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Abstract

Background: Most data related to high-grade glioma and glioblastoma (GBM) 3D models refer to ultra-low/suspension cultivation
systems, for several reasons: easy to initiate, high penetrability of treatments, ease of harvesting for downstream analysis. However,
the major limitation of these models is the absence of the extracellular matrix, which enables the specific, local invasiveness of these
aggressive brain tumors. Aim: This study provides a comparison between ultra-low and several extracellular matrix (ECM) and hy-
drogel culture conditions for various grades of patient-derived glioma organoids, in terms of cell growth, invasiveness, and release of
cytokines/chemokines, as amodel for downstream analysis of soluble factors. Materials andMethods: Patient-derived glioma organoids
were initiated in three different conditions: ultra-low attachment(UL), 3D Matrigel, and dextran-based hydrogels. Human endothelial
cells were used for tube assay co-cultures and human normal monocyte cell line SC to assess monocyte invasion and interaction with
tumor organoids. Results: UL conditions supported organoid formation with better growth rate and easy passaging, and reliable detection
of secreted cytokines and chemokines, closely mirroring qualitative secretory profiles observed in tumor explants. In contrast, ECM-
based systems enabled invasive growth patterns and co-culture assays, but with a restricted immune cell infiltration and with a reduced
detectable level of soluble factors. While qualitative cytokine signatures were preserved across culture platforms, substantial quantita-
tive differences were observed, highlighting the influence of matrix composition on measurable outputs. Preliminary data showed that
organoid-forming capacity indicated no clear association with Isocitrate Dehydrogenase 1 (IDH1) mutational status in the tested samples.
Conclusion: Our findings indicate that UL and ECM-based models provide complementary information and recommend a dual-platform
cell culture initiation strategy to maximize robustness and translational relevance in patient-derived glioma research.
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1. Introduction

High-grade Isocitrate Dehydrogenase (IDH)-mutant
astrocytoma and glioblastoma (IDH wild-type) are incur-
able malignancies whose therapeutic refractoriness arises
from profound intratumoral heterogeneity, reinforced and
nuanced recently by novel techniques such as single-
cell RNA-sequencing or in situ transcriptomics [1]. Un-
derstanding mechanisms responsible for such complex-
ity requires reproducible in vitro models, such as tu-
mor organoids—microscopic tissue fragments or cell ag-
gregates, grown in controlled environments. A critical
factor influencing the fidelity and utility of these tumor
organoids is the choice of culture platform. Two widely
used approaches are ultra-low (UL) attachment, which pro-
motes spontaneous formation without exogenous extracel-

lular matrix (ECM), and hydrogel-based systems, which
embed tumor tissue or cells within a biomimetic 3D matrix.

Ultra-low attachment conditions [2,3] promote
organoid formation without a defined extracellular matrix,
which may limit the ability to model certain microen-
vironmental cues. In contrast, hydrogel scaffolds offer
a three-dimensional matrix that can recapitulate key
aspects of the tumor microenvironment, including hy-
poxia, extracellular matrix composition, and mechanical
properties, thereby influencing gene expression, invasion,
and therapeutic response in aggressive brain tumors [4].
Organic hydrogels provide a supportive environment for
cell growth by closely replicating the in vivo microen-
vironment, incorporating essential extracellular matrix
(ECM) components, growth factors, and hormones. Their
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inherent biocompatibility, ability to promote even spatial
cell distribution, and low toxicity make them especially
advantageous for tissue modeling, supporting physiolog-
ically relevant cell behavior and tumor heterogeneity.
Importantly, the microscale mechanical properties of
these biomaterials, such as structural integrity, stiffness,
porosity and interconnectivity, play a crucial role in
regulating cellular functions and behavior within the
scaffold [5,6]. However, natural hydrogels often suffer
from batch-to-batch variability and limited tunability of
their mechanical and biochemical properties, which can
affect reproducibility and experimental control [7].

The characterization of in vitro models provides evi-
dence related to original tumor mimicry, such as preserved
histological markers (e.g., glial fibrillary acidic protein,
nestin, vimentin), key genetic modifications (e.g., IDHmu-
tation, chromosomal changes), or other features in line with
the purpose of the generated model. However, in terms
of protein analysis, most data refer to qualitative compar-
isons. Moreover, only one model is usually selected, but
a comparative analysis of various culture systems is es-
sential in order to optimize tumor models for translational
research and precision medicine, as differences in matrix
composition and physical properties can significantly im-
pact organoid viability, invasiveness, and molecular fidelity
to parental tumors.

