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Abstract

The immune microenvironment of tumors can play a critical role in promoting or inhibiting tumor
progression depending on the context. We present evidence that tumor-associated macrophages/
microglia (TAMs) can promote tumor progression in the sonic hedgehog subgroup of
medulloblastoma (SHH-MB). By combining longitudinal manganese-enhanced magnetic
resonance imaging (MEMRI) and immune profiling of a sporadic mouse model of SHH-MB, we
found the density of TAMs is higher in the ~50% of tumors that progress to lethal disease.
Furthermore, reducing regulatory T cells or eliminating B and T cells in Ragl mutants does not
alter SHH-MB tumor progression. As TAMs are a dominant immune component in tumors and are
normally dependent on colony-stimulating factor 1 receptor (CSF1R), we treated mice with a
CSF1R inhibitor, PLX5622. Significantly, PLX5622 reduces a subset of TAMs, prolongs mouse
survival and reduces the volume of most tumors within four weeks of treatment. Moreover,
concomitant with a reduction in TAMs the percentage of infiltrating cytotoxic T cells is increased,
indicating a change in the tumor environment. Our studies in an immunocompetent preclinical
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mouse model demonstrate TAMSs can have a functional role in promoting SHH-MB progression.
Thus, CSF1R inhibition could have therapeutic potential for a subset of SHH-MB patients.

Introduction

Medulloblastoma (MB) is a highly aggressive, WHO-grade 1V embryonal tumor most
commonly seen in children under 16 years of age 1825, Current treatments, including
surgery, radiation and chemotherapy yield five-year survival rates of ~70% 2°. However,
survivors suffer from treatment-related neurocognitive and neuroendocrine sequelae 38,
Thus, less toxic therapeutic options are urgently needed. MB is divided into four major
subgroups (WNT, Sonic Hedgehog [SHH], Group 3 and Group 4) 4°. Genomic, epigenomic,
transcriptomic and proteomic analysis of tumor samples combined with clinical data have
further subdivide each subgroup into subtypes, emphasizing the heterogeneity of the disease
and the importance of incorporating the subtypes into clinical risk stratification - 5 31,
Despite the large volume of data on the intrinsic cellular drivers of MB, the potential roles of
the immune microenvironment in promoting or inhibiting human MB progression have not
been extensively addressed.

Previous transcriptomic studies and immunohistochemical analysis of MB patient samples
and mouse MB models revealed a higher level of immune cells in the SHH-subgroup
compared to the other three MB subgroups, with tumor-associated macrophages/microglia
(TAMs) being the major immune component 4 22: 24,33 TAMs, which can include both bone
marrow-derived macrophages and brain-resident microglia, are considered a major
contributor to immunosuppression through secretion of cytokines and inhibition of T cell
functions and can thus promote cancer progression 20: 36. 50 Indeed, in studies of mouse
models of glioblastoma (GBM), inhibition of colony-stimulating factor 1 receptor (CSF1R),
a survival factor for normal macrophages/microglia, was found to reduce tumor progression,
despite TAMs not being depleted 34 35, A recent study showed that TAMs, and likely
microglia-derived TAMSs, promote Ptch™~; Trp537~ SHH-MB initiation at postnatal day (P)
35 by secreting insulin-like growth factor 1 (IGF1) ®1. In contrast, another study found that
knocking out Ccr2, which leads to a decrease of bone marrow-derived TAMs and not
microglia 2747, is associated with reduced survival in a different model of SHH-MB
(NeuroD2:5moA1)?*, and concluded an anti-tumor function of bone marrow-derived TAMs.
Apart from TAMs, a T cell gene signature was found to be higher in SHH-MB than other
subgroups 4. In mouse experiments, one study found that boosting CD8 T cells with a
checkpoint inhibitor did not alter tumor progression in transplanted PtcA™~ tumors 33,
whereas another study showed that inhibition of TGFp signaling in T cells, which boosts T
cell killing activity, prolonged mouse survival in the NeuroD2:5moA1 model °. Therefore,
further research on the immune microenvironment of different SHH-MB models is critical to
explore the potential use of immunotherapy on SHH-MB patients.

To investigate the role of immune cells in SHH-MB, we manipulated three different immune
cell populations in an immunocompetent mouse model of sporadic SHH-MBs in which
~50% of mice die of disease. We discovered that tumors that progress to cancer have greater
infiltration by TAMs. Furthermore, genetic elimination of mature B and T cells does not
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alter survival in our mouse model of SHH-MB. In contrast, CSF1R inhibition prolongs
mouse survival, reduces tumor size by four weeks of treatment and diminishes the
infiltration of a subset of TAMSs and increases the percentage of in CD8 T cells in tumors.
Our studies thus reveal a critical function of TAMSs in promoting tumor progression in a
mouse model of SHH-MB and suggest a translational potential for CSF1R inhibition in a
subset of SHH-MB patients.

