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Abstract

Introduction—In vivo, breast cancer cells spend on average 3—
7 days adhered to the endothelial cells inside the vascular
lumen before entering the brain. IL-1f is one of the highly
upregulated molecules in brain-seeking triple negative breast
cancer (TNBC) cells. In this study, the effect of IL-15 on
the blood—brain barrier (BBB) and astrocytes and its role in
transmigration of TNBC cells were evaluated.
Methods—The effect of IL-1f on transendothelial electrical
resistance, gene and protein expression of human induced
pluripotent stem cell-derived brain-specific microvascular
endothelial-like cells (iBMECs) was studied. Transport of
IL-1p across the iBMEC layer was investigated and the effect
of IL-18 treatment of astrocytes on their cytokine and
chemokine secretome was evaluated with a cytokine mem-
brane array. Using BBB-on-a-chip devices, transmigration of
MDA-MB-231 cells and their brain-seeking variant (231BR)
across the iBMECs was studied, and the effect of an IL-1f
neutralizing antibody on TNBC cell transmigration was
investigated.

Results—We showed that IL-1f reduces BBB integrity and
induces endothelial-to-mesenchymal transition in iBMECs.
IL-1f crosses the iBMEC layer and induces secretion of
multiple chemokines by astrocytes, which can enhance
TNBC cell transmigration across the BBB. Transmigration
assays in a BBB-on-a-chip device showed that 231BR cells
have a higher rate of transmigration across the iBMECs
compared to MDA-MB-231 cells, and IL-1p pretreatment of
BBB-on-a-chip devices increases the number of transmi-
grated MDA-MB-231 cells. Finally, we demonstrated that
neutralizing IL-1f reduces the rate of 231BR cell transmi-
gration.

Conclusion—IL-1f plays a significant role in transmigration
of brain-seeking TNBC cells across the BBB.
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INTRODUCTION

Metastasis, one of the key hallmarks of cancer, is
responsible for more than 90% of human cancer
deaths.”>?® It is estimated that in the United States
170,000 new cases of metastatic brain tumors are
diagnosed every year, while the estimated number of
new cases of primary brain tumors is around
20,000.°%%%" Comprising 24% of brain metastasis
cases, breast cancer is among the most common pri-
mary tumors that metastasizes to the brain.’® As ad-
vances in imaging technologies and improved
therapeutics have resulted in longer survival time, the
incidence of secondary brain tumors in breast cancer
patients is increasing.’® The blood—brain barrier
(BBB), a highly selective interface between the central
nervous system and the circulatory system, tightly
controls the transport of substances into the brain.
Consequently, most anti-cancer drugs are ineffective
for brain tumors as they are unable to cross the BBB.*
However, breast cancer cells are able to extravasate
across the BBB to enter the brain during metastasis.*®
Thus, targeting the extravasation step is a potential
approach to prevent the formation of brain metastases.
Understanding the mechanisms of cancer cell
extravasation across the BBB is crucial for designing
preventive therapies that inhibit brain metastasis.

A study of initial events in breast cancer extrava-
sation into the brain in a mouse model revealed that
the majority of breast cancer cells spend 3-7 days inside
the capillary lumen before entering the brain.*® The
long interaction time between breast cancer cells and
the brain-specific microvascular endothelial cells
(BMECs) comprising the BBB might result in pheno-
typic alterations in endothelial cells. BMECs possess
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an elaborate network of tight junctions and adherens
junctions, which impedes paracellular passage of cells
and large molecules across the BBB.®* Cancer cells that
are able to successfully extravasate into the brain need
to overcome the BBB by transmigrating through
intercellular junctions (paracellular pathway) or
through a single endothelial cell (transcellular path-
way).!” Additionally, astrocytes, the most abundant
cells in the central nervous system,** are located in
close proximity to the brain microvasculature and can
modulate BBB integrity via paracrine signaling. As
highly secretory cells, astrocytes become activated in
pathological conditions and secrete various factors
that can result in BBB damage or repair depending on
the pathology.®*’" Interestingly, an animal study
showed that during the initial stages of cancer cell
extravasation across the BBB, astrocyte activation was
detected while cancer cells were arrested in the capil-
laries prior to transmigration.*® Thus, reactive astro-
cytes could play a significant role in extravasation of
cancer cells into the brain, which needs to be studied in
more detail.

Both paracellular and transcellular pathways have
been reported to be used by cancer cells to cross the
BBB,!62*26:31.72 byt the molecular mechanisms that
facilitate extravasation are not fully understood.
Importantly, some types of cancer such as liver, pan-
creatic, and prostate cancer rarely metastasize to the
brain,'"'** while lung and breast cancer commonly
form brain metastases.*’” Among primary breast can-
cers, HER2-overexpressing and triple negative breast
cancer (TNBC) cells are the most common brain
metastasis-forming  subtypes.”>  Previous studies
showed cancer cell lines exhibit different extravasation
potential based on their organ of origin and molecular
subtypes.*®’® Additionally, generation of brain meta-
static derivatives of existing cell lines through multiple
rounds of in vivo selection have provided invaluable
resources for studying molecular mechanisms of breast
cancer extravasation into the brain. In these models,
the brain-seeking variants of the parental cell lines
exhibit significantly higher brain, but not bone and
lung, metastasis.'”

A recent review article by Fares er al. summarizes
the genes that have been reported to play a role in
extravasation of cancer cells, including breast cancer,
across the BBB.!” ST6GALNACS overexpression in
brain-seeking TNBC cells was shown to enhance
adhesion of cancer cells to the brain endothelial cells.'®
Angiopoictin-2 and TNF-o have been also been
reported to be involved in extravasation of breast
cancer cells into the brain vie BBB impairment.®’*
Another study indicated a direct relationship between
brain metastasis and c-Met pathway activation in
breast cancer patients.’”> Importantly, activation of this
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pathway results in upregulation of IL-1f in breast
cancer cells. Furthermore, TNBC cells exhibit higher
expression of c-Met compared to other subtypes of
breast cancer, suggesting a potential role for IL-1f in
TNBC extravasation across the BBB.”> Therefore,
studying the effect of IL-1f on brain endothelial cells,
specifically in extended times after treatment, could
improve our understanding of the endothelial cell
alterations during extravasation.