Rather than addressing specific molecular mecha-
nisms, this study establishes a methodological framework
that enables reliable downstream mechanistic and func-
tional investigations in patient-derived glioma models. Ac-
cordingly, the analysis focused on soluble factor (cytokine
and chemokine) secretion as a functional readout, based on
our previous work in this area and their well-documented
relevance to glioma pathogenesis [8,9].

2. Materials and Methods
2.1 Patient Samples and Ethical Statement

The use of human brain tissue and peripheral blood
samples was coordinated by the Victor Babes National In-
stitute following ethical and technical guidelines on the use
of human samples for biomedical research purposes. Pa-
tient glioma tissue and peripheral blood samples were col-
lected at the National Institute of Neurology and Neurovas-
cular Diseases (INNBN) after obtaining informed patient
consent under a protocol approved by the INNBN Ethics
Committee. 12 patient cases (including recurrent cases)
from both male and female subjects, aged 28–73 years,
were included in this study (Table 1). Anonymization was
performed during sample processing and biobanking. Each
sample was annotated with the internal code GBM, fol-
lowed by a consecutively assigned number. At the time of
the initiation of the study, IDH1 status was unknown and the
initial diagnosis was based on clinical data and histopathol-
ogy findings.

2.2 Glioma Initiation Protocol
Initiation of patient-derived glioma organoids was

performed as described in Gamboa et al. [10]. Patient-
derived samples were processed under sterile conditions
using a laminar flow hood with cold 1× PBS and antibi-
otics. The samples were minced, then digested with 2 mL
of Accutase at 37 °C. Following digestion, they were fil-
tered through a 40 µm cell strainer and washed with 10 mL
of cold PBS. The sample was then centrifuged at 800 × g
for 2 minutes at 4 °C. After centrifugation, red blood cell
lysis buffer was added to the resuspended pellet for 5 min-
utes at room temperature. After red blood cell lysis, 25
mL of 1× PBS is added and the sample is centrifuged as
before. The final pellet was resuspended in complete cul-
ture medium (EMEMw/glutamine, supplemented with Pri-
mocin 100 µg/mL, EGF and bFGF 20 ng/mL each, B27 1×
and hydrocortisone 50 ng/mL and ROCK1/2 inhibitor 10
µM 1×). Primocin and ROCK inhibitors were added to the
medium only after initiation/derivation of tissue, not in the
basal medium. Medium was prepared fresh twice a week.
All cell cultures used in this study were tested negative for
mycoplasma.

2.3 Culture Conditions
The cellular pellet was split into three parts and used

for different culture conditions: 96-well ultra-low attach-
ment plates: cells were resuspended in 200 µL complete
medium per well × number of wells to seed; Matrigel
Organoid (Corning, 356255): 35 µL Matrigel and cells
in complete medium at a 4:1 (v/v) ratio per well; 35 µL
dextran-based hydrogel and cells, prepared according to
the manufacturer's instructions (TrueGel3D Hydrogel Kit-
True7-1kt, Merck).

2.4 Tissue Explants
Small (1–2 mm3) tumor tissue fragments were incu-

bated in ultra-low conditions in complete cell medium, on
continuous shaking, at 37 °C and 5% CO2 atmosphere. Be-
fore medium replenish, supernatant was sampled, aliquoted
and stored at –80 °C for cytokine analysis.

2.5 Cell Line Cultures and Cell Treatments
The human endothelial cell line EA.hy926 (P8)

(CRL2922, ATCC, VI, USA) and human monocyte cell
line SC (P12) (CRL9855, ATCC, VI, USA) were routinely
maintained in a cell incubator at 37°C in a humidified at-
mosphere containing 5% CO2, in the media formulations
recommended by the manufacturer.

