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Abstract

Background: Glioblastoma (GBM) is one of the most lethal tumor types. Hypercellular regions, named pseudo-
palisades, are characteristic in these tumors and have been hypothesized to be waves of migrating glioblastoma
cells.These “waves” of cells are thought to be induced by oxygen and nutrient depletion caused by tumor-induced
blood vessel occlusion. Although the universal presence of these structures in GBM tumors suggests that they may
play an instrumental role in GBM'’s spread and invasion, the recreation of these structures in vitro has remained
challenging.

Methods: Here we present a new microfluidic model of GBM that mimics the dynamics of pseudopalisade forma-
tion.To do this, we embedded U-251 MG cells within a collagen hydrogel in a custom-designed microfluidic device.
By controlling the medium flow through lateral microchannels, we can mimic and control blood-vessel obstruction
events associated with this disease.

Results: Through the use of this new system, we show that nutrient and oxygen starvation triggers a strong
migratory process leading to pseudopalisade generation in vitro. These results validate the hypothesis of pseudo-
palisade formation and show an excellent agreement with a systems-biology model based on a hypoxia-driven
phenomenon.

Conclusions: This paper shows the potential of microfluidic devices as advanced artificial systems capable of mod-
eling in vivo nutrient and oxygen gradients during tumor evolution.
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Glioblastoma, also known as grade IV astrocytoma, is the
most common and lethal malignant primary brain tumor.
Patients receiving the standard of care based on local radi-
otherapy and concomitant chemotherapy have a median
survival of 14 months." Despite efforts by the research
community, new treatments to tackle this disease are still
far from the clinic. GBM tumors are highly infiltrating and
rapidly progressing tumors? and are characterized by 2
main histopathological conditions: microvascular prolif-
eration and necrotic foci tipically surrounded by areas of
high cellularity, known as pseudopalisades?

The causes of these densely populated pesudopalisades
remain poorly understood. Although the high cellular-
ity was initially thought to be due to rapid proliferation
of GBM cells, recent histological studies have shown that
proliferation in pseudopalisading areas is significantly
lower than in adjacent regions.® Additionally, apoptosis in
pseudopalisades is substantially larger than in neighbor-
ing zones.* This evidence suggests that pseudopalisades
are due to causes other than simply higher proliferation or
survival rates. Recent reports have shown that more than
50% of pseudopalisades in histological slices from GBM
patients clearly present a central obstructed blood vessel;
microscopic evidence of thrombosis is also observed in
more than 90% of samples.*®

GBM cells express several procoagulant factors that may
serve to induce thrombosis.” Additional evidence shows
that cells in pseudopalisades are hypoxic and overexpress
HIF-1a.8 Although this hypoxic microenvironment leads to
microvascular hyperplasia, the associated microcircula-
tion is very inefficient due to parenchymal edema and poor
maintenance of the blood-brain barrier.? As a consequence,
the supply of oxygen and nutrients is compromised in the
zone surrounding a thrombosis. GBM evolution is a com-
plex process: it has been proposed that one of the driving
forces of glioma aggressiveness is nutrient and oxygen
starvation.3*'° First, GBM proliferation and secretion of
procoagulant signals would causes thrombotic events
leading to hypoxia and nutrient depletion. As a conse-
quence, the migration of cells away from a thrombosis and
toward nutrients and oxygen-enriched regions could cre-
ate the characteristic GBM pseudopalisades. Eventually,
these migrating cells would reach other blood vessels and
eventually cause the collapse of these vessels, restart-
ing the process and creating another expanding wave of
tumor cells within the brain.This hypothesis proposes that
GBM cells are exposed to cyclic starvation that forces their
metabolism to switch between a proliferative or migrating
phenotype.

