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Platelet-derived growth factor beta is a potent
inflammatory driver in paediatric high-grade
glioma

®James L. Ross,'? Zhihong Chen,'® ®Cameron J. Her'ting,"4 Yura Grabovska,®

Frank Szulzewsky," Montserrat Puigdelloses,"7 Lenore Mont:er'r'oza,I Jeffrey Swit:chenko,8
Nitin R. Wadhwani,9 Patrick ). Cimino,'° Alan Mackay,5 Chris jones,5 Renee D. Read,'’
Tobey J. MacDonald,' Matthew Schnieder‘ian,I2 Oren ). Becher'*'*!® and

(®Dolores Hambardzumyan'>'¢

Paediatric high-grade gliomas (HGGs) account for the most brain tumour-related deaths in children and have a median survival of
12-15 months. One promising avenue of research is the development of novel therapies targeting the properties of non-neoplastic
cell-types within the tumour such as tumour associated macrophages (TAMs). TAMs are immunosuppressive and promote tumour
malignancy in adult HGG; however, in paediatric medulloblastoma, TAMs exhibit anti-tumour properties. Much is known about
TAM:s in adult HGG, yet little is known about them in the paediatric setting. This raises the question of whether paediatric HGGs
possess a distinct constituency of TAMs because of their unique genetic landscapes. Using human paediatric HGG tissue samples
and murine models of paediatric HGG, we demonstrate diffuse midline gliomas possess a greater inflammatory gene expression
profile compared to hemispheric paediatric HGGs. We also show despite possessing sparse T-cell infiltration, human paediatric
HGGs possess high infiltration of IBA1+ TAMs. CD31, PDGFRpB, and PDGFB all strongly correlate with IBA1+ TAM
infiltration. To investigate the TAM population, we used the RCAS/tv-a system to recapitulate paediatric HGG in newborn im-
munocompetent mice. Tumours are induced in Nestin-positive brain cells by PDGFA or PDGFB overexpression with Cdkn2a or
TpS3 co-mutations. Tumours driven by PDGFB have a significantly lower median survival compared to PDGFA-driven tumours
and have increased TAM infiltration. NanoString and quantitative PCR analysis indicates PDGFB-driven tumours have a highly in-
flammatory microenvironment characterized by high chemokine expression. In vitro bone marrow-derived monocyte and micro-
glial cultures demonstrate bone marrow-derived monocytes are most responsible for the production of inflammatory signals in the
tumour microenvironment in response to PDGFB stimulation. Lastly, using knockout mice deficient for individual chemokines, we
demonstrate the feasibility of reducing TAM infiltration and prolonging survival in both PDGFA and PDGFB-driven tumours. We
identify CCL3 as a potential key chemokine in these processes in both humans and mice. Together, these studies provide evidence
for the potent inflammatory effects PDGFB has in paediatric HGGs.
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Introduction

Despite our continued understanding of high-grade gliomas
(HGGs) and the molecular mechanisms driving their malig-
nancy, paediatric HGGs remain one of the most difficult
malignancies to treat. Brain tumours account for the most
cancer-related deaths in the paediatric population, and
paediatric HGGs account for the most deaths among this
category which can be attributed to multiple defining fea-
tures (Ostrom et al., 2014, 2015). Paediatric HGGs have a
high frequency (~50%) of arising in infra-tentorial regions
of the brain such as the brainstem, rendering these tumours
surgically inaccessible and limited to therapeutic intervention
(Mackay et al., 2017). Additionally, until recently, therapeu-
tics for the treatment of paediatric HGG were adapted from
their adult counterparts and failed to consider the innate
biological and molecular differences between the two (Jones
and Baker, 2014; Vinci et al., 2018). Lastly, the dynamic tu-
mour microenvironment, which has been shown to be critic-
al for tumour progression in adult HGGs, remains highly
understudied and unaccounted for in paediatric HGGs.
Paediatric HGGs are characterized by PDGFRA amplifi-
cation, TP53 deletion/mutation, CDKN2A deletion/muta-
tion, and histone mutations such as H3F3A and HIST1H3B
(Mackay et al., 2017). As our understanding of the molecu-
lar alterations driving paediatric HGGs increases, targeted
therapies against molecular alterations and immune proc-
esses are being increasingly investigated (Lasky et al., 2013;
Souweidane et al., 2018; Tejada et al., 2018; Chi et al.,
2019; Hall et al., 2019). However, therapies designed to tar-
get non-neoplastic infiltrating cell types including tumour
associated macrophages (TAMs) are lacking, and may be
worth investigating as these cell types constitute a large ma-
jority of cells within the tumour mass. The TAM population
is composed of brain-resident microglia and infiltrating
bone-marrow derived monocytes (BMDMs) that differenti-
ate into macrophages upon extravasation into the brain par-
enchyma (Gutmann and Kettenmann, 2019). We previously

demonstrated in adult HGGs that TAMs constitute up to
40% of the total tumour cell mass, and up to 80% of the
TAM population are peripheral infiltrating monocytes
(Chen et al, 2017, 2020). These cell populations are
attracted to tumour sites via chemokines and growth factors
secreted by tumour and stromal cells in the microenviron-
ment and promote tumour growth (Hambardzumyan et al.,
2016; Gutmann and Kettenmann, 2019). While they pro-
mote tumour growth in adult HGG, TAMs exhibit anti-tu-
mour properties in medulloblastoma, which is the most
common malignant paediatric brain tumour (Maximov
et al., 2019). These data suggest the role of TAMs is tu-
mour-type dependent and further investigation is required to
determine their contribution to paediatric HGG.

