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Background: Diffuse high-grade gliomas (HGGs) include the most aggressive types of brain
tumors. Despite current treatment options, which include a combination of surgery, radiotherapy,
and chemotherapy, the prognosis remains catastrophic. Patients diagnosed with glioblastoma (GB),
the most aggressive HGG, have a median survival of <2 years. Cancer cell lines represent an
essential tool in cancer research. Once established, these cells can be used to investigate tumor
biology and conduct drug screening trials, contributing to the development of new therapeutic
options for patients with glioma.

Aim: The aim of the study was to establish and characterize three new HGG cell lines obtained
from different patients and validate their tumorigenicity in a murine xenograft model.

Methods: The three tissue samples were immunohistochemically and molecularly classified as
astrocytoma IDH-mutant, Grade 3 (C03); GB IDH-wildtype, grade 4 (N07); and astrocytoma IDH-
mutant, Grade 3 (L09). These were cultured until the tenth passage for culture establishment. Cell
morphology was accessed by light microscopy and phalloidin labeling. To characterize the cell
lines, GFAP labeling was performed. Xenograft murine models were used to investigate whether
the cell lines retained their tumor-forming ability. Cells from murine tumors were recultured, and
morphological evaluation was performed by histopathological analysis.

Results: The three HGG lines were successfully established, and GFAP positivity confirmed
their astrocytic origin. Morphologically, the cells presented a fusiform or polygonal shape, with
accelerated growth throughout the passages. All three cell lines developed tumors after induction
of the xenograft model, and the subculture of these tumors revealed a morphology similar to that
of the three cell lines before implantation. Histopathological analysis of the xenograft tumors
confirmed the disordered tissue formation commonly found in diffuse gliomas.

Conclusion: The successful establishment of these cell lines and the creation of a biobank will
facilitate studies in drug development and glioma tumorigenesis.

Relevance for Patients: The established cell lines will be utilized in assays to analyze glioma
tumorigenesis and in screening for novel drug candidates, contributing to the development of new
treatments for these patients.

1. Introduction

Diffuse high-grade gliomas (HGGs) are a heterogeneous group of tumors that originate
from glial or glial precursor cells and are among the most aggressive and prevalent
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brain tumors in adults [1]. According to the 2021 World Health
Organization (WHO) Classification of Tumors of the Central
Nervous System (WHO CNSS5), adult diffuse gliomas are
classified into: (i) Astrocytoma, IDH-mutant (grades 2, 3, or 4),
(i) oligodendroglioma, IDH-mutant, and 1p/19q-codeleted
(grades 2 or 3); and (iii) glioblastoma (GB), IDH-wildtype
(grade 4) [2]. CNS WHO Grades 1 — 4 are related to the degree
of malignancy, with a higher grade corresponding to a poorer
prognosis [2-4]. Standard treatments for HGGs involve a
combination of maximal surgical resection, radiotherapy, and
chemotherapy [5,6]. However, these treatments have limited
efficacy in preventing glioma progression. GB is the most
common and highly malignant type of brain tumor in adults,
with a median survival of <2 years for most patients [7,8].
Given the poor outcomes associated with HGGs, there is a need
to explore new therapeutic approaches or even improve the
efficacy of conventional therapies against these tumors.

Patient-derived cancer cell lines are the most commonly used
models to study tumor biology and discover novel therapeutics,
not only in vitro but also in murine in vivo assays [9,10]. Once
established, malignant cell cultures provide excellent and
permanent materials for studying tumor biology and behavior.
They facilitate the analysis of bioactive components produced by
tumors, the determination of cell viability and proliferation, and
the assessment of cell migration and invasion under treatment
conditions [11]. Therefore, in vitro assays are a fundamental
step in drug development, as they permit screening for agents
that selectively target tumors. For example, the successful
establishment of a human GB cell line (named NG97) [11,12]
allowed our research group to identify spider venom molecules
with antitumor effects [3,13-16]. These studies emphasize the
importance of establishing cancer cell lines. However, their
focus primarily remained on one glioma cell type (GB-NG97).
Considering the heterogeneity of gliomas, trials involving
multiple cell types from different patients could provide a more
comprehensive understanding of the effects of animal venom
molecules on these tumors.

