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Abstract. Glioblastomas are characterized by extensive 
intra‑ and intertumoral heterogeneity, which drives their rapid 
invasive growth and frequent recurrence. As a result, prognosis 
remains poor, and developing effective treatments continues to 
be a major challenge. The survival and growth of glioblastomas 
are supported by a specific, protective tumor microenviron‑
ment (TME) that influences tumor morphology, growth rate, 
therapy resistance and recurrence. To better represent the 
complex TME with its immune cells and inflammatory media‑
tors and the tumor heterogeneity, including glioma stem‑like 
cells (GSCs), realistic in vitro preclinical models are required. 
Patient‑derived glioblastoma organoids (GBOs), directly 
derived from tumor tissue obtained after surgical resection, 
were generated in the present study. Preserving the original 
tumor state in organoids, particularly regarding the TME 
and heterogeneity, is crucial. The present study evaluates the 
long‑term preservation of key tumor properties in cultivated 
GBOs, including glial structural proteins, GSCs, immune 
cells, endothelial cells, proliferation marker, and inflamma‑
tory mediators such as cytokines and chemokines. Expression 
levels of these components were measured at five defined time 
points in 10 independent GBO preparations, at both the mRNA 
and protein level, and statistical correlation analyses were 
performed. The findings of the present study indicate that the 
key components were generally maintained over a one‑month 
cultivation period. However, some markers showed reduced 
expression at later time points or recovered after an initial 
drop at early cultivation time points. Therefore, the optimal 
time window for employing patient‑derived organoids as an 

advanced preclinical model for glioblastoma research appears 
to be between 7‑14 days of cultivation.

Introduction

Glioblastomas are among the most aggressive malignant brain 
tumors in adults, characterized by rapid and invasive growth 
and a high recurrence rate, making effective treatment a major 
challenge and contributing to their poor prognosis (1). The 
current standard therapy combines surgical resection and 
adjuvant radio‑chemotherapy (2). However, median survival 
remains low at 14.6 months (3). Despite numerous clinical 
trials since the introduction of temozolomide, no new effective 
drugs have been developed, highlighting the urgent need for 
further research (2).

One of the main challenges in targeting glioblastomas is 
tumor heterogeneity  (4). Based on transcriptional profiles, 
as well as genetic and epigenetic alterations, glioblastomas 
are highly diverse tumors that can be classified into distinct 
subtypes, even among patients with the same tumor grade (5). 
Differences in tumor composition between patients define 
intertumoral heterogeneity, whereas the presence of multiple 
subtypes within a single tumor in the same patient is referred 
to as intratumoral heterogeneity (6). A key contributor to intra‑
tumoral heterogeneity is the presence of glioma stem‑like cells 
(GSCs), a subpopulation of cells with self‑renewal capacity 
and tumor‑initiating potential (4,7). GSCs not only drive tumor 
progression and recurrence but also interact dynamically with 
the tumor microenvironment (TME), which further supports 
their maintenance and resistance to therapy  (4,7). This 
dynamic interaction between GSCs and the TME underscores 
the critical role of the TME, which acts as a protective niche 
for tumor cells (8). The TME comprises, for example, immune 
cells (microglia, T cells and macrophages), modulatory factors 
such as cytokines and chemokines, as well as structural 
elements including fibroblasts, pericytes, endothelial cells, 
and the extracellular matrix (8‑10). Microglia and peripheral 
macrophages, collectively referred to as glioma‑associated 
microglia/macrophages, infiltrate tumor regions and secrete 
inflammatory mediators, including cytokines and chemo‑
kines  (9). These mediators bind to specific receptors, 
activating intracellular signaling pathways through second 
messengers and triggering diverse cellular responses that 
promote tumor growth and invasiveness (11‑14). Chemokines 
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further induce chemotaxis within the TME and play a key role 
in tumor metabolism, including cell proliferation, resistance 
to apoptosis, and the regulation of genes involved in these 
processes (10,11,15).

Given that glioblastoma is a highly heterogeneous tumor, 
developing research models that accurately preserve its 
complex TME remains a major challenge. Traditional models, 
including cell lines and animal models, have significant limita‑
tions (16,17). Cell lines often undergo spontaneous mutations 
and, in long‑term cultures, also lack oxygen, nutrients, pH 
gradients, physiological inputs, and interactions between 
tumor cells and TME  (18,19). Animal models are more 
time‑consuming and high‑cost models with ethical limita‑
tions (17,20). Furthermore, interspecies genetic differences 
complicate the representation of human pathophysiology and 
make the translation of data to human outcomes complex (16). 
Considering the significant limitations of traditional cell lines 
and animal models in accurately representing the complexity 
of glioblastoma, novel models are required. In this context, 
glioblastoma organoids (GBOs) have recently gained attention, 
as they preserve tumor heterogeneity by exhibiting structural 
and functional characteristics similar to those of human organs 
and tissues (17,21). Organoids can be derived either from stem 
cells or directly from tumor tissue (19,21). These models offer 
a high success rate in culture, short formation times, rela‑
tively low cost, and reproducible tumor traits (22). Moreover, 
organoids serve as valuable tools to study tumor biology, 
including the TME, and test radiotherapy, chemotherapy and 
immunotherapy (18,20‑22). Human brain organoid technology 
was first introduced by Lancaster et al (2013) (23), marking 
the beginning of rapid advancements in this field. Since then, 
numerous brain tumor organoids have been developed and 
optimized (24). For example, Hubert et al (2016) (25) cultured 
patient‑derived GBOs within two months using Matrigel and 
EGF/bFGF. Jakob et al  (2020) (26) further optimized this 
method by eliminating Matrigel and growth factors, reducing 
the formation time of 70 organoid strains from 53 patients to 
just 1‑2 weeks after tumor resection.

