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Low-grade glioma (LGG) is the most common brain tumor
affecting pediatric patients (pLGG) and BRAF mutations
constitute the most frequent genetic alterations. Within the
spectrum of pLGGs, approximately 70%–80% of pediatric pa-
tients diagnosed with transforming pleomorphic xanthoastro-
cytoma (PXA) harbor the BRAF V600E mutation. However,
the impact of glioma BRAF V600E cell regulation of tumor-
infiltrating immune cells and their contribution to tumor
progression remains unclear. Moreover, the efficacy of BRAF
inhibitors in treating pLGGs is limited compared with their
impact on BRAF-mutated melanoma. Here we report a novel
immunocompetent RCAS-BRAF V600E murine glioma
model. Pathological assessment indicates this model seems
to be consistent with diffuse gliomas and morphological fea-
tures of PXA. Our investigations revealed distinct immune
cell signatures associated with increased trafficking and activa-
tion within the tumor microenvironment (TME). Intriguingly,
immune system activation within the TME also generated a
pronounced inflammatory response associated with dysfunc-
tional CD8+ T cells, increased presence of immunosuppressive
myeloid cells and regulatory T cells. Further, our data suggests
tumor-induced inflammatory processes, such as cytokine
storm. These findings suggest a complex interplay between tu-
mor progression and the robust inflammatory response within
the TME in preclinical BRAF V600E LGGs, which may signif-
icantly influence animal survival.

INTRODUCTION
Pediatric low-grade glioma (pLGG) is the most prevalent brain tu-
mor in children.1 Most pLGGs are characterized by indolent
This is an open access article under the CC BY-N
growth and a diverse array of heterogeneity and histological sub-
types, thus posing unique clinical challenges in terms of diagnosis,
prognosis, and therapeutic management. Although overall survival
in pLGG is considered relatively favorable compared with other
brain tumors, several factors, including tumor location, partial sur-
gical resection, limitation of radiation therapy in young patients,
chemoresistance to conventional therapies, resistance to BRAF in-
hibitors in BRAF-mutated patients, and occurrence of neurofibro-
matosis type 1 (NF1) mutations, significantly affect long-term sur-
vival rates.2–7

Previously classified based on histological features, pLGG is now
stratified into molecular subgroups. The molecular landscape of
pLGG was recently delineated with the identification of key genetic
alterations, and the BRAF V600E mutation recently emerged as a
pivotal driver in tumor progression, presenting new opportunities
for research, diagnosis, and targeted therapies. Its incidence varies
in pLGG patients, ranging from 3% in cases of pilocytic astrocy-
toma to up to 80% in transforming pleomorphic xanthoastrocy-
toma (PXA).6,8,9 PXA pediatric patients with BRAF V600E muta-
tion have tumor of World Health Organization grade II and III,
with a 3- to 5-year progression-free survival of over 60%.10 While
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Figure 1. Establishment of the immunocompetent

RCAS-BRAF V600E murine model

(A) Schematic of the induction of gliomagenesis in RCAS-

BRAF V600E model (biorender.com). (B) Representation

of the RCAS-BRAF V600E and RCAS-CRE linearized

plasmids. (C) Immune fluorescence of coronal brain sections

of RCAS-PDGFb (above, BRAF V600E negative, n = 3) and

RCAS-BRAF V600E (below, n = 4) mice at the endpoints,

for the evaluation of BRAF V600E (red) and nuclei

(Hoechst, blue). Left panels have been acquired with 20�
magnification, right panels with 40� magnification. (D)

