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Abstract

Glioma is a highly aggressive form of brain cancer, with some subtypes having 5-year survival rates of less than 5%. Tumour cell
invasion into the surrounding parenchyma seems to be the primary driver of these poor outcomes, as most gliomas recur within
2 cm of the original surgically-resected tumour. Many current approaches to the development of anticancer therapy attempt to
target genetic weaknesses in a particular cancer, but may not take into account the microenvironment experienced by a tumour
and the patient-specific genetic differences in susceptibility to treatment. Here we demonstrate the use of complementary
approaches, 3D bioprinting and scaffold-free 3D tissue culture, to examine the invasion of glioma cells into neural-like tissue
with 3D confocal microscopy. We found that, while both approaches were successful, the use of 3D tissue culture for organoid
development offers the advantage of broad accessibility. As a proof-of-concept of our approach, we developed a system in which
we could model the invasion of human glioma cells into mouse neural progenitor cell-derived spheroids. We show that we can
follow invasion of human tumour cells using cell-tracking dyes and 3D laser scanning confocal microscopy, both in real time and
in fixed samples. We validated these results using conventional cryosectioning. Our scaffold-free 3D approach has broad
applicability, as we were easily able to examine invasion using different neural progenitor cell lines, thus mimicking differences
that might be observed in patient brain tissue. These results, once applied to iPSC-derived cerebral organoids that incorporate the
somatic genetic variability of patients, offer the promise of truly personalized treatments for brain cancer.
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Abbreviations Introduction

Cx43  connexin43

GFAP glial fibrillary acidic protein The host environment surrounding cancer cells intimately af-
DAPI  4'-6-diamidino-2-phenylindole fects the malignancy of human tumours. Most cancer treat-
iPSC  induced pluripotent stem cell ments aim to destroy tumour cells by taking advantage of

their accelerated growth, but much less effort is dedicated
to addressing the contribution of host tissue in mediating
the resistance of tumour cells to therapeutic treatment.
Tumour cells interact dynamically with one another and
with the surrounding environment so as to support tumour
cell invasion (Nevo et al. 2014).
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cells are also prominent in the brain tumour environment
(Quail and Joyce 2017). We recently showed that expression
of connexin43 (Cx43), a major gap junction protein in astro-
cytes, is significantly enhanced in glioma-associated astro-
cytes, especially at the region adjacent to the tumour core
(Sin et al. 2016), further implicating the tumour
microenviroment in cancer development.

The tissue environment that envelops the glioma cells not
only affects the dissemination of cancer cells, but also affects
the susceptibility of cancer cells to therapeutic intervention
(McMillin et al. 2013). Increasing evidence suggest that so-
matic alterations of the genome in host tissue contributes to
tumour invasion (Eng et al. 2009; Carter et al. 2017).
Therefore, the need is not only to be able to culture patient-
derived tumour cells, but also to simultaneously culture nor-
mal host tissue from the same patients to achieve the ultimate
goal of personalized medicine. Indeed, others have found that
sequencing to identify genomic mutations alone is insufficient
to identify the best therapeutic options for patients; on the
other hand, a tumour organoid culture will retain enough cel-
lular complexities to accurately assess therapeutic response
(Pauli et al. 2017). An early study indicates that 90% of recur-
rent gliomas occur within 2 cm of the resected tumour
(Hochberg and Pruitt 1980), well within the corresponding
region in mice that shows active gliosis with an increased
number of reactive astrocytes (Sin et al. 2016).

In order to investigate the mechanisms of glioma invasion
in a defined multicellular system with a tumour boundary that
mimics the intact brain environment, we set out to develop a
scaffold-free 3D culture-based platform that accounts for both
the tumour and its interaction with the surrounding tissue, for
potential translation to patient-specific drug screening. Such a
platform would also allow us to identify and study other
mechanisms regulating invasiveness of gliomas. Our ulti-
mate objective is to optimize a scaffold-free 3D platform
with the potential for translational application; we will
accomplish this by co-culturing patient-derived glioma
cells with normal tissues generated from patient iPSCs
to mimic the invasive niche we observed at the tumour-
stromal interface in vivo (Sin et al. 2016).