Since we cannot take multiple histologic time points
in vivo, it has not been possible to definitively observe
thrombosis-induced migration in real time, and the kinet-
ics of any such migration are not understood.This complex
process is not reproducible using standard in vitro mod-
els because the conventional migration assays are una-
ble to mimic the complex microenvironment described.
Recently, microfabrication and microfluidic technologies
have arisen, allowing the design and creation of custom,
high-performance cell culture systems.” In this paper, we
describe the design, fabrication, and biological validation
of a microfluidic device using SU-8 technology for 3D BM
cell cultures under obstructed conditions. In this context,

conditions, nutrient starvation leads to a chemotactic pro-
cess and the formation of a migratory front similar to the
pseudopalisades observed in vivo and corresponding to
predictive mathematical algorithms. Moreover, our results
suggest that the pseudopalisading process stimulates a
more aggressive behavior of GBM cells. This novel tech-
nique could help us understand the mechanism of pseudo-
palisade formation and suggest novel therapeutic targets
to avoid tumor progression.These microfluidic devices rep-
resent an extremely useful platform for evaluating cellular
behavior and testing new anticancer agents in a preclinical
setting that mimics the complex GBM microenvironment.

Methods
Microfluidic Chip Fabrication

Microfluidic devices were fabricated using SU-8 photoli-
thography combined with an SU-8 to SU-8 bonding pro-
cess. The fabrication process was inspired by previously
reported work describing the fabrication of SU-8 microde-
vices.'?13 Briefly, several layers of SU-8 were spun onto the
Kapton film, and different soft bake, UV exposure, and post
bake steps were performed.'"

Packaging Tool Fabrication

In order to recreate obstructed conditions (Fig. 1A), a regu-
lar flow of culture media must be provided to the microde-
vice through one lateral microchannel, whereas the other
is sealed (Fig. 1B). A dedicated package was designed and
fabricated to provide proper housing and hermetic con-
nections to the microdevice inlets and outlets, allowing for
automated cellular culture. Final microdevice and packag-
ing tool are showed in Fig. 1C.

Cell Culture

C-6 cells were kindly provided by Dr PeSic (University of
Belgrade), whereas U-251-MG cells were purchased from
ATCC. Both cells were routinely grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Lonza BE12-614F)
supplemented with 10% v/v fetal bovine serum (Sigma
F7524) and penicillin/streptomycin (DE 17-602E) within a
TEB-1000 incubator (EBERS Medical Technology). For 3D
cultures, all reagents (microdevices included) were placed
on ice. Cells were trypsinized and resuspended in a calcu-
lated volume of medium (DMEM supplemented with 10 %
fetal bovine serum) to reach the desired concentration of
cells in the final hydrogel solution. Using a chilled tip, we
prepared a mixture of 24.9 pl of collagen type | 4.01 mg/
ml (Corning 354236), 0.62 ul of NaOH 1N (Sigma 655104),
10 ul of DMEM 5X (Sigma D5523), 50 ul of cell solution, and
14.5 ul of sterile water. The hydrogel mixture was injected
into the device using a micropipette, and then a 5 pl drop-
let was placed on top of the central inlet to prevent hydro-
gel leakage and evaporation. Afterwards, the microfluidic
device was placed into an incubator (37°C and 5% CO,) for
15 minutes to allow collagen polymerization. For use as a
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Experimental setup. (A) Scheme of pseudopalisade formation. Under obstructed conditions, nutrient scarcity triggers a migratory

response in those cells located in the obstructed blood vessel vicinity (I) towards enriched regions (Il). (B) Experimental scheme within the micro-
device mimicking the obstructed conditions and the starved (I) and enriched (ll) regions. (C) Fabricated microdevice and packaging tool. (D)
Microfluidic system. (E) U-251 cell viability within the microdevice after 9 days, live cells (labeled with calcein 1 pg/ml) are shown in green,
whereas dead cells are shown in red (labeled with propidium iodide 4 ug/ml). Microdevice posts (50x100 pm) are delimited in white dashed line.
Cells were cultured at 4 million cells/ml within a 1.5 mg/ml collagen hydrogel. Viable cells are shown in green, whereas dead cells are shown in
red. (F) Comparison of cell viability between hydrogels on Petri dishes (red) and within the microdevice (blue). Cell viability is expressed as the

percentage of live cells. Scale bar is 200 pm.

macroscopic control on viability assays, 100 ul of hydro-
gel mixture were allowed to polymerize on Petri dishes.
Medium within microdevices was refreshed once a day.
Cell membrane was fluorescently labelled using vibrant
Dil (Life Technologies V-22885) following the supplier’s
instructions.

