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Abstract
Background  Meningiomas exhibit a complex biology that, despite notable successes in preclinical studies, 
contributes to the failures of pharmaceutical clinical trials. Animal models using patient tumor cells closely mimic 
in vivo conditions but are labor-intensive, costly, and unsuitable for high-throughput pharmaceutical testing. 
In comparison, monolayer cell models (two-dimensional, 2D) are cost-efficient but lack primary tumor cell-cell 
interactions, potentially overestimating treatment effects. Three-dimensional (3D) models offer an alternative through 
more precise mimicking of tumor morphology and physiology than 2D models and are less costly than in vivo 
methods. Here, we aimed to establish a 3D cell model in a solid xeno-free medium using patient-derived tumors, thus 
creating a bench-to-clinic pathway for personalized pharmaceutical testing.

Methods  Four WHO grade 1 and one WHO grade 2 (third-passage, fresh) and 12 WHO grade 1 patient-derived 
meningioma cells (sixth-passage, frozen) and the malignant IOMM-Lee cell line were used to establish 2D and 3D 
models. The 3D model was developed using a solid xeno-free medium. After 3 months for the primary tumor and 13 
days for the IOMM-Lee cell line, the 3D models were extracted and assessed using histology, immunohistochemistry, 
and epigenetic analyses (EPICv2 array) on five pairs to evaluate their structural fidelity, cellular composition, and 
epigenetic landscape compared to the original tumor.

Results  None of the frozen samples successfully generated 3D models. Models from fresh meningioma samples 
were more immunohistochemically similar to the primary tumors compared to 2D models, particularly regarding 
proliferation. 3D models displayed loss of fibrous tissue. All 3D models had similar copy number variation profiles, 
visually. Genome-wide DNA methylation level patterns were similar between pairs of 3D models and primary tumors. 
Correlation plots between CpG methylation levels showed high congruency between primary meningiomas and 
their corresponding 3D models for all samples (R > 0.95).
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Background
Personalized medicine is based on the need to abandon 
the “one size fits all” approach to diagnostics, drug ther-
apy, and prevention and instead embrace the opportunity 
of an individualized strategy [1]. Personalized treatment 
involves identifying specific molecular targets and imple-
menting pre-clinical models that use the patient’s own 
tumor sample. This approach is expected to significantly 
enhance the likelihood of therapeutic success. Conse-
quently, there is a critical need for models that closely 
replicate the unique characteristics of an individual 
patient’s tumor.

Meningiomas originate from the leptomeninges, which 
have both mesodermal and neural crest origins [2], and 
are predominantly benign tumors [3]. They are the most 
common primary tumors of the central nervous system, 
accounting for approximately 40% of all primary cen-
tral nervous system tumors [4]. The incidence is 1.9 per 
100,000 for men and 4.5 per 100,000 for women [5, 6]. 
Meningioma diversity is reflected through the 15 iden-
tified histological subtypes [7, 8] that encompass a wide 
range of specific genetic and epigenetic profiles [9–17].

Surgical intervention remains the primary approach 
to meningioma treatment [18]. Due to their location, 
however, not all meningiomas (one-third of skull base 
tumors) can be fully removed without unacceptable risks 
[19] to the patient, emphasizing the need for non-surgi-
cal treatments. Despite significant efforts, no single phar-
maceutical compound has proven universally effective 
for meningioma treatment [20], and it is more probable 
that specific subgroups require targeted treatments. Pre-
treatment screening for potential effects in individual 
patients could be useful and relies on a variety of preclin-
ical models, with animal models being the most effective 
at replicating natural tumor conditions [21]. However, 
pharmaceutical testing in animal models remains both 
costly and labor-intensive, making them impractical for 
large-scale, individualized screenings. This highlights the 
need to reassess and optimize models for evaluating drug 
effects in individual meningiomas.

Traditionally, in vitro pharmaceutical testing utilizes 
two-dimensional (2D) monolayer cell models that are 
simple and cost-effective but fail to sufficiently mimic 
in vivo conditions. These models lack the structural 
complexity of tumors and significantly underrepresent 
cell-cell and cell-extracellular matrix interactions. This 

limitation can influence key cellular processes such as 
differentiation, proliferation, viability, gene and protein 
expression, responsiveness to stimuli, and drug metabo-
lism, among other essential functions [22].

Recent advancements in three-dimensional (3D) cul-
ture technologies, such as the development of organoids 
and spheroids, have addressed some of the limitations of 
traditional 2D monolayer models [22]. The 3D models 
more accurately replicate the dimensionality, structure, 
and function of tumors or organs and closely mimic pri-
mary patient-derived tumors in terms of morphology, 
immunohistochemistry, function, and epigenetics [23–
29]. Various methods can be employed to establish these 
models [23]. Spheroids are typically formed through 
cell aggregation in low-adhesion flasks using simple cell 
types, whereas organoids derived from stem or tumor 
cells require more time (up to 2–3 months) to develop 
their complex structures [23]. Compared with in vivo 
animal models, 3D models are significantly more cost-
effective and accessible, making them promising tools for 
large-scale identification of potential treatment options.

Through a systematic search of the current literature 
on 3D models in meningiomas, we identified two stud-
ies, which utilized similar methods to create 3D models 
embedded in a solid medium (Matrigel) using passage 0 
cell culture [30, 31]. Despite their methodological simi-
larity, the studies reported differing outcomes, includ-
ing variations in 3D morphology and success rates of 
62.5% [31] and 100% [30]. This indicates a need for fur-
ther exploration and refinement of these techniques 
to develop reliable and reproducible 3D models of 
meningiomas.

The current study aimed to compare the morphologi-
cal, immunohistochemical, and epigenetic profiles of 
primary patient-derived meningiomas and their corre-
sponding 3D in vitro models, as well as the morphologi-
cal and immunohistochemical characteristics across 2D, 
3D in vitro, and in vivo models of a commercially avail-
able malignant meningioma cell line.

Materials and methods
Patient inclusion and meningioma tissue handling
The study was approved by the Regional Commit-
tees on Health Research Ethics for Southern Denmark 
(S-20190105) and was conducted in accordance with 
the latest version of the 1964 Declaration of Helsinki. 