Tumors that Progress to SHH-MB have Similar Transcriptional Profiles to Tumors that

Regress

To study SHH-MB progression, we used an immunocompetent mouse model of sporadic
SHH-MB in which the human oncogenic form of the SHH receptor Smoothened (SmoM2)
is fused to YFP and expressed in rare granule cell progenitors (GCPs), the main cell of
origin of SHH-MBs, starting at P2 by injection of a low dose of Tamoxifen (Tm) into Afoh1-
CreER/+;R265MOMZ-YFF/* mice (Atohl-SmoM2) 43. Survival analysis of Atohl-SmoM2
mice revealed that only a subset of mice died from advanced tumors starting at 8 weeks
(52% or 68% depending on the low dose of Tm used) (Sup Fig. 1A). Previous longitudinal
manganese-enhanced magnetic resonance imaging (MEMRI) analysis, however, revealed
that all mice had one or two tumors in one or both hemispheres (lateral cerebellum) at 5
weeks, demonstrating that in approximately half the mice the tumors regressed 37:43. By
examining growth of the two separate tumors in individual AfohI1-SmoMZ2mice from 7
weeks to 11 weeks we found their growth dynamics were not correlated (Sup Fig. 1B).
Therefore, for all experiments we compared the tumor progression of individual tumors
irrespective of the mouse.

As a means to test whether cell intrinsic differences could dictate tumor progression/
regression we performed bulk RNA sequencing analysis of SmoM2-YFP+ tumor cells
isolated by fluorescence activated cell sorting from progressing and regressing tumors at 11
weeks (Fig. 1A; Sup Fig. 1C). 161 genes were found to be differentially expressed between
the two tumor types (p<0.05; fold change >1.5), with 131 genes up-regulated in the
progressing tumors (Sup Table 1). Consistent with previous findings that IGF1R signaling
promotes SHH-MB progression 8 12. 39,44, 49,51 Gene Ontology (GO) analysis 2 7+ 26 of the
genes up-regulated in the progressing tumors identified regulation of the IGF1R pathway
among the top biological processes that are enriched and no enrichment for the 30 genes up-
regulated in regressing tumors (Sup Fig. 1D; Sup Table 2). However, Gene Set Enrichment
Analysis (GSEA)": 42 on all differentially expressed genes showed no significant
enrichment (FDR<0.25) within the hallmark gene sets for either progressing or regressing
tumors. Unsupervised clustering using principal component analysis also revealed no
distinct clusters of progressing and regressing tumors (Fig. 1B; Sup Fig. 1E). Thus, there
appear to be few intrinsic differences between the tumor types.
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The Immune Microenvironment of Tumors that Progress to SHH-MB have more TAMs than
Tumors that Regress

We next asked whether the tumor microenvironment (TME) could be different between
progressing and regressing tumors. We first analyzed the RNA-seq data for differential
expression of genes associated with influencing or responding to the microenvironment.
Interestingly, while cytokine transcripts were present at low levels with little difference
between the progressing and regressing tumor cells (Sup Fig. 1F), both tumor types
expressed several cytokine receptors and interferon (IFN) receptors showing that tumor cells
are capable of responding to cytokines secreted by immune cells (Sup Fig. 1G). Histological
analysis of tumor sections showed that both tumor types have a classic MB histology (Sup
Fig. 2A—-C). Immunofluorescence staining revealed that regressing tumors have a higher
amount of astrogliosis (GFAP+ cells) and have clusters of CD45" cells, a pan-immune cell
marker (Sup Fig. 2D-F). Furthermore, co-staining for CD45 and IBA1, a macrophage/
microglia marker, showed a high density of scattered IBA1* cells that have low expression
of CD45 in the progressing tumors, whereas in regressing tumors IBA1* cells were seen in
clusters as well as scattered throughout the tumor (Sup Fig. 2G-1), suggesting a difference in
the TME of progressing and regressing tumors.