Little is known about the factors promoting inflammation
in paediatric HGGs, and there remains an inadequate under-
standing of how the TAM population contributes to, and is
affected by, these processes. To date, there are limited stud-
ies on the immune microenvironment of paediatric HGGs. It
has been reported that diffuse intrinsic pontine gliomas have
an increase in IBA1* TAMs compared to non-tumour brain
tissue (Lin et al., 2018). However, when comparing paediat-
ric HGGs to paediatric low-grade gliomas, low-grade glio-
mas possess greater CD45" infiltrating immune cells and
CD8* T cells (Lieberman et al., 2019). They also have
greater chemokine expression compared to paediatric HGGs
(Plant et al., 2018). These studies are limited in number and
scope, and fail to identify driving mechanisms promoting im-
mune cell infiltration. This study was designed (i) to test
whether TAMs display pro- or anti-tumour effects in paedi-
atric HGG; and (ii) to develop a foundational understanding
of the factors promoting TAM infiltration. We also sought
to develop an understanding of whether different genetic
drivers affect TAM infiltration and patient survival. Using
human patient samples, we establish a link between PDGFB/
PDGFRPB and TAM infiltration in paediatric HGG. We
induced tumorigenesis in immunocompetent mice using the
RCAS/tv-a somatic cell gene transfer system driven by
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RCAS-PDGFA or RCAS-PDGFB overexpression. We
observed differential PDGF signalling activity in paediatric
HGG leads to an increase in TAM infiltration and a de-
crease in survival, providing us with a system to examine the
mechanisms behind these processes. Further, we identify a
previously unrecognized chemoattractant in paediatric
HGG, CCL3, as a key mediator of TAM infiltration. When
Ccl3 is deleted in a murine model of paediatric HGG, TAM
infiltration is inhibited and survival is extended.

Materials and methods

NanoString analysis

Human formalin-fixed paraffin-embedded (FFPE) tissue scrolls
were cut in 10 pm sections for RNA extraction. RNA integrity
was confirmed using a bioanalyzer and samples possessing a
DV300% >30 were used. We used 50 ng of RNA for
NanoString analysis with the Pan-Cancer Pathways Immune
Panel (NanoString, XT-CSO-HIP1-12). For mouse samples, ani-
mals were perfused with ice-cold Ringers solution, brains were
extracted, and tumour tissue was snap-frozen in liquid nitrogen
for storage. RNA extraction was performed using the RNeasy®
Lipid Tissue Mini Kit (Qiagen #74804) according to the manu-
facturer’s instructions. RNA integrity was confirmed as
described above. The mouse Pan-Cancer Pathways Immune
Panel (NanoString, XT-CSO-MIP1-12) was used. All gene ex-
pression data were processed using nSolver Advanced Analysis
Software version 4.0 and data were normalized using the
geNorm algorithm, which uses housekeeping genes to compute
a normalization factor applied to all genes (Vandesompele et al.,
2002). For pathway analysis, a z-transformation was applied to
normalized gene scores. For all other analyses, normalized genes
were log2 transformed and plotted using GraphPad Prism 8
(GraphPad Software, San Diego, CA).

Human paediatric glioma tissue
staining

Use of de-identified human paediatric tissue samples (ages 0-21
years old) was Institutional Review Board approved by Emory
University and the Ann and Robert H. Lurie Children’s
Hospital of Chicago. Sample diagnoses were confirmed by a
board-certified neuropathologist (M.S.) and board-certified
paediatric pathologist (N.W.). All diffuse midline glioma
(DMG) samples included in this study are diffuse intrinsic pon-
tine gliomas. See Supplementary Table 1 for the clinical charac-
teristics of these samples. FFPE tissue samples were sectioned at
5 um per slide and mounted. Heat mediated antigen retrieval in
Tris-EDTA buffer pH 7.8 was performed. Samples were then
stained on a Discovery XT Platform with; IBA1 (Wako 019-
19741, 1:500), PDGFA (sc-128, 1:200), PDGFB (sc-127,
1:200), PDGFRa (cs3174, 1:300), PDGFRB (cs3169, 1:300),
CD31 (Dako m0823, 1:50), CD3 (Dako A0452, 1:100), and
CD8 (Dako M7103, 1:100).

Mice

All injections were performed in mouse pups aged 0-2 days
old among equally distributed sexes for each genotype.
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Ntva;Pten"; Cdkn2a™ mice are in a mixed genetic background
while Nzva;Pter™” mice are in a pure C57BL/6 background
(Herting et al., 2017). Mice were housed in a climate-controlled,
pathogen-free facility with access to food and water ad libitum
under a 12-h light/dark cycle. Ccl2 (#004434) and Ccl7
(#017638) knockout mice were obtained from the Jackson
Laboratory and crossed to C57BL/6 Ntva;Pten/"" mice until
homozygous knockout mice were obtained as previously
described for the generation of Ntva;Pten™",Ccl2™ mice (Tsou
et al., 2007; Chen et al., 2017). Ccl3 knockout mice were gifted
by Dr C. K. Qu, Ccl8/127 mice were gifted by Dr Sabina
Islam, and both were crossed with C57BL/6 Ntva;Ptern/"" mice
until homozygous knockout mice were obtained. Genotyping of
all mice was performed using Transnetyx. All experimental pro-
cedures were approved by the Institutional Animal Care and
Use Committee of Emory University (Protocol #2003253,
#201700633) and Icahn School of Medicine at Mount Sinai
(Protocol #201900619).

Cell culture and injections

DF1 cells (ATCC) were grown at 39°C, expanded to passage 4
and transfected with RCAS-PDGFB-HA, RCAS-PDGFA-Myc,
RCAS-shp53-RFP, RCAS-H3.3WT, or RCAS-H3.3K27M using
a FuGENE® 6 Transfection kit (Roche, 11814443001) (Ozawa
et al., 2014). Cells were cultured with DMEM media (Gibco,
11995-065) supplemented with 1x L-glutamine, 1x penicillin/
streptomycin, and 10% foetal bovine serum (FBS) (ATCC).
Transfected DF1 cells were used for injections before reaching
passage 25. DF1 cells were injected as equal mixtures of
4 x 10* cells/ul, 1 pl per mouse, using a 30-gauge needle
attached to a Hamilton syringe.

Immunohistochemical staining of
murine high-grade gliomas

Mice were sacrificed as described above, and brains were fixed
in 10% neutral buffered formalin for 72 h. The brains were
then embedded in paraffin and sectioned at 5 um and mounted.
Haematoxylin and eosin staining was performed for each sam-
ple. Murine gliomas were graded by a board-certified neuro-
pathologist (P.]J.C.) according to the 2016 WHO Classification
of Central Nervous System Tumors (Louis et al., 2016).
Antibodies used for staining include; IBA1 (Wako 019-19741,
1:500), CD31 (Dianova Dia-310, 1:50), a-SMA (Dako M0851,
1:200), PDGFRa (CST 3174S, 1:500), PDGFRp (CST 3169S,
1:100), and Phospho-histone H3 (CST 9701S, 1:200). For a
complete list of antibodies used, see Supplementary Table 2.
Staining was performed on the Discovery XT Platform (Ventana
Medical Systems) at the defined dilutions in 2% BSA in PBS.

