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SUMMARY

Myeloid cells comprise the majority of immune cells in tumors, contributing to tumor growth and
therapeutic resistance. Incomplete understanding of myeloid cells response to tumor driver mutation and
therapeutic intervention impedes effective therapeutic design. Here, by leveraging CRISPR/Cas9-based
genomic editing, we generated a mouse model that is deficient of all monocyte chemoattractant proteins
(MCP). Using this strain, we effectively abolished monocyte infiltration in glioblastoma (GBM) and
hepatocellular carcinoma (HCC) murine models, which were enriched for monocytes or neutrophils,
respectively. Remarkably, eliminating monocyte chemoattraction invokes a significant compensatory
neutrophil influx in GBM, but not in HCC. Single-cell RNA sequencing revealed that intratumoral
neutrophils promoted proneural-to-mesenchymal transition in GBM, and supported tumor aggression by
facilitating hypoxia response via TNF production. Importantly, genetic or pharmacological inhibiting
neutrophil in HCC or gMCP-KO GBM extended the survival of tumor-bearing mice. Our findings
emphasize the importance of targeting both monocytes and neutrophils simultaneously for cancer

immunotherapy.

In Brief: Eliminating monocyte chemoattraction invokes compensatory neutrophil influx in tumor, and
vice versa, rendering current myeloid-targeted therapies ineffective. Using genetic and pharmacological
approaches combined with novel mouse models of GBM and HCC, we provide credence advocating for

combinational therapies aiming at inhibiting both monocytes and neutrophils simultaneoudly.


https://doi.org/10.1101/2022.07.21.500690
http://creativecommons.org/licenses/by-nc-nd/4.0/

65
66

67

68

69

70

71

72

73

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.21.500690; this version posted July 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Ly6cte monocytes
Neutrophil

Highlights
¢ Blocking monocyte chemoattraction results in increased neutrophil infiltration.
e Increased neutrophil recruitment induces GBM PN to MES transition.
¢ Inhibiting neutrophil infiltration in monocyte-deficient tumors improves mouse GBM survival.

e Blocking neutrophil, but not monocyte, infiltration in HCC prolongs mouse survival.
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INTRODUCTION

The strong interdependence between neoplastic and non-neoplastic cells in the tumor microenvironment
(TME) isamajor determinant underlying cancer growth. The glioblastoma (GBM) TME is composed of
a wide variety of non-neoplastic stromal cells, including vascular endothelia, various infiltrating and
resident immune cells, and other glia cell types (Becher et al., 2008; Becher et a., 2010; Jones et al.,
2017). The predominant cell typein the GBM TME in both humans and murine tumor models are innate
immune cells called tumor-associated myeloid cells (TAMs), which have been shown to promote tumor
growth, invasion, and therapeutic resistance (Buonfiglioli and Hambardzumyan, 2021). In GBM, TAMs
are composed of mixed populations, the most abundant of which are of hematopoietic origin, including
monocytes and monocyte-derived macrophages (MOM). Less abundant, although ill a significant
presence, are brain intrinsic microglia (Mg) and hematopoietic-derived neutrophils (Chen et al., 2020).
As such, it became appealing that treatment aiming at obliterating myeloid cells could offer promising
outcomes for GBM patients. However, despite extensive efforts invested in both preclinical and clinical

studiesin the past decade, macrophage-targeted therapies in GBM have largely failed in clinical trials.

Chemokine gradients are essential for hematopoietic-derived myeloid cells to extravasate blood vessels
and reach the tumor parenchyma. Monocyte chemoattractant proteins (MCPs) are a group of four
structurally related chemokines that are indispensable for monocyte transmigration. In humans, they are
encoded by CCL2, CCL7, CCL8 and CCL13 genes that are juxtaposed to each other on chromosome 17;
while in mice, MCPs are encoded by Ccl2, Ccl7, Ccl8 and Ccl12 genes clustered on chromosome 11.
All MCPs function through engaging the CCR2 receptor, but CCL7 may also interact with CCR1, and

CCL13 with CCR3 (Proudfoot, 2002). CCL2 has been found to be critical in promoting recruitment of
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monocytes to the CNS (Fuentes et al., 1995). Neutralizing monoclonal antibodies against CCL2 had
been developed and used in clinical trials against metastatic solid tumors but did not produce favorable
outcomes. Meta-analysis of these clinical trials indicated that initial CCL2 inhibition may have
unexpectedly caused subsequent increases in circulating CCL2 levels, possibly due to a compensatory

feedback loop (Lim et al., 2016).

The Cancer Genome Atlas (TCGA) provides robust gene expression-based identification of GBM
subtypes, including proneural (PN), mesenchymal (MES), and classical (CL) groups (Brennan et al.,
2013; McLendon et al., 2008; Verhaak et al., 2010; Wang et al., 2017). These subtypes were established
based upon the dominant transcriptional patterns at the time and location of tumor resection, and are not
mutually exclusive of each other, i.e. multiple subtypes can co-exist within a single tumor, both at the
regional (Sottoriva et al., 2013) and single-cell levels (Patel et al., 2014). Aimed at defining a unified
model of cellular and genetic diversity, one study found that malignant cellsin GBM exist in four major
plastic celular states that closely resemble distinct neural cell types, including: neural progenitor-like
(NPC-like), oligodendrocyte progenitor-like (OPC-like), astrocyte-like (AC-like), and mesenchymal-like
(MES-like) states (Neftel et a., 2019). Tumors with a MES-like state demonstrate striking similarities to
the TCGA-MES subtype where both are enriched with TAMs (Hara et al., 2021) (Kaffes et al., 2019)
(Wang et al., 2018). Using genetically-engineered mouse models (GEMMs) that closely resemble
human PN, CL, and MES subtypes, we previously showed that driver mutations define myeloid cell
composition in tumors (Chen et al., 2020). In contrast to PDGFB-overexpressing tumors (resembling
human PN GBM) or EGFRVIII-expressing tumors (resembling human CL GBM) where the majority of

myeloid cells are of monocytic linage, Nfl-silenced murine tumors (resembling human MES GBM) are
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enriched with neutrophils and brain-resident microglia (Chen et al., 2020) (Magod et al., 2021), sSimilar to

what was shown in human GBM (hGBM) (Gabrusiewicz et al., 2016).

In the current study, we specificaly focused on blood-derived myeloid cells to determine the
mechanisms of their invasion and the role they play in GBM progression. In addition, we wanted to
determine whether there is a causal link between various myeloid cell infiltrates and GBM subtype
dominance. By creating a combined all MCP-deficient mouse (QMCP) and generating PDGFB-driven
gliomas we show that loss of expression of all MCPs in the TME resulted in a decrease of monocyte
recruitment and extended survival of tumor-bearing mice. Surprisingly, abolishing all MCPs from the
TME and tumor cells together resulted in compensatory neutrophil recruitment and a shift from PN-to-
MES signature with no effects on survival of tumor-bearing mice. Single-cell RNA sequencing (ScCRNA-
seg) and immunohistochemistry revealed that there is an increased presence of neutrophils in PDGFB-
driven tumors when MCPs are abolished, which are predominantly localized in necrotic areas.
Pharmacological targeting of neutrophils and their chemokine receptor CXCR2, or genetic ablation of
the neutrophil recruiting chemokine Cxcll, resulted in extended survival of PDGFB-driven tumor-
bearing gM CP-deficient mice but not WT tumor-bearing mice. Considering GBM contains a mixture of
cells with PN and MES gene signatures, these results suggest that effective therapies should target both
neutrophils and monocytes. Since GBM is mainly monocyte-enriched, we next wanted to determine
whether compensatory recruitment of neutrophils is a GBM-specific or CNS-specific phenomenon. To
this end, we used a genetic mouse model of hepatocellular carcinoma (HCC). In contrast to PN and CL
GBM, and even more so than MES GBM, the major immune infiltrates in a genetic HCC mouse model

are neutrophils. We demonstrate that abolishing monocytes has no impact on survival of HCC-bearing
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mice but leads to an increase in recruitment of neutrophils. Decreased neutrophil recruitment resulted in

extended survival of HCC tumor-bearing mice.

Collectively, our results suggest there is a compensatory interplay between monocyte and neutrophil
recruitment in tumors. When we targeted each pro-tumorigenic population separately, we observed
compensatory recruitment of the other. Therefore, novel therapeutic strategies should am at

simultaneously targeting both populations to overcome these compensatory recruitment mechanisms.

RESULTS

M CPs exhibit region-specific expression patter ns, which inver sely correlates with patient survival.
We and others have previously demonstrated that decreased expression of CCL2 correlates with
extended survival of patients with GBM (human GBM; hGBM) (Chen et al., 2017). Similarly, mouse
GBM (mGBM) models with decreased Ccl2 expression exhibited prolonged survival relative to WT
GBM-bearing mice (Chen et a., 2017). However, in these mice, no decrease in TAM recruitment was
observed, suggesting other MCP family members likely compensate for Ccl2 loss. To determine the
basis for this compensatory adaptation, we sought to determine whether the expression of the other MCP
members (CCL7, CCL8, CCL13) is elevated in hGBM and whether their increased expression serves as
a predictor of patient prognosis. We stratified IDH-WT patients usng TCGA datasets into high MCP
expressers (+0.5 standard deviation (SD) from the Mean of all samples) or low MCP expressers (-0.5 SD
from the Mean, Fig. 1A, insets) and compared their survival. Patients with elevated CCL7 or

CCL8 expression had a shorter survival time compared to the low expressers (Fig. 1A, P<0.05). A
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similar trend was also observed with CCL13, although the survival difference was not statistically

significant (Fig. 1A, P=0.18).