To quantify the immune components of the two types of tumors, individual tumors were
macro-dissected from Atoh1-SmoMZ mice at 11 weeks based on MEMRI and immune
profiled by flow cytometry (Fig. 1A). As seen previously 3743, we found ~50% of tumors
spontaneously regressed after 7 weeks based on longitudinal MEMRI of Afohi-SmoM2
mice (n= 34 mice) (Fig. 1C-D). Consistent with human SHH-MB tumors, we observed that
CD45" CD11b™ myeloid cells constituted ~70% of all immune cells present in Atoh1-
SmoMZ2tumors (Fig. 1E). Furthermore, progressing tumors showed a higher number of
CD45" CD11b* myeloid cells per milligram (mg) tumor compared to regressing tumors
(Fig. 1F). Since the expression level of CD45 was previously used to distinguish CNS-
infiltrating, bone marrow-derived myeloid (BMDM) cells (CD45M3h () from resident
microglia (CD45ntermediate (int)y jn mouse models 10 14, we analyzed the myeloid population
in our tumors based on the expression levels of CD45, CD11b, and several additional
myeloid cell markers (Sup Table 3). Interestingly we identified 3 clear cell cluster after
gating on the CD45* CD11b* Ly6G~ population: 1) a CD45M CD11b" mixed myeloid
population that includes CD45" TAMs, dendritic cells, and eosinophils, 2) a population of
cells with CD45"t CD11bNi similar to microglia in the normal brain (referred to as
microglia-like TAMS), and 3) a CD45" CD11bi" population not seen in the normal
cerebellum (referred to as CD45" TAMs) (Sup Fig 3A-B and Sup Table 3). Since BMDMs
have been found to down-regulate CD45 and acquire tissue resident (microglia) gene
expression upon infiltration into the brain, and activated microglia in tumors up-regulate of
CD45 3. 10, BMDM:- and microglia-derived TAMs can be present in all three populations.

Flow cytometry analysis showed that the number of neutrophils, CD45'"t TAMs and CD45M
TAMs per mg of tumor was significantly higher in progressing tumors than in regressing
tumors (Fig. 1G-I). Immunofluorescence staining of sections also indicated a higher density
of neutrophils (Ly6G*) in progressing tumors (Sup Fig 4A-D). No significant changes were
observed in the number of microglia-like TAMs, CD8* T cells, CD4* T cells, B cells or
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natural killer cells between the two tumor types (Fig. 1J-N). Taken together, our analysis
reveals a positive correlation between tumor progression and the number of neutrophils,
CD45N and CD45" TAMSs but not microglia-like TAMs.

SHH-MB Patient Samples with Different Driver Mutations have Similar Levels of T cell and
TAM Infiltration

To expand upon previous studies showing that human SHH-MBs have a higher infiltration of
TAMs compared to other MB subgroups in both patient samples and mouse models
4,22,24,33 \ye asked whether the driver mutation in human SHH-MBs influences the
infiltration of TAMSs or T cells. We performed IHC staining for a T cell marker (CD3), two
TAM markers (CD68 and CD163) and a proliferation marker (Ki67) on sections from 20
SHH-MB patient samples and analyzed the association between number and distribution of
positive cells and driver mutations and/or clinical presentation (Fig. 2A-D). In SHH-MBs,
there are four frequent mutually exclusive driver gene mutations (PTCH1, SUFU, SMO, and
7P53), and each mutation is associated with a particular clinical presentation 15. Our results
confirmed the presence of T cells and TAMs in all MB patient samples, but also showed no
clear correlation between the immune cell types examined and driver mutation, patient age
group or tumor histology (Fig. 2E-J, Sup Fig. 5A-H). Tumors belonging to the childhood
age group (4-17 years old), however, had less Ki67 staining than those in the infant and
adult age group indicating reduced proliferation in this tumor subtype (Sup Fig. 5A). Thus,
our results indicate that T cells and TAMs infiltrate human SHH-MBs regardless of driver
mutation or subtype.

Depletion of Lymphocytes Does Not Alter Tumor Progression in Atoh1-SmoM2 Mice

Given the contradictory findings of whether boosting T cell function reduces SHH-MB
progression 2 33, we reduced CD4* CD25" regulatory T cells (Tregs), which inhibit T cell
function and thus can play an important role in immunosuppression in cancer 41 46 in
Atohl-SmoM2mice. We performed a survival analysis in which Afoh1-SmoMZ2 mice were
treated with 1gG or PC61 antibody, one dose every 3 weeks, starting at 3 weeks until mice
became symptomatic from tumor burden or our experimental endpoint (150 days). Treg
depletion, however, did not lead to a significant survival benefit or change in tumor volume
at 11 weeks in Atoh1-SmoMZ mice (Fig. 3A—C). Immune profiling at 11 weeks confirmed
an ~50% decrease in the percentage of Tregs among CD4* T cells in the PC61-treated
tumors compared to 1gG control, although the percentage of CD8* T cells among TCRp+
cells and CD45* CD11b* myeloid cells among CD45* cells remained similar between the
two groups (Fig. 3D-F). We next asked whether depletion of mature T and B cells would
promote progression of Afohl-SmoMZtumors by generating AfohI-SmoMZ2 mice deficient
for Rag1~-28. Interestingly, survival analysis showed that Atohi-SmoM2-Ragl™~ mice do
not have a survival disadvantage when compared to mice heterozygous or wild type for a
Rag1 null mutation (Fig. 3G; Sup Fig 6A). In summary, an ~50% reduction in Tregs or
genetic loss of T and B cells does not alter mouse survival in Afoh1-SmoMZ2 mice.