Image analysis

Stained samples were scanned at x 20 and converted to digital
images using a Nanozoomer 2.0HT whole slide scanner
(Hamamatsu Photonic K.K.). For each staining and sample,
multiple representative images were acquired to accurately rep-
resent intra-tumour heterogeneity as previously described
(Kaffes et al., 2019). For CD3 and CD8 staining, the number of
positively stained cells per x 20 field were counted. For IBA1,
PDGFRo, and PDGFRp, the percentage of positively stained
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tumour area was calculated using the threshold function in
Image]J Fiji (Schindelin et al., 2012) by recording the difference
between positive staining intensity above background staining
intensity. For PDGFA, samples were scored as positively or
negatively stained. For PDGFB, three independent reviewers
(J.R., C.H., Z.C.) assigned a relative score of 0 (low) to 5 (high)
to each image based on staining intensity and the average scores
were calculated. For phospho-histone 3, the number of positive-
ly stained nuclei per square millimetre was quantified. All image
analysis was performed using Image] Fiji.

Flow cytometry

Mice were anaesthetized with an overdose of ketamine/xylazine.
Blood (400 pl) was drawn from the left ventricle of the heart be-
fore the mice were perfused with Ringer’s solution. The blood
was examined with BD Trucount'™ tubes (BD Biosciences) to
quantify the absolute number of myeloid cells according to man-
ufacturer’s instructions. Tumours were dissociated either using
the Miltenyi Neural Tissue Dissociation kit (Miltenyi, 130-092-
628) for the analysis of myeloid cells following manufacturer’s
protocol, or with papain for lymphocyte analysis. Cells were
blocked with a solution containing 2% FBS, 5% normal rat
serum, 5% normal mouse serum, 5% normal rabbit serum, 10
pg/ml anti-FcR (BioLegend, 101319) and 0.2% NaNj in DPBS.
Cells were then stained for CD45-APC, CD11b-PerCP-CyS5.5,
Ly6C-PE-Cy7, and Ly6G-V450 for myeloid cell detection. For
lymphocyte analysis, the cells were additionally stained for
CD3-PE-Dazzle, CD4-APC-Cy7, CD8-BV510, B220-BV60S,
NK1.1-BV711, PD1-BV786, MHCI-A700, CD49d-PE-Cy7,
live/dead Zombie UV dye (BioLegend) before they were fixed
and permeabilized with an intracellular staining kit
(eBiosciences). The cells were further stained for Foxp3-FITC
and Granzyme B-PE. Fifty thousand events were recorded on a
BD-LSR 1II or Fortessa flow cytometer. Data were compensated
and quantified in FlowJo 10.4.1.

Quantitative PCR

One microgram of RNA was used to synthesize cDNA using
the SuperScript™ III First-Strand Synthesis System (Invitrogen).
Complementary DNA was used for quantitative PCR using the
SsoAdvanced SYBR® Green Supermix (Bio-Rad) on an Applied
Biosystems 7500 Fast Real-Time PCR System (Life
Technologies). PrimePCR SYBR® Green Assay primers were
obtained from Bio-Rad. For a full list of genes used, see
Supplementary Table 3 and Supplementary Fig 9. B-Actin was
used as an internal reference gene and an inter-run calibrator
was used to normalize comparative CT values for the combin-
ation of plates when necessary. Hierarchical clustering was per-
formed on log2 transformed, z-score standardized quantitative
(q)PCR data using Morpheus (Broad Institute).

Bone marrow-derived macrophage
and microglia cell culture

BMDMs and microglia were isolated and cultured as previously
described (Herting et al., 2019; Chen et al., 2020). Cells were
incubated in FBS deficient media (0.5%) for 3 h prior to stimu-
lation with recombinant human PDGFA (0-100 ng/ml; R&D
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Systems) or PDGFB (0-100 ng/ml; R&D Systems) for 6 h. For a
full description see the Supplementary material.

RNA sequencing

Human RNA sequencing data were generated from the
assembled database as previously described by (Mackay et al.,
2017). For a full description of data acquisition, quality control,
and normalization methods, see the Supplementary material.

Data analysis

For qPCR data normalization, AACT values were log2 trans-
formed and z-score standardized. Statistical tests used for each
analysis are further explained in figure legends. GraphPad Prism
8 was used for all statistical analyses. Significance was set at
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data availability

All data used for this manuscript are available upon reasonable
request.

Results

Immune profiling of human
paediatric high-grade gliomas

The presence of tumour infiltrating CD45*CD11b* myeloid
cells and the presence of infiltrating CD3* and CD8™ lym-
phocytes has been reported in paediatric HGGs (Griesinger
et al., 2014; Lin et al., 2018; Plant et al., 2018). However,
little is known concerning the inflammatory microenviron-
ment of these tumours. Further, there has been no compari-
son of hemispheric paediatric HGGs to diffuse midline
gliomas (DMGs; including diffuse intrinsic pontine gliomas)
in terms of their inflammatory microenvironments and infil-
trating immune cells. To characterize these tumours, we
obtained FFPE tissue blocks of 22 human paediatric HGGs
and performed NanoString analysis (Fig. 1A). Twelve hemi-
spheric paediatric HGGs (3/12 were H3G34R mutants), and
10 DMGs (8/10 were H3K27M mutants) were included.
When comparing differentially expressed genes between the
two subgroups, DMGs had higher expression of leucocyte-
attracting chemokines CXCL2, CXCLS, CXCL6, and their
receptor CXCR2. IL-8, a neutrophil chemotactic factor that
strongly induces CXCR2 activity and expression was also
highly expressed in these samples (Schinke et al., 2015). One
of the most significantly differentially expressed genes be-
tween the two subgroups was CXCL1 (high in DMGs),
which is a potent promoter of inflammation (Fig. 1B).
CXCL1 has been shown to be produced by mast cells and
macrophages, and plays a critical role in the recruitment and
migration of immune cells to sites of inflammation
(De Filippo et al., 2013). Further, in a model of pancreatic
adenocarcinoma, high CXCL1 expression correlated with
low T-cell infiltration, and deletion of CXCLI rendered
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immunotherapy resistant tumours susceptible to CTLA-4
and PD1 blockade (Li et al., 2018). All these genes signal
through the CXCR2 receptor, indicating a possible role for
this signalling pathway in DMGs. When comparing the
pathways represented by the expressed genes, unsupervised