Endothelial cells were nucleofected with plasmid
green fluorescence protein - pGFP (Lonza Nucleofector
system, program EO-100, Nucleofector Solution set SE,
PBC1-02250). For tube formation assay, 35,000 endothe-
lial cells were plated in 25% Matrigel with DMEM supple-
mented with 10% FBS and 20 ng/mL EGF.
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Table 1. Patient data.
Code Gender/age (years) Tumor location Histopathology

GBM1 Male/66 Tumoral necrosis, temporal Glioblastoma (small cells, monomorphic)
GBM2 Male/61 Parietal, infiltrative Glioblastoma
GBM3 Male/73 Parietal, infiltrative Glioblastoma (macrophagic reaction)
GBM4 Female/73 Temporal, infiltrative Glioblastoma
GBM5 Male/46 Temporal, recurrent Glioblastoma
GBM6 Female/66 Temporal, infiltrative Glioblastoma
GBM7 Female/52 Temporal and parietal, infiltrative, necrosis Glioblastoma
GBM8 Male/32 Necrosis, frontal Glioblastoma
GBM9 Male/50 Temporal, necrosis Glioblastoma
GBM10 Male/28 Recurrent Astrocytoma, differentiated, grade 3
GBM11 Male/73 Frontal, necrosis Glioblastoma
GBM12 Male/39 Temporal, infiltrative, recurrent Diffuse Astrocytoma

Monocytes were nucleofected with pGFP (Lonza
Nucleofector- EA-100, P3 Nucleofection solution, 4D-
Nucleofector X Optimization kit for primary cells, V4XP-
9096, Lonza, Basel, Switzerland).

2.6 Immunofluorescence
Organoids were washed twice with PBS and fixed

with 4%paraformaldehyde solution for 30minutes at 37 °C.
Following fixation, organoids were washed with 0.1% Tri-
ton X-100 in Tris-buffered saline (TBS-Tx) at RT. Perme-
abilization was performed using 5% BSA and 2% Triton X-
100 in PBS for 2 hours at RT. After permeabilization, block-
ing was carried out using 2% BSA in PBS for 1 hour at RT.
For primary immunostaining, the cells were incubated at 4
°C for 24 hours with the primary antibodies: anti-vimentin
monoclonal antibody, (MA5-11883, Invitrogen, MA, USA)
; anti-nestin antibody 10C2, (MA1-110, Invitrogen, MA,
USA); anti-glial fibrillary acidic protein - GFAPD1F4QXP
Rabbit monoclonal antibody, (Cell Signaling Technology,
12389S), diluted 1:100 in blocking solution (2% BSA in
PBS). Next, the cells were washed three times for 5 minutes
with 0.1% TBS-Tx. For secondary immunostaining, the
cells were incubated at room temperature for 3 hours with
the secondary antibodies: Alexa Fluor 568 goat anti-mouse
IgG H+L, (Invitrogen, A11004); Alexa Fluor 488 goat anti-
rabbit IgG H+L, (Invitrogen, A11008) diluted 1:1000 in
PBS. The nuclei were counterstained using DRAQ5 diluted
1:1000 in PBS (ab108410, Abcam, Cambridge, UK).

Frozen tissue was embedded in OCT compound and
sectioned in a cryostat at –20 °C. Cryosections were ad-
ditionally fixed for 10 minutes in cold acetone: methanol
solution (1:1 v/v), permeabilized for 10 minutes in 0.1%
Triton X-100 in 0.5% BSA in PBS, then blocked and anti-
body incubation as previously described. Image acquisition
was performed using Leica TCS SP8 STEDmicroscope for
tissue sections and Operetta CLS (Revvity, Boston, MA,
USA) high-content imaging system for organoids.

