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Abstract

Introduction—Glioblastoma multiforme (GBM), the most
common primary brain tumor in adults, is extremely malig-
nant and lethal. GBM tumors are highly heterogenous, being
comprised of cellular and matrix components, which con-
tribute to tumor cell invasion, cancer stem cell maintenance,
and drug resistance. Here, we developed a heterotypic 3D
spheroid model integrating GBM cells with astrocytes and
endothelial cells (ECs) to better simulate the cellular com-
ponents of the tumor microenvironment and investigate their
impact on the stemness marker expression of GBM cells,
which has not been previously investigated.

Methods—We used U87 GBM cells, C8-D1A mouse astro-
cytes, and human umbilical vein ECs to construct co- and tri-
culture spheroid models in low-attachment U-well plates. We
characterized the expression of known stemness markers
NESTIN, SOX2, CDI133, NANOG, and OCT4 in these
models and compared it to respective mixed monoculture
spheroids (control) using qRT-PCR and immunostaining.
Results—We incorporated GBM cells and astrocytes/ECs in
1:1, 1:2, 1:4, and 1:9 ratio and observed spontaneous self-
assembled spheroids in all coculture conditions. We observed
changing spheroid size dynamics over 7 days and an
increased expression in stemness markers in GBM-astrocyte
and GBM-EC coculture spheroids in 1:4 and 1:9 coculture
conditions, respectively. In a triculture model employing
GBM cells, astrocytes, and ECs in a 1:4:9 ratio, we found an
increased expression of all the stemness markers.
Conclusions—We elucidated the impact of astrocytes and
ECs on GBM stemness marker expression. This multicellular
spheroid model may provide an important tool for investi-
gating the crosstalk between cell types in GBM.

Keywords—Brain cancer, Cancer stem cells, Coculture,
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INTRODUCTION

Glioblastoma multiforme (GBM), the most com-
mon primary brain tumor, is extremely malignant.
Despite the rigorous standard treatment involving
radiation and chemotherapy, the average survival
period is only 12-14 months from the time of diagno-
sis.>> This can be, in part, attributed to the lack of
understanding of the GBM tumor microenvironment.
Thus, new approaches to study GBM behaviors
in vitro are being developed by utilizing biomimetic
culture systems that recapitulate key aspects of the
complex in vivo tumor microenvironment.>**!

The GBM microenvironment is highly heterogenous
and composed of not only tumor cells but also tumor-
associated parenchymal cells such as astrocytes,
endothelial cells (ECs), microglia, peripheral immune
cells, and neural precursor cells. These cells contribute
not only to tumor progression but also to more than
30% of the tumor mass.*” ECs and astrocytes are
components of the perivascular niche, which not only
enhance tumor cell invasion but also support GBM-
tumor initiating cells and/or induce de-differentiation
of tumor cells to a tumor initiating (stem cell-like)
phenotype.’”** Astrocytes were shown to enhance the
invasion and migration of tumor cells by promoting
the activity of matrix metalloproteinases and secretion
of interleukin-6."2° GBM tumors are highly vascular-
ized, and angiogenesis, which is regulated by vascular
endothelial growth factor (expressed by ECs), is
essential to maintain rapid tumor growth.** Addi-
tionally, crosstalk between tumor cells and ECs has
been shown to be governed by Notch signaling, which
promotes angiogenic activity and stem cell mainte-
nance.’

A subpopulation of GBM cells, expressing stem-
ness-related markers like NESTIN, SOX2, CD133,
NANOG and OCT4, have been reported to have stem
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cell-like abilities such as self-renewal, multilineage
differentiation, and heightened resistance to therapeu-
tic treatments.'*>* The tumor microenvironment pro-
vides signals that can alter stemness marker expression
in tumor cells. These aspects have been investigated
using several experimental models including in vivo
mouse models, as well as emerging three-dimensional
(3D) in vitro culture models vs. traditional two-di-
mensional (2D) tissue culture polystyrene (TCPS)
cultures. For example, expression of stemness markers
(CD133, CD15, NANOG, OLIG2, SHH, and EZH?2)
was enhanced in serum grown (more differentiated
phenotype) GBM cells in a mouse model as a response
to hypoxic and therapeutic stress.*!' Likewise,
expression of stemness markers (NESTIN, SOX2, and
CD133) was enhanced in 3D culture systems such as
hyaluronic acid hydrogels, or electrospun polystyrene
scaffolds compared to 2D TCPS cultures.?>??

GBM tumor cells have also been cultured as 3D
multicellular tumor spheroids (MCTS) to study growth
dynamics,*® tumor invasion,'® drug response,’'® as
well as stemness marker changes.'”>! MCTS have been
commonly used as 3D in vitro models owing to the
multiple advantages such as facilitation of cell orga-
nization in layers with different proliferation rates,
presence of cell—cell interactions and signaling, and
formation of nutrient and oxygen gradients.”> How-
ever, few studies have examined the effects of cocul-
turing astrocytes or ECs with GBM cells in a 3D
MCTS model. 3% In addition, to the best of our
knowledge, the effect of changing tumor and astrocyte/
EC ratios on the stemness marker expression of GBM
cells in a 3D MCTS co- and tri-culture model has not
been reported.

