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Abstract

The interactions between glioma cells and neurons are important for glioma
progression but are rarely mimicked and recapitulated in in vitro three-dimensional
(3D) models, which may affect the success rate of relevant drug research and
development. In this study, an in vitro bioprinted 3D glioma model consisting of
an outer hemispherical shell with neurons and an inner hemisphere with glioma
cells is proposed to simulate the natural glioma. This model was produced by
extrusion-based 3D bioprinting technology. The cells survival rate, morphology, and
intercellular Ca?* concentration studies were carried out up to 5 days of culturing.
It was found that neurons could promote the proliferation of glioma cells around
them, associate the morphological changes of glioma cells to be neuron-like, and
increase the expression of intracellular Ca?* of glioma cells. Conversely, the presence
of glioma cells could maintain the neuronal survival rate and promote the neurite
outgrowth. The results indicated that glioma cells and neurons facilitated each other
implying a symbiotic pattern established between two types of cells during the early
stage of glioma development, which were seldom found in the present artificial
glioma models. The proposed bioprinted glioma model can mimic the natural
microenvironment of glioma tissue, provide an in-depth understanding of cell-cell
interactions, and enable pathological and pharmacological studies of glioma.
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1. Introduction

Glioma is the most frequent primary intracranial
tumor!", which accounts for approximately 25.2% of all
CNS tumors, and about 82.7% of all malignant tumors'®.
Glioma accounts for 51.3% of tumors in children age
0-14 years®?. Among children’s diseases, glioma is ranked
the second in prevalence, just after leukemial. There
has also been a significant increase in malignant glioma
incidence from 2000 to 2018™. Glioma is aggressive
with a tendency to recur. Frequently, it is treated by a
combination of chemotherapy and pharmacotherapy
after surgical resection®*. However, existing drugs have
poor effectiveness, with a median survival period of only
12-15 months®. Meanwhile, there is a high failure rate
of up to 95% in new drug development due to the lack of
adequate screening models. Therefore, the biofabrication
of mimetic glioma models for the better understanding of
the characteristics of the disease, developing antiglioma
chemotherapeutic drugs and personalized treatments, and
prolonging the life of patients is of great significance.

Currently, the models used for glioma research mainly
include animal models and in vitro models’®. Animal
models have been established to study glioma progression
in vivol’l. However, its applications are limited not only by
the interspecies differences between animals and humans,
but also by the long-making process, high cost, as well
as moral and ethical issues”\. In vitro models sprout to
overcome the limitations of animal models. The emphasis
of constructing glioma in vitro models is to simulate tumor
microenvironment (TME), which includes cell-cell and
cell-extracellular matrix (ECM) interactions. The in vitro
two-dimensional (2D) model is most widely used for some
basic drug research due to its simplicity. However, with
cells cultured in a flat dish, 2D model cannot represent
the spatial relationship between the glioma cells and the
other species of cells around them in a natural glioma
tissue, which plays an important role in TME®’.. On the
contrary, the 3D models can better represent similar tissue
in human, which can provide the 3D space for better cell
proliferation and interaction as compared with the 2D
model™, Glioma stem cells (GSCs), which can self-renew
and form 3D spheres known as glioma neurospheres
containing multiple cell types in glioma progression!'"'?),
are used as an important tool for high-throughput drugs
screening!’®!. However, GSCs cannot retain the ECM to
provide the full picture of glioma. Therefore, it is necessary
to design and develop novel glioma in vitro 3D models to
properly reflect the TME similar to that found in vivo.

A growing line of evidence corroborates the fact that
the complex and dynamic cell-cell interactions can affect
the fate of glioma cells and the cells around them, which is a