However, despite these advancements in cultivation speed 
and methodology, it remains unclear whether GBOs maintain 
the characteristics of the original tumor over a long‑term culti‑
vation period. This gap raises questions about the suitability 
of GBOs as reliable models for studying glioblastoma. The 
present study aimed to investigate the long‑term preserva‑
tion of key tumor properties, including cellular components 
such as GSCs, immune cells, endothelial cells, proliferation 
marker, and inflammatory mediators such as cytokines and 
chemokines in long‑term cultivated GBOs.

Materials and methods

Cultivation of patient‑derived GBOs. Tumor tissues were 
obtained directly via surgical resection (from a total 
of 10  patients: five women and five men aged between 
53 and 75 years and with a median age of 61 years) by the 
Department of Neurosurgery (University Medical Center 
Schleswig‑Holstein, UKSH Kiel, Germany) after written 
informed patient consent in accordance with the Helsinki 
Declaration of 1975, revised in 2013. Approval was granted by 
the Ethics Committee of the University of Kiel (approval no. 

D524/17; Kiel, Germany). Histological analysis was performed 
by the Department of Pathology at the University Medical 
Center Hamburg‑Eppendorf (UKE, Hamburg, Germany).

The obtained fresh tumor samples were prepared as previ‑
ously described by Jacob et al (2020) (26). The preparation 
did not involve classical enzymatic or mechanical tissue 
dissociation. Instead, the tumor samples were only roughly cut 
and placed directly into culture. In detail, tumor samples were 
transferred to a sterile dish within H+GPSA wash medium 
containing Hibernate A, 1X GlutaMax, 1X PenStrep and 1X 
Amphotericin B (all from Thermo Fisher Scientific, Inc.), and 
then cut into smaller pieces excluding areas of cell death and 
blood vessels. Several wash steps were performed to remove 
tissue debris. Cutting was continued under a stereomicro‑
scope Stemi 305 KMA (Carl Zeiss AG) to identify vessels 
and areas of cell death in detail, and to finally get pieces of 
1‑3 mm size. The medium was then removed, and RBC‑lysis 
buffer (Thermo Fisher Scientific, Inc.) was added to selectively 
destroy red blood cells. After shaking at 2 x g at room temper‑
ature for 10 min, the buffer was removed, and another wash 
step was performed. GBO medium was prepared as previously 
described by Hellmold et al (2025) (27) and added to tissue 
pieces. A total of 2 ml of the medium was added to each well 
of an ultra‑low attachment 6‑well plate (Corning, Inc.). A 
total of ~10 tissue pieces in GBO medium were transferred 
into each well, resulting in a total volume of 4 ml. The plates 
were incubated on an orbital shaker (cat. no. 8012‑1771; Binder 
GmbH) at 120 U/min at 37˚C and 5% CO2. The GBOs were 
observed regularly, and medium exchange was performed 
every second day (Fig. 1).

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). To analyze gene expression levels of 
glial structural proteins, proliferation marker, specific markers 
for GSCs, immune and endothelial cells, as well as cytokines 
and chemokines during the in vitro cultivation of 10 different 
GBO preparations over time, RT‑qPCR was employed. For 
each GBO preparation, RNA isolation was performed at five 
different time points using TRIzol (Invitrogen; Thermo Fisher 
Scientific, Inc.), and cDNA was then synthesized as previ‑
ously described by Hellmold et al (2025) (27). Each cDNA 
sample was also analyzed for glyceraldehyde‑3‑phosphate 
dehydrogenase (GAPDH), serving as an internal standard. 
qPCR was performed using TaqMan primer probes (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Double determi‑
nation, including positive and negative controls, was applied. 
The plate was run in a real‑time PCR cycler (QuantStudio5; 
Applied Biosystems; Thermo Fisher Scientific, Inc.) using 
the following conditions: 50 cycles, volume of 20 µl, enzyme 
activation at 95˚C for 10 min, denaturation at 95˚C for 15 sec, 
and annealing at 60˚C for 1 min. Cycles of threshold (CT) 
were detected, and the ∆CT values were calculated as CT analyzed 

gene‑CT GAPDH. The applied gene‑specific primers and probes are 
listed in Table SI.

