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Abstract

PDGFB is a Potent Inflammatory Driver in Pediatric High-Grade Glioma

By James L. Ross

Pediatric high-grade gliomas (pHGG) account for the most cancer-related deaths in children.
Despite aggressive therapeutic strategies, tumor recurrence is inevitable and the median survival
IS just 12-15 months. One promising avenue of research is the development of novel therapies
targeting the properties of non-neoplastic cell-types within the tumor such as tumor associated
macrophages (TAMSs). Much is known about TAMs in adult high-grade gliomas (aHGG),
however very little is known about them in the pediatric setting. TAMs can make up 30-40% of
the total tumor cell mass in aHGG, promoting tumor growth and immune evasion. This raises the
question of whether pHGGs possess a distinct constituency of TAMSs due to their unique genetic
and epigenetic landscapes. To uncover the composition and behavior of TAMs in pHGG we
utilize RCAS/tva, a somatic cell-type specific gene transfer system which allows us to
recapitulate all major subtypes of pHGG in newborn immunocompetent mice, including histone
wild-type and histone-mutant tumors. These tumors are induced in Nestin-positive cells by
overexpression of PDGFA or PDGFB along with other driver mutations, each in their respective
locations found in the human population. Tumors driven by PDGFB have a significantly lower
median survival compared to PDGFA-driven tumors and have increased infiltration of
lymphocytes and TAMs, specifically inflammatory monocytes. NanoString analysis indicates
PDGFB-driven tumors have a highly inflammatory microenvironment, and this data is supported
by a large gPCR panel for immune markers and chemokines. In vitro bone marrow derived
monocyte and microglial cultures demonstrate the BMDM population is most responsible for the
production of inflammatory chemokines and angiogenic factors in the tumor microenvironment.
Using human pHGG tissue samples, we demonstrate PDGFB and PDGFRJ strongly correlate
with TAM infiltration. We also show pHGGs are relatively barren for CD3* and CD8" T-cells.
Further, using NanoString we show brainstem pHGGs are more inflammatory compared to
hemispheric pHGGs. Lastly, through chemokine knockout mice, we demonstrate the feasibility
of reducing TAM infiltration and prolonging survival in both PDGFA and PDGFB-driven
tumors. Together, these studies provide strong evidence for the potent inflammatory effects
PDGFB has in pHGGs and lays the foundation needed for the development of novel therapeutics
targeting these tumors.
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Chapter 1
Epidemiology

In the pediatric population, gliomas account for approximately 53% of all tumors found
in the CNS (1). Two-thirds of pediatric gliomas are low-grade (WHO grades | and 11) while the
remaining are high-grade (WHO grades Il and 1) tumors (2, 3). Tumors considered in the latter
category include anaplastic astrocytoma, anaplastic oligodendroglioma, oligoastrocytoma,
gliosarcoma, glioblastoma, and diffuse intrinsic pontine glioma (DIPG) (1). Although infrequent,
pediatric high-grade gliomas (pHGG) are responsible for the most cancer related deaths in
children and possess a dismal median survival of 12-15 months, even after aggressive therapeutic
intervention (1, 4). There are few established causative factors underlying the development of
these tumors. lonizing radiation exposure and predisposing genetic syndromes including
Neurofibromatosis Type 1, Turcot syndrome, and Li-Fraumeni syndrome have been implicated
in the development of HGGs (5-7).

Genetic Alterations in pHGG

pHGGs most commonly present as primary tumors, arising either in the brainstem
(~50%) or cortical hemispheres (~50%). These tumors share the same defining histologic
features of adult high-grade gliomas (aHGG) including microvascular hyperplasia, brisk mitotic
activity, pseudopalisading necrosis, and infiltrative tumor margins (8). pHGGs possess their own
defining genetic aberrations and anatomical presentations that distinguish them from their adult
counterparts. Both pHGG and aHGGs possess numerous molecular alterations including
PDGFRA amplifications and mutations, however they are more frequent in pHGGs (up to 80%),
constituting the most common genetic alteration in these tumors (9-12). Common in aHGGs are
EGFR and PTEN alterations, which together characterize a major subtype of these tumors (13-

15). However, alterations in EGFR and PTEN are infrequent in pHGG despite demonstrated



activation of the P13-kinase pathway in these tumors (6, 12, 16). Approximately 86% of adult
glioblastomas possess TERT promoter mutations, yet these mutations are only present in 2% of
DIPGs and 3% of hemispheric pHGGs (17). Chromosomal alterations are also much more
frequent in aHGGs compared to pHGGs (12, 18).

A strikingly exclusive feature of pHGGs is the presence of histone mutations which have
been found to occur in approximately 50% of cases (10). 91% of DIPGs, 70% of midline HGGs,
and 48% of hemispheric HGGs possess mutations in H3F3A or HIST1H3B (17, 19). These
histone mutations have only recently been characterized and occur in specific anatomic locations
within the brain. In 2012 Wu et al. discovered through whole genome sequencing that DIPG
patients exclusively possessed heterozygous somatic mutations encoding K27M alterations in
H3F3A and less frequently in HIST1H3B. They also found somatic mutations encoding G34R/V
only in hemispheric pHGGs (17). Almost all G34R/V tumors also possess ATRX-DAXX
mutations (20). Interestingly, in H3.1K27M tumors, activating mutations in ACVR1 are
frequently found and less commonly found in H3.3K27M tumors (17). Meta-analysis of over
1,000 pHGGs identified unique survival statistics for these three histone mutant subgroups. H3.1
and H3.3K27M mutations occur in younger patients and have the worst survival, while
H3.3G34R mutations occur in slightly older patients and have an extended survival over K27M
and histone-wild type tumors (10)(Figure 1). Despite possessing similar co-mutations with IDH1
mutant tumors, none of these histone mutant tumors have IDH1 mutations (21). Even in cases
where histopathology indicates the presence of a low-grade glioma (LGG), K27M mutant
midline tumors are considered grade 1V due to their aggressive nature and poor survival (22).

pPHGGs also contain tumor suppressor gene alterations including CDKN2A deletion and

TP53 mutations. Homozygous deletions of CDKN2A are found in approximately 25% of



hemispheric pHGGs and are less commonly found in pHGGs arising in the midline and
brainstem (23). Conversely, TP53 mutations are more commonly found in DIPGs (40-50%)
while only 35% of hemispheric pHGGs contain these mutations (6, 24, 25). These mutations are
frequently found co-occurring in tumors with PDGFRA alterations, a phenomenon also observed
in aHGG (13). Other mutations are also found in pHGGs but at very low frequencies, including

RB pathway alterations and BRAF-V600E mutations (6, 23).
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Figure 1: Molecular Profile of Human Pediatric High-Grade Gliomas. Schematic of the

most common genetic alterations in pediatric high-grade gliomas.



Therapeutic Strategies

Unlike aHGGs such as GBM, pHGGs do not respond well to chemotherapy.
Temozolomide, the only chemotherapy to prolong patient survival in adult GBM, does not
demonstrate efficacy in the pediatric setting, likely due to the underlying biological differences
between the two entities (26, 27). Due to the delicate nature of the developing brain, radiotherapy
regimens are modified to reduce the amount of radiation induced necrosis, intracerebral swelling,
and refractory illnesses in children (28). Radiation induced neurocognitive defects and endocrine
disruption are common following radiotherapy in children, therefore strategies are designed to
minimize these effects (6). Children three years of age or older typically receive 50-60 Gy of
radiation dispersed throughout 1.8-2.0 Gy fractions (3, 6). In DIPG, radiotherapy remains the
primary method of treatment as these tumors exist in surgically challenging regions of the
brainstem. However, because of their location, a delicate balance exists between choosing
radiotherapy dosing and frequency of administration. It is also difficult to adequately deliver
drugs to these tumors, rendering them one of the most challenging tumors to treat in pediatric
neuro-oncology (23, 29).

Since chemotherapy is ineffective and radiotherapy only provides transitory benefits, the
most prognostically significant method of treatment for pHGGs is maximum surgical resection
followed by focal radiotherapy (30). It has been reported that the five-year progression free
survival (PFS) for children who undergo gross total resection doubles as a result (31). In cases
where over 90% of the tumor is resected, five-year PFS is significantly greater than those tumors
with less resection (32). Because surgical resection is a key prognostic factor, hemispheric
pHGGs are not surprisingly more treatable tumors compared to their midline and brainstem

counterparts.



With any combination of chemotherapy, radiotherapy, and surgical resection the average
median survival is only 12-15 months. Due to the ineffectiveness of standard therapeutic
strategies, patients with pHGGs are frequently enrolled in clinical trials, and often enrolled in
multiple trials as their tumors recur (26, 27, 33). These clinical trials have historically been
designed from studies in aHGGs, which may owe to their ineffectiveness in the pediatric setting
(9, 26, 34, 35). Studies also suggest there are multiple tumor cell subclones within the tumor
microenvironment (TME) which may account for therapeutic resistance. As our understanding of
the molecular alterations driving pHGGs increases, targeted therapies against molecular
alterations and immune processes are becoming more popular (36-42). However, therapies
designed to target non-neoplastic infiltrating cell types are lacking, and may be worth developing
as these cell types constitute a large majority of cells within the total tumor cell mass, as
demonstrated in the following pages of this document. The remainder of this dissertation will
focus on these non-neoplastic cell types, specifically tumor associated macrophages (TAMs) and
their role in the pHGG tumor microenvironment. Once we have a stronger foundational
understanding of these cell types we can then design more effective targeted therapies to treat
pHGGs.

PDGF Signaling in Pediatric Glioma

The platelet derived growth factor family is comprised of four ligands: PDGF-A, -B, -C,
and -D, and two receptors: PDGFRo and PDGFR. Ligands can homo and hetero-dimerize to
bind and activate their respective receptors. Each PDGF receptor has five extracellular domains,
where ligand binding occurs at immunoglobulin-like domains 2 and 3, leading to receptor
dimerization, stabilization between intracellular domains 4 and 5, and autophosphorylation

between the two receptors (43-45). Phosphorylation of the ligand-receptor complex then leads to



conformational changes exposing catalytic sites for kinase activity and downstream signaling to
occur. After the ligand-receptor complex has formed, it is then trafficked into endosomes via
clathrin coated pits where signaling activity remains present until pH mediated dissociation of
the ligand-receptor complex takes place, leading to monomerization and dephosphorylation (46).
The phosphorylation sites of the PDGF receptors serve as activation sites for a variety of
signaling molecules including but not limited to PI3K, PLC-gamma, Src, Grb2, RAS, and Shc
(47-50). Additionally, the receptors can bind and activate members of the STAT family leading
to downstream transcription factor activity (43). Together, the PDGF family is responsible for
promoting cellular proliferation, division, survival, migration, and angiogenesis in a variety of
developmental and tumor specific processes.

The most well studied members of the PDGF family are PDGFA and PDGFB. Both
ligands consist of similar PDGF/VEGF core domains and N-terminal pro-peptide regions which
require intracellular removal before extracellular secretion (51, 52). PDGF-BB and -AB induces
the most potent responses upon receptor binding, as they can bind and activate PDGFR-oa,
PDGFR-af, and PDGFR-Bf while PDGF-AA can only bind and activate PDGFR-ao and
PDGFR-ap (Figure 2) (49). Although these ligands initiate similar signaling pathways, there are

distinct events and processes unique to each.
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Figure 2: PDGF Pathway Ligand-Receptor Interactions. Schematic of the ligand and receptor
binding interactions for PDGFA and PDGFB. PDGFA binds and activates PDGFRa only while

PDGFB binds and activates both PDGFRa and PDGFR.



PDGFRa is widely expressed during embryonic development and is partially responsible
for glial and neural progenitor cell proliferation and the development of oligodendrocytes (53,
54). It has also been found highly expressed in cells of mesenchymal origin including progenitor
cells in the lungs, skin, intestine, as well as neural crest cells (50, 55, 56). PDGF-AA is
expressed by neurons and astrocytes and can stimulate receptor activity in a paracrine fashion
(53, 57-59). Embryos deficient in either PDGF-AA or PDGFRa are characterized by reduced
numbers of oligodendrocyte progenitor cells and rarely survive postnatally. Those that do
survive are known to have drastically reduced CNS myelination (60-62). On the contrary,
overexpression of PDGFRa in developing embryos leads to increased growth of smooth muscle
tissue and stromal fibroblasts, and defects in lung development. Further, adult mice experience
tissue fibrosis in a variety of organs including the skin, heart, and intestines. These symptoms are
enhanced when PDGFRa overexpression is combined with tumor suppressor loss Ink4a/Arf-/-,
which also results in fibrosarcoma formation (63). Amplification of PDGFRA, present in both
pPHGG (~80%) and aHGG (5-10%), leads to high levels of the receptor on tumor cell surfaces
(14). As a result, cells become sensitive to very low concentrations of PDGFA, leading to
dysregulated PDGF signaling both in vivo and in vitro (64). In pHGG, PDGFRA amplification is
commonly found with co-occurring mutations and deletions including TP53 and CDKN2A.
Tumor cells express PDGFRa, PDGFA, and PDGFB, often leading to autocrine and paracrine
activation of the receptor and stimulating glioma progression.

Expressed in later stages of development, the most prominent role of the
PDGFB/PDGFRp pathway is in the development of blood vessels (49, 65). PDGF-BB secreted
by endothelial cells and neurons binds to PDGFR on pericytes and vascular smooth muscle

cells to induce proliferation and migration to newly forming vessels (51, 66-70). In vivo
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experiments demonstrate PDGFB/PDGFR null embryos lack adequate smooth muscle cells and
pericytes, leading to vascular defects including weakened vessel walls, hemorrhage, leakiness,
enlarged vessel diameter, and edema (43, 71-74). The reduced numbers of pericytes leads to a
dysfunctional BBB causing an influx of circulating molecules, proteins, and cells into the
parenchyma that were previously prohibited from doing so (73, 75). Additionally, PDGFB”
embryos display reduced mean hemoglobin concentrations, erythroblast counts, and platelet
counts (76). In response to forced expression of PDGFB, multipotent neural progenitor cells
switch their production of mixed glial and neuronal lineages towards the production of
oligodendrocyte progenitor cells (77, 78).