crucial factor for the development of gliomal!. In the growth
environment of glioma tissue, glioma cells communicate
with surrounding cells through transmembrane receptors,
ligands, and signaling factors, which can regulate tumor
progression!"*!. Several studies have shown that glioma
cells tend to grow around neurons'®”), and neurons can
play a crucial role in the occurrence and development of
gliomal”®. Using optogenetic method in murine model,
Venkatesh et al."¥ demonstrated that neurons facilitated
the growth of glioma cells by secreting neuroligin-3 and
promoted the depolarization and proliferation of glioma
cells. Fu et al." cultured glioma cells and neurons in the
top or bottom chamber, respectively, of 2D trans-well
model. It was found that glioma cells exhibited a higher
proliferation rate (140%), and the neurons underwent
excitotoxicity and damage. These studies indicated
that the direct and indirect activities between neurons
and glioma cells may be critical factors in regulating
glioma progression. Therefore, the study and treatment of
glioma disease will significantly advance, if realistic glioma
models that replicate the microenvironment to examine
the interactions between glioma cells and surrounding
neurons become available. Several models'*?? have been
developed to simulate the complex interactions between
glioma cells and the surrounding neurons in vitro and 3D
co-culture model has the greatest potential among them.

Bioprinting is a range of promising technologies to
fabricate 3D models of in vitro biological tissues due
to its excellent ability of fabricating complex structure
and dispensing multimaterials. Although the printing
resolution of extrusion bioprinting is inferior as compared
to other printing techniques, such as droplet-based inkjet
printing™®! and laser-induced forward transfer?, it has
been reported to present a decreased damage to cells by
adjusting the viscosity of bioink™!. It is also advantageous
as it involves few restrictions on materials, it is convenient
and fast to use, and it can better mimic the native tissue
microenvironment, so it becomes a common way to
fabricate 3D models of in vitro biological tissues®*.. As
the main component of ECM, collagen has excellent
biocompatibility which can support cell growth, migration,
and function®). Besides, collagen shows high viscosity at
low temperature, which makes it one of the most widely
materials for bioprinting®l.

In this study, inspired by the microenvironment in
which glioma cells are surrounded by neurons, a bioprinted
glioma in vitro 3D model with glioma cells in the inner layer
and with neurons in the outer layer (G/N) was creatively
designed and bioprinted to achieve the co-culture of
neurons and glioma cells spatially and functionally. For
comparison, two additional models were developed, i.e., a
3D model with glioma cells in the inner layer and without
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any cells in the outer layer (G) and a 3D model without
any cells in the inner layer and with neurons in the outer
layer (N). The morphology and number of both types of
cells were respectively studied in these three models to
analyze the interactions between neurons and glioma cells
in in vitro glioma tissue. We advance with the novel design
and in vitro 3D model fabricated by extrusion-based 3D
bioprinting to mimic the natural interactions between
neurons and glioma cells, which provides a potential way
to study the pathological process and treatment of glioma.

2. Materials and methods

2.1. Materials

Sprague Dawley (SD) rats and Kunming mice were
provided by the experimental animal center of Fourth
Military Medical University (FMMU) (Xian, China).
GL261 cell lines were purchased from Shanghai Zhongqiao
Xinzhou Biotechnology Co., Ltd (Shanghai, China).
Trypsin, Dulbecco’s modified eagle medium (DMEM),
penicillin/streptomycin, and phosphate-buffered solution
(PBS) were purchased from Hyclone (South Logan, UT,
USA). Fetal bovine serum (FBS), L-glutamine, and B27
neural supplement were purchased from Gibco (Grand
Island, NY, USA). Hank’s balanced salt solution (HBSS) and
LIVE/DEAD Viability/Cytotoxicity Kit were purchased
from Thermo Fisher Scientific (Waltham, MA, USA).
Fluo-4, AM was purchased from Invitrogen (Camarillo,
CA, USA).

2.2, Structure design of the bioprinted glioma
invitro 3D model

In clinical cases, glioma cells are found to be wrapped with
neurons to form a double-layer spherical glioma tissue
(Figure 1A™)). Bearing such architecture in mind, the
design of a novel bioprinted glioma in vitro 3D model (G/N)
was advanced as depicted in Figure 1B. The simplified
bilayer hemispherical model was established as an artificial
3D microenvironment to represent the spherical tissue
and replicate the spatial relationship between neurons and
glioma cells in actual tissues. In this model, the radius of
the inner hemisphere loaded with glioma cells is 4 mm, and
the thickness of the outer layer with neurons is 2 mm. To
probe the interactions between neurons and glioma cells in
the designed model, two controls were set up, which only
contains glioma cells in the inner layer (G, Figure 1C) and
neurons in the outer layer (N, Figure 1D), respectively.

