
Neuro-Oncology Advances
7(1), vdae215, 2025 | https://doi.org/10.1093/noajnl/vdae215 | Advance Access date 7 December 2024

1

Kimia Kardani, Shanawaz M. Ghouse#, Muzammil Arif Din Abdul Jabbar#,  
Namita Rajasubramanian, Judit Sanchez Gil, Anat Stemmer-Rachamimov , Yasushi Soda,  
Robert L. Martuza, Toshiro Hara , Hiroaki Wakimoto*, , and Samuel D. Rabkin*,

All author affiliations are listed at the end of the article
Present address: Department of Neurosurgery and Biointerfaces Institute, University of Michigan, Ann Arbor, Michigan, USA (T.H.)

*Co-senior authors.
#Co-second authors.

Corresponding Author: Samuel D. Rabkin, PhD, Department of Neurosurgery, Massachusetts General Hospital, 185 Cambridge 
Street, CPZN-3800, Boston, MA 02114, USA (rabkin@mgh.harvard.edu).

Abstract 
Background.  Glioblastoma (GBM) treatment is hindered by a dearth of representative mouse GBM preclinical 
models in immunocompetent mice. Here, we characterized 5 murine GBM stem-like cell (mGSC) models de-
rived from lentivirus-induced tumors in transgenic mice that are driven by the activation of the Nf1-Ras signaling 
pathway and inactivation of Tp53.
Methods.  MGSC lines (005, RIG, NF53, C1, and C3) were cultured as spheres in serum-free stem cell media. 
Whole exome sequencing (WES) was employed to quantify single nucleotide polymorphisms (SNPs). Stem cell 
properties were characterized by stemness in vitro and tumorigenicity after intracerebral implantation in C57BL/6 
mice. Tumor phenotypes and the immune microenvironment were characterized by immunohistochemistry, flow 
cytometry, and RNA sequencing.
Results.  WES revealed a large variation in coding sequence SNPs across mGSC lines (~20-fold), likely influenced 
by the mixed backgrounds of the parental mice. MGSCs exhibited variable clonogenic sphere formation and CD133 
expression levels. In vivo, they consistently initiated lethal malignant gliomas, with median survival ranging from 
29 to 82 days, and showed strong CD44 expression and variable invasiveness. The tumor microenvironment fea-
tured an abundance of CD68+ macrophages and uniform high PD-L1+ myeloid cells, while T-cell infiltration varied 
among the models, with low mutation burden C1 and C3 exhibiting fewer tumor-infiltrating T cells.
Conclusions.  Upon orthotopic implantation in immunocompetent mice, mGSCs generate tumors characteristic 
of human GBM. Despite similar strategies to generate these mGSCs, they exhibited a range of phenotypes and 
immune profiles in mGSC-derived orthotopic tumors. These mGSCs provide new preclinical GBM models for de-
veloping GBM immunotherapies.

Key Points

• New murine glioblastoma stem-like cell models in immunocompetent mice.

• Models exhibited a range of single nucleotide polymorphisms, stemness markers, 
invasiveness, and immune cell profiles.

• Offer a unique set of representative murine glioblastoma models for immunotherapy 
research.

Immunocompetent murine glioblastoma stem-like cell 
models exhibiting distinct phenotypes  
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Glioblastoma (GBM) accounts for 50.1% of all malignant 
primary central nervous system (CNS) tumors in the 
United States.1 The newest World Health Organization clas-
sification of CNS tumors2 defines GBM as isocitrate dehy-
drogenase (IDH)-wildtype, diffuse glioma, grade 4 that is 
characterized by classic histological hallmarks (ie, necrosis 
and endothelial proliferation) and/or distinct genetic al-
terations such as TERT promoter mutation, chromosome 
7/10 alterations, and EGFR amplification. Despite much 
improved molecular understanding and aggressive multi-
modal treatment, GBM remains invariably lethal.1 Recent 
approval of tumor-treating fields only modestly increased 
overall survival to 20.9 months.3 Clinical investigations 
of exploratory therapeutic modalities for GBM have been 
largely disappointing,4 especially immunotherapy strat-
egies like immune checkpoint inhibitors.5 This highlights 
the need for robust preclinical research to better under-
stand the biology of GBM and the tumor microenviron-
ment (TME), and the use of immunocompetent clinically 
relevant disease models.

Orthotopic GBM in rodent brain provides a disease-
relevant environment in which neoplastic cells interact 
with nonneoplastic cells and extracellular matrix in the 
brain. Human GBM xenografts in immune-deficient mice 
allow investigations of human tumor cells’ responses to 
therapy. Patient-derived xenografts and patient-derived 
GBM stem-like cell (GSC)-based xenografts offer the ad-
vantage of recapitulating patient-specific molecular al-
terations and tumor phenotypes.6,7 We have extensively 
employed orthotopic GBM models generated with patient-
derived GSCs to characterize oncolytic viruses and mo-
lecularly targeted agents as anti-GBM therapeutics.8–12 
However, the use of immunodeficient animals for xeno-
grafts critically limits studies of immunotherapies that 
require an intact immune system to mediate antitumor ef-
fects. Reconstitution with human immune progenitor cells 
(humanization) may overcome this problem, but the cum-
bersome process, lack of complete diversity and accurate 
reconstitution, and the costs remain a hurdle.13,14

Murine GBM cells in immunocompetent mice have 
served as the mainstream models for GBM immuno-
therapy research.15 Two of the most frequently used mu-
rine GBM cell lines, GL26116 and CT2A,17 are syngeneic to 

