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Abstract

Brain tumors exhibit vast genotypic and phenotypic diversity depending on patient age and
anatomical location. Hydrogels hold great promise as 3D /n vitro models for studying brain

tumor biology and drug screening, yet previous studies were limited to adult glioblastoma

cells, and most studies used immortalized cell lines. Here we report a hydrogel platform that
supports the proliferation and invasion of patient-derived brain tumor cell cultures (PDCs) isolated
from different patient age groups and anatomical locations. Hydrogel stiffness was tuned by
varying poly(ethylene-glycol) concentration. Cell adhesive peptide (CGRDS), hyaluronic acid,
and MMP-cleavable crosslinkers were incorporated to facilitate cell adhesion and cell-mediated
degradation. Three PDC lines were compared including adult glioblastoma cells (aGBM),
pediatric glioblastoma cells (pGBM), and diffuse pontine intrinsic glioma (DIPG). A commonly
used immortalized adult glioblastoma cell line U87 was included as a control. PDCs displayed
stiffness-dependent behavior, with 40 Pa hydrogel promoting faster tumor proliferation and
invasion. Adult GBM cells exhibited faster proliferation than pediatric GBM, and DIPG showed
slowest proliferation. These results suggest both patient age and tumor location affects brain tumor
behaviors. Adult GBM PDCs also exhibited very different cell proliferation and morphology from
U87. The hydrogel reported here can provide a useful tool for future studies to better understand
how age and anatomical locations impacts brain tumor progression using 3D in vitro models.
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1. INTRODUCTION

Brain tumors can affect patients of any age and occur in various anatomical locations [1].
Two highly aggressive brain tumors are glioblastoma (GBM), which are found in both adults
and children, and diffuse intrinsic pontine glioma (DIPG), a childhood brain tumor. GBMs
are the most aggressive and common malignant brain tumors (WHO grade IV) [2]. GBMs
typically form in the cerebral hemispheres and can be characterized by various genomic
alterations, including isocitrate dehydrogenase mutations, epidermal growth factor receptor
(EGFR) amplification, phosphatase and tensin homolog deletion, and p53 mutations [3].
Although pediatric GBMs are histologically indistinguishable from adult GBMs, pediatric
GBMs typically exhibit distinct abnormalities, such as K27M and G34V/R gain-of-function
mutations in H3F3A, p53 overexpression, lower prevalence of EGFR amplification and
overexpression, or platelet-derived growth factor receptor amplification [4-8]. GBM patients
typically undergo surgical resection and a combination of radiotherapy and cytotoxic
chemotherapy. Despite aggressive treatment regimens, adult and pediatric GBM patients
face 5-year survival rates of 5% and 5-15%, respectively [9-11]. DIPG is a brain tumor
found exclusively in pediatric patients, representing 10% of all childhood central nervous
system tumors [12]. DIPGs are found in the pons, which controls the body’s most vital
functions, such as breathing, blood pressure, and heart rate. K27M mutations in H3F3A
occur in more than 70% cases of DIPG [13]. Since DIPGs are located in an extremely
delicate region in the brain, surgical resection is impossible, and there are currently no
FDA-approved chemotherapies for DIPG. Radiotherapy only provides temporary control of
the tumor’s growth, and DIPG patients face a 5-year survival rate of less than 1% [14,15].
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To better understand disease progression and improve clinical outcomes, there is a critical
need for experimental models specifically optimized for various brain tumor types to
elucidate tumor biology and screen drug candidates. The current gold standard models for
studying brain tumor cell behavior are 2D culture and mouse models. 2D culture is low cost
and convenient, but suffers from a few key limitations. First, the stiffness of 2D dishes is
on the GPa scale, which is orders of magnitude higher than the stiffness of /n vivo tissues.
Furthermore, 2D culture fails to recapitulate the three-dimensionality and niche cues of the
extracellular matrix. Moreover, 2D culture does not permit studies of tumor cell invasion, a
key hallmark of many tumors including GBM and DIPG. On the other end of the spectrum,
animal models are arguably the closest approximation of the /n vivo tumor niche [16],

but are limited by poor scalability and difficulty for mechanistic studies due to complex
variables.