hierarchical clustering displayed separation between the two
groups of paediatric HGG. Eight of ten DMG samples clus-
tered together, seven of which were K27M mutant, while
the hemispheric samples separately clustered together
(Fig. 1C). DMGs had greater expression of genes involved in
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pathways including chemokine and cytokine signalling,
leucocyte functions, and macrophage functions. We found
similar  clustering patterns between murine DMG
(H3.3K27M) and hemispheric paediatric HGG (H3.3WT).
This analysis again demonstrated DMGs were more inflam-
matory than their hemispheric counterparts (Fig. 1D).
Additionally, in both human and murine DMG, there was
greater representation of genes characterizing inflammatory
cell types including T cells, macrophages, neutrophils, and
CD45* cells as opposed to hemispheric tumours
(Supplementary Fig. 1A and B). Lastly, when clustering both
human and murine tumours together by their expression of
all genes, hemispheric paediatric HGGs were most similar to
each other and DMGs were most similar to each other, re-
gardless of species (Supplementary Fig. 1C). These results
suggest DMGs have a greater inflammatory microenviron-
ment when compared to hemispheric paediatric HGGs. This
is intriguing since DMGs, specifically diffuse intrinsic pon-
tine gliomas, have the shortest median survival yet have his-
torically been considered ‘immune cold” with respect to
infiltrating lymphocytes.

When examining only human hemispheric samples, two
distinct subgroups were observed; one with a high inflamma-
tory signature (group 1) and one with a low inflammatory
signature (group 2) (Fig. 1E and F). Group 1 samples had
high expression of chemokines including CCL2, CCLS,
CCL18, CCL21, and CXCL11. Markers of an activated im-
mune response and complement system were also highly
expressed including IFNG, IENA17, PRF1 (perforin), HLA-
DRB3 (MHCH-II), C6, and C9 (Wherry et al., 2007; Hudson
et al., 2019). Group 2 samples had unremarkable expression
of genes involved in the immune response. Interestingly,
patients from group 2 had a significantly longer median sur-
vival of 283.4 weeks from the time of diagnosis compared
to patients from group 1 who had a median survival of only
40.4 weeks (Fig. 1G). Although group 2 contained two
G34R tumours, there were no other defining clinical features
of either group in terms of age, sex, or other defining
mutations.

To determine whether the differential inflammatory sig-
natures persist at the protein level we next evaluated a
larger cohort of human paediatric HGG tumour samples
by immunohistochemistry. CD3 and CDS8 T-cell staining
corroborated previous findings of sparse T-cell infiltrates
in these tumours (Fig. 2A and B) (Lin et al., 2018). Most
positively stained cells were found in perivascular spaces
and around areas of necrosis. Because of the low number
of lymphocytes in these tumours, we then stained for the
pan-macrophage marker IBA1. Unlike T-cell staining,
there was considerable sample to sample variability of
IBA1* infiltrating TAMs (Fig. 2C and D). There was no
difference in IBA1* TAM infiltration between DMG and
glioblastoma samples (Supplementary Fig. 1D); however,
samples with high IBA1 staining also had high macro-
phage and CD45 cell scores in NanoString (Supplementary
Fig. 1E and F). Staining for CD31, an endothelial cell
marker, and PDGFR, a stromal cell marker, demonstrates
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these tumours are highly vascularized with abnormal net-
works of blood vessels (Fig. 2E and F). Staining for the
PDGFRB ligand, PDGFB, also demonstrates variable stain-
ing from tumour to tumour (Fig. 2G). Interestingly, CD31,
PDGFRB, and PDGFB all strongly correlate with IBA1
positivity (Fig. 2H-J). Although there were few T cells in
these tumours, there was still a positive correlation
between CD3 and CD31, PDGFRB, and IBA1
(Supplementary Fig. 2A-C). Additionally, samples with
high PDGFB staining also had high CD31 and smooth
muscle actin staining, implicating PDGFB in the reorgan-
ization of the tumour microenvironment (Supplementary
Fig. 2D and E). Unlike staining for PDGFB (22/26 posi-
tively stained), the majority of tissue samples did not posi-
tively stain for PDGFA (7/33) (Supplementary Fig. 2F-H),
and only four samples stained for both ligands, further
highlighting the importance of the PDGFRB/PDGFB path-
way in paediatric HGG. Although limited by sample sizes,
for those that NanoString were run on, we did observe a
general trend of greater IBA1, PDGFR, and PDGFB stain-
ing in DMG samples compared to hemispheric tumour
samples (Supplementary Fig. 2I). No correlations were
found between these histological markers and molecular
status, but this does not preclude the existence of correl-
ation. Further studies with larger sample sizes are neces-
sary to address this. Taken together, these results indicate
a possible role for PDGFRB/PDGFB pathway involvement
in the infiltration of IBA1* TAMs and other immune cell
types in paediatric HGG. To directly test the role of
PDGFRB/PDGFB pathway involvement in the recruitment
of TAMs in paediatric HGG we next generated hemispher-
ic tumours using PDGFA and PDGFB ligands as oncogenic
drivers in immunocompetent mice.

