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Abstract

Background: Targeting the tumor microenvironment has become a promising avenue of
oncology, however little is known about this aspect in medulloblastoma. The tumor
microenvironment includes many components which may either inhibit or promote malignant
growth. Tumor-associated macrophages (TAMs) and neutrophils have demonstrated both pro- and
anti-tumoral activity that can vary between tumor types. Senescent cells exhibit a senescent
associated secretory phenotype (SASP) which can affect neighboring tumor cells, immune cell
infiltration, and cell differentiation. We aimed to characterize the tumor microenvironment in the
pediatric brain tumor Sonic Hedgehog (Shh) medulloblastoma.

Methods/Results: Using the Ptch1?~ mouse model of Shh medulloblastoma, we have shown that
the tumor microenvironment evolves as the tumor develops. In preneoplasia there are macrophages
and senescent cells. Peripheral macrophage depletion with clodronate liposomes did not affect
TAM density early in tumorigenesis, suggesting that at the preneoplastic stage TAMs originate
from the microglia rather than the periphery. Through ablation with Navitoclax, we found that
senescent cells restrict preneoplasia growth. Advanced tumors have a more complex
microenvironment including macrophages and neutrophils. Both Ml-like and M2-like
macrophages are present in tumors, and they aggregate in regions of high apoptosis and low
proliferation. Through comparing tissues of bypassed senescence or potentially-unrestricted SASP
activity, we show that neither macrophage, neutrophil, nor stem cell densities are affected by
senescent cells.

Conclusion: Our results demonstrate that the tumor microenvironment of medulloblastoma
evolves, becoming more complex as the tumor progresses to advanced stage. Senescent cells
restrict tumor growth during early stages, suggesting their SASP is inducing paracrine senescence.
Understanding the tumor microenvironment of medulloblastoma may lend insights into how this
tumor can be targeted with immunotherapy agents.



Résumé

Contexte: Le microenvironnement tumoral est devenu une avenue prometteuse en oncologie, mais
on en sait peu sur cet aspect dans le médulloblastome. Le microenvironnement de la tumeur
comprend de nombreux composants qui peuvent inhiber ou encourager la croissance maligne. Les
macrophages associé¢s aux tumeurs (TAM) et les neutrophiles ont démontré une activité a la fois
pro- et antitumorale pouvant varier d'un type de tumeur a l'autre. Les cellules sénescentes
présentent un phénotype de sécrétion associé a la sénescence (SASP) pouvant affecter les cellules
tumorales voisines, l'infiltration de cellules immunitaires et la différenciation cellulaire. Notre
objectif était de caractériser le microenvironnement tumoral dans le médulloblastome Sonic
Hedgehog (Shh).

Méthodes / Résultats: En utilisant le modéle murin Ptchl +/- du médulloblastome de Shh, nous
avons montré que le microenvironnement tumoral évoluait en méme temps que la tumeur. Dans la
prénéoplasie, il existe des macrophages et des cellules sénescentes. L'épuisement des macrophages
périphériques avec les liposomes de clodronate n'a pas affecté la densité de TAM au début de la
tumorigenese, ce qui suggere que les TAM au stade prénéoplasique proviennent de la microglie
plutot que de la périphérie. Grace a I'ablation avec Navitoclax, nous avons constaté que les cellules
sénescentes limitent la croissance de la prénéoplasie. Les tumeurs avancées ont un
microenvironnement plus complexe comprenant des macrophages et des neutrophiles. Les
macrophages de type M1 et de type M2 sont présents dans les tumeurs et s’agrégent dans les
régions a forte apoptose et a faible prolifération. En comparant les tissus de sénescence contournée
ou d'activité SASP potentiellement non restreinte, nous montrons que ni les cellules infiltrées par
les macrophages ni les neutrophiles ne sont affectées par les cellules sénescentes.

Conclusion: Nos résultats démontrent que le microenvironnement tumoral du médulloblastome
évolue, devenant de plus en plus complexe a mesure que la tumeur progresse au stade avance. Les
cellules sénescentes limitent la croissance tumorale au cours des stades précoces, ce qui suggere
que leur SASP induit une sénescence paracrine. Comprendre le microenvironnement tumoral du
médulloblastome peut aider a comprendre comment cette tumeur peut étre ciblée avec des agents
d'immunothérapie.
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Introduction

Tumor Microenvironment

At the turn of the 21 century, Hanahan and Weinberg released a seminal paper on the
“hallmarks of cancer,” illustrating the traits acquired by neoplastic cells across all malignancies
(Hanahan & Weinberg, 2000). In 2011, they updated their paradigm with an emphasis on the tumor
microenvironment, adding several new “emerging and enabling” hallmarks such as tumor-
promoting inflammation. Historically, tumor-associated inflammation was believed to be a part of
the body’s fight against cancer, yet surprising evidence of inflammation fostering neoplasm
through supply of bioactive molecules and secretion of factors stimulating angiogenesis, growth,
invasiveness, and survival has challenged this dogma (Hanahan & Weinberg, 2011). Thus, the
tumor microenvironment has gained recent attention; specifically, how this “soil” creates a niche
for tumor growth, how it changes as a tumor evolves, if it may predict prognosis, and if it can be
exploited to fight cancer. The tumor microenvironment is comprised of several diverse
components, including stromal cells, extracellular matrix, blood vessels, fibroblasts, cancer stem

cells, senescent cells, immune cells, and more (Hanahan & Weinberg, 2011; Wang et al., 2017).

Immune cell infiltration of variable levels has been described in nearly all malignancies.
Both leukocytes of adaptive and innate immunity have been associated with the tumor
microenvironment, including B cells, T cells, macrophages, natural killer (NK) cells, dendritic
cells, and small granulocytes such as neutrophils and eosinophils (Wang et al., 2017). To
investigate the prognostic significance of these cell types, one study analyzed the relationship
between leukocyte infiltration signatures and overall survival using 5,782 tumors from 25 different

types of cancer. The cells that significantly correlated with favorable prognosis were a subset of T



cells, meanwhile the cells that associated with adverse prognosis were macrophages and small

granulocytes (Gentles et al., 2015).

Of immune cell infiltrates, tumor-associated macrophages (TAMs) may be the most well-
characterized. A rigorous meta-analysis in 2012 of 55 studies (n=8,692) revealed that high TAM
density was associated with late clinical staging and/or poor overall survival in several types of
cancers including gastric, breast, bladder, ovarian, oral, and thyroid (Zhang et al., 2012). This is
not consistent across all tumors though, such as in colorectal cancer, where high TAM density

correlates with increased overall survival (Forssell et al., 2007; Zhang et al., 2012).

Functional studies in mouse models further support the pro-tumoral activity of TAMs.
Macrophage depletion mediated by clodronate liposomes reduced tumor growth in several tumor
types (reviewed in (Qian & Pollard, 2010)). Additionally, inhibition of cytokines associated with
TAM recruitment, such as CCL2 and CSF1, demonstrated decrease tumor growth in several
cancers (DeNardo et al., 2011; Pyonteck et al., 2013; Qian et al., 2011; Ries et al., 2014). Yet just
as with the clinical data, there are conflicting results in the literature. For example, while liver-
specific macrophages, Kupffer cells, were believed to be tumor-promoting through NFxB
signaling, Kupfter cell depletion studies in mice and rats led to increased metastasis formation

(Qian & Pollard, 2010).