C57BL/6 mice and form highly aggressive GBMs. However, 
both are chemical carcinogen-induced GBMs15 with a high 
mutation burden, and GL261 being immunogenic, making 
them poorly representative of human GBM.18,19 Genetically 
engineered mouse (GEM) models of GBM, in contrast, are 
generated and driven by specific genetic drivers that are 
relevant to the pathogenesis of human GBM.15 GBM cell 
lines can be established from these murine GBMs and 
offer transplantable immunocompetent models. 005 GSCs 
were created by low-level infection of a lentivirus vector 
containing HrasV12-LoxP in Tp53−/+ GFAP-Cre mice20,21 
(Figure 1A). It displays pathological features of GBM (eg, 
invasiveness and angiogenesis) and characteristics of 
GSCs, as evidenced by multi-lineage differentiation, stem 
cell marker expression, nonadherent growth in serum-
free media, and neurosphere formation.20,21 Because of 
these representative traits as a preclinical GBM model, 
005 mouse GSCs (mGSCs) have been increasingly used 
by investigators, including us, for a variety of research 
applications such as studies of the TME,23 exploration of 
immunotherapeutic strategies,11,20,24–28 and testing nano-
particle drug deliveries.29,30

Khalsa and colleagues utilized RNA sequencing and 
Cytometry by time of flight to comprehensively profile 
the immune tumor landscape of murine GBMs including 
005, and found that 005 and GL261 were relatively en-
riched for immune-related gene expression compared 
with CT-2A and Mut3, while 005 was characterized by a 
lower frequency of exhausted CD8+ T cells.31 These find-
ings provide us with an atlas of the immunological pheno-
types of commonly used murine GBMs and guidance for 
selecting models appropriate for specific research needs. 
However, since the genotypes and mutation burden of 
these murine models greatly vary, what contributed to an 
individual tumor’s immune profile is unknown. Thus, we 
herein set out to characterize 5 GEM-derived mGSC-based 
models of murine GBM that are all driven by activation of 
the NF1-Ras MAP kinase signaling pathway and inactiva-
tion of the tumor suppressor Tp53. While Ras mutations are 
rare in GBM, activated Ras signaling (MAPK/PI3K) is very 
common.32 Despite the similar molecular strategy used to 
generate these mGSCs, we noted a range of tumor pheno-
types and tumor immune microenvironmental profiles.

Importance of the Study

The paucity of clinically relevant immunocompetent 
glioblastoma (GBM) models hampers the preclinical 
development of immunotherapy strategies and new ex-
perimental therapeutics. This study comprehensively 
characterized 5 murine GBM models that were estab-
lished as murine GBM stem-like cells (mGSCs) and ge-
netically driven by Ras activation and Tp53 inactivation. 
Despite similar genetic drivers, these GBM models ex-
hibit a range of aggressiveness (eg, survival times), pro-
liferation, stemness features, and invasiveness in the 
brain. Of note, flow cytometric analysis of mGSC-derived 

tumors revealed a dominance of tumor-associated 
macrophages, recapitulating a hallmark of human GBM. 
Conversely, the abundance of tumor-infiltrating lympho-
cytes (TILs) varied substantially, with the 2 mGSCs 
carrying the fewest single nucleotide polymorphisms 
demonstrating the lowest TIL levels. Thus, these unique 
well-characterized mGSC-based GBM models offer 
much-needed tools for understanding GBM biology, 
devising immunotherapeutic strategies, and bridging 
the gap between rigorous laboratory investigations and 
clinical advances in GBM treatment.
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Materials and Methods

Cells

The murine 005 mGSCs were established from a GBM 
generated by lentiviral transduction of Harvey-RasV12 
(H-Ras) in a GFAP-cre, Tp53+/− transgenic mouse.21 They 
were provided by Dr. I. Verma (Salk Institute). NF53-10 

mGSCs were derived by transduction of GFAP-cre neural 
stem cells with lentivirus expressing shRNAs targeting 
Nf1, Tp53, and Pten.23,33 RIG-C1, C1, and C3-1 mGSCs were 
established from GBMs induced by lentivirus expressing 
H-RasV12 and shRNA for Tp53.34 NF53-10 and RIG-C1 
mGSCs were provided by Y.S., and C1 and C3-1 by T.H., 
and were established in the Verma lab. All these mGSC 
lines are GFP-positive. Hereafter, we simplify the names 
for the mGSCs; C3-1 as C3, RIG-C1 as RIG, and NF53-10 as 
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Figure 1. Characterization of murine glioblastoma stem-like cell (mGSC) lines. (A) Schematic figure of mGSC derivation starting with an ex-
ample of H-Ras-GFP lentivirus construct, Cre-mediated recombination, induced glioma isolation, mGSC culture, and implanted tumors. (B) Table 
of lentivirus-induced genetic alterations, mouse strains used, and the number of non-synonymous (non-syn) single nucleotide polymorphisms 
(SNPs) determined by whole exome sequencing of each mGSC line and CT2A. (C) Schematic figure of the experimental approaches. Parts cre-
ated with BioRender. (D) Extreme limiting dilution analysis (ELDA) was used to estimate stem cell frequency for different mGSCs. The x-axis repre-
sents the number of cells plated, while the y-axis displays the log fraction of nonresponding wells. Graphs were plotted at https://bioinf.wehi.edu.
au/software/elda/.22 Also shown are representative images of clonogenic spheres (scale bar = 100 mm). (E) ELDA derived 1/stem cell frequency 
from D. (F) Flow cytometric analysis of neuronal stem cell marker CD133 expression. Dissociated cells were stained either with IgG1 isotype con-
trol or anti-CD133 antibody conjugated with phycoerythrin (PE). The percentages of CD133+ cells are indicated in each panel.

https://bioinf.wehi.edu.au/software/elda/
https://bioinf.wehi.edu.au/software/elda/
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NF53. CT2A cells were provided by Dr. T. Seyfried (Boston 
College).17

The 5 mGSC lines were cultured as nonadherent 
spheres in serum-free stem cell media, composed of ad-
vanced Dulbecco’s modified Eagle’s medium/Ham’s F-12 
(DMEM/F-12) (Thermo Fisher Scientific), supplemented 
with L-glutamine (2 mM; Corning), 1% N2 supplement 
(Thermo Fisher Scientific), 2 µg/mL heparin (Sigma), 20 ng/
mL recombinant human EGF (R & D Systems), and 10 ng/
mL recombinant human FGF (Peprotech). Cells were pas-
saged after dissociating neurospheres with Accutase 
(Innovative Cell Technologies) and maintained at 37°C in 
humidified atmosphere air: CO2 (95%:5%).