To determine the protein concentration of all MCPs in hGBM samples, we used Olink multiplex
proteomics to quantify a predefined group of immune-related proteins (Fig. S1). A total of 7 IDH-WT
hGBM tissues along with three normal brain samples were analyzed (sample information in Table S1).
When MCP expression was specifically assessed, all were increased in GBM samples, with CCL2,
CCL7 and CCL8 exhibiting the highest levels (Fig. 1B). Using the IVYGap (IVY Glioblastoma Atlas
Project) database (https://glioblastoma.alleninstitute.org/), we found that MCPsare predominantly
transcribed in the peri-necrotic and peri-vascular regions, rather than in the tumor bulk or leading edge
(Fig. 1C). Thisis congstent with the observation that the leading edge is mainly populated by microglia

(Muller et a., 2017), which do not require MCPs for their infiltration.

Decreased, but not abolished, Ccl7, Ccl8, or Ccl12 expression leads to extended survival of GBM-
bearing mice.

To investigate biological significance of the reverse correlation between MCP expression and survival
of GBM patients, we leveraged GEMMSs deficient in the expression of individual MCPs. In these
experiments, we orthotopically transplanted PDGFB-driven primary mGBM tumor cells into the brains
of wild-type (WT) mice and mice deficient in Ccl7 or Ccl8/12 expression (Fig. S2A). It should be noted
that Ccl7 or Ccl8/12 are depleted in the TME, but are retained in tumor cells. While we observed
increased survival in these tumor-bearing mice relative to WT controls, there was no reduction in TAM
content (Ibal” cells; Fig. S2B). Based on this finding, we wondered whether complete genetic deletion

of MCPs from both tumor cells and the TME could further extend survival. To address this question, we
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induced de novo tumors in WT;Ntv-a, Ccl2”";Ntv-a, Ccl7”";Ntv-a, and Ccl8/127"; Ntv-a mice by injecting
a combination of RCAS-shp53 and RCAS-PDGFB in the frontal striatum. Unexpectedly, the survival
benefits previously observed with the transplant model were abolished when these MCPs were deleted
in both the tumor cells and the TME (Fig. S2C). When we examined the immune composition of the
tumors by flow cytometry, using Ccl8/12":Ntv-a mice to represent entire cohort, there was no
difference observed in the proportion of infiltrating monocytes or microglia compared to WT;Ntv-a
controls (Fig. S2D). These results suggest that partial loss of MCPs, which may not trigger a
compensatory response, provides a survival advantage, but complete deletion of an individual MCP may

cause other MCP members to compensate.

Creating quintuple MCP-K O mice using CRISPR/Cas9.

Because of the functional redundancy of the MCP members, we sought to generate a knockout (KO)
strain devoid of all MCPs by interbreeding each individual MCP-KO lines (Ccl2” X Ccl7"™ X Cclg/12”
). However, this approach proved futile, due to the close linkage of Ccl2, Ccl7, Ccl8, and Ccl12 on
chromosome 11, making homology recombination unfeasible. To surmount this obstacle, we designed a
strategy to collectively delete al the MCP genes using CRISPR/Cas9-based technology. Combined,
these genes span only ~80k base pairs on chromosome 11 (Fig. 1D). Ccl1l (Eotaxin) was also deleted
because it intercedes the MCPs (Fig. 1D). These quintuple knockout (qMCP™") mice were then validated
by lipopolysaccharide (LPS, IP, 1 mg/kg) injection into adult mice. Each individua MCP was
guantitated in the serum by ELISA, demonstrating an absence of al (Fig. 1E). We used CCL5 as a
positive control, whose gene is also located on chromosome 11, but is further away from the MCPs (Fig.
1E). Next, we performed extensive characterization of the brain (Fig. S3), bone marrow (Fig. $4), and

spleen (Fig. S5) of healthy non-tumor bearing adult qMCP” mice by flow cytometry. We did not


https://doi.org/10.1101/2022.07.21.500690
http://creativecommons.org/licenses/by-nc-nd/4.0/

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.21.500690; this version posted July 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

observe any differences in microglia (Fig. S3B) or bone marrow monocytes (Fig. 2C), but noted an
increase in neutrophils in bone marrow (Fig. $4B) and a reduction in total monocytes and Ly6c™
monocytes in the spleen (Fig. S5B). When we analyzed the absolute count of leukocytes in the blood by
flow cytometry (Fig. 1G), there were reduced CD11b" myeloid cells (Fig 1H, P<0.01), likely
attributable to the loss of Ly6c™ inflammatory monocytes (Fig 1H, 31+12 cells/ul in gqMCP™ vs.
300+113 celg/ul in WT mice, P<0.001). No difference in blood neutrophils or lymphocytes was

observed (Fig. 1H).

Genetic deletion of gMCP resultsin a compensatory influx of neutrophils.

Leveraging this new mouse strain, we next sought to determine the role of stroma-derived MCPs in
tumor monocyte recruitment. For these studies, we generated GBMs in WT;Ntv-a mice with RCAS-
shp53 and RCAS-PDGFB. When tumors emerged, freshly dissociated tumor cells were orthotopically
transplanted into the brains of gMCP™" and WT (B6) mice (Fig. 11). Kaplan-Meier analysis demonstrated
that eliminating all MCPs from the stroma extended the survival time of tumor-bearing gMCP"™ mice
(Fig. 1J). FACS analysis showed decreased bone marrow-derived myeloid (BMDM) cell infiltration,
which likely resulted from decreased Ly6c™ monocytes (Fig. 1K). When compared to the results using
single chemokine KO mice (Fig. S2B), where no reduction of infiltrating monocytes was observed,
these results suggest that all MCP members contribute to monocyte recruitment, and that loss of one

member can be compensated by other MCPs.
To determine whether survival is extended when all MCPs are genetically ablated in both TME and

tumor cells, we induced de novo GBM in WT;Ntv-a and gMCP"";Ntv-a mice by co-injecting RCAS-

shp53 and RCAS-PDGFB in the frontal striatum. We hypothesized that abolishing MCPs would inhibit

10
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monocytes tumor infiltration, thereby extend the survival of GBM-bearing mice. Surprisingly, there was
no difference in survival between WT:;Ntv-a and qMCP”:Ntv-a mice (Fig. 2A). To understand the
cellular and molecular mechanisms underlying this unexpected result, we analyzed the tumors by single-
cell RNA sequencing (scRNA-seq, Fig. S6). After filtering out low quality cells and putative doublets
(Methods, Fig. S6A-D), we performed unsupervised clustering on 57,360 cells and identified five major
cell classes - lymphoid, myeloid, stromal, endothelial, and malignant (Fig. 2B). Within each class we
further stratified cells into phenotypical or functional subsets according to their unique gene signatures
(Fig. 2B and Fig. S6E). MCP transcripts can be detected in many cell types in WT;Ntv-a mice,
particularly malignant cells, macrophages, and monocytes, but were undetectable in qMCP”";Ntv-a
mice, reaffirming the efficacy of gene deletion (Fig. S7). Additionally, we found a decrease in
monocytes in qMCP”;Ntv-a mice, consistent with this genotype and a corresponding increase of

neutrophil infiltration in gMCP”";Ntv-a mice (Fig. 2C).

To complement and corroborate the sScRNA-seq data, we used multi-parameter spectral flow cytometry
to analyze the composition of myeloid cells in these tumors (Fig. 2D). Based on the combination of
multiple surface markers (gating strategy shown in Fig. S8), we identified total myeloid cells
(CD11b*CD45%), which comprise of both brain resident microglia (Mg, CD11b*CD45°Ly6cN*Ly6g"
CD49d"®) and infiltrating bone marrow-derived myeloid cells (BMDM, CD11b"CD45'CD49d"). These
infiltrating  myeloid cells were further  dtratified  into  inflammatory  monocytes
(CD11b*CD45M'Ly6c™ Ly6gN®CD49d"), monocyte-derived macrophages (MOM,
CD11b'CD45"Ly6c N9 y6gN¥CDA49d F4/80"), or neutrophils (CD11b'CD45'Ly6c’Ly6g'CD49d").
Quantitatively, we did not observe any difference in total myeloid cells, Mg, or BMDM between the two

genotypes (Fig. S8). However, we found a reduction in the presence of Ly6c™ inflanmatory monocytes

11
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and an increase in Ly6g" neutrophils in tumors in qMCP™";Ntv-a mice (Fig. 2E). Moreover, in-depth
analyses of the lymphocyte compartment (Foxp3* Treg cells, exhausted CD8" T cells, B cdlls, and NK
cells, Fig. S9) and dendritic cells (DCs, DC1 and DC2, Fig. S10) did not reveal any differences between

WT;Ntv-a and gMCP™"; Ntv-a mice.

Next, to confirm this neutrophil infiltration and spatially resolve their presence in tumor tissue, we used
immunohistochemistry staining of a neutrophil-specific elastase (Elane; Fig. 2F). We found increased
neutrophils in qMCP";:Ntv-a mice (Fig. 2G), consistent with the scRNA-seq and spectral flow
cytometry results. Interestingly, these neutrophils tended to cluster around or within the necrotic regions
(Fig. 2F), similar to what was recently reported by others (Yee et al., 2020). To determine whether the
increased neutrophil influx was associated with increased levels of neutrophil recruitment chemokines,
we performed gPCR for Cxcll, Cxcl2, Cxcl3, and Cxcl5. Z-score analysis demonstrates significant
increases in Cxcl1l and Cxcl2 expressions in tumors from qMCP"';Ntv—a mice compared to WT;Ntv-a
mice (Fig. 2H). Since Cxcl1 isamajor neutrophil recruitment chemokine in mice, these data suggest that
increased Cxcll levels may be responsible for the increased neutrophil content in gMCP-deficient
tumors. In addition, we detected increased granulocyte-macrophage colony-stimulating factor (Gm-csf)
expression in gMCP”;:Ntv-a mice, but not macrophage colony-stimulating factor (M-csf) (Fig. 21).
Taken together, abrogating MCP expression results in a near-complete blockade of tumor monocyte
recruitment and a compensatory influx of neutrophils, which is associated with increased expression of

Cxcl1 and Gm-csf.