Herein, we constructed 3D MCTS using serum
grown GBM cells with astrocytes or ECs. We con-
structed a coculture MCTS model to evaluate the im-
pact of varying coculture ratios (GBM cells:
astrocytes/ECs) on the growth profile of spheroids and
on the expression of stemness markers, particularly
NES, SOX2, CDI33 (PROM1I), NANOG, and OCT4
(POUSFI). Further, we developed a triculture MCTS
with GBM cells, astrocytes and ECs, and studied its
growth dynamics as well as the expression of these
stemness markers.

MATERIALS AND METHODS

Cell Culture

Human U87-MG GBM cells were cultured in Ea-
gle’s Minimum Essential Medium (EMEM; ATCC)
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin  (VWR Life Science).
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Mouse astrocytes (C8D1A; ATCC) were kindly pro-
vided by Dr. Yuping Bao (Chemical and Biological
Engineering, University of Alabama). Astrocytes were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Sigma Aldrich) supplemented with 10% FBS
and 1% penicillin-streptomycin. Human umbilical vein
endothelial cells (HUVECs, Lonza) were cultured in
Endothelial Growth Medium-2 (EGM-2; Lonza) con-
taining 2% FBS, supplements and growth factors per
manufacturer’s instructions (EGM-2 BulletKit; Lon-
za). All cells were maintained at 37 °C in a humidified
5% CO, environment and were harvested upon
reaching 70-80% confluency using Trypsin (Gibco).

3D Monoculture MCTS

Monoculture MCTS were constructed according to
the liquid overlay technique using a 96-well round
bottom ultra-low attachment spheroid microplate
(Corning®).** For construction of GBM-only spher-
oids, U87-MG cell suspensions were prepared in
EMEM complete medium and 200 uL. of cell suspen-
sions corresponding to 500, 1000, 2500, 5000, 7500 and
10,000 cells/well, was transferred into each well. After
cell seeding, plates were centrifuged at 1000xg for 10
min and incubated at 37 °C in a humidified 5% CO,
environment. The monoculture MCTS were cultured
up to day 7 and half the medium was replenished every
2 days. Similarly, astrocytes-only and EC-only spher-
oids were prepared using 5000, 10,000, 20,000, 45,000
cells/well.

Construction of 3D Coculture MCTS

Coculture MCTS were constructed similarly to
monoculture MCTS. To identify astrocytes or ECs
within a coculture MCTS, the dissociated single cells
were first labeled with CellTracker fluorescent probes,
green CMFDA dye (Invitrogen), before seeding.®
Suspensions of each cell type were prepared in their
respective complete medium and 100 uL. of each cell
suspension was transferred into each well. GBM-as-
trocytes and GBM-EC coculture MCTS were main-
tained in 1:1 EMEM:DMEM and 1:1 EMEM:EGM-2
media composition, respectively. The resulting com-
position was such that GBM:astrocytes and GBM:EC
were seeded at 1:1, 1:2, 1:4 and 1:9 ratios, where the
number of U87-MG cells were fixed at 5000 cells/well
and only the number of astrocytes or EC were chan-
ged. The coculture MCTS were cultured up to day 7.
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Construction of 3D Triculture MCTS

Triculture MCTS comprising of U87-MG, C8DIA
and HUVECs were constructed similarly as above. To
identify the different cells within the MCTS, U87-MG
cells and astrocytes were labeled with red and green
CellTracker dyes. Suspensions of each cell type were
prepared in their respective complete medium and
67 uLb of each cell suspension was transferred into a
well. This GBM-astrocytessHUVEC triculture MCTS
was maintained in 1:1:1 EMEM:DMEM:EGM-2
media composition. The resulting composition was
such that GBM:astrocytes:EC were seeded at a ratio of
1:4:9, where the number of U87-MG cells were fixed at
5000 cells/well. The triculture MCTS were also cul-
tured up to day 7.

Optical Fluorescence Microscopy and Image Analysis

The spheroids were monitored using an Olympus
IX83 microscope with a spinning disc confocal
attachment. Representative brightfield and fluorescent
images for day 1 were collected ~ 24 h after the cells
were initially seeded and the plate was centrifuged.
Brightfield and fluorescent images were also collected
at day 4 and 7. The size and the cross-sectional area of
the spheroids were analyzed using Imagel] software
(NIH).>> At day 1, 4 and 7, visual assessment of the
compactness of spheroids was done based on a previ-
ously described 5-point scale.”® The scores were allo-
cated by three blinded researchers based on the
structure of the spheroids and the averages were pre-
sented.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

gqRT-PCR was performed on RNA samples
obtained from GBM-astrocytes and GBM-EC cocul-
ture MCTS and compared to RNA samples comprised
of a mixture of RNA from the GBM-only and astro-
cytes-only or EC-only monoculture MCTS as de-
scribed previously (Fig. S1).*” The samples were
combined such that the initial cell seeding densities of
the monoculture spheroids matched the initial cell
density of the coculture spheroid in terms of number of
individual cells and ratio of GBM:astrocytes or
GBM:EC. Similar protocol was followed for triculture
MCTS.