Hematoxylin‑eosin (H&E) staining and immunofluorescence 
double‑staining. H&E staining was employed to assess the 
long‑term preservation of the cellular structure of GBOs over 
cultivation time using the H&E Staining Kit (cat. no. 245880; 
Abcam).
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Due to the limited material, a simple qualitative visualiza‑
tion of cellular markers was performed over time in different 
GBO preparations (n=4) on the protein level, using immu‑
nofluorescence double‑staining with cryosections. The first 
primary antibody was added and incubated overnight at 4˚C. 
The first secondary antibody, labeled with Alexa Fluor 488 or 
Alexa Fluor 555 (1:1,000; Thermo Fisher Scientific, Inc.), was 
incubated for 1 h at 37˚C the next day. The second primary 
antibody was then incubated overnight at 4˚C, followed by 
the second secondary antibody labeled with Alexa Fluor 
488 or Alexa Fluor 555 (1:1,000; Thermo Fisher Scientific, 
Inc.) the next day. The applied primary antibodies are listed 
in Table SII. For negative controls, primary antibodies were 
omitted. Nuclei staining was subsequently accomplished with 
4',6‑diamidino‑2‑phenylindole (DAPI) for 30 min at room 
temperature. The embedded slides were analyzed using the 
fluorescence microscope (AxioObserver.Z1; Carl Zeiss AG) 
with the ZEN 3.5 (Blue Edition) software (Carl Zeiss AG).

Statistical analysis. Statistical analyses were accomplished 
using GraphPad Prism 8.4® software (GraphPad Software, Inc. 
Dotmatics) with a one‑way ANOVA with Dunnett's multiple 
comparisons post hoc test as indicated for each experiment 
in the figure captions. Microsoft Excel was used to perform 
correlation analyses by calculating the Pearson correlation 
index. Statistical significance in both is outlined according to 
the P‑value: P<0.05 was considered to indicate a statistically 
significant difference. The sample size is stated in the figure 
captions.

Results

GBO cellular characteristics generally persist over the course 
of one month. After obtaining tissue pieces of 1‑3 mm in size 
(Fig. 1), the cellular GBO characteristics were addressed in 
a total of 10 different GBO preparations during long‑term 
cultivation. For this purpose, the quantitative gene expression 
levels of structural proteins, proliferation, stemness, immune 
cells, and vessel markers were analyzed using RT‑qPCR, 
as shown in Figs. 2 and S1, with the respective findings for 
each individual GBO preparation traceable. In addition, all 
RT‑qPCR results were presented as box plots as an alternative 
representation to provide an improved overview (Fig. S2).

First, the Ki67 mRNA expression, a well‑established prolif‑
eration marker in glioblastoma (28), was analyzed. Although 
the expression level decreased at 3‑5  days in most GBO 
preparations, a recovery was observed (Figs. S1 and S2B), and 
expression remained detectable for up to 28 days, confirming 
the viability of the GBOs.

Glial fibrillary acidic protein (GFAP) and S100 
calcium‑binding protein B (S100B) were used as markers for 
structural proteins. GFAP is involved in glial differentiation 
and serves as a classical marker for glial tumor cells (29), 
whereas S100B is overexpressed in malignant gliomas and 
modulates microglia/macrophage activation (30). In the data 
of the present study, GFAP mRNA expression also exhibited a 
drop at 3‑5 days in most GBO preparations, reaching its lowest 
point, as reflected by a negative correlation when comparing 
the GFAP expression data between the primary tumor tissue 
and GBOs cultured for 3‑5 days. This drop was followed by 

a gradual recovery with a positive correlation between the 
primary tumor tissue and GBOs cultured for 26‑28  days 
(Figs. 2A and E, and S2A). However, the overall GFAP expres‑
sion level remained lower at the end of the observation period 
compared with the beginning. S100B showed a similar drop 
at 3‑5 days, followed by a slight recovery. However, in the 
case of S100B, no negative correlation was observed between 
the primary tumor tissue and GBOs cultured for 3‑5 days. In 
general, the baseline expression of S100B was lower than that 
of GFAP.

Stemness markers such as octamer‑binding transcription 
factor 4 (OCT4), Musashi RNA‑binding protein 1 (MSI1), 
SRY‑box transcription factor 2 (SOX2), Krüppel‑like factor 4 
(KLF4) and cluster of differentiation 133 (CD133) are associated 
with tumor growth, invasiveness and poor prognosis (31‑33). 
Therefore, these markers were selected to investigate their 
presence in the different GBO preparations over cultivation 
time. The expression of OCT4, SOX2 and KLF4 was relatively 
homogeneous in the analyzed GBO preparations, resulting 
in no significant correlation between the primary tumor 
tissues and GBOs cultured for all investigated time points 
(Figs. 2B and E, and S2C). MSI1 showed a similar pattern 
but tended to display a mild positive correlation around GBO 
cultivation days 3‑5 and 14‑15, forming a subtle V‑shaped trend. 
However, when considering the overall MSI1‑positive popula‑
tion, which was more heterogeneous than OCT4, SOX2 and 
KLF4, no significant differences were detected. CD133 expres‑
sion was highly heterogeneous, showing initially high values that 
subsequently declined to lower levels, becoming undetectable in 
one GBO preparation. This expression pattern led to a slight, 
insignificant negative correlation between the primary tumor 
tissues and GBOs cultured for most investigated time points. 
However, toward the end, a slight positive correlation emerged, 
with more homogeneous expression patterns approaching a 
plateau. Regarding baseline expression of stemness markers, 
SOX2 showed the highest level. OCT4 and MSI1 exhibited 
similar profiles, while KLF4 showed lower expression, and 
CD133 displayed the lowest baseline expression.