Depletion of TAMs Prolongs Mouse Survival

As a means to test whether TAMs promote tumor progression in SHH-MBs, we treated
Atoh1-SmoM2 mice with the CSF1R inhibitor PLX5622 (PLX) 13:32  Recent studies in

Oncogene. Author manuscript; available in PMC 2021 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tan et al.

Page 6

several mouse tumor models, including GBM, showed that targeting TAMs with CSF1R
inhibitors can reduce tumor growth through either depleting or reprograming TAMs 34 40. 52,
We therefore first determined whether CSF1R inhibition reduces the number of TAMs in
Atoh1-SmoMZ2tumors. We preselected AfohI-SmoMZ mice at 7 weeks for those with
growing tumors with a >7 mm3 volume using MEMRI, and then fed the mice for 2 or 6
weeks PLX or control chow. Interestingly, unlike the findings in a GBM model 34, we
observed an ~60% reduction in the density of IBA1* TAMSs on sections of SHH-MBs from
mice fed PLX chow for 2 or 6 weeks compared to control (CTRL) chow (Sup Fig. 7A-B).
There was also a 50-60% reduction in the density of microglia in the forebrain of PLX-
treated mice at both stages, confirming the drug crosses the blood brain barrier (Sup Fig.
7C).

We next tested whether PLX treatment offers a survival benefit to mice with SHH-MBs.
Atohi-SmoM?2 mice were randomly placed on CTRL chow or PLX chow at 7 weeks and
treated for 100 days or until the mice died. Significantly, 65% (17/26) of CTRL mice died
with a median survival of 49 days post-treatment, whereas only 33% (8/24) of PLX mice
died by the experiment endpoint (Fig. 4A). CSF1R blockade should not have a direct effect
on Atohl-SmoM2Ztumor cells since CSF1R protein or RNA expression was not be detected
(Sup Fig. 8A-C). Indeed, when Afohi-SmoMZ granule cell precursors were grown in serial
doses of PLX, growth was not reduced although the highest dose was toxic (Sup Fig.8D-F).
Thus, depletion of TAMs by CSF1R inhibition significantly increases overall survival of
mice in our SHH-MB model.

Depletion of TAMs Attenuates Tumor Progression

To understand how CSF1R inhibition affects tumor progression we excluded mice with
small or regressing tumors using MEMRI, and identified Afoh1-SmoM2 mice with tumors
that were likely to progress based on the criteria of growth in at least one tumor between 5
and 7 weeks and a size >7mm3 37, Tumor progression was tracked every two weeks using
MEMRI until mice showed tumor symptoms or reached the experimental endpoint of 13
weeks (Fig. 4B-C). Strikingly, we found PLX treatment significantly attenuated tumor
growth in most mice. Whereas there was a 40% increase in the median overall tumor volume
change for CTRL mice, there was instead a 45% decrease for PLX mice (Fig. 4D). MEMRI
showed that 2 weeks of PLX treatment was not sufficient to block tumor progression, but
that 4 weeks of PLX treatment produced a significant reduction in tumor volume (Fig. 4E-
F). Overall, we observed that 20/27 (74%) of tumors in the CTRL group had a positive
growth rate whereas only 10/29 (34%) tumors did in the PLX group. Curiously, two of the
PLX-treated tumors in different mice (2/16 mice) did not respond to PLX by reducing
growth, but instead grew faster than tumors in the CTRL mice (Fig. 4G; referred to as
outliers). Interestingly, each mouse had a second tumor in the contralateral cerebellar
hemisphere that did regress, further showing that independent tumors in mice have different
responses to drug treatment. Our results thus demonstrate that CSF1R inhibition reduces
growth of most but not all Afohi-SmoM2MBs. Furthermore, for rare tumors, PLX
treatment might promote tumor growth and thus have an adverse effect (see Supplemental
Discussion).
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Reduction of TAMs is Associated with an Increase in CD8* Cytotoxic T cells