Whole Exome Sequencing

Whole exome sequencing (WES) was performed by 
Novogene on DNA purified from the 5 mGSCs and CT2A 
cells. Libraries were constructed from randomly sheared 
genomic DNA, PCR amplified, exons captured, and Illumina 
sequenced. Burrows-Wheeler Aligner was used to map 
the reads to the mouse reference genome (mm10). Coding 
region single nucleotide polymorphisms (SNPs) or variants 
(SNVs) were identified by comparison with the C57BL/6J ge-
nome reference sequence (GRCm38) (Figure 1B).

Self-Renewal Sphere Formation Assay

Cells dissociated with Accutase were passed through a 
40-µm filter to produce single-cell suspensions, with vi-
able cells counted after trypan blue staining, resuspended 
in stem cell media, and seeded into 96-well plates at the 
indicated number of cells per well. Eight to twelve days 
later, the number of spheres (diameter > 100 µm) and wells 
containing spheres were counted. Sphere efficiency was 
evaluated with extreme limiting dilution analysis.22

In Vivo Experiments

Dissociated mGSCs (2 × 104 or 1 × 105 cells suspended 
in 2 μL of DMEM) were stereotactically implanted 
intracerebrally in the right striatum (2.5 mm lateral from 
bregma and 2.5 mm deep) of 8- to 9-week-old female 
C57Bl/6 mice (Jackson Laboratory) under pentobarbital 
anesthesia using a stereotactic head frame (Kopf). For 
survival studies, mice were monitored at least 3 times a 
week for significant neurological symptoms (such as hem-
iparesis or lethargy) or weight loss exceeding 20% and 
euthanized by barbiturate overdose before becoming mor-
ibund. All mouse procedures were approved by the insti-
tutional animal care and use committee at Massachusetts 
General Hospital.

Immunohistochemistry

Immunohistochemistry was performed similarly as de-
scribed in.35 Rehydrated sections (as in Histochemistry 
[Supplementary Material]) were washed with PBS twice, 
and antigen retrieval performed by heating in a microwave 

in 10 mM sodium citrate buffer (pH = 6.0) for 15 minutes, 
cooled, washed with PBS twice, and incubated with 3% 
H2O2 (5 minutes) to block endogenous peroxidase ac-
tivity. Following washing twice with PBS, sections were 
incubated with 2.5% normal horse or goat serum (Vector 
Laboratories) for 40 minutes for blocking. Then, sections 
were incubated with indicated primary antibodies 
(Supplementary Table S1) overnight at 4°C, washed in 
PBS 3 times, and incubated with ImmPRESS HRP anti-
rabbit, -mouse, or -rat IgG polymers (Vector Laboratories) 
for 30 minutes at room temperature (RT). After washing 
with PBS 3 times, staining was developed with DAB 
(Vector Laboratories), counterstained with hematoxylin, 
and treated as in Histochemistry. For immunofluorescent 
staining, Anti-fade DAPI solution (Vector Laboratories) was 
applied, and sections cover-glass mounted.

Flow Cytometry

In vitro CD133, MHC-I, and MHC-II expression on Accutase-
dissociated mGSCs was determined by flow cytometry. 
Cells were stained with phycoerythrin (PE)-conjugated 
anti-CD133, or anti-MHC-1 (H-2Kb)-PE, or anti-MHC class 
II (I-AE)-BV650 (Supplementary Table S1) for 30 minutes, 
washed and fixed in 2% paraformaldehyde, run on a BD LSR 
II flow cytometer, and data analyzed by FlowJo software.

For fluorescence-activated cell sorting (FACS) analysis 
of tumor-infiltrating immune cells (as described in36), brain 
tumor tissue was harvested when tumor-bearing mice 
began to show weight loss, and single-cell suspensions 
were prepared by 10-minute digestion of minced tumor 
tissue in 1 mL of Accutase containing 10 U/mL DNase I 
(Sigma) at 37°C. Tumor digestion was stopped by adding 
Advance-DMEM/F-12 containing 10% fetal bovine serum 
(Invitrogen), and the suspension was filtered through a 
70-μm mesh and washed twice with PBS. Before surface 
staining, the samples were preincubated with anti-CD16/32 
unconjugated antibodies (clone 93) to block Fc receptor 
binding. Samples were subjected to surface staining 
with fluorochrome-conjugated antibodies. Samples were 
stained with ef450 fixable viability dye to discriminate dead 
cells. To detect Foxp3+ Tregs, samples were stained intra-
cellularly using FoxP3 fix/perm buffer set (BioLegend, Cat. 
# 421403). Antibody details are listed in Supplementary 
Table S1. Samples were run on a BD LSR II or FACS Aria 
flow cytometer, with FlowJo version (v.)10 software (Tree 
Star) used for data analysis.

Statistical Analysis

Survival data were plotted as Kaplan–Meier survival curves. 
To compare the Ki67 index between core and edge, an un-
paired Student’s t test (2-tailed) was used. For the statistical 
analysis of immunohistochemistry and FACS comparing the 
5 mGSC models, 1-way ANOVA with Tukey’s multiple com-
parisons test was used. The number of replicates for FACS 
analysis ranged from n = 3 to n = 7 mice per group. Error 
bars represent the mean ± SD. Statistical significance was 
set at P < 0.05. All statistical computations were conducted 
using GraphPad Prism software version 10.0.2.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
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Results

