the lumen (Fig. 3b). Consistent with this, in TNF-a stimulated (2
ng/mL) HUVECs, tumor cell TEM rates increased 2.3-fold (32.3+5.1% compared to
13.1+2.12%) (Fig. 3c). These increases in both TEM rate and endothelial permeability to
TNF-a stimulation suggest that impaired endothelial function may regulate transendothelial
migration.

Tumor cell metastatic potential correlates with extravasation capabilities

We investigated the dependency of tumor cell extravasation efficiency on their
corresponding metastatic potential. In untreated HUVECS, highly invasive HT-1080
fibrosarcoma cells were found to exhibit a 27.34+4.9% extravasation efficiency, which was
significantly different from the 13.23+3.2% extravasation rate for MDA-MB-231, 4 h after
tumor cell seeding (Fig. 3d). Furthermore, the non-metastatic normal epithelial cell line
MCF-10A exhibited a 5.31+2.3% extravasation rate. These results indicate that human
tumor cells exhibiting different metastatic potentials exit the vascular system with different
efficiencies and that our platform possesses the sensitivity to detect such variations.

Visualization of dynamics of extravasation events

Time-lapse confocal microscopy of TC-EC interactions can offer important insights into the
temporal and spatial mechanisms of tumor cell extravasation. Analysis of a sequence of
images of a transmigrating MDA-MB-231 cell (Fig. 4a) revealed that (1) transmigrating
tumor cells first penetrate the EC barrier by extending thin fillipodial protrusions (<1um in
width) into the subendothelial matrix, (2) protrusions continue to increase and branch out
while the remaining body on the apical side of the lumen maintains its sphericity (3), the
spherical body decreases in diameter as more of the cell and the nucleus clears the barrier
(4), the tumor cell undergoes significant shape changes as it adopts a final spread
morphology upon exiting the lumen.

Live time-lapse microscopy at 40X did not reveal a discernable gap in the endothelial
plasma membrane at the site of transmigration, suggesting that the area through which tumor
cell protrusions penetrate is relatively small, and likely paracellular rather than transcellular.
A definitive opening in the barrier was only observed near the end of the extravasation event
(i.e. at 3:30 h, Fig. 4a), which was presumably larger to allow the transmigration of the
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nucleus. This was confirmed via higher resolution imaging at 60X, which revealed small
gaps (~1-2 um) in the endothelial barrier during the initial stages of transmigration (Fig.
4b). Gaps then gradually increased in size to form holes ~8-10 um in diameter upon the
transmigration of the tumor cell nuclei (Fig. 4c—d). The remaining portion of the cell body
on the apical side remains spherical, even after transmigration of the nucleus, suggesting that
the sphericity is not due to that of the nucleus. Furthermore, live nuclear staining at 40X
reveals that transmigration of the nucleus occurs within a relatively short time frame (~15
min) compared to the total time required for complete tumor cell TEM (Fig. 5). Microscopy
at 90X revealed a thin segment of the tumor cell joining the two parts of the cell body on
each side of the lumen, suggesting that TEM of most of the cell body occurs via extrusion
through a gap of sub nuclear dimensions (Fig. 4j). After transmigration of the tumor cell
nucleus, gaps in the EC barrier decreases in size and eventually becomes indiscernible after
complete TEM (Fig. 4e-f).

Interestingly, staining of VE-cadherin in samples fixed at different time points throughout
extravasation events revealed largely intact cell-cell junctions as discerned by confocal
microscopy at 60X. Images of MDA-MB-231 sending out protrusions through the EC
barrier before the transmigration of the nucleus revealed localization of the tumor cell
protrusions at EC cell-cell junctions (Fig. S3a). Notably, ECs adjacent to tumor cells that
had undergone nuclear (Fig. S3b) and complete (Fig. 4g—i) transmigration also showed no
discernable signs of junction disruption. Importantly, perfusion of the live vessels with 70
kDa dextran revealed no apparent leaks at the sites of complete TEM (Fig. S3c).