To bridge the gap between 2D culture and animal models, recent research has demonstrated
that 3D culture can provide an alternative tool to study tumor progression and drug
screening [17-19], with 3D culture better preserves tumor cell phenotype than 2D culture
[18]. Hydrogels have been employed to engineer 3D /n vitro brain tumor models utilizing
naturally-derived materials [20-22]. While naturally-derived materials are biomimetic, they
are subject to limited tunability and batch-to-batch variability. Unlike naturally-derived
polymers, synthetic polymers offer higher degree of tunability and reproducibility [23,24].
Poly(ethylene-glycol) (PEG) is an FDA-approved synthetic polymer widely employed in
fabricating hydrogels for tissue engineering applications. PEG hydrogels allows tunable
physical and biochemical properties, and have been used for growing various cancer cells
in 3D including epithelial ovarian cancer cells [23], melanoma cells [24], and immortalized
adult GBM cells [25].

Previous work on engineering 3D /n vitro brain tumor models are largely limited to adult
GBM tumor cells [20-22, 25-28], yet there is no 3D in vitro brain models designed for
brain tumors from different patient age groups and anatomical locations. Furthermore, most
previous literature primarily employed immortalized cell lines as model cell types, which
differ phenotypically and genotypically from primary tumors [16,29]. To address this critical
gap of technology, the goal of this study is to engineer a PEG-based hydrogel platform as 3D
brain tumor niche that can support patient-derived brain tumor cell cultures (PDCs) isolated
from adult and pediatric brain tumors. Unlike immortalized cell lines, PDCs have been
shown to maintain genomic features of the original parental tumor [30]. In the present study,
we encapsulated PDCs from different patient age groups (adult vs. pediatric) and anatomical
locations (cortex vs. pons).

Based on observations in previous literature [21,22,25,28], we hypothesize that hydrogel
stiffness will impact PDC proliferation and invasion in 3D. To determine an optimal
hydrogel stiffness, we employed a PEG-based hydrogel platform, which allows tunable
stiffness that mimics brain tissues [25]. The stiffness of human brain tissue ranges from

100 to 1000 Pa, and edema in brain can lead to further decrease in tissue stiffness to

45% of normal brain [31,32]. However, how anatomical locations impact brain stiffness
remain largely unknown. While one study shows adult GBM led to increasing stiffness up
to 26kPa [25], another study reports lower stiffness due to peritumoral edema [32]. Stiffness
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characterization on DIPG and pediatric GBM is lacking due to tissue scarcity. Given all
brain tumor start initially from normal brain tissues, we chose hydrogels with stiffness

that covers the full range of normal brain stiffness. Our criteria to identify an optimal
hydrogel formulation was based on its ability to support tumor proliferation and invasion

in 3D [33,34]. PTDX cells were encapsulated in 3D hydrogels with varying stiffness

(40 Pa or 1000 Pa). Cell proliferation and spreading were monitored over 21 days using
brightfield microscopy. Using the optimized hydrogel formulation, we further characterize
cell proliferation and spreading of all four cell lines using immunostaining and biochemical
assays.

MATERIALS AND METHODS

2.1 Materials

8-arm PEG (MW ~ 40 kDa) was purchased from JenKem Technology USA (Allen, TX,
USA). Linear PEG (MW ~ 1.5 kDa) was purchased from Sigma-Aldrich USA (St. Louis,
MO, USA). RGD peptide (CRGDS) and MMP-cleavable peptide (KCGPQGIWGQCK)
were purchased from Bio Basic, Inc (Amherst, NY, USA). Sodium hyaluronate (HA) (MW
~ 20-40 kDa) was purchased from Lifecore Biomedical (Chaska, MN, USA). All other
reagents were obtained from Fisher Scientific (Pittsburgh, PA, USA) unless otherwise noted.