mGSC Models Driven by Alterations of the Ras 
and Tp53 Signaling Pathways

Five mGSC lines driven by NF1-Ras-MAPK signaling acti-
vation and Tp53 inactivation were established from tumors 
arising after lentivirus transduction of discrete regions of 
the brain or neural stem cells of genetically engineered 
mice (Figure 1A). WES was performed to quantify the 
number of SNPs, using the genome of the inbred C57BL/6J 
strain as the reference. Here we noted a large varia-
tion in the number of SNPs in the genome-wide coding 
sequences (Figure 1B). 005 has the highest number of non-
synonymous SNPs (7405), roughly double those of RIG 
(4100) and NF53 (4020), which were derived with different 
oncogenes/tumor suppressors. In contrast, C1 and C3 had 
the lowest SNP counts, only 508 and 533, respectively 
(Supplementary Table S2). This variation is also reflected in 
the InDel numbers (Supplementary Table S2). Much of this 
difference in SNP counts is likely due to the variable mixed 
background of the GFAP-cre/Tp53 transgenic mice used for 
deriving different mGSCs. The variability can be compared 
to CT2A (3539), a commonly used syngeneic GBM model, 
which was derived from a chemical carcinogen-treated 
C57BL/6 mouse.17 Thus, the 5 mGSC models have variable 
and distinct SNP counts, as well as InDels, despite being 
generated using a similar genetic engineering approach. 
They are an important addition to the limited number of 
murine GBM cell lines and provide useful models to eval-
uate the role of tumor mutational burden on immuno-
therapy. We next set out to examine stem cell features, 
tumorigenicity, and the TME to comprehensively charac-
terize our GSC models (Figure 1C).

In Vitro Stem Cell Features of mGSCs

GSCs have been characterized by their growth as 
nonadherent spheres in serum-free media containing EGF 
and FGF, efficient and lethal tumorigenicity, and differen-
tiation into more mature cells.37,38 We characterized the 5 
mGSC lines for their stem cell-like properties by analysis 
of sphere formation, expression of stemness markers such 
as CD133, Sox2, Olig2, and Nestin,39 and differentiation. 
Limiting dilution assays confirmed that all of the mGSCs 
were capable of sphere formation with varying efficien-
cies or frequencies of sphere formation (Figure 1D and E). 
RIG and C1 showed the most efficient sphere formation 
with 1/13 and 1/7 stem cell frequencies, respectively. Flow 
cytometric evaluation of cell surface expression of CD133, 
a putative, but controversial brain tumor stem-like cell 
marker,40–42 on dissociated cells, revealed varying levels of 
CD133; 45%, 62%, and 23% of CD133+ cells on 005, RIG, 
and C3 mGSCs, respectively, while negligible on NF53 
and C1 cells (Figure 1F).43 Immunocytochemistry for GSC 
markers showed varied expression of Olig2 (nuclear) be-
tween mGSCs with high levels in C3, and consistent strong 
expression of Sox2 (nuclear) and nestin (cytoplasmic) 
across mGSCs (Supplementary Figure S1). Serum-induced 
differentiation of mGSCs resulted in morphological 

changes characterized by cell body enlargement and elon-
gated process formation (Supplementary Figure S2A), 
and expression of neuronal markers βIII tubulin and MAP2 
(Supplementary Figure S2B and C) and astrocytic marker 
GFAP (Supplementary Figure S2D). Since temozolomide 
(TMZ) is a part of the current standard of care for GBM, we 
evaluated the cytotoxic effects of TMZ on mGSCs in vitro. 
005 GSCs showed moderate sensitivity to TMZ, as was 
previously reported,44 otherwise, the other 4 mGSCs were 
somewhat resistant to TMZ (Supplementary Figure S3). 
Taken together, these data show that the 5 mGSC lines are 
all capable of sphere formation and multi-lineage differen-
tiation, cardinal in vitro features of GSCs.

In Vivo Tumorigenicity

To evaluate mGSC tumorigenicity in immunocompetent 
mice, 2 doses (2 × 104 or 1 × 105 cells) of cells were im-
planted intracerebrally into the right striatum of C57Bl/6 
mice. MGSCs consistently formed lethal tumors, regard-
less of the implanted cell number, with the median survival 
times following implantation of 1 × 105 cells ranging from 
22 days (NF53) to 70.5 days (C1) (Figure 2A). At the terminal 
stage, tumors were typically visible macroscopically on the 
surface of the brain at the site of implantation (Figure 2B). 
Hematoxylin and eosin staining of paraffin-embedded 
sections revealed massive tumors for all mGSCs, typically 
occupying the implanted right hemisphere, displacing 
the surrounding and midline brain structures (Figure 2C). 
Histologically, all the tumors were densely cellular and com-
posed of primitive-looking neoplastic cells. 005, RIG, and C1 
exhibited rather well-defined margins, with focal brain in-
vasion, while NF53 showed diffuse infiltration into the adja-
cent brain and along blood vessels (Virchow Robin spaces), 
recapitulating human tumors (Figure 2C; Supplementary 
Table S3). C3, in contrast, had sharp borders, with focal in-
filtration to the adjacent brain (Figure 2C; Supplementary 
Table S3). Mitotic figures were frequent in all tumors, indica-
tive of active proliferation (Figure 2D). Thus, upon orthotopic 
implantation in immunocompetent mice, mGSCs repro-
ducibly generate malignant tumors characteristic of human 
GBM (Supplementary Table S3).

Invasiveness and Proliferation Phenotypes of 
mGSC-Derived Tumors

Since the mGSCs express GFP, staining with anti-GFP an-
tibody was used to clearly reveal the infiltrative nature of 
the tumors (Figure 3A; Supplementary Figure S4A). NF53 
exhibited a particularly invasive phenotype as neoplastic 
cells migrated along the corpus callosum and extended to 
the contralateral hemisphere. 005 and C1 tumors reached 
the midline. RIG tumors had numerous foci migrating 
away from the main tumor mass (Figure 3A). Conversely, 
despite the large size, C3 tumors were confined to the 
implanted hemisphere (Figure 3A). On examination 
with higher magnification there was evidence for micro-
scopic invasion in all the models (Supplementary Figure 
S4A). Characterization of tumor proliferation using Ki67 
immunohistochemistry revealed variable but overall high 
Ki67 indices ranging from 20% to 43%, consistent with 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
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the malignant phenotype of the tumors (Figure 3B and C). 
Image analysis of Ki67-stained slides suggested that den-
sity of Ki67 immunopositivity was heterogeneous within 
the tumor mass (Supplementary Figure S4B). We therefore 
compared the Ki67 proliferation index between the edge 
and core of the tumors, by quantifying the Ki67-positivity 
in 3 fields from the tumor edge and 3 from the tumor core. 
C1 and C3 tumors showed a tendency toward a higher Ki67 
index in the edge areas, but without statistical significance 
(Figure 3D).