Different tumor cell subpopulations exhibit different TEM capabilities

We are able to observe arrested cells on the endothelium that are either mechanically
trapped, or adhered and non-trapped. Non-trapped cells remained adhered onto the luminal
side of the endothelium in vessels with diameters larger than that of the tumor cell, even
after vessel perfusion (Fig. 6a). This suggests the presence of purely adhesive interactions
with the endothelium in contrast to cells lodged mechanically in narrow constrictions (Fig.
6b), which composed an average of 16.2 + 12.3% of the total number of tumor cells found in
each ROI. Analysis of each subpopulation revealed that trapped cells exhibited a
significantly higher rate of TEM (47.8+4.67%) compared to arrested non-trapped cells
(9.8+£3.3%) (Fig. 6d).

Furthermore, we visualized TEM events of both single adhered tumor cells and tumor cell
clusters, which is defined as a group of more than 2 contacting cells (Fig. 6c). Cells
classified in the cluster population exhibited a TEM rate of 67.8+7.2% while single cells
exhibited a significantly lower rate of 8.3+2.6% (Fig. 6e).

Discussion

Our extravasation platform features the advantages of microfluidic technology, including
tight control of tumor microenvironment factors and high spatiotemporal resolution,
combined with the increased physiological relevance of self-organized 3D uVNs. Vessel
permeability values found were comparable to that of in vivo venules 27 and similar to
existing in vitro pVN platforms produced via angiogenic sprouting 18 suggesting a strong
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and more physiologically relevant barrier compared to those reported in in vitro EC
monolayers 13.14. 28,29 Moreover, the relative quiescence of these microvessels allows us to
justify the decoupling of vessel remodeling and extravasation occurring within the time
frame in which the events are studied. Together, these results confirm that TEM in our
platform is an active process of endothelial barrier penetration by the invading tumor cell.

Although progress has been made in identifying critical regulators of endothelial-tumor
interactions in the context of intravasation 39-32, it remains unclear whether impaired barrier
function is a necessary precursor to TEM in extravasation. Here, the increased TEM
efficiency and endothelial permeability observed in response to TNF-a stimulation
corroborates the findings of our previous work involving increased intravasation rates of
HT-1080 cells across TNF-a activated HUVEC monolayers 4. The positive correlations
observed between extravasation rates and vessel permeability have also been observed inin
vivo rat tail-vein 9 and transparent zebrafish > models subject to VEGF overexpressing
tumor cells, which induced endothelial barrier disruption. Although not explored in this
study, in addition to promoting vascular leak, TNF-a is known to upregulate cell surface
adhesion molecule expression on endothelial monolayers 33 and promotes tumor cell
adhesion to endothelial cells 3334, It is well accepted that leukocyte adhesion, and more
recently, tumor cell adhesion to the endothelium is a precursor to TEM 16. 35,36,

Although the metastatic potentials of different tumor cell lines are well characterized in
various in vivo models 3739, the dependence of extravasation efficiency on metastatic
abilities remains unclear. Koop et al demonstrated similar extravasation kinetics of highly
metastatic PAP2, non-metastatic NIH3T3 and primary fibroblast cells from mouse embryos,
suggesting that extravasation is independent of metastatic potential in chick CAM

models 40. Contrarily, Stoletov et al showed a clear positive correlation between the
metastatic potentials of different tumor cell lines and their extravasation abilities
(HT1080>MDA-MB-231>MDA-MB-435) in an in vivo zebrafish model °. Interestingly, the
results obtained from our platform corroborate those observed in the zebrafish model, with
HT1080 exhibiting a higher extravasation rate than MDA-MB-231. MCF-10A is a non-
tumorigenic cell line often used as a control condition in TEM assays. Here, they exhibit a
significantly decreased tendency to extravasate compared to metastatic cells lines. The basal
level of extravasation present (~5%) is likely dependent on the level of robustness of the
endothelial barrier in the in vitro platform, and is consistent with the basal levels of
MCF-10A extravasation observed in in vitro 2D transwell assays*!. These results indicate
tumor cell extravasation correlates with metastatic potential, and that our platform possesses
the sensitivity to detect such differences in invasiveness.