2.2 Cell culture

Adult GBM D-270 MG (aGBM) cells were provided by the lab of Gerald Grant at Stanford
University Medical Center and was derived as previously reported [35,36]. aGBM D-270
MG were expanded in improved minimal essential zinc option medium (Life Technologies)
with 10% fetal bovine serum (Gibco, Life Technologies) and 0.1% gentamicin (Life
Technologies) at 37°C in 5% CO, (media change every other day). Pediatric GBM SU-
pcGBM-2 (pGBM) and DIPG SU-DIPG-VI (DIPG) cells were provided by the lab of
Michelle Monje-Deisseroth at Stanford University. Patient-derived samples were obtained
under an IRB-approved protocol and cultures were generated as previously described [37].
pGBM and DIPG cells were expanded in tumor stem medium consisting of Neurobasal (-A)
(Life Technologies), B27 (-A) (Life Technologies), human EGF (20 ng/ml) (Shenandoah
Biotech, Warwick, PA, USA), human b-FGF (20 ng/ml) (Shenandoah), human PDGF-AA
(10 ng/ml) (Shenandoah), human PDGF-BB (10 ng/ml) (Shenandoah), and heparin (2
ug/ml) (StemCell Technologies, Vancouver, BC, Canada) at 37°C in 5% CO, (media
change once a week). U87-MG (U87) cells were obtained from ATCC (Manassas, VA,
USA) and expanded in Dulbecco’s minimal essential medium (DMEM, Life Technologies,
Carlsbad, CA, USA), supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, Life
Technologies), 100 units/ml penicillin (Life Technologies), and 100 pg/ml streptomycin
(Life Technologies) at 37°C in 5% CO, (media change every other day).

2.3 Hydrogel fabrication

Hydrogels were fabricated using components as shown in Figure 1, which include 8-

arm PEG-norbornene (40 kDa) (PEG-NB), linear PEG-dithiol (1.5 kDa) (PEG-SH), and
thiolated hyaluronic acid (20 — 40 kDa) (HA-SH). All polymers were synthesized in
house as previously reported [38—-40]. For 8-arm PEG-NB, 6 arms were used for hydrogel
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crosslinking, and 2 arms were used for conjugation of biochemical cues. PEG-NB, PEG-SH,
and an MMP-cleavable crosslinker (KCGPQGIWGQCK) were mixed at a molar ratio of
2:3:3 to allow crosslinking and cell-mediated degradation. To fabricate 1000 Pa hydrogels,
3% (w/v) PEG was used. To fabricate 40 Pa hydrogels, noncrosslinkable linear PEG (20
kDa) (16% wi/v) was added to 3% PEG solution, which will diffuse out after hydrogel
formation and further decrease crosslinking density. The hydrogels used in this study

were prepared using the same formulation as reported by our lab previously [25, 41].
Specifically, 1000 Pa hydrogel was fabricated as reported in [25] and 40 Pa hydrogel

was fabricated as reported in [41]. To support cell adhesion, RGD peptide (CRGDS) was
chemically conjugated to PEG-NB at a final concentration of 0.914 mM. To mimic brain
ECM content, HA-SH was chemically incorporated at a final concentration of 0.004%
(w/v), which was selected based on reported values in human brain tissue [42]. To induce
hydrogel formation via thiol-ene photopolymerization, hydrogel components were mixed
together in the presence of photoinitiator Igracure D2959 (0.05% wi/v, Ciba Specialty
Chemicals, Tarrytown, NY, USA). Each hydrogel sample contained 75 pL of hydrogel
precursor solution, which was loaded in a cylindrical-shaped mold (3 mm in height, 5 mm in
diameter). To induce gelation, hydrogels were exposed to UV light (365 nm, 4mW/cm?2) for
5 min at room temperature.

Cell encapsulation in 3D hydrogels

For encapsulation in hydrogels, trypsinized cells were resuspended in the hydrogel precursor
solution at a final concentration of 0.5M cells/ml. 75 L of the cell-containing hydrogel
solution was pipetted into a cylindrical-shaped mold and UV crosslinked as described above.
The samples were then cultured in growth medium as described above at 37°C in 5% CO,.