Stemness, Differentiation, and Heterogeneity of 
mGSC Tumors In Vivo

We next performed immunohistochemical staining of sev-
eral GSC markers in vivo. Nuclear Sox2 was highly ex-
pressed in all the models, except 005, exhibiting modest 
expression, and C1 with positivity in a small subset 
of cells (Figure 4A). All the mGSC tumors showed in-
tense immunopositivity for Nestin, except for NF53 
(Figure 4B). Neoplastic expression of Nestin was con-
firmed by co-immunofluorescence of Nestin and GFP 
(Supplementary Figure S5A). Proneural and oligodendro-
progenitor cell (OPC) marker Olig2, was nearly negative in 

RIG, focally positive in NF53, C1, and C3, and positive in 
005 tumors (Figure 4C). The stem and mesenchymal marker 
CD44, on the other hand, was diffusely positive in all 5 
mGSC tumor models (Figure 4D), and its cytoplasmic and 
membranous expression delineated tumor–brain border 
regions (Supplementary Figure S5B). Double immunofluo-
rescence of Olig2 and CD44 confirmed consistently high 
expression of CD44 in our models (Supplementary Figure 
S6). Olig2+ cells were prevalent in 005, but patchy or scat-
tered in the other mGSC tumors (Supplementary Figure 
S6). Olig2+ cells were typically double-positive for CD44, 
but foci of Olig2+/CD44− tumor cells, distinct from Olig2−/
CD44+ areas, were noted in C3 tumors (Supplementary 
Figure S6), suggesting divergent lineage differentiations. 
In addition, immunohistochemistry for GFAP, an astrocytic 
marker, revealed that a significant proportion of tumor 
cells were GFAP-positive in all 5 mGSC tumors (Figure 4E). 
β-III tubulin staining revealed high positivity in 005 and 
C3 tumors, and low expression in RIG tumors (Figure 4F). 
RNA sequencing analysis of the mGSC tumors showed 
expression patterns for these stemness genes that were 
generally concordant with immunohistochemistry and im-
munofluorescence results (Figure 4G), as Olig2 expression 
varied greatly among the models. Gfap mRNA expression 
was variable (Figure 4G) and did not correlate with GFAP 
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Figure 2. In vivo tumorigenicity and histopathology of murine glioblastoma stem-like cell (mGSC)-derived tumors in C57BL/6 mice. (A) Kaplan–
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immunohistochemistry (Figure 4E). Thus, although con-
sistently expressing mesenchymal CD44, our models also 
exhibit proneural and OPC phenotypes, evidence for phe-
notypic heterogeneity, a hallmark of human GBM. These 
data also show the capacity of the mGSC tumors for multi-
lineage differentiation in vivo.

To determine whether our mGSC tumors recapitulate the 
cellular state heterogeneity characteristic of human GBM, 
we analyzed our RNA sequencing data to identify the dis-
tinct cellular states defined by Neftel et al. in human GBM 
cells.45 Similar to what was reported with murine GBM 
models created with lentiviruses harboring H-Ras and 
shP53,45 we noted the presence of the MES1-like, MES2-
like, as well as the OPC-like states in most of our models 
(005, NF53, and C1), while the AC-like state was nearly 
absent (Supplementary Figure S7). Comparative analysis 
using 8 human GBMs (GSE266210) demonstrated similar 
patterns of cellular state distributions, as these patient tu-
mors are composed of dominant MES1- and MES2-like 

cells and variable and lower frequencies of OPC-like and 
AC-like cells (Supplementary Figure S7).

Characterization of Tumor-Infiltrating Immune 
Cells

A critical hallmark of human GBM is its highly suppres-
sive TME characterized by dominant myeloid cells, such 
as tumor-associated macrophages (TAMs), and less T-cell 
infiltration.46 Immunohistochemistry was first used to 
evaluate the infiltrates of immune cells in the TME of the 
mGSC tumors in the brain at their terminal stage. There 
was a notable variation in the level of tumor-infiltrating 
lymphocytes (TILs) between mGSC-derived GBMs. The 
NF53 tumors contained the highest levels of infiltrating 
of CD3+, CD4+, and CD8+ T cells, with NF53 significantly 
higher than C1 and C3 (Supplementary Figure S8A–C). C1 
and C3 GBM models demonstrated the lowest quantity 
of TILs (Supplementary Figure S8A–C). Tumor-infiltrating 
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macrophages, marked by CD68-positive cells, were gen-
erally abundant without a large variation between mGSCs 
(Supplementary Figure S8D), consistent with the dominant 
presence of macrophages in the GBM TME. Arg1 that has 
been commonly used to mark immune suppressive macro-
phages47,48 was generally prevalent in the GSC tumors 
(Supplementary Figure S9). Immune checkpoint ligand 
PD-L1 is a major contributor of immune suppression in the 
TME of cancer, including GBM. PD-L1-positive cells were 
readily detectable by FACS in the TME of all the mGSC 
GBM models, with especially high proportions of positive 
myeloid cells in all mGSC tumors, and on RIG and C1 cells 
(Figure 5D). Its expression levels by IHC were not notably 
different between the mGSCs (Supplementary Figure S8E).

One intrinsic feature of GBM escape from immune sur-
veillance is the downregulation of MHC expression to 

evade T-cell killing.49,50 Among the mGSCs, only RIG ex-
pressed significant levels of MHC-I (P < 0.0001 1-way 
ANOVA with Tukey’s multiple comparisons), with min-
imal expression in the other mGSCs (mean < 3.1%), while 
MHC-II expression was negligible in all mGSCs (mean < 
2.5%; Supplementary Figure S10).

