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ABSTRACT

While immunotherapies such as immune checkpoint blockade and adop-
tive T-cell therapy improve survival for a subset of human malignancies,
many patients fail to respond. Phagocytes including dendritic cells (DC),
monocytes, and macrophages (MF) orchestrate innate and adaptive im-
mune responses against tumors. However, tumor-derived factors may
limit immunotherapy effectiveness by altering phagocyte signal transduc-
tion, development, and activity. Using Cytometry by Time-of-Flight, we
found that tumor-derived GCSF altered myeloid cell distribution both
locally and systemically. We distinguished a large number of GCSF-
induced immune cell subset and signal transduction pathway perturbations
in tumor-bearing mice, including a prominent increase in immature
neutrophil/myeloid-derived suppressor cell (Neut/MDSC) subsets and
tumor-resident PD-L1T Neut/MDSCs. GCSF expression was also linked
to distinct tumor-associated MF populations, decreased conventional DCs,
and splenomegaly characterized by increased splenic progenitors with di-
minished DC differentiation potential. GCSF-dependent dysregulation of

DC development was recapitulated in bone marrow cultures in vitro, using

Introduction

Crucial advances in cancer immunotherapy include immune checkpoint block-
ade (ICB) utilizing antibodies that bind inhibitory receptors such as CTLA-4
and PD-1/PD-LI, and adoptive T-cell therapies to direct T-cell responses against
tumors. While responses to these therapies are successful in a subset of patients,

most are transient or unresponsive (1-3). In many ways, the immune response
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medium derived from GCSF-expressing tumor cell cultures. Importantly,
tumor-derived GCSF impaired T-cell adoptive cell therapy effectiveness
and was associated with increased tumor volume and diminished survival
of mice with mammary cancer. Treatment with neutralizing anti-GCSF an-
tibodies reduced colonic and circulatory Neut/MDSCs, normalized colonic
immune cell composition and diminished tumor burden in a spontaneous
model of mouse colon cancer. Analysis of human colorectal cancer patient
gene expression data revealed a significant correlation between survival and
low GCSF and Neut/MDSC gene expression. Our data suggest that normal-
izing GCSF bioactivity may improve immunotherapy in cancers associated

with GCSF overexpression.

Significance: Tumor-derived GCSF leads to systemic immune popula-
tion changes. GCSF blockade restores immune populations, improves
immunotherapy, and reduces tumor size, paralleling human colorectal can-
cer data. GCSF inhibition may synergize with current immunotherapies to

treat GCSF-secreting tumors.

to cancer parallels the response to chronic infection, with triggering of immune
inhibitory programs leading to a state of exhaustion or suppression together
with chronic inflammation (4). Given that the effectiveness of immunothera-
pies hinges on tumor stroma components and interactions, including changes
in innate immune cell composition and activity (5, 6), it is imperative that
we better understand the phagocyte regulatory pathways impacted by tumor

growth if we are going to improve cancer immunotherapies.
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Phagocytes in particular play a pivotal role in initiating and sustaining both
innate and adaptive immune responses against tumors. Phagocytes are het-
erogeneous and include monocytes (Mo), macrophages (MF), dendritic cells
(DC), neutrophils (Neut), which derive from common myeloid progenitors and
granulocyte/MF progenitors in the bone marrow (BM). However, in chronic in-
flammatory conditions such as cancer, tumor, and/or stroma-derived factors
including MCSE, IL6, VEGE, GCSE, and others, reprogram myelopoiesis (7)
leading to development of tumor-promoting phagocytes such as Neut/myeloid-
derived suppressor cells (MDSC), tumor-associated MFs (TAM), and immature
DCs (8, 9).

Neut/MDSCs inhibit T cells (10, 11) and natural killer (NK) cells, recruit regu-
latory T cells (Treg); (12) and suppress immune responses (10-12), and elevated
Neut/MDSCs correlate with poor response to ICB and adoptive T-cell therapies
(13-17). On the other hand, functional tumor antigen—specific cross-presenting
conventional dendritic cell (cDC) frequency correlates with better outcome and
response to ICB (18, 19) while DC deficiency or immature DC accumulation

leads to poor T-cell responses (20-22).

Many human cancers, including colorectal, breast, and lung, exhibit high GCSF
and/or GCSF receptor (GCFR) expression (23-27). To investigate the effect of
tumor-derived GCSF on immune cells, we previously used a murine mammary
tumor model in which GCSF is an abundant tumor-secreted factor. This model
revealed that tumor-derived GCSF is associated with perturbations in im-
mune system development, including altered BM hemopoiesis, splenomegaly
and dramatically increased multipotent splenic progenitors (28). Here, we
used mouse mammary and colorectal cancer models (29), together with Cy-
tometry by Time-of-Flight (CyTOF), to further characterize the role played
by GCSF in tumor-induced immune cell compositional and signal transduc-
tion changes associated with tumor growth. This system-level characterization
showed that increased GCSF dramatically altered phagocyte distribution in
tumor, BM, spleen, and blood, leading to increased Neut/MDSCs, decreased
cDCls, and extramedullary hemopoiesis characterized by splenomegaly with
elevated splenic progenitors with diminished DC differentiation potential.
GCSF-dependent dysregulation of DC development was recapitulated in BM
cultures in vitro. We also identified signal transduction pathways within
these immune subsets associated with GCSF upregulation, including the
GCSF-STAT3 axis.

Changes in the immune compartment stimulated by tumor-derived GCSF
translated to increased tumor size and load, and decreased efficacy of adoptive
T-cell transfer therapy. We show that GCSF and Neut/MDSC gene expression
is elevated in human colorectal cancer and is associated with colorectal cancer
patient outcome. Our work suggests that normalizing GCSF expression levels
may be useful alone, or in combination with new immunotherapies, for tumors

expressing GCSE.

Materials and Methods

Mice

Experiments were performed using 8-10 weeks old MMTV-neu/OT-I/OT-II
(MMTV), C57BL/6, GCSFR™/~, BoyJ, Ragl™/~, and OT-I age- and sex-
matched mice. Animals were housed under specific-pathogen-free conditions
and were fed autoclaved food and reverse osmosis water. All protocols in this
study followed guidelines provided by the Canadian Council for Animal Care

and the University of British Columbia Animal Care Committee.
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In Vivo Experiments
Mammary Tumor Model

Atotal of 1 x 10° MT or MTSSF =/~ cells were injected subcutaneously into the

OTI/OTIL .. Rag]f/f host

left flank of randomized syngeneic female MMTV/neu
mice. All analysis was done with blinding. Tumor volume was calculated using
calipers and the formula: (4/3)7t(rl x rw x rh). Animals bearing tumors larger
than 1.5 mm?® or ulcerated tumors were removed from the study. Blood was col-
lected via cardiac puncture and kept in ethylenediaminetetraacetic acid (EDTA)
or immediately treated with one-step Fix/Lyse solution (Thermo Fisher Scien-
tific) for phosflow/CyTOF as we described recently (30). A fraction of blood
was analyzed using a scil Vet abc hematology analyzer [Heska Canada Lim-
ited (Formerly scil animal care company Canada)]. After blood collection, mice
were perfused using fixative solution (1X Fix/Lyse Solution eBioscience) and
organs were harvested, fixed for 30-60 minutes, and processed for flow and/or
mass cytometry. Fixed splenocytes were passed through a 70 pum sieve. Tumors
were mechanically dissociated using gentleMACS C Tubes (Miltenyi Biotec),
resuspended and washed in plain RPMI and digested using Collagenase type
I and type XI, Hyaluronidase and DNase I at 37°C for 40 minutes. Cells were
counted using a hemocytometer and processed for CyTOF as described below.
Nonfixed tissues were harvested without perfusion and processed as above. For
adoptive T-cell therapy, naive CD8% OT-1 T cells were isolated using CD8a
and anti-biotin magnetic beads (Miltenyi Biotec) and washed twice in sterile
PBS prior to injection. From 1 to 5 x 10%, CD8" T cells were injected intra-
venously into tumor-bearing mice. Each in vivo study contained at least four
replicates and each study was repeated at least three times. GCSF production
by MT or MTCSF~/~ was assessed by cytometric bead array (CBA) for mouse
GCSE, following the manufacturer’s guidelines (BD).