Immune profiling by flow cytometry was performed to determine whether cellular changes
in the immune populations other than IBA1* TAMs were induced after 4 weeks of treatment,
a time point that we observed a significant decrease in tumor volume in PLX-treated mice.
We selected Atohi-SmoM2 mice with tumors that were likely to progress with MEMRI and
started PLX treatment at 7 weeks. We performed MEMRI again to evaluate tumor
progression right before immune profiling at 11 weeks (Fig. 5A-B). Of note, one of the
PLX-treated mice for which the immune cell composition was profiled had an outlier tumor
that grew faster than CTRL-treated tumors (indicated by an open circle in Fig. 5B). Flow
cytometry analysis of blood samples from 11-week-old CTRL/PLX-treated mice showed a
significant reduction of Ly6CNi monocytes and an apparent although not significant
reduction of Ly6C!°" monocytes and macrophages (Sup Fig. 9A-C). No significant changes
were observed in neutrophils, dendritic cells and lymphocyte populations in blood samples
(Sup Fig. 9D-J). Analysis of CTRL and PLX tumors showed a significant reduction in the
percentage of CD45" TAMs and microglia-like TAMs among all immune cells and CD45int
TAMs among the CD45* CD11b* Ly6G™~ population in the PLX-treated tumors, indicating
functional CSF1R inhibition in the PLX-treated tumors (Fig. 5C-F; Sup Fig 10A-B).
Interestingly, the outlier tumor had a greater percentage of CD45"t TAMs, even higher than
in the controls (Fig. 5E). Furthermore, we found a positive correlation between tumor
growth and the percentage of CD45!" TAMSs and microglia-like TAMs in the PLX-treated
tumors but not in the CTRL-treated tumors that all have a high percentage of TAMs (Sup Fig
11A-B). No significant changes or correlations were observed in CD45" TAMs and other
myeloid cell types (Fig. 5G; Sup Fig. 10C-F, 11C.). In contrast, 4 weeks of PLX treatment
led to a significant increase of CD8* cytotoxic T cells and a decrease of B cells among
lymphocytes in tumors, although there was no correlation between tumor growth and the
percentage of these two immune cells types (Fig. 5H-I, K; Sup Fig 11D-E). No significant
changes were observed in the percentage of CD4* T cells, PD-1 expression on T cells and
other lymphocyte populations in tumors (Fig. 5J; Sup Fig. 10G-J). Thus, CSF1R inhibition
changes the immune microenvironment in a specific way that reduces a subset of TAMs and
B cells but increases cytotoxic T cells. Furthermore, the correlation seen between the
percentage of TAMs in a tumor treated with PLX and tumor growth might explain the
heterogeneity in PLX treatment response, further supporting that the TAMs are a key
immune cell influencing tumor growth.

Given that TAMs have been reported to inhibit cytotoxic T cell proliferation 11, we asked
whether the reduction of TAMSs in PLX-treated tumors led to an increase in T cell activity.
Flow cytometry was performed on CTRL tumors and PLX tumors, selected by MEMRI, to
analyze T cell activation after 4 weeks of drug treatment (Fig. 6A). The number of CD8*
and CD4* T cells per mg of PLX tumor was slightly but not significantly increased
compared to the CTRL and we did not observe a significant difference in the number of
CD45™ cells between CTRL and PLX tumors, possibly due to the concomitant decrease of
TAMs in PLX tumors. (Fig. 6B-D). We observed an apparent increase of Granzyme B*
CD107* CD8* T cells per gm tumor and among CD8* T cells indicating a higher level of
cytotoxic activity of CD8* T cells in PLX-treated tumors (Fig. 6E-F). Importantly, the
number of IFNy* CD8* T cells per mg of tumor and the percentage IFNy* cells among

Oncogene. Author manuscript; available in PMC 2021 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tan et al.

Page 8

CD4* T cells both were significantly increased, indicating a pro-inflammatory TME in PLX-
treated tumors (Fig. 6G-L). Furthermore, immune profiling of PLX-treated tumors revealed
a significant increase in the percentage of CD45/" TAMs expressing MHC class 11
molecules, a gene induced by IFN+y in macrophages © (Fig. 7A-B). The percentage of MHC
class 11 expressing microglia-like TAMs and CD45" TAMs in tumors were similar between
CTRL and PLX-treated mice (Fig. 7C—F). Interestingly, the outlier tumor had the lowest
percentage of MHC class II* CD45!" TAMs. Our analysis thus shows that the decrease of
TAMs in PLX treated tumors is associated with an increase of intratumoral CD8* T cells
with cytotoxic capacity, and a higher level of IFNy* production in a majority of mice. Taken
together, the increase in cytotoxic T cell trafficking into the brain could contribute to an anti-
tumor immune microenvironment in SHH-MBs in addition to a decrease in pro-tumor
growth TAMs.