To assess the marker expression at day 7, 3-5
spheroids per replicate were harvested using p200
pipette with tip cut halfway to facilitate easy removal
of spheroids while preserving their integrity and were
pooled. RNA was extracted and transcribed into
cDNA for quantification as described previously.*

The primers used are provided in Table S1. Relative
expression of the genes compared to the housekeeping
gene (GAPDH) were calculated using AAC, method,
where ACt = ACt,gene of interest — ACt,GAPDH- Cocul-
ture and triculture data was normalized to the
respective mixed cultures.

Immunofluorescence Staining

On day 7, 3-5 monoculture, coculture and triculture
spheroids were dissociated into single cells by adopting
the procedure described previously.”> Immunofluores-
cence staining was performed on single cells obtained
from GBM-astrocytes coculture MCTS, GBM-EC
coculture MCTS, and triculture MCTS. These were
compared to single cells obtained from a mixture of (a)
GBM-only and astrocytes-only monoculture MCTS,
(b) GBM-only and EC-only monoculture MCTS, and
(c) GBM-only, astrocytes-only, and EC-only mono-
culture MCTS, respectively. The dissociated single cells
were transferred to a 96-well plate and then fixed with
4% paraformaldehyde, permeabilized using 0.25%
Triton-X in 1x phosphate buffered saline (PBS) and
blocked with 5% bovine serum albumin (BSA) in 1x
PBS. The cells were incubated overnight at 4 °C with
primary antibodies diluted as per manufacturer’s pro-
tocol (Table S2). The cells were then incubated with
Alexa Fluor 594-conjugated goat anti-rabbit sec-
ondary antibody (A-11012, Invitrogen) at 4 °C for 1 h
the following day and counterstained with DAPI nu-
clear stain for 5 min. The plate was centrifuged at
~1000x g for ~ 15 s every time prior to the removal of
liquids from wells to avoid the loss of cells. The cells
were then imaged using an Olympus 1X83 microscope
with a spinning disc confocal attachment. To identify
the different cell types in co- and tri-culture MCTS,
one of the cell types was labeled with CellTracker™
Green CMFDA dye while constructing the spheroids.
Cells with no green signal and positive red and blue
signal were identified as tumor cells positive for the
corresponding marker for GBM-astrocyte MCTS. Cell
with a positive green, red, and blue signal were iden-
tified as tumor cells positive for the corresponding
marker for GBM-EC or triculture MCTS. Percentage
positive tumor cells were evaluated through manual
counting using multi-point tool in ImageJ software
(NIH) as previously described.”*°

Statistical Analysis

The data is presented as mean =+ standard error
unless mentioned otherwise. Statistical analysis was
performed with JMP® software and the significance
was calculated using Student’s t-test or analysis of
variance followed by Tukey’s HSD post-hoc analysis.
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All the experiments were repeated independently at
least twice. With all analyses, the significance level was
set at p < 0.05.

RESULTS

Construction and Characterization of 3D MCTS

MCTS consisting of GBM-only, astrocytes-only, or
EC-only were constructed according to the liquid
overlay technique. We utilized U87-MG cells to pre-
pare GBM-only spheroids with initial seeding densities
of 500, 1000, 2500, 5000, 7500, and 10000 cells/well
(Fig. S2). At day 1, U87-MG cells in all the conditions
spontaneously arranged themselves to form a loosely
aggregated spheroid, and the spheroid sizes signifi-
cantly increased (p < 0.05) from day 1 to day 7.
Spheroids made from 500 and 1000 cells showed sim-
ilar areas on days 1, 4, and 7, as well as the highest
increase (p < 0.05) from day 1 to day 7 by 7.6-fold and
4.8-fold, respectively. Interestingly, despite the differ-
ence in the initial seeding density in 5000, 7500 and
10000 cells/well conditions, almost similar sized
spheroids were observed at days 1, 4 and 7. The
spheroids made from 5000 cells/well showed an in-
crease of 1.8-fold and 1.9-fold from day 1 to day 4 and
day 4 to day 7, respectively (p < 0.05). We chose
spheroids made with 5000 cells/well for subsequent
experiments and these were used as controls in co- and
tri-culture MCTS models.

We utilized mouse astrocyte cell line C8DI1A and
HUVECs to prepare monoculture MCTS and in co-
and tri-culture MCTS models to mimic tumor-stroma
interactions. We prepared astrocytes-only or EC-only
spheroids by seeding the cells at initial seeding densities
of 5000, 10000, 20000, and 45000 cells/well (Figs. S3,
S4). For both cell types, the size of the spheroids
decreased with time. The spheroid growth profile and
trends of astrocytes-only and EC-only spheroids were
similar at days 1, 4 and 7. To incorporate tumor-
stroma interactions, we constructed coculture MCTS
with tumor cells at fixed initial seeding density of 5000
cells/well and only increasing the initial seeding density
of astrocytes or ECs resulting in coculture ratios of 1:1,
1:2, 1:4, and 1:9.