While CSF1R inhibition in PDGFB-driven GBM-bearing mice (Pyonteck et al., 2013) isineffective as a

monotherapy, the CSF1R inhibitor BLZ945 showed a synergistic effect when combined with radiation

12
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(RT) (Akkari et al., 2020). To determine whether abolishing monocytes in combination with RT can also
increase anti-tumor efficacy, WT;Ntv-a and gMCP™;Ntv-a tumor-bearing mice were treated with
irradiation (Fig. S11). Interestingly, no survival advantage was observed with the gqMCP™";Ntv-a mice.
These different outcomes between CSF1R inhibition and MCP abolition can be partially attributed to the
inefficacy of CSF1R-inhibitor in decreasing TAM numbers in GBM; therefore, no compensatory
recruitment of neutrophils would be present. The results described here also suggest that compensatory
neutrophil recruitment in monocyte-abolished tumors may reverse the synergizing effects of RT, similar
to what was recently shown that locally activated neutrophils as a result of irradiation can create a

tumor-supportive microenvironment in the lungs (Nolan et al., 2022).

Human MES tumor s show increased neutrophil presence.

Increased neutrophil influx is a prominent feature in gMCP’;Ntv-a mice, reminiscent of the
mesenchymal (MES) hGBM subtype, which have an abundance of neutrophils (Magod et al., 2021).
Using NanoString Pan-Cancer Immune Pathways analyses of hGBM with known molecular subtypes
(determined by a custom-made probes for 152 genes from the original GBM_2 design) (Kaffes et al.,
2019; Kastenhuber et al., 2014; Omuro et al., 2014), we dissected the cellular landscape of IDH-Mut (G-
CIMP) and IDH-WT samples (including PN, CL and MES, Fig. 3A). In silico deconvolution of these
data showed an increased “neutrophil score” in MES hGBM relative to all other molecular subtypes
(Fig. 3B). Congistent with this finding, the neutrophil recruiting chemokine CXCL8 (P<0.001) and their
characteristic surface marker S100A9 were elevated in MES hGBM, athough the latter was not

statistically significant (Fig. 3C).
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To extend our discovery to a larger cohort of GBM patients, we culled data from TCGA (cBioportal,
Firehose Legacy set) and filtered the samples using criteria so that they only present alterations in one of
the following three driver genes — PDGFRA (driver of the PN subtype), EGFR (CL subtype), or NF1
(MES subtype, Fig. 3D). Since no samples with the EGFR alteration meet these criteria, we performed
comparisons between PDGFRA- and NF1-altered patient tumors (Fig. 3D). Similar to the observations
above, NF1-altered tumors, which predominantly cluster in MES subtype, showed significantly higher
expression of neutrophil recruitment chemokines (Cxcl-1, -2, -5, -8) compared to PDGFRA-altered
tumors, which predominantly cluster in the PN expression signature group (Brennan et al., 2013; Wang
et a., 2017). No difference was observed in chemokine receptor Cxcr2 (Fig. 3E). Interestingly, when we
stratified GBM patients based on their expression of Cxcl8 (IL8), a potent neutrophil recruitment
chemokine in humans (same method as described in Fig. 1A), increased expression of Cxcl8 was

associated with reduced patient survival (Fig. 3F, P<0.01), analogous to prior reports (Magod et al., 2021).

Finally, to determine whether increased neutrophil recruitment chemokines exist at the protein level, we
examined their concentrationsin hGBM samples by Olink® proteomic assay (Supplementary Fig. S12).
Using atotal of 3 IDH-WT MES hGBM tissues and three normal brain samples, we found an increase in
chemokines involved in neutrophil recruitment. Furthermore, when we analyzed subtype-defined hGBM
samples (Kaffes et al., 2019) by immunohistochemistry for Elane expression (Fig. 3G), there was a
similar increase in the number of neutrophils in MES tumors relative to IDH-Mut, PN, and CL GBM

samples (Fig. 3H).

I ncreased neutrophil influx leadsto a tumor transition from PN to MES signature.
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When GBMs with a PN signature are treated with standard-of-care therapies, they often recur with a
MES signature, referred to as PN to MES transition (PN-MES transition) (Fedele et al., 2019). This shift
also occurs in PDGFB-driven mGBM models in response to anti-VEGFA or RT (Halliday et al., 2014,
Pitter et al., 2016). It is interesting to note that neutrophils are highly enriched in gqMCP";Ntv-a mice
bearing tumors generated with PDGFB overexpression, a potent driver mutation of PN GBM. Together,
these observations prompted us to determine whether increased neutrophil infiltration can induce PN-
MES transition, especially in light of a recent study revealing that reciprocal interactions between TAMs
and tumor cells can drive the transition of GBM to a MES-like state (Hara et al., 2021). Based on a
previously published algorithm classifying GBM cells into distinct and reproducible cellular states
(MES-like, AC-like, NPC-like, and OPC-like) (Hara et al., 2021; Neftel et al., 2019), we analyzed the
malignant cells identified in our sScRNA-seq datasets for their MES-like state expression score (Fig. 4A).
We found a significant increase in MES-like scores in qMCP™";Ntv-a mice relative to WT;Ntv-a mice
(Fig. 4B, P<0.001), suggesting the tumor cells were undergoing PN-MES transition. To substantiate this
result, we leveraged a previously published gPCR panel (Herting et al., 2017) that includes genes
associated with either PN or MES subtypes, some of which (e.g., SERPINEL, CHI3L1) overlap with the
Hara et al. dataset (Hara et al., 2021). As predicted by the observed PN-MES transition, we found
increases in many of these MES-related genes (MGMT, SERPINE1, TAZ, CASP1, TGFB) in gMCP™"

;Ntv-a mice (Fig. 4C).

Next, we analyzed OL1G2, GFAP, and CD44 expression by immunohistochemistry (Fig. 4D), and found
no difference in OLIG2 expression between these two genotypes, however, both GFAP and CD44,
canonical markers of MES GBM were increased in gqMCP”";Ntv-a mice (Fig. 4D). Taken together, we

establish that neutrophil tumor infiltration following monocyte abolition induced PN-MES transition.
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In addition to the molecular changes observed within the tumor tissue, we sought to determine whether
MCP loss changes the cellular composition in the tumor microenvironment (Fig. 4E). IBA1, a pan-
macrophage marker, labels TAMs regardliess of their origin (microglia, monocytes, and monocyte-
derived macrophages). The IBA1-positive areas within the core of the tumors were decreased in tumors
generated in gMCP";Ntv-a mice compared to WT: Ntv-a mice, as expected for this genotype (Fig. 2E).
We also used the microglia-specific marker P,Y 1, to demonstrate increased microglia content at the
tumor margins in qMCP™"; Ntv-a mice (Fig. 4E). No differences in blood vessel sizes (CD31 reactivity;

Fig. 4E) were observed.

Defining the molecular mechanisms under lying the pro-tumor neutrophil effectsin GBM.

To study the molecular mechanism(s) underlying the tumor-promoting effects of neutrophilsin gMCP”
;Ntv-a mice, we performed weighted gene co-expression network analysis (WGCNA) on all the
malignant cells detected in our scRNA-seq data (Fig. S13). This analysis revealed gene regulatory
network, or “modules’, based on gene co-expression patterns (Langfelder and Horvath, 2008), enabling
us to identify co-regulated genes shared across multiple cell clusters, which would not be apparent using
standard, hard clustering methods implemented in Seurat. Among all the modules examined, the
“Greenyellow” module showed prominent increase in gqMCP”";Ntv-a mice as quantified by its module
score (Fig. 5A). The most co-expressed genesin this module form an interconnected graph (Fig. 5B) and
consist of genes implicated in glycolysis (Gapdh, Pgkl, Pgaml) and hypoxia (Aldoa, Mif, Ldha). To
determine the biological functions of WGCNA modules, we performed pathway enrichment analysis
using the Hallmark gene sets (Fig. 5C). Among others, we found significant enrichment in glycolysis,

hypoxia, and MTOR signaling in the “Greenyellow” module (arrowheads, Fig. 5C), indicating that the
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tumor cellsin gMCP™; Ntv-a mice are likely experiencing a higher metabolic stress. These findings were

also recapitulated using GO (gene ontology) pathways (Fig. S14).

To determine how neutrophils contribute to the metabolic changes in tumors, we performed ligand-
receptor interaction inference using CellPhoneDB (Efremova et al., 2020). CelPhoneDB predicts
interactions between two cell types based on coordinated expression of ligand-receptor pairs in the
respective cell types. We performed this analysis on all cell annotations (Fig. S15), and focused on
interactions between neutrophils and all other cell types that are enriched in gMCP™" vs. WT mice (Fig.
5D). We noted that the neutrophils from tumors generated in qMCP”;Ntv-a mice appeared to be
enriched in interactions with many tumor clusters (TO, and T2 to T5) through secretion of tumor
necrosis factor o (TNF-a)) and signaling via TNF-a receptor-1 (TNFR-I: p55) and DAG1 on tumor cells
(Fig. 5D). Prior work revealed that TNF-a induces human glioma cell death (Sawada et al., 2004)
consistent with our observation that increased necrotic regions exist in tumors from gMCP™; Ntv-a mice.
A similar interaction of TNF-a/TNFR-1/I1 was apparent between neutrophil and endothelial cells (Fig.
5D), which has been shown to be essential for neutrophil transmigration through the endothelial layer
(Chandrasekharan et al., 2007), and could potentially explain their increased presence in tumors from

gqMCP™; Ntv-a mice.

Along with the observations that neutrophils aggregate around necrosis in the tumor tissues (Fig. 2F),
the scRNA-seq analysis suggested that neutrophils contribute to tumor progression by facilitating
pseudopalisading necrosis formation and increased hypoxic responses. In agreement, we observed
increased necrotic areas in tumors from gMCP™";Ntv-a mice (Fig. 5E). In addition, the average size and

total occurrence of the necrotic cores were also increased in gqMCP™"; Ntv-a mice (Fig. 5E).
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Genetic Cxcl1 loss extends the sur vival of gMCP”"; Ntv-a mice.