Conclusions  Our patient-derived 3D meningioma models closely mimicked primary tumors in terms of cell 
morphology, immunohistochemical markers and genome-wide DNA methylation patterns, providing a cost-effective 
and accessible alternative to in vivo models. This approach has the potential to facilitate personalized treatment 
strategies for patients requiring additional therapy beyond surgery.
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Informed consent was obtained from all participants, and 
no identifiable personal details are included. Meningioma 
(MNG) tissue samples were collected during surgery 
from patients ≥ 18 years with primary MNG confirmed 
radiologically and histologically before final enrollment. 
Samples were transferred to Dulbecco’s Eagle Medium 
(DMEM AQ)(Sigma/D0819) supplemented with 10% 
fetal bovine serum (FBS) (ThermoFisher/10500064), 
1% Penicillin/Streptomycin (ThermoFisher/15140122), 
4 mM GlutaMax (ThermoFisher/35050038; sta-
bile glutamine), 1 mM Sodium Pyruvate (Thermo-
Fisher/11360039). The whole tumor pieces were washed 
twice in PBS (ThermoFisher/10140169). The tissue was 
then mechanically dissociated with scalpels to approxi-
mately 1 mm3. The dissociated pieces were resuspended 
in complete medium in T75 flasks and were incubated at 
37CO/5% CO2 for three passages. Medium was changed 
every 2–3 days. After three passages and at a confluence 
of app. 70%, cells were trypsinized using TrypLExpress 
(ThermoFisher/12605028) and washed twice with PBS. A 
sample of the cells was embedded in a fibrin clot (mixture 
of equal part plasma and thrombin).

3D model establishment from fresh third-passage cells
Third-passage cells from primary samples were counted 
using Nucleocounter (Chemometec A/S, Alleroed, Den-
mark) after adding lysis buffer (buffer A100, 910-0003, 
Chemometec A/S, Alleroed, Denmark), stabilizing buf-
fer (buffer B, 910-0002, Chemometec A/S, Alleroed, 
Denmark) and cells in equal volumes. Xeno-free bio-
functional hydrogel (VitroGel ORGANOID-3, VHM04-
3, TheWell Bioscience, North Brunswick, NJ, USA) 
was used to establish 3D models. Briefly, in accordance 
with the manufacturer’s instructions, cells were mixed 
with hydrogel in 1:2 ratio and were dispersed in 24-well 
plates with 300 µl per well in concentrations 5,000 cells/
well and 10,000 cells/well. Prior experiments with cells 
between 1,000 and 60,000 cells/well had been performed 
to establish the concentrations.

3D model establishment from frozen cell samples
Third-passage cells, frozen in 90% FBS and 10% DMSO 
from benign primary patient-derived cells, were thawed 
by centrifuging at 180 g for 5 min, and then resuspended 
in complete medium in T75 flasks. Cells underwent 
similar treatment as described above, up to an addi-
tional three passages to the sixth passage, where 3D 
model establishment protocol as described above was 
performed.

Preparation for histological and immunohistochemical 
analyses and DNA methylation
3D primary MNG models were extracted after three 
months. According to the manufacturer’s instructions, 

3D cell cultures were extracted from the xeno-free hydro-
gel using VitroGel Organoid Recovery Solution (TheWell 
Bioscience, North Brunswick, NJ, USA). In brief, hydro-
gels were extracted from the wells with a spatula and 
mixed with 37CO recovery solution in conical tubes. The 
hydrogel was dissolved with gentle rocking. Samples were 
then spun down at 180  g/5 min. A part of the samples 
was embedded in fibrin clots as described above for his-
tology and immunohistochemistry, and a part of the 3D 
models were frozen in 10% DMSO/90% FBS and stored 
at -80 CO until DNA extraction. All fibrin clot samples 
were cut into 3 µ m sections on a microtome. Stainings 
for Hematoxylin & Eosin (H&E), epithelial membrane 
antigen (EMA), somatostatin receptor type 2 (SSTR2), 
progesterone receptor (PR), glialfibrillary acidic protein 
(GFAP), and proliferation marker Ki-67 were performed 
using the same methods and identical reagents as previ-
ousl [32]. Tumor pieces were taken directly from surgery 
and were immersion fixed in 4% neutral-buffered form-
aldehyde for 24 h prior to being paraffin-embedded and 
received the same staining as described above.

Histological and immunohistochemical scoring and 
assessment
The stained slides were digitalized using the Nano-
Zoomer 2.0 digital image scanner (Hamamatsu photon-
ics, Japan) and assessed by two trained neuropathologists 
(MW and JKP). Disagreements were discussed post pri-
ori to reach consensus. During the evaluation process, 
the neuropathologists were unaware of each other’s clas-
sifications regarding the MNG subtype and the immu-
nohistochemical staining scores (0, + 1, +2, + 3), where 
0 represented no staining, + 1 indicated weak staining, 
+ 2 denoted moderate staining, and + 3 indicated strong 
staining. If the assessors' evaluations differed by no more 
than a single grade (e.g., a score of +2 versus +3 or +1 
versus +1), their ratings were considered to be in agree-
ment. In cases of such minor variation, the scores were 
reported as a range (see Results). All disagreements—
defined as differences greater than one grade (e.g., a score 
of +1 versus +3)—were resolved through a consensus 
meeting between the neuropathologists. Ki-67 findings 
from primary tumors, brain sections, and implanted 
cells were displayed as a range from min to max of both 
assessors. Ki-67 highest score was also noted represent-
ing areas of so-called “hot spots”. Any other differences 
in grading were resolved through a consensus meet-
ing between the neuropathologists. Both individual and 
consensus scores can be found in Supplemental Material 
1. Sizes were estimated based on brightfield images as 
3D models based on fresh patient-derived tumors frag-
mented upon retrieval from the culture.
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3D modelling with a malignant cell line
The malignant cell line was purchased from Ameri-
can Type Culture Collection (ATCC) (CRL-3370) and 
was acquired in September 2022 (IOMM-Lee Menin-
gioma Human, LOT: 70027737, authenticated by ATCC). 
IOMM-Lee originates from a frontal tumor in a 61-year-
old male [33] and is the most commonly used commer-
cially available cell type in MNGs preclinical research. 
The original stock (which was mycoplasm-free) was 
incubated for three passages and refrozen in multiple 
vials. Adherent/monolayer 2D cells were incubated as 
described above. The 3D model was established with the 
same stock of third-passage cells used for in vivo. Various 
concentrations from 1,000 to 10,000 were tested prior, 
and 1,000 cells/well were chosen based on growth poten-
tial assessed through brightfield microscopy and basic 
histology with H&E sections. 3D model experiments 
incubated for a couple of weeks to match in vivo incu-
bation period and received similar stainings as described 
above.

In vivo modelling with a malignant cell line
To assess in vitro and in vivo differences in morphology 
and immunohistochemistry, we established an ortho-
topic model in two Crl: NIH-Fox1rnu athymic, female 
nude rats homozygous, 5–7 weeks old at implantation 
(Charles River Laboratories, Germany) after one week of 
acclimatation, using 100,000 and 250,000 cells harvested 
from the 2D adherent monolayer culture using an iden-
tical method as published before by our group through 
superficial injection via a burr hole in front of bregma 
to the right [32]. Animal experiments were approved 
by the Danish Animal Experiments Inspectorate (2019-
15-0201-00195), and all experiments were conducted in 
accordance with local guidelines, national regulations, 
the Danish 3R-Center and to the Principles of Laboratory 
Animal Care (NIH publication No. 86 − 23, revised 1985). 
For detailed description of the experimental setup, which 
followed the ARRIVE 2.0 the recommended set [34] for 
animal experiments, see Supplemental Material 5. Ani-
mals were terminated after a couple of weeks (13 days) 
based on the findings from a systematic review from our 
group [21] and received similar stainings as described 
above.