2.7 Western Blot

Organoids were lysed in 500 µL RIPA buffer with
1% protease inhibitor cocktail (P2714, Sigma, MI, USA)
and 30 µg total proteins were separated by SDS-PAGE
in 10% acrylamide gel, at 20 mA/gel for 2 h. Trans-
fer of proteins onto nitrocellulose membranes was per-
formed on ice at 100 V for 1 h. Blotting membranes
were incubated for 1 h in 5% BSA/TBS-T, then o/n in
primary antibodies 1:1000: anti-GFAP D1F4Q XP Rab-
bit monoclonal antibody (12389S, Cell Signaling Tech-
nology, MA, USA), anti-vimentin monoclonal antibody
(MA5-11883, Invitrogen, MA, USA), anti-nestin mono-
clonal antibody 10C2 (MA1-110, Invitrogen, CA, USA),
anti-O6-methylguanine-DNA methyltransferase -MGMT
antibody MT 3.1, sc56157 (Santa Cruz Biotechnology,
CA, USA), anti glyceraldehyde-3-phosphate dehydroge-
nase rabbit polyclonal antibody 1:4000 - GAPDH (PA1-
987). On the second day, membranes were washed 3 times
in TBS-Tween20 0.1% and 1 time in TBS, 10 min each
wash, then incubated for 1 h at RT in HRP-conjugated sec-
ondary antibodies, 1:40,000 (goat-anti rabbit, Licor, 926-
80011 and goat-anti mouse Licor, 926-80010, LI-CORBio-
sciences, NE, USA). After incubation, membranes were
washed the same as before and incubated for 5 minutes in
ECL solution (1705062, BioRad, CA, USA). Image acqui-
sition was performed with the c-DIGIT blot scanner (LI-
COR Biosciences, NE, USA).

2.8 DNA Isolation and RNase H2 Dependent PCR
(RH-PCR)

Frozen tissues (5–15 mg) and cultured cells were used
for DNA isolation. DNA was extracted with PureLink
Genomic DNA Mini Kit (K1820, Thermo Fisher Scien-
tific, CA, USA). Quantification of DNA samples was per-
formedwith a NanoDrop 2000 Spectrophotometer (Thermo
Fisher Scientific, CA, USA). The PCR reactions were pre-
pared as a mixture of GoTaq qPCR Master Mix (A6001,
Promega, WI, USA), custom rhPrimer GEN1 (Integrated
DNA Technologies, USA) and RNase H2 Enzyme Kit (11-
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02-12-01, Integrated DNA Technologies, USA). In this as-
say, each primer contains a single ribonucleotide residue
and a 3′ blocking moiety [11]. PCR amplification is initi-
ated by the Pyrococcus abyssi RNase H2 enzyme, which
cleaves at the ribonucleotide site, removing the blocking
group and generating an extendable primer. The ribonu-
cleotide is positioned within the primer sequence corre-
sponding to the mutation or SNP site. Since cleavage oc-
curs only when the ribonucleotide-containing primer per-
fectly matches the target sequence, amplification is highly
specific to the intended SNP or mutation. The reaction mix-
ture contained 7.5 μL of the supplied 2X master mix, 0.5
μL of each primer (0.3 μM final concentration each), 1 μL
diluted RNase H2 (2.6 mU) and 5.5 μL of the template (5
ng genomic DNA). The cycling conditions were as follows:
denaturation for 10 min at 95 °C, amplification for 40 cy-
cles, with denaturation for 10 sec at 95 °C, annealing, ribose
digestion, and primer extension for 60 sec at 66 °C. The as-
says were run on the QuantStudio 7 Flex equipped with a
Fast 96-well block and analysis was performed using the
software QuantStudio PCR v3.1 (Thermo Fisher Scientific,
CA, USA). The primer sequences are as follows: primer
forward 5′-ggaaatcaccaaatggcaccatacg-3′; primer reverse
specific for IDH wt 5′-gacttacttgatccccataagcatgacgaccAx-
3′ and the one specific for mutant IDH1 R132H is 5′-
gacttacttgatccccataagcatgatgaccAx-3′ (ribose is underlined
and X = C3 spacer).

2.9 Cytokine Quantification
Cytokine levels in the culture medium were quanti-

fied using a multiplex bead-based immunoassay (Milliplex
MAP Human Cytokine/Chemokine Magnetic Bead Panel
12-plex, HCYTOMAG-60k, Merck Millipore, Burlington,
MA, USA), according to the manufacturer’s instructions.
The assay targets included G-CSF, IFN-γ, IL-10, IL-12p70,
IL-1β, IL-2, IL-6, IL-7, IP-10, MCP-1, MIP-1α, and TNF-
α. Each analyte had a 7-point dilution curve for sample
quantification. Beads were incubated with assay buffer, cy-
tokine standards, or samples in 96-well plates overnight at
4 °C under orbital shaking (800 rpm). Detection involved
incubation with biotinylated antibodies and Streptavidin-
Phycoerythrin (SAPE) in the dark at room temperature.
Data acquisition was performed using the Luminex 200
system (Luminex Corp., Austin, TX, USA) , and the re-
sults were analyzed with xPONENT 4.2 software (Luminex
Corp., Austin, TX, USA), utilizing a five-parameter logis-
tic standard curve. All samples were analyzed in duplicate,
and mean values were used for further interpretation.