Previous studies on the effect of IL-1§ on formation
of brain metastases from breast cancer cells have fo-
cused on colonization rather than the extravasation
step.”*7> IL-1p is a well-studied pro-inflammatory cy-
tokine that is involved in numerous pathophysiological
phenomena including central nervous diseases.?’¥>->%
One effect of IL-1§ on brain endothelium is upregu-
lation of cell adhesion molecules such as ICAM-I,
VCAM-1, and E-selectin, which enhance the adhesion
of both cancer cells and immune cells to the endothelial
layer.*® IL-1p treatment of brain endothelial cells also
results in reduced barrier tightness and increased per-
meability.™”*® Previously, treatment of endothelial
cells of other tissues with IL-1f has been reported to
induce endothelial-to-mesenchymal transition (En-
doMT)."*4%3* EndoMT is the transient acquisition of
a mesenchymal phenotype by endothelial cells, which
can be caused by different molecular stimuli.?
Importantly, EndoMT is proposed to be tissue-speci-
fic, so based on the tissue in which endothelial cells
reside, the response to EndoMT-inducing factors
might be substantially different.'” Thus, use of brain-
specific endothelial cells for studies concerning En-
doMT in the brain is crucial. TGF-f1, a known En-
doMT inducer, has been implicated in extravasation of
melanoma cells to the brain, but breast cancer cells are
thought to utilize a different mechanism to cross the
BBB.?! The effect of synergistic treatment with IL-1§
and TGF-f1 on inducing EndoMT in the hCMEC/D3
cell line has been investigated, suggesting that IL-1f
exacerbates the effect of TGF-$1.'* However, the
ability of IL-1f to induce EndoMT in BMEC:s in the
absence of other stimuli has not been fully investigated.

Induced pluripotent stem cell-derived brain-specific
microvascular endothelial-like cells (iBMECs) express
the crucial markers of BMECs and possess superior
barrier properties compared to existing cell lines and
primary cells owing to the expression of essential
junctional proteins of the BBB.*® Due to the tight
barrier formed by iBMECs, they are an appropriate
platform to study the transmigration of TNBC cells
across the BBB in vitro and to investigate the effect of
IL-18 on BMEC barrier integrity. However, iBMECs
have not been used before to study breast cancer cell
transmigration across the BBB. To enable such trans-
endothelial migration studies, we recently reported a 3-
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D BBB-on-a-chip device that is composed of iBMECs
and astrocytes and supports cell transmigration studies
across the BBB in a physiologically relevant plat-
form.*

In this study, we first investigated the effect of IL-
15, which was highly upregulated in brain-seeking
TNBC cells, on iBMEC function and showed that IL-
1p reduces the barrier tightness, as measured by
transendothelial electrical resistance (TEER), and in-
duces EndoMT in iBMECs after long-term (3 day)
treatment. We also demonstrated that IL-1p is able to
cross the iBMEC monolayer via receptor-mediated
transcytosis, which results in exposure of astrocytes to
IL-1f. Astrocytes that are exposed to IL-1f secrete a
mixture of various chemokines and cytokines, which
could further attract cancer cells into the brain. We
then confirmed that IL-1f upregulation in brain-seek-
ing TNBC cells increases their ability to transmigrate
across the iBMEC monolayer, and the presence of
astrocytes results in an increase in transmigrated
231BR cells in a BBB-on-a-chip system. Finally, we
showed that the use of a neutralizing monoclonal 1L-
1p antibody could reduce the extravasation potential
of brain-seeking TNBC cells.

MATERIALS AND METHODS

Gene Set Enrichment Analysis

The existing GEO dataset GSE12237 was analyzed
using bioinformatics array research tool (BART)® in
R, and extracted data were used to plot the graphs. A
list of the human secretome reported by Uhlen er al.’
was used to select the secreted proteins from the dif-
ferentially expressed genes. In addition, a list of 230
cytokines reported by Al-Yahya ez al.” was utilized to
identify the differentially expressed cytokines in brain-
seeking TNBC cells.

Culture of Astrocytes and Cancer Cells

Primary human astrocytes (from cerebral cortex)
were purchased from ScienCell. Astrocytes were ex-
panded and maintained on plates coated with gelatin
(EmbryoMax, Millipore Sigma) in astrocyte growth
medium (Cell Applications). Accutase was used for the
detachment and dissociation of astrocytes. Low pas-
sage astrocytes (p4-p6) were used for all experiments in
this study. MCF-7 (ATCC), MDA-MB-231 (ATCC)
and 231BR (kindly provided by Dr. Lonnie Shea,
University of Michigan) cell lines were maintained in
high glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Millipore Sigma) supplemented with 10%
fetal bovine serum (FBS; Thermo Fisher Scientific) and

1% penicillin-streptomycin (Thermo Fisher Scientific).
Trypsin-EDTA (0.25%, Thermo Fisher Scientific) was
used to detach cells from tissue culture surfaces for
routine passaging.

iBMEC Differentiation

iBMECs were differentiated from the IMR-90-4
(WiCell) human induced pluripotent stem cell (hiPSC)
line using a slightly modified version of the protocol
described by Stebbins e al.** In summary, on day 6 of
differentiation, the medium was switched to endothe-
lial cell medium (EC medium) supplemented with 20
ng/mL basic fibroblast growth factor (bFGF) (Pe-
proTech), and 10 uM retinoic acid (Millipore Sigma).
The EC medium consists of human endothelial serum
free medium (Thermo Fisher Scientific) supplemented
with 1% FBS. On day 8, cells were subcultured on
collagen IV-coated surfaces (0.8 mg/mL) for selective
purification of iBMECs. For BBB-on-a-chip devices,
the purified endothelial cells were then subcultured
again at a density of 500,000 cells per device in BBB-
on-a-chip devices coated with 0.8 mg/mL collagen 1V
(Millipore Sigma). Fibronectin was not used in this
study due to its reported role in inducing an inflam-
matory phenotype in endothelial cells.'** iBMECs on
inserts (12-well plate format) were cultured for one day
in EC medium supplemented with bFGF and retinoic
acid. The next day, the medium was changed to EC
medium without bFGF and retinoic acid, and for
coculture systems, inserts were moved to 12-well plates
that were already seeded with astrocytes at 90% con-
fluency in 1.5 mL of EC medium.