Flow Cytometric Profiling of Tumor-Infiltrating 
Immune Cells

To provide a comprehensive analysis of the immune cell 
composition in our 5 mGSC-derived GBMs, we performed 
a multi-parametric flow cytometry analysis of the right 
frontal brain quadrant containing advanced-stage tumors. 
Viable cells isolated from the TME were initially analyzed for 
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GFP to assess tumor burden (Supplementary Figures S11 
and S12A). Subsequently, viable cells were separated into 
CD45− and CD45+ subsets (Supplementary Figures S11 and 
S12B). CD45+ cells were gated into CD45high/CD11b− cells, 
CD45high/CD11b+, and CD45low cells, followed by further 
phenotyping (Supplementary Figure S11). Immune cell com-
position varied substantively across the 5 models. In 005 
and RIG tumors, lymphocytes were the dominant immune 
cell subset representing 40%–50% of the total CD45+ cells 
(Figure 5A), conversely, myeloid cells were the dominant 

subtype in NF53, C1, and C3 tumors (Figure 5A and C). C1 
and C3 tumors had the lowest fraction of lymphocytes, 
occupying only 28% and 20% of CD45+ cells (Figure 5A and 
B). The CD4+/CD8+ ratio was close to 1, except for C3 with 
a skewed high CD4+/CD8+ ratio (Figure 5B). FoxP3+ regula-
tory T cells (Treg) represented 18%–35% of CD4+ T cells and 
only 2%–8% of CD8+ T cells across all mGSCs (Figure 5B). 
NK1.1+ NK cells were a minor subset within CD45+ cells, 
except in 005 tumors with a predominant NK population 
within the lymphoid subset (Figure 5B).
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Figure 5. Fluorescence-activated cell sorting (FACS) analysis of immune cell subsets in murine glioblastoma stem-like cell (mGSC)-derived 
tumors. Following intracerebral implantation of 005, RIG, NF53, C1, and C3 mGSCs (1 × 105), advanced-stage tumors were subjected to FACS anal-
ysis (n = 3–7 mice per group). Gating scheme is shown in Supplementary Figure S8. (A) Pie charts show the relative proportion of immune cell 
subsets within the total CD45+ cell population: myeloid cells (CD45high/CD11b+), microglia (CD45low/CD11b+), lymphocytes including both B and 
T cells (CD45high/CD11b−), and other cells (CD45low/CD11b−) in mGSC-derived tumors. (B–D) Histograms displaying the relative abundance (per-
centage) of specific immune cell populations from FACS. (B) Lymphocyte subtypes. Fractions of CD4+ T cells and CD8a+ T cells within lympho-
cytes, regulatory T cells (Tregs) within CD4+ and CD8a+ T cells, and natural killer (NK) cells within CD45+ cells. (C) Microglia (CD45low/CD11b+) 
and myeloid cells (CD45high/CD11b+). Myeloid cells were classified into tumor-associated macrophages (TAMs) (F4/80high), myeloid-derived sup-
pressor cells (MDSCs) (F4/80mid), and dendritic cells (DCs) (F4/80−). (D) PD-L1+ cells within GFP+ tumor cells (left) and different immune cell types 
(right). Error bars represent the mean ± SD. Statistical analyses were conducted using 1-way ANOVA with Tukey’s multiple comparisons test. 
*P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.
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Microglia (CD11b+/CD45low) occupied 6%–18% of CD45+ 
cells in the TME (Figure 5A and C). Interestingly, the frac-
tion of microglia differed greatly in the 2 TIL-low models, 
C1 (18%) and C3 (7%) (Figure 5A and C). The CD45+CD11b+ 
myeloid populations were further gated into TAMs 
(F4/80high), myeloid-derived suppressor cells (MDSCs) 
(F4/80mid) and DCs (F4/80−) (Supplementary Figure S11). 
TAMs consistently represented a major fraction of myeloid 
populations (>30%) in all the models (Figure 5C), recapitu-
lating the TAM-dominant TME of human GBM.46 The degree 
of MDSCs infiltration varied, with C3 having the largest 
fraction (49%) within the myeloid population (Figure 5C). 
DCs were a minor myeloid subset consistently across the 5 
models (Figure 5C). Of note, the TME of C1 was character-
ized by the highest fraction of microglia and TAMs and the 
lowest fraction of MDSCs, while C3 TME had the opposite 
distribution (Figure 5C). Neoplastic expression of PD-L1 
was variable, with RIG and C1 frequently (>60%) con-
taining PD-L1+ GBM cells (GFP+; Figure 5D). Furthermore, 
a variety of immune cells expressed PD-L1, most notably 
microglia and myeloid cell populations exhibiting very 
high proportions (>80%) in all the mGSC models, while 
lymphocytes and NK cells in 005, and less so in C1 tumors 
were also very high (mostly >50%; Figure 5D). As expected, 
only a very small fraction of neoplastic cells expressed 
PD-1 (Supplementary Figure S12C). Average TIL PD-1 ex-
pression ranged from 10% to 32% and varied between the 
models and among animals (Supplementary Figure S12D). 
Based on transcriptional T-cell markers described in Wang 
et al.,51 we also showed that the pattern of T-cell activation, 
cytotoxicity, and exhaustion was similar to that of human 
GBM tumors, with upregulation of most markers in these 
3 categories (Supplementary Figure S13). We assessed po-
tential correlations between tumor burden (GFP+) and im-
mune cell subsets (Supplementary Figure S14). Although 

we did not observe any consistent trends across the 
models, larger NF53 tumors were associated with lower 
immune cell (CD45+) infiltration driven by a decline in mi-
croglia. On the other hand, the C1 tumor burden positively 
correlated with microglia and myeloid populations while 
negatively correlated with the lymphoid population (R2 ≥ 
0.6; Supplementary Figure S14). To understand whether 
our mGSC models have the immune TMEs that mirror the 
human GBM TME, we analyzed the flow cytometry data 
from 6 human GBM biopsy specimens that utilized a gating 
strategy similar to ours.52 CD45+ immune cells were a 
major component of human GBMs and were dominated by 
CD11b+ myeloid populations (including macrophages and 
MDSCs), with typically a smaller contribution of lympho-
cytes (Supplementary Figure S15). This immune profile 
was similar to what was observed in the immune TMEs of 
our mGSC models (Figure 5). Collectively, flow cytometric 
profiling of our mGSC-derived GBMs revealed a generally 
suppressive, but distinct immune landscape of the TME for 
each model. In Table 1, we summarize key genomic and 
phenotypic features of our 5 mGSC models.