2.3. Cell culture

Mouse primary cortical neurons were isolated from E14
mouse embryos. The optimized methods were carried
out under sterile conditions as fast as possible in order to
avoid obtaining damaged neurons. After decapitation, the
brain was exposed, the meninges of the cortex region were

removed and the cortex tissue was collected and digested
with trypsin for 20 min at 37°C. After incubation, the
reaction was inhibited by the addition of DMEM containing
10% FBS. The supernatant was discarded by aspiration. The
digested tissue was soaked with fresh medium containing
DMEM added with 1% L-glutamine, 2% B27 neural
supplement, and 1% penicillin/streptomycin. The tissue was
mechanically dissociated with a pipette and then filtered
through a 40-pm cell strainer. The volume of 20 pL of cell
suspension was added to 180 uL of DMEM, and 20 uL of
the diluted cell solution was used to perform cell counting
by cellometer (Nexcelom Biosciences). Finally, the cell
suspension was ready for further bioink preparation.

The GL261 cells, the murine glioblastoma multiforme
(GBM) cells, were cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin in advance for a
period of 2 days.

2.4. Bioink preparation

The collagen solution (4 mg/mL) was harvested from the
tail of SD rats and filter-sterilized prior to use. Collagen
solution was mixed with DMEM with a blending ratio of
1:1 (v/v) to prepare collagen solution (2 mg/mL) at 0°C.
A 0.5 M NaOH solution was added dropwise in order to
adjust the pH value to about 7.4. An appropriate amount
of cell suspension was taken according to the amount of
bioink and required cell density (neuron: 6 x 10° cells/mL
and GL261 cell: 1 x 10 cells/mL). After centrifuging the
cell suspension and removing the supernatant, the collagen
solution (2 mg/mL, pH 7.4) was added gradually and
blown gently in order to obtain the neuron bioink and the
GL261 cell bioink (Figure 2A). The prepared bioink was
placed at 0°C for bioprinting.

2.5. Bioprinting of the glioma in vitro 3D model

The bioprinting was performed by an in-house developed 3D
printer (Figure 2B). Bioinks were loaded in printing barrels in
an ice bath and extruded by air pressure. Some main printing
parametersare given as follows: needle travel speed of 15 mm/s,
air pressure of 320 mbar, needle diameter of 0.2 mm, printing
temperature of 0°C, initial layer height of 0.3 mm, and layer
height of 0.2 mm. The bioprinting of the glioma 3D model
was achieved in a two-step manner as depicted in Figure 2B-
G. Firstly, the neuron tissue in the outer layer was formed (a
hemispherical shell with 12 mm external diameter and 8 mm
internal diameter). Then, the glioma tissues in the inner layer
were shaped (a hemisphere with 8 mm diameter). Prior to
bioprinting, the equipment was sterilized with overnight
exposure to ultraviolet (UV) light. The neuron bioink and the
GL261 cell bioink were transferred aseptically into separate
printing barrels with attached needles, and then connected
to the pneumatic hoses of the 3D printer. The G-code was
generated using the printer software and loaded into the 3D
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Figure 1. Diagram of glioma microenvironment and the bioprinted 3D models. (A) Diagram of glioma microenvironment, in which glioma cells are
wrapped with neurons®. (B) The bioprinted glioma in vitro 3D model with glioma cells in the inner layer and neurons in the outer layer (G/N) (d = 8 mm,
D =12 mm). (C) The bioprinted 3D model with glioma cells in the inner layer and no cell in the outer layer (i.e., G). (D) The bioprinted 3D model with no
cells in the inner layer and neurons in the outer layer (i.e., N). The dimensions of the three models are the same.

printer to form the print paths. After the parameter was set
for printing, the bioink was extruded and assembled in a
receiving mold. As the forming container for the model, the
receiving mold consisted of hemispherical silicone negative
mold with a diameter of 12 mm and hemispherical UV-
cured positive mold with a diameter of 8 mm to match the
fabrication method. After printing neuron bioink into the
gap between the positive and negative mold, the resulting
external hemispherical shell was completely crosslinked by
being incubated at 37°C for 30 min. The preliminary model
was taken out of the incubator and gently placed at the center
of the printing platform. The positive mold was removed
and GL261 cell bioink was printed to shape the internal
hemisphere, which was incubated at 37°C for another period
of 30 min. The glioma in vitro 3D model was formed, and
then placed into non-tissue-culture-treated 24-well plates

for culture in the same medium as neurons, which has been
proven to be suitable for GL261 cells. The culture medium
was changed every 48 h.