Assessment of 3D models with similar methods in a 
systematic literature search
The systematic literature search for a scoping review 
on 3D models in MNGs (in preparation) included the 
databases Embase, Medline, and Web of Science. The 
scoping review protocol was published on the first 
author’s personal page on ResearchGate.net. In com-
pliance with PRISMA Extension for Scoping Reviews 
(PRISMA-ScR Check) [35], the protocol, is also available 

as Supplemental Material 6. The literature search strings 
from two rounds are available in Supplemental Material 
7 and 8. All records extracted were screened by two of 
the authors (MSA + AYN). All records deemed eligible 
by either of the authors in the first round of screening 
were included in the second round. Inter-rater agreement 
using Cohen’s Kappa statistics [36] was 0.85 after initial 
screening.

DNA methylation Preparation
Formalin-fixed, paraffin-embedded (FFPE) sections from 
primary tumors were cut into 10 μm slices (two or three 
per sample) and underwent DNA extraction following 
the QIAamp DNA FFPE Tissue Kit protocol (QIAGEN, 
Germany), as described in Supplemental Material 4. 
DNA from frozen trypsinized 3D models was extracted 
using the MagNA Pure 96 System (Roche Diagnostics, 
Germany) with 200 µL of sample (cells in lysis buffer) 
and 300 µL of PBS buffer, totaling 500 µL per well. The 
MagNA Pure 96 DNA and Viral NA Large Volume Kit 
reagents were used following the manufacturer’s pro-
tocol. The final elution volume was 100 µL, and DNA 
concentration was measured using a Qubit fluorometer. 
To ensure consistency, DNA was extracted from both 
the primary tumors and their corresponding 3D models 
at the same time point, followed by DNA methylation 
profiling using the same EPICv2 935  K chip for each of 
the pairs. Manufacturers’ protocols were followed. DNA 
quality was verified with the Infinium HD FFPE Meth-
ylation Assay 2.0 (Illumina Inc., CA, USA). Bisulfite 
conversion was performed using the EZ DNA Methyla-
tion Kit (Zymo Research Corp., CA, USA), and DNA was 
restored with the Infinium HD Assay Kit FFPE – Restore 
Kit (Illumina Inc., CA, USA) and the ZR-96 DNA Clean 
and Concentrator kit (Zymo Research Corp., CA, USA). 
DNA amplification followed the Infinium HD FFPE 
Methylation Assay protocol (Illumina Inc., CA, USA). 
DNA methylation data were obtained via the iScan Sys-
tem (Illumina Inc., CA, USA).

Unsupervised and supervised analysis of DNA methylation 
levels
Raw IDAT files were processed through the DNA meth-
ylation-based CNS classifier [37] to evaluate copy num-
ber variation and classifications using the Brain Tumor 
Classifier (v12.8).

Genomic methylation analyses were performed in R (v 
4.4.1) with Bioconductor (v 3.20) using Minfi (v 1.52.1) for 
analyzing and visualizing DNA methylation data. Minfi’s 
‘preprocessingIllumina’ was utilized for initial processing 
of the probes. Probes with a detection of P > 1.0 × 10− 16 in 
any sample were filtered out, and quality control of the 
probe set was run with the ‘getQC´ function (cutoff set 
to 11). Duplicate/replicate probes were averaged across 
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the beta matrix to generate a single beta value per probe. 
Probes that contained SNPs either at the CpG interro-
gation or at the single nucleotide as well as all masked 
probes and probes that were located on the X chromo-
some or Y chromosome were filtered out (n = 39811 
removed probes for 10-sample set, and n = 39797 probes 
for 8-sample set) (a complete list of masked probes is 
provided by Zhou et al. [38]). The 8-sample set included 
MO-38 to MO-41 both tumors and 3D models, and the 
10-sample set al.so included MO-42. The final unmasked 
beta matrix probe count after preprocessing and filter-
ing was 867101 probes for the 10-sample set and 867115 
probes for the 8-sample set. The top 1,000 most variant 
CpG sites were selected across all samples, and heatmaps 
were generated using the ComplexHeatmap package [39]. 
We performed 3D principal component analysis (PCA) 
for dimensionality reduction and visualization. Correla-
tion plots were generated for each of the primary tumors 
and their corresponding 3D model, focusing on CpGs 
from the whole genome of the 10-sample set. Pearson’s 
correlation statistic was used to determine statistical sig-
nificance for the correlation plots. Comparison of probes 
between primary patient-derived tumors and 3D models 
was completed through pairwise comparisons (Wilcoxon 
rank-sum test). Differentially methylated probes (DMPs) 
were defined using p-values adjusted for false discovery 
rate (FDR) and the mean methylation difference (diff.
mean) between groups. Throughout the analyses we 
found no significant adjusted p-values, hence all DMP 
analyses was performed on raw p-values. Additionally, 
traditional significance levels for unadjusted p-values 
(praw≤0.05) and cutoffs of diff.mean > 0.2 and > 0.4 were 
used as baselines to define significant DMPs.

Functional gene enrichment analysis
Gene set enrichment analysis (GSEA) was performed 
to evaluate the top 20 pathways associated with genes 
linked to the most significant differentially hypomethyl-
ated and hypermethylated DMPs between the tumor/3D 
MNG pairs (pFDR≤ 0.05; abs(diff.mean) ≥ 0.4) using the 
Molecular Signatures Database (MsigDB) via Gene Set 
Enrichment Analysis (GSEA) from the Broad Institute 
[40]. The analysis was conducted using canonical path-
way sets (BioCarta, KEGG, PID, Reactome, WikiPath-
way) and ontological gene sets (GO: BP, GO: MF, GO: 
CC) for comprehensive insights.

Genes were annotated via an in-house script that reads 
in both the Infinium MethylationEPIC GenomeStudio 
V2.0 manifest file [41] (v2.0 A2) and the Gencode Release 
47 (GRCh38.p14) comprehensive gene annotation file. 
The EPIC V2.0 manifest file was subsetted to include 
only ‘cg’ probe type and to remove any probes that were 
labeled as located on chromosome ‘0’. These probes either 
lack a reliable mapping or have multiple mappings that 

are statistically the same. Duplicate probes were col-
lapsed into a single probe name while keeping each of 
the unique Illumina names. The Gencode file was sub-
setted to genes only, and gene ranges were generated 
via the ‘Granges’ package. When mapping the EPIC V2.0 
manifest with the Gencode file, strand was accounted for 
(ignore.strand = F).