Discussion

The scarcity and limited characterization of immunocom-
petent GBM models representative of human GBM hinder 
the development of effective therapeutic strategies for 
GBM. Here, we characterized 5 mGSC lines driven by ac-
tivation of the NF1-Ras MAP kinase signaling pathway and 
inactivation of the tumor suppressor Tp53. Despite sim-
ilar genetic alteration strategies being used to establish 
these models, we found an unexpected and remarkable 
diversity between the models in essentially every feature 

Table 1. Summary of Key Features of the mGSC Models

GSCs 005 RIG NF53 C1 C3

Genetic drivers HRasv12, Tp53− HRasv12, Tp53 shRNA Nf1 shRNA, Tp53 
shRNA, Pten shRNA

HRasv12, Tp53 shRNA− HRasv12, p53 shRNA

Mutation load High Mid Mid Low Low

Clonogenicity (%)a Low (2.5) Mid (7.0) Mid (4.1) High (12.8) Low (2.7)

CD133 (%) Mid (45) High (62) Low (0.03) Low (0.01) Mid (23)

Survival (days)b 28/29 33/38 20/55 71/82 28/53

Ki67 (%) 26 43 39 20 39

Invasiveness + ++ +++ + −

Sox2 + ++ ++ + ++

Nestin ++ ++ + ++ ++

Olig2 + − ++ + ++

CD44 ++ +++ +++ +++ +++

Immune profile Lymphocytes 
dominantc

Relative lymphocytes 
dominant

CD8+ T cells and TAM 
dominant

TAM/microglia domi-
nant T cells depleted

MDSC dominant T 
cells depleted

Abbreviations: MDSC, myeloid-derived suppressor cells; mGSC, murine glioblastoma stem-like cell; TAM, tumor-associated macrophages.
a% sphere-forming cells.
bMedian survival time post-implantation of 100 000 cells (left) and 20 000 cells (right).
cIncluding T, B, and NK cells.
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we investigated relevant to GBM and GSC biology, for ex-
ample, stem-like properties in vitro and in vivo and the im-
mune microenvironment (Table 1).

WES revealed a large variability in the number of SNPs 
among the 5 mGSC lines, and compared to CT2A. We spec-
ulate that variation in the mixed genetic backgrounds of 
the Tp53−/+, GFAP-Cre mice used for generating the mGSCs 
was a major contributor to SNP differences. 005 mGSCs, 
which have been used extensively in recent years for im-
munotherapy and other research applications,11,20,23–28 
had the highest number of SNPs. However, despite the 
high number of SNPs, and likely associated neo-antigens 
and allogeneic character, 005, as well as RIG and NF53 
mGSCs, efficiently formed consistently lethal tumors in 
C57BL/6 mice, providing reliable immunocompetent GBM 
models. Checkpoint immunotherapy was only modestly 
effective in the 005 model,24,26,27 as opposed to its repro-
ducible significant activity against the commonly used, 
chemically induced GL261 GBM model.53 Interestingly, 
the reported non-synonymous SNP number in GL261 was 
about 5000,18,53 lower than that found in 005. C1 and C3 
mGSCs, on the other hand, had by far the fewest SNPs 
(10– to 20-fold less), likely reflecting the near-pure C57BL/6 
background of the mice used. Recently, Chen and col-
leagues reported a series of murine GBM models driven 
by deletion of Qki, and Tp53 and Pten tumor suppressors, 
termed QPPs.54 WES of the QPP GBMs showed a range of 
SNP counts when the C57BL/6 genome was used as the 
reference. The SNP counts found in 3 of the 4 QPP models 
were comparable to those we observed in 005 mGSCs, the 
highest among our mGSC models, highlighting the lower 
mutation burden in most of our models, particularly C1 and 
C3. The only GBM model syngeneic to C57BL/6 mice that 
was reported to have a lower SNP level than C1 and C3 is 
SB28, which was generated by sleeping beauty transposon-
mediated transduction of NRasV12, shTp53, and mPDGF55 
and was nonresponsive to checkpoint immunotherapy.53 
Mut3 and KR158 represent transplantable GBM models 
that were derived from malignant gliomas spontaneously 
arising in genetically engineered mice harboring Nf1 and 
Tp53 mutations.56,57 The KR158 model in C57BL/6 mice has 
been utilized for some immunotherapy research, including 
direct comparisons with 005 and GL261.58–60 None of these 
mouse GBM cell lines were isolated as mGSCs. Our panel 
of mGSCs, thus, furnish new useful models to evaluate the 
role of tumor mutation burden on GBM immunotherapy.

Our assessment of stem-like features demonstrated 
that all mGSC lines exhibited sphere-forming capabil-
ities at low cell numbers, a hallmark of stem cell behavior. 
Additionally, these cells expressed markers commonly as-
sociated with neural stem/progenitor cells and exhibited 
differentiation potential. However, we observed differences 
in their stem-like characteristics. Notably, CD133 expres-
sion, one of the more commonly described GSC markers,61 
varied greatly among the mGSC lines, from negligible to 
62%. We did not find a positive correlation between CD133 
levels and sphere formation as C1 and C3 mGSCs having 
no detectable or 23% CD133 expression had the highest 
and lowest efficiency, respectively, of clonogenicity in 
vitro. All the mGSCs were reliably tumorigenic in vivo 
upon orthotopic implantation of 20 000 cells. C1 mGSCs 
displayed the most efficient sphere formation but was the 

least aggressive in vivo, with the longest mouse survival. 
NF53 with no CD133 expression had the shortest median 
survival time with 100 000 cells implanted. CD133 has 
been often suggested as one of the defining characteris-
tics of GSCs and has even been linked to self-renewal and 
tumorigenicity.41,61–63 However, our finding of an apparent 
discordance between CD133 levels, clonogenicity, and an-
imal survival suggests a context-dependent role of CD133 
in mGSC biology and that no single parameter correlates 
with in vivo tumorigenicity.