In addition, in order to better understand the
interactions between neurons and glioma cells in the
designed model, two controls were set up, which were
G and N conditions. For G control, the bioink used was
GL261 cell bioink in the inner layer and collagen (2 mg/mL,
pH 7.4) in the outer layer. For N control, the bioink used was
collagen (2 mg/mL, pH 7.4) in the inner layer and neuron
bioink in the outer layer. The two types of models were
fabricated by means of performing the aforementioned
biofabrication method.

For better representing the hierarchical structure of
the constructed glioma 3D model, Trypan Blue solution
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Figure 2. Biofabrication process of the bioprinted glioma in vitro 3D model. (A) Neurons from embryonic rat or GL261 cells were respectively mixed with
collagen to obtain bioinks. (B) Bioinks were loaded into the barrels of the in-house developed 3D printer, and printing parameters were set. (C) The outer
layer of the 3D model was printed. (D) The outer layer of the 3D model was completely crosslinked by being incubated at 37°C for 30 min. (E) The inner
layer of the 3D model was printed. (F) The inner layer of the 3D model was completely crosslinked by being incubated at 37°C for 30 min. (G) The
bioprinted glioma in vitro 3D model was obtained.

Figure 3. Photographs of the bioprinted glioma in vitro 3D model. (A) The main view of the bioprinted glioma in vitro 3D model whose inner layer was
stained by Trypan Blue. (B) The vertical view of the bioprinted glioma in vitro 3D model whose inner layer was stained by Trypan Blue. (C) The vertical

view of the bioprinted glioma in vitro 3D model with cells. Scale bar = 2 mm.

was added into collagen to print the inner hemisphere,
and Trypan Blue-free collagen was used to print the
outer hemisphere shell. As shown in Figure 3, the model
fabricated by bioprinting method possessed a complete
and clear layered structure, which could be used to explore
the interactions between neurons and glioma cells in vitro.

2.6. Staining and imaging

2.6.1. Cell morphology and distribution

The GL261 cells we purchased were with green
fluorescence so that the cell morphology and distribution
could be observed directly under a laser scanning confocal

microscope (LSCM) (Al, Nikon, Japan). After 5 days
of culture, specimens were mounted onto glass slides.
Observation and photographing were performed, and each
experiment was repeated three times (n = 3).

2.6.2. Intracellular Ca2+

After 5 days of culture, specimens were removed from
medium and washed three times with HBSS. A 4 uM
working solution of fluo-4, AM in PBS was pipetted to
cover the specimens. After a 30 min of incubation at 37°C,
specimens were washed three times with HBSS followed
by another 30-min incubation at 37°C. The fluorescence
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image of Ca®* was examined at excitation wavelength
of 488 nm under a laser scanning confocal microscope
(LSCM) (A1, Nikon, Japan). Image] software was used
for the quantification of fluorescence intensities. Each
experiment was repeated three times (1 = 3).

2.6.3. Live/dead cell assay

LIVE/DEAD Viability/Cytotoxicity Kit was used to label
both live and dead cells in the printed structure. On days
1, 3, and 5 of tissue culture, specimens were harvested
from incubator and washed three times in PBS. Later,
live/dead working solutions were applied simultaneously
to the specimens, and the specimens were then kept in a
dark environment. Specimens were washed once before
imaged. Exciting light waves were of 515 nm and 580 nm
for live and dead cells imaging, respectively. The live cells
were in green whilst the dead cells were in red. Z-stacks of
50-90 um in height were flattened, and the green and red
channels were analyzed separately to determine numbers
of live and dead cells. Live and dead cells numbers were
counted using Image], and the percentage of viable cells
was quantified as the number of live cells divided by the
total number of cells. Each experiment was repeated three
times (n = 3).

2.7. Statistical analysis

Statistical analysis was applied to evaluate significant
differences among experimental data sets. To obtain
statistical results, the number (n) of data sets should
be more than 3, or n >3. Two-way analysis of variance
(ANOVA) was used to investigate the trend of a series of
data sets, whereas t-test was used to compare two data
sets based on the difference of their characteristics. *p,
wxp, sxxp, and s##p were used to measure the degree of
significance: #p < 0.05, *xp < 0.01, **xp < 0.001, and #xxxp
< 0.0001.