Azoxymethane/Dextran Sulfate Sodium Model of

Colorectal Cancer

Host mice received an intraperitoneal injection of azoxymethane (AOM;
10 mg/kg). 5 days later, mice received dextran sulfate sodium (DSS) at 2.5% ad
libitum in drinking water for 7 days, followed by a second 5-day cycle at 2.5%
and a third DSS cycle (5 days, 2.0%). DSS cycles were interspaced with a recov-
ery cycle with sterile drinking water for 14 days. At the end of the third recovery
cycle, mice were bled and received 25 g of either isotype (IgGl, R&D Systems)
or anti-GCSF (MAB414, R&D Systems) antibody intraperitoneally three times
aweek for 3 weeks. Colons were harvested, cleaned, washed and tumor load was
assessed under a dissection microscope. Tissues were processed to a single-cell
suspension as described previously (31). Each in vivo study contained at least

four replicates and the study was repeated three times.

In Vitro Experiments

Cell lines MT and OP9-DLLI were provided by Dr. Brad Nelson and Dr.
Juan Carlos Zuniga-Pflucker, respectively. Cell lines were tested (2018) for My-
coplasma using RADIL, and authentication was done by FACS analysis of
surface marker expression. Cells were passaged <7 times after thawing.

DC Generation

Femurs were harvested in sterile conditions and flushed with DC media
[DMEM (Sigma), 10% heat-inactivated FBS (Invitrogen), 100 U/mL penicillin-
G and 100 pg/mL streptomycin (Thermo Fisher Scientific), 2 mmol/L
glutaMAX (Invitrogen), 55 pmol/L B-mercaptoethanol]. Cells were pel-

leted, resuspended in fresh media, and counted using a hemocytometer.

Cancer Res Commun; 3(3) March 2023

405



406

Matos et al.

BM cells (10° in 2 mL) were plated in a 24-well plate supplemented with
Flt3 L (100 ng/mL) for 6 days (DC progenitor analyses) or 9-10 days
(DC maturation and function assays). Three technical replicates together with
three biological replicates were used per condition per study. Half of me-
dia was replaced by fresh media on day 6. Mammary tumor-conditioned
medium (MT-CM) was produced by plating 5 x 10° MT or MTSCSF =/~ cells in
25 mL of MT growth medium [RPMI1640, 10% heat-inactivated FBS (Invit-
rogen), 100 U/mL penicillin-G and 100 pg/mL streptomycin (Thermo Fisher
Scientific), 2 mmol/L glutaMAX (Invitrogen), 55 p.mol/L B-mercaptoethanol
(Sigma-Aldrich) and 1x insulin/transferrin/selenium (Lonza)] in T175 flasks for
4 days. MT-CM was collected following centrifugation, aliquoted and stored at
—80°C. These DC BM cultures were exposed to 5% of MT- or MTGCSF—/—.
CM throughout the protocol. Control BM cultures received 5% MT growth
medium. DLL1-DCs were grown as described previously (32).

To assess T-cell proliferation, DCs were first grown for 7 days, by culturing 10
BM cells in 2 mL of either DC medium, or DC medium supplemented with 5%
conditioned medium from MT cells. On day 3, cells were transferred onto an
OP9DLLI monolayer and cultured for an additional 4 days. On day 6, DC cul-
tures were pulsed with chicken ovalbumin (OVA; Sigma-Aldrich, 100 pg/mL)
for 24 hours. On day 7, OVA-pulsed DCs were washed, counted, and plated with
naive OT-1 CD8™ T cells in triplicate. OT-1 T cells were freshly isolated from
the spleen of OT-1 mice using Miltenyi’s CD8 enrichment kit, and subsequently
labeled with violet cell tracker proliferation dye following the manufacturer’s
guidelines (Thermo Fisher Scientific). The final ratio of DC/OT-1CD8" T cells
was 5:1 and cultures were incubated for 72 hours in T-cell medium [DMEM,
10% FBS, Pen/Strep (50 U/mL), 1x Pyruvate (1 pmol/L), Glutamax (2 mmol/L),
2-ME (50 jumol/L) 1X non-essential amino acids]. Cells were stained with anti-
bodies recognizing CD8, CD3, and Thy1 to identify T-cell surface markers, and

acquired using an LSR-II cytometer.

Colonic Cultures

Host mouse colons were harvested and washed three times in PBS containing
penicillin (100 U/mL) and streptomycin (100 pwg/mL), and 0.5 cm of the dis-
tal portion of the colon was cultured in DMEM + penicillin/streptomycin and
gentamycin (100 pg/mL) at 37°C for 24 hours. Media was collected and stored
at —80°C.

Flow and Mass Cytometry Sample Preparation, Data
Acquisition, and Analysis

For flow cytometry, cells were processed into a single-cell suspension in FACS
buffer. Fc receptor blocking was performed using rat serum and dead cells were
excluded using Fixable Viability Dye (flow, eBioscience) or cisplatin (CyTOF,
DVS Sciences). After washing, 3 x 108 cells were labeled with surface mark-
ers using direct fluorochrome conjugates or biotinylated antibodies, and a
streptavidin-conjugated secondary antibody. For CyTOF, 3 x 10° cells of each
sample were permeabilized (Fluidigm Maxpar Fix and Perm Buffer) and bar-
coded (Fluidigm Cell-ID 20-Plex Pd Barcoding Kit) and subsequently pooled.
Cells were then stained with mAbs specific to cell surface and signaling pro-
teins. Cells were acquired using an LSR II flow cytometer or a CyTOF IL
Data were analyzed using Flow]Jo analysis software (Tree Star) or Cytobank
(www.cytobank.org). Red blood cells were excluded by gating on CD45™ cells
and debris removed using a DNA intercalator. Antibodies were purchased
from eBioscience, BD Biosciences, BioLegend, Fluidigm, and the Biomedical
Research Centre [University of British Columbia (UBC)]. Purified antibodies

were conjugated to lanthanides at the Biomedical Research Centre. ¢-stochastic
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neighbor embedded (tSNE) dimensionality reduction algorithm was used to vi-
sualize (ViSNE) the CyTOF data (http://www.cytobank.org). Original files were
randomly downsampled using Cytobank. Equal numbers of gated events were
analyzed per condition to ensure each replicate had the same impact on the fi-
nal tSNE coordinates. The maximum number of events combining all replicates

and conditions of a single tissue was 100,000 events.

tSNE Parameters

iterations 1,000, perplexity 30, theta 0.5 (default at CytoBank). For FlowSOM
analysis, the number of clusters was first determined using Phenograph and
constant K determined by the software. FlowSOM was then applied to generate

plots and clustering/heatmaps.