Figure 1. GBO preparation based on Jakob et al (26). The process is shown 
from day 0 to day 28. At day 0, the resected tumor tissue is displayed on 
the left, with smaller dissected pieces in the center of the image. GBO 
morphology was observed on days 4, 7, 14, and 28 using light microscopy. 
The scale bar at day 0 represents 1 cm; scale bars for days 4, 7, 14, and 28 
represent 1 mm. GBO, glioblastoma organoid.

https://www.spandidos-publications.com/10.3892/or.2026.9090
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Figure 2. Reverse transcription‑quantitative PCR and correlation analysis of glial structural proteins, stemness, vessel, and immune cell markers. Gene 
expression levels are shown across the entire cultivation period for 10 independent GBO preparations (n=10) at five time points: days 0, 3‑5, 7‑8, 14‑15, and 
26‑28. The x‑axis represents days, the left y‑axis shows ∆CT values, and the right y‑axis displays the logarithmic scale of expression relative to GAPDH as the 
housekeeping gene (GAPDH expression=1). (A) Glial structural proteins. (B) Stemness markers. (C) Vessel marker. (D) Immune cell markers. (E) Correlation 
analysis. Correlations are indicated by a color gradient: Dark green represents a high positive correlation, light green a low positive correlation, dark blue 
a high negative correlation, and light blue a low negative correlation. Statistical analysis was performed using one‑way ANOVA with Dunnett's multiple 
comparisons post hoc test. *P<0.05, **P<0.01 and ***P<0.001. GBO, glioblastoma organoid; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase; GFAP, glial 
fibrillary acidic protein; S100B, S100 calcium‑binding protein B; OCT4, octamer‑binding transcription factor 4; MSI1, Musashi RNA‑binding protein 1; 
SOX2, SRY‑box transcription factor 2; KLF4, Krüppel‑like factor 4; CD133, cluster of differentiation 133; CD31, cluster of differentiation 31; CD11b, cluster 
of differentiation 11b; Iba1, ionized calcium‑binding adapter molecule 1; CD68, cluster of differentiation 68; CD3, cluster of differentiation 3.
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Immune cells such as microglia, macrophages and 
microglia‑associated cells represent a key component of the 
TME and play a critical role in tumor infiltration (9). Ionized 
calcium‑binding adapter molecule 1 (Iba1) was analyzed as a 
microglia marker, which is upregulated in glioblastomas (33), 
cluster of differentiation 3 (CD3) as a marker for T lympho‑
cytes and NK cells (34), as well as cluster of differentiation 
68 (CD68) and cluster of differentiation 11b (CD11b), which 
are expressed in macrophages and microglia  (35). In the 
current analysis, Iba1, CD68 and CD11b exhibited relatively 
homogeneous mRNA expression patterns with significant 
positive correlations between the primary tumor tissues and 
GBOs cultured for up to 28 days (Figs. 2D and E, S2E). By 
contrast, CD3 expression displayed greater heterogeneity, with 
some GBO preparations showing lower expression levels. 
Overall, CD3 predominantly revealed a negative correlation 
between the primary tumor tissues and GBOs, characterized 
by a downward trend. Iba1 and CD68 exhibited the highest 
baseline expression, followed by CD11b, whereas CD3 showed 
the lowest.

To address the presence of tumor vessels in GBOs, cluster 
of differentiation 31 (CD31) was used  (36). Depending 
on the analyzed GBO preparations, CD31 expression 
was generally similar in magnitude with slight variations 
(Figs. 2C and E, and S2D). With some exceptions, the base‑
line expression level was comparable to that of the immune 
cell marker CD68, with no significant correlations when 
comparing the expression between primary tumor tissues and 
GBOs cultured for all investigated time points.

To illustrate the persistence of the cellular structure of the 
investigated GBO preparations over cultivation time, exem‑
plary H&E staining was performed as shown in Fig. 3A with 
whole‑organism and corresponding high‑magnification inset 
images. The GBOs presented no significant visual differences, 
indicating that cellular structures remained unchanged once 
a GBO had been formed. Additionally, blood vessels were 
observed up to 28 days, indicating that the vascular structure 
of organoids was preserved during a one‑month cultivation 
period.

After the evaluation of the markers at the RNA level to 
ensure precise scientific quantification, immunofluorescence 
double‑staining was performed to visualize stable marker 
expression and typical co‑staining of cell‑type‑specific 
markers at the protein level throughout the culture period. 
Exemplary images are demonstrated in Figs. 3 and 4, high‑
lighting typical constellations. Due to the limited materials 
for valid quantitative analyses, these images were included to 
support the validity of the RNA‑based findings using a total of 
three GBO preparations without suggesting any quantitative 
assessment.

CD3/Iba1 were stained to label T cells and microglia, 
CD11b/CD68 to assess macrophages, and vWF/S100B to 
visualize vasculature and glial tissue (Fig. 3B‑D). The images 
revealed that all markers remained detectable at the protein 
level over a cultivation period of one month. In some cases, 
co‑staining was observed as expected, for example, with 
CD11b and CD68 (Fig. 3C).