While PDGFRa and its ligand are expressed in both low and high-grade gliomas, PDGFB
is only found highly expressed in high-grade tumors (49, 79). Although PDGFRf expression is
absent from the majority of glioma cells, it is highly expressed in the stromal population and
infiltrating macrophages who contribute to malignant tumor growth (52, 80-82). Tumor cells do
however produce PDGFB and promote increased inflammation driven by cytokine production
such as VEGF, EGF, TGF1, FGF, and IL-8 (83, 84). Once activated, PDGFRJ can then
stimulate the activity of signaling molecules such as PI3K, MAPK, MEK, and NF-kB among
others (85, 86). This signaling activity leads to hyperplastic stromal growth and lymphatic
metastasis (87). As in breast, prostate, lung, and other epithelial tumors, PDGFRf} expression
strongly correlates with poor patient prognosis in high-grade brain tumors (88-93).
Overexpression of PDGFB in vivo leads to the generation of low-grade brain tumors, and when
combined with additional genetic insults such as tumor suppressor deletions, high-grade tumors
are formed (43). Tumors driven by PDGFB overexpression tend to be oligodendroglioma or

mixed astrocytoma-oligodendrogliomas. When PDGFB is silenced by siRNA, glioma stemness
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and tumor development is significantly inhibited (94). Much is known about PDGF signaling in
the context of aHGG but little is known about its role and prognostic factors in the pediatric

setting.
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Chapter 2
Tumor Microenvironments and Cell Types Involved in pHGG

High grade gliomas are aggressive and infiltrative tumors, possessing distinct TMES
including tumor bulk, necrosis, and a leading edge which intermingles with normal brain
parenchyma as the tumor expands (Figure 3). | have previously demonstrated in human adult
GBM samples that protein expression levels vary among these regions, with pro-survival
signaling elevated at the tumor margins and pro-thrombotic signaling elevated in the perinecrotic
areas (8). Among these TMEs are distinct cell types which reside in unique niches. These cell
types include; proliferating glioma tumor cells found throughout the entirety of the tumor, self-
renewing glioma stem cells found in the perivascular niche, brain-resident microglia found in the
peritumoral regions, infiltrating bone-marrow derived monocytes (BMDM) and other immune
cells which are found throughout the tumor, especially around blood vessels and perinecrotic
regions (95-97). My work is particularly focused on microglia and BMDMs, which collectively

are referred to as TAMs.
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Figure 3: Tumor Microenvironments in High-Grade Gliomas. H&E staining of a human
pHGG sample displaying the histological hallmarks of a high-grade glioma. These features
include a dense tumor bulk with microvascular hyperplasia, infiltrating tumor margins, multiple

necrotic cores, and pseudopalisading necrosis.
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Tumor Associated Macrophages in HGG

The following is adapted from the manuscript: *Chen, Z., *Ross, J., Hambardzumyan, D.
(2019). Two Photon Imaging Reveals Distinct Morphology and Infiltrative Properties of
Glioblastoma-Associated Macrophages and Microglia. Proceedings of the National Academy of
Sciences. *These authors contributed equally.

TAMSs symbiotically interact with tumor cells by the secretion of growth factors, matrix
metalloproteinases, and other factors that promote tumor cell invasion and progression (97, 98).
We have previously demonstrated TAMSs constitute up to 40% of the total tumor mass both in
human and mouse GBM (97, 99). Further, we demonstrated in a PDGFB-driven genetically
engineered mouse model (GEMM) of GBM that over 80% of these cells were BMDMs that had
infiltrated from the vasculature (95). A recent elegant study using single-cell profiling of human
GBM confirmed our data and showed monocytes significantly infiltrate pre-treatment human
gliomas to a degree that varies by glioma subtype and tumor compartment (100). BMDMs do not
universally conform to the phenotype of microglia, but preferentially express immunosuppressive
cytokines and show an altered metabolism. These findings, together with ours, argue against
traditional therapeutic strategies that target TAMs indiscriminately and instead favor strategies
that specifically target immunosuppressive BMDMs.

Monocytes develop from hematopoietic stem cell progenitors and remain in the intact
vasculature of the brain, with their infiltration into surrounding tissue hindered by the BBB (97)
(Figure 4a,e). However, during GBM tumor progression, increased expression of monocyte
chemoattractant proteins (MCPs) (101) in combination with the disruption in BBB integrity results
in inflammatory monocyte infiltration into the perivascular niche (102) (Figure 4b,e). Once inside

the tissue, infiltrating monocytes can then differentiate into macrophages and exert pro-tumor
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effects (103). We have previously demonstrated genetic decrease of the CCL2/CCR2 axis in adult
GBM reduced monocyte infiltration but was not sufficient to completely ablate it, suggesting other
mechanisms are also responsible for the recruitment of these cells (95).

Unlike BMDMSs, microglia are always present in the central nervous system and are
homogeneously dispersed throughout the brain (Figure 4c). These long-lived cells develop from
embryonic yolk sac progenitor cells during embryogenesis, and are responsible for the clearing
of pathogens and maintenance of synaptic processes (104, 105). In their activated state, microglia
produce pro-inflammatory cytokines and reactive oxygen species, assume an amoeboid
morphology, and have historically become histologically indistinguishable from infiltrating
BMDMs (106, 107). In contrast to BMDMs which are found in tumor bulk and infiltrating tumor
margins, microglia are found sparsely distributed throughout the tumor bulk and accumulate at
the periphery (102) (Figure 4d,e). When freshly dissociated patient GBM samples were
analyzed for BMDMs and resident microglia, there was a significant infiltration of BMDMs
across the GBM subtypes. Only the mesenchymal subtype of adult GBM showed increased

microglia infiltration compared to BMDMs (108).
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Figure 4: Tumor Associated Macrophage Infiltration in Glioblastoma. (a) 10x Z-stitch
immunofluorescence image of a naive Cx3cr1CFPWT 3Cx3cr1W™T chimeric (GFP-monocytes)
mouse. (b) 10x Z-stitch immunofluorescence image of a tumor bearing
Cx3cr1CFPMT > Cx3cr1V™T chimeric mouse. Note the presence of GFP signal only in tumor
tissue. GFP=monocytes, DAPI=nuclei. (c) 10x Z-stitch immunofluorescence image of a naive
Cx3cr'V™T>Cx3cr1CFPMT chimeric (GFP-microglia) mouse. Microglia are found distributed
throughout the entirety of the brain. (d) 10x Z-stitch immunofluorescence image of a tumor
bearing Cx3cr1"™T>Cx3cr1® P"T mouse. Microglia are unevenly distributed in the tumor bulk
and accumulate at the tumor margins in distinct clusters (white arrows). () Raw z-stack images
acquired from two-photon imaging of naive and tumor bearing mice with GFP-BMDMs (top

row) and GFP-microglia (bottom row). Scale bar=100pum, magnified inset scale=30um.
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Two-photon microscopy has previously been employed for the longitudinal analysis of
adult GBM growth kinetics, vascular dynamics, and immune cell infiltration (109-112). However,
the contributions of individual TAM populations have largely been ignored as microglia and
circulating monocytes are typically grouped together and treated as one collective entity. Although
we have a firm understanding of TAMs in the context of tumor growth promotion and immune
suppression, the majority of histopathological studies are limited to static snapshots of the disease
over time. If we seek to identify therapeutic points of intervention we must understand how these
cell types interact with their microenvironment in real time. Further, the development of cell-type
specific targeted therapies will be made possible if we study not only the TAM population as a
whole, but also by identifying biological differences between the two aforementioned subtypes. In
this study we performed live in vivo two-photon microscopy in an immunocompetent GEMM of
adult GBM together with myeloid cell specific reporter mice to lineage trace microglia and
BMDMs. By taking advantage of reciprocal bone marrow chimeras between Cx3cr1® T and
wild type mice, we demonstrated the feasibility of using an open skull window for the imaging of
TAM subpopulations in tumor tissue (Figure 5a-d). We observed tumor microglia and infiltrating
BMDMs are morphologically distinct cell populations that possess differential migratory
capacities. We further showed anti-VEGFA treatment significantly decreases infiltration and
induces a morphological switch in BMDMs, resembling differentiated macrophages. This study
also demonstrates BBB integrity is not the sole driver of monocyte infiltration and provides
rationale for combining anti-angiogenic therapies with anti-chemotaxis (targeting members of

MCP family) therapies to block monocyte infiltration.
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Figure 5: Two-Photon Imaging in Live, Tumor Bearing Mice. (a) Bone marrow chimera

schematic depicting the generation of mice with GFP-labeled BMDMs or GFP-labeled
microglia. (b) A custom acrylic adapter attaches the mouse to a steel stage to stabilize the
imaging plane and reduce movement artifacts. (c) Superficial tumors and vascular landmarks can
be observed by eye and low magnification. (d) High resolution z-stacks were imported into
Imaris where image processing and analysis occurred. TRITC=vessels, GFP=TAMs. All image

analysis was performed at a depth of >50um below the pial surface and down to ~500um deep.
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Our findings from this study demonstrate microglia are large, branched cells, with highly
active processes that extend and retract in a sensing manner in both naive and tumor contexts
(Figure 6a-e).These results confirm our previous understanding that even in the absence of a
stimulus microglia are constantly surveying their microenvironment through the continuous
extension and retraction of ramified projections (113, 114). We did not observe any instances of
microglial cell body migration, in line with previous findings that the movement of microglial
soma is limited (Figure 6f)(115). Conversely, we observed infiltrating BMDMSs are minimally
branched and highly migratory. We observed as cells upregulate their expression of CX3CR1 as
indicated by GFP intensity, their migration capacity decreases (Figure 6a-i). These results imply

BMDM cell migration is a function of the state of differentiation or morphological phenotype.
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Figure 6: Morphologic Features of Tumor Associated BMDMs and Microglia. (a) 3D
renderings of GFP-microglia (“MG”, top row) and GFP-BMDM (“MO”, bottom row) image
stacks using Imaris. Scale bar=50um, magnified inset scale=20um. (b) Single cell morphology
statistics for surface area. Two-tailed t-test, ****p<0.0001. (c) Cell volume. Two-tailed t-test,
p<0.0001. (d) Number of primary branches for each cell. Mann-Whitney U test, p<0.0001. (e)
Terminal points per cell. Mann-Whitney U test, p<0.0001. Tumor MO n=543 cells from n=7 mice,
Tumor MG n=123 cells from n=4 mice. (f) Time lapse imaging of a stationary tumor microglia
over 180 minutes. Arrows indicate extension and retraction of individual cell processes. Scale
bar=30um. (g) Individual cell tracking of a Low-GFP expressing monocyte (white circle)
compared to High-GFP expressing cells (purple circles). Dashed line indicates path of cell over 75
minutes. Scale bar=30um. (h) Cell tracking using Imaris spots function. Spheres indicate
individual cell position at each time point and are colored according to GFP intensity. Movement
tracks are colored by distance traveled by each cell. (i) Speed of individual cells with low (n=22
cells from n=7 mice) and high (n=22 cells from n=3 mice) GFP intensity. Two-tailed t-test,

****p<0.0001.
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Recent studies have demonstrated anti-VEGFA therapy causes an increased infiltration of
monocytic macrophages into the tumor in recurrent GBM using a xenograft mouse model (116).
Evidence also suggests in response to anti-VEGFA blockade, infiltrating myeloid cell
populations initially decrease but then rapidly increase as the tumor progresses (117). Although
we observed a decrease in this population via two-photon imaging, our model captures the
biology of primary tumors, not recurrent tumors, and is performed in immunocompetent mice
which may explain discrepancies from our findings and others. VVascular normalization has been
attributed to anti-VEGFA therapy, which may explain the early decrease in myeloid cell
populations (118-120). However, over time as the tumor grows, hypoxia increases, providing
infiltrating cells with the chemokines and stimulating factors necessary for their recruitment
(121-123). In our studies, we observed a decrease in the CX3CR1" myeloid population after
B20-4.1.1 (Anti-VEGF) treatment and an extension in survival (Figure 7a-c). Additionally, in
response to treatment, monocytes assumed a more branched phenotype suggesting VEGFA
sequestration promotes differentiation of these cells (Figure 7d-1). As TAMs have been shown to
promote tumor vascularization, one scenario remains in question: are BMDMSs that are present
during anti-VEGFA therapy becoming trapped in the tumor and promoting vascularization over
time (124, 125)? Although not performed in this study, longitudinal imaging over the course of
anti-VEGFA treatment could answer this question and may determine mechanisms of resistance

that would otherwise go unobserved using other methods.

In conjunction with our previous study demonstrating genetic loss of CCL2/CCR2
partially decreases monocyte infiltration in adult GBM, our findings that B20-4.1.1 also partially
reduces this population demonstrate monocyte infiltration is not due solely to a compromised

BBB or chemokine gradients (95). Together, this data provides a clear rationale for combining
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anti-VEGF therapy with chemotaxis blockade, such as anti-CCL2/CCR2, to block BMDM
infiltration into GBM. The findings of these studies have far reaching implications beyond their
applications in GBM. Open skull window two-photon imaging techniques coupled with chimeric
mouse models could be applied for the study of stroke and other neurological disorders in which
microglia and bone marrow derived monocytes have been known to play differential roles (126-
129). Additionally, deciphering mechanisms of macrophage recruitment to pathogenic sites will

lead to improved targeted therapies for the treatment of these diseases.