Despite being an excellent model for cancer research and
drug development, establishing cell lines from fresh tissue
obtained from patients is time-consuming and challenging. In
contrast to established cell lines, primary cells are sensitive
to new environments and more susceptible to contamination.
Bian et al. [17] reported that the success rate of cell line
establishment from fresh tumor tissues is around 10%. In the
present study, we aimed to establish and characterize three new
human cell lines derived from fresh tissue samples of three male
patients diagnosed with HGGs. Through a simple yet carefully
optimized process, we aimed to establish the cell lines after only
a few passages, ensuring they became stable while remaining
as close as possible to the original tumor tissue. These newly
established cell lines will facilitate future studies related to
the understanding of glioma biology, especially due to their
distinct histological and molecular characteristics. These cell
lines will also enable our research group to conduct new tests
investigating the effects of animal venom molecules. A well-
established tumor cell bank provides heterogeneous cell lines

and opens perspectives for studies aimed at developing new
treatments against these tumors.

2. Methods
2.1. Ethical considerations

Tissue samples were obtained from the department of
neurosurgery and imaging examinations were acquired from
the department of radiology, both at the Central Hospital of
Santa Casa (Brazil) after informed patient consent (Termo de
Consentimento Livre e Esclarecido [TCLE]). Tumor samples
were acquired following the ethical guidelines of the Research
Ethics Committee of the University of Campinas (UNICAMP,
Brazil; CAAE: 15215219.5.0000.5404) and the Central Hospital
of Santa Casa (Brazil; CAAE: 15215219.5.3001.5479). Animal
experiments were performed in accordance with the Ethical
Principles in Animal Research, adopted by the Brazilian College of
Animal Experimentation (Colégio Brasileiro de Experimentagao
Animal [COBEAY]); all procedures were previously approved by
the Animal Use Ethics Committee (CEUA/UNICAMP; 6200-
1/2023). The animals were carefully monitored and cared for
daily to ensure their well-being. They were kept in standard
filter-top cages with unrestricted access to sterile water and food
in the Animal Facility of the Institute of Biology, Department of
Functional and Structural Biology (UNICAMP).

2.2. Specimen collection

After surgical resection, tissue samples were obtained from
three different patients: a 55-year-old male (specimen designated
CO03), a 56-year-old male (NO7), and a 36-year-old male (L09).
Under aseptic conditions, a portion of the samples from each
patient was placed in separate falcon tubes containing Iscove’s
Modified Dulbecco’s Medium (IMDM; #17633; Sigma-Aldrich,
United States of America [USA]) supplemented with 10% fetal
bovine serum (FBS) and penicillin-streptomycin-amphotericin B
solution (10.000 U/mL; #A5955; Sigma-Aldrich, USA) (pH 7.4)
(referred to as complete medium). These samples were intended
for the preparation of primary cell cultures. The remaining portions
were placed in other falcon tubes containing 10% formaldehyde
and sent to a histopathology laboratory, where the tumors were
characterized immunohistochemically and molecularly according
to WHO CNS5 2021, as follows: astrocytoma IDH-mutant,
WHO Grade 3 (C03); GB IDH-wildtype, WHO grade 4 (N07);
and astrocytoma IDH-mutant, WHO Grade 3 (L09).

2.3. Cell lines establishment

Tumor specimens were maintained in a complete medium,
minced into 1 — 2 mm?® fragments, and centrifuged (1500 rpm,
4°C, 5 min) to remove debris. The supernatant was then
discarded, and the cells (pellet) were seeded into 25 cm? culture
bottles. Primary cells were cultured (IMDM) and maintained
at 37°C in a 5% CO, humidified atmosphere until they reached
the tenth passage. Each passage involves releasing the cells
from the bottle using a cell scraper and transferring them to a
larger bottle or two other bottles. By the tenth passage, the cells
were observed to be stable after thawing, indicating successful
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establishment. Large quantities of the three cell lines were then
routinely frozen at —80°C in FBS supplemented with 10% (v/v)
dimethyl sulfoxide (DMSO; #D2650; Sigma-Aldrich, USA) and
stored long-term in a cryogenic freezer within liquid nitrogen
vapor (biobank). For the immunofluorescence assay, cells were
thawed, cultured, and allowed to reach 90% confluence before
being carefully scraped into 48-well plates (Corning Costar®,
USA). In addition, 3 x 10° cells were also obtained for the
tumorigenicity assay as described below.