Materials and methods
iPSC Cell culture and spheroid formation

iPSC-derived human neural progenitor cells were purchased
from Axol Bioscience and cultured according to the manufac-
turer’s instructions. GFP labeled U118 human glioma
cells (Aftab et al. 2015) were cultured in DMEM-HG contain-
ing 10% fetal bovine serum (FBS). Spheroid formation was
performed with 96-well U-bottom plates (PrimeSurface 96 U
Plate, #MS-9096 U; Sumitomo Bakelite Co., Ltd.). iPSC-
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derived human neural progenitor cells (40,000 cells/well)
were seeded in 96-well plates and cultured for 48 h. GFP-
labeled U118 human glioma cells (10,000 cells/well) were
seeded in another 96-well plate and cultured for 48 h. The
diameter of both kinds of spheroids were around 500 pum.

3D bioprinting and maturation of neural organoid

A 3D bioprinter (Regenova; Cyfuse Biomedical K.K., Tokyo,
Japan) was used to assemble spheroids. The procedure has
been described elsewhere (Kizawa et al. 2017). Briefly, the
3D bioprinter is fitted with a 9 x 9 array of needles. The
needles have a diameter of 0.17 mm, and the needle bed has
a pitch (the distance between needles) of 0.40 mm, for a total
usable size of 3.20 mm square x 10.0 mm height. The spher-
oids were individually picked up from 96-well plates by a
robotically controlled fine suction 27-gauge nozzle (inner di-
ameter 0.19 mm), and stuck into a needle. The 3D schematic
(top view) is shown in Fig. la. At first, 8 neurospheres were
skewered on the needle array (1st printing) and cultured in
neural maintenance medium for 3 weeks in a sterilized con-
tainer, when the neurospheres had fused and matured to a
neural organoid. Thereafter, a GFP-labeled U118 glioma
spheroid was printed on the top of the neural organoid (2nd
printing) and co-cultured for several weeks to allow invasion.
Finally, the neural organoid with glioma was removed from
the needle array and evaluated.

Histological Preparation and immunofluorescence
in needle array-prepared spheroids

Neural/glioma organoids were fixed with 4% paraformalde-
hyde at4 °C for 3 h and then rinsed twice with 15% sucrose in
PBS. The organoids were frozen in Tissue-Tek OCT com-
pound (Sakura Finetechnical) prior to sectioning with a cryo-
stat to generate 10 um slices. Cryosections were blocked for
1 h at room temperature in 2% BSA and 0.3% Triton X-100.
Sections were then incubated overnight at 4 °C in 1% BSA
and 0.1% Triton X-100 with either rabbit anti-Cx43 (Sigma,
1:800) or mouse anti-GFAP (Sigma, 1:800). Sections were
then probed with Alexa Fluor 543-conjugated anti-mouse
and Alexa Fluor 647-conjugated anti-rabbit secondary anti-
bodies (Invitrogen, 1:500), mounted in Prolong antifade
mounting media (Invitrogen) with 4'-6-diamidino-2-
phenylindole (DAPI) (Invitrogen) and visualized with a
Leica TCS SP5 11 Basic VIS confocal system.