To identify the presence of GSCs during the GBO culti‑
vation period, typical stemness markers were combined, 
including SOX2, OCT4, MSI1, CD133 and KLF4, with 

typical glial structural markers such as GFAP and S100B 
(Fig. 4A‑E). The staining results revealed that stem‑like cells 
persist over a cultivation period of one month alongside glial 
cells. Co‑staining of stemness and glial structural markers 
was rarely observed; in most cases, cells positive for stemness 
markers were found as single cells or small groups near cells 
positive for GFAP or S100B during the whole GBO cultiva‑
tion period. Especially, SOX2 and KLF4 (Fig. 4C, day 14 
and E) were also observed in the nucleus, in addition to their 
cytoplasmic localization, illustrating their role as transcription 
factors. This is also highlighted by the apotome images of 
KLF4 (Fig. 4E, whole visualization of the marker is provided 
in Fig. S4).

Notably, some GBO preparations exhibited a progres‑
sive cell death over time (exemplary data shown in Fig. 3E), 
highlighting the heterogeneity of organoids and probably 
suggesting that the presence of certain cellular markers may 
vary depending on the microenvironmental conditions.

Inflammatory features are retained in GBOs for up to one 
month. Inflammation plays a significant role in the pathogenesis 
of glioblastoma, contributing to tumor proliferation, progres‑
sion, invasion and therapeutic resistance (11,15). Therefore, it 
is of interest to determine whether the previously mentioned 
existing cells in GBOs exhibited their characteristic features 
during cultivation time, such as the expression of inflamma‑
tory mediators and their receptors. Focus was addressed on 
the chemokines C‑X‑C motif chemokine ligand 12 (CXCL12), 
C‑X‑C motif chemokine ligand 16 (CXCL16) and C‑X3‑C 
motif chemokine ligand 1 (CX3CL1), as well as interleukin‑6 
(IL‑6) and interleukin‑1 beta (IL‑1β), together with their 
respective receptors. C‑X‑C motif chemokine receptor 4 
(CXCR4), one of the receptors for CXCL12, is overexpressed 
in gliomas and, together with its ligand, promotes migration 
and invasion (12). Moreover, the CXCL12‑CXCR4 axis facili‑
tates temozolomide resistance, highlighting its central role in 
glioblastoma treatment (37). C‑X‑C motif chemokine receptor 
7 (CXCR7), another receptor for CXCL12, is known for its 
anti‑apoptotic effects contributing to enhanced tumor cell 
survival (38). It can serve as a prognostic marker, correlating 
with patient outcomes (39). The CXCL16‑C‑X‑C motif chemo‑
kine receptor 6 (CXCR6) axis enhances migration via reverse 
signaling mechanisms  (40) and modulates T cell activity 
within the glioblastoma microenvironment, suggesting a dual 
role in tumor progression and immune regulation (41). Finally, 
the CX3CL1‑C‑X3‑C motif chemokine receptor 1 (CX3CR1) 
axis participates in tumor‑immune interactions by accumu‑
lating tumor‑associated microglia/macrophages, thereby 
influencing tumor growth and progression through modulation 
of the TME (42).

The results are demonstrated in Fig. 5, with the respective 
findings for each individual GBO preparation traceable. In 
addition, all qPCR results were presented as box plots as an 
alternative representation to provide an improved overview 
(Fig. S3).

In the experiments of the present study, CXCL12 
mRNA expression showed some heterogeneity in the 
investigated GBO preparations but exhibited, over time, a 
highly significant positive correlation from day 7 onwards 
when comparing the expression between the primary tumor 
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tissues and GBOs cultured for the respective time points 
(Figs. 5A and C, and S3A). CXCL16 expression was more 
homogeneous in the investigated GBO preparations and 
consistent over time, resulting in no significant differences, 

while CX3CL1 displayed a very homogeneous mRNA expres‑
sion at the beginning of the cultivation procedure and then 
developed a certain heterogeneity, resulting in a negative 
correlation between the primary tumor tissues and GBOs 

Figure 3. H&E staining and immunofluorescence double‑staining images of an exemplary GBO preparation at five time points: days 0, 4, 7, 14, and 28. Selected 
insets were taken from two additional GBO preparations (total n=3). (A) H&E staining images with low (x2,5)‑ and high (x40)‑magnification; black arrows 
indicate blood vessels. (B and C) Immune cell markers. (D) Vessel marker. (E) Areas with cell death in one GBO preparation during the cultivation period. 
Scale bars: 1 mm for whole‑organism H&E images, 50 µm for the corresponding H&E‑insets, 20 µm for immunofluorescence images. GBO, glioblastoma 
organoid; DAPI, 4',6‑diamidino‑2‑phenylindole; vWF, von Willebrand factor; CD11b, cluster of differentiation 11b; Iba1, ionized calcium‑binding adapter 
molecule 1; CD68, cluster of differentiation 68; CD3, cluster of differentiation 3; S100B, S100 calcium‑binding protein B.