2.4. Immunofluorescence

Characterization and authentication of the three established
cell lines were assessed using immunostaining for glial fibrillary
acidic protein (GFAP), an astrocyte marker. Cell morphology
was also assessed using phalloidin to selectively label actin
filaments. This assay was based on a standardized protocol in
our laboratory, which was described in a previous study [13].
Cells were initially seeded in 48-well plates (2 x 10° cells/well)
with a complete medium. At 90% confluence, the medium was
removed from the wells and replaced with fresh medium. Cells
were then fixed with 4% paraformaldehyde (PFA) (15 min),
washed three times with phosphate-buffered saline (PBS)
(pH 7.4), and incubated with a permeabilization solution (0.1%
Triton X-100 in PBS) for 10 min at room temperature. After, the
wells were washed with PBS and then treated with a blocking
solution (1% bovine serum albumin [BSA] 467 supplemented
0.2% Tween 20 in PBS) for 1 h. Subsequently, the cells were
incubated with a Phalloidin probe (1:200, P5282; Sigma-
Aldrich, USA) diluted in 0.3% BSA solution (supplemented with
0.1% Tween 20 in PBS) for 2 h at room temperature. Following
this, the wells were washed with PBS and incubated overnight
with anti-GFAP (1:500; #16825-1-AP; Proteintech, USA) in the
same dilution solution. A negative control group without anti-
GFAP incubation was also prepared. The next day, cells were
washed again with PBS and incubated with rhodamine (TRITC)
— conjugated goat anti-rabbit IgG (1:100; #SA00007-2;
Proteintech, USA) for 1 h, and then counterstained with a drop
of the nucleus dye DAPI (#P36971; ThermoFisher, USA). Cell
imaging was performed using Apotome.2 (Zeiss, Germany) and
analyzed with Zen 2.6 and Image J software.

2.5. Tumorigenicity in RAG™" black mice

To investigate tumorigenicity, 3 x 10° cells from each of the
three cell lines were suspended in 0.1 mL PBS and injected
subcutaneously into the dorsal flank of adult immunodeficient
C57BL/6 RAG™ female or male mice (12 months old). The
animals were monitored weekly during tumor development.
After 22 days of cell implantation, the mice were anesthetized
with ketamine (80 mg/kg) and xylazine (10 mg/kg) and
euthanized. Tumors were excised and divided into two parts for
different processing methods. One part was fixed in 4% PFA
and embedded in paraffin for tissue analysis by hematoxylin and
eosin (H&E) staining. The other part was placed in a falcon tube
containing a complete medium for subculture, morphological
analysis, and creation of a biobank.

2.6. Tumor histopathology

Tumor pieces designated for tissue analysis were immersed
in PFA for 24 h. Thereafter, the tissue pieces were washed with
distilled water 3 times (10 min each) to remove any residual
PFA. The samples were then dehydrated through an ethanol
gradient and embedded in Paraplast (#P3558; Sigma-Aldrich,
USA). Sections of 5 um were obtained and stained with H&E
before evaluation under a microscope.

2.7. Morphological evaluation

For evaluation of morphology, the three established
cell lines (obtained from patients) and those acquired after
tumor excision from mice were seeded in 6-well plates
(2 x 10° cells/well) and incubated at 37°C, 5% CO, for
48 h. The cells were then photographed under an inverted
microscope (Nikon Eclipse Ts2; Nikon, Japan) and the
NIS-Elements D software to analyze their general morphology.
The entire methodology used in this work is summarized and
exemplified in Figures 1A and B.