Cell Viability

Stock solutions of 5 mg/ml calcein (CAM) (LifeTechnologies
C1430) and 2 mg/ml propidium iodide (Pl) (Sigma P4170)
were prepared following supplier instructions.

To test cell viability within microfluidic devices and in
Petri dishes, stock solutions of CAM and Pl were diluted to
5 and 4 pg/ml, respectively, in phosphate-buffered saline

(PBS) (Lonza BE17-516F). Microdevices and Petri controls
were washed once with PBS and then filled with CAM/PI.
Confocal images were immediately taken using a Nikon
Eclipse Ti microscope equipped with a C1 modular confo-
cal microscope system. Images were collected at different
focal planes within each microdevice and Petri control.

Long-term Cultures Under Obstructed Conditions

To mimic the obstructed conditions, cells were embed-
ded into a collagen hydrogel injected within the cen-
tral microchamber of the microdevices. After 24 hours,
the microdevices were loaded into the packaging tool,
and all inlets were sealed (except for one pair) to enable
medium perfusion through only one lateral microchannel
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(Fig. 1D). As a control group, other microdevices were left
on the Petri dish, and medium was manually refreshed
once a day under unrestricted conditions. System evolu-
tion was followed, and cell viability and distribution were
evaluated at different times. Flow profile was character-
ized using green-fluorescent 0.2 pm diameter spheres (Life
Technologies F8811). Oxygen profile across the micro-
chamber was measured using Image-iT hypoxia reagent
(Life Technologies H10498) dissolved in dimethylsulfoxide.
Medium supplemented with 10 uM hypoxia reagent was
perfused through the system for 24 hours to ensure that
the reagent reached the microdevice. Continuous oxygen
monitoring throughout the entire experiment was avoided
due to the reagent toxicity. Hypoxia-induced fluorescence
was detected using a 488 nm laser coupled with a 650nm
long-pass detector in the confocal microscope.

Glucose Profile Analysis

The presence of a glucose gradient during experiments
was studied using a fluorescent glucose (2-NBDG) (Life
Technologies N13195), which is imported by the cells in
place of glucose. Since 2-NBDG and conventional glu-
cose compete for the cell glucose transporters, cells were
cultured within the microdevices in glucose-free DMEM
(Thermo Fisher Scientific 11966-025) supplemented with
fetal calf serum, glutamine, and antibiotics. This glucose-
free medium was supplemented with 2-NBDG at 200 pM
and perfused through one lateral microchannel. Time-
lapse images were taken for every 5 minutes for 2 hours to
analyze NBDG penetration across the central microcham-
ber. Long-term experiments with NBDG and absence of
conventional glucose were not possible since it may affect
cell behavior.

Image Analysis

Cell analysis within the central microchamber and Petri con-
trols was performed using automated Fiji software (http:/
fiji.sc/Fiji). To analyze cell distribution within the central
microchamber, only focal planes ranging from 50 pm to
250 um were used to exclude cells attached directly to the 2D
microchamber top and bottom. Selected focal planes were
flipped vertically, generating the orthogonal view, which
was projected to get the cell distribution across the entire
the microchamber length. In order to analyze cell shape,
cell perimeter was drawn manually, and ellipse fitted-aspect
ratio was calculated as the ratio between the ellipse major
and minor axes. Cell directionality was also determined and
plotted as a histogram referred to the medium flow direc-
tion. At least 100 cells were analyzed in each region.