Flow and Mass Cytometry Panels

For CyTOE two panels were used (Supplementary Table S1). The panel de-
sign tool provided by Fluidigm (now Standard BioTools Inc.) was used. Noisy
channels (e.g., 157 Gd) were unused to minimize signal spill over. Antibodies
against bright/widely expressed antigens were in “dimmer” channels and anti-
bodies against rare or low expressing proteins were used in channels with high
sensitivity/less prone to spill over. The first panel with 42 markers was used
on live/nonfixed samples and consisted of antibodies targeting proteins on the
cell surface of immune cells. This panel was used on BM cells and included
marker used to identify progenitor cells in this tissue. The second panel con-
tained lineage antibodies and antibodies targeting intracellular proteins. In this
case, samples were fixed. Markers that were not required for delineating major
cell populations (CD150, CD24) or targets that did not withstand fixation (e.g.,
CD103) were removed to reduce background. Flow cytometry antibodies are

listed in Supplementary Table S2.

The Cancer Genome Atlas Data Analysis
We used batch-corrected GRCh37/hgl9 RSEM RNA sequencing (RNA-

seq) data and sample quality annotations from The Cancer Genome Atlas
(TCGA), publicly available as PanCancer Atlas data resources (EBPlus
PlusAdjustPANCAN_IlluminaHiSeq_ RNASeqV2.geneExp.tsv and merged_
sample_quality_annotations.tsv) from gdc.cancer.gov/node/977 (33). We
obtained clinical outcome data from the PanCancer Atlas clinical information
from gdc.cancer.gov/node/905 (34). For colorectal cancer, data were available
for 597 primary tumor samples and 47 adjacent normal tissue samples that
passed quality filters. Of the available 47 normal, 45 are histologically normal
tumor-adjacent tissue from the same patient that has matched corresponding
tumor data. Only two are unmatched (did not pass quality filters). To define the
colorectal cancer consensus molecular subtypes (CMS), we used the CMSclas-
sifier (rdrr.io/github/Sage-Bionetworks/CMSclassifier (35)) on log,(RSEM +

1)-transformed RNA-seq data for primary tumors.

Statistical Analyses

Two-tailed, unpaired Student ¢ tests with a 95% confidence interval were per-
formed on graphs generated in GraphPad Prism. Error bars represent SEM.
P values of <0.05, <0.01, and <0.001 were used as cutoffs for statistical sig-
nificance and are represented in the figures by one, two, or three asterisks,
respectively. CyTOF expression/signal differences were assessed using signifi-
cance analysis of microarray (SAM) unpaired test using a FDR-adjusted g-value
of 0.01. SAM was implemented in R. One-way ANOVA was used to assess sig-
nificance elsewhere. For expression heatmaps, a min-max transformation was

performed on a per-marker basis to highlight the differences across the various
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tSNEs clusters. For analysis of human TCGA data, we used Kruskal-Wallis and
Dunn multiple comparisons tests to compare gene expression in colorectal can-
cer tumors and adjacent normal tissue, and evaluated Spearman correlations of
gene expression within colorectal cancer tumor samples. Kaplan-Meier anal-
yses were performed with GraphPad Prism version 8, using the log-rank test,

and a median split to define low and high expression within tumor samples.

MT GCSF Knockout (MTESF-/-) Cells

CRISPR vectors were constructed using the GeneArt CRISPR Nuclease (OFP
Reporter) Vector Kit (Invitrogen). NOPI2 cells were transfected with the
CRISPR Nuclease Vector containing the insert AGGACGAGAGGCCGTTC-
CCC, using Lipofectamine 3000. Four days later, cells were sorted for OFP
expression and single cells were plated by limiting dilution. Colonies were
screened using a BD Cytometric Bead Array for GCSF (Beckton-Dickinson).
Sanger sequencing revealed a loss-of-function (LOF) mutation in nucleotide

33 within exon 2 of the murine csf3 gene.

Data Availability

Data were generated by the authors and available on request.

Results

GCSF Regulates Tumor Immune Cell Composition
and Signaling

We first characterized tumor stroma immune infiltrate in mice bearing the
GCSF-secreting mammary adenocarcinoma cell line NOP12 (referred to here as
MT). MT cells are derived from the MMTV-neu OT-1/OT-II mammary tumor
mouse model. MT cells express activated rat HER2/neu tagged at its C-terminus
with CD4 and CD8 T-cell epitopes from OVA, together with a dominant-
negative p53 transgene (C57BL/6-MMTV/neu®TVOTIL; ref. 36). When injected
subcutaneously into the flank of syngeneic mice, MT cells form solid tumors
with pronounced vasculature. MT tumors exhibit incomplete responsiveness
to adoptive cell therapy with transgenic OT-1 CD8™ T cells (36).

To assess GCSF’s role in tumor development and responses to adoptive T-cell
therapy, a loss-of-function mutation was introduced into the Csf3 gene (encod-
ing GCSF) using CRISPR/Cas9 mutagenesis. Four MT clones lacking GCSF
expression were identified by CBA and expression of surface markers including
Neu, SIINFEKL/H2kb, and PD-L1 were similar between MT and MTSCSF—/~
cells (Supplementary Fig. S1A and S1B). We used clone #4 for the remaining ex-
periments. MTSCSF =/~ cells grew similarly to MT cells following subcutaneous

OTI/OTIL . Ragl’/’ hosts (Supplementary

injection into syngeneic MMTV/neu
Fig. S1C and S1D), up to days 25-32 when MT-bearing mice reached humane

endpoint.

To determine the impact of tumor-derived GCSF on intratumoral and systemic
immune cell populations and signaling profiles, euthanized mice were rapidly
perfused with fixative to preserve in vivo signaling/phosphorylation. Single-
cell suspensions of tumor, spleen, and BM were barcoded, pooled, and labeled
with mAbs against 22 surface and nine intracellular markers (Supplementary
Table S1) prior to mass cytometry (CyTOF; Supplementary Fig. SIF). Compared
with MTSSF~/~ tumors, GCSF-producing MT tumors contained an approxi-
mately 3-fold increase in total leukocyte numbers (CD45™ cells; Supplementary
Fig. SIE) per tumor, dominated by Neut/MDSCs (42% vs. 12% of CD45"
cells). In GCSF-deficient tumors, cDCs and cDCls were increased in frequency

(~3-fold) and there was an expanded proportion of TAMs. Proportions of
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CD47T T cells, CD8% T cells, B cells, and natural killer (NK) cells infiltrating
tumors were not significantly changed by GCSF secretion (Fig. 1A and B).

Neut/MDSCs were increased approximately 10-fold within MT tumors, with
a Neut/MDSC subset expressing PD-L1 (CD274) elevated approximately 30-
fold. In addition, Neut/MDSCs from MT tumors exhibited reduced CD62 L
levels (Fig. 1C), a phenotype associated with T-cell inhibition (37). This sug-
gested that tumor-derived GCSF expanded tumor-resident MDSCs and altered
their phenotype.