Visualization of the cellular mechanisms of extravasation in mouse and chick
chorioallantoic membrane assays have established the existence of complex tumor-
endothelial interactions that may involve passive or active tumor cell movement, adhesion
and transmigration; however, the precise mechanisms at the single cell level are poorly
characterized 2 42-44, Understanding these mechanisms are important because metastasis is
inherently a mechanical transport phenomenon characterized by the release of single cells
from a primary tumor, which invade through small pores of the tissue matrix, extravasate
across EC barriers, and circulate in the vasculature. The effects of tumor cell extravasation
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on the structure and viability of the endothelium have also been studied, although the precise
nature of these events remains unclear 18- 32, Using our assay, we demonstrate, for the first
time, the dynamic EC-TC interactions during TEM in high spatiotemporal resolution from
within in vitro microfluidic pVNs. The portion of the tumor cell body on the apical side of
the lumen was found to retain its sphericity, while extending fillipodial protrusions into the
matrix through a small gap in the endothelial barrier through which the rest of the cell body
extrudes. This gap gradually increases in size from ~ 1 1 to 8 p as the tumor cell nucleus
transmigrates. Cells then finally achieve spread morphology upon transit of the entire cell
body through the vascular wall and gaps in the EC barrier are repaired. Furthermore, via
immunofluorescent visualization of VE-cadherin, we hypothesize that any disruption to
endothelial junctions associated with TEM may be (1) only transient, (2) indiscernible by
high magnification confocal imaging at 60X, (3) small enough to allow continued local
barrier function against 70 kDa dextran, or (4) non-existent due to transcellular instead of
paracellular TEM. The ability of tumor cells to migrate past narrow constrictions was
recently demonstrated via the transit of MDA-MB-231 through mechanical confinements of
sub nuclear dimensions by undergoing significant cell elongation and nuclear

deformations 4. Furthermore, the observed TEM mechanism resembles paracellular
leukocyte diapedisis, where cells penetrate the endothelial junction by insertion of
microvilli-like projections and migrate between ECs by squeezing through a narrow channel
of sub nuclear dimensions while maintaining extensive membrane contact, and imposing
only a small transient disruption to the endothelial junction 46-48, Lastly, comparison with
intravasation events in a planar EC monolayer platform 14 leads to a hypothesis regarding
the mechanistic differences between two processes. In the intravasation assay, traction
forces are likely only generated at the leading edge of the migrating cell and may be limited
to the 2D apical and basal surfaces of the contacting endothelium. In contrast, extravasating
cells are likely to adhere to the 3D subendothelial matrix by extending extensive protrusions
and generate traction forces via the matrix, possibly allowing them to pull their body past
the endothelial barrier.

Currently, two theories exist regarding the mechanisms of cell arrest on the vessel wall.
Paget’s “seed and soil” hypothesis describes the selective adherence of tumor cells to the
endothelium prior to TEM “9. In another mode, tumor cells can become physically trapped
in small vessels due to their size and eventually become activated and transmigrate 50-52,
However, current experimental data using various types of assays reveal contradictory
results regarding the specificity of the initial interactions between the endothelium and
circulating tumor cells. Using our platform, we observe a subpopulation of physically
occluded tumor cells within the p\VNs, which exhibited a markedly higher TEM rate than
adhered nontrapped cells. This may be attributed to the fact that lodged cells have access to
more adhesion sites on the endothelium, as the area of TC-EC contact is greater. In future
studies, the perfusability of our pVNs will enable us to elucidate the mechanisms of tumor
cell extravasation under dynamic conditions, including the mechanisms of cell rolling and
adhesion under continuous flow.