Immunofluorescence

Samples were fixed for 30 minutes with 4% paraform-
aldehyde (VWR J61899-AP), permeabilized using 0,1%
Triton-X100 (Sigma, T8787) and blocked with 5% bovine
serum albumin (Sigma A2058) in PBS. Samples were then
incubated overnight with primary antibody (1/50 in 2.5%
bovine serum albumin and 0.05% Triton X-100 (Santacruz

anti-Ki-67 sc-23900,), and secondary antibody (1/200) was
used under the same conditions. DAPI (Sigma D9542-1MG)
staining was performed overnight, and step samples were
visualized after washing.

Tumor Pathology

The human tissues were procured after obtaining the
patients’ written consent and with the approval of the eth-
ics committees of Hospital Universitario 12 de Octubre.
Hematoxylin and eosin staining was performed on
5 wm thick sections from paraffin-embedded tumors.
Pseudopalisades areas were selected, and the nuclear
shape in the rear end (close to the necrotic core) or at the
front was calculated as previously described.Twenty nuclei
were analyzed in each region.Three different samples were
analyzed. All methods were carried out in accordance with
the approved guidelines.

Mathematical Modeling

This model is based on our previous models''® in which
oxygen coming from straight vessels was the driving
force that triggered the normoxic and hypoxic pheno-
typic changes. To these 2 dominant phenotypes, based on
the go-or-grow dichotomy,'” we have incorporated a third
phenotype accounting for hypoxic cells that arrive to nor-
moxic areas and switch to a more proliferative phenotype.
Also, in addition to the diffusive random motion, we have
included a directional transport term driving the cell’s
motion towards better oxygenated regions for hypoxic
cells that was not present in References.’0'6

The mathematical model consists of a set of partial dif-
ferential equations modeling the interplay of 3 cellular can-
cer cell phenotypes, the oxygen distribution, and necrosis:

Major Assumptions of the Mathematical Model:

1. The model is a hybrid between go-or-grow and go-and-
grow models.

2. Classical logistic space limited growth for the tumor cell
populations.

3. Hypoxic phenotype is more migratory than any other
cell phenotype.

4. Oxygen acts as a chemoattractant for hypoxic cells.

5. Malignant cells have the highest proliferation.

6. Oxygen diffusion is homogenous and isotropic in the
chamber.

7. Oxygen flows from channels to balance the different
oxygen pressures.

8. Malignant cells consume more oxygen than any other
cell phenotype.

Statistical Analysis

Data were analyzed using SPSS software, and statisti-
cal significance was set at P < .05. Results are presented
as mean + standard error. The normal distribution was
tested by the Kolmogorov-Smirnov test. For parametric
comparison, one-way ANOVA with Bonferroni post hoc
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tests was performed. For nonparametric comparisons, a
Kruskal-Wallis test was performed followed by the U test
of Mann-Whitney.

Results

GBM Cells are Viable in 3-Dimensional
Microchamber Culture

The fabricated microdevice possesses a central microcham-
ber to locate the cells embedded within a hydrogel,'820
mimicking the extracellular matrix and allowing migration
in 3 dimensions. On both sides of the microchamber, lat-
eral microchannels are filled with culture medium, allowing
nutrient and oxygen diffusion throughout the microcham-
ber and mimicking the function of brain blood vessels.

We first examined microdevice biocompatibility with GBM
cells to ensure the material does not affect cell viability. After
7 days in culture, we evaluated U-251 cell viability within
microdevices compared with culture dish controls using CAM
and PI. Results showed that cell viability within microdevices
was very high (>95%); more importantly, it was similar to cul-
ture controls at the same time point, thus validating the use
of this microdevice for 3D U-251 cell culture (Fig. 1E, F).