In light of the prominent neutrophil infiltration seen in gMCP”";Ntv-a mice, we hypothesized that
genetic deletion of Cxcl1l might reduce neutrophil infiltration and extend survival (Tani et a., 1996). To
this end, we first generated GBM in WT;Ntv-a and Cxcl1™; Ntv-a mice by co-injecting RCAS-shp53 and
RCAS-PDGFB (Fig. 6A, top). However, Kaplan-Meier analysis demonstrated no survival differences
between these two genotypes (Fig. 6A, bottom). When we analyzed the myeloid compartment of the
TME by spectral flow cytometry (Fig. 6B), no significant changes in infiltrating myeloid cells were
observed, although decreased microglia and neutrophil abundance were noted (Fig. 6C). Since microglia
and neutrophils account for only a small portion of the myeloid cellsin PDGFB-driven mGBM, it is not

surprising that further reduction of either had no impact on the survival of GBM-bearing mice.

Given that neutrophil influx and Cxcl1 expression were increased in tumors generated in qMCP™";Ntv-a
mice, we reasoned that genetic deletion of Cxcl1 in qMCP™"; Ntv-a mice might reverse these phenotypes
and prolong the survival of tumor-bearing mice. De novo PDGFB-driven tumors were thus generated in
gMCP™;Cxcl1";Ntv-a mice, resulting in extended survival (Fig. 6D). Spectral flow cytometry analysis
of the myeloid cells (Fig. 6E) revealed a reduction in total BMDM infiltrates (Fig. 6F), but Lyéc™
inflammatory monocytes remained low, comparable to that seen in gMCP”:Ntv-a mice (Fig. 6F).
Additionally, the infiltrating neutrophils were reduced by Cxcl1 deletion to less than 50% of that seen in
gMCP”:Ntv-a mice (Fig. 6F), establishing a critical role for Cxcl1 in recruiting neutrophil GBM
chemoattraction. Next, we examined neutrophil recruitment chemokines by gPCR (Fig. 6G) and
observed a reduction in Cxcl2 and -3 expression, but a compensatory increase in Cxcl5 (Fig. 6G). It is

interesting to note that neutrophil recruitment chemokines are localized adjacent to each other on
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chromosome 5, reminiscent of the MCPs, suggesting a similar compensatory mechanism might also

exist.

Phar macological tar geting of neutrophils prolongs the survival of gqMCP™";Ntv-a mice.

In light of the finding that Cxcl1 deletion reduces GBM neutrophil infiltration and extends survival, we
sought to determine whether pharmacological inhibition of neutrophils would produce the same effects.
For these experiments, we employed two strategies to reduce neutrophils. First, we adopted the widely
used anti-Ly6g antibody neutrophil depletion paradigm. Starting day 25 after tumor initiation until the
humane endpoint, we injected anti-Ly6g antibodies (1P, 200 pug/mouse, once every third day) to deplete
neutrophils from the circulation and from the tumors (Fig. 6H). Following anti-Ly6g treatment, the
survival time of tumor-bearing qMCP”"; Ntv-a mice was prolonged relative to WT;Ntv-a controls (Fig.
61). Surprisingly, when we quantified Elane” neutrophils at the endpoint of the survival experiment,
neutrophils remained elevated in qMCP"';Ntv—a mice (Fig. 6J). As recently documented, anti-Ly6g
neutrophil depletion effects are transent, occurring only at the initial stage of treatment, followed by an
effective rebound (Boivin et a., 2020; Yee et al., 2020). To better understand the dynamics of neutrophil
response to Ly6g depletion, we collected blood from naive animals treated with anti-Ly6g antibody at
various time points and analyzed blood neutrophil counts using a Cytospin assay (Fig. S16A). In
keeping with a prior report (Yee et al., 2020), our results showed a transient depletion and a gradual
rebound of neutrophils in the blood (Fig. S16B), accounting for our findings in the tumor tissues (Fig.
6J). It is important to note that, independent of genotype, mice treated with anti-Ly6g antibody exhibit
treatment-induced seizures after 4 doses, which we attributed to increased systemic inflammation. To
counteract this adverse effect, we administered dexamethasone at 1 mg/kg (IP, every third day) (Fig.

6H).
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Second, we inhibited neutrophil recruitment using a CXCR2 antagonist — a potent and selective small
molecule inhibitor (ICXCR2) — SB225002 (White et al., 1998). CXCR2 is the only functional receptor
for Cxcl-1, -2, -5, and -15 in mice, where it is crucial for neutrophil recruitment and the regulation of
vascular permeability (Belperio et al., 2002; Cao et al., 2018; Me et a., 2012). The potency of
SB225002 in inhibiting neutrophil chemotaxisin vitro (White et al., 1998) and in vivo (Cao et al., 2018;
Yellowhair et al., 2019) had been demonstrated in various disease contexts, including cancer (Kumar et
a., 2017). GBM-bearing qMCP"";Ntv-a mice were treated with either vehicle or iICXCR2 twenty-five
days after tumor initiation (Fig. 6K), resulting in increased survival (Fig. 6L). We performed a
comprehensive anaysis of myeloid composition by spectral flow cytometry (Fig. 6M). Similar to anti-
Ly6g treatment, no difference in neutrophil numbers was observed in iCXCR2 treated tumors at the
terminal stage of cancer (Fig. 17). Collectively, these results demonstrate that strategies aiming at
reducing neutrophils in gqMCP”";Ntv-a mice only transiently prolong survival as a result of rebound

neutrophil infiltration.

Abrogation of neutrophil, but not monocyte, infiltration increases the survival of HCC-bearing
mice.

To determine whether the compensatory recruitment of neutrophils is a CNS- and/or GBM-specific
phenomena, we employed a GEMM model of hepatocellular carcinoma (HCC). In contrast to GBM,
HCC tumors are mainly populated by neutrophils, mirroring the monocyte:neutrophil ratio (1:3) seen in
the blood of WT animals (Fig. 1H). Two of the most frequently altered genes in human HCC are MYC
(amplified in 17% of HCCs) and TP53 (deleted or mutated in 33% of HCCs) (Cancer Genome Atlas

Research Network. Electronic address and Cancer Genome Atlas Research, 2017), where they tend to
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co-occur (Cancer Genome Atlas Research Network. Electronic address and Cancer Genome Atlas
Research, 2017; Ruiz de Galarreta et al., 2019). For this reason, we generated murine HCCs with MYC
overexpression and TP53 loss by hydrodynamic tail vein injections of a transposon vector co-expressing
MYC and luciferase (MYC-Luc) and a CRISPR vector expressing a sgRNA targeting p53 (sg-p53)
(Bollard et al., 2016; Ruiz de Galarreta et al., 2019) in gMCP”" (abrogated monocyte infiltration), Cxcl1
" (decreased neutrophil infiltration), and WT C57BL/6 mice (Fig. 7). Because of the known differencein
median survival between male and female mice in this HCC model, we stratified the mice by gender and
analyzed each sex separately. Liver luciferase expression measured by bioluminescence imaging (BLI)
at day 7 demonstrates equal intensity between all genotypes, revealing similar in vivo transfection

efficacy of the plasmids (Fig. 7A, B).

No differences in BLI signal were observed 21 days post-injection (Fig. 7A, B). While Kaplan-Meier
survival analysis demonstrated that deleting all MCP genes had no effect on survival time of HCC mice,
knocking out Cxcll extended survival, regardless of gender (Fig. 7C). Because of similar outcomes
between males and females, subsequent studies were performed only using male mice. No significant
differences in total myeloid and lymphoid cell populations were observed between genotypes (Fig. 7D).
However, when we specifically evaluated the myeloid compartment of HCC by spectral flow cytometry
(Fig. 7E, gating strategies in Supplementary Fig. S18), there was a reduction of monocytes and an
increase in neutrophil infiltration in gqMCP”™ tumors (Fig. 7F). These results suggest that, similar to
PDGFB-driven-GBM, abolishing monocyte recruitment leads to compensatory neutrophil infiltration in
HCC, but confers no effect on survival. We also observed decreased neutrophil infiltration which was
associated with a compensatory increase in monocyte infiltration in Cxcl1-deficent tumors (Fig. 7F) and

a decreased neutrophil to monocyteratio (Fig. 7G).
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Whereas no difference in Kupffer cells (KCs) was observed (Fig. 7H), Cxcll deletion resulted in
increased liver capsular macrophages (LCMs) (Fig. 7H), consistent with prior reports demonstrating that
LCMs are replenished from blood monocytes, while KCs are embryonically derived and capable of self-
renewal in situ (Sierro et al., 2017). In-depth analysis of the lymphoid compartment (Fig. S19) showed
no changes between the three genotypes (Fig. S20). Taken together, these observations establish that
compensatory infiltration of monocytes and neutrophils is not specific to the CNS, but rather a

generalized phenomenon in cancer.