3. Results

3.1. Effects of neurons on GL261 cells in the
bioprinted glioma in vitro 3D model

3.1.1. Cell morphology and distribution of GL261 cells
After 5 days of culture, the cell morphology and
distribution of GL261 cells in the different in vitro 3D
models was observed by LSCM (Figure 4A and B).
Visual inspection demonstrated that the morphology and
distribution of GL261 cells co-cultured with neurons in
G/N specimens showed difference in the area far away
from neurons and in the area close to neurons. Thus, the
observation area in specimens were divided into Far area
(the area away from neurons) and Near area (the area near
neurons) (Figure 4C). GL261 cell morphology was found
diverse, i.e., some cells were spherical, and the other were
elongated with filopodium in the Near area in G/N, but

only spherical in the Far area in G/N and in the whole area
in G. In order to quantitatively analyze the distribution
of GL261 cells in different models, the number of GL261
cells in different areas and models was statistically counted
by Image] software (Figure 4D). It was found that the
amount of GL261 cells in the Near area (42.33 + 4.72) were
significantly higher than those in the Far area (21.33 *
2.01) in G/N. In addition, the amount of GL261 cells in
both the Far and Near area in G/N were superior to that
observed in the whole area in G.

3.1.2. Intercellular Ca2+ concentration of GL261 cells
After 5 days of culture, the intracellular Ca* in the
specimens was stained with cell calcium staining agent
and imaged by LSCM (Figure 5A and B). The fluorescence
intensity of the images was carried out with Image]J
software to analyze the intracellular Ca®* concentration
quantitatively (Figure 5C). Similar to cell morphology and
distribution, intracellular Ca’** concentration of GL261
cells in G/N also showed differences in the Far and Near
areas. Compared with the GL261 cells in the Far area in
G/N, those in the Near area in G/N significantly expressed
higher fluorescence intensity of Ca*', which is not found in
G. In addition, the intracellular Ca?* concentration in both
the Far and Near areas in G/N is higher than that observed
in the whole area in G.

3.2. Effects of GL261 cells on neurons in the
bioprinted glioma in vitro 3D model

3.2.1. Survival rate of neurons

After 1, 3, and 5 days of culture, a live/dead assay was
carried out, images of different bioprinted 3D models
were obtained by LSCM (Figure 6A). The survival rate
of neurons was analyzed quantitatively (Figure 6B). On
day 1, it was shown that the neuron survival rate in G/N
was 70.24 £ 2.78%, which was 60.00 + 2.76% in N. After
3 days, the survival rate of neurons in the two models was
approximately equal (87.71 + 1.23% in G/N and 87.36 *
1.19% in N) and much higher than that observed on day 1.
After 5 days of culture, the survival rate of neurons began
to decline in both models, which was 58.31 + 1.09% in G/N
and 54.57 + 1.44% in N. From day 1 to day 5, neurons in
G/N consistently exhibited equal or higher survival rates
than that observed in N.

3.2.2. Neurite characteristics of neurons

As shown in Figure 6A, a superior proportion of neurons
in G/N outgrew neurites and formed connections with
each other than those in N after 1 day and 3 days of culture.
The neurite characteristics of neurons in the bioprinted
3D models were analyzed using Image J software, and the
results obtained are shown in Figure 7. During the 5 days of
culturing, the neurite number of individual neurons in both
G and N models showed a slight decrease. The neurons in
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Figure 4. Morphology and distribution of GL261 cells in G/N and G after 5 days of culture. (A) Confocal images of the GL261 cells in the Far area and Near
area in G/N. (B) Confocal images of the GL261 cells in the Far area and Near area in G. (C) Diagram of the Near area and the Far area in the observation
area of the bioprinted glioma in vitro 3D model (r] =2 mm, r2 =4 mm, r3 = 6 mm). (D) Cell number distribution of GL261 cells in G/N and G. Significance
was calculated using two-way ANOVA followed by ¢-test. All error bars are standard deviation. #p < 0.05, ##p < 0.01, **xp < 0.001, and *##xp < 0.0001,