Although informative, all of the aforementioned studies performed on TAMs have been
performed in adult HGGs and the knowledge extrapolated to pHGGs. Since pHGGs are
genetically and anatomically distinct from their adult counterparts, we need to develop a deeper
understanding of TAMSs and the roles they play in the pHGG TME. We hypothesize the general
infiltrative mechanisms of BMDMs are similar between the two entities, yet pHGGs may possess
their own unique inflammatory profiles differentiating them from aHGGs. The remainder of this
dissertation will focus on characterizing the inflammatory microenvironment of human and
murine pHGGs to gain insights into their infiltrative mechanisms and malignant capabilities. We
utilize formalin fixed paraffin embedded (FFPE) human pHGG tissue samples and complement

these studies with immunocompetent GEMMs driven by PDGFA or PDGFB signaling.
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Figure 7: Anti-VEGFA Treatment Reduces TAM Infiltration and Induces a Morphological
Response. (a) Timeline of treatment schedule and imaging of anti-VEGFA treated mice.
D.P.l.=days post injection. (b) Kaplan-Meier survival curves for vehicle treated mice (n=9,
m.s.=30 days) and anti-VEGFA treated mice (n=10, m.s.=42.5 days). p=0.0436. m.s.=median
survival. (c) Quantification of cell populations acquired from individual imaging volumes. (d)
Representative image stacks acquired during two-photon imaging of mice with GFP labeled
BMDM s for vehicle treated and anti-VEGFA treated animals. Scale bar=100um, magnified inset
scale=30um. (e) Single cell morphology statistics for surface area. Two-tailed t-test,
****p<0.0001. (f) Cell volume. Two-tailed t-test, p<0.0001. (g) Sphericity (1.0=perfect sphere,
0=not spherical). Two-tailed t-test, p<0.0001. (h) Number of primary branches for each cell.

Mann-Whitney U test, p<0.0001. (i) Number of secondary branches for each cell. Mann-Whitney
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U test, p<0.0001. (j) Total number of branches for each cell. Mann-Whitney U test, p<0.0001.
Vehicle MO n=543 cells from n=7 mice, Anti-VEGFA MO n=717 cells from n=7 mice. (k) Speed
of individual cells. Two-tailed t-test. (I) Cell migration track straightness (1.0=straight line). Two-

tailed t-test. Vehicle=26 cells from n=5 mice, Anti-VEGFA=19 cells from n=5 mice.
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Methods
Mice

Animals were housed in Emory University Division of Animal Resources. Adult mice of
either gender were kept on a 12h-12h light/dark cycle with access to food and water ad libitum.
We used age and sex as criteria to equally distribute mice from different genotypes for all the
experiments. All experimental procedures were approved by the Institutional Animal Care and
Use Committee of Emory University.
Bone Marrow Chimera

To ablate recipient mice hematopoietic systems, four to five-week-old B6 Cx3cr1"V™T or
Cx3cr1® PMT mice were whole-body irradiated in a Shepherd Mark 137 irradiator in two doses
at 600 rads each with a four-hour interval. Bone marrow cells were harvested from femurs and
tibias of donor mice and suspended at a concentration of 1x108 cells/mL in sterile HBSS. 1x10’
cells were then retro-orbitally injected in each recipient mouse following the last irradiation dose.
Recipient mice received 1.2 mg/mL gentamicin for ten days through sterile drinking water. To
determine reconstitution efficiency of the procedure, 50 uL of blood was collected via tail vein
incision from recipient mice eight to ten weeks after transplant. Erythrocyte lysing buffer
(BioLegend, 420301) was used to lyse red blood cells, leukocytes were then analyzed for Ly6C
and GFP expression using a BD LSR |1 flow cytometer (6) (Figure 8a).
RCAS-Tva System Mediated Tumor Induction

DF1 cells (ATCC) were grown at 39°C, expanded to passage 4 and transfected with
RCAS-PDGFB-HA using a Fugene 6 Transfection kit (Roche, no. 11814443001). Cells were
cultured with DMEM media (Gibco, 11995-065) supplemented with 1% L-glutamine, 1%

penicillin/streptomycin, and 10% FBS (ATCC). DF1 cells were injected as equal mixtures of
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4x10* cells per pL, 1 pL per mouse, in adult Nestin-tv-a; Ink4a-Arf’"; Pten™™ donor mice using a
30-gauge needle attached to a Hamilton syringe. For a detailed review of the RCAS-Tva system,
please see the following cited articles (130-132).
Orthotopic Cell Injections

We use the RCAS-Tva system to generate de novo primary murine GBM as previously
described (95, 133). Once tumors were formed in donor transgenic mice, tumor cells were
freshly dissociated and 2.5x10% cells were superficially injected into the right frontal striatum of
recipient mice eight to ten weeks after bone marrow transplant using the following coordinates:
bregma AP (anterior/posterior) 0.2 mm, ML (medial/lateral) 1.0 mm, over which a bur hole was
made with a sterile 19007-7 drill bit (Diameter=0.7 mm, Fine Science Tools). A Hamilton
syringe affixed to a stereotactic apparatus was then lowered to 1.0 mm depth, and a total of 1 pl

cell suspension was injected through a 30-gauge needle. (Figure 8b)
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Figure 8: Model Validation for TAM Imaging in Adult Murine GBM. (a) Circulating
myeloid cells are gated by their CD11b positivity. Inflammatory monocytes are further identified
by their high expression of Ly6C and devoid of Ly6G. CX3CR1-GFP expression in these gated
inflammatory monocytes are compared between the wild-type (WT), bone-marrow chimera
(BMT), and Cx3cr1®WT (G+) mice. (b) (Top) View of mouse skull and a superficial tumor
before performing craniotomy for skull window placement. The location of craniotomy for cell
injections is demarcated by the green circle. The skull windows were placed above the tumors so
as to include both tumor margin and tumor bulk in the imaging plane (blue dashed circle). The
tumor is outlined in black. (Bottom) View of mouse tumor after removing the skull. The tumor is
easily visualized by eye. (c) An aluminum stage was made at the Emory University Machine
Shop as depicted above. During 2-photon imaging sessions, an adapter which is fixed to the

mouse skull is attached to the aluminum stage by the two small screws on top of the plate. The
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stage eliminates oscillatory imaging artifacts produced by breathing movements of the animals.
At the end of each imaging session mice are released from the stage. (d) Dimensions used to

create the aluminum stage. Scale is in inches.
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Open Skull Window and Two Photon Imaging

About 3 weeks following tumor transplantation, mice began to show neurological signs
of brain tumor. At this point they were anesthetized with a cocktail of Ketamine/Xylazine (100
mg/kg; 10 mg/kg, ip) and placed in prone position in a stereotactic apparatus. A skin incision
was made on the dorsal midline of the skull along the rostro-caudal axis, exposing the bregma.
While leaving the underlying dura mater intact, a ~3.0mm diameter craniotomy over the right
cortex was made with a micro-drill in a way that the frontal edge of the craniotomy merged with
the bur hole where tumor cells were injected. The exposed dura mater was covered with a sterile
circular coverslip 5mm in diameter (Electron Microscopy Sciences) which was carefully placed
to facilitate visual access to tumor bulk and tumor margin. The coverslip was attached to the
skull first by cyanoacrylate adhesive, followed by methyl methacrylate resin cement. At the time
of imaging, TRITC-Dextran (2.5 mg/ml, Sigma) was injected intravenously to outline the blood
vessels. Mice were fixed to a custom-built stage to minimize breathing artifacts during image
acquisition (Figure 8c-d). A quarter dose of Ketamine/Xylazine was administered every hour
throughout the procedure to maintain sedation. Images were acquired with a 25X water
immersion objective (Leica, NA 0.95) on a Leica SP8 confocal microscope equipped with a
tunable pulsed chameleon infrared multiphoton laser (Coherent). Two high-sensitivity hybrid-
PMT (HyD) detectors (Leica) were used with two band-pass filters (525/50 and 585/40) placed
in front of the detectors for GFP and TRITC detection, respectively. To eliminate imaging in
necrotic regions, only areas where single cells and intact vasculature could be observed were
chosen for analysis. High-resolution xyz-stack images (1024x1024 pixels per z step) were taken
with a step size of 2.5 um, and XYZT stacks were taken every 2.5 minutes for about 3 h on

average. Acquired images were then imported into Imaris (Bitplane, Belfast UK) for further
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analysis. At the end of each imaging session, the mice were euthanized and their brains were
processed for confocal imaging as previously described (95).
Immunofluorescent Staining

After Intravital imaging, mice were perfused with 4% paraformaldehyde and brains were
transferred to 30% sucrose the following day. Samples were then embedded in OCT (Sakura
Finetek) and stored at -20°C. 30 um frozen sections were cut on a Leica CM 1860 cryostat.
Tissues were stained with DAPI (1:1000) and images were acquired on an Olympus FV1000
confocal microscope to confirm the presence of tumor.

Data Analysis in Imaris

High-resolution image stacks were imported into Imaris version 9.0.2 (Bitplane, Belfast
UK). For quantification of total cell numbers within each xyz stack, the spots function was used.
GFP+ microglia were identified by selecting for spots with an estimated XY diameter of 12 pm or
greater. GFP+ monocytes were identified by selecting for cells with an estimated XY diameter 8.0
um or greater. Values were then converted to the number of cells per mm? according to the size of
the imaging volume.

For morphology analysis of BMDMs, the default Imaris Surfaces function was used and
cell branching was manually quantified. For morphology analysis of microglia, the Imaris
Filaments function was used. Microglia were considered to be “filaments” and microglia branches
were considered as “dendrites.” Settings for data acquisition were: autopath no loops, starting point
largest diameter=21.6 pm, seed points thinnest diameter=1.30 um, diameter of sphere region=40.0
um. After conversion to filaments, single cells were individually and manually analyzed to ensure

data integrity (Figure 9a-f). For quantification of cell velocity, the Imaris spots function was used.



33

Cells were manually selected and their paths of migration were traced. Cells that were in frame for

more than 3 continuous time points were included.
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Figure 9: Approach To Analyzing TAM Morphology. (a) Raw XYZ stack of GFP expressing
microglia acquired during in vivo two-photon imaging. (b) XYZ stacks are imported into Imaris
and converted to filaments using the filaments function. (c) Individual cells can then be reviewed
for quality control and morphology analysis by using established Imaris algorithms. (d-e) Raw
XYZ stack of GFP-expressing monocytes acquired during in vivo two-photon imaging. (f) XYZ
stacks are imported into Imaris and converted to surfaces using the surfaces function. Each cell

can then be individually analyzed for quality control and morphology analysis.
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Chapter 3
Inflammatory Microenvironment of Human pHGGs

Little is known concerning the inflammatory microenvironment of pHGGs, and due to
the lack of sufficient studies and limited sample sizes there are mixed findings throughout. It has
been reported human pediatric high-grade gliomas have low numbers of myeloid and lymphoid
cells (134-136). However, in pediatric pilocytic astrocytoma, ependymoma, and GBM there is a
significantly higher amount of infiltrating CD45"CD11b* myeloid cells compared to normal
brain (135). Additionally, IBA1 staining in DIPG samples demonstrated an increase in
infiltrating TAMs when compared to non-tumor brain tissue (137). When comparing DIPG to
adult GBM samples, Lin et al. also found a significant increase in the CD45*CD11b" infiltrate
and minimal CD3" T-cells in the DIPG cohort (137).

Interestingly, when comparing pLGGs to pHGGs, Lieberman et al. found pLGGs have
greater chemokine expression compared to pHGGs, as shown by NanoString for CCL2, CCL3,
and CCL4 (134). Another study by Plant et al. found greater infiltration of CD45" immune cells
and CD8* T-cells in the pLGG cohort as shown by immunohistochemical staining (136).
However, when flow cytometry was performed on these samples, no differences were found
among the CD4" and CD8" T-cells, NK cells, or myeloid populations. Only one lymphocyte
population was found to be enriched in the pHGG samples which was the CD45*CD19* and
CD45*CD38"IgD* B-cells (136). It has previously been demonstrated pHGGs with higher
mutational burdens have elevated levels of neo-antigens, however these studies were limited to
only four cases (38). It is thought that the increased antigenic load increases the amount of
MHC-1 presentation and therefore encouraging cytotoxic activity, yet more studies are required

to substantiate these claims (9, 38, 136, 138).
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Studies on DIPG tumor samples are extremely limited due to their sensitive location
within the brain which renders them unlikely candidates for tumor biopsy or tumor resection.
With this in mind, H3K27M DIPG tumors present a unique opportunity for targeted
immunotherapies due to their exclusive expression of the mutated histone only in tumor cells.
Unfortunately, it has been demonstrated these tumors are immune cold due to a lack of
infiltrating T-lymphocytes (9, 137). Considering these limited findings, therapeutic strategies
may need to focus on improving T-lymphocyte trafficking into the tumor itself, and then
amplifying the cytotoxic response. Macrophage directed therapies may prove to be more
beneficial for pHGGs as this is the one immunological cell population found consistently in all
tumor locations.