Although MTSSF~/~ tumors showed an expanded proportion of TAMs, there
was no change in numbers. However, TAMs in MTGCSE—/—
higher levels of CDIllc and MHCII (Fig. 1D) and were characterized more

thoroughly below.

tumors expressed

cDCs, particularly CD103% c¢DCls, prime tumor-specific CD8" T cells (38).
cDCls comprised less than 0.4% of CD45% cells within the stroma of GCSF
expressing MT tumors. In addition to the increased frequency of cDCls in
GCSF-deficient tumors noted above, there was an increase in their number
(~2-fold; Fig. 1E). Indeed, cDC1 were the only population to increase in num-
bers in MTC®SF~/~ tumors. Correspondingly, there was a significantly lower
Neut/MDSC to ¢DCl ratio in MTSF~/~ tumors (Fig. 1F). In contrast, no
differences in CD11b* ¢DC2s were observed between MT and MTSCSF—/—

tumors.

Tumor-derived GCSF Activates STAT3, STAT1, and MAPK
Pathways Within Tumor-infiltrating Inmune Cells

Tumor-derived GCSF initiates signaling directly through GCSFR (JAK2-
STAT3, PI3K-Akt, Ras-MAPK), or indirectly through secondary signaling
cascades. CyTOF revealed that infiltrating myeloid cells like Neut/MDSCs,
cDCs, Mos, and MFs in MT tumors exhibited strong pSTAT3 staining rela-
tive to those from MTCESF~/~ tumors (Fig. 1G). There was a similar trend for
Neut/MDSCs and Mos with respect to pSTATI. Lack of GCSF also led to re-
duced pERK1/2 levels, particularly in B and T lymphocytes, TAMs, and cDCls.
Similarly, p38 activation was significantly reduced in the absence of GCSF
(Fig. 1G). Therefore, tumor-derived GCSF led to widespread changes in

signaling within tumor stroma immune cells.

Phenograph Analysis of Intratumoral Phagocyte Subset
Heterogeneity and Signaling

To characterize the impact of GCSF on phagocyte subset composition more
closely, tumor CD45" myeloid cells were subgated from all the samples.
Myeloid cell subsets such as conventional monocytes (cMos), monocytic-
MDSCs (M-MDSCs), Neut/granulocytic-MDSCs (G-MDSCs) c¢DCs, pDCs,
and macrophages were identified on the basis of the surface marker expression
patterns and combined in silico for analysis using Phenograph (39) clustering
and uniform manifold approximation and projection (UMAP) dimensional
reduction, revealing 19 distinguishable subsets based on cell-surface protein
expression (Fig. 1H). Heatmaps showing Z-score-normalized signal inten-
sities for each surface (Fig. 1I) are shown. The relative frequency of each
grouped subset, manually annotated by cell-surface marker expression pro-
files, was calculated (Fig. 1] and K). MTSCSF=/~ tumors showed diminished
Neut/MDSC frequencies including populations that express c-Kit, Ly6C, Ly6G,
and CDI11b (clusters 2, 3, 5, 19) and PDLI (cluster 19) and therefore share
key markers associated with an MDSC designation in tumors. There was

also a relative increase in CD1lct MHCITH~ cells. The relative frequency of
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FIGURE 1 Tumor-derived GCSF alters tumor immune cell composition and signal transduction. Tumors from MT or MTESF~/~_pearing mice were
digested, stained with up to 37 antibodies (surface panel) and 32 antibodies (phosphorylation panel), barcoded and assessed by CyTOF. Analysis of
tumor stroma. A, Live CD45" immune cells were gated and ViSNE plots colored by sub gated populations. B, Relative frequency of subsets shown
in A. C, Number of total Neut/MDSCs, PD-L1(CD274)* Neut/MDSCs per tumor, and CD62L* expression by Neut/MDSCs. D, Total MF number per
tumor, and expression of MHCII and CD11c. E, Number of CD103* ¢DCls and CD11b™ ¢DC2s per tumor. (Continued on the following page.)
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(Continued) F, Ratio of Neut/MDSCs to CD103* ¢DCls. G, GCSF-dependent signaling changes assessed by CyTOF. The sample mean of the raw median
marker expression value was used to generate heatmaps in R. H-L, To gate myeloid cells in an unbiased fashion, tSNE dimensionality reduction was run
on all CD457 cells from all samples. Next, myeloid cell subsets (i.e., cMos/M-MDSCs, Neuts/G-MDSCs, cDCs, pDCs, and MFs) were identified on the basis
of surface protein expression patterns. H, Tumor-resident myeloid cells from MT or MTESF~/= tumors were combined in silico and Phenograph was
used for clustering and UMAP for dimensionality reduction. Myeloid cell subsets were annotated by their Phenograph clusters. I, Heatmap depicting the
Z-score normalized expression levels for the indicated markers across the Phenograph clusters. J, Phenograph clusters were annotated on the UMAP

plot as indicated cell subsets based on canonical surface marker expression patterns. K, Relative frequency of subsets shown in J. L, Heatmap depicting

the Z-score normalized signal intensities for the indicated cell surface and intracellular phosphoproteins, respectively. Blue-white-red indicate lowest to

highest signal intensity in heatmaps. Data were normalized (0-1 scale) per subpopulation Unpaired two-tailed Student t test was applied. Error bars
represent SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Data represent two biological replicates, n > 4 mice/group. MDSC refers to Neut/MDSC.

cDCls was also increased 3.6-fold amongst MPS cells in GCSF-deficient tu-
mors. Phenograph analysis allowed interrogation of protein phosphorylation
in subsets. Heatmaps showing Z-score-normalized signal intensities for
each intracellular protein are shown (Fig. 1L). Interestingly, PD-L1(CD274™)
Neut/MDSCs and CDllc”MHCII*/~ MFs displayed higher pSTAT3 and
overall signaling intensity. Indeed, the expanded CDIllctMHCII*/~ MFs
in GCSF-deficient tumors showed low phosphoprotein signal intensity. In
this regard, CD1lc™ MFs clusters that increased in MTSSF~/~ tumors re-
sembled ¢DClIs in terms of signaling profiles. In contrast, CDllc™ MFs
and MDSCs (populations expanded in GCSF-expressing tumors) exhibited
higher phosphosignaling signatures (Fig. 1L). GCSF therefore led to accu-
mulation of tumor-resident Neut/MDSCs and CDllc™ TAMs with distinct
phosphorylation/signaling signatures.

Tumor-derived GCSF Induces Peripheral Changes in
Immune Cells and Marked Granulocytic Expansion

We confirmed work from our lab and others (28, 39) showing that MT growth
led to dysregulated hemopoiesis characterized by splenomegaly, granulocytic

expansion, and anemia in both syngeneic MMTV and Ragl™/~

hosts (Sup-
plementary Fig. S2). To assess the contribution of GCSE, we compared mice
bearing MT and MTSF~/~ tumors. Mice lacking tumor-secreted GCSF re-
sembled non-tumor-bearing mice with respect to counts of circulating white
blood cells (WBC), granulocytes, and Mos, as well as spleen weights and
BM red blood cells (Supplementary Fig. S2). Mice lacking the receptor for
GCSE, but harboring GCSF-secreting MT tumors, had significantly lower
WBCs, granulocytes, and spleen weights than did wild-type (WT) GCSFR ex-
pressing tumor-bearing mice (Supplementary Fig. S2C) confirming that these

perturbations were GCSF/GCSFR dependent.