PDGF-driven GEMM of hemispheric
paediatric high-grade gliomas

We used the RCAS/tv-a system to induce HGGs in nestin-
positive brain cells in the cerebral hemispheres of im-
munocompetent newborn pups (postnatal Days 0-2).
Ntva;Cdkn2a™ mice received a single injection of DF1
cells producing either RCAS-PDGFA or RCAS-PDGFB.
Ntva;Cdkn2a*"" mice received a co-injection of DF1
cells consisting of RCAS-shP53 along with either RCAS-
PDGFA or RCAS-PDGFB (Fig. 3A). PDGEF signalling has
been established as a potent inducer of cellular prolifer-
ation, survival, angiogenesis, and inflammation, thereby
promoting tumorigenesis (Heldin and Westermark, 1999;
He et al., 2015; Heldin et al., 2018; Papadopoulos and
Lennartsson, 2018). Tumour cells co-express PDGF
ligands and PDGFRa while stromal cells co-express PDGF
ligands and both PDGFRa and PDGFRp. The co-expres-
sion of ligands and receptors promotes autocrine and
paracrine signalling, further promoting tumour growth,
angiogenesis, and stromal recruitment (Calzolari and
Malatesta, 2010). PDGFA has the ability to bind and
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Figure 2 Neuropathological characterization of human paediatric HGGs. FFPE tumour samples were stained for the following;
(A) CD3 and CD8 T cells. (B) Quantification of CD3 (n =21) and CD8 (n = 24) positivity. (C) IBAI. Representative images for low and high
staining samples are displayed. (D) Quantification of IBAI positivity (n = 36). (E) CD31 (n =27). (F) PDGFRp (n = 30). (G) PDGFB (n = 26).

H) Linear regression correlation of CD31* tumour area with IBAI
( g

IBAI "
bars = 100 um and 20 pum, respectively.

activate PDGFRa, while PDGFB can bind and activate
both PDGFRa and PDGFRp (Westermark et al., 1995;
Singh et al., 2002; Nordby et al., 2017). Freshly dissoci-
ated tumour tissue from these models was verified using
qPCR for PDGFA and PDGEFB (Fig. 3B). PDGFA-driven
tumours produced a mix of grade III (32%) and grade IV
(68%) tumours while PDGFB-driven tumours were all
grade IV (96%), with the exception of one grade III

* tumour area (n =26). (I) Correlation of PDGFRB*
tumour area (n = 28). (J) Correlation of PDGFB score with IBAI *

tumour area with
tumour area (n = 25). All images x 40 magnification, x 80 insets. Scale

tumour (4%) (Fig. 3C). These tumours displayed all major
histological hallmarks of HGG including microvascular
hyperplasia and pseudopalisading necrosis (Fig. 3D).
Staining for PDGFRa in each tumour type displayed
the presence of the receptor on all tumour cells and no
differences in expression of this protein was observed
(Fig. 3E and F). Conversely, PDGFB-driven tumours had
greater tumour area covered by PDGFRB and the
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PDGFB. Ligand-receptor binding interactions for PDGFA and PDGFB are highlighted. (B) Quantitative PCR validation for human PDGFA (n = 7)
or PDGFB (n = 7) in their respective tumours, P < 0.0001. (C) Tumour grading on samples generated in Ntva;Cdkn2a™"~ mice driven by PDGFA
(n =22, 7/22 grade lll, 15/22 grade IV) or PDGFB (n =26, 1/26 grade lll, 25/26 grade IV). Fisher’s exact test, P = 0.0167. (D) Representative
haematoxylin and eosin images of PDGFA and PDGFB-driven tumours. Scale bar = 100 pm. (E) Whole brain PDGFRa staining in PDGFA
(n = 12) and PDGFB-driven (n =9) tumours. Inset x 80, scale bar = 20 um. (F) Quantification of PDGFRa staining. (G) Survival curves of
Ntva;Cdkn2a™"~ mice with tumours driven by RCAS-PDGFA or RCAS-PDGFB, P < 0.0001. Student’s t-test for quantifications, Log-rank Mantel-

Cox test for survival curves.

pericyte  marker smooth muscle actin (SMA)
(Supplementary Fig. 3). Similar to our findings in human
paediatric HGG samples, PDGFRp positively correlated
with IBA1 staining, suggesting the infiltration of TAMs
is in part mediated through PDGFRB/PDGFB signalling.
Staining for CD31 demonstrated no significant difference
in tumour area covered by blood vessels; however,
PDGFA-driven tumours had smaller and more numerous
blood vessels compared to PDGFB-driven tumours
(Supplementary Fig. 3). Interestingly, PDGFB-driven
tumours in Ntva;Cdkn2a™™ mice had a significantly
decreased survival of 28 days compared to PDGFA-
driven tumours whose median survival was 49 days
(Fig. 3G). Taken together, PDGFB-driven tumours pos-
sessed irregular vasculature and decreased survival com-
pared to PDGFA-driven tumours, thus implicating
PDGFRB/PDGFB signalling as an important regulator of
the tumour microenvironment.

Immune profiling of PDGF-driven
murine paediatric high-grade
gliomas

To complement our NanoString analysis of human paediatric
HGGs, we also performed NanoString on PDGFA and
PDGFB-driven tumours generated in Ntva;Cdkn2a™ mice.
Strong separation between the two tumour types was readily
observed when unsupervised clustering on all 750 detected
genes was performed (Fig. 4A). There were 15 statistically
significant  differentially expressed genes (Benjamini-
Hochberg P < 0.05, fold change > 1) (Fig. 4B) and top dif-
ferentially expressed genes were validated with qPCR
(Supplementary Fig. 4A-D). PDGFB tumours possessed high
expression of chemokines including Ccl11, Cxcl13, and
Ccl12. PDGFB tumours also had significantly higher expres-
sion of inflammatory adhesion molecules Cd11b, Cd74, and
Selplg (CD162), all of which play important roles in
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promoting and mediating leucocyte and macrophage traffick-
ing. Genes involved in antigen processing and presentation
were also highly expressed in PDGFB tumours including
Ly86, Cd180, H2-K1, and H2-Eb1 (MHC-II). Conversely,
PDGFA tumours had high expression of Cfh (complement
factor H), which is an inhibitor of inflammation triggered by
the complement system (Parente et al., 2017). Other highly
expressed genes in PDGFA-driven tumours included Ifitm1,
Rsad2, Cd36, and 1116, which are all important mediators of
the innate immune response to foreign pathogens.