NanoString Analysis of Human pHGGs

Within the limited studies previously discussed, there has been little to no comparison of
hemispheric pHGGs to brainstem pHGGs/DIPGs in terms of their inflammatory
microenvironments and infiltrating immune cells. To characterize these tumors, we obtained
FFPE tissue blocks of 20 pHGGs and performed NanoString analysis (Figure 10a). Among
these samples were 13 hemispheric pHGGs, 3 of which were also G34R mutant, and 7 brainstem
pPHGGs, 4 of which were known to have the H3K27M mutation while 3 others were unknown.
When comparing the differentially expressed (DE) genes between the two subgroups, DIPG
samples had higher expression of leukocyte-attracting chemokines such as CXCL2, CXCL5, and
CXCLS6. IL8, a neutrophil chemotactic factor which strongly induces CXCR2 activity and
expression was also highly expressed in these samples (139). Most significantly differentially
expressed between the two subgroups was CXCL1 (high in DIPG), which is also a neutrophil

chemoattractant molecule and potent promoter of inflammation (Figure 10b). CXCL1 has been
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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 (140). Further, in a model of pancreatic
adenocarcinoma, high CXCL1 expression correlated with low T-cell infiltration, and deletion of
CXCL1 rendered immunotherapy resistant tumors susceptible to CTLA-4 and PD1 blockade
(141). All of these gene products signal through the CXCR2 receptor, indicating a possible role
for this signaling pathway in DIPGs. DIPGs also had higher expression of the lymphocyte
homing and activation factor, CD44. When comparing the pathways represented by the
expressed genes in these samples, unsupervised hierarchical clustering displayed moderate
separation between the two subgroups of pHGG. 5/7 DIPG samples clustered together while the
hemispheric samples mainly clustered together (Figure 10c). Interestingly, DIPGs had greater
expression of genes involved in pathways including chemokine and cytokine signaling,
leukocyte functions, B and T-cell functions, and macrophage functions, among others. These
results suggest DIPGs have a greater inflammatory microenvironment when compared to
hemispheric pHGGs. This is intriguing since DIPGs are considered more aggressive yet have
historically been considered immune cold.

When examining only hemispheric samples, two distinct sub-groups were observed; one
with a high inflammatory signature (Group 1) and one with a low inflammatory signature (Group
2 )(Figure 10d-e). Group 1 samples had high expression of chemokines including CCL2, CCLS5,
CCL18, CCL21, and CXCL11. Markers of an activated immune response and complement
system were also highly expressed including IFNG, IFNA17, IL1A, PRF1 (Perforin), HLA-
DRB3 (MHC-II), MSR1, ITGAM (CD11b), C6, and C9. Group 2 samples had unremarkable
expression of genes involved in the immune response, especially those associated with

chemokines, cytokines, adhesion molecules, Cancer/testis antigens, and macrophage functions.
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Figure 10: Immune Profiling of Human pHGGs. (a) Formalin fixed paraffin embedded

human hemispheric pHGGs or DIPG tumor samples were utilized for NanoString mRNA

analysis and histological characterization. (b) VVolcano plot demonstrating differential gene

expression between hemispheric pHGG samples and DIPG samples. Vertical dashed line
represents fold change greater than 2. Horizontal dashed line represents Benjamin Hochberg
corrected p-value of <0.05. (c) Unsupervised hierarchical clustering of human pHGG samples
based on their pathway scores obtained from NanoString analysis. n=20 samples. (d) Volcano
plot demonstrating differential gene expression between hemispheric samples. () Unsupervised

hierarchical clustering of hemispheric samples based on their pathway scores.
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Neuropathological Characterization of Human pHGGs

Using a larger cohort of human pHGG tumor samples, we also performed histological
analyses of the infiltrating immune cell types to determine their relative presence among these
samples. CD3 and CD8 T-cell staining corroborated previous findings of sparse T-cell infiltrates
in these tumors (Figure 11a-b). There were no differences when comparing hemispheric to
brainstem tumors, which may be due to low sample sizes. Because there were limited numbers of
infiltrating lymphocytes in these tumors we then stained for infiltrating TAMs using the pan-
macrophage marker IBAL. Unlike T-cell staining, there was considerable sample to sample
variability with some samples possessing low and others with high IBA1" TAM infiltration.
These TAMs include infiltrating BMDMs and brain-resident microglia, however a distinction
between the two cannot be made due to a lack of distinct cell-type specific histological markers.
There was no difference when comparing cortical GBM samples to brainstem DIPG samples
(Figure 11c-d). Staining for CD31, an endothelial cell marker, and PDGFRJ, a stromal cell
marker, demonstrates these tumors are highly vascularized with abnormal networks of blood
vessels (Figure 11e-f). Staining for the PDGFRp ligand, PDGFB, also demonstrates variable
staining from tumor to tumor (Figure 11g). Interestingly, CD31, PDGFRp, and PDGFB all
strongly correlate with IBA1 positivity (Figure 11h-j). Although there were few CD3+ T-cells in
these tumors, there was still a positive correlation between CD3 and CD31 positivity as well as
CD3 and PDGFRp. Unlike staining for PDGFB, the majority of tissue samples did not positively
stain for PDGFA (7 out of 33 samples). Taken together, these results indicate a possible role for
PDGFRB/PDGFB pathway involvement in the infiltration of IBA1 positive TAMs and other

immune cell types in pHGG.
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Figure 11: Neuropathological Characterization of Human pHGGs. Formalin fixed paraffin
embedded human hemispheric pHGGs or DIPG tumor samples were stained for the following.
(a) CD3 and CD8 T-cells. (b) Quantification of CD3 and CD8 positivity. (c) IBAL.
Representative images for low and high staining samples are displayed. (d) Quantification of
IBAL positivity. (e) CD31. (f) PDGFR. (g) PDGFB. (h) Linear regression correlation of CD31
positive tumor area with IBA1 positive tumor area for matched samples. (i) Correlation of
PDGFR positive tumor area with IBA1 positive tumor area for matched samples. (j) Correlation
of PDGFB score with IBA1 positive tumor area for matched samples. All images are at 40x

magnification with 80x inserts and scale bars are 100um and 20um respectively.
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Methods
NanoString Analysis

Human FFPE tissue scrolls were cut in 10um sections for RNA extraction. RNA integrity
was confirmed using a bioanalyzer and samples possessing a DVV300% greater than 30 were used.
50ng of RNA was used for NanoString analysis with the pan cancer pathways immune panel
(NanoString, XT-CSO-HIP1-12). All data analysis was processed and normalized using nSolver
Analysis Software version 4.0 and GraphPad Prism 8 (GraphPad Software, San Diego, CA). For
more patient information, please see Table 1 on page 97.
Immunohistochemical Staining

All human tissue samples used in this study were Emory University IRB approved and
de-identified. Paraffin embedded tissue samples were sectioned at 5pum per slide and mounted.
Samples were then stained on a Discovery XT Platform (Ventana Medical Systems, USA) with;
IBA1 (Wako 019-19741, 1:500), PDGFA (sc-128, 1:200), PDGFB (sc-127, 1:200), PDGFRa
(cs3174, 1:300), PDGFR (cs3169, 1:300), CD31 (Dako m0823, 1:50), SMA (Dako M0851,
1:200), CD3 (Dako A0452, 1:100), and CD8 (Dako M7103, 1:100).
Image Analysis

Stained samples were scanned at 20x and converted to digital images using a
Nanozoomer 2.0HT whole slide scanner (Hamamatsu Photonic K.K., Hamamatsu, Japan). For
each staining and sample, total tumor area was calculated to determine the number of
representative images needed to accurately represent intra-tumor heterogeneity. The tumor was
then divided into sub-regions and the number of images acquired for analysis was standardized
to the relative size of the sub-region in comparison to total tumor. For IBA1, PDGFRa, and

PDGFR staining, the percentage of positively stained tumor area was calculated. For PDGFB,
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three independent reviewers assigned a relative score of 0 (low) — 5 (high) to each image and
the average scores were calculated. For phospho-histone 3, the number of positively stained

nuclei per mm?was quantified. All image analysis was performed using ImageJ Fiji.
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Chapter 4
Mouse Modeling of PDGF-Driven HGGs

Among many hindering factors in studying pHGG is the difficulty of obtaining primary
untreated tumor samples. This makes it difficult when performing correlative and mechanistic
studies as there exists many uncontrollable confounding factors including the type of treatment
received, tumor mutational landscape, and quality of resected tissue. In order to study the
inflammatory microenvironment of these tumors and the factors promoting macrophage
infiltration, we utilized the RCAS-Tva system to induce HGGs in immunocompetent newborn
pups. For our studies, we induced cortical HGGs in either Ntva;Cdkn2a” or Ntva;Cdkn2a"?*t
mice aged 0-2 days old. Ntva;Cdkn2a’ mice received a single injection of DF1 cells producing
either human PDGFA or human PDGFB. Ntva;Cdkn2a"*" mice received a co-injection of DF1
cells consisting of RCAS-shP53 along with either RCAS-PDGFA or RCAS-PDGFB (Figure
12a). Freshly dissociated tumor tissue from these models was verified using g°PCR for PDGFA
and PDGFB (Figure 12b). PDGFA-driven tumors produced a mix of grade 111 (32%) and grade
IV (68%) tumors, as graded by a neuropathologist. PDGFB-driven tumors were all grade IV
(96%) with the exception of one grade 111 tumor (4%) (Figure 12c). These tumors displayed all
major histological hallmarks of HGG including microvascular hyperplasia and pseudopalisading

necrosis as demonstrated by H&E staining (Figure 12d).
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Figure 12: Mouse Modeling of PDGF-Driven HGGs. (a) Schematic depicting the injection of
newborn pups with RCAS-PDGFA or RCAS-PDGFB. Ligand-receptor binding interactions for
PDGFA and PDGFB are highlighted. (b) gPCR validation for human PDGFA or PDGFB in their
respective tumors. (c) Tumor grading performed by a neuropathologist on samples generated in
Cdkn2a’ mice driven by either PDGFA (n=22) or PDGFB (n=26). (d) Representative H&E
images of PDGFA and PDGFB-driven tumors depicting the major histological hallmarks of a

high-grade glioma. Scale bar=100um.
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Staining for PDGFRa in each tumor type displayed the presence of the receptor on all
tumor cells and no differences in expression of this protein was observed between them (Figure
13a,c). Conversely, PDGFB-driven tumors had greater tumor area covered by PDGFRp (Figure
13b,d) and the pericyte marker smooth muscle actin (SMA) (Figure 13e,g). Similar to our
findings in human pHGG samples, PDGFRJ positively correlated with IBAL staining,
suggesting the infiltration of TAMs is in part mediated through PDGF-induced signaling.
Staining for CD31 demonstrated no significant difference in the amount of tumor area covered
by blood vessels, however, PDGFA-driven tumors had smaller and more numerous blood vessels
compared to PDGFB-driven tumors (Figure 13f,h-i). Interestingly, PDGFB-driven tumors in
Ntva;Cdkn2a” mice had a significantly decreased survival of 28 days compared to PDGFA-
driven tumors whose median survival was 49 days (Figure 13j). Taken together, PDGFB-driven
tumors are more frequently histologically classified as Grade IV compared to PDGFA-driven
tumors which tend to be a mix of Grade 11l and Grade IV tumors. This difference is likely not
due to the expression of PDGFRa as it is homogenously expressed throughout both tumors
equally. However, PDGFB-driven tumors have more irregular vasculature as shown by enlarged
CD31 positive blood vessels and the increased presence of PDGFR} positive stromal cells and
SMA positive pericytes. These tumors also have a significantly decreased median survival,

therefore implicating PDGFB as an important mediator of tumor progression and malignancy.
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Figure 13: Murine pHGG Model Characterization. (a) Whole brain PDGFRa staining in
Ntva;Cdkn2a’ PDGFA and PDGFB-driven tumors. (b) Representative PDGFR staining. (c)
Quantification of PDGFRa staining. (d) Quantification of PDGFR staining. (€) Representative
SMA staining. (f) Representative CD31 staining. (g) Quantification of SMA positive tumor area.
(h) Quantification of vessel coverage as indicated by CD31 staining. (f) Quantification of the
number of blood vessels detected by CD31 staining. (g) Survival curves of Ntva;Cdkn2a™ mice
with tumors driven by RCAS. All representative images (b, e, f) are 20x with 80x magnified

insets, scale bar=20um and 100um respectively.
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Inflammatory Microenvironment of PDGF-Driven Mouse HGGs

To complement our NanoString analysis of human pHGGs, we also performed
NanoString on PDGFA and PDGFB-driven tumors generated in Cdkn2a™ mice. Strong
separation between the two tumor types was readily observed when unsupervised hierarchical
clustering on all 750 genes was performed (Figure 14a). There were 40 statistically significant
DE genes after p-value correction and top DE genes were validated with g°PCR (Figure 14b-f).
PDGFB tumors possessed high expression of chemokines including Ccl11, Cxcl13, and Ccl12.
PDGFB tumors also had significantly higher expression of inflammatory adhesion molecules
Cd11b, Cd74, and Selplg (CD162), all of which play important roles in promoting and mediating
leukocyte and macrophage trafficking. Genes involved in antigen processing and presentation
were also highly expressed in PDGFB tumors including Ly86, Cd180, H2-K1, and H2-Eb1l
(MHC-I11). The high expression of these genes suggests PDGFB promotes an inflammatory
environment which encourages macrophage and leukocyte infiltration. Conversely, PDGFA
tumors had high expression of Cfh (Complement Factor H) which is an inhibitor of inflammation
triggered by the complement system (142). These tumors also had high expression of Cybb, a
component of NADPH oxidase which helps phagocytic cells clear pathogens. Other highly
expressed genes in PDGFA-driven tumors include Ifitm1, Rsad2, Cd36, and 1116 which are all
important mediators of the innate immune response to foreign pathogens. These results suggest
PDGFA-driven tumors still express inflammatory genes, however the genes expressed may
represent more functional components of the immune response which help promote extended
survival.

Pathway analysis demonstrated exclusive clustering between PDGFA and PDGFB-driven

tumors. PDGFB-driven tumors demonstrably had greater representation of genes involved in
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inflammatory processes including the complement pathway, leukocyte functions, CD molecules,
macrophage functions, innate immune response, chemokines, and cytokines and receptors
(Figure 149). Interestingly, at tumor endpoint, cell cycle function and basic cell function
pathways were not significantly DE between the two entities. Immunohistochemical staining for
phospho-histone 3, gPCR for Ccnd2, and in vitro cell proliferation assays all confirmed these
findings, demonstrating no major differences in proliferation between the two tumor types at the
end point of survival (Figure 14h-j). These results suggest the differences in tumor malignancy
may likely be derived from the TME and not necessarily tumor cell intrinsic factors. Although
these PDGF ligands operate through the same pathways, it is clear PDGFB is a much more
potent inducer of the inflammatory response, which results in significantly shorter survival time
compared to PDGFA-driven tumors.