Scaffold-free 3D cultures

Brain tumour stem cells GBM4 (Wakimoto et al. 2009;
Wakimoto et al. 2012) were cultured in NeuroCult media
(STEMCELL Technologies) according to the manufacturer’s
instructions. Mouse neural stem cells were isolated from
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Fig. 1 Using the “Kenzan”

method to develop a 3D model of
glioma invasion. A Experiment
schematic. iPSC-derived human
neurospheres were arrayed on
fine needles and allowed to ma-
ture for 3 weeks. Then, a spheroid

[

=
3wks
(maturation)

—
2,3,4wks
(invasion)

of U118 human glioma cells ex-
pressing a GIPZ-GFP construct
was placed on top and allowed to
invade for a number of weeks. B
Photograph of the needle array,
taken immediately after U118
docking. U118 cells express GFP,
and are indicated by the red ar-
rowheads. C Confocal image of
one section of a cell mass similar
to that shown in B, with staining
for DNA (DAPI), glia (GFAP),
Cx43, and GFP-labelled U118
cells. D Higher magnification on
the red box shown in ¢, indicating
invasion of U118 cells into the
neural spheroids

U118-GFP

embryonic day 16 brain following the same procedure as the
isolation of cortical neurons, as previously described (Sin et al.
2009) and modified (Ahlenius and Kokaia 2010). Briefly, iso-
lated mouse cells were triturated in 200 pl DMEM/F12 with-
out serum and plated 2 X 10° cells in a T25 flask in complete
DMEM/F12 media containing 2 mM glutamine (Invitrogen),
B27 supplement (Invitrogen), 20 ng/ml EGF (Sigma) and
10 ng/ml bFGF (Sigma). Neurospheres were trypsinized and
expanded when they reached 100 um in diameter.
Neurospheres were cryopreserved as 50 um spheroids in
complete media with 10% DMSO. All breeding and ani-
mal procedures were approved by The University of
British Columbia Animal Care Committee and performed
in accordance with the guidelines established by the
Canadian Council on Animal Care.

Neurospheres (GBM4, CD1, and C57BL) were cultured
and maintained in DMEM/F12 supplemented with 1X B27
supplement (Life Technologies), 10 ng/L bFGF (Sigma), and
20 ng/L rhEGF (STEMCELL Technologies). GBM4 cell cul-
tures were supplemented with heparin (0.0002% w/v); CD1
and C57BL cell cultures were supplemented with 1X
penicillin-streptomycin (Life Technologies). GBM4 cells
were subcultured by trituration of spheroids. CD1 and
CS57BL cells were subcultured using Accutase (STEMCELL
Technologies) according to the manufacturer’s instructions.
To generate spheroids for invasion experiments, 10° isolated

cells were cultured in 6-well plates with gentle rotational shak-
ing at approximately 34 rpm and allowed to form spheroids
for 1-3 days, typically with staining (see below), prior to
combining. Combination was achieved by transferring spher-
oids to a 2.0 mL Eppendorf tube using a sterile plastic eye-
dropper, washing once in PBS, then combining the spher-
oids of interest at the bottom of a 1.5 mL Eppendorf tube
for 1 h. Aggregated spheroids were then returned to shak-
ing for the desired amount of time, or prepared for live
imaging (see below).

Fixation and staining of self-assembled spheroids

Resuspended cells were stained with CellTracker® Red
CMTPX or CellTracker® Blue CMAC (Molecular Probes)
and allowed to self-assemble into spheroids prior to aggrega-
tion. Cell aggregates were fixed in 4% paraformaldehyde/PBS
for 30 min with gentle inversion, then washed 3X in PBS and
stained with 100 ng/mL Hoechst dye overnight prior to
imaging.

Imaging
3D confocal imaging was conducted using a Leica TCS SP5 II

Basic VIS system (Leica Microsystems, Concord, ON,
Canada). For live cell imaging, aggregates were mounted in
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0.6% noble agar/PBS that had been cooled to 39 °C prior to
imaging in a 35 mm glass bottom dish (MatTek Corporation).
The mounted aggregates were incubated in complete medium
supplemented with HEPES pH 7.4 to 10 mM. A 37 °C heater
was used to heat the imaging chamber beginning at least 3 h
prior to the start of live cell imaging. Images were analyzed,
including color merging, maximal projections, and 3D recon-
structions, using ImagelJ software (National Institutes of
Health, USA).