Pathway analysis demonstrated exclusive clustering be-
tween PDGFA and PDGFB-driven tumours. PDGFB-driven
tumours had demonstrably greater representation of genes

involved in inflammatory processes including the comple-
ment pathway, leucocyte functions, CD molecules, macro-
phage functions, innate immune response, chemokines, and
cytokines (Fig. 4C). These results mirror the two distinct
subgroups observed in human paediatric HGG samples
(Fig. 1F), with PDGFB-driven tumours closely matching the
expression profiles of group 1 human paediatric HGGs
(more inflammatory) and PDGFA-driven tumours closely
matching group 2 human paediatric HGGs (less inflamma-
tory). Cell cycle function and basic cell function pathways
were not significantly differentially expressed between the
two entities. Immunohistochemical staining for phospho-his-
tone H3, qPCR for Ccnd2, and in vitro cell proliferation
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assays all confirmed these findings, demonstrating no major
differences in proliferation between the two tumour types at
end point (Supplementary Fig. 4E-H). These results suggest
the differences in tumour malignancy may likely be derived
from the tumour microenvironment and not necessarily tu-
mour cell intrinsic factors. Although these PDGF ligands op-
erate through the same pathways, it is clear PDGFB is a
more potent inducer of the inflammatory response in the tu-
mour microenvironment.

Next, to validate our NanoString findings, we performed
IBA1 staining in FFPE tumour sections from PDGFA and
PDGEB-driven tumours in N#va;Cdkn2a™ mice. There was
a dramatic increase in the number of infiltrating TAMs
observed in PDGFB tumours as shown by whole brain stain-
ing (Fig. 4D and E). TAMs were found throughout the entir-
ety of both tumour types; however, PDGFB samples had
twice as much tumour area covered by TAMs. Much like
our findings in human paediatric HGGs, PDGFB, but not
PDGFA, appears to be promoting a pro-inflammatory
microenvironment and play a key role in TAM recruitment.

PDGFB-driven tumours have
increased infiltration of peripheral
monocytes

In adult glioblastoma and medulloblastoma, TAMs are com-
posed of infiltrating BMDMs and brain-resident microglia;
however, histological distinction between the two cannot be
made because of a lack of distinct cell-type specific markers
(Chen et al., 2019; Maximov et al., 2019). Since IBA1 stains
both TAM populations, it is unclear what the identity is of
the additional TAMs found in PDGFB-driven tumours. To
address this, we induced tumours in Ntva;Cdkn2a*"*" mice
with a co-injection of RCAS-shp53 along with either RCAS-
PDGFA or RCAS-PDGFB. These mice are in a pure C57BL/
6 background and are more suitable for myeloid cell lineage
identification as compared to Ntva;Cdkn2a™™ mice which
are in a mixed genetic background. As seen in
Ntva;Cdkn2a™™ mice, PDGFB-driven tumours in the
Ntva;Cdkn24*"" mice had a significantly decreased median
survival (35 days) compared to PDGFA-driven tumours (57
days) (Fig. 5A).

Freshly dissociated tumour tissue stained for CD45,
CD11b, Ly6C, and Ly6G demonstrated PDGFB tumours
had a significant increase in the lymphocyte population
(CD45*CD11b") and in the total TAM population
(CD45*CD11b*) (Fig. 5C and D). The increase in the total
TAM population was not due to the number of microglia
(CD45°CD11b*), but rather due to infiltrating BMDMs
(CD45"CD11b*). Further staining for Ly6C and Ly6G
demonstrated the elevated BMDM population was from the
number of inflammatory monocytes (Ly6CMLy6G™) while
there was no difference in neutrophils (Fig. SE-H). These
results indicate PDGFB/PDGFR signalling promotes the in-
fileration of circulating monocytes from the blood into the
brain.

J. L. Ross et al.

Inflammatory gene expression is
upregulated in PDGFB-driven
tumours

NanoString analysis demonstrated PDGFB-driven tumours
are more inflammatory compared to PDGFA-driven
tumours. To validate these findings and examine additional
genes, we used a custom designed qPCR panel of 73 genes
including chemokines and chemokine receptors, immune
markers, macrophage markers, and cancer signalling
markers. As found in our NanoString dataset, when cluster-
ing these tumours based on their expression profiles,
PDGFA-driven tumours distinctly cluster apart from
PDGFB-driven tumours (Fig. 6A). As expected, PDGFB-
driven tumours had greater expression of Aifl (IBA1) and
Itgam1 (Cd11b). Further analysis revealed PDGFB tumours
had greater expression of chemokines including Ccl2, Ccl3,
Ccl7, and Ccl11. Cer5 and Csflr were also higher in PDGFB
samples (Fig. 6B). A cytokine array and protein ELISA also
confirmed results of increased chemokine expression in
PDGFB tumours (Supplementary Fig. 5). Inmunosuppressive
genes including Pd1 (PD1), Pdcdllg2 (PD-L2), and Ctla4
were highly expressed in PDGFB tumours, suggesting these
tumours have a greater immunosuppressive phenotype com-
pared to PDGFA tumours (Barber et al., 2006). There were
only a few genes more highly expressed in PDGFA-driven
tumours not previously examined in the NanoString analysis
including Marco, a scavenger receptor, and chemokine recep-
tor Cerl (Fig. 6C and D).

PDGFB stimulates chemokine
production in bone marrow-derived
monocytes

The function of the additional macrophages inside PDGFB-
driven tumours remains unclear. To address this, whole bone
marrow was isolated from naive CL57/B6 adult mice and
cultured in the presence of M-CSF to drive the cells towards
a macrophage phenotype. After 7 days, cells were stimulated
with increasing doses of either recombinant PDGFA or
PDGFB protein (0-100 ng/ml) for 6 h (Fig. 7A). After stimu-
lation, RNA was collected for gqPCR. Quantitative PCR for
chemokines Ccl2, Ccl7, Ccl12, and Vegf demonstrated in re-
sponse to increasing doses of PDGFB but not PDGFA,
BMDMs upregulate their expression of these genes (Fig. 7B—
G). Interestingly, when the same experimental conditions and
stimulations were performed using cultured microglia these
responses were not observed (Fig. 7H-N). Additionally, in
response to PDGFB stimulation, BMDMs also produced
higher levels of Argl, an enzyme which suppresses T-cell
function in the tumour microenvironment (Munder et al.,
2006). The only gene stimulated in microglia, I/1b, was in re-
sponse to PDGFA stimulation and was not significant in
stimulated BMDMs. These results support previous findings
that PDGFB is a potent inducer of chemokines and growth
factors in cells found in the tumour microenvironment,
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Figure 5 Flow cytometry of PDGF-driven mouse tumours. (A) Survival curves for Ntva;Cdkn2a