IL-1 Treatment of iBMECs

Recombinant human IL-1f protein (Abcam) was
reconstituted as directed by the supplier and diluted to
200 ng/mL in EC medium. Next, one-tenth of the iB-
MEC supernatant medium was replaced with the 200
ng/mL IL-1p solution to reach a final concentration of
20 ng/mL. The untreated samples received EC med-
ium. For the long-term treatments, 20 ng/mL IL-15
was added daily to the iBMECs.

Enzyme-Linked Immunosorbent Assay (ELISA)
for Detection of IL-1f in Cancer Cell Conditioned
Medium

Cancer cells were seeded onto 6-well plates at a
density of 500,000 per well and were incubated over-
night. The next day, the medium was changed to high
glucose DMEM without serum, and cells were incu-
bated for an additional 24 h. Then, conditioned med-
ium was collected from each well and centrifuged (10
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min, 700 rcf, 4 °C) to remove cell debris. Supernatant
from each sample was aliquoted and stored at — 80 °C.
The Legend Max Human IL-15 ELISA kit (BioLe-
gend) was used to measure the concentration of IL-1f
in the samples.

IL-18 Transcytosis Across the iBMECs

iBMECs were seeded onto cell culture inserts to
form a tight barrier. Four days after initial seeding,
TEER was measured to ensure the presence of a cel-
lular barrier before conducting IL-1f transport studies.
First, human IL1R1 or human IL1R2 blocking anti-
bodies (R&D Systems) were added to the apical side of
the cell culture inserts at a final concentration of 5 ug/
mL and incubated at 37 °C for 30 min. Next, 20 ng/mL
IL-1p was added to the apical side, and the inserts were
incubated for 2 h. Samples were collected from the
basolateral side and stored at — 80 °C until an ELISA
assay was conducted to quantify IL-1f concentration.

Membrane Cytokine Array

A membrane-based human cytokine antibody array
(80 targets, Abcam) was used to compare the level of
cytokines and chemokines secreted by astrocytes trea-
ted with IL-15 and control samples. Astrocytes were
seeded onto 6-well plates and cultured until around
90% confluency. Next, the medium was changed to
serum-free astrocyte basal medium (Cell Applications)
with or without 20 ng/mL IL-1p, and cells were incu-
bated for 24 h. 1.5 mL of the medium was collected
and briefly centrifuged (10 min, 700 rcf, 4 °C) to re-
move any cell debris. The supernatant of the cen-
trifuged samples was used in the cytokine array assay
following the manufacturer’s protocol. The arrays
were imaged with a ChemiDoc Imager (Bio-Rad), and
pixel intensity was quantified using Bio-Rad Image
Lab Software (version 5.2.1). The quantified intensities
were normalized to the positive control regions of the
membrane as recommended by the manufacturer.

Gene Expression Analysis

RNA was extracted using the RNeasy Mini Kit
(Qiagen) following the manufacturer’s instructions,
with  lysate homogenization performed using
QIAshredder columns (Qiagen). Residual DNA was
removed using a RNase-free DNase Set (Qiagen).
Purified RNA was reverse-transcribed into cDNA
using the OmniScript Reverse Transcriptase Kit (Qia-
gen) and Oligo(dT)20 Primers (Life Technologies).
PrimePCR SYBR Green Assays (Bio-Rad) and iTaq
Universal SYBR Green Supermix (Bio-Rad) were used
to conduct quantitative PCR. Table S1 shows the list
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of the primers used in this study. Cycle threshold (C,)
values determined by the BioRad CFX Connect Real-
Time PCR Detection System were utilized to quantify
relative mRNA expression levels using the AAC,
method, with GAPDH as the housekeeping gene.

BBB-on-a-Chip Fabrication

BBB-on-a-chip devices were fabricated using stan-
dard soft lithography as described previously.*’ In
brief, a polyethylene terephthalate (PET) membrane
with 8.0 um pore diameter was sandwiched between
two layers of patterned polydimethylsiloxane (PDMS).
The assembled device was bonded to a No. 1 micro-
scope coverslip by oxygen plasma treatment. The top
(apical) channel of the device was coated with 0.8 mg/
mL collagen IV (Millipore Sigma) for at least 4 h. The
collagen IV solution was removed and devices were left
in a laminar flow hood for 20 min before introducing 5
mg/mL collagen type I with or without astrocytes to
the hydrogel channel. After adding collagen I, devices
were incubated for 30 min at 37 °C to cross-link the
hydrogel. Afterwards, EC medium was added to the
medium channels adjacent to the hydrogel channel,
purified iBMECs were introduced to the apical channel
(approximately 500,000 cells per device), and devices
were incubated for an additional hour. The unattached
iBMECs were subsequently removed from the apical
channel, and EC medium in the reservoirs was replaced
with fresh medium. After one day of culture in the
devices, formation of a tight barrier (TEER > 900
Q cm?) was confirmed using impedance spectroscopy,
as previously reported,* and the devices were ready
for transmigration assays.