Survival study of RCAS-BRAF V600E animals evaluated by

Kaplan-Meier curves. Mice were injected with 50,000 DF1-

RCAS-BRAF V600E and 50,000 DF1-RCAS-CRE cells in

the right hemisphere bregma of pups at days 0–2 of age (n =

9). Median survival was calculated at day 46 after induction

of gliomagenesis. (E) Hematoxylin and eosin-stained images

of 5 mm paraffin-embedded coronal brain sections isolated

from of RCAS-BRAF V600E animals #2, #3, and #5 at the

endpoints (Table S2; scale bar, 100 mm). (F) Dendrogram of

the unsupervised hierarchical clustering analysis of total

RNA-seq in intratumoral immune cells (n = 3) from RCAS-

BRAF V600E animals compared with no tumor animals

(n = 3). (G) Volcano plot of the differential gene expression of

tumor-infiltrating immune cells. In total, 8,085 genes. In red

are the genes significantly upregulated, and in blue are the

genes significantly downregulated. Unpaired two-tailed

Student’s t test calculated statistical significance.
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surgical resection can be curative in a subset of patients, a notable
portion of pLGG patients with BRAF V600E mutation experience
tumor transformation to pediatric high-grade glioma (HGG), tu-
mor relapse, rapid progression, and propagation through the
brain.10,11 The valine to glutamine missense mutation results in
constitutive activation of the mitogen-activated protein kinase
(MAPK) pathway, a crucial signaling cascade driving cancer
cellular proliferation and survival.12 When coupled with the loss
of function of CDKN2A, a cell cycle regulator and onco-suppres-
sor, the BRAF V600E mutation was associated with pLGG malig-
nant transformation11,13 and recapitulated in murine models.14

Consistent with the efficacy of BRAF inhibition (BRAFi) against
melanoma and lung cancer, the use of type 1 BRAFi in treating
BRAF-mutated pLGG has shown increased MAPK activation in
2 Molecular Therapy: Oncology Vol. 32 June 2024
glioma cells,15 underscoring the necessity for a
deeper comprehension of tumor biology and
mechanisms of tumor progression enhanced
by the tumor microenvironment (TME). Recent
glioma studies pointed out the crucial role of
the immunosuppressive TME, primarily orches-
trated by myeloid and regulatory T cells
(Tregs),16–20 in disease progression. However,
the investigation of tumor-infiltrating immune
cells in vivo in BRAF-mutated pLGG remains
largely unexplored. In this study, we used a
novel RCAS-BRAF V600E immunocompetent
murine model to characterize the tumor-infiltrating immune cells
during later stages of tumor progression.

RESULTS
The novel RCAS immunocompetent animal model resembles

PXA LGG characteristics

To initiate gliomagenesis in the right cerebral hemisphere of trans-
genic NTV-a; Ink4a+/�Arf+/�;PTEN+/fl; LSL-Luc mice, chicken fi-
broblasts (DF1 cells) engineered for the release of RCAS-BRAF
V600E and RCAS-CRE retroviruses were injected. Gliomagenesis
occurred due to the combined effect of ectopic BRAF V600E
expression and loss of floxed PTEN by CRE (Figures 1A–1C).
The animals monitored in the survival study revealed a decline
starting at the end of the fifth week after induction of
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Figure 2. The transcriptome from tumor-infiltrating

immune cells in RCAS-BRAFV600E animals at the late

stage of the tumor progression and comparison with

human pLGG

Tumor-infiltrating immune cells were harvested at day 50

post-induction of gliomagenesis and analyzed by total RNA-

seq in comparison with corresponding RNA samples from

no tumor animals (n = 3). (A–D) Heatmaps were generated

using significant and differentially expressed genes associ-

ated with (A) CD8+ cytotoxic T cells, (B) Tregs, (C) antigen

presentation, and (D) macrophages. The plots on the right

side of (A–D) show the differential gene enrichment of

corresponding gene expression signatures among genes

upregulated in human BRAF V600E LGGs. Kolmogorov-

Smirnov was used to calculate statistical significance. (E)