Similarly, our platform enables the observation of tumor clusters, which exhibited a
significantly higher TEM efficiency compared to single adhered cells. The increased TEM
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rate of clusters may be attributed to several mechanisms including (1) an increase in the
local concentration of tumor-secreted biochemical factors that regulate endothelial
permeability, (2) access to the subendothelial matrix provided by a previously transmigrated
cell, and (3) the inability to repair the endothelial damage before the transmigration of
another tumor cell in the cluster. In particular, tumor paracrine factors can contribute to
increased TEM efficiency via the modulation of endothelial permeability, such as
impairment of the endothelial barrier function by tumor secreted VEGF 53 54, As such,
tumor cell clusters may induce a higher localized concentration of permeability enhancing
paracrine factors. Furthermore, studies have revealed the irreversibility of endothelial barrier
damage after transmigration of tumor spheroids 16 compared to the reversibility after single
cell transmigration °, indicating that there may exist differences in single and collective cell
behavior. As such, the increased TEM efficiency of cell clusters may be attributed to an
irreversibly damaged endothelium, induced by the loss of ECM contacts, endothelial
retraction and apoptosis.

Conclusions

We have presented a microfluidic extravasation assay consisting of self-organized
perfusable 3D vasculature that allows for the study of tumor extravasation from within in
vitro pVNs. We demonstrate the effect of inflammatory cytokine stimulation on endothelial
barrier function and TEM efficiency, and the positive correlation between metastatic
potentials of different cell lines and their extravasation capabilities. We characterize, for the
first time, the mechanisms of tumor cell extravasation dynamics in high spatiotemporal
resolution from within in vitro uVNs and observe the TEM patterns of different tumor cell
subpopulations, including mechanically trapped tumor cells, single adhered cells and tumor
clusters. Our ability to enable high-throughput parametric studies in a tightly controlled
environment coupled with increased physiological relevance compared to 2D and 3D planar
monolayer models will give rise to new insights regarding the complex endothelial-tumor
cell interactions in extravasation and facilitate the identification of factors to target this
crucial step in cancer metastasis.
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Insight, Innovation, Integration

The lack of tumor cell extravasation models that are both high-resolution, high
throughput and physiologically relevant has limited our understanding of the mechanisms
involved in this rate-limiting step in metastasis. Here, we present a microfluidic platform
capable of modeling the entire process of extravasation from within in vitro
microvascular networks. We show its ability to distinguish between cell lines of varying
invasiveness and study the extravasation patterns of different subpopulations including
mechanically trapped and adhered cells. We demonstrate - in high spatial and temporal
resolution — the tumor-endothelial interactions during extravasation. This merging of
microfluidics and cell biology will allow deeper insights into the mechanisms
extravasation, and facilitate the discovery of factors that can inhibit it.
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Figure 1. Characterization of microfluidic microvascular network platform
(A) A schematic of the microfluidic device and cell-seeding configuration. Suspended

HUVECs form microvascular networks in a gel matrix communicating with NHLFs in a
paracrine fashion across the central media channel through the inter-post regions. Micro-
posts (black) allow for surface tension-assisted gel filling via ports at the ends of each gel
region. Medium is replenished every 24 hours via hydrostatic pressure applied between the
media reservoirs on each end of the media channels. (B) Photograph of 2-gel region
microfluidic device. (C) Visualization of VE-cadherin (red) at 60X reveals continuous cell-
cell junctions. (D) Collagen IV basement membrane deposition (green) around the lumen
(red) and in the perivascular space suggests vessel maturation. (E) Perfusion of vessels with
70 kDa dextran reveals patent lumens void of local leaks. Scale bars are 20 um.
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Figure 2. Visualization of MDA-M B-231 extravasation events
(A) A region of interest 30 minutes after seeding MDA-MB-231 (green) at 0.4 M cells/mL