Cell viability

Initial cell viability was assessed 2 h after hydrogel encapsulation using Live/Dead Cell
Viability Assay kit (Life Technologies). Live/Dead reagent was prepared per manufacturer’s
instructions. Hydrogels were immersed in Live/Dead reagent solution for 40 minutes and
imaged using a Zeiss fluorescence microscope (Zeiss, Oberkochen, Germany).

DNA content

Cell proliferation was measured by quantifying the DNA content on Days 1 and 21 using
Quant-iT PicoGreen assay (Life Technologies). Briefly, lyophilized hydrogel samples (n =
3) were rehydrated and digested using papain (Worthington Biochemical Corp) at 60°C for
16 h. Samples were then vortexed and centrifuged at 10,000 rpm for 5 min at RT. The
supernatant was used to measure DNA content per manufacturer’s instructions.

Immunohistochemical staining

Hydrogels were fixed in 4% PFA for 1 h at RT and washed in PBS. Samples were
dehydrated overnight in 30% sucrose at 4°C and cryopreserved in OCT (Sakura Finetek
USA, Torrance, CA, USA) in liquid nitrogen. Samples were then cryosectioned at —20°C
(14 um thickness). To stain for Ki67, samples were first permeabilized in PBS, pH 7.4
containing 0.4% Triton-X 100 for 1 h at RT. Then, samples were blocked in PBS, pH 7.4
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containing 2% goat serum, 1% BSA, and 0.1% Triton-X 100 for 1 h at RT. Samples were
then incubated overnight with rabbit polyclonal anti-Ki67 antibody (Abcam, Cambridge,
UK) at 4°C, followed by secondary antibody (Alexa Fluor 488 goat anti-rabbit, Invitrogen)
for 1 hr at RT. Cell nuclei were counterstained with Hoechst dye 33342 (Cell Signaling
Technologies, Danvers, MA) for 1 h at RT. Samples were mounted (Vectashield, Vector
Laboratories, Burlingame, CA), and images were taken using Zeiss fluorescence microscope
(Zeiss, Jena, Germany). Quantification of Ki67 positive and negative nuclei was performed
manually using ImageJ software.

staining for confocal imaging

Hydrogels were fixed in 4% PFA for 1 h at RT and washed in PBS. Cell permeabilization
was performed using 0.1% Triton X-100 in PBS. Samples were blocked in 1% BSA, 0.1%
Triton X-100 in PBS overnight at 37°C. F-actin and nuclei were stained using phalloidin-
rhodamine (0.5 pg/ml, Sigma) and Hoechst 33342 dye (Cell Signaling Technologies),
respectively, for 1 h at 37°C. Samples were washed with PBS and incubated in mounting
media (Vector Laboratories) overnight at 4°C. Hydrogels were imaged using Leica SP5
upright laser scanning confocal microscope (Leica, Wetzlar, Germany). Maximal projections
were obtained from 200 pm thick Z-stack with 2 um step size.

29 RT-PCR

Gene expression levels of HIF1a were measured at days 1 and 10. Total RNA was isolated
from hydrogels (n=3/group) using TRIzol (Life Technologies). cDNA was synthesized
using SuperScript 111 First-Strand Synthesis kit (Life Technologies). RT-PCR was then
performed using an Applied Biosystems 7900 Real-Time PCR system (Applied Biosystems,
Life Technologies) using Power SYBR Green PCR Master Mix (Applied Biosystems,

Life Technologies). Relative expression levels of target genes were determined using the
comparative Ct method. Target gene expression was first normalized to a housekeeping
gene, GAPDH, followed by a second normalization to the gene expression level in the
control group (U87 Day 1).

2.10 Statistical analyses

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used to perform statistical
analyses. Unpaired student’s t tests (assuming Gaussian distribution) and two-way analysis
of variance (ANOVA) were used to determine statistical significance (p < 0.05). Error was
reported as standard deviation unless otherwise noted.