Graphical summary of the gene enrichment analysis

performed by ingenuity pathway analysis (IPA). (F) Top

35 canonical pathways differentially and significantly

expressed by tumor-infiltrating immune cells isolated from

RCAS-BRAF V600E or control animals. (G) IPA prediction

of the significant upregulation of cytokine storm signaling

pathway and of several cytokine signaling pathways in

tumor immune cells. Unpaired two-tailed Student’s t test

calculated statistical significance.
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gliomagenesis, with a median survival of 46 days (Figure 1D).
Neuropathological evaluation of hematoxylin and eosin-stained
brain sections from animals at endpoints revealed that six out of
seven developed diffuse gliomas (Figure 1E; Table S2). Based on
cancer cell morphology, tumor infiltration, cells in mitosis, micro-
vascular proliferation, and absent necrosis, one animal was classi-
fied as LGG, whereas three were transitioning from LGG to HGG,
and three had HGG. During the survival study, an asymptomatic
animal euthanized on day 60 revealed intermediate LGG to HGG
neoplastic cell infiltration in both brain hemispheres (Figure 1E).
Therefore, tumor infiltration, the presence of mitotic bodies, rare
microvascular proliferation, and absent necrosis led us to classify
the tumor as a transforming diffuse glioma (Figure 1E;
Table S2). Notably, these neoplastic cells presented morphological
features similar to the PXA in pLGG, including multivacuolated
cytoplasm, rare microvascular proliferation, and absence of necro-
sis.10 This animal model, to our knowledge, represents the first
Mo
immunocompetent PXA pLGG animal model
described in the literature. Although the tumor
morphology, progression, and survival in BRAF
V600E PXA patients have been already
described in literature, the evaluation of the im-
mune TME within this disease entity has not
been studied extensively.

Infiltration, overstimulation, and exhaustion:

Decoding immune cell transcriptomes in the

BRAFV600Egliomamicroenvironment in vivo

Total RNA sequencing (RNA-seq) was per-
formed of tumor-infiltrating immune cells iso-
lated from the TME of RCAS-BRAF V600E animals at day 50
post-induction of gliomagenesis, near endpoints. As a negative
control, we isolated immune cells from the right hemisphere of
no tumor animals sharing the same genetic background and age.
RNA-seq identified 8,085 genes that exhibited significant differen-
tial expression in RCAS-BRAF V600E animals compared
with control animals (Figures 1F and 1G). Among these genes,
4,127 genes were upregulated, while 3,959 were downregulated
(GEO: GSE252367) (Table S4). Genes associated with myeloid
cell immunosuppression (Arg1, Fc = 2,080.2) and cytotoxic
T cell exhaustion (CTLA4, Fc = 182.15) were among the top differ-
entially expressed (Figure 1G). While our previous studies demon-
strated a robust immunosuppressive TME supporting tumor
progression in the RCAS-PDGFb glioma murine model,19 the
RNA-seq signature in BRAF V600E mice showed upregulation of
genes associated with CD8+ T cell activation and exhaustion (Fig-
ure 2A), proinflammatory (M1) and immunosuppressive (M2)
lecular Therapy: Oncology Vol. 32 June 2024 3
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myeloid cells (Figure 2B), antigen presentation (Figure 2C), as well
as Treg activation (Figure 2D). To corroborate our findings in vivo
with pediatric BRAF V600E gliomas, we assessed the similarity be-
tween the characteristic gene expression signatures observed in the
mouse model and those present in the human tumors. Differential
gene expression analysis was performed for nine pLGGs with
BRAF V600E and a control group consisting of 80 tumors lacking
this somatic mutation. We have observed consistent and significant
upregulation of CD8+, M1/M2 macrophage, antigen presentation,
and Treg signatures in the human BRAF V600E tumors
(Figures 2A–2D, right, and S4A), aligning with observations in
the mouse model.

In addition, a gene enrichment analysis using ingenuity pathway
analysis confirmed immune cell infiltration and proliferation (Fig-
ure 2E). The top 35 canonical signaling pathways revealed activa-
tion of CD4+ T, CD8+ T, and NK cells (Figures 2F; S1). Interest-
ingly, it also predicted the upregulation of 18 distinct cytokine
signaling pathways as well as signaling associated with cytokine
storm (Figures 2G; S2). Moreover, the analysis of pathological
pathways highlighted the upregulation of the hypersensitivity reac-
tion and of the hemophagocytic lymphohistiocytosis pathways.
These pathways are linked with an overstimulated immune system,
and uncontrolled activation of CD8+ T cells (Figure S3).21 Based
on these results, we suggest that the phenotypic decline of the
BRAF V600E animals might be attributed to a combinatorial effect
of tumor progression combined with an aberrant inflammatory im-
mune cascade within the TME.