DISSCUSION

Despite intensive efforts over the last decade, modulating tumor-associated myeloid cells to treat solid
tumors, including GBM, has proven exceptionally difficult. Thisis in large part due to an incomplete
understanding of the immune cell heterogeneity during tumor progression and treatment. A classic
example is CSF1R antagonism, where its variable therapeutic efficacy is heavily impacted by tumor
type and/or models studied (O'Brien et al., 2021; Pyonteck et al., 2013) (Butowski et al., 2016) (Maximov et
a., 2019) (Tan et d., 2021). These studies suggest that TAMs evolve and attain independence from
CSFIR inhibition as diseases progress, thereby become elusive to therapy. To gain insights into the
complexity of immune cell responses following myelo-inhibition, we utilized numerous complementary
approaches in this study, leveraging unique chemokine knockout GEMMs, scRNA-seq, human

transcriptomics and proteomics data, and two different murine tumor models (GBM and HCC).
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First, we demonstrate that genetic loss of individual MCP genes in stromal cells results in improved
survival of tumor-bearing mice with no change in TAM content, while loss of individual MCPs from
both stromal and tumor cells abolishes survival advantage (Fig. S2). These results suggest a redundancy
in function of MCP members and compensatory changes in monocyte populations following their
elimination. It also motivated us to create a mouse model that is deficient of al MCP members. As
expected, depletion of al MCPs from both the stroma and the tumor compartments abolishes monocyte
recruitment. To our surprise a neutrophil influx and a concomitant rise in neutrophil chemotactic
cytokines Cxcl-1 and -2 accompanied monocyte depletion (Fig. 2). In contrast to monocytes, due to
their lower abundance in GBM, the role of neutrophils has remained less known (Lin et al., 2021).
Recent studies have demonstrated that neutrophil infiltration and activation are markers of poor glioma
prognosis (Rahbar et al., 2016). Increased neutrophil degranulation, elevated levels of ARGL1 that
suppress T-cell functions, upregulation of S100A4 expression, and increased IL-12 levels have been
shown to be associated with glioma malignancy (Liang et al., 2014; Rahbar et al., 2016). Together, these
observations eucidate the lack of difference in survival duration between WT and gMCP-deficient mice

in this study.

Functional investigation of neutrophil in GBM, or in cancer in general, is a nascent field (Quail et al.,
2022). It has been shown at the onset of GBM formation, neutrophils have an anti-tumoral effect, but
adopt a tumor-supportive phenotype as tumor progression occurs (Magod et al., 2021). One of the
mechanisms by which neutrophils exert their pro-tumorigenic function in GBM is via induction of
ferroptosis and tumor necrosis (Yee et a., 2020). Smilarly, spatial analysis of tumor-associated

neutrophil by IHC in this study reveals that the majority of these cells gather in or around necrotic areas

23


https://doi.org/10.1101/2022.07.21.500690
http://creativecommons.org/licenses/by-nc-nd/4.0/

529

530

531

532

533

534

535

536

537

538

539

540

941

542

543

544

545

546

947

548

549

550

551

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.21.500690; this version posted July 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(Fig. 2). Inference of ligand-receptor pairs from scRNA-seq data suggest that neutrophils release TNFo.
in a paracrine fashion, which likely facilitates tumor necrosis and a hypoxic response (Fig. 5). Future
studies should address whether inhibiting TNF in the TME or ablating TNF receptors on tumor cells can

hamper neutrophil pro-tumorigenic functions.

We and others have demonstrated that murine GBM models closely resembling the human MES GBM
subtype have increased numbers of neutrophils relative to PN- and CL-like GBM models (Chen et al.,
2020; Magod et al., 2021). Our findings that PDGFB-driven tumors in gqMCP-deficient mice have
increased expression of MES genes, increased expression of MES marker CD44, and increased hypoxia
upon IHC staining are consistent with a transition from a PN to a MES GBM subtype (Fig. 4) (Hara et
al., 2021). To evaluate clinical relevance of our observations, we analyzed NanoString data of IDH-WT
and IDH-MUT tumors for neutrophil and their recruitment chemokines. In agreement, we find an
increased presence of neutrophil and neutro-attractant chemokines in human MES subtype samples (Fig.
3). When a larger patient cohort from TCGA was stratified based on their IL-8 (CXCL8) expression,
higher expression is found to be associated with inferior survival. Overall, our results indicate that
monocyte:neutrophil ratio can define tumor signature, highlighting the essential roles these two cell

types play in shaping tumor cell expression profiles and crafting the evolving TME.

It is interesting to note that depleting one pro-tumorigenic myeloid subset resulted in an influx of an
equally pro-tumorigenic subset. Similar observations were documented following CSF1R inhibition in
transplantable solid tumor models and patient samples outside of the CNS (Kumar et al., 2017). In
contrast, CSF1R inhibition in a GBM mouse model did not reduce the number of TAMs, and thereby

did not induce compensatory neutrophil influx (Coniglio et al., 2012). While CSF1R inhibitors target
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TAMs independent of thelr ontogeny, we show in this study that the compensatory neutrophil
recruitment in GBM is driven by abolishing monocyte infiltration without affecting resident brain

microglia.

We were curious whether decreasing neutrophil infiltration in neutrophil-enriched tumors would lead to
increased monocyte infiltration. Therefore, as a proof-of-principle we selected a well-documented
neutrophil-enriched tumor outside of the CNS— HCC. It is well established that neutrophil numbers can
serve as powerful predictors of poor outcome in HCC patients, but mechanisms of their infiltration
remain elusive (Kuang et a., 2011; Margetts et a., 2018). By using a genetic mouse model, we
demonstrate that smilar to human HCC, murine HCC are enriched with neutrophils and their ratio to
monocytes (~3:1) mirror that of the blood of healthy WT mice, contrasting to GBM. Abolishing
monocytes had no impact on survival of neutrophil-enriched HCC tumor-bearing mice, similar to what
we had shown with abolishing neutrophils in monocyte-enriched PDGFB-GBM. Decreased neutrophil
infiltration resulted in extended survival and was associated with increased monocyte recruitment,

suggesting this compensatory mechanism exists both ways.

An intriguing question remains. why are some tumors enriched in monocytes while others neutrophils?
Monocytes are a minority in blood circulation, yet they give rise to the dominant infiltrates in GBM;
whereas neutrophils, the most abundant in the blood, rarely invade GBM (except for MES tumors in
both human and mice)? It is speculated that Tp53 loss, either alone or in combination with Kras or Pten,
create microenvironments that preferentially favor neutrophil infiltration in various solid tumors (Quail
et a., 2022). However, Tp53 mutation occurs a a very high prevalence across many cancer types,

ranging from 30% to 47% in brain, liver, lung, skin, ovarian and many other cancers (Olivier et a.,
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2010). Therefore, this widespread presence cannot explain the highly diverse TME across all the tumor
types. For instance, both GBM and HCC models used in this study involved Tp53 silencing, however
their TMEs are contrasting in terms of monocytes/neutrophil compositions. We posit that unique
combinations of driver mutations in different tumor types, rather than loss of a universal tumor
suppressor gene, play a decisive role in this phenomenon. We have shown that Nf1-silenced murine and
human GBMs have increased expression of neutrophil recruitment chemokines compared to PDGFRA
amplified hGBM and PDGFB-driven mGBMs, which favor monocyte infiltration (Chen et al., 2020;
Kaffes et a., 2019). Therefore, in-depth analysis of tumor samples created by different driver mutations

will uncover potential mechanisms each tumor uses to construct their distinctive TMEs.

In conclusion, we demonstrated that when all MCPs were genetically deleted and monocyte recruitment
abolished, GBM adapts to mobilize an influx of neutrophils. Similar compensatory effects exist in HCC.
These observations explain the failure of current treatment attempts that pursue single chemokines. It is
therefore imperative to develop combinatory therapies that are simultaneously directed at both
monocytes and neutrophils. Effective treatment can also be confounded by the complexity where
targeting neutrophil influx are often challenged by a rebound effect. Fundamental understanding of the
interplay between driver mutations, monocytes, neutrophils, and other TME cell types using state-of-
the-art GEMMSs, single-cell resolution measurements, and integrative analysis as utilized in our study
will be critical to future pharmacological development aiming at creating long lasting, dual function

compounds.

METHODS

26


https://doi.org/10.1101/2022.07.21.500690
http://creativecommons.org/licenses/by-nc-nd/4.0/

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.21.500690; this version posted July 22, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Generating gqMCP knock-out mice. The gMCP knock-out mice were generated at the Mouse
Transgenic and Gene Targeting Core at Emory University. A pair of guide RNAs (upstream:
CCCTGGCTTACAATAAAAGGCT, and downstream: CAGCAGGCCAAATGAGGGGAGG) were
designed to recognize the 81k base DNA segments flanking the genes between Ccl2 and Ccl8
(inclusive) on chromosome 11. The guide RNAs were synthesized and validated by Sigma
(MilliporeSigma). The guide RNAs, CRSPR/cas9 mRNA, and a donor repair oligonucleotide (5'-

TCACTTATCCAGGGTGATGCTACTCCTTGGCACCAAGCACCCTGCCTGACTCCACCCCCCAG

GTGTTCAAGGGTTCCTGTGTATTATTTGGGTTTCATTTTATGGGGTTCAAGTGAAGGA-3')

were co-injected into C57BL/6N (RRID:MG:6198353) zygotes and transferred to surrogate dames. Two
founder female mice were identified by PCR, and verified by DNA sequencing. We back crossed
founder #5 to the C57BL/6J strain for over 10 generations and the progeny’s genetic background was
confirmed to be C57BL/6J via genetic monitoring service provided by Transnetyx. All the mice were
viable and fertile. All subsequent genotyping was done a Transnetyx with the probe set named

Gm17268-1.

Mice used in this study. Mice of both sexes (equal distribution) in the age range of 6-12 weeks were
used for experiments (Chen et al., 2020; Herting et al., 2017). Previously-described Ccl2” (Jackson
laboratory, #004434), Ccl7” (Jackson laboratory, #017638), Ccl8/12" (gifted by Dr. Sabina Islam),
Cxcl1” (Shea-Donohue et al., 2008), and Cxcr2” (Jackson laboratory, #006848) mice were either
maintained as single knock-out strains, or cross-bred to the Ntv-a mice to generate double or triple
knock-out strains. All these mice are in a C57BL/6 background. C57BL/6J mice (#000664) at 6 weeks
old were purchased from the Jackson labs. All animals were housed in a climate-controlled, pathogen-

free facility with access to food and water ad libitum under a 12-hour light/dark cycle. All experimental
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procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Emory
University (Protocol #2017-00633) and the Icahn School of Medicine at Mount Sinai (Protocol #2019-

00619 and #2014-0229).