3. RESULTS

3.1 Effects of matrix stiffness on tumor cell proliferation and invasion over time

To determine an optimal stiffness that can support PDC cell fates in 3D, hydrogel stiffness
was modulated to achieve stiffnesses of 40 Pa and 1000 Pa based on our previous work [25,
41], which fall within the range of edematous and normal brain tissue stiffness [31,32]. The
various tumor cell types were homogeneously encapsulated as single cells in 3D hydrogels
on day 1 with high cell viability (Figure S1). Using brightfield microscopy, significant
differences in proliferation and aggregate formation based on stiffness were observed for
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the various cell types (Figure 2). aGBM proliferated and formed large cell aggregates in

40 Pa hydrogels, as the cells neared confluence throughout the hydrogel and formed an
interconnected cell network. However, in 1000 Pa hydrogels, aGBM cell proliferation was
attenuated, and cell aggregates were smaller and remained mostly isolated. In contrast,

U87 cell proliferation and aggregate formation was more robust in 1000 Pa hydrogels, as
compared to in 40 Pa hydrogels. In 1000 Pa hydrogels, U87 cells proliferated and formed
many cell aggregates at a high density throughout the hydrogel by day 21. However, in

40 Pa hydrogels, U87 cells remained largely as isolated single cells, forming few cell
aggregates. Similar to aGBM, both pGBM and DIPG cells demonstrated more robust
aggregate formation in 40 Pa hydrogels. In 40 Pa hydrogels, pGBM cells formed large
interconnected aggregates with long extensions. However, in 1000 Pa hydrogels, pGBM
aggregates were smaller and more rounded by day 21. In 40 Pa hydrogels, DIPG cells
formed large, highly diffusive cell aggregates with many branch points by day 21, but these
aggregates were significantly smaller and isolated in 1000 Pa hydrogels. Furthermore, PDCs
exhibited upregulated gene expression of HIF1a at day 10, which were significantly higher
compared to U87. In contrast, there was no significant difference in HIF1la expression in
U87 from day 1 to 10 (Figure S2).

A key hallmark of GBM and DIPG cells is their extreme invasiveness throughout brain
[33,43]. To identify an optimal hydrogel stiffness that can support tumor cell invasion,

cell spreading and morphology were analyzed, as a measure of cell invasiveness, in 40

Pa and 1000 Pa hydrogels (Figure 3). In 40 Pa hydrogels, aGBM cells were significantly
elongated by day 7 and demonstrated considerable spreading by day 21, but remained as
dense, isolated aggregates in 1000 Pa hydrogels over 21 days. In contrast, U87 cells were
able to spread significantly compared to aGBM by day 21 in the 1000 Pa hydrogel. In

the 40 Pa hydrogels, both U87 and aGBM were able to spread to a comparable degree.

For pGBM cells, in 40 Pa hydrogels, cells were more bipolar and elongated by day 7 and
formed cell aggregates with branches composed of many elongated cells. However, in 1000
Pa hydrogels, pGBM cells formed very long, thin cell protrusions by day 7 and remained
as dense cell aggregates with minimal cell protrusions by day 21. In 40 Pa hydrogels, DIPG
cells were significantly more elongated throughout the 21 days of culture. In contrast, in
1000 Pa hydrogels, DIPG cells displayed radial cell protrusions by day 7 and formed dense
aggregates with short, thin protrusions by Day 21.

3.2 Tumor cell proliferation in 3D hydrogels

Based on observations of PDC proliferation and spreading, 40 Pa hydrogels were
significantly more permissive and conducive to facilitating PDC proliferation and invasion
in 3D (Figures 2, 3). Therefore, this hydrogel formulation was selected for further analysis
of PDC behavior in 3D. The degree of tumor cell proliferation was quantified in 40 Pa
hydrogels using proliferative index (% Ki67+) and fold change in DNA content over

Day 1 (Figure 4). aGBM cells had the highest proliferative index (33.6%), followed by
pGBM (21.5%), DIPG (11.3%), and U87 (7.60%) (Figures 4A, B). In agreement with

the brightfield images and proliferative indices, aGBM cells had the highest fold of cell
proliferation (22-fold) after 21 days, followed by pGBM (19-fold), DIPG (12-fold), and U87
(10-fold) (Figure 4C).
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3.3 Tumor cell F-actin cytoskeletal organization in 3D hydrogels