Immune cell response within the BRAF V600E glioma

microenvironment in vivo

To corroborate our RNA-seq findings, we utilized GeoMX digital
spatial transcriptomic profiling (DSP, Figures 3A–3C; S4B–S4D),
and mass cytometry (CyTOF, Figures 3D–3G). To investigate the tu-
mor immune cell infiltration, we stained brain sections of intermedi-
ate glioma BRAF-mutated mice at the endpoints and control mice
with PDGFRa (cancer cell marker), CD45 (pan-immune cell marker),
and Syto13 (nuclear marker, Figure 3A). In addition, the tissues were
also hybridized with specific GeoMX modules for cell typing and
profiling (Supplemental Methods).

As expected, DSP acquisition and analysis of different regions of in-
terest (ROIs, 44 for BRAF V600E and 27 for no tumor controls),
Figure 3. Analysis of the phenotype of tumor-infiltrating immune cells in RCAS

(A–C) Brains from glioma animals (at the endpoints, samples #1 and #3 of Figure 1E) o

deparaffinated and stained for Syto13 (nuclei), CD45-AF594 (immune cells), PDGFRa-A

cells profiling core (Nanostring), and mouse immuno-oncology drug target module (Na

(n = 2) and 17 from no tumor control slides (n = 2) were isolated for spatial profiling. Aft

expressed targets. Housekeeping targets (S6 and histone H3) and background targets (R

levels of the most relevant and significant DSP targets, calculated as log geomean ave

duction of gliomagenesis and analyzed bymass cytometry compared with samples from

tumor-infiltrating immune cells in no tumor control (CTRLS) and BRAF V600E animals. (

Unpaired two-tailed Student’s t test calculated statistical significance.
showed the significant upregulation of markers associated with can-
cer cells (PanCK) and immune cells (CD45). Increased infiltration
of macrophages (CD11b, F4/80) and markers associated with
CD8+ T cell activation (Gzmb) or exhaustion (Lag3) were evident
in the glioma TME, as compared with controls (Figures 3B and
3C). Moreover, we isolated immune cells from BRAF V600E ani-
mals at day 50 and analyzed the phenotype by CyTOF
(Figures 3D–3G; Table S3). The t-Distributed Stochastic Neighbor
Embedding (t-SNE) maps in Figure 3D showed a population of
significantly activated microglia in BRAF mutated animals accom-
panied by an infiltration of proinflammatory macrophages and
monocytes, immunosuppressive myeloid-derived suppressor cells
(MDSC), T lymphocytes, dendritic cells (DC), and natural killer
(NK) cells (Figures 3E–3G). These results clearly demonstrate a pro-
fuse inflammation in the TME. Among T lymphocytes, increased
infiltration of CD8+ cytotoxic, CD4+ T helper cells (Th), and Tregs
was observed in the BRAF V600E TME (Figure 3E). While CyTOF
analysis highlighted the activation status of CD8+ T cells (Figure 3F;
Table S3), it was not possible to assess the exhaustion status of
T cells due to lack of specific markers in the panel such as Lag3,
Tim-3, and TOX. In summary, our analysis of the immune cellular
phenotype in the glioma BRAF V600E TME highlights a distinct
profile of immune cell infiltration during the late stage of the tumor
progression. Specifically, our findings reveal a unique pattern char-
acterized by the infiltration of activated cytotoxic T cells and NK
cells, alongside both pro-inflammatory and immunosuppressive
myeloid cells. Notably, this differs from previous reports on RCAS
IDH1 R132H and IDH1 wild-type glioma models.19,22