Results
Clinicopathological characteristics of included samples
We included MNG tissue sample from 18 patients in this 
study. The fresh sample group consisted of five primary 
patient-derived samples, while 12 samples were obtained 
from frozen third-passage cells derived from 12 patients. 
Additionally, one malignant sample was included from 
the commercially available malignant MNG cell line, 
IOMM-Lee [33]. Of the five fresh primary patient-
derived tumors, four were classified as WHO grade 1 
MNGs and one as WHO grade 2 according to the 2021 
WHO guidelines [7]. All frozen primary tumors were 
benign WHO grade 1.

All five fresh samples, as well as the malignant IOMM-
Lee cell line, developed into 3D cell cultures within the 
hydrogel. In contrast, none of the 12 third-passage frozen 
MNG samples formed 3D cultures and instead exhibited 
signs of cell death under brightfield microscopy. Table 1 
provides an overview of the sample characteristics.

3D model cell morphology resembles primary meningioma 
cells
Three primary samples were WHO-grade 1, meningo-
thelial subtype with lobulated architecture and focally 
whorled growth pattern (MO-38, MO-39, and MO-42). 
The tumor cells were epithelioid cells with round to oval 
nuclei without mitotic activity. MO-39 primary tumor 
displayed some pseudoinclusions, and MO-42 only dis-
played a discrete whorled growth pattern. However, 
the tumor cells showed an abundant syncytia-like cyto-
plasm with small oval nuclei and indistinct nucleoli. 
The remaining two primary samples (MO-41, grade 1 
and MO-40, grade 2) had fascicular growth pattern and 
tumor cells in a fibrous collagen matrix consistent with 
fibrous MNGs. MO-40 tumor cells were blunt to spindle-
shaped with oval to irregular nuclei, and some showed 
pseudoinclusions and invasive brain growth. For all 2D 
meningeal tumor cells from monolayer culture coalesced 
in fibrin clots, single tumor cells varied in shape, size, and 
nuclear morphology, and some nuclei had quite promi-
nent nucleoli. 3D models fragmented upon retrieval from 
the culture, but all had clear MNG cell morphology. Cells 
were coalesced in fibrin clots, and individual tumor cells 
were rounded to slightly elongated. The growth pattern 
of MO-39 resembled the primary tumor, but there were 
no nuclear holes or pseudoinclusions. Cells from MO-40 
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were similar to the primary tumor with an irregular mor-
phology. Collagen or fibrous tissue did not translate to in 
vitro conditions. MO-42 nuclei were oval and quite uni-
form in shape and size like the corresponding primary 
tumor (Fig.  1). For closer evaluation of morphological 
descriptions, see Supplemental Material 3.

The IOMM-Lee malignant 3D cell model did not frag-
ment as the benign and atypical primary patient-derived 
models did upon extraction from the hydrogel. In mono-
layer culture, these tumor cells exhibited some variation 
in shape (irregular), size, and nuclear morphology, with 
some nuclei having nucleoli. Cell morphology was also 
preserved in the 3D and in vivo samples, which showed 
no specific growth patterns. The 3D model overall his-
tological morphology somewhat resembled the in vivo 
xenografts. The nuclei varied in both shape and size with 
less prominent nucleoli compared to the in vivo xeno-
graft (Fig. 2).

Sizes (diameter) for all 3D model primary patient-
derived samples ranged from 50 to 200  μm (MO-38: 
approx. 50–100  μm, MO39: approx. 200  μm, MO-40: 
80–150  μm, MO-41: 50–100  μm, MO-42: 150  μm) 
(Fig.  1). The diameters of the malignant IOMM-Lee 3D 
models were estimated to 100–300 μm (Fig. 2).

Immunohistochemical congruency with minor differences 
between primary tumor and 3D models
Overall, primary tumors and IOMM-Lee samples dis-
played similar immunohistochemical profiles to their 
corresponding 3D models with slight differences (Figs. 1 
and 2, and Table 2).

The cytoplasmatic stainings of EMA, SSTR2, and 
GFAP showed congruency between primary tumors 
and 3D models to some degree. EMA expression was 
regained in 3D for two samples (MO-38 and MO-42) 
(primary patient-derived tumor (PPDT) > 2D and 
PPDT = 3D staining intensity) and showed similar stain-
ing in three samples (MO-39, MO-40, and MO-41) 
(PPDT > 2D and 2D = 3D staining intensity). 2D models 
displaying lower staining intensity for all. SSTR2 expres-
sion was more heterogenous from primary tumors to 
3D models but showed similar expression from 2D to 
3D in most of the samples (MO-38, MO-40, MO-41) 
(PPDT(>)2D + 3D, 2D = 3D staining intensity); the corre-
sponding primary tumors stained more strongly overall. 
Lastly, the cytoplasmatic staining of GFAP showed con-
sistent non-specific staining from primary tumor to 2D 
to 3D. PR expression was either nearly lost or lost already 
in the third-passage 2D cells (MO-38 and MO-40). Here 
the primary tumors showed poor expression (+ 1/+2). 
Two samples showed retained PR expression through-
out primary tumor to 2D to 3D (MO-39 and MO-42). 
Proliferation marker Ki-67 displayed comparable values 
for primary tumors and 3D models (1–20%). In general, 
Ki-67 was much higher in the third-passage 2D cells in all 
samples except MO-40 primary tumor, 2D and 3D that 
had comparable Ki-67 levels (Fig. 1).

Ki-67 proliferation marker in the malignant cell line 
IOMM-Lee showed a higher percentage for 2D grown 
cells (95–100%) compared to in vivo (75–90%) and 3D 
(50–90%). Remaining immunohistochemistry staining 
scores were either 0 (EMA, SSTR2, and PR) or stained 
non-specifically (GFAP) (Fig. 2).