Immunocytochemistry of iBMECs, Astrocytes,
and TNBC Cells

The primary antibodies, secondary antibodies, and
dilution factors used in this study are listed in Sup-
plementary Tables S2 and S3. iBMECs cultured on
glass-bottom petri dishes or cell culture inserts and
TNBC cells cultured on well plates were fixed for 15
min in 4% paraformaldehyde (PFA) and permeabi-
lized with 0.3% Triton X-100 in DPBS for another 10
min. Next, cells were blocked for 1 hour in 10% nor-
mal goat serum (NGS) at room temperature. Subse-
quently, cells were incubated overnight at 4 °C or for 1
hour at room temperature with primary antibodies
diluted in 10% NGS. After aspirating primary anti-
body solutions, cells were washed three times with
DPBS prior to adding secondary antibodies (1:200
dilution in 10% NGS solution). Samples were washed
three times with DPBS and stained with DAPI. Texas
Red-conjugated Wheat Germ Agglutinin (WGA)
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staining was conducted on iBMECs, which were fixed
with 4% PFA and stained with DARC (ACKRI1)
antibody without permeabilization, following the
manufacturer’s instructions. All steps for cell staining
in the BBB-on-a-chip devices were conducted using the
pipette tip reservoirs connected to the medium chan-
nels of the devices with the same immunostaining steps
described for cells on dishes and inserts.

Junction Analysis

Junction Analysis Program (JAnaP)?' was down-
loaded from https://github.com/StrokalLab/JAnaP and
run following the author’s instructions. In brief, con-
focal images of iBMECs double-stained for ZO-1 and
claudin-5 after 6 h of IL-1f treatment were used for
junction integrity analysis. ZO-1 images were used for
determining the cell—cell junctions (‘“‘waypointing”),
and the results were projected onto claudin-5 images.
Threshold values of 5 were used to analyze both
claudin-5 and ZO-1 images. For each group (control
and IL-1p treated), 46 cells from 4 different images
were analyzed.

TEER Measurements

Using the EVOM?2 voltohmmeter with STX2
chopstick electrodes (World Precision Instruments),
TEER was evaluated in iBMECs cultured on inserts
with or without astrocytes. An insert coated with the
collagen IV, but without cells, was used to subtract
medium and membrane effects on TEER. The mea-
sured TEER values at each time point were divided by
the initial TEER value of each insert to obtain the
normalized TEER.

Transmigration Assay

The plasma membrane of MDA-MB-231 and
231BR cells was labeled with PKH26 Red Fluorescent
Cell Linker (Millipore Sigma), which is a stable dye for
long-term tracking of cells, following the manufac-
turer’s instructions. Labeled cells were seeded in the
top channel of BBB-on-a-chip devices at a concentra-
tion of 20,000 cells per device and incubated for one
hour to adhere to the iBMEC layer. The unattached
cancer cells were removed from the device and fresh
medium was added to the top channel. Devices were
incubated under static conditions with replacement of
medium every day. After approximately 72 h, cells in
the device were fixed and prepared for immunocyto-
chemistry. For the IL-1p treatment group, the medium
in top channel was replaced with 20 ng/mL IL-1§ and
incubated for 1 hour prior to adding the cancer cells in
fresh EC medium to the top channel.

For transmigration studies in cell culture inserts,
iIBMECs were seeded onto inserts with 8.0 um pore
sizes and cultured for 3 days. One challenge with cul-
ture of iBMECs on 8.0 um pore size inserts is migra-
tion of iBMECs across the membrane and formation
of a double-layer of iBMECs in some regions. In order
to address this issue, any migrated iBMECs were
removed from the bottom side of the membrane using
a cell scraper prior to cancer cell seeding. Cancer cells
were seeded onto the inserts at a density of 80,000 cells
per insert. Cells were incubated for 3 days and then
fixed and stained for nuclei.

In order to study the effect of IL-18 blocking
monoclonal antibody on transmigration of 231BR
cells, the top channel of microfluidic devices was
incubated with 5 pg/mL IL-1f blocking antibody
prior to introduction of 231BR cells. The EC medium
used for medium changes in BBB-on-a-chip devices
was supplemented with 5 pg/mL human IL-1f
blocking antibody (see Table S2 for antibody details).
The devices were incubated for 72 h in the presence of
IL-1p blocking antibody prior to fixation and
imaging.

Fluorescence imaging of the BBB-on-a-chip devices
and inserts that were used for transmigration assays
was performed on a Nikon TiE stand with an A1Rsi
confocal scanhead, powered by NIS-Elements confocal
software (Nikon, Japan). A 10x objective with
numerical aperture of 0.45 was used for confocal
imaging. Excitation for fluorescence images were per-
formed sequentially via 405, 488, 561, and 637 nm la-
sers. NIS-Elements software was used for image
visualization. The number of cancer cells that trans-
migrated across the iBMECs was counted using Fiji
(ImageJ). Three images per device and three devices
per each condition were analyzed. Some devices were
stained for GFAP (astrocyte marker) or ZO-1 (tight
junction protein) in order to visualize astrocytes and
iBMEC:s, respectively.

Statistical Analysis

All data are presented as the mean + standard
deviation. To compare null hypotheses between two
groups for data with less than 5 samples, the unpaired
Student’s t test was used. For data with more than 5
samples, the Kolmogorov—Smirnov test was used to
determine the normality of data. For non-normal data,
the Mann—Whitney test was performed to evaluate the
P values. Multiple groups were compared by ordinary
one-way ANOVA and Tukey’s multiple comparison
tests. The number of data points, P values, and sta-
tistical tests used are stated in the figure captions. P
values smaller than 0.05 are considered statistically
significant. Unless otherwise stated within the fig-
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ure caption, data are representative of three indepen-
dent experiments (biological replicates) each with three
technical replicates per condition.