Flow Profile

Culture medium supplemented with 1% spheres suspen-
sion was injected through the lateral microchannel in
obstructed conditions to study the flow profile. Fluorescent
time-lapse images demonstrated that the flow profile was
not penetrating into the hydrogel under obstructed con-
ditions (supplementary Fig. 1A-C), but it was completely
parallel to the central microchamber. When an interstitial
flow through the central microchamber was externally
imposed, the fluorescent spheres invaded the hydro-
gel and after 2 minutes a clear invading front was visible
(supplementary Fig. 1D-F). Therefore, the fluid flow is not
mechanically affecting the hydrogel or the embedded cells
under obstructed conditions.

GBM Cells Migrate Under Obstructed Conditions

By controlling medium flow through the lateral microchan-
nels, we can mimic the GBM-associated thrombotic patho-
physiological conditions. Under unrestricted conditions, cell
distribution within the microchamber was constant through-
out the experiment (9 days of culture, Fig. 2A-C). Under
obstructed conditions, cell viability continued to be very
high (>95%), and we also observed a strong migratory pro-
cess. After 3 days of thrombotic conditions, cell migration
was barely apparent, and only small cell aggregates near the
perfused microchannel were visible (Fig. 2D). After 6 days,
migration evolved to the formation of a well-defined front,
resembling the in-vivo observed pseudopalisades (Fig. 2E).
Finally, after 9 days, this front moved closer to and invaded
the perfused microchannel (Fig. 2F). In order to perform a
more quantitative and precise analysis, we analyzed the flu-
orescence intensity across the microchamber. This analysis
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of cell distribution confirmed that there was no change dur-
ing the time course under unrestricted conditions (Fig. 2G-I).
On the other hand, after 3 days under obstructed conditions
this distribution showed a moderate increase near the per-
fused lateral microchannel compared with the unrestricted
conditions, showing an emerging migratory response (Fig.
2H). After 6 days, this response increased to a well-defined
peak, indicating cells concentrating in this region, creating
the characteristic pseudopalisade front, and abandoning the
occluded rear region. After 9 days, the intensity of the pseu-
dopalisade front reached a maximum and was displaced as
cells reached the perfused lateral microchannel. This is the
first experimental evidence showing the creation of a pseu-
dopalisade front by a migratory wave of GBM cells moving
from obstructed to perfused conditions. In order to expand
this study using another GBM cell line, C-6 cells were cul-
tured in the microdevice under similar conditions. After
3 days under obstructed conditions, C-6 cells showed an
invasion process towards the perfused lateral microchannel
(supplementary Fig. 2). Interestingly, C-6 cells exhibited a
faster invasion than U-251 MG. Furthermore, a population of
dead C-6 cells appeared concentrated nearby the obstructed
lateral microchannel. Thereby, C-6 cells seemed to have a
faster metabolism compared with U-251 MG, which led to
an accelerated invasion. Longer invasion times using C-6
cells were not analyzed due to a significant hydrogel con-
traction caused by these cells.

Cell Morphology Analysis During Pseudopalisade
Formation

Our results suggested that pseudopalisading structures can
be created by a migratory response led by cells located at
the rear of the migratory front near the nonperfused micro-
channel. We next investigated the morphologic changes in
GBM cells during the formation of pseudopalisades. Cells
under unrestricted conditions appeared identical on either
side of the microchamber, which was expected after 4 days
of culture (Fig. 3A). Conversely, cell morphology clearly
shifted in the cell population closest to the obstructed chan-
nel 5 days after the induction of obstructed conditions (Fig.
3B). In the rear, cells greatly increased in aspect ratio (5.3 +
2.3) and became highly elongated with very large protru-
sions, whereas cells in the front were mainly rounded with
aspect ratio close to one (1.2 + 0.2) (P < .001) (Fig. 3C). We
analyzed cell directionality near the obstructed channel and
found a bias towards the medium flow (Fig. 3D). Cell direc-
tionality in those regions with lower aspect ratio (1-1.5) was
not analyzed since this parameter is irrelevant in rounded
cells. Interestingly, we observed the same cellular pattern
in the pseudopalisades detected in human GBM samples,
with a significant change in the nucleus-aspect ratio (2.1
0.5) in the rear end (close to the necrotic core) compared
with the front (1.3 £ 0.2) (Fig. 3E and F).