Next, to validate our NanoString findings, we performed IBA1 staining in FFPE tumor
sections from PDGFA and PDGFB-driven tumors in Ntva;Cdkn2a’ mice. There was a dramatic
increase in the number of infiltrating TAMs observed in PDGFB tumors as shown by whole
brain staining (Figure 15a-b). TAMSs were found throughout the entirety of both tumor types,
however, PDGFB samples had twice as much tumor area covered by the TAMs. Much like our
findings in human pHGGs, PDGFB appears to be promoting a pro-inflammatory
microenvironment. The identity of the infiltrating TAM subtypes remains unknown, as well as

the behavior of these cell types as they interact with the TME.
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Figure 14: Inflammatory Microenvironment of PDGF-Driven Murine HGGs. (a) Similarity
matrix performed on PDGFA (n=5) and PDGFB (n=6) tumor samples based on the expression of
750 genes detected using NanoString. (b) Volcano plot of differentially expressed genes detected
using NanoString on PDGFA and PDGFB-driven tumors. (c-f) gPCR validation of top
differentially expressed genes found in NanoString analysis. (g) Unsupervised hierarchical
clustering of PDGFA and PDGFB tumor samples based on their pathway scores obtained from

NanoString. (h) Quantification of phospho-histone H3 staining in PDGFA and PDGFB tumor



samples. (i) qPCR for Cyclin D2 in PDGFA and PDGFB tumor samples. (j) Edu proliferation
assay results for PDGFA primary cell lines (n=3) and PDGB primary cell lines (n=2) at 24hr,

48hr, 72hr, and 96hrs.
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Figure 15. IBA1 TAM Infiltration in PDGF-Driven Murine HGGs. (a) IBA1 staining on
PDGFA and PDGFB tumors generated in Ntva;Cdkn2a’ mice. 40x and 80x magnified images,
scale bars 100um and 20um respectively. Tumors are outlined in black dashed line. (b)

Quantification of IBA1 staining. PDGFA n=9, PDGFB n=9. Students t-test, ***p<0.001.
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Flow Cytometry of PDGF-Driven Murine HGGs

Since IBA1 is a pan-macrophage marker staining both peripheral BMDMs and microglia,
it is unclear what the identity is of the additional TAMs found in PDGFB-driven tumors. Are
these TAMs coming from the blood or from the surrounding brain tissue? To answer this
important question, we induced tumors in Ntva;Cdkn2a""** mice with a co-injection of RCAS-
shp53-RFP along with either RCAS-PDGFA or RCAS-PDGFB. These mice are in a pure
CL57BL/6 background and are more suitable for lineage identification as compared to
Ntva;Cdkn2a” mice which are in a mixed background. Cdkn2a deletions and p53 mutations are
both frequently found in human pHGGs, therefore these models positively recapitulate the
human genetics in a controlled manner. As seen in the Ntva;Cdkn2a™’ mice, PDGFB-driven
tumors in the Ntva;Cdkn2a"""' mice had a significantly decreased median survival (35 days)
compared to PDGFA-driven tumors (57 days) (Figure 16a).

Freshly dissociated tumor tissue stained for CD45, CD11b, Ly6C, and Ly6G
demonstrated PDGFB tumors had a significant increase in the lymphocyte population
(CD45'CD11b") and in the total TAM population (CD45"CD11b*) compared to PDGFA-driven
tumors (Figure 16b-c). Based on CD45 and CD11b staining intensity, the two TAM populations
can be separated into infiltrating BMDMSs (CD45"CD11b") and microglia (CD45'°CD11b™).
The increase in the total TAM population was not due to the number of microglia, but rather due
to the infiltrating BMDM population. Further staining for Ly6C and Ly6G demonstrated the
increased BMDM population was from the number of inflammatory monocytes (Ly6C"Ly6G")
while there was no difference in neutrophils (Figure 16d-h). These results indicate PDGFB
promotes the infiltration of circulating monocytes from the blood into the brain. Whether this

effect is directly through PDGF ligand chemoattraction, BBB permeability, or through
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downstream PDGF-signaling events remains unknown. We believe these effects are likely due to
a combination of all three of these factors, however we focused the remainder of our efforts on

chemokine signaling as the likely driver of TAM infiltration.
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Figure 16: Flow Cytometry of PDGF-Driven Murine HGGs. (a) Survival curves for
Ntva;Cdkn2a""" mice with tumors induced by RCAS-PDGFA or RCAS-PDGFB with co-
administration of RCAS-shP53. Log-rank Mantel-Cox test performed for survival curves. (b)
Representative flow cytometry dot plots of PDGFA (n=7) and PDGFB-driven (n=9) tumors
generated in Ntva;Cdkn2a""'mice, gated for CD45, CD11b, Ly6C, and Ly6G. (c)
%CD45*CD11b* myeloid cells in the total tumor cell population. (d) %CD45"CD11b* BMDMs

in the total myeloid cell population. (e) %CD45'°CD11b* microglia in the total myeloid cell



population. (f) %CD45"CD11b*Ly6CM"Ly6G" inflammatory monocytes in the total BMDM
population. (g) %CD45"CD11b*Ly6CMLy6G" neutrophils in the total BMDM population.

Students t-test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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gPCR Molecular Characterization of PDGF-Driven HGGs

NanoString analysis provided us with a deep understanding of the representative
pathways involved in PDGF-driven tumors. It demonstrated PDGFB-driven tumors are more
inflammatory, however we wanted to confirm these findings. Therefore, we used a gPCR panel
of over 70 genes including chemokines and chemokine receptors, immune markers, macrophage
markers, and cancer signaling markers. As found in our NanoString dataset, when clustering
these tumors based on their expression profiles, PDGFA-driven tumors distinctly cluster apart
from PDGFB-driven tumors (Figure 17a). As expected, PDGFB-driven tumors had greater
expression of Aifl (IBA1) and Itgam1 (Cd11). Further analysis revealed PDGFB tumors had
greater expression of chemokines including Ccl2, Ccl7, and Ccl11. Ccr5 and Csflr were also
higher in PDGFB samples (Figure 17b). Immunosuppressive genes including Pd1 (PD1),
Pdcdllg2 (PD-L2), and Ctla4 were all highly expressed in PDGFB tumors suggesting these
tumors have a greater immunosuppressive phenotype compared to PDGFA tumors. There were
only a few genes more highly expressed in PDGFA-driven tumors not previously examined in
the NanoString analysis. Marco, a scavenger receptor, and the chemokine receptor Ccrl were
highly expressed in PDGFA tumor samples as well (Figure 17c-d).

To validate gPCR findings on the protein level, a cytokine array was also run using three
pooled samples from each tumor type. As observed on the mRNA level, CCL2, CCL3, and
CCL12 were all expressed at higher levels in PDGFB-driven tumors compared to PDGFA-driven
tumors (Figure 17e-f). For further validation, protein ELISA was run on individual tumor
samples for CCL2, CCL3, CCL7, CCLS8, and CCL12. Interestingly, the only significant
difference in protein expression was for CCL7, which was higher in PDGFB tumor samples

(Figure 17g). Although other chemokines were not significantly higher, there was still a general
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positive trend towards higher expression in PDGFB-driven tumor samples. Increasing the sample
sizes might increase the significance of these findings.

The importance of chemokine signaling in glioma progression is increasingly being
studied by our lab. We have previously demonstrated in adult murine GBM that increased Ccl2
expression is associated with increased monocyte infiltration. Further, we have shown that
heterozygous Ccl2 knockout mice have decreased TAM infiltration and increased survival, yet
this effect was not observed in homozygous Ccl2 knockout mice (95). CCL2 binds to the CCR2
receptor with high affinity, and to a lesser extent CCR4 (143). These receptors, and other
chemokine receptors, are expressed by myeloid cell and T-cell populations (143). As the
production of chemokines in the TME increase, it is expected the population of infiltrating
immune cells will also increase. These MRNA and protein data suggest PDGFB promotes an
inflammatory microenvironment that produces chemoattractant signals for macrophage

recruitment and other signals that may drive the suppression of immune function.
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Figure 17: Molecular and Proteomic Characterization of PDGF-Driven Murine HGGs. (a)
Similarity matrix of PDGFA (n=7) and PDGFB-driven (n=7) tumors generated in Cdkn2a™
mice. Samples are clustered by their expression of 72 genes detected by gPCR. (b) Averaged z-
scores for PDGFA and PDGFB-driven tumor samples based on their expression of chemokines
and chemokine receptor genes. (¢) Averaged z-scores for PDGFA and PDGFB-driven tumor
samples based on their expression of immune-related genes. (d) Averaged z-scores for PDGFA

and PDGFB-driven tumor samples based on their expression of macrophage related genes. (e)
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Cytokine array of 3 pooled PDGFA tumor samples and 3 pooled PDGFB tumor samples. CCL2,
CCL3, and CCL12 are all highlighted. (f) Quantification of pixel intensity for CCL2, CCL3, and
CCL12 from the cytokine array. (g) Protein ELISA performed on PDGFA (n=7) and PDGFB
(n=7) tumor samples for CCL2, CCL3, CCL7, CCL8, CCL12, and VEGFA. Students t-test.

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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In vitro Stimulation of BMDMs and Microglia with PDGF Ligands

It is evident PDGFB-driven tumors have shorter median survival and greater macrophage
infiltration compared to PDGFA-driven tumors. However, what these macrophages are doing
once they are inside the tumor remains unclear. To answer this question, BMDMs were isolated
from naive CL57BL/6 adult mice and cultured in the presence of M-CSF to drive them towards a
macrophage phenotype. After 7 days, cells were stimulated with increasing doses of either
recombinant PDGFA or PDGFB protein (0-100ng/mL) for 6 hours. After stimulation, RNA was
collected for gPCR and supernatant collected for protein ELISA. gPCR for the chemokines Ccl2,
Ccl7, Ccl12, and Vegf demonstrated in response to increasing doses of PDGFB but not PDGFA,
BMDMs upregulate their expression of these genes (Figure 18a-g). Interestingly, when the same
experimental conditions and stimulations were performed using cultured microglia from
newborn CL57BL/6 pups these responses were not observed (Figure 18h-n). Additionally, in
response to PDGFB stimulation, BMDMs also produced higher levels of Argl, an enzyme which
suppresses T-cell function in the TME. The only gene stimulated in microglia was in response to
PDGFA stimulation, which was I11b. IL1p is a potent inducer of inflammation produced by
macrophages and are of key interest to our lab in adult GBM studies.

PDGFB may exert its pro-inflammatory effects through infiltrating BMDMs. These cells
are attracted to the tumor site via chemokine mediated fashion where they then respond to tumor-
derived signals by producing their own chemoattractant molecules and immunosuppressive
factors. The production of these signals then attracts more BMDMSs to the TME, thus creating an
aggressive feed forward loop. Whether PDGFB itself is attracting the BMDMs to the TME is not

yet known, however it has been demonstrated PDGFD, which exclusively activates PDGFR, is



a chemoattractant and activator for natural killer cells, indicating PDGFRJ activity may be an

important mediator in these processes (144).
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Figure 18: In vitro Stimulation of BMDMs and Microglia With PDGF Ligands. (a)
Schematic depicting the isolation and culture of BMDMs from naive CL57BL/6 mouse bone
marrow. BMDMs were cultured with M-CSF and stimulated with either PDGFA or PDGFB for
6 hours prior to RNA isolation. (b-g) gPCR plots on BMDM samples stimulated with either
PDGFA or PDGFB for 6 hours at Ong/mL, 20ng/mL, or 100ng/mL. n=3 replicates per
concentration. Genes detected were Ccl2, Ccl7, Ccl12, IL1b, Argl, and Vegf. (h) Schematic
depicting the isolation and culture of microglia from naive newborn CL57BL/6 pup brains.
Microglia were cultured with M-CSF and stimulated with either PDGFA or PDGFB for 6 hours
prior to RNA isolation. (i-n) gPCR plots for Ccl2, Ccl7, Ccl12, IL1b, Argl, and Vegf. n=5
replicates per concentration. One-way ANOVA with multiple comparisons. *p<0.05, **p<0.01,

***p<0.001.
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Chemokine Knockout Mice Extend Survival in PDGF-Driven HGGs

It appears PDGFB is a driver of inflammation in human and murine pHGGs. In human
samples with high IBA 1+ staining, they also have high expression of PDGFR} and PDGFB. We
observe a high inflammatory profile in PDGFB-driven murine tumors, accompanied with an
increase in TAM infiltration and a significant decrease in median survival. This data begs the
question of whether we can inhibit TAM infiltration and whether this inhibition results in an
extension of survival. To answer these questions, we used Ntva positive chemokine knockout
mice and induced tumors 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 PDGFB-driven tumors either through gPCR, ELISA, or cytokine array.
Additionally, in vitro stimulation of BMDMs demonstrated PDGFB induces the expression of
these chemokines. These chemokines are known monocyte chemoattractant proteins that are
secreted by tumor cells and other cell types within the TME. They also help recruit other
immune cell types including myeloid derived suppressor cells and T-reg cells which help
promote immune escape and tumor progression (145-148).

Survival data indicate when PDGFB is the oncogenic driver, chemokine knockout of
Ccl2, Ccl7, and Ccl8/12 does not produce any survival benefit (Figure 19a). In fact, they
surprisingly resulted in a decrease of median survival when compared to Ntva wild type mice.
The only chemokine which produced 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
tumors, there was an extension in survival in Ccl8/12 knockout mice as well as in Ccl3 knockout
mice with tumors driven by PDGFA. The mice with the greatest survival benefit was Ccl8/12

double knockout mice with a median survival of 73 days. Interestingly, homozygous deletion of
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Ccl2 did not result in any survival difference from wild-type tumors driven by PDGFA. (Figure
19b).