RESULTS

IL-10 is Upregulated in Brain-Seeking TNBC Cells

Analysis of the existing GSE12237 dataset suggested
multiple genes for secreted proteins were differentially
expressed in the brain-seeking variants of both MDA-
MB-231 and CN34 breast cancer cells (231BR and
CN34BR, respectively) compared to parental cells
(Fig. Sla, b). Some of the identified genes such as
MMPI and Serpins (SERPINII and SERPINE?2) have
been previously reported by others to play a role in
cancer metastasis to the brain.’*%’ Next, to identify the
upregulated cytokines in brain seeking TNBC cells, the
expression levels of 230 cytokines in the GSE12237
dataset were analyzed. IL-1f gene expression (/LIB)
was identified as the only cytokine that was highly
upregulated in both 231BR and CN34BR cells com-
pared to their parental cells. In order to confirm IL-1/
upregulation in 231BR cells compared to MDA-MB-
231 cells, we conducted qRT-PCR and ELISA assays
to quantify the gene expression and cytokine secretion
of IL-1f in these cells compared to non-invasive MCF-
7 cells. Our results indicated significant upregulation of
the /L1B gene in 231BR cells compared to both MDA-
MB-231 and MCF-7 cells (Fig. 1a). In addition, ELI-
SA assays confirmed differences in IL-1§ cytokine le-
vels in the conditioned media of 231BR and MDA-
MB-231 cells, which followed the same trend as the
gene expression data (Fig. 1b). IL-1f was not detected
in MCF-7 conditioned medium via the ELISA kit used
in this study. Immunostaining of MDA-MB-231 and
231BR cells also indicated significant upregulation of
IL-1f in a subset of 231BR cells compared to MDA-
MB-231 cells (Fig. 1c).

IL-1f Treatment Reduces BBB Tightness
and Downregulates Claudin-5 and ZO-1 Expression

TEER measurements of iBMEC monocultures
(Fig. 2a) or iBMECs cocultured with astrocytes
(Fig. 2b) that were treated with 20 ng/mL IL-1f indi-
cated a drop in TEER approximately 6 h after treat-
ment followed by a partial or complete recovery in
TEER, similar to a report by another group.*® qRT-
PCR analysis of iBMECs 6 h after addition of IL-1f
showed downregulation of CLDNJ5 (encoding claudin-
5)and TJPI (encoding ZO-1) in IL-1p treated samples,
while OCLN (encoding occludin) expression was not
altered (Fig 2c, d). In addition, qRT-PCR analysis of
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iBMECs 24 h after addition of IL-1§ demonstrated
that CLDN5 and MM P9 expression were not altered
compared to control samples (Fig. S2), which is in
agreement with the observed TEER recovery at this
timepoint. Further, immunocytochemistry verified the
downregulation of claudin-5 and ZO-1 in samples that
were treated with IL-1f for 6 h (Figs. 2e-2h). In order
to quantify the integrity of cell-cell junctions in the
confocal images of claudin-5 and ZO-1 stained iB-
MECs, Junction Analyzer Program was used.?' Based
on the results, IL-1f reduced the percentage of con-
tinuous coverage and slightly increased the percentage
of punctate and discontinuous regions within the cell-
cell junctions for claudin-5, but not ZO-1 (Figs. 2i and
2j). In addition to changes in expression and integrity
of tight junction proteins, an increase in expression of
MMP9 was observed in IL-15 treated samples
(Figs. 2c and 2d). Overall, these results showed that IL-
18 is able to partially disrupt the BBB by downregu-
lating claudin-5 and ZO-1, decreasing continuous
coverage of claudin-5, and enhancing MM P9 activity.

Long-Term IL-1f Treatment Induces EndoMT
in iBMECs

Although TEER measurements indicated partial or
complete barrier recovery 24 h after initial TEER
reduction, daily treatment with 20 ng/mL IL-1f re-
vealed another drop in TEER after 3 days of IL-1f
exposure (Fig. 3a). While gene expression analysis of
tight junction proteins did not show statistically sig-
nificant differences between control and IL-1f treated
samples at day 3 (Fig. 3b), MMP9 expression re-
mained higher in treated samples (Fig. 3¢), which could
result in tight junction disruption. In addition, gene
expression analysis showed upregulation of mes-
enchymal markers (ACTA2 and TAGLN, encoding
aSMA and SM-22¢«, respectively) and downregulation
of endothelial markers (PECAM 1 and VWF;, Fig. 3c),
suggesting EndoMT of the iBMECs occurred as a re-
sult of IL-1f5 treatment. Immunocytochemistry of
SM22-¢ (mesenchymal marker) and PECAM-1 (en-
dothelial marker) confirmed the EndoMT phenotype
in IL-1p-treated iBMECs on the protein level
(Figs. 3d-3g).

IL-10 crosses the BBB and activates astrocytes

It has been previously reported that IL-1p is trans-
ported across the BBB in adult mice and ovine fetuses,
possibly via a saturable transport system.*'**->’ An
in vitro study also confirmed receptor-mediated trans-
port of IL-15 across bovine brain endothelial cells.®’
We observed that apical treatment of iBMECs in
coculture inserts resulted in upregulation of CCLS in
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the astrocytes (Fig. 4a), which commonly occurs as a
result of astrocyte activation, suggesting potential
transport of IL-1§ across the iBMEC layer. ELISA
assays with and without IL-1pf receptor blocking were
performed to determine whether receptor-mediated IL-
1 transport was occurring in the iBMEC monolayer.
After addition of IL-1f to the apical side of the iB-
MEG s, it was detected in the basolateral chamber, and
pre-treatment of the iBMECs with either IL1R1 or
IL1R2 antibodies to block the receptors decreased the
amount of IL-1§ transported to the basolateral
chamber (Fig. 4b), indicating receptor-mediated
transport of IL-1f across the iBMEC monolayer.