Tumor cell invasion involves numerous cell processes, including organization of the F-actin
cytoskeleton [44]. To further analyze the morphology of tumor cells in 40 Pa hydrogels,
F-actin staining was performed on cell-laden hydrogels on Day 21 (Figure 5). Confirming
our brightfield observations, aGBM cells were able to robustly spread in 40 Pa hydrogels, as
seen by extremely elongated cell morphology and brightly stained F-actin-rich stress fibers
along the cell membrane. Moreover, aGBM cells were able to organize into cell aggregates
bridged together by single cells connected by long cell processes. In contrast, U87 cells
remained largely isolated as single elongated cells with diffuse F-actin staining. pGBM and
DIPG cells did not display extensive single cell elongation. Instead, pGBM cells formed
large, infiltrative cell aggregates composed of cells with smaller bodies at a high cell density.
pGBM cells located at the aggregate periphery showed enhanced F-actin staining along the
cell membrane. Similarly, DIPG cells organized into densely packed infiltrative aggregates
formed from cells with smaller bodies and diffuse F-actin organization.

4. DISCUSSION

Brain cancer affects patients of all ages and can occur in various anatomical locations

with distinct genotypes and phenotypes based on patient age and tumor type [1]. In

the present study, we sought to engineer a 3D hydrogel-based culture system that can
support the proliferation and invasion of PDCs isolated from different adult and pediatric
brain tumors. Based on previous literature, we hypothesized that hydrogel stiffness may

be an important factor that needs to be specifically optimized to facilitate PDC fates in

3D hydrogels [20,22,45]. Our results demonstrate that 1000 Pa hydrogels that previously
supported U87 proliferation and spreading [25] did not support similar behavior for PDCs
isolated from adult GBM, pediatric GBM, and DIPG. Instead, lowering hydrogel stiffness
to 40 Pa significantly enhanced PDC proliferation and spreading after 21 days in culture.
Interestingly, although U87 cells were able to spread in 40 Pa hydrogels, cell proliferation
was significantly attenuated, as compared to in 1000 Pa hydrogels. In addition, there was
significant upregulation in HIF1a expression in the PDCs after day 10 of culture, but not
in U87 (Figure S2). This is accompanied by increased sizeof cell aggregate in the PDCs,
whereas U87 remained mostly single cells (Figure 2). Increasing in cell aggregation may
result in hypoxia within the cell aggregate, which has been reported to induce upregulation
of HIF1a [46]. The opposite trends in cell behavior observed for PDC and U87 cells
underscore potential differences between immortalized cell lines and PDCs. Furthermore,
the various PDCs used in this study displayed significant differences in proliferation and
morphology, highlighting differences between tumor cells isolated from different patient age
groups and anatomical locations. The hydrogel model developed in this report may provide
a valuable 3D /n vitro culture platform that may be universally employed for different brain
tumors and tailored for other tumor types.

Differences between PDC and U87 cell behavior in 3D hydrogels highlight the need for
3D in vitro models that have been specifically optimized for PDCs. Previous literature
has demonstrated that the genomic and gene expression profiles of immortalized cell lines
differ greatly compared to primary tumors [29]. In the present study, our results show
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that immortalized and PDCs behave significantly differently in 3D PEG-based hydrogels
with varying stiffness. The distinct trends observed for PDC vs. U87 cell proliferation and
invasion in response to changing hydrogel stiffness underscore the importance of optimizing
hydrogel stiffness to support PDC fates in 3D. Increasing PEG concentrations stiffen PEG
hydrogels and lead to increased crosslinking density and physical restriction of tumor cells.
Therefore, in order to proliferate and invade in stiffer matrices, tumor cells must degrade
more MMP-degradable crosslinks. In the present study, differences in cell proliferation and
invasion found among the various tumor cell types suggests that each cell type may have
different expression levels of MMPs for matrix remodeling. Low expression levels of MMPs
can lead to more attenuated cell proliferation and invasion in stiffer matrices, which may
have been the case of the different PDCs. Decreasing hydrogel stiffness to 40 Pa hydrogels
resulted in lower crosslinking density, favoring more robust PDC proliferation and invasion.
In contrast, it is possible that for U87 cells potentially through high expression of MMPs
facilitated faster cell spreading and invasion. However, in 40 Pa hydrogels, this may have led
to over-degradation of hydrogel crosslinks, which can reduce the local biochemical ligand
concentration and lead to more attenuated cell proliferation.