Since CCL3 was the only chemokine to provide a survival benefit upon genetic deletion
in PDGFB-driven tumors, flow cytometry was performed to determine if TAM infiltration was
also inhibited. CD45 and CD11b staining indicated there was a reduction in the total TAM
population (Figure 19¢). This reduction was due to a decrease in the CD45"CD11b" BMDM
population (Figure 19d). The decrease in BMDMs subsequently caused an increase in the
microglial population within the total TAM population (Figure 19e). Although there was not a
striking reduction in BMDMs, complete or near complete ablation of TAM infiltration in single
chemokine knockout mice is likely not feasible as there are many chemokines responsible for
these processes.

RNA sequencing data of histone WT human pHGGs for chemokines revealed CCL3 and
CCLA cluster together, apart from all other chemokines (Figure 19f). Further, CCL3 expression
obtained from NanoString in human pHGG samples positively correlated with IBA1 positivity in
matched samples (Figure 199). Interestingly, CCL3 (Macrophage Inflammatory Protein 1-alpha)
interacts with CCL4 (Macrophage Inflammatory Protein 1-beta) to bind to their shared receptor
CCRY5, and neither of these chemokines has been implicated in pHGG biology (149). CCL3 also
binds to CCR1 and CCR4 to promote an inflammatory response characterized by neutrophil,
monocyte, T-cell, B-cell, and dendritic cell chemoattraction (149-151). High levels of CCL3 and
CCL4 have been found in sites where CD4+ T-cells interact with dendritic cells to promote
CD8+ T-cell memory, indicating these chemokines play a wide range of roles in inflammatory
processes (152). CCL3 has also been implicated in multiple sclerosis, a chronic CNS

inflammatory disease characterized by demyelination of neurons and accumulation of plaques
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containing microglia, macrophages, and other leukocytes (153, 154). Microglia and macrophages
produce high levels of CCL2 and CCL3, and treatment of mice with experimental allergic
encephalomyelitis (EAE) using antibodies against CCL3 prevented the infiltration of peripheral
monocytes (155). Our results support these findings, and implicate CCL3 as an important driver
of TAM recruitment and accumulation in pHGGs.

Eliminating CCL3 extended survival and slightly reduced TAM infiltration in PDGFB-
driven tumors. However, the inhibitory effect on BMDM infiltration was not absolute and there
was still a large population found in the tumors. These results indicate PDGFB is such a strong
oncogenic driver it might be masking the effects of knocking out a single chemokine in these
mice. Future studies should utilize PDGFA when trying to delineate single gene knockout
differences rather than PDGFB. Additionally, these results suggest in order to greatly reduce or
completely inhibit TAM infiltration, multiple strategies must be combined. As TAM infiltration
is likely caused by both chemokine signaling and BBB permeability, one method which may be
promising is combining anti-VEGF therapy with pharmacologic inhibition of chemokine

signaling.
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Figure 19: Chemokine Knockout Mice Exhibit Prolonged Survival and Decreased TAM
Infiltration. (a) Survival curves of RCAS-PDGFB + RCAS-shP53 driven tumors in Ntva;Ccl27,
Ntva;Ccl3", Ntva;Ccl7”, Ntva;Ccl8/127, and Ntva mice. (b) Survival curves of RCAS-PDGFA
+ RCAS-shP53 driven tumors in Ntva;Ccl2”-, Ntva;Ccl3™, Ntva;Ccl8/12", and Ntva mice. Log-
rank Mantel-Cox test performed for survival curves. (¢) %CD45+CD11b+ TAMs in the total
tumor cell population in Ntva mice (n=5) or Ntva;Ccl3” mice (n=5) driven by RCAS-PDGFB
and RCAS-shP53. (d) %CD45"CD11b+ BMDM:s in the total myeloid cell population. (e)
%CD45°CD11b+ microglia in the total myeloid cell population. (f) Unsupervised hierarchical
clustering of chemokines in human pHGG RNA sequencing data. (g) CCL3 expression in human
pHGG tumor samples from NanoString correlated with IBA1 positivity in matched samples.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Methods
Mice

All injections were performed in mice pups aged 0-2 days old among equally distributed
sexes for each genotype. Ntva;Pten™™:Ink4a-Arf’ mice are in a mixed genetic background while
Ntva/Pten™ mice are in a pure C57BL/6 background. Mice were house in a climate-controlled,
pathogen-free facility with access to food and water ad libitum under a 12-hour light/dark cycle.
Genotyping of all mice was performed using Transnetyx (Transnetyx Inc., Cordova TN). Ccl2
(#004434) and Ccl7 (#017638) knockout mice were obtained from the Jackson Laboratory and
crossed to CL57BL/6 Ntva;Pten™ mice until homozygous knockout mice were obtained as
previously described for the generation of Ntva;Pten™:Ccl2”- mice (95, 156). Ccl3 knockout
mice were gifted by Dr. C.K. Qu, Ccl8/12" mice were gifted by Dr. Sabina Islam, and both were
crossed with CL57BL/6 Ntva;Pten™™ mice until homozygous knockout mice were obtained (156,
157). All experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Emory University (Protocol #2003253 and #201700633).
Cell Cultures and Injections

DF1 cells (ATCC, CRL-12203) were grown at 39°C, expanded to passage 4 and
transfected with RCAS-PDGFB-HA, RCAS-PDGFA-Myc, or RCAS-shp53-RFP using a Fugene
6 Transfection kit (Roche, no. 11814443001). Cells were cultured with DMEM media (Gibco,
11995-065) supplemented with 1% L-glutamine, 1% penicillin/streptomycin, and 10%FBS
(ATCC). Transfected DF1 cells were used for injections before reaching passage 25. DF1 cells
were injected as equal mixtures of 4x10% cells per pL, 1uL per mouse, in pups aged 0-2 days old
using a 30-gauge needle attached to a Hamilton syringe.

Flow Cytometry
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Mice were anesthetized with a Ketamine/Xylazine mix and perfused with ice-cold
Ringer’s solution. Tumors were dissociated using the Miltenyi Neural Tissue Dissociation Kit
(Miltenyi, 130-092-628) or collagenase D (Sigma 11088866001) following manufacturer’s
protocol. Single-cell suspensions were strained through a 70um cell strainer and centrifuged at
450xg for 10 minutes at 4°C. Cells were then subjected to a 30% Percoll gradient (GE Healthcare,
17-0891-01) with 10% FBS (Hyclone, SH30396.03) and centrifuged at 800xg for 15 minutes at
4°C. Cells were washed with PBS and resuspended in red blood cell lysis buffer (BioLegend,
420301) for 1 minute at 37°C before being blocked for 30 minutes on ice with a solution containing
2% FBS, 5% normal rat serum, 5% normal mouse serum, 5% normal rabbit serum, 10ug/ml anti-
FcR (BioLegend, 101319) and 0.2% NaNs in DPBS). After blocking, cells were stained for CD45-
APC, CD11b-PerCP-Cy5.5, Ly6C-PE-Cy7, Ly6G-V450, and MHC-II-FITC on ice for 30
minutes. 50,000 events were recorded on a BD-LSR Il flow cytometer. For single cell sorting, a
FACS Aria Il was used. Data was compensated and quantified in FlowJo 10.4.1. Total TAM
population was considered as CD45*CD11b*. Microglia were CD45™%°:CD11b*, BMDMs
were CD45"CD11b*, lymphocytes were CD45*;CD11b-, inflammatory monocytes were
CD45*CD11b*Ly6C"Ly6G'", macrophages were CD45*CD11b*Ly6C'°Ly6G'®, and neutrophils
were CD45*CD11b*Ly6C"Ly6G".

Immunohistochemical Staining

Mice were sacrificed as described above, and brains were removed and fixed in 10%
neutral buffered formalin for 72 hours. The brains were then embedded in paraffin and
sectioned at 5um per slide and mounted. Hematoxylin and eosin staining was performed for each
sample. Antibodies used for specific staining include; IBA1 (Wako 019-19741, 1:250) Phospho-

histone 3 (CST 9701S, 1:200), CD31 (Dianova Dia-310, 1:50), a-SMA (Dako M0851, 1:200),
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PDGFRa (CST 3174S, 1:500), and PDGFRp (CST 3169S, 1:100). Staining was performed
manually or on the Discovery XT Platform (Ventana Medical Systems, Inc., Tuscon, USA) at the
defined dilutions in 2% bovine serum albumin in phosphate-buffered saline.
Image Analysis

Stained samples were processed as described in Chapter 3. For IBA1, SMA, CD31,
PDGFRa, and PDGFR staining, the percentage of positively stained tumor area was
calculated. For phospho-histone 3, the number of positively stained nuclei per mm? was
quantified. All image analysis was performed using ImageJ Fiji.
Quantitative PCR

After perfusion with ice-cold Ringer’s solution, mice brains were extracted and tumor
tissue was snap-frozen in liquid nitrogen for storage (-80°C) and later use. RNA extraction was
performed using the RNease Lipid Tissue Mini Kit (Qiagen #74804) according to the
manufacturer’s instructions. A NanoDrop (Thermo Scientific) was used to determine RNA
concentrations and an RNA bleach gel was run to confirm RNA integrity. 1ug of RNA was
then used to synthesize cDNA using the SuperScript 111 First-Strand Synthesis System
(Invitrogen). cDNA was used for quantitative PCR (gPCR) 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. B-Actin
was used as an internal reference gene and an inter-run calibrator was used to normalize
comparative CT values for the combination of plates when necessary. Hierarchical clustering
was performed on Log?2 standardized qPCR data using Morpheus (Broad Institute). See Table 2
on page 99 for a list of all primers used.

Nanostring Analysis
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RNA was isolated as described above. RNA integrity was confirmed using a bioanalyzer
and samples possessing a DV300% greater than 30 were used. 50ng of RNA was used for
NanoString analysis with the mouse pan cancer pathways immune panel (NanoString, XT-CSO-
MIP1-12). All data analysis was processed and normalized using nSolver Analysis Software
version 4.0 and GraphPad Prism 8 (GraphPad Software, San Diego, CA).

Proliferation Assays

Primary tumor tissue was dissociated and tumor cells were cultured in NeuroCult Basal
Medium (Stemcell, 05700) supplemented with NeuroCult Proliferation Supplement (Stemcell,
05701), EGF [20ng/mL], FGF [20ng/mL], and Heparin (0.25%). 75,000 or 100,000 Single cells
were plated as a monolayer in 12 well plates coated with vitronectin (Corning Synthemax,
89235-046), accutased at designated time points, and then the Click-iT Plus Edu Kit (Invitrogen,
C10636) was used according to manufacturer’s protocol. Cells were then run on a BD-LSR I
flow cytometer and analyzed in FlowJo.

BMDM and Microglia Cell Cultures

BMDMs from adult CL57BL/6 mice were isolated and cultured as follows. Mice were
euthanized and bone marrow was immediately extracted from the tibia and femur of the hind
legs using harvest solution containing 1XDPBS, 0.5%BSA in IMDM (Gibco, 12440-046), 0.2%
Heparin, 2% DNAse, and 4% Penicillin/Streptomycin. Cells were cultured at 37°C for 6 days in
DMEM high glucose culture medium (Gibco, 10569-010) supplemented with 10% FBS, 1% L-
glutamine, 1% Penicillin/Streptomycin, and M-CSF [40ng/mL]. On day 7 post isolation, 2
million cells/well were plated in a 6 well tissue culture treated plate and were incubated
overnight. The next morning cells were incubated in FBS deficient media (0.5%) for 3 hours and

then stimulated with recombinant human PDGFA ([0-100ng/mL]; R&D Systems) or PDGFB
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([0-100ng/mL]; R&D Systems) for 6 hours. Supernatant was collected and stored at -80°C. RNA
was collected using Trizol (ThermoFisher) added directly to the tissue culture plate and then
stored at -80°C.

Microglia were isolated as follows. Using sterile instruments, brains were collected from
newborn CL57BL/6 mice 0-2 days old, and the cerebellums were removed. Brains were then
digested in 0.25% Trypsin with 5mg/mL DNase | and incubated at 37°C for 10 minutes. Samples
were then triturated with complete DMEM, passed through a 70 um cell strainer, and centrifuged
at 600rpm for 5 minutes at 4°C. Cells were then washed with DMEM, centrifuged at 600rpm for
5 minutes at 4°C, and plated on a poly-D-lysine coated [10mg/mL] T75 flask. Fresh media
containing M-CSF [40ng/mL] was added every 3 days. After approximately 10 days, microglia
were gently rinsed off the flask and centrifuged for 10 minutes at 1100rpm. 1 million cells/well
were then plated on a 6-well tissue culture treated plate overnight. Cells were then incubated in
FBS deficient media for 3 hours prior to stimulation with PDGFA or PDGFB as described above.
Cytokine Array

Snap frozen tumor tissue was homogenized and lysed in 1x PBS lysis buffer containing
1% Triton, 10pug/mL Aprotinin (Sigma, A6279), 10ug/mL Leupeptin (Sigma, L8511), and
10pg/mL Pepstatin (Sigma, P4265). 500ug of pooled sample protein from three tumors per group
was used according to manufacturer’s instructions for the Mouse Cytokine Array Panel A (R&D
Systems, ARY006). The blot was developed and visualized via HRP. Densitometry quantification
was performed in ImageJ Fiji.