GBM-Astrocytes Coculture MCTS

For all the coculture conditions, majority of the
tumor cells and astrocytes spontancously self-assem-
bled to form a loosely aggregated spheroid at day 1
(Fig. 1a). At day 1, significantly different (p < 0.05)
spheroid sizes were observed for all coculture condi-
tions and control (Fig. 1b). At day 4, all the coculture
conditions (except 1:1) showed significant decrease (p <
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0.05) in spheroid size compared to day 1. From day 1
to day 4, significant decrease (p < 0.05) of 2-fold, 1.9-
fold, 1.5-fold was observed for 1:9, 1:4 and 1:2 cocul-
ture spheroids, respectively, and slight decrease of 0.9-
fold was observed for 1:1 coculture spheroids (p >
0.05). At day 4, similar spheroid sizes were observed
for the lower coculture ratio conditions (1:1 and 1:2; p
> 0.05) and significantly larger spheroid sizes (p <
0.05) were observed for 1:9 followed by 1:4 coculture
spheroids. All coculture spheroids continued to grow
as indicated by the significant increase in sizes from
day 4 to day 7 (p < 0.05). This increase was 1.7-fold,
1.6-fold, 1.6-fold and 1.2-fold for 1:1, 1:2, 1:4 and 1:9
GBM-astrocytes coculture spheroids, respectively.
Overall, from day 1 to day 7, we observed a decrease of
1.7-fold for 1:9 coculture condition (p < 0.05), 1.2-fold
for 1:4 coculture condition (p < 0.05), no change for 1:2
coculture condition (p > 0.05), and an increase of 1.7-
fold for 1:1 coculture condition (p < 0.05). The com-
pactness of all coculture MCTS significantly increased
with time from day | to day 7 (Fig. S5A). GBM-only
control spheroids showed an increasing size trend with
time consistent with earlier observations. In spite of the
differences in the initial seeding densities, at day 7,
similar spheroid sizes were observed for all the cocul-
ture conditions as well as control (except 1:2 coculture
spheroids which were significantly smaller compared to
other conditions). Pre-labeling the astrocytes allowed
observation of cell—cell stratification within the spher-
oid; and astrocytes were seen to mostly occupy the
spheroid core (Fig. S6).

GBM-EC Coculture MCTS

Similar to the GBM-astrocytes MCTS, majority of
the tumor and ECs spontaneously self-assembled to
form a loosely aggregated spheroid for all the coculture
conditions at day 1 (Fig. 2a). At day 1, significantly
different (p < 0.05) spheroid sizes were observed for all
coculture conditions and control (Fig. 2b). Unlike
GBM-astrocytes coculture MCTS where significant
decrease in sizes were observed for all the conditions;
for GBM-EC coculture spheroids, an increase in
spheroid sizes was observed for lower coculture ratio
conditions (1:1 and 1:2) and decrease in spheroid sizes
was observed for higher coculture ratio conditions (1:4
and 1:9). As compared to day 1, significant increase (p
< 0.05) of 1.5-fold and 1.3-fold were observed for 1:1
and 1:2 coculture spheroids, respectively at day 4. For
the higher coculture conditions, a decrease of 1.4-fold
and 0.9-fold was observed for 1:9 and 1:4 coculture
spheroids, respectively at day 4. At day 4, similar
spheroid sizes were observed for 1:1, 1:2 and 1:4
coculture conditions, with 1:9 condition having sig-
nificantly larger spheroids (p < 0.05) than other con-
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FIGURE 1. Characterization of 3D GBM-astrocyte coculture MCTS. (a) Representative brightfield images of GBM cells cocultured
with astrocytes at a ratio of 1:1, 1:2, 1:4 and 1:9 and GBM-only cells (control) at days 1, 4, and 7 post-seeding. Scale bar = 200 ym.
(b) Quantification of spheroid areas over time for all GBM-astrocyte coculture conditions. Values represent mean + standard error.
N > 9 replicates per condition. *p < 0.05 for 1:2 coculture condition compared to other conditions.
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FIGURE 2. Characterization of 3D GBM-EC coculture MCTS. (a) Representative brightfield images of GBM cells cocultured with
ECs at a ratio of 1:1, 1:2, 1:4 and 1:9 and GBM-only cells (control) at days 1, 4, and 7 post-seeding. Scale bar = 200 um. (b)
Quantification of spheroid areas over time for all GBM-EC coculture conditions. Values represent mean + standard error. N > 9
replicates per condition. *p < 0.05 for control compared to other conditions.

ditions. All coculture spheroids continued to grow as
indicated by the significant increase in size from day 4
to day 7 (p < 0.05). At day 7, except for 1:9 coculture
condition with 1.2-fold increase, an increase of 1.6-fold
was observed for all the other conditions as compared
to day 4. Overall, from day 1 to day 7, we observed a
significant increase (p < 0.05) of 1.4-fold, 2-fold and
2.2-fold for 1:4, 1:2 and 1:1 coculture conditions,
respectively, and a decrease of 1.2-fold for 1:9 cocul-
ture condition (p < 0.05). The compactness of all
coculture MCTS significantly increased with time from
day 1 to day 7 (Fig. S5B). GBM-only control spheroids
showed an increasing size trend with time consistent
with earlier observations. In spite of the differences in
the initial seeding densities, at day 7, similar spheroid
sizes were observed for all GBM-EC coculture condi-

tions except control spheroids which were significantly
smaller compared to others. Pre-labeling ECs allowed
observation of cell—cell stratification within the spher-
oid; and similar to astrocytes, even the ECs were seen
to mostly occupy the spheroid core (Fig. S7).