Macrophage heterogeneity may be a source of these conflicting results. Historically,
macrophages were described based on two polarized states: M1 which are classically active,
phagocytic, and pro-inflammatory, and M2, which are alternatively active and pro-tissue repair.
While these definitions are an oversimplification of the complex activity of highly plastic cells,
they are still often used due to absence of a more relevant classification (Murray et al., 2014).

Studies have shown both M 1-like and M2-like TAMs, with the former associated with anti-tumoral
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activity, and the later associated with pro-tumoral activity. Tumor-promoting M2-like TAMs
secrete a variety of factors that can induce proliferation, angiogenesis, metastasis, and adaptive
immunity suppression (for more review on M2-like TAMs see (Mantovani, Sozzani, Locati,
Allavena, & Sica, 2002; Rhee, 2016)). In addition to secretion of cytokines and growth factors,
M2-like macrophages may also transfer cytoplasm to tumor cells through direct contact, promoting
tumor cell dissemination, as demonstrated in a zebrafish melanoma model (Roh-Johnson et al.,
2017). Some studies have suggested updated TAM classifications based on activity and locations
in the tumors, such as: metastatic, invasive, angiogenic, perivascular, border-associated, and
hypoxia-entrained (Lewis, Harney, & Pollard, 2016; Mehrabi, Amini, & Mehrabi, 2018; Qian &

Pollard, 2010).

The driver of TAM heterogeneity is not fully understood, but one contributing factor may
be ontology. Many solid-tumors are located in organs that contain a population of tissue-resident
macrophages. Thus TAMs in those tumors may originate from the circulation or in situ.
Investigating TAM ontology can be difficult due to macrophage plasticity; circulating
macrophages can adopt a similar transcriptional profile to tissue-resident macrophage upon
infiltration (Quail & Joyce, 2017; Scott et al., 2016). However, through genetically modified
mouse models (GEMMs), bone-marrow transplant and parabiosis experiments, Franklin et al.,
2014 showed that majority of the TAM population in breast tumors is derived from CCR-
expressing circulating monocytes, not macrophages resident of the breast. Depletion of those
circulating monocytes resulted in reduced tumor burden (Franklin et al., 2014). Similarly, CCR-
CCL inhibition in a metastatic model of breast cancer led to decreased TAM infiltration and
consequently reduced metastasis (Qian et al., 2011). Depletion of macrophages using clodronate

liposomes has shown reduced tumor growth in models of melanoma, ovarian, lewis lung,
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teratocarcinoma, rhabdomyosarcoma, and prostate tumor graph models (for full review see (Qian
& Pollard, 2010)). Together these results suggest that TAMs derived from circulating monocytes
have tumor-promoting activity. Yet not all studies support this claim. Using parabiosis, bone
marrow transplant, and GEMMs, a 2017 study demonstrated that circulating monocytes comprised
only ~30% of the TAM population in pancreatic adenocarcinoma. Only depletion of pancreas-
resident macrophages, not circulating monocytes, led to decreased tumor burden (Y. Zhu et al.,
2017). This suggests that ontology and tumor type may affect TAM activity, and it should not be

assumed that all TAMs will have the same effect on tumor growth.

Ontology alone does not dictate a macrophage’s activity, which may switch from activated,
anti-inflammatory during early stages of tumorigenesis, to trophic, tumor-promoting during later
stages (Cassetta & Kitamura, 2018; Qian & Pollard, 2010). Hypoxia is one aspect of the tumor
microenvironment which may alter macrophage activity. Hypoxic regions are necrosis-rich areas
associated with aggregates of M2-like macrophages that promote tumor regrowth (Chen et al.,
2009; Mehrabi et al., 2018). Signals secreted by hypoxic cells such as CCL2, CCLS5, and VEGF
recruit macrophages which can become desensitized from the onslaught of debris, leading to
upregulation of regenerative and immunosuppressive genes (Mehrabi et al., 2018). Those
macrophages may also become senescent, leading to an accumulation of non-functional cells that

increase tumor inflammation (Mehrabi et al., 2018).

Another class of suspected tumor-promoting cells are myeloid-derived suppressor cells
(MDSC). These are immature cells that can be monocytic (mMDSC), resembling TAMs, or
granulocytic (gMDSC), resembling neutrophils. MDSCs are recruited to tumors through cytokines
CCL2, CXCL12, and CXCL5, and exert a pro-tumorigenic effect on neighboring cells through

secretion of Argl and iNOS, as well as stimulating angiogenesis (Murdoch, Muthana, Coffelt, &
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Lewis, 2008). Hypoxic regions of tumors can attract MDSCs and upregulate immunosuppressive
ligands on their surface, such as PD-L1 (Kumar, Patel, Tcyganov, & Gabrilovich, 2016). Depletion
of MDSCs in colorectal, lung, and metastatic breast tumor models displayed reduced angiogenesis
and decreased tumor burden (summarized in (Murdoch et al., 2008)). MDSCs should be identified
primarily through their immunosuppressive activity rather than cell surface markers, as mMDSCs
and gMDSCs often express the same markers as TAMs and neutrophils, respectively (Kumar et
al., 2016). For that reason, one cannot distinguish between neutrophils and MDSCs from
expression of Grl or Ly6G/Ly6C alone, complexifying the evidence in the literature regarding

neutrophil involvement in tumorigenesis.

Neutrophils are abundant, small granulocytes whose role in tumorigenesis is ambiguous.
On one hand, neutrophils have anti-tumor activity, including recruitment of additional phagocytic
cells, promotion of T cell-mediated immunity, and detachment of cancer cells to the basement
membrane (Powell & Huttenlocher, 2016). This has been confirmed in functional studies, which
showed blockage of MMP9, G-CSFR and CXCR2, and MET-mediated neutrophil infiltration
increased tumor burden in breast, uterine, and liver cancer mouse models, respectively (Blaisdell
et al., 2015; Finisguerra et al., 2015; Leifler et al., 2013). However, neutrophil infiltration is
associated with increasing grade in gliomas and poor clinical outcome in certain forms of uterine,
lung, liver, colorectal, head and neck, brain, and pancreatic cancers (Fossati et al., 1999; Galdiero
etal., 2013). In fact, neutrophil to lymphocyte ratio is proposed as a potential biomarker for patient
stratification (Coffelt, Wellenstein, & de Visser, 2016). Neutrophil depletion studies in both
transplantable and spontaneous mouse tumor models have shown decreased growth in several
tumor types (reviewed in (Coffelt et al., 2016; Galdiero et al., 2013)). One explanation for these

conflicting results is that neutrophils alter their activity depending on their environment. Secretion
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of TGFB, G-CSF, and IFNB by tumor and/or stromal cells can activate a pro-tumoral and
metastastic agenda in neutrophils leading to immunosuppressive activity (Coffelt et al., 2016).
Factors secreted by hypoxic cells can also induce neutrophil recruitment to metastatic sites even

in absence of a primary tumor (Sceneay et al., 2012).