Growth of MT but not MTS“SF~/~ tumors led to a significant increase in the
CD11b™ Ly6G* Neut/MDSC population in blood, spleen, and BM (Fig. 2A
and B). While these cells comprised less than 10% of immune cells in blood
and spleen of healthy mice, they expanded to 50% and 70% of cells in blood
and spleen, respectively, of MT, but not MTSCSF~/~ mice. Similarly, in healthy
BM, Neut/MDSCs comprised approximately 45% of cells; however, they in-
creased to over 60% of MT but not MTS®SF~/= BM. In BM, there was a shift in
tSNE coordinates of the CD11b™ Ly6G* Neut/MDSC population of MT com-
pared with MTSCSF~/~ mice (Fig. 2A). To investigate this, FlowSOM was used
identifying 15 subclusters within this Neut/MDSC population (Supplementary
Fig. S3A and S3B). Some subclusters identified in healthy animals (clusters 0
and 1 in particular) were diminished in BM of MT but not MTSSF~/~ hosts
(Supplementary Fig. S3C). In contrast, subclusters 5, 6, 7, 9, 10, 13, and 14
were enriched in the femurs of MT-bearing mice and displayed lower expres-

sion of Ly6G and increased CD16/32, suggesting a more immature phenotype
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(ref. 40; Supplementary Fig. S3D). Subcluster 14, with higher expression of c-
Kit (CD117), was rare in healthy and MTSCSF~/~ bearing mice but prominent
in MT-bearing mice.

Compared with healthy mice, MT but not MTSF~/~ tumor growth was
associated with significant reduction in blood and splenic B-cell frequency.
Similarly, BM from healthy and MTC“SF~/~ _bearing mice contained approx-
imately 30% B lymphocytes while femurs of MT-bearing mice were almost
devoid of B cells (Fig. 2A and B). Combining CyTOF with tSNE and FlowSOM,
we identified different subsets of lineage™ CDI19™ B cells in the BM. Most of
these B-cell clusters were reduced in frequency in MT-bearing mice, compared
with healthy or MTSCSF~/~_bearing mice (Supplementary Fig. S3E and S3F).
Hierarchical clustering analysis showed that B-cell clusters 3, 5, 16, 17, 21, and
22, which are characterized by low MHCII and B220 (CD45R), were promi-
nent in BM of MT hosts (Supplementary Fig. S3G). Proportions of CD4™ and
CD8™ T lymphocytes were also reduced in spleen and blood of MT but not
MTOCSF~/=-bearing mice (Fig. 2A and B).

Profiling phosphoprotein patterns in the blood and spleen of control, MT-, and
MTSCSF~/~_bearing mice revealed that tumor-secreted GCSF led to a signif-
icant increase in pSTAT3 in cells associated with GCSFR expression, such as
Neut/MDSCs and cMos (ref. 41; Fig. 2C and D). In spleen, pSTAT5 and pAKT
tended to be increased in all populations, in a GCSF-dependent manner. In
blood and spleen of MT-bearing mice, pERK1/2 tended to be decreased in all
populations. Interestingly, in mice harboring GCSF-secreting tumors, pSTAT3
was significantly increased in DCs, B and T lymphocytes—cells not usually as-
sociated with GCSFR expression. GCSF expression is therefore associated with

widespread changes in immune cell distribution and signaling profiles.

Tumor-derived GCSF Modulates Expansion of
DC-restricted Progenitors

We previously showed that MTs led to increased lineage negative, Scal posi-
tive, cKit positive cells (LSK), short term hemopoietic stem cells (ST HSC), and
multipotent progenitors (MPP) in BM and spleen, and increased long term
HSCs (LT HSC) and megakaryocytic erythroid progenitors (MEP) in the spleen
(28). Here we used CyTOF to assess tumor-derived GCSF in this process, re-
vealing an increase in hematopoietic stem/progenitor cells (HSPC) in spleen of
MT, but not control or MTSCSF~/~_bearing mice (Fig. 2A, B, and E). HSPCs in
spleen of MT mice showed intense pSTAT3 (Y705) tyrosine phosphorylation
(Fig. 2F). Because of scarcity of these cells, we used flow cytometry to assess
the impact of MT or MTS®SF~/~ tumors on progenitor cells in spleen and BM
using Ragl ™/~ mice, which lack B and T cells, and depleted other lineage™ cells
using a cocktail of mAbs. We found a significant increase in the number of LSKs

in the BM, and LSKs and lineage negative, ckit positive, Scal negative (LK)
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FIGURE 3 MT cell GCSF production impairs DC development and activation in vitro and in vivo. Proportions and numbers of cDCls (A) and cDC2s
(B) in the spleens of healthy, MT- and MT6CSF~/~_pearing mice. C-F, BM cells from WT or GCSFR knockout mice (GCSFR”~) were cultured in vitro for
up to 9 days in the presence of FIt3 L alone or with conditioned media from MT or MTECSF~/= cells and analyzed by flow cytometry. C, BM from WT
mice was cultured as above. Quantification of total cells and cDC subsets on day 9. D, BM from WT or GCSFR~/~ mice was cultured as above. CD86
and MHCII MFI in CD11c*CD64~ cells on day 9. E, Proportions of cDCls, cDC2s, and pDCs in cultures on day 9. Smaller plots show indicated marker
expression. F, Quantification of LSKs, LKs, MDPs, CDPs, and preDCs in BM cultures on day 6. Lineage: CD3, CD19, B220, CD11b, MHCII, Ter119, Ly6G,
Ly6C, DX5, NK1.1. One-way ANOVA was applied. Error bars, SEM. Data represent three experiments.

progenitors in the spleen of MT-bearing mice that was dependent on
tumor-derived GCSF (Fig. 2G and H).

Given that mice harboring MTs showed a significant decrease in frequency and
numbers of cDCls within the stroma (Fig. 1A and B), we focused on elucidat-
ing the effects that tumors, and tumor-derived GCSF have on DC development.
We found that macrophage-DC progenitor (MDP) cell and common DC pro-
genitor (CDP) populations increased dramatically in the spleens of MT but
not MTCSF~/~ tumor-bearing mice, but did not change in the BM (Fig. 2G
and H). Despite the large increase of MDPs and CDPs in the spleens of MT-
bearing mice, the frequency of progeny, lymphoid-resident cDCls (CD8a™)
and cDC2s (CD11b™) was significantly reduced, and the numbers of cDCls
and ¢DC2s remained unchanged, suggesting that GCSF promoted the accu-
mulation of splenic DC precursors with diminished differentiation potential
(Fig. 3A and B; Supplementary Fig. SIH).
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DC Development is Impaired in Cell Cultures Treated
with MT but not MT¢S*~/~ Tumor-conditioned Medium