Table 1  Clinicopathological characteristics of primary meningioma samples that underwent cell culture
Sample Type Age Sex Location WHO-grade Tumor subtype 3D success?
MO-38 Fresh 70 Female Olfactory Benign – 1 Meningothelial Yes
MO-39 Fresh 72 Male Frontal falx Benign – 1 Meningothelial Yes
MO-40 Fresh 59 Female Sphenoid wing Atypical – 2 Fibrous Yes
MO-41 Fresh 49 Female Frontal falx Benign – 1 Fibrous Yes
MO-42 Fresh 40 Female Convexity Benign – 1 Meningothelial Yes
IOMM-Lee Stock 60 Male Frontal Malignant – 3 Anaplastic Yes
MO-4 Frozen 63 Female Sphenoid wing Benign – 1 Transitional No
MO-6 Frozen 69 Female Frontal falx Benign – 1 Meningothelial No
MO-7 Frozen 76 Female Sphenoid wing Benign – 1 Meningothelial No
MO-12 Frozen 72 Female Convexity Benign – 1 Microcystic No
MO-14 Frozen 69 Male CP angle Benign – 1 Transitional No
MO-15 Frozen 72 Female Frontal falx Benign – 1 Angiomatous No
MO-17 Frozen 54 Male Convexity Benign – 1 Meningothelial No
MO-18 Frozen 40 Female Parietal falx Benign – 1 Transitional No
MO-20 Frozen 56 Male Olfactory Benign – 1 Transitional No
MO-22 Frozen 42 Male Sphenoid wing Benign – 1 Meningothelial No
MO-25 Frozen 64 Female Frontal falx Benign – 1 Transitional No
MO-27 Frozen 80 Female Olfactory Benign – 1 Fibrous No
Notes: MO: Meningioma Odense, CP angle: Cerebellopontine angle
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Fig. 1  Histology and immunohistochemistry of primary patient-derived meningiomas(tumors) (PPDT)/primary tumors and corresponding 2D and 3D 
models – Representative images. 3D models were incubated for 3 months. Representative images of magnetic resonance images (T1-weighted) of the 
primary tumors can be seen to the left (See Table 1 for clinicopathological characteristics). 3D BF: 3D brightfield, the field of view (circle) is 1 mm/1000 µm 
in diameter – used to estimate 3D model diameters. PPDT: primary patient-derived tumor, 2D: monolayer cell model embedded in fibrin clots, 3D: 3D 
models embedded in fibrin clots H&E: Hematoxylin and Eosin, EMA: Epithelial membrane antigen, PR: Progesterone receptor, Ki-67: Proliferation, SSTR2: 
Somatostatin receptor 2, GFAP: Glial fibrillary acidic protein. Black scale bars: All histology slides: 100 µ m

 



Page 8 of 16Andersen et al. Acta Neuropathologica Communications           (2025) 13:81 

Further evaluations of the immunohistochemistry 
of individual 3D models are available in Supplemen-
tal Material 1, and examples of scoring are available in 
Supplemental Material 2 (primary tumors, 2D and 3D 
models).

Brain Classifier v12.8 results
All samples matched with "meningiomas". MO-38, 
MO-41, and MO-42 (all WHO grade 1) matched best 
with the benign category, showing similar subclasses 
between the primary tumors and their corresponding 3D 
models. MO-40 (WHO grade 2) also matched best with 

the benign category for both the primary tumor and 3D 
model, although the subclasses differed. Finally, MO-39 
(WHO grade 1) matched best with the intermediate A 
category in the primary tumor, although the result was 
not significant (0.76). In contrast, the corresponding 3D 
model matched best with the benign category (0.91), with 
subclass 1 being insignificant (0.46) (Table 2).

Epigenetic analyses revealed high congruency between 
sample pairs
The bisulfite conversion was efficient for all samples. All 
samples exhibited acceptable DNA quality with a CpG 

Table 2  Immunohistochemical staining showing semiquantitative scores across primary tumors and corresponding 2D and 3D 
models
Sample Type EMA PR Ki-67 SSTR2 GFAP BC

Overall
BC
Best subclass

MO-38 T + 3 + 1-+2 5%(10%) + 3 NS MNG: 0.99 Ben: 0.99 2: 0.91
2D + 1 0-+1 95%(100%) + 2-+3 NS NA NA NA
3D + 3 0 5%(10%) + 2 NS MNG: 0.98 Ben: 0.77 2: 0.76

MO-39 T + 1-+2 + 2-+3 2–5%(20%) + 3 NS MNG: 0.99 Int: 0.76 A: 0.76
2D + 1 + 2 15–30% + 3 NS NA NA NA
3D 0-+1 + 1 2–5% 0-+1 NS MNG: 0.98 Ben: 0.91 1: 0.46

MO-40 T + 3 + 1 2–10%(20%) + 2-+3 NS MNG: 0.99 Ben: 0.99 1: 0.99
2D 0-+1 0 2–10% + 2 NS NA NA NA
3D + 1 0 1–10% + 1 NS MNG: 0.99 Ben: 0.98 3: 0.87

MO-41 T + 3 0 15–20%(30%) + 3 NS MNG: 0.99 Ben: 0.99 1: 0.99
2D + 2 0 50–70% + 2 NS NA NA NA
3D + 1 0 10–20% + 1-+2 NS MNG: 0.98 Ben: 0.98 1: 0.98

MO-42 T + 3 + 2 5–10%(20%) + 3 NS MNG: 0.99 Ben: 0.89 2: 0.88
2D + 1 0-+1 20–40% + 1 NS NA NA NA
3D + 3 + 1 5–10% + 2–3 NS MNG: 0.99 Ben: 0.99 2: 0.96

IOMM-Lee 2D 0 0 95–100% 0 NS NA NA NA
in vivo 0 0 75–90% 0 NS NA NA NA
3D 0 0 50–90% 0 NS NA NA NA

Notes: Staining scores: 0 = no staining, + 1 = weak staining, + 2 = moderate staining, and + 3 = strong staining. Scoring values and percentage presented as min to max 
for both assessors to display the range. Ki-67 is displayed as min-max between the assessors. Ki-67 highest score is shown in parenthesis for areas with a distinctly 
higher score (so-called “hot spots”). EMA: Epithelial membrane antigen; PR: Progesterone receptor, SSTR2: Somatostatin receptor 2, GFAP: Glial fibrillary acidic 
protein; NS: Non-specific; BC: Brain Classifier v12.8, NA: Not applicable, MNG: Meningioma, Ben: Benign, Int: Intermediate

Fig. 2  Histology and immunohistochemistry of IOMM-Lee monolayer third-passage 2D model, xenograft (in vivo), and 3D model – Representative im-
ages. Both the in vivo and the 3D models were incubated for 13 days. H&E: Hematoxylin and Eosin, EMA: Epithelial membrane antigen, PR: Progesterone 
receptor, Ki-67: Proliferation, SSTR2: Somatostatin receptor 2, GFAP: Glial fibrillary acidic protein. Black scale bars: All histology slides: 100 µ m. The 
overview (OV) images represent 2D: overview of fibrin clots black bar: 2,5 mm. in vivo: Coronal slice of rat brain with white arrows pointing towards tumor, 
black scale bar: 2,5 mm. 3D: 3D brightfield, the circle is 1 mm in diameter – black scale bar represent 200 µ m
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detection p-value ≥ 99%. Preprocessing also revealed high 
quality DNA (see Supplemental Material 9).