IL-18 Treated Astrocytes Secrete a Mixture
of Chemokines that Could Enhance Transmigration
of Cancer Cells

A membrane-based cytokine array was utilized to
determine which cytokines and chemokines were se-
creted by astrocytes that were activated by IL-1f
transported across the iBMEC monolayer (Fig. 4¢), as
these soluble signals could impact cancer cell extrava-
sation. Cytokines and chemokines with more than two-
fold change in expression were identified and shown in
a heat map (Fig. 4d). Highly upregulated chemokines
secreted by IL-1f-treated astrocytes included CCL2,

CCLS5, CCL7, CCLS8, CXCLI1, and CXCLS. Several
chemokine receptors have previously been reported to
be expressed by BMECs, including ACKRI.%®
Immunocytochemistry showed that ACKRI is ex-
pressed on the iBMEC plasma membrane (Fig. 4e).
Since ACKRI1 is able to transport various chemokines
across the BBB (indicated by dashed rectangles in
Fig. 4d), it could provide the cancer cells that are ad-
hered to the apical side of iBMECs with chemokines
secreted by the activated astrocytes.

MDA-MB-231 and 231BR Cells are Able
to Transmigrate Across the iBMECs

In order to determine whether MDA-MB-231 and
231BR cells were able to transmigrate across the iB-
MECs, plasma membrane-stained cancer cells were
added to the apical side of iBMECs cultured on cell
culture inserts with 8.0 um pore diameter. After 3 days,
inserts were fixed and iBMECs were stained for claudin-
5. Confocal microscopy demonstrated that both MDA-
MB-231 and 231BR cells were able to transmigrate
across the iBMECs (Fig. S3a—d). However, confocal
images also revealed the formation of a double layer of
iBMECs on different sides of the membrane with
8.0 um pore diameter, making this system unsuit-
able for transmigration studies (Fig. S3e—f).
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<FIGURE 2.
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IL-1p reduces barrier integrity by downregulating
tight junction proteins and upregulating MMP9. (a,b) TEER
measurement of iBMECs treated with 20 ng/mL IL-1§ in the
absence (a) or presence (b) of astrocytes, showing substantial
reduction in TEER after approximately 6 h of IL-1p addition. (c,
d) Gene expression analysis of iBMEC monoculture (c) and
iBMECs that were cocultured with astrocytes (d) after 6 h of
treatment with IL-1p (fold change compared to non-treated
control samples). In IL-18 treated samples, MMP9 is
upregulated, whereas TJP1 and CLDN5 are downregulated.
*p<0.05, *p<0.01, and ***p<0.001 (unpaired t test). (e-h)
Immunocytochemistry of iBMEC monoculture showing
downregulation of ZO-1 and claudin-5 in IL-1§ treated
samples. (e, f) show ZO-1 staining and (g, h) show claudin-5
staining. (e, g) represent control samples, while (f, h)
represent IL-1§ treated samples. Images are maximum
intensity projections of confocal z-stacks, and scale bars
indicate 25 ym. (i, j) Quantification of junction integrity
showing percentage of continuous, punctate, and
perpendicular junction coverage for ZO-1 (i) and claudin-5
(j)- N = 46 for each condition, and each data point represents
one cell. *p<0.01 and ***p<0.001 calculated by Mann-
Whitney test.
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Astrocytes Increase Transmigration of 231BR Cells

A BBB-on-a-chip platform that was fabricated with
a PET membrane with 8.0 um pores and contained a 3-
D hydrogel in the basolateral channel (as described
before*), was used to assess cancer cell transmigration
(Fig. 5a). As previously shown, hydrogels located in
the basolateral channel prevent the migration of iB-
MEQGC:s to the basolateral channel and the formation of
a double layer.* In addition, BBB-on-a-chip devices
possess a higher surface-to-volume ratio, which facili-
tates paracrine signaling between different cell types
present in a device. Three days after introducing cancer
cells to the devices, all cells were fixed and iBMECs
were stained for ZO-1. Confocal imaging of the
monoculture devices showed that 231BR cells that
transmigrated across the iBMEC monolayer remained
close to the endothelial layer in the hydrogels that did
not contain astrocytes (Figs. 5b and 5d). In the
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FIGURE 3. Long-term IL-1p treatment induces EndoMT in iBMECs. (a) TEER measurements indicate a drop in iBMEC TEER after 3
days of IL-1p treatment. **p<0.01 compared to control at day 3 (unpaired t test). (b) Gene expression levels of tight junction
proteins are not altered after 3 days of treatment with IL-1$ (unpaired t test). (c¢) Endothelial markers (VWF and PECAMT1) are
downregulated, whereas mesenchymal markers (ACTA2 and TAGLN) and MMP9 are upregulated as a result of IL-1p treatment for 3
days. *p<0.05, **p<0.01, and ***p<0.001 (unpaired t test). For (b, c), fold change is relative to non-treated control. Error bars
represent standard deviation in (a—c). (d—g) Immunocytochemistry of iBMECs treated with IL-1p for 3 days shows downregulation
of PECAM-1 in treated iBMECs (e) compared to control samples (d), while SM-22« expression is higher in IL-1p treated iBMECs (g)
compared to control cells (f). Inages are maximum intensity projections of confocal z-stacks, and scale bars indicate 50 um.
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were cocultured with iBMECs as a result of IL-1 addition to the apical chamber. ***p<0.001 (unpaired ttest). (b) ELISA assay shows that
IL-1p is transported across the iBMEC layer, and blocking IL-1p receptors (IL1R1 and IL1R2) reduces the amount of transported IL-1p.
*p<0.05and *p<0.01 (ordinary one-way ANOVA and Tukey’s multiple comparisons test). Each data point represents the concentration
of atechnical replicate. The figure is representative of two independent experiments (biological replicates). Error bars represent standard
deviation in (a, b). (c) Chemiluminescence images of the cytokine microarray assay conducted using the supernatant of astrocytes
treated with IL-1p (control samples received no IL-1f) showing upregulation of multiple cytokines and chemokines. (d) Heat map of
chemokines that are differentially expressed (fold change > 2) between control and treated samples from quantification of the cytokine
microarray images. Pixel intensity of each cytokine is normalized to the average pixel intensity of positive control spots on the
membrane. Chemokines that bind to ACKR1 are indicated by dashed rectangles. (e) Confocal microscopy of ACKR1 (green) expression
on the iBMEC cell membrane, which is stained with Texas Red-conjugated wheat germ agglutinin (red). Scale bars indicate 25 ym.

coculture devices that had astrocytes in the hydrogel
channel, more 231BR cells transmigrated across the
iBMEC layer, and they penetrated deeper into the
hydrogel and were located throughout the basolateral
channel (Figs. Sc—e). These results show that astrocytes
play a critical role in extravasation of TNBC cells
across the BBB.