Metastasis is an area of carcinogenesis where neutrophils are suspected to play a role.
Tumor-entrained neutrophils accumulate in metastatic sites prior to the arrival of metastatic cells,
a phenomena referred to as “seeding,” whose impact on tumorigenesis appears to be context-
dependent (Granot et al., 2011; Liang & Ferrara, 2016). Further studies suggest that neutrophils
participate in multiple steps of metastasis including intravasation, survival in circulation, and
extravasation, acting as a guide for cancer cells (reviewed in (Coffelt et al., 2016; Liang & Ferrara,

2016).

CXCL1, a chemokine mediating neutrophil recruitment, can be secreted by multiple
components of the tumor microenvironment including leukocytes and senescent cells (Coppe,
Desprez, Krtolica, & Campisi, 2010; De Filippo et al., 2013). Senescent cells are cells exposed to
high levels of stress who undergo irreversible growth arrest and develop a senescence-associated
secretory phenotype (SASP). During the development of the SASP, a senescent cell can
dramatically change its metabolic activity to begin secretion of soluble signaling factors such as
interleukins, chemokines, and growth factors, as well as proteases and insoluble proteins (Coppe
et al., 2010). The SASP is a dynamic process, which can differ in cell type, type of senescence,
and even may change in the same cell over time (Coppe et al., 2010). While senescent growth
arrest is driven by p53 and p16™%4 its SASP activity is activated primarily through the NF-xB
pathway, which is negatively regulated by p53 (reviewed in (Salminen, Kauppinen, & Kaarniranta,

2012)). SASP factors have both autocrine and paracrine functions. In the secreting cell, SASP
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serves to further promote senescence, and in neighboring cells SASP factors can induce
senescence, drive infiltration of immune cells, and effect cell differentiation (Hoare & Narita,
2013). In healthy tissue, SASP promotes repair after injury, however persistent inflammation can
lead to deleterious effects (Coppe et al., 2010; Saleh et al., 2018). SASP mediated immune-cell
infiltration is likely due to the secretion of cytokines such as IL-6, IL-1, IL-8, TGF-p, CSF-1,
CXCL-1, MCP-1, and ICAM-1 (Coppe et al., 2010; Hoare & Narita, 2013). While immune cells
are necessary to clear senescent and dead cells, their persistence can become problematic, as seen
in hepatocellular carcinoma, where senescent-recruited CCR2" myeloid cells accelerate tumor
growth through NK cell inhibition (Eggert et al., 2016). Additionally, SASP has been shown to
affect the stem cell niche and may permit emergence of cancer stem cells (Cahu, Bustany, & Sola,

2012; Milanovic et al., 2018; Mosteiro et al., 2016).

Most tumor microenvironment studies focus on tumors in peripheral tissues, which can
differ significantly compared to the central nervous system (CNS). Several factors contribute to
this, including the presence of tissue-resident cell types such as microglia, the blood-brain-barrier,
which keeps the CNS relatively immune privileged, and a stiffer extracellular matrix, which can
further prevent T cell infiltration (Quail & Joyce, 2017). Nevertheless, brain tumor
microenvironment may contain endothelial cells, pericytes, fibroblasts, and immune cells, with
macrophages representing the majority of the TME, and in some cases contributing to 30% of the
tumor mass (Quail & Joyce, 2017). While it can be difficult to distinguish between microglia and
bone-marrow derived macrophages (BMDM) that have infiltrated the tumor, like in breast and
pancreatic cancers, it has been demonstrated in glioma mouse models that both populations
contribute to the TAMs, and may play different roles in tumor growth (Bowman et al., 2016).

Immunohistochemical analyses of human tissue has revealed that these TAMs produce low levels
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of pro-inflammatory cytokines and lack expression markers for T cell co-stimulation, suggesting

deficiency in tumor clearance (Hussain et al., 2006).

Medulloblastoma

From late embryogenesis to early postnatal development, cerebellar granule neurons
proliferate rapidly to become the most numerous cells of the brain. This period of proliferation is
induced by purkinje cell secretion of the mitogen Sonic Hedgehog (Shh), which binds to the
receptor Ptchl on the granule cell progenitors (GCPs). Upon binding of Shh, Ptchl releases its
inhibition on the receptor Smoothened (SMO), permitting activation of Gli, a family of

transcription factors that induce cell proliferation (Wechsler-Reya & Scott, 1999).

In rare cases, disruption of this process leads to medulloblastoma. Medulloblastoma is a
high-grade malignant tumor that forms from GCPs in the posterior fossa and represents the most
common form of pediatric brain cancer (Louis et al., 2016). In recent years, medulloblastoma has
been divided into four molecular subgroups: SHH, Wnt, Group 3, and Group 4, which differ in
mechanisms and clinical aspects. The SHH subgroup, which makes up approximately 30% of
medulloblastoma cases, is characterized by aberrant Shh signaling. Mutations in the Shh signaling
pathway are associated with these tumors, most commonly in Ptchl, and less frequently in SMO,

and SUFU (Taylor et al., 2012).

Standard of care treatment includes surgery, chemotherapy, and radiation, resulting in a
60-80% five-year overall survival rate for the SHH group (Northcott et al., 2012). Sadly these
aggressive treatments confer a risk for developing secondary cancers, and leave many patients with
lasting neurologic deficits that may hinder their ability to thrive in life. While SMO targeted
therapies have shown promise in treating SHH medulloblastoma, case studies have demonstrated

that the response is only transient due to acquired resistance (Metcalfe & de Sauvage, 2011; Yauch
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et al., 2009). Thus, there is a push to better understand the molecular mechanism and environment

of this tumor in order to facilitate the development of more effective treatments.

The tumor microenvironment of medulloblastoma has not been well-characterized. Our lab
has shown that senescent cells are present in pre-malignant, preneoplastic lesions, and the evasion
of senescence through mutations in p53 or alterations in pl16™%% lead to medulloblastoma
progression (Tamayo-Orrego et al., 2016). Whether these cells are affecting the microenvironment
has yet to be explored. Several studies in the late 20™ century described the presence of
macrophages in human medulloblastoma biopsies (Morantz, Wood, Foster, Clark, & Gollahon,
1979; Roggendorf, Strupp, & Paulus, 1996; Rossi et al., 1991). Also using biopsy samples, a study
in 2014 showed that macrophage infiltration was elevated in the SHH group compared to the other
subgroups, and that areas of macrophage infiltration correlated with areas of proliferation (Margol
et al., 2015). Using immunohistochemistry on SHH medulloblastoma biopsies, a study in 2018
suggested that M1 macrophage recruitment correlated with worse overall survival (Lee et al.,
2018). Tumor cells isolated from a desmoplastic medulloblastoma expressed CSF-1, and co-
culture of the tumor cells and microglia led to increased proliferation in both populations
(Papavasiliou et al., 1997). While the subtype of that tumor is unknown, it is likely that it belonged

to the SHH subgroup, like majority of desmoplastic medulloblastomas (Taylor et al., 2012).