2.10 Protein Quantification
The supernatant collected for cytokine analysis was

also used to quantify total protein content using the Pierce
BCA Protein Assay Kit (Cat. No. 23225, Thermo Fisher
Scientific, CA, USA) following the manufacturer’s instruc-
tions. The protein concentration was used to normalize the
multiplex cytokine data.

2.11 Statistical Analysis
Statistical analysis was performed using GraphPad

Prism 7 (GraphPad Software, Boston, MA, USA). Data
are presented as mean ± SD. Monocyte infiltration data are
shown as the mean of three determinations ± SD and a two-
tailed unpaired t-test was used for analysis. Cytokine values
were measured in duplicate, and normalized to total protein
content. Due to the limited sample size and exploratory
nature of the study, results were interpreted descriptively,
without formal p-value-based significance testing. Experi-
ments were performed in duplicates or triplicates for each
biological sample.

3. Results
3.1 The Behavior of Tumor Cells in Various 3D Culture
Conditions Differs Between Glioma Samples and Does
Not Correlate With IDH1 Status

Glioma biopsies were grown under three differ-
ent conditions: suspension cell culture (96-well ultra-
low attachment plates) or hydrogels – organic (Matrigel
Organoid, Corning) and dextran-based with cross-linker
(T7, Merck, MA, USA). For the latter, our previous tests
on cell lines [12] showed that RGD (a peptide that medi-
ates cell adhesion) favored spreading of cells, preventing
the formation of organoids; therefore, it was not added to
the mix.

Analysis of different glioma samples showed that not
all cells have the same ability to form organoids in ultra-
low wells, nor can they infiltrate or form spheres in hy-
drogels. While some samples, like GBM5 and GBM7,
would generate organoids within the first 7 days of culti-
vation, or during subsequent passaging and could be prop-
agated for four passages, other samples required more than
21 days (e.g., GBM9) or did not form organoids in any
of the tested conditions (GBM8) (Fig. 1A). In addition,
some samples showed an infiltrative behavior in hydrogels,
even though dextran-based hydrogel is a restrictive envi-
ronment (Supplementary Fig. 1). Organoid growth was
optimal in ultra-low attachment plates for all tested sam-
ples, despite sample-to-sample variation, and facilitated
passage. By contrast, in semi-solid media, growth was
slower and some of the cultures could not be propagated af-
ter passage 1. Immunophenotypic validation confirmed that
key biomarkers identified in the primary tumor by Western
blot (WB) and/or immunofluorescence (IF) (specifically vi-
mentin, nestin and GFAP) remained positive within the de-
rived glioma organoids (Fig. 1B–D). Culture initiation, pas-
sage, and downstream analysis are summarized in Table 2.
For GBM9-12, 2D initiation was not considered an option,
as ultra-low derivation was always successful.

The next question to be addressed was whether
the IDH1 status was correlated with the ability to form
organoids. Of the tested glioma samples, GBM8, which
failed to form organoids in UL or hydrogels, was shown to
be positive for the R132H mutation, but with a very low
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Fig. 1. Assessment of primary glioma samples. (A) Different types of behavior of glioma samples in ultra-low attachment (UL) and
hydrogel conditions (Matrigel Organoid and dextran-based T7 hydrogel). Phase-contrast microscopy 10×. (B) Immunofluorescence
assessment of tumor biomarkers was investigated in patient-derived organoids grown in ultra-low and comparatively detected in frozen
tissue section by immunofluorescence (C) and Western blot (D). (E) IDH1 R132H mutation burden was assessed by rhPCR. Scale bars:
(A) 400 µm; (B) 200 µm; (C) 25 µm. GFAP, glial fibrillary acidic protein; MGMT, methylguanine-DNA methyltransferase.

5

https://www.imrpress.com


Table 2. Culture type, passaging and downstream analysis for PDGOs.