respectively.
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Figure 5. The intracellular Ca’* concentration of GL261 cells in G/N and G after 5 days of culture. (A) The fluorescence confocal image of intracellular
Ca’ of the GL261 cells in G/N. (B) The fluorescence confocal image of intracellular Ca** of the GL261 cells in G. (C) Quantitative analysis of fluorescence
intensity of Ca** of GL261 cells in G/N and G. Significance was calculated using two-way ANOVA followed by t-test. All error bars are standard deviation.
#p < 0.05, #xp < 0.01, #xxp < 0.001, and #=#=:xp < 0.0001, respectively.
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Figure 6. The survival rate of neurons in G/N and N after 1, 3, and 5 days of culture. (A) Confocal images of live/dead staining (green color: live cells; red
color: dead cells) of neurons. (B) Histograms of the survival rate of neurons in G/N and N. Significance was calculated using two-way ANOVA followed
by t-test. All error bars are standard deviation. #p < 0.05, ##p < 0.01, ###p < 0.001, and =#=::p < 0.0001, respectively.

G/N outgrew significantly more neurites and longer axons
in G/N than that found in N during the 5 days of culturing.

4, Discussion

In conventional cell co-culture models, two or more cell
types are seeded onto 2D planar cell culture dishes or 3D

scaffolds after being mixed evenly, which cannot precisely
represent the spatial relationship of different types of cells
found in vivo2. In this paper, we propose a novel bilayer
glioma 3D in vitro model and provide a step-by-step
biofabrication method utilizing a removable UV-cured
mold to bioprint neurons in the outer layer and glioma
cells in the inner layer. Compared with the traditional
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Figure 7. Neurite characteristics of individual neurons in G/N and N after 1, 3, and 5 days of culture. (A) Number of neurites of individual neuron in
G/N and N. (B) Axon length of individual neuron in G/N and N. Significance was calculated using two-way ANOVA followed by t-test. All error bars are
standard deviation. #p < 0.05, ##p < 0.01, ###p < 0.001, and ###*p < 0.0001, respectively.

method of seeding the mixed cells onto 2D planar cell
culture dishes or 3D scaffolds, this method can realize the
fabrication of a spatially partitioned co-culture model of
neurons and glioma cells, which can best mimic the spatial
relationship of neurons and glioma cells in actual glioma
tissues. The bioprinted glioma in vitro 3D model has a
complete and clear demarcation line between neurons area
and glioma cells area, which provides an adequate model
of glioma tissue.

The microenvironment in which glioma cells live
in natural human tissues is complex, and interactions

between glioma cells and neurons have important
influences for progression of glioma. In the bioprinted
glioma in vitro 3D model, the glioma cells close to neurons
were found elongated with filopodium in morphology.
Filopodium is a typical feature of neural cells, and this
result indicates that neurons promote the transformation
to neuron-like cells of GL261 cells, which is consistent with
the phenomenon observed in vivo!"® and in vitro!!®*3, In
actual glioma tissues, glioma cells outgrow filopodium
to establish electrical connection with neurons around
them® to enhance invasiveness. But on the other hand,
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transformation to neuron-like cells may reduce the
proliferative capacity of glioma cells to significantly
inhibit tumor growth®, and prolong the survival time of
patients®®. Thus, the effects of neurons on glioma cells are
complex and should be further explored by in vivo and in
vitro experiments.

Neurons cultured in the bioprinted glioma in vitro 3D
model showed a higher survival rate, more neurites and
longer axons. After 1 day of culture, the reason for the low
survival rate of neurons in both models may be attributed
to the fact that neurons may be damaged in the process of
isolation and did not adapt to the 3D matrix materials in
the initial stage. After 3 days of culture, with the adaptation
of neurons to 3D culture environment, the survival rate of
neurons in both models increased significantly (27.36% in
G/N and 17.47% in N), and the neurons showed a good
spreading and presented a large number of neurites. After 5
days of culture, neurons become apoptotic, resulting in the
decline of survival ratel*”). During the 5 days of culturing, the
significantly higher survival rate, more neurites and longer
axons of neurons in G/N than in G indicates that glioma
cells may trigger synaptic differentiation and neuronal
process growth®*! and increase the hyperexcitability of
neural circuits!**+,