There have been few animal studies looking at medulloblastoma tumor microenvironment.
A study in 2013 described the presence of STAT3-expressing MDSCs in a Smo-mutant Shh
medulloblastoma model; and their conditional deletion of STAT3 suggested that these cells were
curtailing the pro-inflammatory environment (Abad et al., 2013). In 2016, a study compared a Shh
mouse model (orthotopic transplantation of Ptch1?~ GCPs) to a Group 3 mouse model (orthotopic

transplantation of neural stem cells with p53 and myc mutations.) Compared to Group 3, the Shh
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model showed increased infiltration of macrophages, neutrophils, and MDSCs, as well as
increased PD-1 expression. However, neither anti-PD-1 nor anti-CTLA-4 treatments affected
overall survival in the Shh model (Pham et al., 2016). Thus, further study to determine the role

the tumor microenvironment in medulloblastoma is warranted.
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Rationale
Targeting the tumor microenvironment has become an exciting therapeutic avenue which
has been successful in several cancers. Clinicaltrials.gov currently lists over 1,000 actively
recruiting interventional immunotherapy clinical trials. However, little is known about the specific
microenvironment of SHH medulloblastoma. Using a spontanecous model of Shh
medulloblastoma, the Ptchl™* mouse, we aimed to characterize and manipulate the tumor

microenvironment to study its role in tumorigenesis. We focused on the following questions:

1. What immune cells are present in medulloblastoma preneoplasia and advanced tumors?
2. What effect does peripheral macrophage depletion have on prencoplasia and tumor
growth?

3. Do senescent cells affect the tumor microenvironment and tumor growth?
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Methodology

Mice

All animal work was performed according to the Canadian Council on Animal Care guidelines.
Ptch1™8Z (referred to as Ptch1™") mice were backcrossed with C57BL/6 mice. Preneoplasia
samples was taken at postnatal day (P) 14-21, advanced tumors were taken upon demonstration of
symptoms, around P200. For harvesting tissue, mice received 0.1mL/10g ketamine/xylazine prior
to intracardiac perfusion with 0.9M NaCl. Tissue was fixed in 4% paraformaldehyde (PFA) in
phosphate buffer at 4o for 18 hours, then incubated in 30% sucrose in phosphate buffer saline

(PBS) for 24-48 hours. Tissue was frozen in a block of OCT and sectioned at 12um thickness.

Drug Treatments

Clodronate and PBS liposomes were purchase from Liposoma B.V. For short-term peripheral
macrophage ablation: mice received 3 injections of 10uL/g either clodronate or PBS liposomes.
The injections were administered intraperitoneal every 3 days, starting on P12 and ending on P18.
Mice were sacrificed on P19 for analysis. For long-term peripheral macrophage depletion: mice
received 9 injections of 10ul/g either clodronate or PBS liposomes. The injections were
administered intraperitoneal every 5 days, starting on P21 and ending on P62. Mice were sacrificed

on P64/P65 for analysis.

ABT-263 (Navitoclax) was purchased from Selleck Chemistry (Catalog No. S1001) and dissolved
in 5% DMSO and corn oil. Mice received either vehicle or ABT-263 at 55mg/kg via oral gavage
for 5 consecutive days, starting on P14, and ending on P18. Mice were sacrificed on P19 for

analysis.
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Immunofluorescence/Immunohistochemistry

Slides were permeabilized with 0.3% Triton, incubated in 10% goat or donkey blocking buffer +
0.1% Triton for 1 hour, then incubated in primary antibody overnight. Secondary antibody was
applied for 1 hour at room temperature. Antibodies: anti-Ki67 (ab16667, 1:1000), anti-p16
(ab54210, 1:200), anti-p21 (ab7960, 1:200), anti-Sox2 (ab97959 — 1:1000, ab79351 — 1:500) were
purchased from Abcam; anti-CD80 (561955, 1:100), anti-CD86 (553692, 1:100), anti-NK-1.1
(553162, 1:1000) were purchased from BD Biosciences; anti-CD19 (115511, 1:100), anti-F4/80
(123102, 1:100), anti-Ly6G (127609, 1:100), anti-Mac2 (125410, 1:100) were purchased from
Biolegend; anti-cleaved caspase-3 (9661s, 1:1000) was purchased from Cell Signaling; anti-
CDl1l1c (17-0114-82, 1:100), anti-MHCII (14-5321-82, 1:100) were purchased from eBioscience.
Fluorescently conjugated secondary antibodies were purchased from Jackson ImmunoResearch

and used at 1:1000 concentration.

Cell Culture
GCP isolation was performed as previously described (Mille et al., 2014). GCPs were cultured in
Neurobasal supplemented with B27 (GIBCO), 0.5mM L-glutamine (GIBCO), and

penicillin/streptomycin, and seeded onto plates pre-coated with 100pg/ml poly-D-lysine (Sigma).

Mouse embryonic fibroblasts (MEFs) were cultured in DMEM + Glutamax (GIBCO), 10% fetal
bovine serum (Multicell), 1% penicillin/streptomycin (Invitrogen). To induce senescence in
MEFs, near-confluent cells were exposed to either 10 Gy y-irradiation or 2 hours of 150uM H>O»,

then fixed 10 days later with 4% PFA for 15 minutes, changing the media every three days.
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Publicly Available Data Usage

R2: Genomics Analysis and Visualization Platform (http://hgserverl.amc.nl/cgi-bin/r2/main.cgi)

was used for analysis of gene expression, using data from Cavalli, FMG et al., Cancer Cell 2017.
Two tailed t tests were calculated and displayed on the webpage. Dataset: Tumor Medullolbastoma

— Cavalli — 763 0 rma_sketch — hugenel 1t was used.

Statistical Analysis
Data is expressed as mean + SEM and was analyzed using R or GraphPad Prism 7. Graphs were
generated in PRISM 7 (GraphPad). Statistical significance is: n.s. = not significant, *p<0.05,

#4p<0.01, ***p<0.001, ****p<0.0001.
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Research Findings

To investigate the microenvironment, we performed immunostainings on preneoplastic and
advanced tumor tissue, using wild-type spleen tissue from postnatal-day (P) 21 mice as a positive
control. We used the following markers: F4/80 (pan-macrophages), Ly6G (neutrophils), and CD19
(B cells). We also tested markers for TCRp (T cells), NK-1.1 (NK cells), and CD11c (dendritic
cells), but the spleen immunostainings were inconclusive, so we cannot conclude the presence or
absence of these cells in our lesions (data not shown). In advanced tumors, we found an abundance
of macrophages and neutrophils (n>10, Figure 1A). In preneoplasia, we found macrophages but
not neutrophils (n>10, Figure 1A). We suspect the absence of neutrophils is related to stage or
timing rather than size, as even uncharacteristically large lesions obtained during the window of
preneoplasia were also all devoid of neutrophils (n=5, Figure 1B). We did not see B cells in either

preneoplasia or advanced tumors (n=3, Figure 1A).