3. Results

3.1. Establishment and biobanking of the three high-grade
glioma cell lines from patient tumor tissues and morphological
evaluation

A tumor mass was observed in the MRI of the patient before
surgery (Figures 2A, 3A, and 4A). Using in vitro patient-
derived specimens, the three HGG cell lines (C03, NO7, and
L09) were successfully established. From the primary culture,
it was possible to freeze, thaw, and subculture cells, allowing
the creation of a biobank and the performance of in vitro
characterization (GFAP labeling), as described below. During
the first 2 weeks of culture, the GB (NO7) cell line grew faster
than the astrocytoma (C03 and L09) cell lines. Later, growth
was similar for all three HGG cell lines. All of them reached the
tenth passage in about 2 months. Under light microscopy, all
three cell lines grew in monolayer and most of them exhibited
spindle-shaped and polygonal morphologies; some of them
exhibited long protrusions (Figures 2B, 3B, and 4B).

3.2. Tumorigenicity of the three high-grade glioma cell lines in
C57BL/6 RAG™ mice and morphological evaluation

To assess whether the three cell lines retained their
tumor-forming  ability, a tumorigenicity assay was
conducted. /n vivo, xenograft tumors were developed after
subcutaneous implantation of all three established cell lines
(Figures 2C and D; 3C and D; and 4C; and D). After 22 days
of inoculation, the animals were anesthetized and the tumor
masses were excised. The tumors reached a volume of
2.5, 0.7, and 2.02 cm®, with weights of 1.6, 0.8, and 1.5 g,
respectively (for C03, NO7, and L09). The morphology of the
xenograft tumors during subculture resembled the cell line
characteristics of the three cell lines before implantation,
displaying spindle-shaped and polygonal morphologies
(Figures 2E, 3E, and 4E).
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Figure 1. Methodology summary. Establishment of patient-derived high-grade glioma cell lines (C03, N07, and L09), and in vivo tumorigenicity
analysis. (A) After patient consent, portions of the obtained tumor samples were cultured until they reached the tenth passage (establishment).
Large amounts of these cells were frozen to create a biobank. Morphological analysis and characterization of the cell lines (GFAP labeling)

were performed using an inverted microscope and immunofluorescence assays, respectively. The remaining tumor portions were destined for
histopathological and molecular classification. Subsequently, the cell lines were implanted in a xenogeneic murine model to evaluate their
tumor-forming capacity. (B) Fragments of the tumors developed and excised from the animals were sub-cultivated for their establishment and for
creating another biobank. Other tumor fragments were processed for histopathological evaluation (H&E staining). GFAP: Glial fibrillary acidic
protein; H&E: Hematoxylin and eosin. The figure was created in BioRender; Santos, N. (2023; https://BioRender.com/w44p823)

arrow. (B) CO03 cell line during its culture and establishment. The cell line was observed under an inverted microscope after the tenth passage,
exhibiting spindle-shaped and polygonal morphologies; some exhibiting long protrusions. (C) Tumorigenicity test of C03 in C57BL/6 RAG™~
mice. (D) The solid tumor obtained (volume: 2.5 cm?®; weight: 1.6 g). (E) C03 cell line during its culture after excision of the animal’s tumor. Note
that their morphology resembles that of the C03 cell line before implantation. (F) Histopathology (H&E) of the subcutaneous tumor, displaying
increased cellularity, variation in nuclear size, and mitotic figures (black arrow). Scale bars: 100 wm (B and E); 50 um (F)

Abbreviations: MRI: Magnetic resonance imaging; H&E: Hematoxylin and eosin

3.3. Histopathology of tumor mass in astrocytic tumors. Tumors originating from all three cell
lines indicated increased cellularity, variation in nuclear
Histopathological examination was performed to assess size, and mitotic figures, similar to astrocytic tumors

whether the xenografted tumors retained features observed (Figures 2F, 3F, and 4F).
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Figure 3. Glioblastoma IDH-wildtype, Grade 4 (N07) human cells. (A) MRI of the patient before surgery; the tumor mass is indicated with a
yellow arrow. (B) NO7 cell line during its culture and establishment. The cell line was observed under an inverted microscope after the tenth
passage, exhibiting spindle-shaped and polygonal morphologies; some exhibiting long protrusions. (C) Tumorigenicity test of NO7 in C57BL/6
RAG™ mice. (D) The solid tumor obtained (volume: 0.7 cm?; weight: 0.8 g). (E) NO7 cell line during its culture after excision of the animal’s
tumor. Note that their morphology resembles that of the NO7 cell line before implantation. (F) Histopathology (H&E) of the subcutaneous tumor,
displaying increased cellularity, variation in nuclear size, and mitotic figures (black arrow). Scale bars: 100 um (B and E); 50 um (F)
Abbreviations: MRI: Magnetic resonance imaging; H&E: Hematoxylin and eosin