RCAS virus propagation to generate de novo GBM. DF-1 cdls (ATCC, CRL-12203,
RRID:CVCL_0570) were purchased and grown at 39°C according to the supplier’s ingtructions. Cells
were transfected with RCAS-hPDGFB-HA, RCAS-hPDGFA-myc, RCAS-shRNA-p53-RFP, RCAS-
shRNA-Nf1l, RCAS-shRNA-Pten-RFP, and RCAS-Cre using a Fugene 6 transfection kit (Roche,
11814443001) according to the manufacturer's instructions. DF-1 cells (4x10% in 1 pl neurobasal
medium were stereotactically delivered with a Hamilton syringe equipped with a 30-gauge needle for
tumor generation (Franklin and Paxinos, 1997). The target coordinates were in the right-frontal striatum
for PDGFB-overexpressing tumors at AP -1.5 mm and right -0.5 mm from bregma; depth -1.5 mm from
the dura surface. NF1-silenced tumors were generated via injection into the subventricular zone at
coordinates AP -0.0 mm and right -0.5 mm from bregma; depth -1.5mm from the dura surface (Chen et
al., 2020; Franklin and Paxinos, 1997; Herting et al., 2017). Mice were continually monitored for signs
of tumor burden and were sacrificed upon observation of endpoint symptoms including head tilt,

lethargy, seizures, and excessive weight loss.

Orthotopic glioma generation. The same procedure was used as described above, except 3X10* of
freshly-dissociated tumor cells were injected in the right-frontal striatum AP -1.7mm and right -0.5mm
from bregma; depth -1.5mm from the dural surface of recipient animals. Two or three donor tumors of
either sex were used for obtaining single cells for orthotopic glioma generation in male and female

recipient animals.
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Hydrodynamic tail-vein injection to generate HCC. A sterile 0.9% NaCl solution/plasmid mix was
prepared containing DNA. We prepared 11.4 ng of pT3-EFla-MY C-IRES-luciferase (MY Cluc), 10 pg
of px330-sg-p53 (sg-p53), and a 4:1 ratio of transposon to SB13 transposase-encoding plasmid
dissolved in 2 mL of 0.9% NaCl solution and injected 10% of the weight of each mouse in volume as
previously described (Ruiz de Galarreta et al., 2019). Because two independent “hits’ are required for
tumor formation in C57BL/6 mice (Chen and Calvisi, 2014), only those hepatocytes that receive the
three plasmids (transposon-based, transposase, and CRISPR-based) will have the potential to form
tumors. Mice were injected with the 0.9% NaCl solution/ plasmid mix into the lateral tail vein with a
total volume corresponding to 10% of body weight in 5 to 7 seconds. Vectors for hydrodynamic delivery
were produced using the QIAGEN plasmid PlusMega kit (QIAGEN). Equivalent DNA concentration

between different batches of DNA was confirmed to ensure reproducibility among experiments.

L uciferase Detection. In vivo bioluminescence imaging was performed using an 1VIS Spectrum system
(Caliper LifeSciences, purchased with the support of NCRR S10-RR026561-01) to quantify liver tumor
burden. Mice were imaged 5 minutes after intraperitoneal injection with fresh d-luciferin (150 mg/kg;
Thermo Fisher Scientific). Luciferase signal was quantified using Living Image software (Caliper
LifeSciences, RRID:SCR_014247). Normalized luciferase signal was calculated by subtracting the
background signal. Those mice with a luciferase signal alog of magnitude lower than the average signal

were excluded from the study.

Tumor and cultured cell RNA isolation and analysis. At humane endpoint, mice were sacrificed with

an overdose of ketamine and immediately perfused with ice cold Ringer’s solution (Sigma-Aldrich,
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96724-100TAB). The brain was extracted, and a piece of tumor was immediately snap-frozen in liquid
nitrogen for storage at -80°C. Alternatively, cultured cells were harvested from plates using TRIzol
(ThermoFisher, 15596026). RNA was isolated from the frozen tumor pieces or cells with the RNeasy
Lipid Tissue Mini Kit (Qiagen, 74804) according to the manufacturer’s instructions. RNA quantity was
assessed with a NanoDrop 2000 spectrometer, while quality was confirmed via electrophoresis of
samples in a 1% bleach gel as previously described (Aranda et al., 2012). RNA was used to generate
cDNA with a First Strand Superscript 111 cDNA synthesis kit (ThermoFisher, 18080051) according to
the manufacturer’s instructions and with equal amounts of starting RNA. Quantitative-PCR was
performed with the validated BioRad PCR primers (Table S2, except Cxcl1 and Cxcl2 whose sequence
were obtained from Girbl et a (Girbl et al., 2018)). using SsoAdvanced Universal green Supermix
(BioRad, 1725271). Fold changes in gene expression were determined relative to a defined control

group using the 244!

method or by z-score, with B-Actin or HPRT used as housekeeping genes.

NanoString analysis. Human formalin-fixed, paraffin-embedded (FFPE) tissue scrolls were cut in
10um sections for RNA extraction using the RNeasy Lipid Tissue Mini Kit (Qiagen #74804) according
to the manufacturer’s instructions. RNA integrity was confirmed using a bioanalyzer and samples
possessing a DV 300% greater than 30 were used. 50 ng of RNA was used for NanoString analysis with
the pan-cancer pathways immune panel (NanoString, XT-CSO-HIP1-12). All data analysis was
processed and normalized using nSolver Analysis Software version 4.0 (NanoString) and GraphPad

Prism 9 (GraphPad Software, RRID: SCR_002798).

Neutrophil mor phology analysis by Cytospin. Whole blood was collected with a heparinized capillary

tube (Fisher, 22-362-566) via mandibular vein puncture. 10 ul of whole blood was suspended in 1 ml
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RBS lysis buffer in a 1.5 ml Eppendorf tube, which was kept at 37 C for 1 min. The tube was
centrifuged at 4509 for 4 min at RT and the pellet was resuspended in 100 ul PBS containing 1% BSA.
Cytospin dlides (ThermoFisher, 5991056) and filter paper (ThermoFisher, 5991022) were assembled
according to manufacturer’ s instructions. The cell suspension was then transferred to the funnel that was
attached to the dlides. The assembly was loaded into the Cytospin centrifuge and run at 800 rpm for 5
min. The dides were air-dried at RT for 20 min before they were plunged into ice cold methanol for 5
min. The slides were then stained with DAPI (Sigma, 1 ug/ml) for 10 min at RT in the dark. Images of
the nuclei were taken with a Leica confocal microscope (Leica, SP8) with a 10X objective, with multiple
areas of view were acquired for each sample. Number of nucle with typica neutrophil nuclear

morphology (Fig. 7D) was counted.

Human tissue samples and pathological appraisal. Human FFPE GBM samples, post-mortem brain
specimens, and de-identified clinical information were provided by Emory University. Board-certified
neuropathologists graded and diagnosed both the human tumor tissues and murine samples according to
the 2016 World Health Organization Classification of Tumors of the Central Nervous System (Louis et
a., 2016). Gene expression profiling to determine transcriptional subtypes was performed using
NanoString nCounter Technology using custom-made probes for 152 genes from the original GBM_2
design (Kaffes et al., 2019). Flash frozen, de-identified GBM samples and adjacent non-malignant
tissues acquired during tumor resection were obtained from Mount Sinai Hospital through the
biorepository, under IRB-approved protocols (18-00983). Whole genome sequencing was performed to

determine patients' IDH mutation status and molecular genotype of the tumors.
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TCGA analysis. U133 Microarray data for the GBM (TCGA, provisional) dataset were downloaded
from cBioPortal (https.//www.cbioportal.org, RRID:SCR_014555) in August 2019 and sorted into
subtypes based upon a proprietary key. G-CIMP-positive tumors were excluded from analysis. We
included 372 patient samples for which covariate information (survival information, age, and gender)
was available. Cox Proportional Hazard Models were fitted in R using age and gene expression as

continuous covariates, and gender as a binary variable.

Tissue processing and immunohistochemistry. Archived FFPE human GBM samples and de-
identified clinical information were provided by Emory University. Murine FFPE sapeles were
generated as previously described (Chen et al., 2017). The specimens were sectioned at 5 um thickness,
dide-mounted, and stored at -80°C until use. To process mouse tumor tissues, animals were
anesthetized with an overdose of ketamine/xylazine mix and transcardially perfused with ice-cold
Ringer’s solution. Brains were removed and processed according to the different applications. For H&E
tumor validation and immunohistochemistry staining, brains were fixed in 10% neutral buffered
formalin for 72 hours at room temperature (RT), processed in a tissue processor (Leica, TP1050),
embedded in paraffin, sectioned a 5 um with a microtome (Leica), and mounted on superfrost glass
dides (ThermoFisher 3039-002). Slides were rehydrated with tap water and dipped in hematoxylin
(ThermoFisher, 7231), bluing agent (ThermoFisher, 22-220-106) and eosin (ThermoFisher,
M1098442500) for 1 min each with thorough washes with tap water in-between. Slides were dehydrated
with series washes in ethanol and Neo-clear (ThermoFisher, M1098435000) before mounted in
Permount medium (ThermoFisher, SP15-100).

All immunohistochemistry staining was performed on a Leica Bond Rx platform (Leica). Primary

antibodies (a full list of primary antibodies used in this study is shown in Table S3) used in this study
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include: anti-IBA-1 (1:1,500, FUJIFILM Wako, 019-19741, RRID:AB_839504), anti-CD31 (1:50,
Dianova, DIA-310), anti-CD44 (1:100, BD Pharmingen, 550538, RRID:AB_393732), and anti-OL1G2
(1:500, Millipore, AB9610, RRID:AB_570666). Anti-GFAP (1:10,000, CST, 3670, RRID:AB_561049),
anti-Elastase (1:400, Bioss, bs6982R or 1:400, AbCam, ab68672), anti-P2Y 12 (1: 500, AnaSpec, SQ-
ANAB-78839, discontinued). Appropriate secondary antibodies were purchased from Leica or
Vectorlab. Digital images of the sides were acquired by using a Nanozoomer 2.0HT whole-dlide
scanner (Hamamatsu Photonic K.K) and observed offline with NDP.view2 software (Hamamatsu).