Discussion

Macrophages are the most abundant immune cell population found in SHH-MB, but have
been found to have both pro- and anti-tumor functions 4 22 24,51 While two separate studies
found no correlation between the number of TAMs and survival* 22, one study with a small
number of patients found a higher level of CD86* TAMs was associated with a worse overall
survival in SHH-MB patients'6. The conflicting results might be attributed to the high
survival rate (~75%) for patients in the SHH subgroup and/or intertumoral heterogeneity
within SHH-MBs 5 30, Indeed, a recent study showed that high expression of the
macrophage gene A/FI correlates with better survival specifically in the SHH-alpha subtype
that includes 7P53 mutations 24. Thus, SHH-MBs with different mutation profiles might
have distinct immune microenvironments.

In our study, we characterized the tumor immune environment of a mouse SHH-MB model
that expresses an activating mutation in SMO, a type of mutation commonly found in adult
SHH-MBs. We found that a higher number of myeloid cells is associated with tumors that
progress than regress, raising the possibility of a pro-tumor growth function of TAMs. Given
the increase in IGFR signaling in progressing tumor cells identified by RNA-seq and the
previous finding that microglia-derived TAMSs appear to promote tumor initiation via
secretion of IGF1 in the Ptch*’~; Tp537~ SHH-MB model 31, the lower number of TAMs in
Atohl-SmoM2Z regressing tumors might result in altered IGF signaling that influences tumor
progression.

A recent study found that deletion of CcrZreduces a subset of TAMs and enhances tumor
progression, which on the surface indicates an opposite role of TAMSs in NeuroD2:5moA1
and Atohl-SmoM2tumors 24, Likely of significance, the tumors in the two SHH-MB
models have distinct immune profiles, indicating that tumor cells can shape the TME and
determine the response to TAM depletion. The predominant immune cell types in
NeuroD2:5moA1 tumors are CD45M Ly6C* TAMs (30% of all immune cells in the
NeuroD2:5moAI model and 62% in the transplantation model) and CD45!" Ly6C!oW TAMSs
(51% and 29%), with relatively low percentages of neutrophils (9% and 4.6%) and
lymphocytes (10% and 4.4%). In contrast, Afoh1-SmoMZ2tumors have relatively less
CD45N myeloid cells (9.7% including CD45" TAMs, dendritic cells, and eosinophils) and
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CD45" myeloid cells (6.7% including CD45"" TAMSs and microglia-like TAMs) and more
neutrophils (57.9%) and lymphocytes (25.8%). CSF1R inhibition in the Afoh1-SmoM2
model led to a significant decrease of CD45!" but not CD45" myeloid cells and also an
increase of pro-inflammatory T cells in tumors. It is possible that the increase in the ratio of
T cells to CD45"t myeloid cells resulted in the anti-tumor effect of CSFAR inhibition in
Atohl-SmoM?Z2 mice. Since immune profiling was not performed when CSF1R was inhibited
in NeuroD2:5moA1 transplanted tumors using two inhibitors (GW2580, BLZ945), it is not
known whether CD45M and/or CD45'" myeloid cells were depleted or T cells increased in
this model. Immune profiling of NeuroD2:5SmoA1 mice lacking Ccr2 or after orthotopic
transplantation of SmoA1-Ccr2** tumor cells into Ccr2 null mice did however show a
decrease in CD45M Ly6C* TAMs but an increase of CD45!"t Ly6CloW TAMs. Since Ccr2
knockout mice display reduced recruitment of monocytes into inflamed tissue and Ccr2is
not required for the development of microglia 27+ 47, it was assumed that the decrease of
monocyte-derived TAMs led to a worse survival in the Ccr2 null mice. An alternative
interpretation is that the CD45!"t Ly6C!°W TAMs had a pro-tumor function, which is
consistent with our study. However, the developmental origin of the CD45" and CD45i"
myeloid cells in the various models remain to be elucidated and whether lineage has
functional consequences.