Using publicly available data published in 2017 that contained 763 medulloblastoma
samples, including 223 of the SHH subgroup, we compared immune cell gene transcripts of the
SHH subgroup to the others (Cavalli et al., 2017). Compared to the other subgroups, SHH showed
significantly higher expression of macrophage gene CD14, and helper T cell marker CD4, as well
as slight but significantly higher expression of neutrophil-related gene CEACAMS (Figure 1C).
There was slight, but significantly lower expression of cytotoxic T cell gene CD8A, NK cell gene
NCRI1, and B cell gene CD19 (Figure 1C). There was no significant difference in dendritic cell
gene ITGAX (Figure 1C). The immunostaining and gene expression results are summarized in a

table in Figure 1D.
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Figure 1. Shh medulloblastoma has a unique and evolving tumor microenvironment that

includes macrophages and neutrophils

(A) Immunofluorescence (IF) images on preneoplastic and advanced tumor Ptch1™~ mouse sections, wild-type
spleen used as a positive control (F4/80 n>10, Ly6G n>10, CD19 n=3).

(B) IF on large preneoplasia (n=5), and advanced tumors (n>10)

(C) Graph displaying gene expression from publicly available data from analyzed using R2 Genomics Analysis

and Visualization Platform shows different immune cell gene expression across the four medulloblastoma
subtypes.

(D) Summary table of immunostainings and gene expression analysis
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To explore the role of the macrophages in the tumor, we stained Ptch1*" tumor sections
with markers associated with M1 or M2 polarization. For M1 polarization we used markers
associated with pro-inflammatory T-cell costimulation: CD80, CD86, MHCII; for M2 polarization
we used marker Mac2 associated with tissue repair. Tumors appeared negative for CD80 and
CD86, however we cannot draw conclusions from these immunostainings due to lack of a positive
control to verify the antibodies (data not shown). We observed both MHCII" and Mac2" cells,
which always colocalized with the pan-macrophage marker F4/80, suggesting there are both M 1-
like and M2-like macrophages in the tumors (n=4, Figure 2A). MHCII and Mac2 seldom
colocalized, suggesting heterogeneity in the TAM population (Figure 2A). MHCII and Mac2
immunostainings were also done separately without F4/80 to confirm the results were not due to

fluorescent channel cross-talk (data not shown).

In every advanced tumor we analyzed (n>10), we saw large aggregates of macrophages
(Figure 2B-D). To see if these were areas of proliferation, we costained with Ki67, a marker of
proliferation, and F4/80. We did not see any Ki67 F4/80" colocalization, and strikingly, the areas
of aggregated macrophages were completely devoid of Ki67" tumor cells (Figure 2B). We
suspected that these might represent areas of necrosis in the tumors. To see if the areas were
populated by cell death, we costained tissue with apoptosis marker cleaved caspase-3 and F4/80.
In contrast to our results with Ki67, the areas containing macrophage aggregates were strongly
positive for caspase-3, suggesting that macrophages are clustering in regions of high cell death
(Figure 2B). DAPI staining shows these areas clustered with pyknotic cells, further supporting that
these are foci of cell death (Figure 2C). However, it is unclear if the macrophages are exerting pro-
or anti-inflammatory activity in these regions. When we costained for M1 and M2 markers, we

found that the macrophage aggregates contained mostly Mac2 " MHCIT'F4/80", with some
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Figure 2. M1-like and M2-like macrophages aggregate in apoptotic regions of the tumor

(A)
(B)
©
D)
(E)

IF of Ptch1™" advance tumors using macrophage markers Mac2, MHCII, and F4/80 (n=4).

IF showing macrophage aggregates are Ki67" (n=1).

IF showing macrophage aggregates are caspase-3" (n=1).

IF showing macrophage aggregates contain pyknotic cells (n>10).

IF showing macrophage aggregates contain Mac2"MHCII'F4/80", Mac2-MHCII*F4/80%, and Mac2 MHCII-
F4/80" cells (n=4).

Mac2"MHCII'F4/80" and Mac2MHCII'F4/80" cells (Figure 2D). This may suggest that the

aggregates are not exerting a strong anti-inflammatory response, but further functional

experiments are needed to test this.
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(A)

(B)
©
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(E)
)
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(H)

Schematic depicting treatment schedule. Ptch1*~mice were treated with 10uL/g PBS or Clodronate liposomes starting on
P12, then repeated twice every 3 days. Mice were sacrificed for analysis on P19.

Immunostaining shows F4/80 are absent from the EGL at P12 (n=4). Dashed line shows outline of EGL.

Image of spleens from PBS and clodronate treated mice. Clodronate treated spleens show discoloration at the proximal
end (n=2).

F4/80 immunostaining on P19 PBS or Clodronate treated mice, showing spleen and liver (positive control n=4), choroid
plexus (negative control n=8), and preneoplasia (PBS: n=3, Clodronate: n=6). Dashed lines indicate outline of
preneoplasia.

Plot showing percent weight gain in PBS and Clodronate groups between injections 1-2 and 2-3 (PBS weight gain 1 =
14.8%22.158, Clodronate weight gain 1 = 13.96%+1.911, PBS weight gain 2=4.825%%2.631, Clodronate weight gain
2=3.59%2=1.21. Unpaired t test p=0.7742, p=0.6538, respectively, n=8).

Preneoplasia incidence between PBS and Clodronate groups (two-tailed Fischer’s exact test p=0.3147, n=8).

Plot comparing preneoplasia size between PBS and Clodronate treated mice, (two-tailed Mann Whitney test, p=0.5476,
n=3, n=6, respectively).

Bar graph comparing density of F4/80+ cells in preneoplasia (PBS =2.37340.215, Clodronate = 2.92740.510, unpaired
t-test p=0.4904, n=3, n=6 respectively).
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It is unclear if the TAMs in the preneoplasia are solely microglia-derived or if peripheral
macrophages have infiltrated into the tumor, as seen in glioma models (Bowman et al., 2016). To
study the identity and function of macrophages on preneoplasia, we performed a macrophage
depletion experiment. We administered 10uL/g clodronate liposomes or PBS liposomes to P12
Ptch1™ mice every three days for a total of three injections (Figure 3A). Given that the clodronate
liposomes cannot pass the blood-brain-barrier, and SHH has an intact blood brain barrier, we
suspected this would deplete only peripheral macrophages, while leaving microglia unperturbed
(Phoenix et al., 2016). Notably, macrophages were absent from the EGL at P12, but abundant by
P21 (n=4, Figure 3B, Figure 1A). The clodronate treatment was well-tolerated by the mice, who
showed no difference in overall health or weight gain when compared to the PBS group (n=8,
Figure 3E). However, unlike PBS treated mice, the spleens of clodronate treated mice showed
discoloration at the proximal end, possibly due to accumulation of uncleared red blood cells
(Figure 3C). The clodronate treated mice had dramatic reduction of splenic and liver macrophages
(n=4), but no change in choroid plexus and brainstem microglia (n=8) indicating that the drug
successfully depleted peripheral macrophages while leaving CNS-macrophages untouched (Figure
3D). The clodronate treated mice had a higher incidence of preneoplasia when compared to PBS
treated mice, but it was not significant (n=8, Figure 3F). There was no significant difference in
preneoplasia size between the PBS and clodronate conditions (PBS n=3, clodronate n=6, Figure
3G). We also saw no significant difference in preneoplasia macrophage density between the
clodronate and PBS treated conditions (PBS n=3, clodronate n=6, Figure 3D,H). Together this
shows that peripheral macrophage depletion may affect medulloblastoma incidence, but does not
affect preneoplasia size or macrophage density, and suggests that at the preneoplastic stage the