Robust PDC proliferation and invasion in 40 Pa hydrogels suggest that this formulation
may have potential to be employed universally for different adult and pediatric brain tumors
(Figures 2, 3). Further characterization of PDC proliferation and morphology in 40 Pa
hydrogels demonstrate that PDCs in 3D hydrogels behave in agreement with expectations
based on /n vivoreports. First, the proliferative indices (Ki67+) of PDCs in 3D hydrogels
fall within the ranges of /n vivo values reported in previous literature (Figure 4B). In adult
patients with GBM, the mean proliferative index was found to be 19.6%, ranging from
1.9% to 58.3% and with more than 39% of patients with proliferative indices greater than
the mean, as reported by Saito et al. from a panel of 43 patients [47]. In our hydrogel,

the proliferative index of aGBM cells was 33.6%. For pediatric patients with GBM, the
mean proliferative index was 32.1%, ranging from 5.6% to 89.5%, as reported by Pollack
et al [48]. pGBM cells cultured in 3D hydrogels had a proliferative index of 21.5%. For
DIPG patients, the proliferative index was 12%, ranging from <1% to 40%, as reported by
Ballester et al. from a panel of 24 patients [49]. In 3D hydrogel, DIPG cell proliferative
index was 11.3%. Furthermore, the trends in proliferative index for the various cell types
showed strong correlation with trends in the fold of cell proliferation, suggesting the
proliferative index may be a predictor of cell proliferation rates in 3D in vitro.

Furthermore, a key hallmark of GBM and DIPG tumor cells is their extreme ability to invade
throughout the dense brain ECM. A significant advantage of using 3D hydrogels as /n vitro
models is the ability to analyze cell invasion in an intact, 3D microenvironment, which is not
feasible using 2D culture and is significantly more challenging using animal models. F-actin
confocal staining of PDCs cultured in 40 Pa hydrogels elucidated significant differences in
cell shape and F-actin cytoskeletal organization, highlighting the diverse cell morphologies
that can arise from tumor cells isolated from different patient age groups and tumor types
(Figure 5, Supplementary Videos S1 — S4). aGBM cells were extremely elongated with
F-actin-rich stress fibers concentrated at the cell periphery, which resembled GBM cell
morphology in /n vivo mouse models [50]. In contrast to aGBM cells, pGBM cells were
mostly rounded with more intense F-actin staining at the cell periphery and organized into
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large diffusely infiltrative cell aggregates. Similarly, in mouse models, pediatric GBM cells
form poorly demarcated masses with high infiltration of tumor cells into neighboring tissue
[51]. Lastly, characteristic of DIPGs /n vivo, DIPG cells also had rounded morphology
with homogeneous expression of F-actin throughout the cytoplasm and formed diffusely
infiltrating cell aggregates [43,52].

Finally, while we demonstrate that PDCs have distinct phenotypic behavior based on patient
age and anatomical location, we acknowledge that one limitation to this study is that we only
have one patient-derived cells per tumor type. It is possible that differences may also exist
among different individual patients within each tumor type. One challenge of studying these
rare disease is tissue scarcity. In the future, as more patient-derived cells become available, it
would be very helpful to apply the hydrogel model reported in this study to assess multiple
patient cell lines for each tumor type.

