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ABSTRACT
Glioblastoma (GB) cells actively interact with the central nervous system (CNS) tumor microenvironment (TME). These 
interactions, particularly with neurons, require a better understanding. 3D tumor models replicating the human TME are 
needed to unravel pathological processes and to test novel treatments for efficacy and safety. We developed a novel 3D human 
coculture model for studying neuron�GB interactions. The model revealed both structural and functional interactions 
between cell types. Paracrine communication in the coculture model favored a tumor-supportive environment. Notably, 
cell-specific calcium signaling characteristics differed in cocultures compared to monocultures, highlighting the impact 
of interactions on cellular functionality in TME. The safety of a clinically used treatment, temozolomide, was tested in the 
3D coculture model, and it selectively inhibited GB invasion while preserving neurons’ morphology and functionality. The 
established model provides a tool for dissecting the interactions within the TME and testing the efficacy and safety of novel 
treatments.

1   |   Introduction

Diffuse gliomas are primary brain tumors that are difficult to 
treat [1]. Glioblastoma (GB) is the most aggressive and common 
form, with an average survival time of only 15 months after 
diagnosis [2]. The standard of care for GB patients includes 

surgical resection followed by radiotherapy and chemotherapy 
with temozolomide (TMZ). Unfortunately, these treatments 
have poor clinical efficacy or result in high recurrence rates 
due to the infiltrative nature of the cancer cells and drug re-
sistance of heterogeneous GBs [2]. Despite improvements in 
cancer research overall, GBs are still the most common cause 
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of mortality from brain tumors and are among the most lethal 
cancers [3].

In vivo, GB cells reside in a specific niche in the central ner-
vous system (CNS) called the tumor microenvironment (TME) 
which contains nontumor cells, such as neurons and astro-
cytes, stromal components, vascular elements, and extracellu-
lar matrix (ECM) molecules [4]. CNS-GB crosstalk plays a key 
role in tumor development [5]. Importantly, neurons prompt 
glioma growth by electrochemical signals at neuron�glioma 
synapses [6, 7]. GB cells communicate with each other via in-
tercellular calcium ion (Ca2+) waves [8], while neuronal input 
increased the Ca2+ signal frequency in high-grade glioma cells 
in 2D in�vitro cocultures and in�vivo xenograft mouse models 
[6, 7, 9]. Conversely, GB cells can affect Ca2+ activity in neu-
rons [10]. In addition, evidence of paracrine signaling between 
neurons and high-grade glioma cells has been shown [11]. 
Taken together, there exists a possibility to obstruct neuron�
glioma crosstalk to hinder tumor progression [12]. However, 
a more comprehensive understanding of these interactions at 
the functional level is needed to test both the safety and effi-
cacy of different treatment strategies.

TME has an important role in brain cancer pathogenesis and 
treatment response [12]. Most of the current in�vitro GB model-
ing approaches have focused on immunologic interactions in the 
TME [13�15]. Although traditional 2D cancer cell models have 
led to many important findings over the past century [16], they 
usually do not consider the influence of the TME. In contrast, 
3D culture conditions offer the possibility to incorporate parts 
of the native TME into in�vitro models. For instance, patient-
derived GB organoids imitate the hypoxic and heterogeneous 
characteristics of tumors [17], while human cerebral organoids 
cocultured with GB cells incorporate healthy brain cells around 
the tumor mass [18, 19]. However, organoids are laborious mod-
els with low throughput and lack ECM components. To study 
invasion and ECM influence, 3D hydrogel-based models have 
been established [13, 20, 21], while coculture models are conve-
nient to explore tumor�neuron interactions [5].

Despite the recent advancements, GB in�vitro modeling requires 
further development. Namely, incorporating relevant cell types 
and ECM molecules into models, as well as the implementation 
of functional studies, is needed. For example, drug treatment 
experiments involving cocultures of GB and CNS cells usu-
ally assess drug effects only on cancer cells and ignore the re-
sponses of nonmalignant cells. However, treatment-associated 
neurotoxicity is a critical issue that should be assessed more 
carefully in models [22]. Furthermore, cellular functionality 
has rarely been assessed in 3D in�vitro GB models. Few studies 
have shown Ca2+ activity in 3D coculture systems, supporting 
the concept of bidirectional Ca2+ signaling, where GBs increase 
neuronal functionality and neurons promote Ca2+ oscillations 
in GB cells [20, 23]. The lack of human-derived neurons in 
these studies hampers the translation of the results. Moreover, 
despite the critical role of functionality for GB cells, neurons, 
and their interactions, the assessment of cellular functional-
ity has not been conducted in drug response studies utilizing 
human-derived 3D in�vitro GB models. Thus, there is a need for 
human cell-derived models in which cellular functionality and 
drug safety and efficacy can be assessed in more detail.