F4/80° cells are of microglial origin, rather than peripherally-derived.
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To investigate the role of senescent cells on the tumor microenvironment, we generated
lesions with CRISPR-Ptch1, and CRISPR-Ptch+p16™X4 DNA via in-utero electroporation (done
by Chia-Lun Wu in the lab). The CRISPR-Ptchl was the control, like our Ptch1*~ mouse model,
which develops preneoplasia, then evades senescence to form advanced tumors. The CRISPR-
Ptch1-p16™K42 is a model that bypassed senescence and showed rapid tumor growth, effectively
skipping the preneoplastic stage (analysis done by Lukas Tamayo-Orrego, data unpublished). We
hypothesized that if senescent cells were affecting the microenvironment, tumors that were
senescent naive would have an altered environment compared to tumors that previously had a
population of senescent cells. Macrophage and neutrophil densities were not significantly different

between the two groups (CRISPR-Ptch: n=4, CRISPR-Ptch-p16: n=3, Figure 4A-C). We also
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compared the macrophage and neutrophil infiltration between p53 wild-type and p53 mutant
tumors (mutations analyzed by Lukas Tamayo-Orrego), and saw no significant differences (n=3,
Figure 4D-F). It should be noted that a small portion of cells were positive for both macrophage
and senescence markers, but it is unclear which of those are senescent macrophages versus
macrophages that have engulfed a senescent cell (Figure 4G). Approximately 35% of F4/80" cells

colocalized with p21, and 41% of p21™ cells colocalized with F4/80 (Figure 4H).

To explore the relationship between senescent cells and stem cells we stained preneoplasia
for markers of senescence (p16™%* and p21) and stem cells (Sox2). We noticed that the senescent
and Sox2" cells were often within close proximity of each other (n=3, Figure 5A). To further
explore this, we compared the number of Sox2 cells in the senescent evasion condition, CRISPR-
Ptchl, to the senescent bypass condition, CRISPR-Ptchl-p16™% but saw no significant
difference (CRISPR-Ptchl: n=4, CRISPR-Ptchl-p16: n=3, Figure 5B). Similarly, we compared
the number of Sox2 cells in p53 wild-type and mutant tumors but saw no significant difference

(p53 wild type: n=6, p53 mutant: n=3, Figure 5C).

Additionally, we tried to induce senescence by exposing GCPs to 0.15uM, 1.5uM, or 15uM
H>0; for 30 minutes or 60 minutes yet saw no significant increase in B-galactosidase activity when
compared to the untreated condition (Figure 6D, E). For each experiment we used MEFs as a
positive control for the SA-Bgal staining by inducing senescence with either 10Gy y-irradiation or
150puM H>O: (Figure 6B, irradiated MEF data not shown). Our impression from these experiments

is that GCPs more readily undergo apoptosis than senescence when exposed to stress in vitro.

To further study the role of senescent cells in preneoplasia, we administered the Bcl-2/Bcl-
XL inhibitor, ABT-263 (Navitoclax), to young mice to ablate senescent cells. ABT-263 was given

at 55mg/kg/d for 5 days via oral gavage, starting on P14 and ending on P18. Mice were sacrificed
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on P19 and analyzed (Figure 7A). The ABT263 treated mice tolerated the drug well, showing no
difference in overall health or weight gain compared to the vehicle treated group (Vehicle: n=12,
ABT263: n=8, Figure 7B). The incidence of preneoplasia was higher in the ABT263 treated mice
(n=4/8) when compared to the vehicle treated mice (n=4/12), but it was not significant with
Fischer’s exact test (Figure 7C). Since macrophages can also express markers of senescence
(Figure 4G), we quantified the p217F4/80" cells per 10* pum? to measure senescent cell ablation.
While there was a trend for less p217F4/80 cells in the ABT263 treated cohort, this was not
significant (Vehicle: n=3, ABT263: n=4, Figure 7D-E). It is possible this is due to the high
variability in senescent cell density. Surprisingly, the ABT263 treated group had significantly

larger preneoplasia size compared to the vehicle group (Vehicle n=4, ABT263: n=4, Figure F).
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Figure 7. Ablation of senescent cells with Navitoclax increases preneoplasia size

(A)
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Schematic depicting treatment schedule. Ptch1™- mice were treated with 55mg/kg/d ABT263 or Vehicle, administered
oral gavage, for 5 days, starting on P14. Mice were sacrificed for analysis on P19.
Plot showing weight over course of treatment for Vehicle and ABT263 treated mice.

Preneoplasia incidence is not significant between groups (Vehicle: n=12, ABT263: n=8, two-tailed Fischer’s exact test
p=0.5238).

F4/80 and p21 immunostaining on Vehicle and ABT263 treated tissue.

Plot comparing p21*F4/80 cell density between Vehicle and ABT263 treated mice, (Vehicle=3.734+1.308, n=3;
ABT263=1.4624+0.277, n=4; two-tailed unpaired t test, p=0.103).

Plot comparing prencoplasia size between Vehicle and ABT263 treated mice, (Vehicle=7.761£2.600, n=4;
ABT263=72.77+61.76, n=4; two-tailed Mann Whitney test, p=0.5476).
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Discussion of Findings

Using a Ptch1”" mouse model, we have shown that the Shh subgroup has a unique and
evolving tumor microenvironment. Cells expressing pan-macrophage markers populate the lesion
from early to late development, and Ly6G-expressing cells infiltrate the tumors at advanced stages.
Our evidence suggests that majority of the immune cells in the advanced tumors are macrophages,
which is consistent with the reports of adult brain tumor immune cell infiltration (Bowman et al.,
2016; Gentles et al., 2015; Pham et al., 2016; Quail & Joyce, 2017). Our immunostainings for T
cells, NK cells, and dendritic cells were inconclusive (data not shown), so it would be interesting
to perform FACS analysis using reliable markers for these cells to further characterize the immune
cell types that may invade the tumors. It would be of great interest to stain for CD4" T cells, given
that the human expression data suggests the SHH subgroup has significantly higher infiltration
compared to the other medulloblastoma subgroups. CD4" T cells play a vital role in priming CD8"
T cells to fight tumorigenesis; but when deficient they dampen the cytotoxic response, offering a
therapeutic target (Borst, Ahrends, Babata, Melief, & Kastenmiiller, 2018). Thus, further
experiments to investigate the activity of CD4+ T cells in SHH medulloblastoma would be

valuable.

It is unclear if the Ly6G" cells we observed in tumors are neutrophils or the alleged tumor-
promoting MDSCs. The most convincing way to identify MDSCs is through observing their
activity, rather than the markers they express, so it would be interesting to perform a co-culture
with tumor cells to see if there is an effect on proliferation, survival, or motility. An interesting in
vivo experiment to test if these cells are affecting tumor growth would be to deplete them with an
anti-Gr-1 antibody. Comparing neutrophil infiltration between different subgroups of

medulloblastoma such as WNT, which rarely metastasizes, to Group 3 and Group 4, which
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frequently metastasis, would also be an interesting avenue to explore. Given the ambiguity of
neutrophil/MDSC involvement in carcinogenesis, further study is warranted to uncover their role

in medulloblastoma.