The number of tumor-infiltrating lymphocytes is highly variable between the 4 subgroups of
MBs, with SHH-MBs having a relatively higher amount of T cells 4 23.29. 48 We found no
survival advantage of removing mature T and B cells in AfohI-SmoMZ2 mice by deleting
Rag1. Furthermore, reducing Tregs by ~50% (PC61 antibody) did not prolonged survival of
Atoh1-SmoMZ2 mice, although cytotoxic T cells were also not increased. Increasing T cell
infiltration using immune checkpoint blockade also was not found to reduce the tumor
progression in a syngeneic Ptch1*/~ SHH-MB model 33. In contrast, decreasing Tregs and
boosting T cell killing activity by inhibiting TGFp signaling in T cells was shown to prolong
mouse survival in NeuroD2: SmoA1 mice °. The different effect on survival might be
explained by either the ways that T cells were manipulated or as discussed above by the
different TMEs in each model. Overall, the studies support the conclusion that TAMs play a
major role in shaping the immune microenvironment of SHH-MBS, raising the possibility
that targeting pro-tumor TAMs could be efficacious to a subset of SHH-MB patients.

Materials and Methods

Animals

All animal experiments were performed with the approval of the Institutional Animal Care
and Use Committees at MSKCC and NYU. Aftohl-CreER (Swiss Webster)1® and
R26LSL-SmoM2-YFP /LSL-SmoM2-YFP (C57BL/6)%! mouse lines were bred to generate SHH-
MBs (Atoh1-SmoM2 model), and to Rag1iIMom (C57BL/6)28 to generate tumors
homozygous or heterozygous for Ragl. Both sexes were used for all studies. Animals were
housed on a 12-hour (hr) light/dark cycle and were given access to food and water ad
libitum. The number of tumors and/or mice analyzed are provided in the Results section
and/or in the Figure legends. Mice from each litter in the survival studies were randomized
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into control or experimental groups to generate littermate controls. No blinging was
performed for all animal studies.

CSF1R inhibitor treatment

PLX5622 powder, PLX5622 chow (1200 mg drug per kg chow) and control chow were
provided by Plexxikon under a Materials Transfer Agreement. For all experiments, mice
were given control or PLX5622 chow at 7 weeks of age.

Statistical analyses

All statistical analyses were performed using Prism software (GraphPad) and significance
was determined as p< 0.05. Summary of all the statistical analysis and p values are in the
Supplementary Materials and Methods. No statistical methods were used to predetermine
the sample size, but our sample sizes are similar to those generally employed in the field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased number of TAM sisassociated with tumor progression in a sporadic SHH-
M B mouse model.

(A) Schematic representation of experimental design. (B) Principal component analysis
(PCA) of progressing (P; n=4) and regressing tumors (R; n=3), which defined as having a
>50% increase or >20% decrease in size between 7-11 weeks, respectively. (C) 3D MEMRI
volume renderings of the brain of progressing (green) or regressing (blue) tumors in Afoh1-
SmoMZ2mice. (D) Tumor progression curves of progressing and regressing tumors. (E)
Percentage of CD45"CD11B* myeloid cells among all immune cells in 25 Afohl-SmoM2
tumors (n=15 mice). (F) Number of CD45*CD11B* myeloid cells per milligram (mg) of
tumor in progressing and regressing tumors. (G—N) Number of indicated cell types per mg
of tumor. Data are pooled from 3 FACS experiments. Mean + SD. Significance was
determined using unpaired #test, ****p<0.0001, **p<0.01, *p<0.05.
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Figure 2. The amount of immune cell infiltration in human SHH-M B samples does not correlate
with driver mutation.

(A-D) Representative immunohistochemical staining of Ki67 (A), CD3 (B), CD68 (C) and
CD163 (D) from 20 SHH-MB samples. (E-H) Correlation between the staining of Ki67 (E),
CD3 (F), CD68 (G) and CD163 (H) and driver mutation. Quantification was done on the
region that had the strongest positive signal and a score was given to each sample based on
the expression and distribution of positive cells as indicated in (I-J). Mean + SD.
Significance was determined using one-way ANOVA with Tukey post hoc pairwise
comparison.
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Figure 3. Depletion of Tregsor T cellsin Atoh1-SmoM2 mice does not alter mouse survival.
(A) Kaplan—Meier curves of Atoh1-SmoMZ mice treated with 1gG control antibody or anti-