in live RFP-labeled uVN (red). Scale bar is 200 um. (B) The various positions of tumor cells
(green) relative to the endothelial barrier (red) that can be found during a 24-hour culture
period, imaged in fixed samples. These include cells that are (i) spread but contained within
the lumen, (ii) transmigrated and spread on the outside of the lumen, (iii) circular with
protrusions penetrating the HUVEC barrier and contacting the matrix, (iv) transmigrated
away from the lumen, (v) circular and adhered within the lumen, and (vi) circular and
trapped in vessels with diameters smaller than that of the cell. (C) Extravasation rates of
MDA-231 in HUVEC vessels over 48 hours (9 total devices over 3 independent
experiments). Data is represented as mean + SD. Statistical significance was tested with one-
way ANOVA (*p<0.05). Scale bars are 20 pm.
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Figure 3. The effect of TNF-a on barrier function and TEM and the correlation of metastatic
potential and TEM capabilities

(A) Graded response of vessel permeability to TNF-a perturbation. (B) High concentrations
of TNF-a (10 ng/mL) results in cell-death induced ruptures and focal leaks (red arrow) seen
by 70 kDa dextran (white). (C) Effect of TNF-a stimulation on TEM efficiency of MDA-
MB-321. (D) Extravasation rates of cell lines with different metastatic potentials (MDA-
MB-231, HT-1080 and MCF-10A). Data is represented as mean = SD, with 9 total devices
over 3 experiments for each condition. Statistical significance was tested with one-way
ANOVA and Tukey’s Test (*p<0.05). Scale bars are 20 pm.
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Figure4. Visualization of extravasation dynamics
(A) High resolution time-lapse confocal microscopy (40X) of an extravasating entrapped

MDA-MB-231 (green). Lumens were labeled with a far-red plasma membrane stain
(purple). Tumor cells transmigrate through the endothelium and into the 3D matrix over a
period of 4 h. The white arrow at 3:30 h indicates the location of a vessel opening at the site
of tumor cell TEM. (B) Confocal images taken at a single slice shows a small gap ~1-2 um
forming in the EC barrier at the initial stages of TEM. (C) Gaps in the EC plasma membrane
grow in size (~8-10um) to allow TEM of the nucleus. (D) A circular is hole is seen in the
vessel lumen at the location and instant of tumor cell nuclear TEM. (E) EC membrane gaps
diminish in size and (F) eventually become indiscernible after complete TEM. (G) Staining
of VE-cadherin (red) after tumor cell (green) extravasation in fixed samples. Images of VE-
cadherin and two tumor cells (H) merged and (1) unmerged reveal no apparent disruptions in
EC junctional staining after complete TEM. (J) MDA-MB-231 extravasates through a small
gap in the EC barrier, as seen by a thin segment of the cell joining the apical/basal portions
of the tumor cell (red arrow). All scales bars are 10 pm.
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~ 15 min

Figure 5. Dynamics of nuclear TEM
Time-lapse confocal microscopy at 40X reveals the dynamic nature of the transmigration of

the tumor cell nucleus (blue). Transmigration of the nucleus occurs within a relatively short
time frame (~15 min) compared the total time required for complete cell TEM (~4 h).
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Figure 6. TEM efficiencies of different tumor cell subpopulations
(A) Non-trapped adhered tumor cell at 30 min and 4 h after seeding. (B) Entrapped tumor

cell at 30 min and 4 h after seeding. (C) Tumor cell cluster (>2 adjacent cells) at 30 min and
4 h after seeding. (D) TEM efficiency of adhered non-trapped and trapped subpopulations.
(E) TEM efficiency of single cell and collective cells. Data are represented as mean + SD,
with 9 total devices over 3 independent experiments for each condition. Statistical
significance was tested with one-way ANOVA and Tukey’s Test (*p<0.001). All scale bars
are 20 um.
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