Depletion of peripheral macrophages at the preneoplastic stage did not affect TAM density,
suggesting that the F4/80" cells in preneoplasia are microglia. Uncovering TAM ontology is
important because it may influence their activity and how they respond to the tumor
microenvironment, as has been described in glioma and pancreatic adenocarcinoma (Bowman et
al.,2016; Y. Zhu et al., 2017). One way to confirm our finding would be to use a microglia-specific
marker to stain preneoplasia or FACS sort the F4/80" cells. However there is no universally-
accepted marker to reliably distinguish microglia from peripheral macrophages, partially due to
the phenomena that peripheral macrophages may upregulate expression of microglia-specific
markers upon infiltration (Bowman et al., 2016; Sevenich, 2018). Tmem119 and P2RY 12 are two
possible candidates, though their expression at P14 is ambiguous and their reliability to
differentiate microglia from peripherally-derived TAMs is not well-described (Bennett et al., 2016;
Bowman et al., 2016). A glioma model identified CD49 as a potential marker to discriminate
microglia, which are CD49'°¥, from peripheral macrophages, which are CD49"¢" (Bowman et al.,
2016). In our model, this experiment would need to be performed with FACS and paired with
appropriate controls, such as circulating macrophages and microglia, to determine high versus low
expression. Yet even with controls it may be difficult to draw strong conclusions if the result yields

a homogeneous population. Mice expressing GFP in bone marrow could be used to test this as

1+~ 1

well, either through bone-marrow transplant to irradiated Ptch1™" mice, or parabiosis with Ptch
mice; techniques that have been used to study macrophage infiltration into the tissues (Franklin et

al., 2014; Priller et al., 2001). These techniques introduce their own set of caveats though,
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including disruption of the blood-brain-barrier and inflammation in irradiation models, and
incomplete chimerism and ethical concerns for parabiosis models (Kierdorf, Katzmarski, Haas, &

Prinz, 2013).

Whether microglia are affecting tumor growth is unclear. We showed that microglia are
absent from the EGL of P7 mice but invade preneoplasia and have ameboid morphology between
P14-P21. While embryonic and early postnatal microglia typically display ameboid morphology,
by P14 their morphology should be highly ramified, suggesting the cells in the preneoplasia have
active inflammatory activity (Giulian, 1987; Kaur, Rathnasamy, & Ling, 2017). To further explore
this, one could directly administer clodronate liposomes to the brain via a cannula and measure the
incidence and growth of preneoplasia and tumors. Another strategy would be to cross Ptch1*~ mice
with the transgenic CX3CRI(CreER) mice, which allow for depletion of microglia upon
administration of tamoxifen (Parkhurst et al., 2013). The presence of microglia has been described

several times in brain tumors, though their functional role remains unclear and may be tumor

specific (Sevenich, 2018).

While our evidence suggests that preneoplasia TAMs are microglia, the ontology of the
TAM population in advanced tumors is unknown. As mentioned, macrophage ontology can
influence TAM activity, and it is common for tumor microenvironments to evolve over time, thus
further characterization of the TAM population is warranted. To investigate TAM ontology in
tumors, we are currently undergoing a longer-course clodronate experiment where we deplete

peripheral macrophages for six weeks and analyze if there is an effect on incidence or tumor size.

Most of the macrophages in advanced tumors express either Mac2 or MHCII, with minimal
overlap. This suggests there is heterogeneity in the TAM population. Additional characterization

of the macrophage population using other markers like the pro-inflammatory CD80 and CD86, or
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pro-repair Argl would be interesting. It is possible that while some TAMs are acting to prevent
tumor growth, others are promoting it, though that would need to be confirmed with functional
experiments. It would be interesting to co-culture Mac2" and MHCII" TAMs with tumor cells to
compare if there are effects on proliferation, differentiation, or if there is sustained cell-to-cell
contact, as described in melanoma, which led to increased motility and metastasis (Roh-Johnson
et al., 2017). If those results were promising, one could then test their effect in vivo through anti-
Mac?2 or anti-MHCII antibody-mediated depletion. Single-cell sequencing would also be a useful
experiment here as it would further profile the heterogeneity and reveal if there are emerging

groups of macrophages that can be identified by specific markers.

In advanced tumors, both Mac2" and MHCII™ TAMs aggregate in regions of high cell death
and low proliferation. Surprisingly, one study published that medulloblastoma TAMs are
correlated with areas of high proliferation, which is contrary to our result (Margol et al., 2015).
However, that study did not mention macrophage aggregates, which to our knowledge has yet to
be described in medulloblastoma. Staining tumors with hypoxia markers such as pimonidazole or
HIF-o would be interesting, as hypoxia can induce pro-tumorigenic activity in TAMs (Chen et al.,
2009; Leblond et al., 2016; Mehrabi et al., 2018; Y. Zhu et al., 2017). Additionally, our evidence
shows that most of the macrophages in the aggregates are MHCII", which are reportedly more

susceptible to this hypoxia-mediated switch (Y. Zhu et al., 2017).

TAMs may affect checkpoint inhibitor activity, but the evidence suggests this is a complex
process. For instance, one study showed that TAMs express PD-L1, which restrict CD8+ T cell
activities, and depletion of TAMs enhanced T-cell mediated mammary tumor clearance when
combined with chemotherapy (DeNardo et al., 2011). Supporting that, other studies in pancreatic,

colorectal, and mammary tumor models demonstrated that combining macrophage depletion with
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anti-PD1/anti-CTLA4 treatment showed a synergistic effect leading to tumor regression (Cassetta
& Kitamura, 2018). However, a study in humans with melanoma showed that classic monocytes
are actually required for effective responses to anti-PD1 therapies (Krieg et al., 2018). This further
supports the idea that the population of TAMs can be heterogenous and play conflicting roles.
Though Shh medulloblastoma did not respond to immune checkpoint inhibitors, perhaps that could

be changed if given in combination with a drug to reprogram TAMs (Pham et al., 2016).

There are several strategies to target tumor-associated macrophages, including depletion,
reducing recruitment, and reprogramming. Macrophage depletion, such as with clodronate or
antibodies, is not clinically feasible due to the high toxicities that accompany immunosuppression
(Cannarile et al., 2017). Reprogramming macrophages seems like the most desirable strategy, if
one understands what type of macrophages to expect in a certain tumor microenvironment. This
has been tested in several models and has shown some success. In a glioma mouse model,
inhibition of CSF-1R affected macrophage polarization without decreasing the amount of

macrophages, and saw reduced tumor growth (Pyonteck et al., 2013).