Enzyme Linked Immunosorbent Assay
Snap frozen tumor tissue was mechanically homogenized and sonicated in lysis buffer

supplemented with protease and phosphatase inhibitors. Cell lysates were subjected to sonication
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in supplemented lysis buffer. Protein concentrations were determined using a Bradford protein
assay (BioRad, 5000001). ELISA assays were performed for CCL2 (R&D, DY-479), CCL7
(Boster, EKO683), CCL8 (R&D, DY790), CCL12 (R&D, MCC120 and VEGFA (R&D,
MMV00) according to the manufacturer’s instructions.
Data Analysis

For qPCR data normalization, ddCT values were Log2 transformed before z-score
standardization. The reference calibrator sample was a PDGFB-driven tumor generated in a
Ntva;Cdkn2a” mouse. Statistical tests used for each analysis are further explained in figure
legends. GraphPad Prism 8 (GraphPad Software, San Diego, CA) was used for all statistical

analyses.
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Chapter 5
Histone Mutations Confer Unique pHGG Subgroups

Until this point, all experimental data shown in this dissertation has been in histone wild
type tumors induced in the cortical hemisphere. However, as mentioned in Chapter 1, almost half
of all pHGGs are found in the midline or brainstem. In order to study the mechanisms of TAM
infiltration in all subgroups of pHGG we also performed studies on histone mutant tumors as
well. As previously performed, tumors were induced in Ntva;Cdkn2a’ mice using RCAS-
PDGFA or RCAS-PDGFB, and for Ntva;Cdkn2a"" mice the addition of RCAS-shp53 was
utilized. An additional RCAS construct introducing either H3.3K27M or H3.3G34R/V was also
administered with the respective oncogenic drivers to recapitulate histone mutant tumors.
H3.3K27M tumors were induced in the brainstem and H3.3G34R/V tumors were induced
cortically.

Up to 90% of DIPGs contain mutations in H3F3A or in HIST1H3B resulting in H3K27M
mutations (17). Tumors possessing H3K27M mutations are thought to arise during CNS
development in neural precursor cells (158). Tumors with these mutations are mutually exclusive
with H3G34R mutations and commonly possess TP53 loss of function mutations and
amplifications of PDGFRA (19, 20, 159-161). Histones H3.1 and H3.3 are synthesized during
different stages of the cell cycle. H3.1 is produced during the S-phase and is utilized to package
newly synthesized DNA. H3.3 is synthesized during interphase and is deposited on actively
transcribed genes by ATRX/DAXX (17, 23, 162). H3.3K27M mutant tumors are more common
and clinically aggressive than H3.1K27M mutant tumors (9, 160). Although the mutated histone
proteins only make up 3-17% of the total H3 pool in DIPG samples, they lead to almost complete

loss of H3K27me3 throughout all affected cells (23, 163, 164). These global hypomethylation
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effects are due to inhibition of the enzymatic activity of EZH2, a subunit of the Polycomb
Repressive Complex 2 (PRC2), by the mutated histone (163, 164). PRC2 is responsible for
maintaining di and tri-methyl marks on H3.3K27, and PRC2 target genes are involved in
developmental processes important for stem cell regulation, cellular proliferation, and
differentiation (17, 165-167). Other groups have demonstrated through single cell sequencing of
human and murine DIPG K27M mutant tumors that few genes are down-regulated in comparison
to other tumors, and many PRC2 target genes are upregulated (168, 169). Further, they found the
majority of cells in these tumors were self-renewing oligodendrocyte progenitor cell-like (OPC),
indicating the K27M mutation likely hinders OPC differentiation into oligodendrocytes (168).

Much is known regarding K27M mutations in DIPGs and midline gliomas. Less is known
regarding H3G34R/V mutations, which arise exclusively in the hemispheres of the brain. These
mutations are found in up to 36% of pHGGs in the cortical hemispheres and frequently have co-
occurring mutations with TP53 (100%) and ATRX/DAXX (50%) (18, 20, 170, 171). Similar to
K27M tumors which have global hypomethylation, the G34R mutation causes a diminishment of
K36me3 but unlike the K27M, the reduction in methylation occurs only on the affected mutant
alleles (23, 163). This loss in methylation is due to the close proximity of the H3G34 position to
the K36 location, which is an important transcriptional regulator (172). Interestingly, G34R
tumors were found to have a greater mutational burden than other subgroups and possess
multiple numbers of subclones. These effects are likely due to the deficiency in DNA repair
caused by ATRX/DAXX mutations which promote telomere destabilization (173, 174). The
effects histone mutations have on the inflammatory microenvironment in pHGG remains

unknown and highly understudied. The aims of the following studies were to characterize TAM
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infiltration in these tumors and uncover the relationship between molecular driver mutations,
tumor location, and the resulting inflammatory microenvironments.
NanoString Analysis of Histone Mutant Murine HGGs

Because histone mutations arise in specific anatomic locations, this begs the question of
whether the molecular identity of the tumor or location of the tumor itself is the most important
factor controlling the inflammatory TME and immune infiltrate. To answer this question, using
Ntva;Cdkn2a™ mice and RCAS-PDGFB, H3.3WT hemisphere, H3.3WT brainstem, H3.1K27M
brainstem, and H3.3K27M brainstem tumors were generated (Figure 20a). Tumors were
validated by IHC for the presence or absence of H3K27me3 (Figure 20b). Freshly dissected
tumor tissue was then collected and RNA isolated for NanoString analysis. First, to determine
whether the tumor location dictates the immune microenvironment, H3.3WT hemispheric tumors
were compared to H3.3WT brainstem tumors. Interestingly, these tumor samples clustered
almost completely apart from one another (Figure 21a). Pathway analysis revealed brainstem
tumors have higher expression of genes involved in inflammatory processes including
chemokines and cytokines, leukocyte functions, macrophage functions, pathogen response,
complement pathway, and more. Conversely, hemispheric tumors had higher expression of genes
involved in cancer progression, cell cycle, apoptosis, and adhesion compared to the brainstem
tumors. A total of 37 genes were DE at a corrected p-value of <0.05, and the majority of them
were more highly expressed in hemispheric samples (Figure 21b). Some of the DE genes found
higher in hemispheric tumors include 1116, Hsd11b1, Itgb4, Itgax, Nefl, Cd36, Rorc, and Rora.
Antigen presentation molecules including H2-Aa, H2-Eb1, H2-Ab1, and H2-DMb2, as well as
immunosuppressive markers Pdcdl (PDL1) and Cd274 (PD1) were also highly expressed in

hemispheric tumors. Vim was the most DE gene found highly expressed in brainstem samples.
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Genes involved in dampening the immune response including Adora2a (Adenosine Receptor
A2A) and Argl (Arginase) were also high in brainstem tumors. Interestingly, Cxcl1, which was
found to be the most significantly DE gene in human DIPG samples, was highly expressed in

brainstem tumors indicating this may be an important gene involved in brainstem tumor biology.
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Figure 20: Modeling of Histone Mutant HGGs. (a) Tumors were generated in Ntva;Cdkn2a”"
mice, driven by RCAS-H3.3WT, RCAS-H3.1K27M, or RCAS-H3.3K27M along with RCAS-
PDGFB in the brainstem. Tumors generated in the hemispheres were driven by RCAS-H3.3WT
or RCAS-H3.3G34R along with RCAS-PDGFB. (b) H&E images of H3.3WT or H3.3K27M
tumors displaying the classic histological features of a high-grade glioma along with reduced

H3me3 staining in H3.3K27M tumors. 40x and 80x magnified images, scale bars=100um.
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Next to determine whether the molecular identity of tumors found in the same location dictate
inflammatory expression profiles, a comparison between H3.3WT and H3.3K27M brainstem
tumors was made. There were no significantly DE genes between the two tumor subgroups so a
comparison between H3.1K27M and H3.3K27M tumors was then made. This analysis revealed
major differences between the two subtypes of brainstem tumors as they clustered distinctly
apart from each other (Figure 21c). The H3.3K27M tumors, which have historically had worst
patient prognosis and shorter median survival, were found to have a greater inflammatory profile
compared to H3.1 mutant tumors. Again, major inflammatory processes such as chemokines and
cytokines, inflammation, interleukins, leukocyte functions, macrophage functions, innate and
adaptive immune responses were highly represented in H3.3K27M tumors. There were 77 DE
genes including Nefl, Itgh4, CD274, H2-Eb1, Thyl, Cxcll, Cxcl13, Cxcl11, Il1b, and Cd83
which were more highly expressed in 3.3K27M samples (Figure 21d). Smad4, Mcam, Tgfb2,
Adora2a, Sppl (Ostepontin), Vegfa, and others were more highly expressed in H3.1K27M
samples.

Finally, an analysis with all tumor types and locations was performed. Unsupervised
hierarchical clustering of samples based on their pathway scores revealed H3.1K27M brainstem
tumors clustered with H3.3WT hemispheric tumors and H3.3K27M brainstem tumors clustered
with H3.3WT brainstem tumors (Figure 21e). Together, this data indicates tumor location is the
most important factor in creating differential inflammatory expression patterns and when tumors
are in the same location, only then does the molecular identity confer observable differences.
These findings raise the question of what microenvironmental differences in the brainstem versus
the hemispheres drive these gene expression discrepancies? Only one other group has sought out

to determine location-based differences in pHGGs and they found through MRI that the BBB in
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the brainstem is less permeable and therefore these tumors are less contrast enhancing compared
to their hemispheric counterparts (175). This raises another important question of how does BBB
permeability affect macrophage and immune cell infiltration and whether their infiltration relies
more on chemokine signaling events or a compromised BBB. Future studies should be aimed at
answering these questions as they likely hold the key to identifying important therapeutically

exploitable mechanisms.
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Figure 21: NanoString Analysis of Histone Mutant Murine HGGs. (a) Unsupervised
hierarchical clustering of H3.3WT hemispheric (n=6) and H3.3WT brainstem (n=5) tumors
generated in Ntva;Cdkn2a’ mice driven by RCAS-PDGFB. Clustering is based on pathway
scores obtained from NanoString analysis. (b) Volcano plot of differentially expressed genes in
H3.3WT hemispheric and H3.3WT brainstem tumor samples as detected by NanoString. (c)
Unsupervised hierarchical clustering of H3.1K27M (n=5) and H3.3K27M (n=4) tumors
generated in Ntva;Cdkn2a’ mice driven by RCAS-PDGFB. Clustering is based on pathway
scores obtained from NanoString analysis. (d) Volcano plot of differentially expressed genes in
H3.1K27M and H3.3K27M tumor samples as detected by NanoString. (e) Similarity matrix of
H3.3WT hemisphere, H3.3WT brainstem, H3.1K27M, and H3.3K27M tumors based on their

expression of 484 genes detected in NanoString.
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Survival Analysis of Histone Mutant Murine HGGs

Survival analysis of each histone mutant tumor type revealed PDGFB-driven tumors
consistently had a decreased median survival compared to PDGFA-driven tumors, further
supporting the notion PDGFB is a strong oncogenic driver. In Ntva;Cdkn2a"“"! mice, both
PDGFA and PDGFB-driven tumors combined with H3.3K27M and shp53 resulted in decreased
median survival compared to H3.3WT tumors (Figure 22a). In Ntva;Cdkn2a™ mice,
PDGFA+H3.3K27M tumors had a significantly decreased median survival compared to H3.3WT
tumors while in PDGFB-driven tumors there were no survival differences between H3.3WT,
H3.1K27M, and H3.3K27M (Figure 22b). This was also observed between H3.3WT and
H3.3G34R/V tumors as well (Figure 22c-d). These results suggest the loss of Cdkn2a and use of
PDGFB as an oncogenic driver masks the survival differences observed between histone wild
type and histone mutant tumors. All of these survival results were also observed by Cordero et

al., confirming the validity of our models (169).
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Figure 22: Survival Analysis of Histone Mutant Murine HGGs. Survival curves of: (a) Ntva
mice with tumors generated by RCAS-H3.3WT or RCAS-H3.3K27M along with RCAS-PDGFA
or RCAS-PDGFB and RCAS-shP53. (b) Ntva;Cdkn2a’ mice with tumors generated by RCAS-
H3.3WT or RCAS-H3.3K27M along with RCAS-PDGFA or RCAS-PDGFB. (¢) Ntva mice with
tumors generated by RCAS-H3.3G34R along with RCAS-PDGFA or RCAS-PDGFB and
RCAS-shP53. (d) Ntva;Cdkn2a™’~ mice with tumors generated by RCAS-H3.3WT or RCAS-
H3.3G34R along with RCAS-PDGFA or RCAS-PDGFB. *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001.
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Methods
Mice

All injections were performed in mice pups aged 0-2 days old as previously described in
Chapter 4.
Cell Cultures and Injections

DF1 cells (ATCC) were grown at 39°C as previously described in Chapter 4. DF1 cell
lines used included RCAS-H3.3WT, RCAS-H3.31K27M, RCAS-H3.3K27M, and RCAS-
H3.3G34R-HA.
Immunohistochemical Staining

Mice were sacrificed and processed as described above. Hematoxylin and eosin as well
as H3me3 (Cell Signaling 9733S, 1:200) staining was performed. Staining was performed
manually at the defined dilutions in 2% bovine serum albumin in phosphate-buffered saline.
NanoString Analysis

All tumor samples were processed for RNA isolation and NanoString analysis was run as
described in Chapter 4 using the pan cancer immune profiling kit for mouse (XT-CSO-MIP1-

12).
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Chapter 6
Future Proposed Experimental Studies
Tumor Location Versus Tumor Molecular Identity

All of the results presented have led to several main conclusions. First, human pHGGs
classified as DIPG, which are found in the brainstem, have a greater inflammatory gene
expression profile compared to pHGGs classified as GBM, or those found in the cortical
hemispheres. These results suggest the tumor location and/or the molecular identity of the tumor
itself impacts the inflammatory microenvironment. To begin addressing this postulate, we
performed NanoString on mouse pHGGs induced in different brain locations along with different
genetic drivers which represent the human disease. Our initial results indicate the location in
which the tumor is induced is the most important determining factor affecting the inflammatory
profile. When comparing two tumors in the same location but with different genetic drivers, only
then are there significant expression differences. The next experimental steps would be to
perform IBA1 staining in each of the mouse tumor samples induced in different locations and
genetic backgrounds to determine if the infiltration of TAMs is also influenced by any or all of
these factors. Flow cytometry should also be performed to determine the identity of the
infiltrating immune cells. Other infiltrating immune cells including cytotoxic T-cells, T-helper
cells, exhausted T-cells, and dendritic cells should also be analyzed. Another pertinent question
worth exploring is what microenvironmental factors in the brain’s distinct regions are driving the
expression differences observed in our NanoString datasets? To answer this question, naive brain
tissue from the hemispheres and brainstem should be collected and used for molecular
sequencing and metabolic profiling. These results should then be compared to tumor samples to

determine what factors are driving location-based inflammatory differences. These analyses will
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allow us to dissect and understand the differences observed in different pHGGs including DIPG
and GBMs.