In this work, we developed a physiologically relevant, hydrogel-
based 3D neuron�GB model that enables the assessment of 
tumor-TME interactions with improved credibility. A co-
culture of hiPSC-derived cortical neurons with human GB 
spheroids was established in 3D with a collagen I hydrogel. 
Immunocytochemical (ICC) staining, protein secretion anal-
ysis, and Ca2+ imaging were performed to assess physical 
interactions, bidirectional chemical, and electrical signaling be-
tween neurons and GB cells, and the repeatability of the model. 
Furthermore, drug responses to TMZ were evaluated in both GB 
cells and neurons to validate the model as a tool to assess both 
drug efficacy and safety.

2   |   Materials and Methods

2.1   |   Cells

2.1.1   |   Human Induced Pluripotent Stem Cells

Two in-house generated human induced pluripotent stem cell 
(hiPSC) lines (UTA.04511.WTs and UTA.10902.EURCCs [24]) 
and one commercial hiPSC line with a homogenous red fluores-
cent protein (RFP) tag (TUBA1B WTC, AICS-0031-035, Coriell 
Institute, Camden, New Jersey, USA) were used for cortical neu-
ron differentiation. The pluripotency of the lines was confirmed 
regularly, and all cultures maintained normal karyotypes and 
were free of mycoplasma. The in-house made lines were ob-
tained from the Faculty of Medicine and Health Technology 
(MET), iPS Cells facility, Tampere University, Finland. The hiP-
SCs used were acquired from voluntary subjects who provided 
written informed consent. The project has a supportive state-
ment from the Ethics Committee of the Expert Responsibility 
Area of Tampere University Hospital to use the named hPSC 
lines in neuronal research (R20159).

2.1.2   |   GB Cells

The GB cell line LN229/GFP was purchased from FenicsBIO 
(CL-1118, Halethorpe, Maryland, USA). The LN229/GFP 
line is derived from the human GBM cell line LN229 by in-
tegrating a transgenic turbo green fluorescent protein (GFP) 
gene for autofluorescence. LN229/GFP cells were cultured in 
LN229-medium including DMEM (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) supplemented with 5% fetal 
bovine serum (FBS, Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). LN229 was used for the studies because 
it is well characterized and has been used extensively in pre-
clinical studies [21, 25].

2.2   |   Methods Details

2.2.1   |   Experimental Design

In this work, the aim was to develop a 3D human-derived model 
of neuron�glioblastoma (GB) interactions, with the objectives 
of assessing both physical and functional interactions and de-
termining the effect of a clinically used drug on the system. 
The model was established by embedding a GB spheroid in a 
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preformed neuronal network in a collagen I hydrogel (Figure�1a) 
to better mimic the physiological occurrence of GB in�vivo. The 
neuronal network and GB spheroids were further cocultured 
for 2�4 weeks, and the interactions were assessed via live cell 
imaging, immunocytochemical (ICC) staining, calcium ion 
(Ca2+) imaging, and protein secretion analysis. The response to 
the known chemotherapeutic agent temozolomide (TMZ) was 
used for model validation. Drug response analysis included live 
cell imaging, ICC staining, and Ca2+ imaging.

2.2.2   |   Neuronal Differentiation

Cortical neurons were differentiated from the two in-
house generated hiPSC lines (UTA.04511.WTs and 
UTA.10902.EURCCs) and the RFP-tagged commercial hiPSC 
line (TUBA1B WTC) according to a previously published pro-
tocol [26]. The cell lines are referred to in numerical order 
as suffixes 1 (UTA.04511.WTs), 2 (TUBA1B WTC) and 3 
(UTA.10902.EURCCs) in the established cocultures and neu-
ronal control cultures.

Cortical neurons were utilized on Days 32�33 of the differenti-
ation process for the experiments. Medium used for the cortical 
neurons was a neuronal maturation medium (NMM), which in-
cluded 0.5 × Dubecco’s Modified Eagle Medium (DMEM)/F-12 
with GlutaMAX, 0.5 × Neurobasal, 0.5% N2 supplement, 1% B27 
supplement with retinoic acid, 0.5 mM GlutaMAX-I Supplement, 
0.5% non-essential amino acids, 50 µM 2-mercaptoethanol 
(all from Thermo Fisher Scientific, Waltham, Massachusetts, 
USA), 2.5 µg/mL insulin (Sigma-Aldrich, Saint Louis, Missouri, 
USA), 0.1% penicillin/streptomycin (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA), 20 ng/mL brain-derived 
neurotrophic factor (BDNF, R&D Systems, Minneapolis, 
Minnesota, USA), 10 ng/mL glial-derived neurotropic factor 
(GDNF, R&D Systems, Minneapolis, Minnesota, USA), 500 µM 
dibuturyl-cyclic AMP (Sigma-Aldrich, Saint Louis, Missouri 
USA), and 200 µM ascorbic acid (Sigma-Aldrich, Saint Louis, 
Missouri, USA).