Stemness Marker Expression of Tumor Cells in 3D
Coculture MCTS

We investigated how astrocytes and ECs influence
the expression of NES,* SOX2,'7 CD133,'" NANOG.®
and OCT4° as these markers have been most com-
monly used for the identification of stemness pheno-
type in glioblastoma cells.>* Specifically, we assessed
the stemness marker expression of tumor cells cocul-
tured in direct contact with astrocytes/ECs in different
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coculture ratios (1:1, 1:2, 1:4 and 1:9), and compared
them to the respective individually cultured and mixed
tumor cells and astrocytes/ECs counterparts (Mixed
GBM-astrocytes or Mixed GBM-EC) at day 7
(Fig. S1).

GBM-Astrocytes Coculture MCTS

After culturing the tumor cells with astrocytes in a
coculture MCTS model for 7 days, significant increase
(» £ 0.05) in the expression of NES by 2.6-fold was
observed for the 1:4 condition. The expression of NES
was increased by 1.6-fold in 1:9 condition (p > 0.05)
and almost unaltered in the 1:1 and 1:2 conditions (p
> 0.05) (Fig. 3a). The expression of SOX2 significantly
decreased (p < 0.05) for the 1:1 and 1:2 condition by 5-
fold and 3.7-fold, respectively (Fig. 3b). No significant
changes in the expression of SOX2 were observed at
higher coculture ratios—1:4 and 1:9. CD 133 expression
increased significantly (p < 0.05) by 2.7-fold and 2.5-
fold for 1:4 and 1:9 conditions, respectively, and re-
mained unaltered (p > 0.05) in the lower coculture
ratio conditions (Fig. 3c). Although, an increase in
NANOG expression of 2.3-fold and 2.1-fold was
observed for 1:4 and 1:9 conditions, no statistically
significant changes were observed for any of the con-
ditions (Fig. 3d). The trends for OCT4 were similar to
NES, where significant increase (p < 0.05) by 2.3-fold
was observed for 1:4 condition (Fig. 3e). Also, the
expression of OCT4 was increased by 1.6-fold in 1:9
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condition (p > 0.05) and almost unaltered in the lower
coculture ratio conditions (1:1 and 1:2; p > 0.05).
Overall, the most prominent changes in the expression
of stemness markers were observed for 1:4 GBM-as-
trocyte coculture spheroid. We then evaluated the
expression these markers at the protein level for 1:4
GBM-astrocyte coculture MCTS through immunoflu-
orescence staining. We observed a significant increase
(p £ 0.05) in the percentage of NESTIN-positive,
SOX2-positive, and OCT4-positive tumor cells in 1:4
GBM-astrocyte coculture MCTS compared to the
control (i.e., mixture of GBM-only and astrocyte-only
monoculture MCTS) (Figs. S8, S9 and S12). However,
the percentage of CD133-positive and NANOG-posi-
tive tumor cells was similar (Figs. S10 and S11).

GBM-EC Coculture MCTS

After culturing the tumor cells with ECs in a
coculture MCTS model for 7 days, significant increase
(» £0.05) in the expression of NES by 2.5-fold and 4.9-
fold was observed for 1:4 and 1:9 conditions, respec-
tively (Fig. 4a). In the lower coculture ratio conditions,
1:1 and 1:2, no significant changes in NES expression
were observed although an increase of 2.2-fold was
observed for the 1:2 condition. The expression of
SOX2 significantly increased (p < 0.05) for the higher
coculture ratio conditions, 1:4 and 1:9, by 2.7-fold and
6.1-fold, respectively (Fig. 4b). In the lower coculture
ratio conditions, 1:1 and 1:2, no significant changes in
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FIGURE 3. Astrocytes influence expression of stemness markers in a 3D GBM-astrocyte coculture MCTS model. Relative
expression of (a) NES, (b) SOX2, (c) CD133, (d) NANOG, and (e) OCT4in 1:1, 1:2, 1:4 and 1:9 GBM-astrocyte coculture conditions.
Relative expression normalized to the respective mixed GBM-astrocyte control. Values represent mean + standard error. N = 3
biological replicates per condition which were independently setup. *p < 0.05 compared to the respective mixed GBM-astrocyte