Characterization of Pseudopalisade Formation

A recent hypothesis about GBM suggests that when
migrating cells forming the pseudopalisade reach a new,
nutrient-rich microenvironment (ie, in the vicinity of a per-
fused blood vessel), their metabolism reverts to a more
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Fig.2 Pseudopalisade formation under obstructed conditions. U-251 at 4 million cells/ml in collagen hydrogel at 1.5 mg/ml was cul-
tured within microdevices. Under unrestricted conditions, medium was refreshed once a day, and cell viability was evaluated at 3 (A), 6 (B), and
9 (C) days using calcein (green) and propidium iodide (red). To mimic obstructed conditions, medium flow was enabled only through right micro-
channel, and cell viability was assessed at 3 (D), 6 (E), and 9 (F) days. Microdevice posts (50x100 pm) are delimited in white dashed line. Graphs
show the fluorescence intensity across the microchamber orthogonal view at 3 (G), 6 (H), and 9 days (I) in obstructed as unrestricted conditions.
Post position in the graphs is delimited by gray dashed lines. Scale bar is 200 um.

proliferative and less migratory state. To test this hypothe-
sis within our system, we analyzed cell proliferation under
the different stages of pseudopalisade formation by Ki-67
immunofluorescence. After 5 days under obstructed con-
ditions, we observed no Ki-67 positive cells (Fig. 4A). On
the other hand, when the pseudopalisade was completely
formed after 9 days under obstructed conditions, positive
cells were observed (Fig. 4B). More interestingly, those
proliferative cells appeared only in the vicinities of the
perfused microchannel (where nutrient concentrations are
expected to be highest). Under unrestricted conditions,
we did not observe positive cells after either 5 or 9 days
(Fig. 4C and D). The central microchamber was vertically
divided into 3 regions, and the number of proliferating
cells was determined in each (Fig. 4E). The analysis dem-
onstrated that most of the proliferating cells were located
on the region closest to the perfused lateral microchannel;
only a small proportion appeared in the central region,
and no proliferating cells were observed in the further
region.

To determine if a glucose gradient was generated during
long-term experiments, we analyzed the diffusion profile

of the fluorescent glucose analog 2-deoxy-2-[(7-nitro-2,1,3-
benzoxadiazol-4-yl)amino]-D-glucose (NBDG) across the
microchamber in the absence or presence of cells (sup-
plementary Fig. 3) during 2 hours post-NBDG injection. We
found little difference in cellular glucose uptake across the
microchamber, and cells were able to uptake the NBDG.
The NBDG diffusion profile without cells (green line) was
very similar to the NBDG profile in the presence of cells
(red line). (Note: the dark areas observed in the assay-
containing cells are due to light scattering from cells out of
the focal plane [supplementary Fig. 4]). After removing the
NBDG, the cells remained labeled in green, showing their
ability to incorporate the glucose analog (supplementary
Fig. 5). This indicates that during long-term experiments,
GBM cells are not exposed to a significant glucose gradi-
ent and further suggests that pseudopalisading formation
is driven by factors other than glucose scarcity.

We next investigated the oxygen profile across the
microchamber during experiments using Image-it
hypoxia reagent, which becomes fluorescent as oxygen
tension decreases. Two different sets of experiments were
performed, and both were carried out for 5 days. Under
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unrestricted conditions, medium was pipetted only once
a day through both lateral microchannels. Since both lat-
eral microchannels remained open, the oxygen consump-
tion was symmetric; thereby, a homogeneous hypoxia
along the microchamber was generated (Fig. 5A and sup-
plementary Fig. 6A).