Sample
2D/Explant UL MgO Hydrogel

IDH testing Cytokine assay IF
Initiation Passage Time in culture Initiation Passage Time in culture Initiation Passage Time in culture Initiation Passage Time in culture

GBM1 No No - Yes No 17 days Yes No 17 days No No - No No No
GBM2 Yes Yes-2 28 days No No - No No - No No - No No Yes
GBM3 No No - No No - Yes No 7 days No No - No No No
GBM4 Yes Yes-2 21 days No No - No No - No No - WT No Yes
GBM5 Yes No 14 days Yes Yes-3 >3 mo. Yes Yes-1 2 mo. Yes Yes-1 6 w. WT Yes Yes
GBM6 No No - Yes Yes-1 2 mo. Yes Yes-1 2 mo. Yes Yes-1 6 w. WT Yes Yes
GBM7 No No - Yes Yes-4 >3 mo. Yes Yes-4 >3 mo. Yes Yes-3 >3 mo. WT Yes Yes
GBM8 Yes No 10 days Yes Yes >3 mo. Yes Yes-2 >3 mo. Yes Yes-1 6 w. R132H Yes Yes
GBM9 No No - Yes Yes 2 mo. 1 w. Yes Yes-3 >3 mo. Yes Yes-2 2 mo. WT Yes Yes
GBM10 No No - Yes Yes-1 >3 mo. Yes Yes-1 2 mo. Yes No - R132H Yes Yes
GBM11 No No - Yes Yes-1 >3 mo. Yes Yes-1 2 mo. Yes No - WT Yes Yes
GBM12 No No - Yes Yes >3 mo. Yes Yes-1 2 mo. Yes No - R132H Yes Yes
mo., months; w., week; PDGOs, patient-derived glioma organoids; IDH, Isocitrate Dehydrogenase.

6

https://www.imrpress.com


burden. In order to confirm whether lower-grade gliomas
form organoids in ultra-low wells or not, we investi-
gated the behavior of two more samples of relapsed IDH1
R132H-positive astrocytoma (GBM10, GBM12). After 21
days, GBM10 only formed small cellular aggregates, while
GBM12 quickly formed organoids at passage 0 and pas-
sage 1. Of note, although the initial diagnosis of the tu-
mor was diffuse astrocytoma, the histopathological diag-
nosis of the GBM12 relapse was glioblastoma, based on
pathological assessment of aggressive features characteris-
tic of this stage. When quantified, IDH1 mutational burden
was higher in GBM12 than in GBM10, showing that IDH1
R132H mutation is not a criterion to explain the different
behavior of samples in ultra-low conditions (Fig. 1E).

3.2 Extracellular Matrix Allows Co-Cultivation Assays,
While Providing the Necessary Scaffold for Cellular
Networks

Our next step was to determine whether adding a sec-
ond cell type to the cultivation model could drive organoid
development. By using hydrogels, we were able to directly
co-culture tumor cells with endothelial cells. This approach
involved first developing an endothelial tube-formation as-
say and then seeding it with glioma cells. Endothelial cells
were GFP-transfected, allowed to form tubes for 48 hours,
and then glioma cells were added. As shown in Fig. 2A,
after 60 hours of incubation, glioma cells, rather than scat-
tering into the hydrogel, were aligned with the endothelial
networks.

The choice of cultivation medium also influenced
monocyte behavior; hydrogel-based cultivation resulted in
a ‘cold’ model with monocytes being largely restricted to
the hydrogel surface or the periphery of the infiltrative mar-
gins (Fig. 2B, Supplementary Movie 1). Monocyte infil-
tration was quantified by comparing the fluorescence sig-
nals between intra-tumoral and extra-tumoral regions (Fig.
2C). However, in ultra-low wells, monocytes rapidly infil-
trated the organoids in as little as 6 hours and were still vis-
ible at 24h (Fig. 2D).

3.3 For Cytokine Expression, Ultra-Low Conditions Are
the Best Option to Study Secretory Profile of Tumor Cells

The soluble cytokine profile was compared in tis-
sue explants and organoids grown in different culture con-
ditions for two IDH1 wild-type samples and two IDH1
R132H mutated samples. Of the tested cytokines, MCP-
1 was expressed at high levels in most conditions (Fig.
3A–D).When compared to tissue, ultra-low-grown samples
showed a comparable expression trend for MCP-1 and con-
sistently allowed for the detection of IP-10, if present in the
tissue. In turn, MIP-1a was induced/increased in ultra-low
concentrations when compared to tissue samples.