i “‘r’j’. i ({ X ‘,”,,‘,; OO\Rs | ——
Figure 4. Astrocytoma IDH-mutant, Grade 3 (L09) human cells. (A) MRI of the patient before surgery; the tumor mass is indicated with a
yellow arrow. (B) L09 cell line during its culture and establishment. The cell line was observed under an inverted microscope after the tenth
passage, exhibiting spindle-shaped and polygonal morphologies; some exhibiting long protrusions. (C) Tumorigenicity test of L09 in C57BL/6
RAG™ mice. (D) The solid tumor obtained (volume: 2.02 cm?®; weight: 1.5 g). (E) L09 cell line during its culture after excision of the animal’s
tumor. Note that their morphology resembles that of the L09 cell line before implantation. (F) Histopathology (H&E) of the subcutaneous tumor,
displaying increased cellularity, variation in nuclear size, and mitotic figures (black arrow). Scale bars: 100 um (B and E); 50 um (F)
Abbreviations: MRI: Magnetic resonance imaging; H&E: Hematoxylin and eosin

3.4. Phalloidin and GFAP labeling to evaluate glioma cell morphology by phalloidin labeling. All

To characterize and authenticate the three established cell three HGG cells displayed a rounded morphology with some thin
lines, immunostaining for GFAP, a reliable marker of astrocytic extensions. GFAP labeling was positive in all HGGs, confirming
cells, was performed. Immunofluorescence was also carried out their astrocytic origin (Figures 5A-D, 6A-D, and 7A-D).
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Figure 5. Astrocytoma IDH-mutant, Grade 3 (C03) human cells. (A-D) Phalloidin probe and GFAP labeling. The cells displayed rounded
morphology with some thin extensions; GFAP staining was positive in C03 cells, confirming astrocytic origin. (E-H) Negative control
(without GFAP labeling). Scale bars: 100 um
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Figure 6. Glioblastoma IDH-wildtype, Grade 3 (NO7) human cells. (A-D) Phalloidin probe and GFAP labeling. The cells displayed rounded
morphology with some thin extensions; GFAP staining was positive in NO7 cells, confirming astrocytic origin. (A-H) Negative control
(without GFAP labeling). Scale bars: 100 um
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Figure 7. Astrocytoma IDH-mutant, grade 3 (L09) human cells. (A-D) Phalloidin probe and GFAP labeling. The cells displayed rounded
morphology with some thin extensions; GFAP staining was positive in L09 cells, confirming astrocytic origin. (E-H) Negative control
(without GFAP labeling). Scale bars: 100 um

Negative controls (without GFAP labeling) were also performed directly from patient tumor tissue is essential to understanding
(Figures SE-H, 6E-H, and 7E-H). tumor behavior and biology, as well as establishing a preclinical
model for testing and developing new drugs [10,18]. These cell
lines are commonly used to assess drug sensitivity, resistance,

Cancer cell lines are one of the most powerful tools in cancer and toxicity. However, after numerous passages, these cell
research. Establishing new primary cancer cell lines obtained lines can accumulate genetic and epigenetic changes that may

4. Discussion
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hinder many preclinical studies from translating into clinical
applications. The occurrence of multiple passages makes these
cell lines less similar to the original tissue [19,20]. This allows
newly established cell lines to become a better study model
than commercially available cell lines. In the present study, we
were able to establish three new HGG cell lines (C03, NO7, and
L09) after 10 passages, obtained directly from primary tumors
of different patients. During the adaptation period, astrocytoma
cell lines (CO3 and L09) slowly adhered to the culture flasks
and began to proliferate more rapidly until reaching the tenth
passage. Interestingly, the GB cell line (NO7) grew faster in the
first 2 weeks of culture than the astrocytomas. Thereafter, growth
was similar for all three HGG cell lines. These differences may
be related to GB being a more aggressive tumor; however, after
the 2™ week, its growth remained similar to that of the other
cell lines. After reaching the tenth passage (approximately
2 months), it was noted that they became stable after thawing.