To further investigate the impact of tumor-derived GCSF on the DC compart-
ment, we utilized Flt3 L BM-derived DCs (42). We compared DC development
in control cultures with cultures exposed to conditioned medium from
mammary-tumor cells (MT-CM) or MTECSF=/= cells (MTCCSF~/—_CM). After
9 days, BM exposed to MT-CM exhibited a 2.5-fold increase in cell num-
ber with a pronounced reduction in numbers of mature CD103" cDCls,
but not cDC2s, compared with MTSCSF=/=_CM treated or control cultures
(Fig. 3C). In addition, MT-CM, but not MTSCSE-/=_CM, led to a signifi-
cant reduction in CD86 and MHCII expression within the CD11c* population
(Fig. 3D). Cultures of BM from mice lacking the receptor for GCSF resem-
bled control cultures, regardless of whether MT-CM was present (Fig. 3D;
Supplementary Fig.S4A), confirming that inhibition of DC development was
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FIGURE 4 Tumor-derived GCSF poses a barrier to adoptive T-cell transfer immunotherapy. MMTV mice were transplanted subcutaneously with MT
or MTECSF=/~ cells. When tumors were approximately 0.3 mm?3, mice (randomized) received 1 x 106 naive CD8 T cells from OT-I mouse donors. A,
Tumor volume was assessed for 21 days posttreatment. The difference in volume between MT or MTGCSF—/= tumors was not significant on days 0-18. B,
Survival was monitored up to 300 days posttreatment. Error bars, SEM. Two-way ANOVA and Gehan-Breslow-Wilcoxon tests applied.

dependent on GCSE. The frequencies of ¢DCs (CDIlct MHCIITCD64™)
and pDCs (CD11ctCD11b~ SiglecH™) were also significantly reduced in cul-
tures containing MT-CM but not MTS®SF=/=_CM (Fig. 3E; Supplementary
Fig. S4A).

Many cells in MT-CM but not MTSCSF~/~_CM-treated cultures lacked com-
mon markers for myeloid cells. Flow cytometry revealed these cells to be DC
progenitors, such as MDPs, CDPs, and preDCs (ref. 43; Fig. 3F). LKs and LSKs
were also significantly increased in MT-CM-treated cultures. MDPs, CDPs,
LKs, and LSKs developed to control levels in BM cultures from mice lacking
the receptor for GCSE, even when grown in the presence of MT-CM, con-
firming the requirement for GCSF signaling (Fig. 3F). The in vitro cultures
therefore modeled spleens of MT-bearing mice, suggesting that GCSF stimu-
lates accumulation of DC progenitors impaired in their ability to differentiate
into cDCs.

Recent reports highlight the importance of DLLI-NOTCH2 signaling in cDCl
development (32, 44) showing that cells cultured in the presence of DLLI better
resemble bona fide mouse cDCs. Using this method, we confirmed that cDCs
expressed CD8a and DEC205, as expected. By adding MT- or MTSCSF~/—.CM
to the cultures, we found that tumor-derived GCSF was equally potent at block-
ing cDCls propagated with DLLI/NOTCH2 signaling (Supplementary Fig. S4B
and S4C).

The ability of DCs propagated in the presence of tumor-conditioned medium
=+ GCSF to activate CD8" T cells was then assessed. BM cultures were incu-
bated with OVA, and OT-I1 CD8* T-cell proliferation was assessed. Control
cultures were efficient at presenting antigen and inducing CD8" T-cell pro-
liferation (Supplementary Fig. S4D) while DCs grown in the presence of
MT-CM showed reduced T-cell proliferation, and DCs grown in the presence
of MTSCSF~/=_CM showed intermediate T-cell proliferation (Supplementary
Fig. S4E). Overall, our data provide further evidence that tumor-derived GCSF

impairs DC development, leading to an impaired ability to induce T-cell

proliferation.

Tumor-derived GCSF Poses a Barrier to Adoptive T-cell
Transfer Inmunotherapy

Our findings suggested GCSF inhibition could be of therapeutic value. To ad-
dress this, mice bearing MT or MTSCSF~/~ tumors (~30 mm?) were injected
intravenously with naive OT-I CD8™ T cells, which recognize SINFEKL/MHCI

expressed on MT and MTCCSF—/—

tumor cells (Supplementary Fig. S4D and
S4E; ref. 36). Tumor volumes were measured at 3-day intervals for 3 weeks af-
ter T-cell injection. We found that MT and MTSCSF~/~ tumor volumes were
similar during the first week following adoptive T-cell transfer but by day 21,
MT tumors were significantly larger than MTSCSF~/~ tumors (Fig. 4A). At 28
days posttreatment, MT-bearing mice approached a humane endpoint, and af-
ter 50 days, all MT-bearing mice were euthanized because of large tumor sizes.
By contrast, MTSSF~/~ tumors remained under control of the transferred
CD8* T cells, with significant improvement in survival. Importantly, 40% of
MTOECSF~/~_bearing mice remained tumor-free for up to 300 days after treat-
ment (Fig. 4B), suggesting that abrogation of tumor-derived GCSF improves
adoptive T-cell therapy efficacy.

AOM/DSS Colon Cancer Induces an Immunosuppressive
Environment that Correlates with Tumor Load

To further assess endogenously-upregulated GCSF in cancer, we utilized the
mutagen-induced model of spontaneous colorectal cancer (AOM/DSS), where
mice receive azoxymethane followed by three cycles of the inflammatory agent
DSS, to induce neoplasms (Fig. 5A; ref. 29). Consistent with previous reports,
colonic GCSF was detectable at DSS cycle 1 and 2, reaching statistical sig-
nificance by cycle 3 (54 days; ref. 45; Fig. 5B). Circulating GCSF was also
significantly increased after cycle 3 (Fig. 5C), along with an increase in the
frequency of blood Neut/MDSCs and cMos, both of which exhibited elevated
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FIGURE 5 Tumor development in a spontaneous colorectal cancer mouse model leads to GCSF production and altered immune cell development
and distribution. A, Diagram of the AOM/DSS-induced colorectal cancer model. B, Distal portion of healthy (Ctrl) or tumor-bearing colons were
harvested 3 days after the indicated DSS cycle and incubated for 24 hours in plain media. GCSF was measured by CBA. C, Mice were bled 2 weeks after
the third recovery cycle and circulating GCSF was assessed by CBA, as well as frequency, number (cells/uL) and pSTAT3 levels of Neut/MDSCs (D) and
conventional Mos (E). F, CyTOF analysis showing frequency of indicated immune cell population in colons of healthy and tumor-bearing mice at
endpoint (G) and correlations between immune cell subsets and tumor load at endpoint. H, FIt3 L cultures were incubated with MTGCSF—/~_CM, MT-CM
(left), control colon-CM or colon-CM from tumor-bearing mice (right), showing that tumor-CM induced by AOM/DSS recapitulates the MT model.
One-way ANOVA applied in B. Unpaired two-tailed Student ¢ test applied in C-F. Simple linear regression was applied in G. Error bars, SEM. Data

represent three experiments.

pSTAT3 (Fig. 5D and E). Tumor growth was associated with increased fre-
quency of colonic Neut/MDSCs and Tregs and a decrease in cDCls and cDC2s
(Fig. 5F). In addition, tumor load at endpoint positively correlated with in-
creased numbers of tumor-resident Neut/MDSCs and cMos, and was negatively
correlated with CD8" T-cell and NK-cell frequency (Fig. 5G).