Other low-level inflammatory cytokines, IL-6 (Fig.
3E) and TNFα (Fig. 3F), if quantifiable in tissue samples,
were also detectable in ultra-low conditions. Although cy-

tokine levels were lower in the ultra-low samples, the tumor
cell types within the organoids represented the sole source
of these cytokines, which is a key difference from the tissue
samples.

To test the dependence of MCP-1 expression on cul-
ture conditions, two GBM wild-type samples, which al-
lowed initiation of a 2D cell culture, with and without
laminin-based extracellular matrix (ECM), were analyzed
in terms of secreted proteins (Fig. 3G). MCP-1 showed
consistent expression when cells were grown in 2D (with or
without organic extracellular matrix), but 3D culture condi-
tions caused substantial changes.

As a summarizing observation, the usage of semisolid
culture matrices lowers the amount of secreted cytokines,
which can hinder detection in case of a low-expression pro-
tein.

4. Discussion
The aim of this study was to identify a three-

dimensional glioma model that best recapitulates in vivo
tumor architecture and microenvironmental complexity,
thereby providing physiologically relevant insight into cell-
to-cell interactions and cytokine production. Ultra-low
growth conditions provide an easy-to-use and reproducible
model, which, as previously demonstrated, recapitulates the
features of the original tumor [2]. Other advantages of ultra-
low systems are ease of passaging and periodic sampling of
soluble molecules enriched in the cell culture supernatant,
as well as reduced costs, and minimal technical complexity.

The need for a different type of culture, beyond ultra-
low, was the assessment of stroma-to-tumor cell-to-cell in-
teractions. Conditioning media models or simultaneous
ultra-low co-cultivation of two cell types in suspension is
less informative than an ECM-based model; therefore, a
two-step model was tested: first, an endothelial network
was established in ECM using GFP-transfected cells, then
glioma cells were incubated and image acquisition was per-
formed daily. Previous data by McCoy et al. [13] showed
that the presence of matrix-embedded endothelial cells in-
creases the invasiveness of glioma cells. Our model also
supports this finding, albeit starting from isolated cells, not
fully formed organoids. A novel observation provided here
was that after 60 hours of co-cultivation, primary glioma
cells started to organize according to the previously lattice-
like established architecture, rather than forming infiltrating
organoids.

Regarding immune-to-tumor cell interactions, the
presence of ECM impeded the infiltration of GFP-
monocytes. Previous data stated that 3D cultivation
of GBM cells biases toward cytokine secretion and
macrophage recruitment by upregulation of soluble cy-
tokines and chemokines [14]. The relevance of this argu-
ment could be further studied in a hydrogel-based infiltra-
tive tumor model, such as the one provided here.
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Fig. 2. Co-cultivation models of glioma organoids. (A) Co-cultivation of glioma cells into previously grown endothelial networks.
GFP-EaHy cells were allowed to form networks inMatrigel, then incubated with glioma cells (untransfected). Phase-contrast microscopy
10×. (B) Matrigel-grown glioma patient-derived cells were incubated with monocytes. The image is a composite result of a Z-stack scan,
while the insert is a detail of one of the planes. (C) Analysis of GFP-monocytes infiltration between intra-tumoral and extra-tumoral
regions was assessed by quantification of fluorescent signals. Bars represent the average of three determinations ± SD. Two-tailed
unpaired t-test showed no statistical significance (p > 0.05). (D) Patient-derived glioma organoids grown in ultra-low (UL) wells were
incubated with GFP-monocytes. Scale bar, 400 µm.
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Fig. 3. Comparison of cytokine expression. Comparison of relative cytokine expression between different types of cell culture and
tumor tissue for twoWTGBM (GBM9 and GBM11) and two IDH1 R132Hmutated gliomas (GBM10 and GBM12) for highly expressed
cytokines (A–D) and low expression cytokines (E,F). Lower levels of cytokines are typically detected in the supernatant of organoids
grown in organic Matrigel (MgO) compared to other culture conditions. (G) 2D cultures w or w/o ECM coating show consistent expres-
sion of abundant proteins, but 3D culture conditions can induce changes. The absolute value of cytokine expression was normalized to
total protein content. Bars represent the average of duplicates ± S.D.