On the other hand, under obstructed conditions the
medium flow through the right lateral microchannel guar-
anteed that oxygen and nutrients in the perfused lateral
microchannel were continuously refreshed, whereas the
opposed lateral microchannel remained blocked. Thereby,
those cells located near the perfused microchannel showed
very low hypoxia-induced fluorescence intensity, suggest-
ing a normoxic microenvironment, whereas those cells
located near the blocked microchannel showed the highest
hypoxia-induced fluorescence intensity (Fig. 5B, C and sup-
plementary Fig. 5B).

These results showed that under unrestricted condi-
tions, when a homogenous and constant hypoxia was pre-
sent across the microchamber, no directional migration
was observed. Interestingly, when a hypoxia gradient was
generated, directional migration was observed.

Correlation of Computer Simulations with
Experimental Data

Since the migratory response of the GBM cells is nonlinear
and not entirely intuitive, we investigated the correlation of
our experimental data with simulated computer models.
Under unrestricted conditions, the number of cells and their
distribution along the chamber varied only slightly due to
the very slow proliferation rates we observed (Fig. 6A). In our
computer simulations, all cells have a normoxic phenotype
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after 9 days. When the nutrient flow along the left channel was
disrupted, cellularity remained spatially homogeneous for 3
days while the nutrient level became exhausted, after which
cells slowly changed their phenotypes. However, our numeri-
cal simulations revealed the formation of a pseudopalisade
structure moving towards the active channel after 6 days and
a dramatic increase in cell density around the flow channel at
day 9 (Fig. 6B), which concurs strongly with our experiments.
Fig. 8C shows the mathematical model scheme used in the
computational simulations. We have performed extensive
parameter value scans, and we are forced to conclude that
the dynamic behavior observed in our experimental model
cannot be reproduced within the framework of the previ-
ously published 2-phenotype computational model.'®'® This
model assumes that tumor cells revert to their original nor-
moxic phenotypes when reaching areas of higher oxygena-
tion. Instead, the incorporation of a third, highly proliferative
phenotype after the wave of migration is essential to repro-
duce the evolution of our observed cell density profiles during

pseudopalisade generation. Our analysis suggests the exist-
ence of a highly proliferative GBM cell state triggered by tran-
sient waves of metabolic deprivation and migration (Fig. 6C).

Discussion

Nutrient and oxygen depletion, due to blood vessel obstruc-
tion events, plays an important role in the accelerated spread
of GBM cells across the brain. In this work, we provide a
robust and novel methodology to mimic the GBM-associated
blood vessel obstruction in vitro. Using our developed micro-
device, we were able to culture GBM cells under induced
obstructed conditions, and for the first time we can demon-
strate the formation of a pseudopalisade-like front through
several sequential steps. In an initial stage, during the first
days under obstructed conditions, there is little morphologic
change in the GBM cells as remaining oxygen and nutrients
are consumed. In a second stage, nutrient starvation leads to
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Fig.5 Oxygen profile. Oxygen profile was detected after 5 days
in culture using Image-it Hypoxia reagent. Images are shown as
heat-map hypoxia-induced fluorescence intensity. Hypoxia-induced
fluorescence intensity across the microchamber revealed that oxy-
gen concentration was constant under unrestricted conditions (A),
whereas an oxygen gradient was established under obstructed
conditions (B). The graph shows the hypoxia-induced fluorescence
intensity profile across the microchamber (C). Scale bar is 200 um.

an intense migratory response in those cells located in the
starved region (ie, the pseudopalisade rear). This migratory
response creates the observed pseudopalisading structures
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after 6 days in culture. Finally, in a third stage, cells of this
pseudopalisade front reach the nutrient source (invading the
perfused lateral microchannel) and undergo rapid prolifera-
tion.This behavior models GBM pseudopalisade progression
observed in patients and enables the study of this phenome-
non in vitro. The pseudopalisading hypothesis has been sug-
gested to explain the poor improvement on mean survival
time achieved by conventional antitumorigenic treatments.?'
Accordingly, the approved chemotherapy treatment for GBM,
based on concomitant doses of the alkylating chemother
apy agent temozolomide combined with radiotherapy, only
improves mean survival time by a few months compared
with radiotherapy alone.’?' Since most such treatments
are focused on killing proliferative cells, they do not target
those nonproliferative migratory cells of pseudopalisades.
Unfortunately, once these cells reach nutrient-rich regions,
they can once again become proliferative.