In vivo characterization of the mGSC-derived tumors re-
vealed variable aggressiveness and histopathological fea-
tures. The highly infiltrative nature of NF53 tumors along 
the corpus callosum is of particular interest, as it mirrors a 
common growth pattern observed in humans. These var-
iations in tumor phenotypes provide valuable platforms 
for investigating mechanisms underlying tumor invasion 
and potential therapeutic targets. Regarding stem/progen-
itor markers in vivo, there was variability in the level and 
distribution of expression of Sox2, sparser in 005, C1, and 
nestin, and sparse in NF53. Mesenchymal CD44 was gener-
ally diffuse, while proneural/OPC marker Olig2-expressing 
cells were heterogeneously distributed. This illustrates the 
heterogeneity in phenotypes or cell states, and the likely 
plasticity of the mGSCs (Table 1; Figure 4; Supplementary 
Figure S6 and S7). This observation is in line with what 
was described in Neftel et al.,45 where murine GBM gen-
erated with a lentivirus harboring HRasV12 and shTrp53, 
genetic drivers identical to our models, exhibited multiple 
cellular states, including astrocytic-like, mesenchymal-like, 
and OPC-like, even at a single-cell level. GFAP+ and βIII tu-
bulin+ cells were readily detectable, suggestive of differen-
tiation of the mGSCs occurring in vivo.

Profiling the immune TME is important for charac-
terizing immunocompetent GBM models and pro-
vides a baseline for potentially identifying prognostic 
features of successful immunotherapy. We used 
immunohistochemical, FACS, and transcriptomic ana-
lyses of tumor-infiltrating immune cells to define distinct 
immune microenvironment profiles among the mGSC 
models. Myeloid populations consistently represented a 
major subset in the TME comprising over 30% of CD45+ 
cells, recapitulating the dominant presence of bone 
marrow-derived macrophages in human GBMs.64,65 On 
the other hand, infiltration of lymphoid populations into 
the TME varied markedly between the models. Of note, C1 
and C3 tumors had a low proportion of lymphocytes and 
a high proportion of myeloid cells, compared with 005, 
RIG, and NF53. Interestingly, C1 and C3 mGSCs had the 
lowest SNP counts, which is likely associated with a de-
crease in tumor neo-antigen load. Indeed, the abundance 
of TILs has been shown to be positively correlated with 
tumor mutation burden (represented by SNPs) in both 
cancer patients66 and murine GBM models.15,31 This may 
be relevant therapeutically since baseline TILs have been 
shown to be a biomarker of immunotherapy responses 
in some cancers.67,68 Thus, distinct SNP counts may con-
tribute to the observed heterogeneity in tumor pheno-
types and immune microenvironment profiles.

C1 and C3 mGSCs were derived from the same lentivirus 
construct and mouse strains and have almost the same 
SNP frequency. However, compared to C1 tumors, C3 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae215#supplementary-data
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tumors have a significantly larger proportion of myeloid 
cells and MDSCs, and a significantly smaller proportion 
of TAMs and microglia. Expression of immune checkpoint 
protein PD-L1 was present in tumor cells, high (>60%) in 
RIG and C1 and low (~20%) in 005, NF53, and C3. On the 
other hand, the frequency of PD-L1+ cells was consistently 
over 80% in all tested myeloid cell types (microglia, TAMs, 
MDSCs, and DCs) across all the mGSC models. T-cell check-
point expression, for example, PD-1 and LAG3, was also 
gained across the models. These findings underscore the 
immunosuppressive nature of the TME and support the ra-
tionale for exploring combination therapies involving im-
mune checkpoint inhibitors.

The broad range of phenotypic diversity between the 
individual mGSCs and their tumors in immunocompe-
tent mice, despite the same or similar genetic alterations 
driving initial tumor formation, illustrates the heteroge-
neity implicit in GBM even within a single tumor. The iden-
tification and characterization of cancer stem cells in GBM 
has resulted in a monumental improvement in our under-
standing of GBM and has provided representative models 
to develop and test new therapeutics for GBM.38,69,70 The 
prior lack of mGSCs that formed tumors in immunocom-
petent mice has held back the development and preclin-
ical testing of effective immunotherapies for GBM.71 The 
extensive characterization of the panel of mGSC models 
we report herein should pave the way for future studies 
that will focus on functional and therapeutic investiga-
tions. For example, the NF53 model will provide us with 
opportunities to probe the role of Pten silencing in tumor 
invasiveness and infiltration of CD8+ T cells and TAMs. It 
will be important to characterize the impact of TME fac-
tors, such as cytokines and immune checkpoints, on 
tumor phenotypes. Evaluation of in vivo responses to im-
munotherapy, such as immune checkpoint blockade and 
oncolytic viruses,37 is among our current and future re-
search objectives.

In conclusion, our comprehensive characterization of 
5 mGSC models highlights the diversity of tumor pheno-
types and immune microenvironment profiles within this 
subset of GBM cells. These mGSCs are valuable tools 
for investigating GBM biology and therapeutic strat-
egies, particularly in the context of immunotherapy. The 
observed heterogeneity underscores the importance 
of selecting appropriate models for specific research 
questions and the need for further investigations to un-
ravel the underlying mechanisms driving these distinct 
phenotypes.

Supplementary material

Supplementary material is available online at Neuro-
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