Finally, we analyzed the cytokine profile across the
three cultivation platforms: ultra-low attachment wells,
Matrigel, and dextran-based hydrogels. Given that tumor-
immune cell communication relies on soluble signals, we
sought to determine how each matrix influenced the cy-
tokine and chemokine landscape. A study by Park et
al. [15] analyzed five different cultivation platforms, em-
ploying collagen and patient-derived, decellularized ECM,
from both normal and tumor tissue and argued that sus-
pension cell culture method best preserved the transcrip-
tional profile of the tumor tissue. Other suspension pro-
tocols also report consistency between the histologic and
genomic landscape of the tissue of origin and derivative
organoids [15,16].

Our study also demonstrates consistency between the
tissue explants’ secretory profile and the three tested in vitro
conditions. However, while the qualitative protein signa-
ture was preserved, quantitative expression levels varied.
Notably, proteins undetectable in the tumor tissue remained
absent in vitro, indicating that none of the culture condi-
tions significantly altered the fundamental protein compo-
sition of the panel. However, in terms of quantification, we
were able to consistently observe increased levels of mono-
cyte chemotaxis protein (MCP-1) in in vitro samples, as
opposed to tumor tissue. MCP-1 was reported to be pro-
duced by glioblastoma cells and involved in invasion and
migration [17], as well as generation of an immunosuppres-
sive environment. This can be explained by the enrichment
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of MCP-1-producing cells in our setup. The absolute vari-
ations noted between cultivation methods (ultra-low, Ma-
trigel Organoid or dextran-based hydrogel) could arise from
at least two sources: the cell number actively producing
the secretory proteins, or the existence of ECM-related sig-
nals able to modify protein expression. ECM is a limiting
factor in terms of cellular expansion and, for some sam-
ples, small organoids could be visualized in UL, but not
formed in ECM, regardless of the cultivation time. As a
consequence, higher levels of MCP-1 protein were detected
in UL when compared to Matrigel Organoid. This find-
ing was not, however, extended to dextran-based hydrogel,
possibly due to different ECM composition. It has been
known that some cytokines interact with ECM molecules
such as the negatively-charged glycosaminoglycans [18],
thus preventing their release in the cell supernatant. Specif-
ically, heparin has long been proposed as an adsorptive
pro-inflammatory cytokine substrate [19]. In contrast, non-
sulphated dextran is a neutral molecule, with little interac-
tion with cytokines, allowing their release in the cellular
supernatant, hence the different profile of cytokine release
between two different semisolid media.

Finally, another observation is that multiple seeding
methods from the same tumor might increase the success
rate of culture initiation. This rate is usually higher (around
60%) for ultra-low/hanging droplet method [20] than for
Matrigel/hydrogel methods (less than 50%) [21] and our
experience also supports this finding. In order to increase
the chances of success in obtaining primary 3D tumor
organoids, a dual initiation (UL and semisolid gels) is rec-
ommended. However, choosing a basement membrane-like
gel composition creates a tumor environment more simi-
lar to in vivo conditions. ECM entrapment is a physiologi-
cal mechanism by which cells limit the diffusion of soluble
molecules and control extracellular cues.

5. Limitations
This study is limited by the small cohort size and the

biological heterogeneity of the sample set, which may re-
duce the clinical relevance of the study. In addition, the
co-culture experiments were performed using established
monocyte cell lines rather than patient-matched primary
cells, thereby limiting physiological relevance. For 3D cul-
tures, normalization of quantifiable biomarkers is still chal-
lenging, especially since larger organoids are known to de-
velop a necrotic core [22], which implies that normalization
to organoid size induces its own bias. Finally, the quantita-
tive comparison of secreted factors across matrices should
be interpreted with caution, as extracellular matrices may
influence cytokine diffusion, retention, or recovery inde-
pendently of true cellular secretion.

6. Conclusions
This study aimed to identify an optimum in vitro 3D

model for patient-derived glioma samples, which would

support imaging investigation and reliable assessment of
protein profiles related to the tissue of origin. Although
ultra-low cultivation and several types of ECM provide sat-
isfactory results, an integrated analysis requires at least two
simultaneousmodels. The ultra-lowmethod combinedwith
organoid Matrigel model offers multiple complementary
pieces of information and it is recommended to be imple-
mented as a routine initiation method.
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