While writing this thesis a paper was published in Nature Communications on the tumor
microenvironment of medulloblastoma (Maximov et al., 2019). Like the work presented in this
thesis, they used the Cavalli FMG et al., Cancer Cell 2017 dataset to show that the SHH subgroup
had increased expression of macrophage markers compared to the other subgroups. They suggest
that low expression of AIF1 significant correlates with worse overall survival. It would be
interesting to verify these findings in a validation cohort, as their expression cutoff was likely
chosen based on what yielded the most significant p-value. Using a NeuroD2:SmoA|1 as a mouse
model, they confirmed our findings that the tumor microenvironment is composed of mainly

myeloid cells, and to a smaller extent, neutrophils. Using the marker CD45 in FACS of tumors
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they show that microglia and bone marrow derived macrophages (BMDM) make up the myeloid
population in roughly equal proportions. With a transgenic mouse lacking CCR2, the gene
encoding the receptor for the cytokine CCL2, they show that reduced macrophage infiltration
correlates with worse overall survival, increased tumor cell proliferation, and decreased apoptosis.
They also show that inhibition of CSF1 with two different inhibitors leads to decreased overall
survival. Similar to our work, they used clodronate liposomes to manipulate macrophage
infiltration. They administered clodronate to mice with orthotopic transplantation of tumor cells
and saw decreased infiltration and increased proliferation. Surprisingly they did not mention in the
manuscript if overall survival, tumor size, immune cell composition, or apoptosis was changed in
the clodronate-treated mice, and this would be interesting to follow up on with our long-term
clodronate experiment. Overall, they posit the model that early in tumorigenesis, microglia
activated by tumor cells secrete CCL2, triggering infiltration of BMDM which have cytotoxic

activity.

Our finding that microglia are the predominant myeloid cell at preneoplasia supports their
model. While they do not describe the presence of macrophage aggregates in tumors, our results
that macrophages correlate with regions of high apoptosis and low proliferation also support their
findings. Unlike our work, they did not explore macrophage heterogeneity or tumor
microenvironment evolution, which our results suggest is an interesting avenue. Additionally, their
work focused on macrophages, leaving the role of neutrophils, senescent cells, and other

components of the tumor microenvironment uncharted.

The fate of the senescent cells in preneoplasia and their effect on the tumor
microenvironment is unknown. To study how senescent cells may affect the tumor-associated

immune cells we used two models with manipulated senescence: the CRISPR-Ptch1-p16 allowed
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us to look at tumors that bypassed senescence, therefore did not have senescent cells, and p53
mutated tumors, which may have unrestrained SASP due to the release of inhibition on NF-«kB.
Neither of these conditions showed a change in number of macrophages or neutrophils when
compared to the appropriate controls, suggesting that immune cell infiltration is not strongly

affected by the senescent cells in the lesions.

Initially we suspected that senescent cells may affect the stem cell niche, due to seemingly
preferential location near each other during preneoplasia. However, we did not see an effect in the
number of Sox2" cells when we looked at tumors that had bypassed senescence or had mutations
in p53. We intended to further study the role of senescent GCPs in vitro but were unable to
successfully induce senescence in GCPs despite efficient senescent induction in our positive
controls, suggesting that GCPs do not readily undergo senescence in vitro. Given that the GCPs
cannot reliably survive in culture for longer than 5-6 days, it is likely that we cannot culture them
long enough to observe full senescence induction. We attempted to isolate senescent cells in
culture from dissociating cerebella during the preneoplasia window, then FACS sorting Ptch1*"
pl6-3MR mice for RFP+ cells but were unsuccessful (data not shown). We also tested an anti-
DPP4 antibody, which would have been on the cell surface allowing for sorting, but were also
unsuccessful (data not shown). Achieving senescence in GCPs in culture would be useful, as it
could allow for experiments like a cytokine assay or qPCR to measure what factors are being

secreted in the SASP. From that data, one would have a clearer direction to explore how the cells

may be affecting the tumor microenvironment.

To further investigate the global role of senescent cells on the tumor microenvironment,
we administered the senolytic drug Navitoclax to Ptchl™ mice. As macrophages can express

markers of senescence, we quantified the density of p217F4/80" cells and saw a trend for a decrease
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in the Navitoclax treated mice. It’s possible that this trend did not reach significance due to the
small sample size and heterogeneity between the amount of senescence between lesions. We are
continuing to increase our sample size for this experiment. Another possibility is that p21 is not
the ideal marker to use for senescent cells in tissue. Unfortunately we could not use B-galactosidase
as a marker since our Ptch1 mice express LacZ, and we tested seven p16 antibodies without success

(data not shown).

Treatment with Navitoclax did not affect preneoplasia incidence but did increase the lesion
size. One possibility is senescent cells induce senescence in their neighboring tumor cells. This
would suggest that the SASP is primarily inhibiting tumor growth. If one could succeed to culture
senescent GCPs, an interesting experiment would be to apply conditioned media from the
senescent cells onto naive GCPs and use qPCR to measure indicators of senescence such increased

6K or p21, or decreased expression of lamin B1. An in vivo experiment to

expression of pl
explore this further would be to administer Navitoclax during the full window of preneoplasia

(P14-P21) and observe if there is an effect on tumor size or survival.

Navitoclax functions as a senolytic because senescent cells upregulate inhibitory factors of
intrinsic apoptosis, Bcl-XL and Bcl-2. However, cancer cells may also upregulate these factors in
response to anti-cancer therapies, and Navitoclax is currently being investigated as a potential
combination therapy for solid tumors (Gandhi et al., 2011). Considering that we did not treat the
Ptch1™- mice with any chemotherapeutic, the effect we observed is most likely due to the depletion
of senescent cells. There are other senolytics that one could test to confirm this, such as dasatinib
+ quercertin (D+Q), flavone, fisetin, or other Bcl-XL inhibitors, though the type of senescent cells
they target may differ and how senescent GCPs would respond is unknown (Y1 Zhu et al., 2017;

Zhu et al., 2015). Additionally, there are two transgenic mouse models that can be used to ablate
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senescent cells: the p16-3MR mouse and the INK-ATTAC mouse (Baker et al., 2011; Demaria et

al., 2014). Our lab is currently exploring these options to follow-up on this work.
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Conclusion and Summary

The work presented in this thesis is an exploratory analysis of the tumor microenvironment
of medulloblastoma, an area of study largely unexplored until recently. Overall, our work has
further characterized the role of the tumor microenvironment of Shh medulloblastoma using the
Ptch1™* mouse model. We have shown that the microenvironment of preneoplasia contains
microglia and senescent cells, and that senescent cells restrict preneoplasia growth. The tumor
microenvironment changes as the tumor progresses to advanced stages, which show infiltration of
neutrophils as well. Our lab is currently investigating how long-term peripheral macrophage and

senescent cell depletion affects tumor growth.

That Maximov V et al., Nature Communications, 2019 compliment and support our
findings, even in a different mouse model of Shh medulloblastoma, is promising. Together these
results open additional lines of study to further delve into the finer details of the tumor
microenvironment, such as the potential of senescence-inducing drugs for restricting tumor
growth, studying microglial and neutrophil involvement in tumor growth, and whether circulating

neutrophil or monocyte numbers may serve as a non-invasive biomarker for patients in the clinic.

1

It is of the author’s opinion that our model, the Ptch1™ mouse, is an excellent tool to study

the brain tumor microenvironment. Unlike many other models, the Ptch1™

mouse develops tumors
spontaneously, not requiring transplantation, irradiation, or immune incompetence, which can
dramatically affect the immune cell interaction in the tumor (Qian & Pollard, 2010). Additionally,

this model allows the study of initiation and progression, meaning one can study how the tumor

microenvironment evolves as malignancy develops.
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