“"™t mice with tumours induced by

RCAS-PDGFA or RCAS-PDGFB with co-administration of RCAS-shP53. Log-rank Mantel-Cox test, P < 0.0001. (B) Representative flow cytom-
etry dot plots of PDGFA (n = 7) and PDGFB-driven (n = 9) tumours generated in Ntva;Cdkn2a”"™" mice, gated for CD45, CDI Ib, Ly6C, and
Ly6G. (C) %$CD45"CDI Ib~ lymphocytes in the total tumour cell population. (D) %$CD45*CDI 1b* myeloid cells in the total tumour cell popula-
tion, P = 0.0008. (E) %CD45"CD 1 1b* BMDMs in the total myeloid cell population, P = 0.0171. (F) %CD45°CD1 Ib* microglia in the total mye-
loid cell population. (G) %CD45"CDIIb*Ly6C"'Ly6G" inflammatory monocytes in the total BMDM population, P=0.0030. (H)
%CD45"CDI Ib* Ly6C"Ly6G" neutrophils in the total BMDM population. Student’s t-test. ns = not significant.

including CCL2 in astrocytes (Bethel-Brown et al., 2012),
CCL7 in perivascular precursor cells (Au et al., 2009), and
CCL12, which has not been previously implicated in glioma
biology but shares the same receptor as CCL2 and CCL7
(CCR2) (Drevets et al., 2010).

Chemokine knockout reduces TAM
infiltration and extends survival

To address the question of whether reducing TAM infiltra-
tion can extend survival we used Ntva® chemokine

knockout mice and induced tumours with RCAS-shp53 and
RCAS-PDGFA or RCAS-PDGFB. The chemokines we
focused on were CCL2, CCL3, CCL7, and CCL8/12, as all
of these were found to be highly expressed in murine
PDGFB-driven tumours. Additionally, iz vitro stimulation of
BMDMs demonstrated PDGFB induces the expression of
these chemokines. The role of these chemokines in leucocyte
trafficking is well documented (Huang et al., 2001; Charo
and Ransohoff, 2006; Tsou et al, 2007; Mitchell et al.,
2015). Our lab and others have demonstrated the import-
ance of CCL2 and CCL7 in attracting monocytes and other
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myeloid cells into the tumour microenvironment of adult
glioblastoma (Okada et al., 2009; Chang et al., 2016; Chen
et al., 2017; Takenaka et al.,, 2019). Unlike in adult glio-
blastoma, when PDGFB is the oncogenic driver in paediatric
HGG, there is no survival benefit in Ccl2 knockout mice
(Fig. 8A). Knockout of Ccl7 and Ccl8/12 also did not pro-
duce any survival benefit. The only chemokine that pro-
duced an increase in survival was Ccl3. These mice had a
median survival of 49 days compared to 35 days in wild-
type mice. Unlike in PDGFB-driven tumours, there was an
extension in survival in Ccl8/12 knockout mice as well as
Ccl3 knockout mice when tumours were driven by PDGFA
(Fig. 8B). The mice with the greatest survival benefit was
Ccl8/12 double knockout mice with a median survival of 73
days. Interestingly, homozygous deletion of Ccl2 did not re-
sult in any survival difference from wild-type tumours driven
by PDGFA.

Since Ccl3 was the only chemokine to provide a survival
benefit upon genetic deletion in PDGFB-driven tumours,
IBA1 staining and flow cytometry was performed to deter-
mine if TAM infiltration was also inhibited. Staining for
TAMs did not reveal any significant differences between
wild-type and Ccl3 knockout mice (Supplementary Fig. 6A
and B). However, through flow cytometry CD45 and
CD11b staining indicated there was a significant reduction in
the total TAM population (Fig. 8C). This reduction was due
to a significant decrease in the CD45"CD11b* BMDM
population (Fig. 8D). The decrease in BMDMs subsequently
caused a significant increase in the microglial population
within the total TAM population (Fig. 8E). The reduction in
intra-tumoral BMDMSs was not a result of decreased egress
of myeloid cells from the bone marrow, as there were no sig-
nificant differences observed in Ccl3 wild-type versus knock-
out mice in the blood (Fig. 8F-I). There were also no

differences observed in PDGFA-driven tumours; however,
Ccl3 knockout mice had significantly fewer numbers of phos-
pho-histone H3-positive proliferating cells compared to wild-
type tumours (Supplementary Fig. 6C-M). Lastly, in
PDGFB-driven tumours, there were no significant differences
observed in the number of intra-tumoral CD4 or CD8 T
cells, PD1*, FOXP3*, or Granzyme B* T cells, or natural
killer (NK) cells in Ccl3 knockout mice (Supplementary Fig.
7A-D).

RNA sequencing data of histone wild-type human paediat-
ric HGGs for chemokines revealed CCL3 and CCL4 cluster
together, apart from all other chemokines (Supplementary
Fig. 8A). Further, CCL3 mRNA expression strongly corre-
lated with AIF1 (gene encoding IBA1) expression in both his-
tone wild-type and histone mutant samples (Fig. 8]). CCL3
expression obtained from our NanoString dataset positively
correlated with IBA1* TAM infiltration in human paediatric
HGGs, validating the RNA sequencing data (Fig. 8K).
Additionally, CCL3 strongly correlated with PTPRC
(CD45), ITGAM (CD11b), PDGFRB, PDLI1, PD1, and
CD3D in our dataset (Supplementary Fig. 8B-G).
Interestingly, when murine BMDMs or microglia were stimu-
lated with PDGFB, Ccl3 expression was not induced, indicat-
ing TAMs are not the source of Ccl3 and it is likely tumour
or stromal cells producing the chemokine and attracting
TAMs to the microenvironment (Supplementary Fig. SH-I).
Together, these results implicate PDGF-induced CCL3 as a
key mediator of TAM infiltration in paediatric HGGs.