control.
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SOX2 expression were observed although an increase
of 1.9-fold was observed for 1:2 condition (p > 0.05).
Increased expression of CD/33 was observed for all the
conditions, however, was statistically significant (p <
0.05) only for 1:9 condition with an increase of 3.5-fold
(Fig. 4c). Similarly, an increased expression of NA-
NOG was observed for all the conditions, however, was
statistically significant (p < 0.05) only for 1:2 and 1:9
conditions with an increase of 1.7-fold and 3.4-fold,
respectively (Fig. 4d). An increased expression trend of
OCT4 was observed for all conditions, however, was
statistically significant (p < 0.05) only for 1:9 condition
with an increase of 3-fold (Fig. 4e). Overall, the most
prominent changes in the expression of stemness
markers were observed for 1:9 GBM-EC coculture
MCTS. We then evaluated the expression these
markers at the protein level for 1:9 GBM-EC coculture
MCTS through immunofluorescence staining. We
observed a significant increase (p < 0.05) in the per-
centage of NESTIN-positive, SOX2-positive, and
CD133-positive tumor cells in 1:9 GBM-EC coculture
MCTS compared to the control (i.e., mixture of GBM-
only and EC-only monoculture MCTS) (Figs. S13, S14
and S15). However, the percentage of NANOG-posi-
tive and OCT4-positive tumor cells was similar
(Figs. S16 and S17).
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3D Triculture MCTS

Next, we established a triculture MCTS model by
culturing tumor cells with astrocytes and ECs. To the
best of our knowledge, this is the first time these three
cell types have been combined in a MCTS model. The
most effective coculture ratio in terms of prominent
changes in stemness marker expression was chosen
from coculture studies. Tumor cells were cultured with
astrocytes and ECs in the ratio of 1:4:9 where the ini-
tial number of tumor cells was fixed at 5000 cells/well.
GBM-only spheroids made with an initial seeding
density of 5000 cells/well served as control.

Construction and Characterization of 3D Triculture
MCTS

All the cell types with different initial seeding den-
sities spontancously arranged themselves to form a
loosely aggregated spheroid at day 1 (Fig. 5a). Similar
to the coculture MCTS, a significant decrease (p <
0.05) of 1.5-fold was observed from day 1 to day 4,
after which the spheroid size significantly increased (p
< 0.05) by 1.2-fold at day 7 (Fig. 5b). There was a
significant decrease (p < 0.05) of 1.3-fold from day 1 to
day 7. Similar to coculture MCTS, compactness of
triculture MCTS significantly increased with time from
day 1 to day 7 (Fig. S5C). GBM-only control spheroids
showed an increasing size trend with time consistent
with earlier observations. Pre-labeling the tumor cells
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FIGURE 4. Endothelial cells influence expression of stemness markers in a 3D GBM-EC coculture MCTS model. Relative
expression of (a) NES, (b) SOX2, (c) CD133, (d) NANOG, and (e) OCT4in 1:1, 1:2, 1:4 and 1:9 GBM-EC coculture conditions. Relative
expression normalized to the respective mixed GBM-EC control. Values represent mean = standard error. N = 3 biological
replicates per condition which were independently setup. *p < 0.05 compared to the respective mixed GBM-EC control.

BIOMEDICAL
ENGINEERING
SOCIETY



646 NAKOD et al.

(a) (b)

Control

Triculture

o -

Day 7

Relative Marker Expression
N
>

*
—&—Control
5
L ¢ —®— Triculture
6x10°5 *
5 * ¢
5x10°- /
L]
4x10° 4
3x10°4
2x10°-
-
1x10° T T T
Day 1 Day4 Day 7
- Mixed GBM-astrocytes-EC (Control)
*
35 - * e -Triculture

I
nh =
A A

S e
h == Wn
L L A

e
3
4

CD133 NANOG OCT4

NES SOX2
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Representative brightfield images of triculture and GBM-only (control) spheroids at days 1, 4, and 7 post-seeding. Scale bar =
200 um. (b) Quantification of spheroid areas over time for triculture and GBM-only (control) spheroids. *p < 0.05 compared to GBM-
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and astrocytes allowed the observation of cell—cell
stratification within the spheroid (Fig. S18).

Stemness Marker Expression of Tumor Cells in 3D
Triculture MCTS

We assessed the stemness marker expression of
tumor cells cultured with astrocytes and ECs in the
ratio of 1:4:9 (Triculture MCTS) and compared them
to the respective individually cultured and mixed
spheroids of tumor cells, astrocytes, and ECs at day 7.
The effect of disparate cell populations on differential
gene expression results was minimized by constructing
RNA samples with similar cellular compositions. This
allowed us to investigate the effect of culturing tumor
and stromal cells in direct contact in triculture MCTS
compared to the segregated monoculture MCTS of
these cell types. After culturing the tumor cells with
astrocytes and ECs in the triculture MCTS model for 7
days, a significant increase was observed in the
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expression of NES, SOX2, CDI33, and OCT4 by 3-
fold, 2.4-fold, 2.1-fold and 2.2-fold, respectively (p <
0.05) (Fig. 5c). Although, the NANOG expression
increased by 2-fold, the increase was not statistically
significant. Overall, the stemness marker expression of
tumor cells was enhanced when cultured with stromal
cells in a triculture MCTS. We then evaluated the
expression these markers at the protein level for the
triculture MCTS through immunofluorescence stain-
ing. We observed a significant increase (p < 0.05) in the
percentage of NESTIN-positive, SOX2-positive, and
CD133-positive tumor cells in the triculture MCTS
compared to the control (i.e., mixture of GBM-only,
astrocyte-only and EC-only monoculture MCTS)
(Figs. S19, S20 and S21). We observed an increase in
the percentage of NANOG-positive and OCT4-posi-
tive tumor cells, however it was not statistically sig-
nificant (p > 0.05) (Figs. S22 and S23).
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DISCUSSION