Image analysis was performed using Fiji (NIH, RRID:SCR_002285).

Tumor dissociation and primary cell culturing. Tumor dissociation was performed as previously
described. Briefly, tumors were dissected from the brain, minced into pieces < 1 mm?, and digested with
an enzymatic mixture that includes papain (0.94 mg/ml, Worthington, LS003120), EDTA (0.18 mg/ml,
Sigma, E6758), cystine (0.18 mg/ml, Sigma, A8199), and DNase (60 ng/ml, Roche, 11284932001) in 2
ml HBSS (Gibco, 14175-095). Tumor tissues were kept at 37°C for 30 minutes with occasonal
agitation. The digestion was terminated with the addition of 2 ml Ovomucoid (0.7 mg/ml, Worthington,
L S003086). Following digestion, single cells were pdlleted, resuspended in HBSS, and centrifuged at

low speed (84 RCF) for 5 min, before passing through a 70 um cell strainer.

Anti-Ly6g antibody or iCXCR2 treatment. Tumor-bearing mice were randomly assigned to different
experimental groups on thefirst day of treatment. For neutrophil depletion, tumor-bearing mice received
intraperitoneal injections of 200 pug of 1A8 (Ly6g depletion, BEOO75-1) or 2A3 (control; BEO089, both
from Bio X Cell) antibody per mouse starting from day 25 after DF1 cell injection. Injections were

given every day until mice succumb to disease and were sacrificed a humane endpoints. Mice were
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monitored for signs of disease progression as described above. To decrease treatment induced seizures,
mice were given 1mg/kg Dexamethasone (West-ward) every third day starting day 37.

CXCR2 inhibitor SB 225002 (iCXCR2) was purchased from Tocris (#2725) and dissolved in DM SO
to make 10 mg/ml solution. This solution isdiluted 10 X with 0.33% Tween80 (v/v) in saline on the day
of treatment. Starting on day 20 after tumor initiation, each mouse assigned to the treatment group

received an IP injection of iICXCR2 at 10 mg/Kg daily until humane endpoint.

Olink multiplex proteomic analysis. Flash frozen human GBM samples and adjacent non-malignant
tissues were weighed and ~ 30 mg of tissues from each sample were transferred to a 1.5 ml Eppendorf
tube. T-PER Tissue Protein Extraction Reagent (ThermoFisher, 78510) containing phosphoSTOP and
protein inhibitors cocktail (100 mg/ml, Roche 11836153001) was added to the tube at the ratio of 1 ml
buffer per 100 mg tissue. The tissues were homogenized on a sonicator till no chunk of tissue visible, for
about 30 sec. The extractions were kept in cold room for 1 hours with rotation. They were centrifuged at
10,000 g for 5 min at 4 C and the supernatants were carefully collected. Protein concentration was
determined by Bradford assay (BioRad, 5000001) following manufacturer’s instructions. The final
concentration of the samples was standardized to 0.5 mg/ml. samples were shipped to Olink Proteomics
(Watertown, MA) on dry ice overnight. The Olink Immuno-oncology panel that analyses 96 immuno-
oncology related human proteins were utilized. Normalized protein expression (NPX) values were
generated and reported by Olink, and subsequently analyzed in-house using Prism (Graphpad) or
Morpheus (Broad ingtitute) online tool. PCA analysis and graph were performed with MATLAB

(MathWorks, RRID:SCR_001622).
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Hematoxylin and eosin staining to identify necross in GBM. Mice were sacrificed at humane
endpoint with an overdose of ketamine and xylazine and perfused with 10 ml cold Ringer’s solution.
The brain was carefully extracted and incubated in 10% formalin for 72 hours. The brains were
dissected through the middle of the tumor and embedded in paraffin. The paraffin block was trimmed
and the brains were sectioned on a microtome (Leica) to cut 5 um sections. The sections were collected
and mounted on a dlide for automated hematoxylin and eosin staining as described above. The dlides
were scanned at 20x magnification with a whole-slide scanner (Hamamatsu). Tumor areain each section

was determined in ablinded fashion in NDP.view?2.

Enzyme-linked immunosor bent assay. Whole blood was collected from anesthetized mice via cardiac
puncture. Blood Ceéll lysates for enzyme-linked immunosorbent assay (ELISA) were collected via
sonication of cellsin lysis buffer supplemented with protease and phosphatase inhibitors. ELISAs were
performed for CCL2 (R&D, DY479), CCL7 (Boster Bio, EK0683), CCL8 (R&D, DY 790), CCL11
(R&D, MMEOQ0), CCL12 (R&D, MCC120) and CCL5 (R&D, DY478-05) on cell lysates and cell

supernatants according to the manufacturer’ s instructions.

Flow Cytometry and spectral flow cytometry. Initial steps of the enzymatic dissociation of the tumors
are the same as described above, except 0.5% collagenase D (Sigma, 11088858001) and DNase |
(Roche, 11284932001) were used in place of papain. Single-cell suspensions were passed through 70
um cdl strainers, centrifuged, and resuspended in 30% Percoll (GE Healthcare, 17-0891-01) solution
containing 10% FBS (Hyclone SH30396.03). Cells were separated by centrifugation at 800g for 15
minutes at 4°C. The supernatant was carefully removed to discard debris and lipids. The cells were then

washed in cold PBS and resuspended in RBC lysis buffer (BioLegend, 420301) for 1 min at 37°C. Cells
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were transferred to an Eppendorf tube and washed once with FACS buffer (DPBS with 0.5% BSA) and
blocked with 100 ul of 2x blocking solution (2% FBS, 5% normal rat serum, 5% normal mouse serum,
5% normal rabbit serum, 10 ug/ml anti-FcR (BioLegend, 101319) and 0.2% NaNs in DPBS) on ice for
30 minutes. Cells were then stained with primary antibodies (Table S2) on ice for 30 minutes and
washed with PBS. The cells were subsequently incubated in 100 pl viability dye (Zombie UV,
BioLegend, 1:800) at room temperature for 20 min. The cells were washed and fixed with fixation
buffer (eBioscience, 00-5123-43, 00-5223-56) for 30 min at 4 °C. Cells were washed and stained with
the cocktail of antibodies examined myeoid lineage are set aside in the fridge until loading to the
cytometer. Cells stained for the lymphoid panel were then permeabilized with a permeabilization buffer
(eBioscience, 00-8333-56) before the intracellular markers were stained. The cells were washed and
stored in fridge till analysis. Antibodies used in this study include are listed in table S2. All data were
collected on aBD LSR Il flow cytometer or Cytek Aurora spectral flow cytometer. Data were analyzed

off line using FlowJo 10 software (Tree Star Inc., RRID:SCR_008520).

Single-cell RNA-seq and data analysis. Single cell suspensions of the tumors were obtained by papain
dissociation as described above. Viability of single cells was assessed using Trypan Blue staining, and
debris-free suspensions of >80% viability were deemed suitable for single-cell RNA Sequencing
(scRNA-seq). Samples with lower viability were run with caution. Single cell RNA Seq was performed
on these samples using the Chromium platform (10X Genomics) with the 3’ gene expression (3° GEX)
V3 kit, using an input of ~10,000 cells. Briefly, Gel-Bead in Emulsions (GEMSs) were generated on the
sample chip in the Chromium controller. Barcoded cDNA was extracted from the GEMs by Post-GEM
RT-cleanup and amplified for 12 cycles. Amplified cDNA was fragmented and subjected to end-repair,

poly A-tailing, adapter ligation, and 10X-specific sample indexing following the manufacturer’s
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protocol. Libraries were quantified usng Bioanalyzer (Agilent) and QuBit (ThermoFisher) analyses and
were sequenced in paired end mode on a NovaSeq instrument (lllumina) targeting a depth of 50,000-
100,000 reads per cell.

Raw fastq files were aligned to mouse genome reference mm10 customized to include the Rfp
sequence, using CellRanger v5.0.0 (10X Genomics). Count matrices filtered by CellRanger algorithm
were further filtered by discarding cells with either < 200 genes, < 1000 UMI (unique molecular
identifier), or > 25% mitochondrial genes expressed. Data was processed and analyzed using R package
Seurat v4.0.5. Normalization was performed using NormalizeData function with normalization.method
= ‘LogNormalize’. Dimensionality reduction was computed on the top 2,000 variable features using
FindV ariableFeatures, ScaleData and RunPCA functions. UM APs were generated using the top 15 PCs.
For subclustering the immune compartment, we used R package Harmony to mitigate for batch effects
driven by technical variation between replicates. De novo clustering using the Louvain algorithm was
applied at different resolutions (0.2; 0.8; 2; 5; 8) on the SNN graph space. For high-level annotation, cell
classes were identified in an iterative and semi-supervised fashion by assigning de novo discovered
clustersto cell classes based on expression of known marker genes that define each cluster. Annotation of
cell subtypes at a lower-level was performed in a similar manner as for the high-level and further aided
by de novo marker discovery using the Seurat FindMarkers function and Wilcoxon Rank Sum test for
differential expression analysis. To identify doublet-enriched clusters we looked for clusters of cells
displaying expression of canonical markers for two or more different cell types and higher number of
genes/lUMI; such clusters were removed from further analysis.

Identification of modules of co-expressed genes was carried out using the R package sSWGCNA
(https://github.com/smorabit/scWGCNA) by first computing meta cells of 100 neighboring cells

(k=100) using the function congruct metacells. To identify  modules, function
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blockwiseConsensusModules was called with following parameters. softPower=12, deepSplit=3,
mergeCutHeight = 0.25. Only the top 2,000 variable genes were used. Module scores, representing a
normalized average expression of all genes in the WGCNA module, were computed using Seurat
function AddModuleScore. Pathway enrichment analysis of gene modules identified using WGCNA

was carried out using R package clusterProfiler (Yu et al., 2012).