ONCOLOGY REPORTS  55:  85,  2026 7

cultured for 28 days (Figs. 5A and C, and S3A). The baseline 
expression levels were similar in magnitude for all three 
ligands (Figs. 5A and S3A). The mRNA expression of the 
chemokine receptor CXCR4 still revealed a statistically signif‑
icant positive correlation on days 7‑8 and remained unchanged 
at other time points (Figs.  5A  and  C,  and  S3A). CXCR7 

displayed similar patterns with some exceptions, showing 
relatively consistent expression, exhibiting a positive correla‑
tion between the primary tumor tissues and GBOs cultured for 
days 14‑15. CXCR6 presented the lowest baseline expression 
of all investigated chemokine receptors and exhibited a posi‑
tive correlation between the primary tumor tissues and GBOs 

Figure 4. Immunofluorescence double‑staining images of an exemplary GBO preparation at five time points: Days 0, 4, 7, 14, and 28. Selected insets were taken 
from two additional GBO preparations (total n=3). (A‑D) Stemness markers. (E) Exemplary Apotome image of KLF4 at day 28. GBO, glioblastoma organoid; 
GFAP, glial fibrillary acidic protein; S100B, S100 calcium‑binding protein B; OCT4, octamer‑binding transcription factor 4; MSI1, Musashi RNA‑binding 
protein 1; SOX2, SRY‑box transcription factor 2; CD133, cluster of differentiation 133.

https://www.spandidos-publications.com/10.3892/or.2026.9090
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Figure 5. Reverse transcription‑quantitative PCR and correlation analysis of chemokines and cytokines with their respective receptors. Gene expression 
levels are shown across the entire cultivation period for 10 different glioblastoma organoid preparations (n=10) at five time points: days 0, 3‑5, 7‑8, 14‑15, and 
26‑28. The x‑axis represents days, the left y‑axis shows ∆CT values, and the right y‑axis displays the logarithmic scale of expression relative to GAPDH as 
the housekeeping gene (GAPDH expression=1). (A) Chemokines and chemokine receptors. (B) Cytokines and cytokine receptors. (C) Correlation analysis. 
Correlations are indicated by a color gradient: Dark green represents a high positive correlation, light green a low positive correlation, dark blue a high negative 
correlation, and light blue a low negative correlation. Statistical analysis was performed using one‑way ANOVA with Dunnett's multiple comparisons post hoc 
test. *P<0.05, **P<0.01 and ***P<0.001. GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase; CX3CL1, C‑X3‑C motif chemokine ligand 1; CX3CR1, C‑X3‑C 
motif chemokine receptor 1; CXCL12, C‑X‑C motif chemokine ligand 12; CXCR4, C‑X‑C motif chemokine receptor 4; CXCR7, C‑X‑C motif chemokine 
receptor 7; CXCL16, C‑X‑C motif chemokine ligand 16; CXCR6, C‑X‑C motif chemokine receptor 6; IL‑1β, interleukin‑1 beta; IL‑1βR, interleukin‑1 beta 
receptor; IL‑6, interleukin‑6; IL‑6R, interleukin‑6 receptor. 
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at two time points. There was a tendency toward downregula‑
tion over time, and one GBO preparation became undetectable 
at the latest time point; however, this was not clearly reflected 
in the correlation analysis due to the heterogeneity of the 
expression patterns in the different GBO preparations 
(Figs.  5A and C, S3A). By contrast, CX3CR1 exhibited a 
highly heterogeneous mRNA expression with a significant 
decline at the end of the GBO cultivation period, resulting in 
a negative correlation between the primary tumor tissues and 
GBOs cultured for 28 days (Figs. 5A and C, and S3A).

Proinflammatory cytokines such as IL‑6 and IL‑1β, along 
with their receptors, promote tumor cell proliferation, inva‑
siveness, and survival in glioblastoma (13,14). In the present 
study, the interleukins presented some heterogeneity within 
the various GBO preparations, exhibiting similar baseline 
mRNA expression levels (Figs. 5B and C, and S3B). Moreover, 
the interleukins, particularly IL‑6, showed a downward trend 
in the correlation analysis during cultivation time when 
comparing primary tumor tissues and GBOs. IL‑1β initially 
displayed a positive correlation, which shifted to negative or 
weakly positive values over time before becoming slightly 
more positive at the end (Figs. 5B and C and S3B). In general, 
IL‑6 receptor (IL‑6R) showed a higher baseline mRNA 
expression than IL‑1β receptor (IL‑1βR). IL‑1βR also exhib‑
ited a positive correlation at the beginning, which then became 
slightly negative. IL‑6R displayed a relatively homogeneous 
expression pattern across the different time points, with a 
positive correlation observed at the end of the GBO cultivation 
period (Figs. 5B and C, and S3B).

Cytokines and chemokines, along with their respective 
cellular sources, were also visualized qualitatively at the 
protein level using immunofluorescence double‑staining. 
Representative images are shown in Figs. 6 and 7. The stem‑
ness markers SOX2 and MSI1 were combined with CXCR4 
and CXCR6 (Fig. 6B and E), as both receptors are known 
to be expressed in glioblastoma progenitor cells  (43,44). 
S100B was stained together with CXCR7 and CX3CL1, 
which are reported to be expressed in glioma cells (38,45). 
CX3CR1 was combined with Iba1, reflecting its expression in 
microglia (46). Finally, CXCL12 and CXCL16 were stained 
in combination with GFAP, as both chemokines are expressed 
in glial cells  (38,47). In numerous staining constellations, 
co‑staining was observed during the whole GBO cultiva‑
tion period, for example, CXCL12 and CXCL16 with GFAP 
(Fig. 6A and D), CX3CL1 with S100B (Fig. 6F), and CXCR4 
with MSI1 (Fig. 6B). Similarly, co‑staining of CX3CR1 and 
Iba1 was detected (Fig. 6G), consistent with known findings 
aforementioned.