Many recent reports show that cell migration plays a criti-
cal role on GBM invasion and spread, correlating with patient
prognosis.?>?* In this context, new drugs are being devel-
oped to block GBM cell migration.?® Thus, different animal
and in vitro studies show that treatment with specific migra-
tion inhibitors can achieve a significantly mean survival time
improvement.2827 |t has been shown that GBM cells invade by
a mesenchymal migration mode?®-3 based on integrins and
matrix-degrading enzymes such as membrane type matrix
metalloproteinase-1 (MT-MMP-1) and MMP-2.3'32 These pro-
teins are normally overexpressed in GBM.3® More interest-
ingly, recent reports have shown that hypoxia, through HIF-1q,
induces an epithelial-mesenchymal transition in GBM cell
lines that enhances cell invasiveness.®* In our model, cells
showed this expected mesenchymal-like GBM migration
mode, including the characteristic emission of invadopodia
and the very large aspect ratio.3® Our directionality distribution
showed that rear cells were preferentially orientated towards
the perfused lateral microchannel (the oxygen and nutrient
source), forming an angle of 90° with medium flow and align-
ing in the direction of travel during pseudopalisade formation.

Our oxygen profile measurements reveal that cell metabo-
lism creates an oxygen gradient across the microchamber
under obstructed conditions that resembles the hypoxic
areas observed in in-vivo pseudopalisades. Our mathemati-
cal model suggests the development of a more malignant
phenotype after these cycles of hypoxia, migration, and re-
oxygenation. This phenotype is highly proliferative and oxy-
gen dependent. Our mathematical simulations support the
hypothesis of pseudopalisade formation after a vessel-occlu-
sion event and correlate very well with microfluidic device
experiments in which we saw an increase in the cell prolif-
eration when the cells where exposed to obstructed condi-
tions. Our results suggest that when these invading and
hypoxic GBM cells reach a better oxygenated region, they
start to proliferate more aggressively. Therefore, microscopic
hypoxic events can act as a driving force in GBM invasion.
Therefore, this mathematical model is able to recapitulate
the pseudopalisade formation as a hypoxia-driven phenom-
enon, convincingly reproducing the observed results within
the microdevice and the observed pseudopalisades in vivo.

Ourinterdisciplinary approach now allows direct observa-
tion of GBM invasion and pseudopalisade formation under
controlled conditions. Furthermore, the mathematical mod-
eling suggests a sequence of cell states that include alter-
nating phases of hypoxia, invasiveness, and proliferation.
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Fig. 6 Computer simulations versus experimental data of the cell evolution profiles. Simulations of tumor cell density evolution
and experimental data of fluorescence intensity within the chamber under unrestricted conditions (A) and under obstructed conditions (B). Left
Y axis denotes fluorescence intensity from experiments at days 3, 6, and 9, curves red, blue, and black, respectively. Right Y axis denotes cell
density from simulations at days 3, 6, and 9, red spots, blue cross, and black circles, respectively. Post position in the graphs is delimited by gray
dashed line. (C) Graphical depiction of the mathematical model scheme based on previous models [10, 13] including 3 cancer cell phenotypes, the

oxygenation and the necrosis (C).

These methodologies enable us to see processes once
found only in vivo and shed light on the states and life cycle
of GBM, which could enable more biologically accurate
drug screening methods focused on GBM invasion.
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