Statistical analyses. Graphs were created using GraphPad Prism 9 (GraphPad Software Inc.) or R.
Variables from two experimental groups were analyzed using unpaired or paired parametric two-tailed t-
tests as appropriate, assuming equal standard deviations. One-way ANOVA was used to compare
variables from more than two groups. Kaplan-Meier survival analysis was performed using the log-rank
(Mantel-Cox) test and Gehan-Breslow-Wilcoxon test. Further details are included in the figure legends.
Power analysis was performed based on prior experimental results obtained in the lab, with
consideration of 10% attrition rate due to unexpected events such as spontaneous sarcoma, dermatitis or
fight wound. (*) P < 0.05; (**) P < 0.01; (***) P <0.001; (****) P < 0.0001; (ns) not significant. Final
figures were assembled in Creative Cloud Photoshop (Adobe, RRID:SCR_014199).
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Figure 1. Generation and validation of qMCP"™ mouse. (A) Correlations between CCL7, CCL8, and
CCL13 expression levels and patient survival were analyzed using an IDH-WT cohort from TCGA.
High and low expression were defined as +/- 0.5 STDEV from the mean of all samples (n = 260). Both
Log-rank and Mantel Cox (MC) tests were applied. P = 0.1868 by MC for CCL13. (B) Normalized
protein expressions of MCPs examined by Olink proteomic assay. Two-tailed Student's t-test. (C)
Expression distribution of MCP family members in human GBM tissue as determined in tandem by
laser capture microdissection and RNA-seq queried from the IVY Gap database (n=34). (D) Schematic
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illustration of CRISPR/Cas9-mediated deletion of the MCP genes. (E) Serum MCP levels were
measured by ELISA following LPS treatment. CCL5 was used as an internal control. Two-tailed
Student's t-test. (F) Flow cytometry quantification of Ly6c™ monocytes in the bone marrow of healthy
adult mice. (G) Multiplex flow cytometry analysis was used to enumerate blood cells in the circulation.
(H) Analysis of blood cdlls in healthy adult mice. Two-tailed Student's t-test. (I) Schematic illustration
of orthotopic transplantation of primary tumors. (J) Kaplan Meier-survival curves of PDGFB-driven
tumors generated in WT and gMCP™" mice. (K) flow cytometric quantification of myeloid cells in
tumors at humane endpoint. Student’s t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not
significant. MS = median survival.
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Figure 2. MCP chemokine deletion blocks monocyte recruitment and leads to a compensatory
infiltration of neutrophils. (A) Survival curves were compared by log-rank test. Ns = not significant.
(B) UMAP dimensionality reduction of scRNA-seq data from 57,360 cells isolated from three WT;Ntv-a
and three qMCP™";Ntv-a tumors. Consistent expression of known markers was used to annotate cell
clusters into 5 broad cell classes: Lymphoid (B-cells, NK-cells, Plasma, apT-cell and y6T-cells),
Myeloid (DC1, DC2, DC3, pDC, MDM, MG, Monocytes and Neutrophils), Stromal (Astrocytes,
Excitatory Neurons, Interneurons, OLG imm, OLG mat and vascular smooth muscle cells),
Endothelial, and Tumor (TO to T5). (C) UMAP showing refined clustering of myeloid cells isolated
from WT;Ntv-a (left) and qMCP™;Ntv-a (right) tumors. (D) UMAP plots showing results of spectral
flow cytometry analysis of tumors. (E) Dot-plot and analysis of monocytes and neutrophils analyzed by
gpectral flow cytometry. Two-tailed Student's t-test. (F) Immunohistochemistry staining of Elane in
mGBM. (G) Quantification of Elane’ cells. (H) and () Quantitative analysis of Cxcl chemokines or Csf
by gPCR. Two-tailed Student's t-test. * p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Scale bar = 100
um, scale bar ininset = 50 um. Abbreviations: Mus = muscle; imm= immature; mat= mature.
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Figure 3. Human MES GBM tumors have increased expresson of neutrophil recruitment
chemokines and neutrophil content. (A) NanoString in silico analysis of celular scores in human
GBM tumor samples. (B) Neutrophil score in hGBM subtype samples. One-way ANOVA with Tukey’s
multiple comparisons test. (C) Expression of neutrophil recruitment chemokines IL8 and S100A9
examined by NanoString. (D) Genetic alterations of GBM patient samples (cBioportal, TCGA, Firehose
Legacy) selected based on mutual exclusivity of alterations in PDGFFRA, NF1, and EGFR. (E)
Expression of neutrophil recruitment chemokines and their shared receptor CXCR2 examined by TCGA.
Student’s t-test. (F) Survival curves of IDH-WT human GBM patients based on low and high expression
levels of IL8. High and low are defined as +/- 1ISTDEV from Average of 373 IDH-WT GBM patient
samples (cBioportal, TCGA, Firehose Legacy). Log-rank test. (G) Representative images of IHC for
Elane. (H) Quantification of Elane” neutrophils. One-way ANOVA with Tukey’s multiple comparisons
test. *p<0.05, **p<0.01, ***p<0.001. Scale bar = 100um, scale bar in inset = 25 um. MS = median
survival.
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Figure 4. MCP chemokine deletion results in PDGFB-driven GBM PN to MES shift. (A) UMAP
dimensionality reduction of MES-like cell state module score in al malignant cells examined by
scRNA-seq. (B) Quantification of MES score between WT;Ntv-a (red) and gMCP”;:Ntv-a (blue)
malignant cells. Student’s t-test. (C) Real time qPCR panel of signature genes that are differentially
expressed in PN and MES mGBM. P value was calculated using the Wilcoxon signed-rank test. (D)
Representative images and quantification of immunohistochemistry for signature molecules of
neoplastic cells. Student’ s t-test. (E) Representative images and quantification of immunohistochemistry
for molecules in TME. Student’s t-test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Scale bar = 50

um, scale bar in inset = 20 um.
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Figure 5. Neutrophils promote tumor progression by inducing a hypoxic response and necross.
(A) UMAP dimensionality reduction of the “Greenyellow” module score identified by sScWGCNA
analysis (left). Distribution of the average “Greenyellow” module score in malignant cells (right). (B)
Network graph of the top 30 co-expressed genes in the Greenyellow module. (C) Hallmark pathway
gene set enrichment analysis of each WGCNA module. Dot colors represent -log(p-value) and dot sizes
represent the number of genes in each Hallmark pathway. Arrowheads indicate biological functions
related to the Greenyellow module. (D) CelphoneDB dot plot showing differentially enriched
interactions between ligands (expressed by neutrophil) and receptors (expressed by recipient cells). Dot
colors represent the proportion of WT;Ntv-a vs. gMCP™;Ntv-a enrichment and dot sizes represent the -
log(p-value) of the differential enrichment. Dark circles represent significant interaction (Fisher’s exact
test P < 0.05). (E) Representative images and quantification of H&E staining for necrosis. Student’s t-
test. *p<0.05. Scale bar = 1 mm, scale bar ininset = 250 um.
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Figure 6. Genetic deetion of Cxcll or pharmacological inhibition of neutrophil extends the
survival of gMCP”:Ntv-a mice. (A) Schematic illustration and Kaplan Meier-survival curves of
PDGFB-driven tumors generated in WT;Ntv-a and Cxcl1”;Ntv-a mice (Cxcl1 is lost in both tumor cells
and TME). (B) tSNE plots illustrating myeloid composition in tumors. (C) FACS quantification of
myeloid subtypes. Student’s t-test. (D) Schematic illustration and Kaplan Meier-survival curves of
PDGFB-driven tumors generated in gMCP”";Ntv-a and gqMCP”";Cxcl1”;Ntv-a mice. (E) tSNE plots
illustrating myeloid composition in tumors. (F) FACS quantification of myeloid subtypes. Student’s
:Ntv-a -test. (G) Real-time gPCR on tumors from F at endpoint of survival from. (H) Schematic
illustration of treatment paradigm using anti-Ly6g antibodies. (I) Kaplan-Meer survival curves of
WT;Ntv-a and gqMCP™";:Ntv-a mice treated with anti-Ly6g antibodies. Log-rank test. (J) Representative
images and quantification of Elane in terminal tumors. Student’s t-test. (K) Schematic illustration of
treatment paradigm using CXCR2 antagonist. (L) Kaplan-Meier survival curves of gqMCP™";Ntv-a mice
treated with or without iCXCR2. Log-rank test. (M) tSNE plots illustrating myeloid composition in
tumors. *p<0.05. BMDM = bone marrow derived myeloid cells, Mg = microglia. iCXCR2 = CXCR2
inhibitor. Dex = dexamethasone. MS = median survival. Scale bar = 50 um.
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Figure 7. Blocking HCC neutrophil, but not monocyte, recruitment decreases tumor growth and

mouse survival.

(A) Representative images and (B) corresponding quantification graphs of

bioluminescence imaging at 7 and 21 days after tumor |n|t|at|on © Kaplan Meier survival curves for
HCC-bearing female (left) and male (right) WT, gMCP™, and Cxcl1” mice. Log-rank test. (D) tSNE
plots and flow cytometry quantification of lymphoid and myeI0|d cellsin HCC-bearing mice. (E) tSNE
plots illustrating myeloid cells examined by spectral flow cytometry. (F) Quantification of monocytes
and neutrophils by spectral flow cytometry. One-way ANOV A with Tukey’s post-hoc test. (G) Lollipop
plot showing neutrophil to Ly6c™ monocytes ratio. One-way ANOVA with Tukey's post-hoc test. (H)
Quantification of Kupffer cells and LCMs by spectral flow cytometry. One-way ANOV A with Tukey’s
post-hoc test. *p<0.05, **p<0.01, ***p<0.001. Ns = not significant. MS = median survival.
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