To assess cytokine secretion in immune cells, IL‑1β 
and its receptor were stained in combination with Iba1 
(Fig. 7A and B) to visualize both the secreted cytokine and 
its receptor on macrophages and microglia (48). Additionally, 
CD11b was stained with IL‑6 and IL‑6R (Fig. 7C and D), 
given the positive correlation between cytokine expression 
and immune cell infiltration reported in glioblastoma (49). 
Similar to the chemokines, the cytokines remained detectable 
at the protein level during 1 month of cultivation. Moreover, 
co‑staining of, for example, Iba1 and IL‑1β, and CD11b and 
IL‑6R was detectable in GBOs up to 28 days of cultivation 
time (Fig. 6B and D). Collectively, all fluorescence images 

demonstrated that inflammatory features persisted throughout 
the 1‑month cultivation period.

In summary, structural proteins, proliferation, stemness 
and inflammatory markers remain preserved at the RNA level 
during the cultivation method over the course of one month, 
with some exceptions (for example, reduction of CXCR6, 
CX3CR1, and CD3 expression during the cultivation period, 
and presence of a GFAP and S100B mRNA expression drop 
after a 3‑5‑day cultivation period). All fluorescence images 
confirmed that structural proteins, stemness, and inflamma‑
tory markers remained present and detectable at the protein 
level even after 28 days of GBO cultivation time.

Discussion

The present study aimed to analyze the cellular characteristics 
and inflammatory features of patient‑derived GBOs during a 
1‑month cultivation period. The present findings demonstrated 
that glial structural proteins, GSCs, immune cells, vessels, 
proliferation marker, and inflammatory mediators remained 
detectable up to the final time point in most cases. H&E 
staining revealed no major structural alterations over time, 
and immunofluorescence confirmed the continued presence of 
nearly all analyzed markers at the protein level after 28 days. 
GSCs were distinct from glial cells, occasionally forming small 
clusters near GFAP/S100B‑positive cells. Co‑staining could be 
observed as expected, such as CXCL12/CXCL16 with GFAP, 
CXCR4 with MSI1, and CX3CR1 with Iba1, highlighting 
the preservation of cellular diversity and functional integrity 
over time. Both RNA and protein levels confirmed long‑term 
stability of the GBO preparations, as most markers remained 
largely preserved with minor fluctuations in most cases.

The maintenance of cellular architecture and charac‑
teristic features, including blood vessels, immune cells, and 
inflammatory mediators, is essential for preserving an intact 
TME in glioblastoma. Jacob et al  (2020) (26) successfully 
optimized patient‑derived GBOs with a particular investiga‑
tion of cellular characteristics. They established a biobank and 
documented the viability of organoids following cryopreser‑
vation. However, at that time, the long‑term stability of the 
GBOs and the maintenance of key TME features, including 
inflammatory mediators, remained uninvestigated, potentially 
limiting the translation of data into patient care. The present 
study aimed to address this gap by conducting quantitative 
analyses of different cell components and inflammatory 
mediators over a 1‑month cultivation. Despite some exceptions 
over a prolonged cultivation period, the observed stability in 
the current experiments supports the reliability of GBOs as a 
physiologically relevant preclinical model. The persistence of 
GSCs within GBO preparations also aligns with previous find‑
ings suggesting that GSCs contribute to tumor recurrence and 
therapy resistance (4,7). Their continued presence alongside 
glial structural proteins indicates that GBOs can, in principle, 
recapitulate the intratumoral heterogeneity typical of primary 
glioblastoma tissue.

Nevertheless, although most markers in patient‑derived 
GBOs showed stable expression, not all remained consistent 
throughout the cultivation period. In the present study, the 
proliferation marker Ki67 and the glial structural proteins 
GFAP and S100B displayed an early, transient drop between 

https://www.spandidos-publications.com/10.3892/or.2026.9090
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days 3‑5, followed by gradual recovery. This may be due to 
glial tumor cells experiencing stress in the cultured GBOs, 
temporarily reducing marker expression. The stemness marker 

CD133, however, exhibited high heterogeneity and declined 
over time in some GBO preparations. This heterogeneity 
can be attributed to the coexistence of CD133‑positive and 