As was the case with MT-CM, many tumor-induced myeloid cell changes could
be recapitulated in vitro, using AOM/DSS colon-CM. Flow cytometry revealed
that, when compared with healthy colon-CM, cultures exposed to AOM/DSS
colon-CM contained a decrease in ¢cDCI frequency and an increase in the
frequency of Neut/MDCSs and HSPCs (Lineage™ Kit™; Fig. 5H).

GCSF Neutralization in the AOM/DSS Colon Cancer
Model Restores Phagocyte Composition and Reduces
Tumor Load

To test the therapeutic benefit of neutralizing GCSF in the colorectal cancer

model mice, AOM/DSS-treated mice were administered neutralizing anti-

AACRJournals.org

GCSF or isotype control (IgGla) antibodies for 3 weeks, starting after recovery
cycle 3 (Fig. 6A). Blood analyses revealed changes in immune cell composition
(Fig. 6B) and circulating WBC numbers (Fig. 6C) consistent with GCSF
expression being decreased with GCSF blockade. Indeed, we confirmed by end-
point CBA that GCSF was neutralized in the circulation of anti-GCSF treated
but not isotype control-treated mice (Fig. 6D). In concordance with the MT
model, anti-GCSF treatment reduced STAT3 phosphorylation in Neut/MDSCs
(Fig. 6E). Anti-GCSF-treated mice exhibited a significant reduction in the
number of circulating Neut/MDSCs. Importantly, GCSF neutralization did not
induce neutropenia (Fig. 6E and F).

B cells were increased in anti-GCSF-treated colon tissue, and there was a
trend toward increased cDCI, cDC2, and CD4™ T cells (Fig. 6G). As was the
case for blood, Neut/MDSCs were significantly decreased, and CD8" T-cell
frequency was significantly increased, in anti-GCSF-treated colons (Fig. 6G
and I) while Neut/MDSCs to cDCI ratio was significantly decreased (Fig. 6]).
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FIGURE 6 GCSF neutralization reduces Neut/MDSCs, increases CD8% T cells, and leads to reduced tumor load. A, Diagram of AOM/DSS model and
antibody treatment regimen. A total of 16 days after the third DSS cycle, mice received 25 g MAB414 (anti-GCSF) or IgGl isotype control i.p. three
times a week for 3 weeks. B, CyTOF analyses of blood reveal changes in immune cell subset frequencies. C, WBC numbers at endpoint. D, Circulating
GCSF at endpoint. Number and pSTAT3 MFI of Neut/MDSCs (E) and conventional Mos (F) at endpoint. G, CyTOF analyses of colonic tissue reveal
changes in cell subset frequency. H, Colonic Neut/MDSCs. I, Colonic CD8* T cells. J, Colonic Neut/MDSCs to CD103*+ ¢DCI ratio. Quantification of
neoplasms (K) and neoplasm surface area (L) at endpoint. One-way ANOVA applied in C-F, H-J. Unpaired two-tailed Student ¢ test applied in K-L.

Error bars, SEM. Data represent two experiments.

Importantly, anti-GCSF treatment led to reduced neoplasm numbers and a
trend toward reduced tumor surface area compared with the isotype control
group (Fig. 6K and L) which correlated with normalization of Neut/MDSCs
and other circulatory and colonic immune cell populations in tumor-bearing

mice.

GCSF is Elevated in Human Colorectal Cancer and is
Linked to Poor Clinical Outcome

To investigate whether GCSF and Neut/MDSC gene expression are associated
with human colorectal cancer, we analyzed 597 primary colorectal cancer tu-
mor samples and 47 histologically normal tumor-adjacent tissue from the same
patient that has matched corresponding tumor data, from TCGA database.
We used a CMS classifier to identify the previously described colorectal can-
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cer CMS (CMSI-4, n = 566; ref. 35). We found CSF3 (GCSF) gene expression
significantly elevated in all four colorectal cancer subtypes compared with ad-
jacent normal tissue. CSF3R (GCSFR) expression is also more abundant in
tumor tissue, specifically in subtypes CMS1, CMS3, and CM$4 (Fig. 7A). Cor-
respondingly, the gene encoding myeloperoxidase (MPO), an enzyme highly
expressed in human Neut, showed significantly elevated tumor expression
in CMS4 (Fig. 7B). The gene encoding oxidized low-density lipoprotein re-
ceptor 1 (OLRI), a human granulocyte Neut/MDSC-specific marker (46) was
significantly elevated in all molecular subtypes of colorectal cancer, with high-
est expression in CMS1 and CMS4 (Fig. 7B). These data support a greater
Neut/MDSC infiltration in human colorectal cancer. Interestingly, CSF3,
MPO, and OLRI gene expression positively correlated with CSF3R expression
(Fig. 7C). Finally, based on a median low verses high gene expression split, high
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CSF3, MPO, and OLRI gene expression was associated with reduced disease-
specific survival (CSF3 and MPO) and overall survival (ORLI) in colorectal
cancer (Fig. 7D).

Discussion

Many human cancers exhibit high GCSF and/or GCSFR expression, including
colorectal, breast, lung, ovarian, and pancreatic (23-27), and GCSF has been
associated with tumor progression and poor therapy responses (24, 45, 47-50).
Here we used murine breast and colon cancer models, together with a system-
wide approach, to investigate the effects of tumor-derived GCSF on immune

cell development and distribution, adoptive T-cell therapy, and tumor growth.

AACRJournals.org

Interestingly, tumor-associated GCSF led to remodeling of the immune cell
content in tumor stroma, showing increased Neut/MDSCs at the expense of
MFs and cDCls. As well, spleen, blood, and BM of tumor-bearing mice became
dominated by Neut/MDSCs and had diminished B cells, CD4™, and CD8™ T
cell populations. This aligns with data from blood of patients with untreated
breast cancer, which contains increased Neut/MDSCs and decreased Thl and
CD8* T cells (51). We also showed that GCSF and Neut/MDSC-associated
genes are elevated in human colorectal cancer, particularly the CMSI and CMS4

subtypes, and are associated with poor outcome.

Neut/MDSCs are well characterized in terms of their ability to suppress im-

mune responses in cancers and other inflammatory disorders, primarily by
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restricting activity of CD8% T cells (10, 11) and NK cells, and recruiting
Tregs (12). Using CyTOF, we found that GCSF led to elevated pSTAT3 in
Neut/MDSCs in both cancer models, in keeping with the role of STAT3 in
upregulating genes controlling Neut/MDSCs survival, expansion (52), and in-
hibitory functions (12). In agreement with others (51), we found that a subset
of tumor-infiltrating Neut/MDSCs expressed high levels of PD-L1 suggesting
a T-cell inhibitory function. Furthermore, deep phenotyping of the CD11b™
Ly6G™ Neut/MDSCs population in BM revealed that GCSF promoted an im-
mature phenotype in multiple subpopulations. Effects of GCSF extended to
tumor stroma, with GCSF-expressing MTs containing abundant pSTAT?3 bright
CDllc” MHCII*~ subsets. In contrast, MTs lacking GCSF contained a higher
frequency of CD11ctMHCII ™ cells with lower pSTAT-1, -2, and -3 signa-
tures. We contend that the GCSF-STAT3 axis plays a key role in regulating
phagocyte heterogeneity and function within tumors. Our ongoing experi-
ments are aimed at better distinguishing the subsets of MDSCs in tumors,
blood, and organs (monocytic-MDSC, neutrophil vs. MDSC) using CyTOF
and functional assays, and exploring the mechanistic balance between Neut
and macrophages development, their progenitors and the impact of GCSF on
this process (53). In contrast to Neut/MDSCs, cDCls orchestrate antitumor im-
munity (19, 54-56), and make adoptive T-cell therapies more effective (57-61).
We found that tumor-associated GCSF reduced the number of tumor-resident
cDCls in the breast cancer model, and in the colon cancer model there was a
trend toward reduced cDCls in colons of isotype versus anti-GCSF Ab-treated
mice. In addition, these cDCls showed heightened pSTAT?3 activation, which
is associated with suppression of DC maturation in both murine and human
cancers (62-64).