Cryosectioning of self-assembled spheroids

Cell aggregates were incubated overnight in 30% sucrose/
PBS + 0.05% NaNj;. The aggregate was then embedded into
OCT compound (Tissue-Tek) and subjected to cryosectioning
to generate 20 um thick slices.

Results

We used a scaffold-free human glioma model that involves
encompassing glioma cells with normal tissue because of the
possibility that matrix proteins used for scaffolding are bioac-
tive and affect the invasiveness of tumour cells (Pickup et al.
2014). As a proof-of-concept, we collaborated with Cyfuse
Biomedical K.K., (Tokyo, Japan) to use their Bio 3D printer
Regenova® based on their proprietary ‘Kenzan’ method
(https://www.cyfusebio.com/en/product/device/) to produce a
scaffold-free human neural microenvironment. Human
neurospheres consisting of iPSC-derived human neural pro-
genitor cells (Axol Bioscience) were placed in fine needle
arrays and merged to form a neural organoid (Fig. la, b).
Using cryosectioning and confocal imaging, we were able to
observe the implanted U118 human glioma cells expressing a
GIPZ-GFP construct (Aftab et al. 2015) within the human
neural tissue invading into the organoid (Fig. lc, d).
However, immunostaining for glial fibrillary acidic protein
(GFAP) and Cx43, markers of astrogliosis (Ridet et al. 1997,
Fawcett and Asher 1999; Sofroniew 2009; Theodoric et al.
2012), shows that, contrary to what we found in mouse brains
(Sin et al. 2016), no gliosis is observed surrounding the tu-
mour or invading cells.

As our main objective is to develop a brain cancer model
that addresses tumour-stromal interactions, it is not necessary
to have the precise spatial control made possible by the needle
array. Thus, we sought to develop an alternative method
adapted from a protocol optimized for culture of large cerebral
organoids (Lancaster and Knoblich 2014) without the need for
a bioprinter. We sought to develop a simple system that could
follow glioma invasiveness quickly and with minimal post-
processing of acquired images. As a proof-of-principle, we
first asked whether human glioma cells, when allowed to
self-assemble into tumour-like spheroids, would invade
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Fig.2 GBM4 cells invade a CD1 neural progenitor cell-derived spheroid.
A Schematic of experiment. GBM4 cells were stained with CellTracker®
Red CMTPX dye. Cells were incubated with rotational shaking for 3 days
to develop into spheroids. Spheroids were collected, combined and
allowed to settle at the bottom of a 1.5 mL Eppendorf tube for 1 h, then
were returned to rotational shaking for 3.5 h prior to fixation in 4%
paraformaldehyde and staining with Hoechst dye. B Maximum projection
of'the spheroid aggregate. CD1 cells are stained blue, and GBM4 cells are
stained red and blue. Invasion of GBM4 cells into CD1 spheroid is evi-
dent. Scale bar indicates 1000 um. Inset: 3D reconstruction of the image
stack used to generate b, rotated 90°. The relative locations of six selected
cells are indicated with yellow dashed line

similarly self-assembled neural progenitor cell spheroids. We
selected mouse embryos as a source of neural progenitor cells
due to their availability and ease of culture. The use of mouse
cells also opens up the possibility of using neural stem cells
derived from transgenic mice to confirm findings concluded
from in vivo intracranial mouse models. The human glioma
cell line GBM4 (Wakimoto et al. 2009; Wakimoto et al. 2012)
and mouse neural progenitor cells from the CD1 background
were incubated with gentle rotational shaking and allowed to
self-assemble into spheroids (Fig. 2A). After 72 h of incuba-
tion, spheroids were combined for 4.5 h, then fixed and im-
aged using 3D confocal microscopy (Fig. 2B). We observed
that GBM4 cells invaded into the CD1 neural progenitor cell-
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Fig. 3 Time-lapse images of
invasion of GBM4 cells into a
CDI neural progenitor cell-
derived spheroid. GBM4 cells
were stained with CellTracker®
Red CMTPX dye, and CD1 cells
were stained with CellTracker®
Blue CMAC dye. Similar to 2A,
cells were incubated with rota-
tional shaking for 3 days to de-
velop into spheroids. Spheroids
were collected, combined and
allowed to settle at the bottom of a
1.5 mL Eppendorf tube for 1 h
and the aggregate was mounted in
noble agar in a 35 mm imaging
dish. Images were taken 1 h apart.
Scale bar: 100 um