Figure 6. Immunofluorescence double‑staining images of three glioblastoma organoid preparations at three time points (days 0, 4, and 28). (A‑G) Chemokines 
and chemokine receptors. (A‑C) CXCL12‑CXCR4‑CXCR7 axis. (D and E) CXCL16‑CXCR6 axis. (F and G) CX3CL1‑CX3CR1 axis. Scale bars: 20 µm. 
CXCL12, C‑X‑C motif chemokine ligand 12; CXCR4, C‑X‑C motif chemokine receptor 4; CXCR7, C‑X‑C motif chemokine receptor 7; CXCL16, C‑X‑C 
motif chemokine ligand 16; CXCR6, C‑X‑C motif chemokine receptor 6; CX3CL1, C‑X3‑C motif chemokine ligand 1; CX3CR1, C‑X3‑C motif chemokine 
receptor 1; GFAP, glial fibrillary acidic protein; S100B, S100 calcium‑binding protein B; MSI1, Musashi RNA‑binding protein 1; SOX2, SRY‑box transcription 
factor 2; Iba1, ionized calcium‑binding adapter molecule 1.
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CD133‑negative GSCs (50) and may also be due to popula‑
tion shifts favoring CD133‑negative cells over time. Similarly, 
CXCR6, expressed in glioblastoma progenitor cells (43,44), 
showed low expression and declined at later time points. This 
may result from transcriptional downregulation or epigenetic 
silencing, or from loss of the CXCR6‑positive subset, while 
overall stemness markers remained. These findings align with 
Hattermann et al (2013) (43), where CXCR6 was restricted to a 
small subset of proliferating glioblastoma cells co‑expressing 
MSI1, SOX2 and OCT4. A decline in CD3, a marker for T cells 
and NK cells (34), was observed after 14‑15 days, likely due 
to the absence of survival or activation signals in the organoid 
environment. CX3CR1, expressed in microglia (46), decreased 
significantly over time, whereas Iba1 expression as a microglia 
marker remained stable, suggesting that the CX3CR1 decline 
reflects reduced microenvironmental signaling rather than 
microglial loss. Notably, CXCR6 and CD133 became undetect‑
able at day 28 in one GBO preparation, and CD3 decline was 
most substantial in one GBO preparation. Comparing these 
results, all changes were pronounced in GBO 2, highlighting 
heterogeneity between GBO preparations.

In summary, the observations of the present study indicate 
that key components of the TME fluctuate depending on the 
marker, tumor material, and cultivation time. The current 
results suggest that the optimal time window for studying 
patient‑derived GBOs is likely between 7‑14 days, when cellular 
composition is most stable. Over time, some GBOs developed 
progressive cell death, indicating that GBO quality depends 

on the original tumor material and reflects both heteroge‑
neity and microenvironment‑dependent variation. Therefore, 
careful evaluation of GBOs for structural abnormalities is 
essential before experimental use to ensure reproducibility and 
reliability.

Based on the present findings, future research on the GBO 
model should aim to further optimize its application as a 
preclinical model. Future studies could routinely implement 
intraoperative diagnostics, such as frozen section or detailed 
sequencing analyses. This would enable the cultivation of 
organoids separately according to their specific genetic and 
epigenetic profiles, which could be crucial for testing individu‑
alized patient treatments. Furthermore, correlations between 
treatment responses observed in patient‑derived GBOs and 
those of the corresponding patients could be systematically 
evaluated.

The scientific significance of the GBOs lies in their ability 
to preserve tumor heterogeneity by exhibiting structural and 
functional characteristics similar to those of human organs 
and tissues (17,21). GBOs offer a high success rate in culture, 
short formation times, relatively low cost, and reproducible 
tumor traits (22). Moreover, organoids serve as valuable tools 
for studying tumor biology, including the TME, and for testing 
radiotherapy, chemotherapy and immunotherapy (18,20‑22). 
However, several limitations should be considered: First, the 
key TME components can fluctuate across different markers, 
depending on the marker and tumor material (batch‑to‑batch 
variability). Second, during long‑term cultivation, some 

Figure 7. Cytokines and cytokine receptors were visualized using immunofluorescence double‑staining at three time points (days 0, 4, and 28), exemplified for 
one glioblastoma organoid preparation. (A and B) IL‑1β and IL‑1βR. (C and D) IL‑6 and IL‑6R. Scale bars, 20 µm. IL‑1β, interleukin‑1 beta; IL‑1βR, IL‑1β 
receptor; IL‑6, interleukin‑6; IL‑6R, IL‑6 receptor; Iba1, ionized calcium‑binding adapter molecule 1; CD11b, cluster of differentiation 11b.
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characteristics changed (reduced expression of specific 
immune markers and loss of chemokine receptors in some GBO 
preparations), as also observed in the present study. Third, due 
to the limited material, the fluorescence images in the present 
study were included only to visualize stable marker expres‑
sion and typical co‑staining of cell‑type‑specific markers 
at the protein level throughout the culture period, without 
suggesting quantitative assessment. Nevertheless, while the 
patient‑derived GBO model of the present study preserves 
tumor heterogeneity and TME in general, and can therefore 
serve as a valuable preclinical model, it should be used for 
exploratory and hypothesis‑generating studies. Therefore, 
its application may be limited to providing biological and 
mechanistic insights and should be used to a limited extent 
to determine clinical efficacy or therapeutic decision‑making 
without independent in vivo or clinical validation.

In summary, the long‑term preservation of cellular and 
inflammatory characteristics underscores the robustness of 
patient‑derived GBOs as glioblastoma models. By main‑
taining the key components of the TME and the heterogeneity 
of the original tumor, GBOs provide a powerful platform 
for experimental studies and preclinical drug testing. Their 
ability to bridge the gap between experimental research and 
clinical application highlights their value in accelerating 
translational glioblastoma research and advancing the 
development of effective, individualized treatment strate‑
gies. However, its application may be limited to providing 
biological and mechanistic insights and should be used to a 
limited extent to determine clinical efficacy or therapeutic 
decision‑making, without independent in  vivo or clinical 
validation. Moreover, time‑dependent variations in some 
marker expression determine an optimum time window with 
these organoids, between 7‑14 days, which may limit their 
use for certain experiments.
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