In this study, we constructed 3D co- and tri-culture
MCTS to study the impact of astrocytes and ECs on
the stemness marker expression of GBM cells. We
evaluated changes in stemness marker expression with
respect to changing coculture ratios of tumor cells and
astrocytes/ECs in a coculture MCTS model and also
developed a triculture MCTS model consisting of
tumor cells, astrocytes, and ECs. So far, few studies
have employed spheroid-based models to coculture
GBM cells (serum grown; more differentiated pheno-
type) with astrocytes/ECs. Also, to the best of our
knowledge, comparison of the stemness marker
expression with changing ratios of GBM to astrocytes/
ECs has not been previously evaluated in a relevant 3D
MCTS model. Through this study, we are bridging the
gap by constructing co- and tri-culture MCTS models
with GBM cells, astrocytes and ECs to study the effects
of various co- and tri-culture ratios on the stemness
marker expression of the GBM cells, for the first time.

The GBM microenvironment is highly heterogenous
and provides biophysical, biochemical as well as cel-
lular cues to tumor cells and is also responsible for its
heightened resistance towards the current treatments.*
Thus, targeting such cues may provide opportunities
for therapeutic intervention. GBM cells are in close
contact with the perivascular niche consisting of mul-
tiple cellular components, including astrocytes and
ECs.* Here, we have incorporated these cell types in a
MCTS model that is known to provide cell-cell and
cell-extracellular matrix (ECM) interactions, which, in
turn, mediates the cell phenotype.>*

In this study, we have utilized U87-MG, a well-
established GBM cell line that is widely used in glioma
research,” to assess the changes in their stemness
marker expression when cultured in direct contact with
astrocytes and ECs in a MCTS model. The GBM cell
line was cultured in the presence of serum to represent
a more differentiated phenotype of cells, which is
typically characterized by their ability to grow as
adherent monolayer and lower expression of stemness
markers compared to cells grown in serum-free con-
ditions. In addition, cells grown in serum-free condi-
tions typically grow as tumorspheres and exhibit
higher expression of stemness markers.”’> We suc-
cessfully constructed coculture MCTS by keeping the
number of tumor cells constant and varying the num-
ber of astrocytes/ECs to obtain a wide range of ratios
while taking into account previously used in vitro
ratios*?%3%%% as well as the in vivo scenario wherein,
stromal cells are typically in excess compared to tumor
cells.*” In all the coculture conditions, the spontaneous
arrangement of cells resulted in loosely aggregated
spheroids by day 1 and the compactness of the cocul-

ture MCTS increased with time (Fig. S5). The initial
decrease in the spheroid sizes for the higher coculture
ratios could be attributed to the spheroidization time,
wherein the spheroids become compact first and only
once the cell-cell adhesions occur, they start to pro-
liferate thereby increasing the spheroid size.”> This
observation was specific for coculture spheroids and
not GBM-only monoculture spheroids, where there
was an increase in the size of the spheroid with time, as
previously observed.'”**3! In the GBM-only mono-
culture spheroids, spheroids with lower number of cells
exhibited higher growth over time as compared to
spheroids with higher number of cells. This has been
previously observed in ovarian'® and pancreatic®
cancer spheroids. Interestingly, despite the differences
in the initial cell seeding density of cells in coculture
spheroids, similar sizes of spheroids for almost all
conditions (except 1:9) were observed by day 4 itself,
and for all the conditions (1:1, 1:2, 1:4 and 1:9; GBM-
astrocytes and GBM-EC) at day 7. The loss in the
number of stromal cells may be due to the replacement
of the astrocytes or ECs by rapidly proliferating tumor
cells and has been previously observed in GBM?' and
pancreatic cancer” coculture MCTS. This was also
indicated by the loss in the green signal due to pro-
gressive loss of astrocytes or ECs, which occupied the
core of the spheroid over time.

Building on our coculture results, we successfully
constructed a triculture MCTS model. To the best of
our knowledge, we have utilized GBM cells in combi-
nation with astrocytes and ECs in a MCTS model for
the first time. This particular combination of GBM
cells, astrocytes, and ECs (endothelial umbilical cord
blood cells) has been studied just once in a 3D colla-
gen-hyaluronan matrix to study the effects of stromal
cells on tumor cell migration, although not in a MCTS
model.'® In our triculture MCTS model, the tumor
cells tend to occupy the core with astrocytes and ECs
occupying the periphery. This is in contrast to the
coculture spheroids where astrocytes or ECs occupy
the core. Similar to the coculture MCTS models,
spheroidization time was also observed in triculture
MCTS. Our results indicate that the structural com-
position of spheroids in co- and tri-culture MCTS
models influence the growth kinetics of the spheroid.