derived spheroid. We measured the invading distance of the 6
cells indicated in Fig. 2B to be between approximately 100
and 200 pm in the xy direction, and between approximately 5
and 30 pum in the z direction. In order to follow glioma cell
invasion in real time, we carried out time-lapse imaging with
living spheroids. Snapshots from this time lapse series (Fig. 3)
show the invasion of GBM4 cells into a CD1 spheroid in real

A

time. These images have been compiled into Supplementary
Video 1 (https://drive.google.com/file/d/1vR9IG18FDh78
JviostHbCVe2H5HK8CbF/view?usp=drivesdk). To ensure
that invasion of human glioma cells into mouse neural
progenitor cell-derived spheroids was a general phenomenon,
we carried out similar experiments using neural progenitor cells
derived from the C57BL strain. Similar to CD1, we observed

Fig. 4 Invasion of GBM4 cells into C57BL neural progenitor cell-
derived spheroids. A Fixed imaging of invasion. GBM4 cells were
stained with CellTracker® Red CMTPX dye, and C57BL cells were
stained with CellTracker® Blue CMAC dye. Cells were grown into
spheroids separately for 48 h, and then were allowed to adhere at the
bottom of a 1.5 mL Eppendorf tube for 1 h. Aggregates were subsequent-
ly incubated with shaking for a further 24 h prior to fixation for 30 min

with 4% PFA in PBS. B Time-lapse images of invasion of GBM4 cells
into C57BL neural progenitor cell-derived spheroids. Cells were stained
and incubated as in A, except that, after 1 h of incubation at the bottom of
a 1.5 mL Eppendorf tube, the aggregate was mounted in noble agar in a
35 mm dish and subjected to live, time lapse imaging. Images were taken
1 h apart
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Rough
schematic

Fig. 5 Validation of confocal
microscopy-based invasion assay
using conventional
cryosectioning. The GBM4 (red)
and C57BL (blue) aggregate was
subjected to cryosectioning with
20 pm thick slices. Sections are
arranged in reading order (left to
right, top to bottom). Red-stained
cells bounded on all sides by blue
cells of at least 20 um depth are
indicated by yellow circles

invasion of GBM4 cells into C57BL neural progenitor cell-
derived spheroids (Fig. 4A), which we verified again using live
cell-based, time-lapse imaging (Fig. 4B). Taken together, we
are able to observe and capture 3D invasion of glioma cells into
mouse neural spheroids using 3D confocal microscopy.

Finally, it is possible that what we see as “invasion” using
3D confocal microscopy is an artifact of glioma cells migrat-
ing across the surface of the mouse neural progenitor cell-
derived spheroids. To rule this out and thereby validate our
approach, we subjected the aggregate shown in Fig. 4A to
conventional cryosectioning, with 20 um thick sections
(Fig. 5). The presence of GBM4 cells, surrounded by at
least 20 um of C57BL cells above and below, positively
demonstrates that we are in fact seeing invasion deep
into the mouse spheroids, as opposed to migration
across the mouse spheroid surface.