We identified five optimal methylation-based clusters 
through k-means unsupervised hierarchical clustering 
and analysis of appropriate consensus measures across 
the 1000 most variant CpGs, visualizing them through 
methylation-based heatmaps (beta value). The models 
and tumors were paired for MO-38 to MO-41, while the 
3D model for MO-42 had more in common with the 3D 
model and primary tumor of MO-40 (see Supplemen-
tal Material 10). Heatmap excluding the MO-42 sample 
showed clusters in pairs despite assessing the top 1000 
most variant CpG probes. The heatmap showed some 
methylation level differences, especially in enhancers in 
the gene body location—where 3D models were predom-
inantly hypomethylated compared to their corresponding 
tumors (Fig. 3).

Correlation plots across a subset of the whole genome 
revealed correlations between R = 0.96–0.99 (MO-38: 
R = 0.97, p < 2.22 × 10− 16; MO-39: R = 0.98, p < 2.22 × 10− 16; 
MO-40: R = 0.97, p < 2.22 × 10− 16; MO-41: R = 0.99, 
p < 2.22 × 10− 16; MO-42: R = 0.96, p < 2.22 × 10− 16) 
(Fig.  4A). Analysis also revealed the samples were in 
proximity in the 3D PCA plot (Fig. 4B).

Supervised DNA methylation analysis comparing pri-
mary tumors and corresponding 3D models revealed 
only a small number of DMPs at an unadjusted p-value 
significance level of p ≤ 0.05. Overall, the 3D models 
exhibited predominant hypomethylation compared to 
primary patient-derived tumors. At a diff.mean cut-off of 
(0.2) 20%, most CpGs displayed insignificant differences, 
with 3,900 hypomethylated and 686 hypermethylated 
probes identified. Application of a stricter diff.mean cut-
off at (0.4) 40% to highlight the most significant changes 
narrowed the findings to 486 hypomethylated and 13 
hypermethylated probes (Supplemental Material 11).

3D models recapitulate copy number variation from the 
primary tumors
Copy number variation profiles showed strong visual 
similarities between the primary patient-derived tumors 
and their corresponding 3D in vitro model for all five 
samples. In general, we detected no chromosomal num-
ber alterations from primary tumors to 3D models. 
MO-38 showed no cytogenetic changes in either the pri-
mary tumor or the 3D model. MO-39 displayed loss of 
chromosomes 14 and 22, both common in MNGs. Loss 
of 22q (which harbors NF2) was also observed in MO-40 

Fig. 3  Heatmap displaying the unsupervised clustering of the top 1000 most variable CpG probes. Methylation heatmap displaying the 1000 most vari-
able methylated probes (beta values) across unsupervised k-clusters (n = 8 samples). Samples are sorted into methylation-based clusters and annotated 
by sample type (Tumor, 3D model)
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and MO-41 without any other cytogenetic changes. The 
MO-42 primary tumor showed a more complex pro-
file, with certain gains in chromosomes 3, 5, 8, 9, 10, 12, 
13q, 14q, 15q, 17, 20, and 21, which were also observed 
in the 3D model although at a lower signal intensity. A 
lower intensity was similarly noted - to a lesser degree - 
in MO-39 (Fig. 5). 

Gene set enrichment analysis
A total of 486 hypomethylated CpG sites (significant 
DMPs using raw p-values) were identified, of which 249 
were associated with genes, and 13 hypermethylated 
CpG sites were found, of which 10 were linked to genes. 
The genes were associated with the following areas: (1) 
cytoskeletal dynamics and cell motility, (2) tissue repair 
and extracellular matrix remodeling, (3) cell-cell and cell-
matrix interactions, (4) developmental processes and 
plasticity, (5) transcriptional and RNA regulation, and (6) 
Rho GTPase signaling and projections. No overlaps were 
identified for hypermethylated probes at this cut-off. For 
a detailed overview of the pathways, see Table 3, numbers 
in the text correspond with the numbers in the table. The 
complete GSEA analysis is available in the Supplemental 
Material 12. 

Discussion
In this study, we successfully developed and established 
an in vitro 3D model using a solid, xeno-free hydrogel. 
Single-cell suspensions from four WHO-grade 1 and one 
WHO-grade 2 fresh patient-derived tumors were cul-
tured for three months, while a commercially available 
WHO-grade 3 cell line (IOMM-Lee) [33] was cultured 

for two weeks. Notably, the patient-derived 3D models 
retained highly conserved characteristics, including his-
tological features, surface marker expression, and epigen-
etic profiles.

Morphologically, we observed comparable cell types 
where the 3D models more accurately represented the 
primary patient-derived cell morphology compared to 
the corresponding 2D models. However, the overall cyto-
architecture of meningioma subtypes, particularly the 
fibrous tissue and collagen components, was not retained 
in the 3D models. Previous literature using a similar 
method to ours (growth in a solid medium) have reported 
morphological congruency between primary tumor 
and 3D model without being described further to allow 
comparisons between our approaches [30]. Similarly, 
Chan et al. [31] described the successful development of 
3D architectures but did not compare them to the cor-
responding primary tumors. Their 3D models exhibited 
extensive areas of sparse cellularity interspersed with 
clusters of densely packed cells. The malignant cell line 
exhibited similar cell morphology across 2D, in vivo, and 
3D models, with a notable resemblance between the 3D 
and in vivo models. This congruency may result from a 
highly homogeneous cell population maintained over 
many passages [42], which limits its ability to accurately 
replicate the complex pathophysiology of meningio-
mas [21]. However, it underscores the model’s capacity 
to mimic primary samples, as exemplified by the in vivo 
model. Our 3D models show spherical cell models with 
similar sizes (ranging from 50 to 200 μm) comparable to 
those of Yamazaki et al. [30]. Immunohistochemically, we 
found a closer representation of cytoplasmatic staining 

Fig. 4  Correlation plots across 10k probes between tumor and 3D samples from five patients. (A) Depicts correlation plots of whole genome hypo- and 
hypermethylated probes for all five sample pairs. (B) Whole genome 3D PCA plot showing how pairs align in a 3D vector environment. Circles depict 3D 
models, and crosses depict primary patient-derived tumors. Different colors represent different patients
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Fig. 5  Cytogenetic analysis of primary tumors and corresponding 3D models - copy number variation (CNV) profiles. No significant changes were ob-
served from the primary patient-derived meningiomas to their corresponding 3D model. However, variations in signal intensity (particularly in complex 
karyotypes like MO-42) highlight the potential influence of 3D culture conditions on chromosomal patterns
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for EMA and SSTR2 between primary tumor and 3D 
models compared to the 2D models as shown in Fig.  1. 
In our 3D model, EMA and SSTR2 were either largely 
regained or comparable to those observed in 2D models. 
This aligns with findings from other studies on 3D mod-
els, where SSTR2 was reported to be highly retained in 
some cases [30] and less retained in others [43].