Discussion

In our study, we sought to define the inflammatory tumour
microenvironment of paediatric HGGs and determine the
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Figure 7 In vitro PDGF stimulation of BMDMs and microglia. (A) Schematic depicting the isolation and culture of BMDMs from naive
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n =5 independent replicates per concentration. One-way ANOVA multiple comparisons.
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factors promoting TAM infiltration. Corroborating a previ-
ous study on diffuse intrinsic pontine gliomas, we demon-
strate paediatric HGGs, irrespective of their tumour
location, have minimal T-cell infiltration (Lin et al., 2018).
Despite low T-cell infiltration in our human dataset, we
observed inflammatory differences between hemispheric
paediatric HGGs and DMGs at the RNA level in both
humans and mice. DMGs were found to express higher lev-
els of pro-inflammatory transcripts compared to hemispheric
paediatric HGGs. We also observed similar differences in
the tumour microenvironment of murine tumours driven by
PDGFB versus those driven by PDGFA. PDGFB-driven
tumours were found to express transcripts relating to macro-
phage functions, inflammation, chemokines and receptors,
and the innate immune response at higher levels than
PDGFA-driven tumours.

PDGFB protein can be highly expressed despite low lev-
els of transcript present (Brennan et al., 2009), therefore
we performed a histological analysis of human paediatric
HGG samples to identify relationships that would not be
found using RNA sequencing databases. Although our
human paediatric HGG samples were cold for T cells,
akin to our findings in adult HGGs, we observed high in-
filtration of TAMs as demonstrated by IBA1 staining
(Kaffes et al., 2019). We identified correlations between
IBA1 and CD31, PDGFR, and PDGFB. Samples with
high PDGFB staining had high levels of IBA1* TAMs, in-
dependent of H3 status. Supporting these novel findings
was the observation that PDGFB-driven murine HGGs
had significantly higher levels of IBA1* TAMs compared
to PDGFA-driven tumours. Although our study does not
directly reveal the identity of infiltrating TAMs in human
samples, we demonstrate in our immunocompetent mouse
models that peripheral BMDMs, not microglia, are the
predominate  TAM subpopulation in these tumours.
Further molecular analysis of the murine tumours revealed
PDGFB-driven tumours had greater expression of chemo-
kines, chemokine receptors, immunosuppressive markers,
and macrophage markers compared to PDGFA-driven
tumours. Together with our human data, this raises the
question of whether the molecular identity of the tumour
or the tumour location itself is more important for deter-
mining the composition of the immune infiltrate and the
factors governing these inflammatory processes.

To examine the properties of TAMs and their roles in the
tumour microenvironment, we stimulated microglia and
BMDMs with PDGFA or PDGFB and observed striking dif-
ferences between the two cell types and between the two
stimulants. When stimulated with PDGFB, BMDMs upregu-
lated their expression of chemokines including Ccl2, Ccl7,
and Ccl12. BMDMs also upregulated their expression of
Vegf and Argl, indicating these cells not only respond to
tumour-derived signals by producing chemoattractant mole-
cules, they also produce tumour microenvironment-modulat-
ing signals. These responses were not observed during
PDGFA stimulation, nor were they observed in cultured
microglia, suggesting PDGFB selectively induces an
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inflammatory response in infiltrating BMDMs. This is im-
portant because BMDMSs are the predominant infiltrating
immune cell-type within these tumours and possess clear dif-
ferences in behaviour compared to microglia. These results
indicate therapeutic strategies treating the TAM population
as a homogenous entity need to be modified to account for
cell type-specific differences, which we have previously
shown in both humans and murine adult GBM (Chen et al.,
2017, 2019, 2020; Herting et al., 2019).

Because of the significance of chemokine signalling in
recruiting various immune cell types to tissues, we hypothe-
sized genetic ablation of chemokines may result in reduced
intra-tumoral TAM infiltration. As we observed PDGFB-
driven murine paediatric HGGs have an increase in inflam-
matory monocytes, greater expression of chemokines, as
well as a decreased median survival, we further postulated
genetic deletion of chemokines would result in increased sur-
vival. Interestingly, the only chemokine to confer a survival
benefit in PDGFB-driven tumours when knocked out was
Ccl3. Flow cytometry analysis indicated this survival benefit
was accompanied by a decrease in the BMDM population
while having no effect on various T-cell populations. CCL3
binds to CCR1 and CCR4 to promote an inflammatory re-
sponse characterized by neutrophil, monocyte, T cell, B cell,
and dendritic cell chemoattraction (Castellino et al., 2006;
Mitchell et al., 2015). CCL3 has been implicated in multiple
sclerosis, a chronic CNS inflammatory disease characterized
by demyelination of axons and accumulation of plaques
containing microglia, macrophages, and other leucocytes
(Simpson et al., 1998; Vogel et al., 2013). Treatment of mice
with experimental allergic encephalomyelitis using antibodies
against CCL3 prevented the infiltration of peripheral mono-
cytes (Chui and Dorovini-Zis, 2010). Our results implicate
CCL3 as an important driver of TAM recruitment and accu-
mulation in paediatric HGGs and should be further investi-
gated for its potential as a therapeutic target.

Unlike human tumours, which are variable in terms of
treatment received, tumour location, genetic driver muta-
tions, and tumour cell of origin, our murine studies are high-
ly controlled for all these variables. Any differences observed
between our mouse models is based purely on the oncogenic
driver, PDGFA or PDGFB, allowing us to mechanistically
dissect the inflammatory tumour microenvironment with
greater resolution compared to solely relying on human
sequencing datasets. Our results indicate PDGFB is a strong
inducer of the inflammatory response in murine paediatric
HGGs and establishes a link between TAM infiltration and
PDGEF signalling in human paediatric HGGs. Further, we es-
tablish a pro-tumour role for TAMs in paediatric HGG and
provide supporting data for the notion paediatric HGGs are
immunologically cold with respect to T cells. These studies
should be used in future attempts to further characterize the
paediatric HGG tumour microenvironment. More import-
antly, as the use of molecular and cellular targeted therapies
become more popular, our findings will aid in the design of
more effective therapeutic approaches which are desperately
needed for treating paediatric HGGs.
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