Discussion
In this work we have demonstrated two approaches to model-
ing glioma invasion into brain parenchyma: combining glio-

ma cells and human neural spheroids using 3D bioprinting,
and combining scaffold-free, self-assembled human glioma
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cell spheroids and mouse neural progenitor cell-derived spher-
oids. We have shown that both approaches can be used to
follow the invasion of glioma cells into neural-like tissue,
and have carried out proof-of-principle experiments to dem-
onstrate that 3D tissue culture followed by 3D confocal mi-
croscopy can be used to follow invasion of glioma cells into
neural-like tissue, both in fixed samples and in real time. This
will form the basis of future experiments using human
iPSC-derived neural progenitor cells in place of mouse
embryonic neural progenitor cells, before ultimately
moving towards modeling glioma invasion into cerebral
organoids (Lancaster and Knoblich 2014).

Our work builds on similar work by others; for exam-
ple, Dai and colleagues used 3D bioprinting of glioma
cells in a gelatin-alginate-fibrinogen hydrogel to show
that such techniques are conducive to the culture of glio-
ma cells generally (Dai et al. 2016). However, the use of
3D culture and 3D bioprinting to generate brain-like tis-
sues has inherent limitations: the main challenge, besides
inclusion of a vascular element, is to generate normal
neural tissue with a 3D architecture containing the proper
cell types that will exhibit inflammatory responses similar
to an intact brain. For example, our pilot experiment using
neural-derived iPSCs (Fig. 1) did not exhibit reactive
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gliosis around the tumour core, as we observed in mouse
brains (Sin et al. 2016). Similarly, gliosis was not observed
in the mouse spheroid at the glioma — mouse cell interface
(data not shown), suggesting other cell types, such as microg-
lia, may be necessary for this process to occur. Progress has
been made in demonstrating the successful generation of ma-
ture human astrocytes in 3D iPSC-derived spheroids showing
the feasibility of generating tissue that resembles an intact
brain (Sloan et al. 2017). Attempting to recapitulate in vivo
tissue architecture with 3D bioprinting is an area of active
research (Knowlton et al. 2018) and Krencik and colleagues
recently developed a systematic means to co-culture human
neurons and astrocytes that appears to recapitulate neuronal
connections seen in vivo (Krencik et al. 2017). Thus, our fu-
ture work will incorporate our experience obtained here and
these latest advances to develop more representative human
3D neural cultures.

Asdiscussed earlier, our current glioma/neural organoid body
does not contain microglia, the immune cells of the brain and a
prominent cell type in the glioma environment (Charles et al.
2011; Sin et al. 2016). As microglia have a very different embry-
onic origin (Ginhoux et al. 2010) and iPSC-derived microglia
demand different culture conditions from neural cells (Abud et al.
2017), one option in our system would be to add well-
characterized microglia-secreted cytokines, such as IL-13 and
TNF«, into the culture medium of our glioma/neural tissue
organoid to simulate the presence of reactive microglia
(Cunningham 2013). Recent advances in the generation of
iPSC-derived microglia (Muffat et al. 2016; Abud et al. 2017,
Pandyaetal. 2017) also suggest it may soon be possible to culture
microglia and neural-derived cell types together. Finally, the pro-
liferation of endothelial cells is critical for tumour-associated
angiogenesis (Ezan etal. 2012; Boulay et al. 2016). Recent work
has shown the feasibility of 3D bioprinting large tissues with
complete blood vessels (Kolesky et al. 2016), and others have
described the self-assembly of endothelial cell and smooth mus-
cle progenitors into structures resembling blood vessels using the
Kenzan method (Moldovan et al. 2017). Further work is neces-
sary to determine whether the incorporation of commercially
available human endothelial cells into a self-assembling platform
such as the one described here will lead to biosimilar blood vessel
formation.

A personalized glioma platform utilizing iPSCs ob-
tained from patients will account for both tumour micro-
heterogeneity and genetic somatic variation. The devel-
opment and translation of a 3D model that not only
mimics the cellular architecture normally found in living
tissues but that allows assessment of tumour response to
anticancer therapy will complement the current initiative
for personalized medicine. Although this work was initi-
ated with brain cancer in mind, our 3D model can be
easily adapted for personalized drug screening applicable
to all kinds of cancer.
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