DISCUSSION
BRAF mutations represent the prevalent genetic alteration in pedi-
atric glioma patients. Clinical evaluation of BRAF inhibitors for
treating BRAF-mutated pLGG showed toxicity and acquired resis-
tance to these treatments.4,7,15,23 Moreover, there is a paucity of
immunocompetent BRAF-mutated glioma murine models for the
scientific community to elucidate these mechanisms of resis-
tance.24 Here, we present a novel immunocompetent RCAS-
BRAF V600E murine model that resembles diffuse glioma PXA
pLGG-like tumors. These tumors spontaneously transform from
grade II to III until the mice decline. In addition, our study de-
scribes the characteristics of the tumor-infiltrating immune cells
after transformation in vivo. Upon harvesting the immune cells
from the TME of RCAS-BRAF V600E mice, our findings indicate
-BRAF V600E animals

r from control animals were processed for GeoMX DSP. (A) Coronal sections were

F647 (cancer cells), mouse immune cell typing module (Nanostring), mouse immune

nostring) (n = 3). (B) A total of 44 regions of interest (ROIs) from BRAF V600E slides

er data normalization, the heatmap was created with the significant and differential

b IgG, Rt IgG2a, and Rt IgG2b) were used for the data normalization. (C) Expression

rage/ROI. (D–G) Tumor-infiltrating immune cells were harvested at day 50 after in-

no tumor animals (n = 3). (D) t-Distributed stochastic neighbor embeddingmap of the

E) Characterization of the tumor-infiltrating CD45+, (F) CD8+ T, and G) myeloid cells.
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that immune cell infiltration is characterized by both activated and
exhausted cytotoxic CD8+ T cells, CD4+ Th, and Tregs, as well as
proinflammatory and immunosuppressive myeloid cells. These
findings are in line with earlier study demonstrating the presence
of these T cell populations in a syngeneic murine model for BRAF
V600E HGGs.25 Moreover, the prominent inflammatory response
within the TME seems to have caused signatures associated with
cytokine storm, hypersensitivity, and hemophagocytic lymphohis-
tiocytosis. Therefore, in addition to treatment response, this model
can be particularly useful for investigating the mechanisms of im-
mune escape employed by BRAF-mutated glioma cells to evade
immune surveillance. In addition, the model could be beneficial
for translational projects aiming to evaluate novel BRAF inhibitors
or to modulate inflammation and immunosuppression in gliomas.
This model will also allow for a greater appreciation of the funda-
mental biology of cytokine associated toxicities and how to modu-
late an overstimulated immune response. While the mechanisms
of immune escape adopted by glioma cells during tumor progres-
sion remain unclear, future studies using this model will be neces-
sary to evaluate and quantify the immune cell infiltration at earlier
stages of tumor progression and at the endpoints, to study the
mechanisms of tumor immune evasion, and to test the therapeutic
effect of BRAF inhibitors in BRAF V600E models in vivo.
MATERIALS AND METHODS
Additional methods are detailed in the Supplemental
material.19,20,26,27
Mouse model

Gliomagenesis in vivo was induced in NTV-a; Ink4a+/�

Arf+/�;PTEN+/fl;LSL-Luc model, using RCAS system as previously
described.19,28–30 Pups at 0 to 2 days of age were injected with 1 mL
DPBS (Gibco) containing the DF1-BRAF V600E (Figure 1B) and
DF1-CRE30 cell lines (50,000 cells/kind) (Figure 1A). The RCAS
retrovirus particles released into the right hemisphere in brain
of pups at the age of 0–2 days targeted and induced transduction of
neural stem cells expressing the T-va receptor. Negative control
animals without tumors shared the same genetic profile and
age. Animal studies were approved by Nationwide Children’s Hospi-
tal Institutional Animal Care and Use Committee (protocol # AR19-
00146).
Quantification and statistical analysis

The results were generated by at least three independent observations.
Overall survival was measured by Kaplan-Meier curve. To assess the
statistical significance (p < 0.05), survival analyses (Mantel-Cox) and
unpaired two-tailed Student’s t test were calculated using GraphPad
(Prism). Statistical significance was indicated as *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.
DATA AND CODE AVAILABILITY
Upon request, the corresponding authors will grant access to all data
for the scientific community.
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Supplemental information can be found online at https://doi.org/10.
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