These studies also demonstrate human pHGGs have a relatively low abundance of
infiltrating T-cells, yet they have a high number of infiltrating TAMs. Although we do not know
the identity of these TAMs, it is hypothesized they are of monocytic origin as our mouse
modeling demonstrated. There was minimal PDGFA staining in human pHGGs. However,
correlative studies showed human pHGGs with high expression of CD31, PDGFRp, and PDGFB
have high TAM infiltration, suggesting PDGFB/R activity promotes the infiltration of TAMs.
Future experiments would benefit greatly from high throughput techniques such as CyTOF or
RNA sequencing on fresh human tumor samples. Studies like these would allow us to perform
stronger correlative analyses and facilitate the discovery of potential druggable targets or cell
types that are otherwise undetectable in small histological studies.

Cell Sorting of Murine HGGs

Several experiments demonstrated murine tumors driven by PDGFB overexpression have
a stronger inflammatory TME compared to PDGFA-driven tumors. gPCR and NanoString results
indicated PDGFB-driven tumors have high expression of chemokines such as Ccl2, Ccl7, Ccl11,
Ccl12, and Cxcl13. They also had high expression of inflammatory adhesion molecules such as
Cd11b, Cd74, and Selplg. Although an in vitro attempt was made to determine which cell type is
most responsible for the production of these inflammatory signals, these studies were limited to
just BMDMs and microglial cultures. We found in response to PDGFB stimulation but not
PDGFA stimulation, BMDMs upregulate their expression of chemokines. Microglia were
unresponsive to stimulation. This suggests BMDMs are more responsible for the production of

inflammatory markers in the pHGG TME, however, expression of these genes was not
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investigated in tumor cells. Therefore, in order to gain a more comprehensive understanding of
the exact cell types responsible for these inflammatory signals, tumors should be FACS sorted
for tumor cells, BMDMSs, and microglia. Either gPCR for specific genes or RNA sequencing
should be performed on the sorted cell populations to determine each cell type’s expression. In
these studies, all tumors generated in Ntva;Cdkn2a"""* mice were done so using RCAS-
shp53RFP. All tumor cells should therefore be RFP positive and easily detected by a flow
cytometer. All RFP negative cells are TME cells including BMDMs and microglia, among
others. Sorting the RFP negative cells by their expression of CD45 and CD11b would then allow
for the detection and collection of individual TAM populations (Figure 23). Four tumors have so
far been sorted and their cells collected for RNA isolation. Because tumor cells are the most
abundant cell type in these tumors, upwards of 850,000 tumor cells were collected per tumor.
However, because BMDMs and microglia are less abundant, as little as 4,100 cells per tumor
were collected per TAM population. Due to the low cell numbers, sorted cells from multiple

tumors must be pooled together before performing any experimental analyses.
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Figure 23. Cell Sorting of Murine pHGGs For Single Cell Expression Analysis. Flow
cytometry cell sorting scheme depicting the separation and collection of RFP+ tumor cells and
RFP- TAMs. TAMs are further gated on CD45 and CD11b positivity to separate BMDMs from
microglia. On average per tumor, ~500,000 tumor cells, ~50,000 BMDMs, and ~8,000 microglia
are obtained from tumors generated in Ntva mice driven by RCAS-PDGFB with RCAS-

ShP53RFP.
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Pharmacologic Inhibition of PDGF Pathway

Survival differences were not observed in Ccl2, Ccl7, or Ccl8/12”- mice in tumors driven
by PDGFB. However, Ccl3 and Ccl8/127 mice all survived longer when driven by PDGFA. It is
evident PDGFB is a strong oncogenic driver that masks the effects of single gene knockouts.
One reason for this is because PDGFB is an inducer of the monocyte chemoattractant family of
proteins (MCP) and therefore compensatory mechanisms may be taking place when one family
member is knocked out (176-179). One experimental approach to determining whether MCP
family members are important for the chemoattraction of TAMs in PDGF-driven tumors would
be to delete all MCP genes in a single mouse. Because this would require generating a quadruple
knockout mouse this approach would be time very intensive. However, using alternative methods
such as Crispr-Cas9 deletion of multiple chromosomal segments may make this more realistic.

Because PDGFB tumors have greater TAM infiltration, it begs the question of whether
PDGFB itself is a chemoattractant for BMDMs and other immune cells. To test this hypothesis,
multiple approaches could be taken. Tumors generated by PDGFB overexpression in
Ntva;Cdkn2a’mice should be treated with either a PDGFB neutralizing antibody or a PDGFRp
inhibitor. Because these mice have a median survival of 28 days, an initial treatment schedule
should start ~15 days after injecting the RCAS producing DF1 cells. If this produces no survival
benefit, a different treatment schedule should be adopted. Another more sophisticated approach
would be to induce cell-type specific deletion of PDGFRp. Ntva;PDGFR/ floxed mice would be
crossed with cell-type specific Cre mice to generate mice deficient of PDGFRS in cells such as
BMDMs, SMA positive cells, or endothelial cells. Tumors would then be induced using the
RCAS-Tva system and survival analysis would be performed. Additionally, for all approaches,

flow cytometry should be performed to determine if PDGF inhibition results in a reduction of
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infiltrating immune cells. In addition to in vivo experiments, supplemental in vitro experiments
should be performed. Using an in vitro migration assay with cultured BMDMs stimulated with or
without PDGFB would determine if PDGFB acts as a chemoattractant. Then, adding a PDGFB
neutralizing antibody or PDGFRJ inhibitor to the culture medium would allow for the direct
observation of PDGF inhibition on BMDM migration.
T-Cell Profiling of Murine pHGGs

Flow cytometry analysis indicated PDGFB-driven tumors have a significantly greater
number of lymphocytes compared to PDGFA-driven tumors. However, the identity of these
lymphocytes is unknown as both T and B-cell populations are identified using our antibody panel
of CD45 and CD11b. Using additional antibodies for CD3, CD4, CD8, and FOXP3 would allow
us to distinguish what types of T-cells are being attracted to these tumors. Since PDGFB-driven
tumors have a lower median survival and greater TAM infiltration, it can be hypothesized the
number of exhausted or dysfunctional T-cells (FOXP3+) may be greater in these tumors or there
is a lack of T-cell presence altogether. To functionally confirm flow cytometry findings, TAM
co-culture experiments with T-cells should also be performed. PDGFB-driven tumors should be
dissociated, FACS sorted for BMDMSs, microglia, and tumor cells, and then each cell population
should be co-cultured with isolated T-cells from Rag2”" mice. A T-cell proliferation assay would
inform us of whether TAMSs or tumor cells from PDGFB tumors suppress T-cell proliferation.
In vivo Time Course Experiments For TAM Infiltration

All of the data presented in this dissertation come from mice at terminal stage when the
tumor has grown to maximum capacity. There are plenty of differences observed in TAM
infiltration and mMRNA expression profiles between PDGFA and PDGFB-driven tumors at this

timepoint. However, because PDGFB tumor bearing mice have a significantly decreased median
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survival the question becomes whether the differences observed between the two tumor types
can be observed at earlier timepoints? Further, when do peripheral circulating BMDMs infiltrate
into the tumor? Do they arrive at early stages of tumor development and aid tumor progression or
do they arrive once the tumor has grown as a result of tumor progression? | hypothesize BMDMSs
infiltrate into the tumor at early stages and respond to tumor derived signals by producing their
own chemoattractant molecule, recruiting more BMDMs in the process. gPCR data also suggests
BMDMs can promote angiogenesis as shown by an increase in Vegf expression upon PDGFB
stimulation. This hypothesis assumes there is a chemoattractant released by tumor cells which
recruit BMDMs in the early stages of tumor development. To approach answering this
hypothesis, RCAS-shp53 and RCAS-PDGFA or RCAS-PDGFB would be administered to
Ntva;Cx3cr1C PMWTCcr2R PMWT mice, similarly to what was done in a previous paper from our lab
in 2017 for adult GBM (95). For PDGFB tumors, mice would be sacrificed and perfused with
paraformaldehyde every 3-5 days starting at day 10 post injection. For PDGFA tumors, they
would be sacrificed and perfused every 3-5 days starting at day 15 post injection. Using these
mice, infiltrating BMDMSs would be RFP positive and brain-resident microglia would be GFP
positive upon immunofluorescent staining. Tissue sections would be imaged and quantified for
the presence or absence of TAM populations at each stage of tumor development.
Concluding Remarks

As previously mentioned, little is known concerning the infiltrating immune cell
populations in pHGG or what role these cells play in promoting tumor progression and immune
suppression. This is an unexplored frontier of pHGG research and promises to be fruitful to those
studying it. For a disease with a median survival of 12-15 months, where no chemotherapeutics

provide substantial extension of life, where tumor resection results in tumor recurrence, we must
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develop alternative therapeutic strategies to treat them. Immunotherapy is a promising route due
to the ability to harness a child’s own immune system rather than using exogenous
chemotherapies that have many off target side effects. In order to develop effective
immunotherapies we must first develop a foundational understanding of what these tumors look
like from a molecular level all the way to a systems level. Establishing which immune cell types
are present, how they are getting there, and what they are doing in the tumor will allow us to
identify targetable mechanisms for therapeutic exploit. Although knowledge of these processes is
high for aHGGs, they behave differently and have different genetic profiles compared to pHGGs.
It is therefore inappropriate to extrapolate therapeutic strategies for the pediatric population. The
studies in this dissertation are the first of their kind. They establish the basic knowledge pHGGs
possess infiltrating macrophages whose infiltration is encouraged by PDGFB signaling. Further,
they demonstrate how different genetic driver mutations and tumor locations affect the TME and
immune infiltrate. More studies are needed before we can develop effective targeted therapies,

however, a foundation has been formed and it must be utilized in all studies moving forward.
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Table 1. Patient Characteristics. Each human pHGG tissue sample used in the study is
described with their diagnosis, tumor location, age at diagnosis, survival weeks, sex, treatment

history, molecular characteristics, and whether they were used for NanoString.
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Primer Bio-Rad Catalog Number Primer Bio-Rad Catalog Number
Actb gMmuCEDO0027505 Pd1 qMmuCID0011570
Cdc20 gMmuCEDO0005008 Ccrb gMmuClD0020341
DII3 gMmuClD0023659 Cd44 gMmuCID0025677
Tgfb2 gMmuClD0024408 Met gMmuClD0017026
Yapl gMmuCID0005990 Ccl7 gMmuCED0049027
Mgmt gMmuClD0009593 112 gMmuCEDO0060978
Ccr8 gMmuCIlD0006837 Pdl1 gMmuClD0011907
Ctla4 gMmuClD0008808 Pdgfa gqHsaClD0005879
Sox2 gMmuCEDO0051857 Ccl8 qMmuCED0003781
Oct4 gMmuCED0046525 Ccl5 qMmuClD0021047
Musashi gMmuCID0040186 Vegfa gMmuCED0040260
Nanog gMmuCID0005399 Nestin gMmuCID0023067
Stat3 gMmuCIiD0021132 Sppl gMmuCEDQ0061675
Ccnd2 gMmuClD0023538 Cxcr4 gMmuCED0026325
Cxcr4 gMmuCED0026325 Cxcl12 gMmuCID0019961
Kdr gMmuClID0005890 Cd8a gMmuClD0016523
Ncaml gMmuCID0005870 Foxp3 gMmuClD0022414
Ccl3 gMmuCED0003870 Lbp gMmuCED0045303
Chi3ll gMmuClID0015758 Cfh gMmuCEDO0045575
Serpinel gMmuCID0027303 Lrr3 gMmuCIiD0019276
Pdgfb gqHsaClD0016004 Csflr gMmuCID0016567
JNE! gMmuCID0005637 Ccll1 qMmuCED0044849
Pf4 gMmuCED0003895 Selplg gMmuCEDO0050109
Tgfbl gMmuCID0017320 Ly86 qMmuCED0045007
Marco gMmuCID0023893 Itgam gMmuCID0005971
Csf2 gMmuCED0025728 Pdcd1lg2 gMmuClD0011922
P2ry12 gMmuClD0015382 Idol gMmuCED0047121
Vgf gMmuCED0049363 Cd200 gMmuCED0045566
Gfap gMmuClD0020163 Tnfa gMmuCED0004141
Aifl gMmuCED0046745 Ifng gMmuCID0006268
111b gMmuClD0005641 Cd47 gMmuCEDO0049651
Cerl gMmuCID0006862 Argl qMmuCID0022400
Ccl2 gMmuCED0048300 Cd3e gMmuCED0047615
Ccll gMmuCED0038249 Cd8a gMmuClD0016523
Olig2 gMmuCED0003760 Cd4 qMmuCID0022320
Cebpb gMmuCED0050360 Cd68 gMmuCEDO0003822
Ccrl gMmuCID0006862 Cd45 (Ptprc) gMmuCID0039693
Ccl12 gMmuCED0061017 Cd163 gMmuClID0012017
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Table 2. gPCR Primers Used in Study. The Bio-Rad qPCR primers used in the study are listed

with their catalog numbers.
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