CD25 antibody (PC61) antibody starting at 3 weeks. (B) Schematic representation of Treg
depletion experimental design. (C) Tumor volume of mice after given 3 doses of PC61or
1gG control antibody (8 weeks of treatment). (D-F) Flow cytometry analysis of control (n=3
mice, 5 tumors) and PC61-treated (n=4 mice, 7 tumors) showing percentage of Tregs among
CD4* T cells (C), percentage of CD8* T cells among TCRb™ T cells (D) and percentage of
CD45* CD11b* myeloid cells among CD45* immune cells (E). (G) Kaplan—Meier curves of
Atohl-SmoM2-Rag1 heterozygous null (control) and Afoh1-SmoMZ2-Ragl homozygous
null (no mature B and T cells) littermates. m.s. = median survival. Significance was
determined using Log-rank test for (A, G) and unpaired #test for (C-F). **p<0.01, ns = non-
significant.
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Figure 4. Depletion of TAM s prolongs mouse survival and blockstumor progression in most
Atoh1-SmoM2 mice.
(A) Kaplan—Meier curves of control (CTRL)- or PLX5622 (PLX)-treated Atoh1-SmoM?2

mice. m.s. = median survival. (B) Schematic representation of experimental design. (C) 3D
MEMRI volume renderings of the brain (grey) and tumors (magenta) in CTRL and PLX-
treated mice at the indicated time points. (D) The overall change in tumor volume between
the pre-treatment time point (Vinitial; 7 Weeks) and the experimental endpoint (Vsinal; mice
became symptomatic or at 13 weeks). Black line indicates median. (E-F) Waterfall plots
showing the change in tumor volume from the pre-treatment time to after 2 weeks (E) and 4
weeks (F) of CTRL or PLX treatment. (G) The growth rate calculated as the percentage
tumor volume change per day. The open circles indicate outlier PLX tumors that grew faster
than the controls. Mean + SD. Significance was determined using Log-rank test for (A) and
Mann-Whitney test for (D-G). **p<0.01, *p<0.05, ns = non-significant.
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Figure 5. Atoh1-SmoM2 tumorstreated for 4 weekswith PL X show a decrease of monocytes/
macrophages and an increase of CD8 cytotoxic T cells.

(A) Experimental design. (B) Change in tumor volume between pre-treatment and 4 weeks
of PLX treatment. The open circle in (B, E-G, 1-K) indicates an outlier PLX tumor. Black
line indicates median. (C) Flow cytometry quantification of myeloid cell composition in
CTRL (n=12) and PLX (n=14) treated tumors. Significance was found in the CD45'"t TAM
and microglia-like TAMs populations (See Sup Fig. 10). (D-G) Representative flow
cytometry panels from the CD45*CD11B*Ly6G~ population (D) showing the proportion of
CD45!" TAMS (E) and microglia-like TAMSs (F). (G) Percentage of CD45" TAMs of mixed
myeloid population. (H-J) Representative flow cytometry panel from the lymphocytes
(CD45*CD19*TCRp*) showing the proportion of CD8* T cells (1), CD4 T* cells (J). (K)
Percentage of B cells (CD45*CD19*B220™) of the lymphocyte population. Data are pooled
from 3 FACS experiments. Mean + SD. Significance was determined using Mann-Whitney
test for (B), and performed excluding the outlier tumor by using unpaired ¢test for (C), (E-
G) and (I-K), ***p<0.001, **p<0.01, *p<0.05.
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Figure 6. Depletion of TAMsin Atoh1-SmoM2 miceleadsto an increase of pro-inflammatory T
cells.

(A) Schematic representation of experimental design. (B—D) Number of CD8* T cells (B),
CD4* T cells (C), and CD45* immune cells (D) per milligram (mg) of tumor in control
(CTRL)- and PLX-treated tumors. (E) Percentage of Granzyme B* (Gzmb) CD107*CD8* T
cells of total CD8™ T cells. (F) Number of Gzmb* CD107*CD8* T cells per mg of tumor.
(G-1) Representative flow cytometry panels from the CD45" TCRB* CD8* population (G)
showing the proportion (H) and the number (1) of IFNy*CD8* T cells. (J-L) Representative
flow cytometry panels from the CD45hiTCR[5“CD4+ population (J) showing the proportion
(K) and the number (L) of IFNy*CD4™" T cells. Mean + SD. Significance was determined
using unpaired ttest for (B—F), (H-I) and (K-L). **p<0.01.
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Figure 7. Depletion of TAMsin Atoh1-SmoM2 miceleadsto a pro-inflammatory tumor
microenvironment.

(A-F) Analysis of MHC Il expression in 12 CTRL tumors and 14 PLX tumors (see Fig. 5).
The open circle indicates an outlier PLX tumor. Representative flow cytometry panels from
the CD45" TAMs population (A) showing the proportion of MHC 11* CD45!"t TAMs (B).
Representative flow cytometry panels from the microglia-like TAMs population (C) showing
the proportion of MHC 11* microglia-like TAMs (D). Representative flow cytometry panels
from the CD45" TAMSs population (E) showing the proportion of MHC II* CD45M TAMs
(F). Mean £ SD. Significance was performed excluding the outlier tumor by using unpaired ¢
test. **p<0.01.
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