Compared to other cell culture models, like sphere culture,
adherent cells are easy to manipulate and are ideal for drug
screening experiments, such as cell proliferation, viability, and
migration assays. Although easy to manipulate, primary cultures
are more susceptible to contamination. They are also more
sensitive to microenvironmental components, making the choice
of an appropriate culture medium essential. Cheng et al. [21]
cultured 10 GB cell lines from different patients using high-
glucose DMEM + 10% FBS, but only one of them (GWHO04)
acquired unlimited proliferation capacity. In the present study,
all three HGG cell lines acquired stability and high replicative
ability with complete medium (IMDM + 10% FBS), without
the need for additional glucose supplementation. Morphological
analysis is commonly used to assess the characteristics of cancer
cell lines. Despite being different types of gliomas, all three
HGG cell lines grew in a monolayer and exhibited spindle-
shaped and polygonal morphologies. These morphological
findings are in agreement with studies of other established
primary glioma cell lines. Grube et al. [20] established 16 of
34 GB cell lines that exhibited a spindle-form or polygonal-
to-amorphous morphology and grew as a monolayer. In the
present study, we also investigated cell morphology by labeling
cytoskeleton components (using the phalloidin probe). The
cells exhibited a morphology similar to those observed by light
microscopy. Interestingly, the presence of rounder rather than
polygonal cells was noted.

The differences observed in morphology may be related
to the time at which the cells were imaged, as phalloidin
labeling was performed in the initial weeks of culture,
whereas light microscopy was conducted after establishment.
Machado et al. [11] observed a similar pattern during GB
(NG97) establishment: in the first passages, GB cultures
grew more slowly and presented a more rounded shape. At
the 13" passage, dendritic-like cells, with more extensive
cytoplasmatic extensions, appeared in the culture. Subsequently,
spindle-shaped cells appeared as the culture became dense.
We hypothesize that these differences may be related to the
heterogeneity of the tumor and the slow adaptation of the cells to
a new environment. Cells may create more connections during

culture, forming additional cellular extensions that connect to
one another as they adapt to the new environment. Despite the
GB (C03) cell line growing faster at the beginning of culture,
its morphology remained similar to the other astrocytic (NO7
and L09) cell lines. In addition to morphological analyses,
to characterize and confirm the established cell lines as
astrocytoma and GB, immunofluorescence staining for GFAP
was performed. GFAP, a protein involved in the structure and
function of the cytoskeleton, is commonly used as a marker of
astrocytes [21,22]. Our results indicated that the three HGGs
were positive for GFAP, confirming their astrocytic origin.
Furthermore, for the validation of the cell lines, it was also
important to evaluate whether the cell lines maintained the
ability to form tumors. Studies report that the implantation
of tumor cell lines in mice does not always lead to tumor
development [21]. However, this is an important factor to
reliably attest to the tumorigenicity of new tumor cell lines. In
the present study, all three HGG cell lines were tumorigenic in
RAG-/- C57BL6 mice, indicating that the cells are neoplastic
and malignant. Histopathological analysis of xenograft tumors
from all three cell lines revealed increased cellularity, variation
in nuclear size, and mitotic figures. These characteristics are
in line with other studies describing malignant astrocytoma
tumors, which are distinguished by high mitotic activity and
increased cellularity [23,24]. The difference in size and weight
of the tumors obtained did not influence the histopathological
analyses, which were very similar, despite being from three
different cell lines.

5. Conclusion

Three HGG cell lines (C03, NO7, and L09) obtained from
different patients were successfully established. Characterization
confirmed their astrocytic origin, and validation in a xenograft
murine model demonstrated their ability to form tumors post-
establishment. Therefore, these newly established cell lines
prove to be useful for studying cell and molecular biology, as
well as for the development of new glioma treatments.
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