Fast-dividing tumor cells have less time for DNA 
repair, which increases their susceptibility to accumulat-
ing damage and triggering apoptosis [44]. Furthermore, 

anti-cancer drugs tend to be more toxic to proliferative 
tumor cells than to non-dividing cells [45]. Consequently, 
an evaluation of how well a pre-clinical model replicates 
the proliferative characteristics of the tumor is crucial for 
effective drug screening and therapy development. Here 
we showed that monolayer (2D) cultures of meningiomas 
exhibit a higher Ki-67 index, likely due to the favorable 
in vitro environment compared to primary tumors [46]. 
In contrast, our 3D model showed a similar Ki-67 index 
(with proliferating cells evenly distributed throughout 

Table 3  Gene set enrichment analysis table for the 20 most significant gene sets based on the 0.4 cut-off analysis
Gene Set Name (All hypomethylated) Description # Genes in 

Overlap
FDR 
q-value

GOBP_ACTIN_FILAMENT_BASED_PROCESS (1) Hypomethylation of these genes suggests increased cytoskeletal organi-
zation, rearrangement, and actin filament dynamics, leading to enhanced 
cell motility, structural adaptability, and migration.

20 1.84 × 10− 6

GOBP_CELL_MOTILITY (1) 29 1.84 × 10− 6

GOCC_ACTIN_CYTOSKELETON (1) 13 1.4 × 10− 4

GOMF_CYTOSKELETAL_PROTEIN_BINDING (1) Enhanced expression of genes encoding cytoskeletal-binding proteins is 
linked to improved cell shape maintenance, intracellular transport, and 
mechanical stress response.

18 9.99 × 10− 5

GOBP_RESPONSE_TO_WOUNDING (2) Hypomethylation highlights the activation of genes driving tissue repair 
and ECM remodeling, facilitating rapid responses to damage and im-
proved regenerative capacity and maintaining intercellular interactions in 
both normal and pathological conditions

16 4.86 × 10− 6

GOBP_WOUND_HEALING (2) 13 4.17 × 10− 5

GOBP_POSITIVE_REGULATION_OF_EXTRACEL-
LULAR_
MATRIX_ORGANIZATION (2)

5 1.27 × 10− 4

GOBP_POSITIVE_REGULATION_OF_CELL_PRO-
JECTION_
ORGANIZATION

Hypomethylation promotes the formation of cellular projections such as 
filopodia and lamellipodia, enhancing cell motility and migration, critical 
in processes like metastasis and wound healing.

11 4.16 × 10− 6

GOBP_CELL_JUNCTION_ORGANIZATION (3) Hypomethylation of genes involved in cell junction formation supports 
enhanced adhesion and structural coordination, important for tissue 
stability and function. Upregulation of genes facilitating the assembly of 
cellular components could strengthen structural stability and adaptability 
in dynamic environments like 3D cultures.

17 3.28 × 10− 5

GOCC_ANCHORING_JUNCTION (3) 18 4.17 × 10− 5

GOBP_POSITIVE_REGULATION_OF_CELLULAR_
COMPONENT_ORGANIZATION (3/6)

22 1.66 × 10− 4

GOBP_MUSCLE_STRUCTURE_DEVELOPMENT 
(4)

Hypomethylation activates genes required for muscle structure develop-
ment and differentiation, suggesting a shift towards tissue-specific 
functional states or increased plasticity in response to environmental (in 
vitro conditions) or physiological demands.

16 4.7 × 10− 5

GOBP_POSITIVE_REGULATION_OF_DEVELOP-
MENTAL_
PROCESS (4)

Hypomethylation-driven upregulation may indicate enhanced epithelial 
tissue development, contributing to epithelial-mesenchymal transitions 
or remodeling processes (plasticity)

21 1.37 × 10− 4

GOBP_EPITHELIUM_DEVELOPMENT (4) 20 1.04 × 10− 4

GOBP_POSITIVE_REGULATION_OF_TRAN-
SCRIPTION_
BY_RNA_POLYMERASE_II (5)

Hypomethylation might lead to increased transcriptional activity and RNA 
metabolism. This aligns with the observation that hypomethylation often 
removes repressive marks, enabling more active transcription of genes.

22 1.35 × 10− 5

GOBP_POSITIVE_REGULATION_OF_RNA_MET-
ABOLIC_
PROCESS (5)

26 5.83 × 10− 5

GOBP_LOCOMOTION (1) Hypomethylation of genes regulating locomotion suggests increased cel-
lular movement and migration, playing a significant role in tissue repair, 
immune responses, and cancer progression

21 1.04 × 10− 4

GOBP_REGULATION_OF_LOCOMOTION (1) 20 5.83 × 10− 5

GOCC_NEURON_PROJECTION (6) This indicates that genes involved in the formation, structure, or function 
of neuron projections (such as axons, dendrites, or other cellular protru-
sions) are likely upregulated in the 3D cell model.

21 9.85 × 10− 5

REACTOME_SIGNALING_BY_RHO_GTPASES_
MIRO_GTPASES_AND_RHOBTB3 (6)

Suggests that hypomethylation activates Rho GTPase-related signaling, 
which is a key regulator of cytoskeletal dynamics, cell migration, and 
intracellular trafficking. This pathway likely plays a central role in the struc-
tural and motility-related changes observed.

15 1.53 × 10− 4

Notes: Full analyses are available as supplemental material (SM10). Notes: ECM: Extracellular matrix, FDR q-value: False discovery rate q-value.The gene sets can 
be divided into the following areas: (1) cytoskeletal dynamics and cell motility, (2) tissue repair and extracellular matrix remodeling, (3) cell-cell and cell-matrix 
interactions, (4) developmental processes and plasticity, (5) transcriptional and RNA regulation, and (6) Rho GTPase signaling and projections
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the samples) that more closely mimicked the correspond-
ing primary tumors, corroborating the results described 
by Yamazaki et al. [30], who utilized similar culture con-
ditions to ours. We have previously experienced this ele-
vation of 2D proliferation in an in vivo model, where the 
animal tumors resembled their corresponding primary 
patient-derived tumor [32]. This also suggests our 3D cell 
model has a greater likeness to in vivo than to 2D and 
could function as a bridge between 2D and in vivo [47]. 
To maintain intra-patient 3D model consistency and cel-
lular heterogeneity, we used third-passage cells, which in 
our previous study retained stem cell-related biomarker-
positive cells, thus preserving stem cell-like features from 
benign meningiomas [32]. Passaging cells sacrifices some 
morphological consistency, however, such as the absence 
of fibrous tissue observed in the primary tumors, in 
exchange for improved uniformity across the 3D models. 
Prospectively, we will explore different cell passage stages 
(passage 0, 1, and 3) to optimize the balance between 
consistency and cellular diversity.