2.2.3   |   2D Culture of LN229/GFP Cells

LN229/GFP cells were cultured in two-dimensional (2D) format 
for morphological characterization and the initial TMZ dose�re-
sponse studies. LN229/GFP cells were plated on 48-well plates 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) at 
a density of 11 000 cells per well. The cells were cultured in 
LN229-medium for 7 days at 37°C and 5% CO2. For the drug 
dose�response experiments, TMZ (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) was diluted in dimethyl sulf-
oxide (DMSO, Sigma-Aldrich, Saint Louis, Missouri, USA) and 
mixed into LN229-medium at a final concentrations of 0, 50, 
100, 200, 400, and 600 µM and applied to the cells 3 days after 
plating for 7 days in total.

2.2.4   |   GB Spheroid Formation

LN229/GFP cells were cultured on ultra-low attachment 
(ULA) 6-well plates (Corning Incorporated, Somerville, 

Massachusetts, USA) to induce spontaneous spheroid forma-
tion. A total of 3 mL of LN229-medium at a concentration of 
50 000 cells/mL was used per well. Spheroid cultures were 
maintained at 37°C and 5% CO2. After 3�4 days, the formed 
spheroids were dissociated to prevent them from becom-
ing too large and developing a necrotic core. The spheroids 
were collected into a Falcon tube and washed once with 2 mL 
of phosphate buffer saline (PBS, EuroClone, Pero, Italy). 
Next, 2 mL of TrypLE (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) was added to the tube, and the spheroids 
were incubated for 5 min at 37°C. After incubation, the sus-
pension was pipetted 70�100 times to break up the spheroids. 
Then, 5 mL of LN229-medium was added to inactivate the 
TrypLE, after which the mixture was centrifuged for 5 min at 
200 × g. The cells were resuspended in 1 mL of fresh LN229-
medium and plated on ULA 6-well plates at a density of 50 000 
cells/mL to generate spheroids. Spheroids for 3D experiments 
were collected on Day 3 or 4 after replating.

2.2.5   |   Preparation of 3D Neuronal Cultures

Neuronal 3D cultures were prepared using collagen I 
(Collagen I, Rat Tail, 3 mg/mL, Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) as previously described [27] at 
a final concentration of 1 mg/mL. First, 10 × PBS, 1 M sodium 
hydroxide (NaOH) and distilled water (dH2O) were mixed on 
ice, after which 3 mg/mL collagen I stock solution was added. 
Next, cortical neurons were embedded in the gel solution at a 
density of 2.5 × 106 cells/mL. After proper mixing, 200 µL of 
the cell�hydrogel mixture was pipetted into the wells of 24-
well plates with glass bottoms 13 mm in diameter (MatTek 
Corporation, Ashland, Massachusetts, USA). The hydrogels 
were allowed to gel for 30�60 min at 37°C and 5% CO2, after 
which 1 mL of NMM supplemented with 2 µL/mL Rho ki-
nase inhibitor (ROCK, STEMCELL Technologies, Vancouver, 
Canada) was carefully pipetted on top of each hydrogel. From 
the next day onward, the medium was changed to NMM with-
out ROCK. 3D neuronal cultures were kept for 7 days in mono-
culture at 37°C and 5% CO2. The NMM was changed every 2 
to 3 days.

2.2.6   |   Formation of the 3D Neuron�GB Model

After 7 days of culturing the neurons in collagen I hydrogels, 
LN229/GFP GB cell spheroids were added. First, the medium 
was removed and LN229/GFP spheroids with a diameter of 
150�300 µm were selected and pipetted gently on top of the 3D 
neuronal culture, with one spheroid per sample. Fresh coculture 
medium containing 1:1 LN229-medium and NMM was added 
on top of each sample. The spheroids slowly sank in the middle 
of the 3D neuronal culture. Cocultures were maintained at 37°C 
and 5% CO2 for 2�4 weeks. The medium was changed every 2 
to 3 days.

For control samples containing only GB spheroids (hereafter 
referred to as GB controls), plain collagen I hydrogel samples 
were prepared as described in subchapter�3.3 without adding 
neurons to the hydrogel solution. For control samples contain-
ing only neurons (hereafter referred to as neuron controls), 
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FIGURE �    |     Legend on next page.
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