1L-1p Facilitates Transmigration of TNBC Cells Across
the iBMECs

Using BBB-on-a-chip devices, we investigated dif-
ferences in the transmigration frequency of MDA-MB-
231 and 231BR cells. Our results indicated that 231BR
cells, which express higher levels of IL-1f, showed a
higher transmigration frequency across the iBMECs
compared to MDA-MB-231 cells in BBB-on-a-chip
devices containing astrocytes in the hydrogel channel
(Fig. 5f). In order to confirm that IL-1p facilitates the
transmigration of TNBC cells across the BBB, the
apical side of the iBMEC and astrocyte coculture de-
vices was pre-treated with IL-15, and MDA-MB-231
cells were added to the devices after removal of the IL-
18 solution. Pre-treatment with IL-1f§ significantly
increased the number of transmigrated MDA-MB-231
cells (Fig. Sg), confirming that IL-1f promotes TNBC
transmigration across the iBMECs.
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Blocking IL-1f Mitigates iBMEC Disruption
and Reduces Transmigration of 231BR Cells

In order to determine whether antibody blocking of
IL-1p or its receptors could inhibit the barrier dis-
ruption induced by IL-1f treatment of iBMECs, the
apical side of cell culture inserts that were seeded with
iBMECs was pretreated with antibodies against IL-1,
IL1R1, or IL1R2, and IL-1§ was introduced after-
wards. Our results demonstrated that the IL-1f neu-
tralizing antibody was superior at preventing iBMEC
barrier impairment compared to the antibodies tar-
geting IL-1p receptors on the iBMECs (Fig. 6a). In
addition, using the astrocyte-iIBMEC coculture system
we examined the effect of apical treatment with the IL-
1f neutralizing antibody on chemokine secretion by
astrocytes after adding IL-1f to the apical chamber.
Based on our results, the IL-1f neutralizing antibody
was also able to prevent the activation of astrocytes in
a coculture system (Fig. 6b). In order to investigate the
effect of blocking IL-1f on the rate of TNBC cell
transmigration across the iBMECs, 231BR cells were
introduced to the apical channel of the BBB-on-a-chip
devices in the presence of IL-1f neutralizing antibody.
Blocking IL-1f reduced the number of transmigrated
231BR cells, indicating a crucial role for IL-1f in
transmigration of TNBC cells across the BBB (Fig. 6c).
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DISCUSSION results and in vivo findings.” iBMECs, which are dif-

ferentiated from hiPSCs, exhibit superior barrier

Most of the in virro studies thus far on transmi- properties compared to existing cell lines and primary

gration of cancer cells across the BBB have been con- cells and can be beneficial for studying changes in the

ducted using endothelial cells that fail to recapitulate BBB as a result of interaction with cancer cells. While

the highly tight barrier observed in vivo.'*'*** Use of transcriptomics studies have identified an epithelial-
an in vitro model that is able to better mimic the

g ) o like gene expression pattern in these cells, we and
physiologically relevant characteristics of the human others have shown that iBMECs express crucial

BBB could solve the poor correlation between in vitro
BMES::+
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36,37,44

endothelial markers and junctional proteins.
Moreover, we have recently reported a BBB-on-a-chip
device that can recapitulate the key features of the
human BBB including barrier properties and three
dimensionality.*> In this study, we investigated the
transmigration of TNBC cells across the iBMECs
using both cell culture inserts and BBB-on-a-chip de-
vices.

In order to identify the molecules that are upregu-
lated in TNBC cells that preferentially metastasize to
the brain, gene expression microarray data obtained by
Bos et al were analyzed.'® Our analysis indicated /L1B
was one of the most highly upregulated secreted fac-
tors and the only upregulated cytokine in brain-seeking
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TNBC cells. Additionally, Xing et al previously
reported upregulation of the c-Met pathway in TNBC
cells compared to other breast cancer subtypes as well
as in patient secondary brain tumors and primary
tumors with brain metastasis compared to patient
primary tumors exhibiting no brain metastasis.”> Their
results showed that c-Met could be a potential prog-
nostic marker to predict the formation of brain
metastases in breast cancer patients. Importantly, they
demonstrated that there was a positive correlation
between IL-1f and c-Met expression, suggesting a
possible role for IL-14 upregulation in formation of
brain metastases from breast cancer.”
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After confirming IL-1p upregulation in 231BR cells
compared to MDA-MB-231 cells by ELISA and qRT-
PCR, the effect of this proinflammatory cytokine on
iBMECs was studied. Previous studies have shown
that IL-1p is able to disrupt the BBB,>’ in some cases
transiently.48 However, the cells that have been utilized
in these studies do not form an in vivo-like barrier. In
agreement with previous studies, we observed a sig-
nificant drop in iBMEC TEER as a result of IL-1f
treatment. Immunocytochemistry and qRT-PCR sug-
gested downregulation of claudin-5 (CLDNJ5) and ZO-
1 (TJPI) mRNA levels at the time of TEER reduction
in iIBMECs. We also observed upregulation of MM P9,
which is considered a barrier disruptive factor,”® in
iBMECs. While we observed TEER recovery 24 h after
IL-1f addition, continued treatment with IL-1/ for 3
days caused another significant TEER reduction. Even
though gene expression of tight junction proteins was
not altered at this point, MMP9 was highly upregu-
lated. Additionally, upregulation of mesenchymal
markers and downregulation of endothelial markers
were observed in iBMECs after 3 days of IL-1f
treatment, further verifying the negative effect of IL-1
on iIBMECs and its potential role in facilitating TNBC
cell extravasation into the brain.