5. CONCLUSIONS

In summary, here we report a PEG-based hydrogel platform as 3D niche that supports the
proliferation and invasion of PDCs isolated from different patient age groups and anatomical
locations. Our results demonstrate that PDCs displayed distinct stiffness-dependent behavior
when compared to commonly used immortalized cell line, highlighting potential differences
between PDC and immortalized cells. Furthermore, among the various PDC types used

in this study, significant differences in cell proliferation and morphology in 3D hydrogels
underscore the genotypic and phenotypic diversity among different brain tumor types. To
the best of our knowledge, this is the first hydrogel platform shown to support robust cell
proliferation and invasion of brain tumor cells isolated from different patient age groups and
anatomical locations. Such platform may provide a valuable universal culture platform for
developing 3D in vitrotumor models for different brain tumors and other cancer types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGNIFICANCE

Brain tumors exhibit vast genotypic and phenotypic diversity based on patient age

and anatomical location. While hydrogels hold great promise as tools for brain tumor
research by providing 3D /n vitro brain tumor models, previous studies were mostly
limited to only adult glioblastoma using immortalized cell lines. Here we report a 3D
hydrogel platform that supports robust proliferation and invasion of patient-derived brain
tumor cell cultures isolated from adult and pediatric brain tumors from both cortex

and brain stem. Our model validates patient-derived brain tumor cell culture exhibited
significant different behavior from immortalized cell lines, and both age and anatomical
locations impact brain tumor cell fates. The hydrogel reported here can provide a

useful tool to better understand how age and anatomical locations impacts brain tumor
progression using 3D in vitro models.
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Figure 1. Schematic representation of experimental design.
3 different patient-derived brain tumor cell cultures (PDCs) were encapsulated in 3D

hydrogels: aGBM (adult GBM), pGBM (pediatric GBM), and DIPG. An immortalized adult
GBM cell line (U87) was also encapsulated as control. Hydrogel stiffness was modulated by
tuning the PEG concentration (% w/v).
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Figure 2. Effect of matrix stiffness on brain tumor cell proliferation and invasion over time.
Patient-derived brain tumor cell cultures (PDCs) formed larger, more invasive cell

aggregates in 40 Pa hydrogels after 21 days in culture. In contrast, U87 cell aggregate
formation was more robust in 1000 Pa hydrogels. All images are brightfield images. Dark
areas are dense cell aggregates. Scale bar = 500 um.
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Figure 3. Effect of matrix stiffness on brain tumor cell spreading and morphology over time.
Softer hydrogel (40 Pa) supported faster and more elongated cell spreading hydrogels after

21 days in culture. Scale bar = 100 pm.
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Figure 4. Hydrogels supported robust proliferation of brain tumor cells isolated from different
patient age groups and anatomical locations.
(A) Ki67+ staining on day 7. Green = Ki67, Blue = nuclei, Scale bar = 50 um. (B) aGBM

cells had the highest percentage of Ki67+ cells (33.6%), followed by pGBM (21.5%), DIPG
(11.3%), and U87 (7.60%). Percentage of Ki67+ cells on day 7, *p < 0.05, relative to U87.
(C) aGBM cells had the highest fold of cell proliferation after 21 days (22-fold), followed
by pGBM (19-fold), DIPG (12-fold), and U87 (10-fold). Day 21 DNA content normalized to
day 1, *p < 0.05 relative to U87.
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Figure 5. Hydrogels supported extensive spreading of brain tumor cells isolated from different
patient age groups and anatomical locations, as shown by F-actin cytoskeletal staining.

U87 (day 14), aGBM (day 14), pGBM (day 21), and DIPG (day 21). Red = F-actin, blue =
nuclei. Scale bar = 100 um. Z-stack size =200 pum.

Acta Biomater. Author manuscript; available in PMC 2022 February 15.



	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Cell culture
	Hydrogel fabrication
	Cell encapsulation in 3D hydrogels
	Cell viability
	DNA content
	Immunohistochemical staining
	F-actin staining for confocal imaging
	RT-PCR
	Statistical analyses

	RESULTS
	Effects of matrix stiffness on tumor cell proliferation and invasion over time
	Tumor cell proliferation in 3D hydrogels
	Tumor cell F-actin cytoskeletal organization in 3D hydrogels

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