Ca* is closely related to cell proliferation, neuronal
plasticity, and intracellular signal transduction*#!. Ca?*
can regulate cell behaviors of glioma cells, including cell
proliferation, migration, invasion and apoptosis®**. Our
results indicated that neurons may promote the expression
of Ca* in glioma cells, which is possibly related to the
extracellular K* during neuronal activity!'”), but needs to be
verified by further experiments. During the development
of glioma, Ca?* activates ERK/MAPKs"! and PKAF
pathways of glioma cells and promotes glioma cells to
produce synaptic plasticity required for migration and
invasion™), so as to promote glioma progression'*!, which
may further explain that GL261 cells around neurons in
our study have experienced neuron-like transformation
and increased in number when their intercellular Ca*
concentration increased. On the other hand, the increase of
Ca” in glioma cells may stimulate glioma cells to produce
glutamate and release it to surrounding cells***"), leading
to the excitotoxicity and the enhancement of synaptic
plasticity of surrounding neurons, which can further
explain that neurons near GL261 cells in our study show
more neurites and longer axons. In addition, the increase
of glutamate caused by the increase of Ca’* can further
stimulate the growth of adjacent glioma cells!®*¢?. All these
evidences, combined with our results, indicate that one of
the ways that neurons promote glioma progression is to
promote the expression of Ca?* in glioma cells'®”), leading
to the deterioration of gliomal®. Therefore, targeting

Ca? signaling pathway may be a new strategy for glioma
treatment/®),

Our results support the idea that the interactions
between neurons and glioma cells are complex and
bidirectional®). Ideally, new antiglioma therapies should
take advantages of the cell-cell interactions in glioma
tissues to minimize the damage and improve the efficacy!*l.
For example, in clinical and research settings, noninvasive
brain stimulation (NiBS) involves applying magnetic or
electrical fields to modify neuronal activity®” in order to
modulate the behaviors of glioma cells, so as to influence
the development of glioma. However, the mechanism of
this treatment is still unclear and its efficacy is difficult to
predict. The studies about the complex interactions between
glioma cells and their surrounding neurons are urgently
needed to improve the understanding and therapies.
Herein, the bioprinted glioma in vitro 3D model provides
a novel model to understand and utilize the complex
interactions between glioma cells and their surrounding
neurons, and a two-way promotion relationship between
glioma cells and neurons around them in the early stage of
glioma is shown, which will promote the development of
new glioma treatment methods, such as NiBS.

The complex microenvironment of glioma includes
multiple cells and biochemical factors, which matters in
the progression of gliomal®’. In this study, we only included
neurons and glioma cells, which results in an inconspicuous
glioma invasion. Besides, cells like astrocytes and
microglia support the survival and function of neurons!®®,
and the lack of these cells leads to the imbalance of the
microenvironment of the model; therefore, the survival
time of the model is short and then, the neuron death
occurs. However, since 3D printing can produce complex
structures containing multiple materials, it is promising to
integrate other cells and biochemical factors in this model
to make it closer to natural glioma tissue to solve existing
problems and provide more accurate pathological and
pharmacological models for glioma in the future.

5. Conclusion

In this study, a bioprinted glioma in vitro 3D model was
constructed using a step-by-step bioprinting method to
reproducibly and better control the spatial relationship
between glioma cells and neurons in natural human glioma
tissue. Our findings indicated that the proposed bioprinted
glioma in vitro 3D model is better suited to mimic the
state of glioma encapsulated by neurons found in vivo.
In the bioprinted glioma in vitro 3D model, the glioma
cells around neurons showed larger number, neuron-like
morphology, and higher intracellular Ca** concentration.
An appropriate amount of glioma cells was found to
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improve the survival rate of neurons and synaptic growth
in the bioprinted glioma in vitro 3D model. These results
are an indication of the two-way promotion relationship
between glioma cells and neurons around them in the
early stage of glioma. A better understanding of this under-
recognized phenomenon that occurs in the glioma tissue
may reveal promising new approaches for the development
of novel therapeutics and personalized treatments aimed
at addressing such devastating group of neural cancers.
Besides, this study proves that reproducing the in vivo
events in 3D-printed glioma model is possible, which is
promising in promoting personalized 3D pharmacological
and pathological glioma model.
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