Copy number variations were similar for all samples 
but tended towards a lower signal intensity, especially for 
the MO-42 sample. We hypothesize the meddling of a 
competing cell type such as the fibroblast, which is com-
mon in meningiomas [7] and meninges [48] may be influ-
encing results. Similar findings have been reported in 
pancreatic organoid cultures using a similar method with 
Matrigel, where fibroblast growth could be visualized 
[49]. Yamazaki et al. [30] found comparable copy num-
ber variations between primary and organoid culture at 
low passages but found few chromosomal changes when 
performing long-term cultures. These findings highlight 
the importance of validating patient-derived models’ like-
ness to corresponding primary tumors before using them 
as pre-clinical models.

Using BrainClassifier v12.8, all samples were classi-
fied within the meningioma methylation class, with a 
tendency toward similar subclasses in most cases. One 
sample (MO-39 – WHO grade 2) showed an insignificant 
match with the Intermediate A subclass for the primary 
tumor and a benign subclass for the corresponding 3D 
model. Sahm et al. (2017) [12] reported discrepancies 
between the then used WHO classification and DNA 
methylation-based classification. Furthermore, Brain-
Classifier does not provide information on which specific 
CpG sites the classifier emphasizes within each class.

Epigenetically, we observed a high degree of con-
gruency in DNA methylation patterns across all five 
tumor/3D model pairs. When assessing hypo- and 
hypermethylated CpG sites, we found a strong corre-
lation between the CpG methylation levels in primary 
tumors and their corresponding 3D models (R > 0.95, 
p ≤ 2.22 × 10− 16). This was even higher than that reported 
for our in vivo models (R = 0.82–0.93) [32], likely 

influenced by the mixture of rodent DNA in the stroma 
[50]. The findings in the 3D models align with those of 
Yamazaki et al. [30], who reported high epigenetic con-
gruency in low-passage organoids. Additionally, when 
examining the top 1000 most variant CpG sites, four of 
the pairs still clustered with their corresponding samples, 
further emphasizing their similarity.

We identified DMPs that were hypomethylated in the 
3D models compared to the primary patient-derived 
tumors, indicating a possible loss of tumor-specific meth-
ylation patterns in a few genomic locations. After statisti-
cal adjustments, no significantly differentially methylated 
probes were found between the 3D models and their cor-
responding primary tumors, supporting their similarity. 
The lack of statistical significance does not rule out the 
possibility of real biological differences, however, war-
ranting caution in the interpretation of these results. 
While there was a high correlation of the methylation 
levels between 3D models and the primary tumors, 
which increases the model’s relevance for studying tumor 
biology, the methylation changes could indicate potential 
deviations from the behavior of the primary tumor due to 
the lack of microenvironment influences. The hypometh-
ylated pathways, including those related to cytoskeletal 
dynamics and cell motility, extracellular matrix (ECM) 
remodeling, and particularly cell-cell and cell-matrix 
interactions, may reflect cellular adaptation to the simpli-
fied artificial culture environment, which lacks the com-
plex signaling of the in vivo tumor microenvironment 
[51]. Moreover, the hypomethylation of developmental 
pathways also suggests that cells in the 3D model regain 
plasticity, indicative of adaptation to in vitro conditions. 
This plasticity enables cells to adjust their phenotype and 
behaviors to meet the environmental challenges posed 
by 3D culture. As is common with in vitro cultures, these 
conditions often mimic stress or wound-like environ-
ments, which facilitates an increased “healing” response 
due to mechanical disruption or the absence of a sup-
portive microenvironment.

Although 3D models represent a significant advance-
ment over traditional 2D models, they still highlight 
some well-known limitations of in vitro modeling [52] 
such as the interaction with the tumor microenviron-
ment, which could potentially be addressed by co-cultur-
ing the 3D models with components of the in-situ tumor 
microenvironment [53]. This approach requires further 
investigation in future studies.

Methodological limitations
In addition to the limited number of samples, this study 
has several limitations. First, establishing in vitro models 
is challenging due to cellular senescence, particularly in 
primary cells with limited division potential that enter 
replicative senescence rapidly after few passages. This 
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is evident in benign meningiomas [54], where low pro-
liferation and reduced telomerase activity cause rapid 
senescence, limiting cell expansion and long-term culture 
[55–57]. We observed that fresh third-passage cells had 
a 100% success rate in forming 3D models in hydrogel, 
while cryopreserved third-passage cells used at the sixth 
passage had a 0% success rate. The three-month incuba-
tion period required to develop 3D models could poten-
tially delay drug testing assignments for meningiomas. 
However, the growth of these tumors is generally not 
as time-sensitive for treatment decisions. For the more 
time-sensitive malignant subtype, we demonstrate that 
3D model development can be achieved in just a few 
weeks. Prospectively, it will be important to assess vari-
ous incubation periods, such as one and two months, for 
benign tumors.

Furthermore, extraction from VitroGel was difficult 
with the benign and atypical cells and resulted in frag-
mented samples, an issue we did not observe with the 
malignant cells (IOMM-Lee). Matrigel allows easier 
extraction for benign samples [30, 31] but has batch 
variability and undefined composition, which can skew 
results [58]. In contrast, xeno-free VitroGel provides 
batch consistency for more homogenous experiments.

Moreover, DNA methylation analysis of FFPE tissue 
can be affected by DNA damage from the fixation pro-
cess, potentially leading to inaccurate bisulfite conversion 
and overestimation of methylation [59]. This may con-
tribute to discrepancies between FFPE (primary tumors) 
and fresh frozen samples (3D models) in our study. How-
ever, we applied a heating step (90Co for 60 min) during 
DNA extraction to reduce this bias (see Supplemental 
Material 2). Previously applying this step has shown to 
minimize differences between FFPE and frozen samples 
[59].

Conclusions
Despite a few pattern deviations, our patient-derived 3D 
models replicated the primary meningiomas in terms of 
cell morphology, immunohistochemistry, and epigen-
etic features. The overall cytoarchitecture of meningioma 
subtypes, particularly the fibrous tissue and collagen 
components, was not retained in the 3D models. 3D 
models provide a cost-effective and accessible alternative 
to in vivo models that is more accurate than monolayer 
2D models in mimicking primary tumors, particularly 
in terms of proliferation indices. These results suggest 
that our 3D model shows promise for large-scale screen-
ing of potential treatments, both novel and approved, 
that are tailored to individual patient characteristics. 
This approach could benefit meningioma patients who 
require additional treatment beyond surgery, includ-
ing those with subtotal resections, atypical or malignant 
tumors, or where surgery is not advisable and only biopsy 

is available. Further studies are necessary to identify and 
match effective drugs on a personalized, tumor-spe-
cific basis and to determine their suitability for specific 
meningioma subgroups in clinical applications.
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