In addition to inducing EndoMT in iBMECs and
damaging barrier properties, IL-15 was also able to
cross the iBMEC monolayer and upregulate the
secretion of chemokines and cytokines by astrocytes.
Saturable transport of IL-1f across the BBB in animal
models has been reported in literature.*'**! Since
breast cancer cells spend an extended amount of time
attached to the apical side of the brain endothelium
during extravasation, transport of secreted cytokines
such as IL-1p from the apical to basolateral side of the
BBB could be a crucial factor in astrocyte activation
and further recruitment of cancer cells to the brain.
Importantly, activation of astrocytes prior to complete
extravasation of cancer cells into the brain has been
observed in animal models.®® It is also known that
astrocytes treated with proinflammatory cytokines se-
crete various chemokines, which could play a role in
attracting breast cancer cells through chemotaxis and
enhancing their aggressiveness. Using an ELISA assay,
we showed that IL-15 was transported across the iB-
MECs and blocking its receptors, ILIR1 and IL1R2,
reduced the rate of transcytosis. Additionally, using a
cytokine array assay we identified the chemokines that
were significantly upregulated in IL-1p-treated astro-
cytes. Many of the upregulated cytokines, including
CCL2, CCL5, CCL7, CCL8, CXCLI1, and CXCLS5 can
induce chemotaxis and invasiveness in breast cancer
cells, H%:18:33:34.52.3577 Thege secreted chemokines could

be transported to the apical side of the BBB and im-
pact the cancer cells that have not yet crossed the BBB.
There are two possible routes for transport of se-
creted chemokines by astrocytes to the apical side of
the BBB. One is through the paracellular pathway, due
to damaged tight junctions as a result of upregulation
of MMPs in iBMECs caused by IL-1f exposure as well
as secretion of MMPs by cancer cells. Another path-
way is through transport-mediated transcytosis via
ACKRI1 and other receptors expressed on BMECs.®®
ACKRI binds to a variety of chemokines including
CCL2, CCLs5, CCL7, CXCL1, CXCL2, CXCL3,
CXCLS5, and CXCL6 and transports them from
basolateral to apical side of the BBB.** We showed
that ACKRI1 is expressed in iBMECs and as a result
could transport astrocyte-secreted chemokines across
the BBB. It is important to note that IL-1f is not the
only cytokine that can be transported from the blood
to brain direction across the BBB. Other proinflam-
matory cytokines such as TNF-o and IL-10, which are
also secreted by TNBC cells, can also cross the BBB via
saturable transport systems and potentially activate
astrocytes to secrete different chemokines.**""?

Using a BBB-on-a-chip platform, we showed that
the presence of astrocytes in the hydrogel on the brain
side increased the total number of transmigrated
TNBC cells across the iBMECs. Additionally, in de-
vices that had astrocytes in the hydrogel channel,
TNBC cells penetrated deeper into the hydrogel, while
in devices without astrocytes most of the TNBC cells
were located close to the iBMEC layer. A possible
explanation for this outcome could be that the secre-
tion of chemokines by the astrocytes attracts more
cancer cells into the deeper regions of the hydrogel
channel. It was also previously shown that astrocyte-
conditioned medium enhances cancer cell invasiveness
and mobility,””"” further supporting the importance of
astrocytes in cancer cell invasion. Moreover, we
showed that 231BR cells transmigrate across the iB-
MECs at a higher rate compared to MDA-MB-231
cells. This is in agreement with previous in vitro studies
using different endothelial cells and animal studies,
which showed increased transmigration of 231BR cells
compared to parental MDA-MB-231 cells.'®*7* Pre-
treatment of the iIBMEC layer with IL-1§ also
increased the rate of MDA-MB-231 transmigration,
suggesting IL-1p-treated iBMECs and astrocytes
facilitate  TNBC cell transmigration. Finally, we
investigated the effect of neutralizing IL-1§ with a
monoclonal antibody on transmigration potential of
231BR cells. Our results showed that 231BR cells in
the presence of an IL-1f monoclonal antibody exhib-
ited lower transmigration frequency compared to
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control samples, suggesting the use of IL-1f blocking
molecules as a potential drug for prevention of TNBC
metastasis into the brain. Based on a recent study
which found a bone metastasis-promoting effect of IL-
1 in breast cancer, blocking IL-1f could potentially
be beneficial for inhibiting metastasis to other organs
as well.®% Taken together, our results suggest that
upregulation of IL-1f in brain-seeking TNBC cells can
induced changes in the BBB and astrocytes, which in
turn accelerates the transmigration of TNBC cells
across the BBB. These results could enable targeting of
new mechanisms to inhibit the formation of brain
metastases.

CONCLUSION

We have demonstrated that IL-15 is capable of
facilitating TNBC cell transmigration across iBMECs,
which exhibit in vivo-like barrier properties. IL-1f re-
duces barrier tightness and induces EndoMT in the
iBMECs. Importantly, we showed that the presence of
astrocytes in the system enhances the rate of 231BR
transmigration across the iBMECs. Our results indi-
cate that IL-1f crosses the BBB and upregulates the
expression of multiple chemokines in astrocytes, which
could explain the increase in the number of transmi-
grated cancer cells. We also demonstrated that IL-1/
blocking antibodies reduce the rate of 231BR trans-
migration in our system. Overall, our results suggest
that changes in BMECs and astrocytes as a result of
IL-1p secretion by TNBC cells could pave the way for
successful transmigration of cancer cells across the
BBB. Future studies could focus on verifying these
results in animal models and investigating the effec-
tiveness of IL-1f blocking antibodies in preventing
breast cancer metastasis to the brain.
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