Serum grown U87-MG cells, which typically grow
as a monolayer on TCPS represent a more differenti-
ated phenotype.?’ An increased expression of stemness
markers such as SOX2, NANOG, and OCT4 on cul-
turing U87-MG as 3D spheroids compared to their
monolayer counterpart has been observed previ-
ously.’! Also, enhanced expression of stemness mark-
ers- CDI33, NES, SOX2, and OCT4 has been
previously observed in GBM cells when they were
cocultured with astrocytes or HUVECs using 2D
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TCPS and 3D scaffolds or hydrogels.'>%33:3443
Herein, we utilized 3D co- and tri-culture MCTS to
culture tumor and stromal cells at varying ratios and
investigate its impact on the expression of key stemness
markers NES, SOX2, CDI133, NANOG, and OCTH4.
The direct contact between cell types in the co- or tri-
culture MCTS altered the stemness expression profile
as compared to mixed monoculture MCTS containing
each cell type. Ngo et al., used a similar analogy to
demonstrate an increase in the malignancy-related
genes in GBM cells in triculture with fibroblasts and
ECs in 3D gelatin and gelatin-HA hydrogels.>” More
prominent increase in the expression of almost all
stemness markers was observed in the higher coculture
ratios—1:4 and/or 1:9 in GBM-astrocytes and GBM-
EC spheroids. This change was likely mediated by di-
rect cell-cell contact that influences cell-cell signaling
and production of growth factors as observed previ-
ously,>?%3? and persisted even at day 7. For the lower
coculture ratios, the stemness marker expression was
comparable to the control, indicating that the
increased number of astrocytes or ECs enhance the
stemness phenotype in a more differentiated popula-
tion of tumor cells. Our observations are consistent
with Kievit et al., who utilized chitosan-alginate scaf-
folds to coculture U87-MG cells with astrocytes or
HUVECs and found increased CDI33 expression in
higher stromal cells ratio conditions (i.e., 5:1 compared
to 1:1 and 1:5).>> We also evaluated the percentage of
tumor cells positive for the stemness markers through
immunofluorescence staining for 1:4 GBM-astrocytes
and 1:9 GBM-EC coculture MCTS and these results
were largely consistent with qRT-PCR for most of the
markers except for NANOG and OCT4 in the case of
1:9 GBM-EC coculture MCTS, and SOX2 and CD133
in the case of 1:4 GBM-astrocytes MCTS. Such dis-
crepancies in the mRNA level and protein expression
of stemness markers have been observed previously for
glioma cells.? Selecting the most influential conditions
in the respective coculture models, we constructed a
triculture MCTS model with GBM:astrocytes:EC at a
ratio of 1:4:9, and observed a prominent increase in the
expression of all the stemness markers via qRT-PCR.
We also performed immunostaining, and our results
were largely consistent with qRT-PCR for all the
markers except for OCT4. Through immunostaining we
observed that although the expression of most of the
stemness markers increased, some of them showed no
change in expression and this trend has been commonly
observed with stemness markers for GBM cells.>>344
This might be due to the enrichment of different stem-
ness signatures within the MCTS owing to the culture
conditions, in this case—the presence of various stromal
cell types.” Upregulation of these stemness markers
in vivo has been correlated with decreased patient sur-
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vival.® Herein, we demonstrated that not only the stro-
mal cell type but also the number of stromal cells in co-
or tri-culture with GBM cells influences the stemness
marker expression of tumor cells.

Because cancer cell aggregates with diameter between
200 and 500 um have been known to demonstrate the
presence of hypoxic core,'*** it is possible that hypoxia
could be involved in influencing stemness marker
expression. This would be examined in future studies.
Overall, such a heterogenous MCTS model can be uti-
lized to investigate the crosstalk between different cell
types, however, the following limitations must be taken
into account: (a) Based on prior work,*?*3*% murine
astrocytes were used in this study; however, future
investigations should consider incorporation of human
astrocytes. (b) Similarly, based on prior work, HUVECs
were used in this study.**-*” However, future studies
should consider incorporation of human brain
microvascular ECs to enhance the physiological rele-
vance of these models thereby providing a platform for
testing therapeutic strategies in the future.

CONCLUSIONS

We successfully constructed 3D co- and tri-culture
MCTS models to study the impact of incorporating
stromal cells on the growth profile and stemness mar-
ker expression of GBM tumor cells. We demonstrated
that astrocytes and ECs influenced the stemness mar-
ker expression of GBM cells in 3D coculture spheroids,
especially in higher coculture conditions with a larger
number of astrocytes or ECs compared to tumor cells.
Based on these results, we constructed a triculture
MCTS model with GBM cells, astrocytes and ECs, and
found significant enhancement in the stemness marker
expression of tumor cells. Further exploration of the
crosstalk between different cell types utilizing such
models, would enhance our understanding of the GBM
tumor microenvironment, eventually leading to the
development of new therapeutic strategies.
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