To further determine the origin of expanded Neut/MDSC and contracted cDC
populations, we examined the HSPC compartment, and confirmed the spleen
is a niche for extramedullary hemopoiesis in MT-bearing mice, harboring ele-
vated LSKs and LKs (28). We further identified an increase in DC precursors
in the spleen of tumor-bearing mice, including MDPs and CDPs, as well as
decreased cDCls, all of which were dependent on tumor-secreted GCSE. We
observed a similar dysregulation in vitro, using two different models of DC de-
velopment from murine BM. Our findings align in several ways with those of
Meyer and colleagues (65) who showed a GCSF-dependent reduction cDCls in
BM and tumors of human patients with cancer and mice. Mechanistically, en-
hanced STATS3 activity in DC precursors was associated with downregulation
of IRF-8 (65), limiting Mo/DC differentiation and promoting granulocyte dif-
ferentiation (66, 67). Taken together, we concluded that elevated GCSF led to a
significant expansion of DC progenitors; however, these were deficient in their

ability to differentiate into mature cDCs.

We found that tumor-secreted GCSF was necessary for reduction in B-cell num-
bers, in all compartments, in mammary cancer. This was particularly evident in
BM, where B cells were almost absent with many B-cell subpopulations char-
acterized by low maturation state. Similarly, in a colon cancer model, GCSF
neutralization led to a significant increase in B cells within tumor-burdened
colons. Others have detected reduced BM B cells in PyMT mammary tumor-
bearing mice, but found that this was not likely a direct consequence of GCSF
on B cells or their precursors, as antibody blockade of GCSF did not rescue

B-cell numbers in an in vitro assay (68).

CD8" T cells, a population capable of cytotoxic activity against tumor cells,

were diminished in a GCSF-dependent manner in both breast and colon mod-
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els of cancer, and in the latter, there was a significant inverse correlation between
colonic CD8™ cytotoxic T cells and tumor load. We used CyTOF to assess
tumor-resident T cells in tumors = GCSF secretion and found that virtually
all signaling was reduced in the absence of tumor GCSE, with a significant
decrease in pSTATS5 in both CD4" and CD8* T cells, and pSTAT3 in CD4*
T cells. While both STAT5 and STATS3 activation can have a positive or detri-
mental effect, depending on the T-cell subset targeted (69), STAT3 activation
is generally associated with a deficient antitumor immune response (70). To-
gether, our data suggest that fewer and less-effective T cells are present in a

GCSF™ tumor environment.

Given the dysfunctional immune environment that develops in the presence of
GCSE, we and others (39, 45, 65, 71) postulate that GCSF inhibition would have
therapeutic benefit. We found that colorectal cancer mice treated with neutral-
izing anti-GCSF Abs showed reduced Neut/MDSCs in multiple compartments,
and an increase in colon-resident B cells and CD8™ T cells, suggesting a fa-
vorable immune environment. Importantly, we showed that anti-GCSF-treated
mice had an approximately 58% decrease in tumor number, consistent with
others who found a significantly lower number and size of tumors in anti-
GCSF-treated mice (45). In the breast cancer model, we found that mice with
GCSF~/~ tumors responded better than those with GCSF-expressing tumors
to injection of tumor-reactive OT-I T cells, developing smaller tumors and
exhibiting increased survival. Interestingly, a study by Allen and colleagues uti-
lizing adoptive transfer of tumor experienced T cells, suggests that APCs, and
not T cells themselves, are primarily responsible for T-cell dysfunction against
bacterial infection in tumor-bearing mice (51); however, this remains to be

investigated for T-cell dysfunction against tumors.

Although GCSF is best known for its use in the clinic to mobilize HSPCs
in blood donors or to treat neutropenia after chemotherapy or radiotherapy,
it is becoming apparent that GCSF associated with tumor growth can en-
hance tumorigenesis. Our data suggest that modulation of GCSF signaling
in tumor-bearing mice diminishes aberrant STAT3-induced development and
activation of immunosuppressive myeloid cells and boosts the frequency of
immune-stimulatory cells such as ¢cDCls and CDI11ct/MHCIIT MFs. GCSF
inhibition also normalizes other hemopoietic parameters, including anemia,
splenomegaly, and increased WBCs. We therefore contend that in cancers as-
sociated with production of GCSE, normalization of GCSF levels or GCSFR
signaling may enhance antitumor immunity either alone or in conjunction with

immune checkpoint blockade or adoptive T-cell therapy.

Authors’ Disclosures

].J. Priatel reports non-financial support and other from ME Therapeutics Inc
outside the submitted work; in addition, J.]. Priatel has a patent to Anti-GCSF
Antibodies and Uses Thereof pending pending. S. Dhanji reports non-financial
support from ME Therapeutics Inc during the conduct of the study; non-
financial support from ME Therapeutics Inc outside the submitted work; in
addition, S. Dhanji has a patent to Anti-GCSF Antibodies and Uses Thereof
pending; and CEO of ME Therapeutics Inc. B.H. Nelson reports personal fees
from Innovakine Therapeutics Inc and Virogin Biosciences outside the sub-
mitted work. K.W. Harder reports grants from Canadian Institutes for Health
Research (CIHR), Canadian Breast Cancer Foundation (CBCF), and Michael
Smith Foundation for Health Research (MSFHR) Innovation to commercializa-

tion (I2C) during the conduct of the study; grants from Myeloid Enhancement

https://doi.org/10.1158/2767-9764.CRC-22-0278 | CANCER RESEARCH COMMUNICATIONS



Therapeutics Inc. outside the submitted work; in addition, K.W. Harder has
a patent to Anti-GCSF Antibodies and Uses Thereof pending. No disclosures

were reported by the other authors.

Authors’ Contributions

I. Matos: Conceptualization, data curation, formal analysis, validation, in-
vestigation, visualization, writing-original draft, writing-review and editing.
M. Barvalia: Data curation, investigation. M.K. Chehal: Investigation. A.G.
Robertson: Data curation, investigation. I. Kulic: Conceptualization, formal
analysis, supervision, funding acquisition, investigation. J.A.ED. Silva: In-
vestigation. A. Ranganathan: Investigation. A. Short: Investigation. Y.-H.
Huang: Investigation. E. Long: Investigation. J.J. Priatel: Formal analysis,
investigation, writing-review and editing. S. Dhanji: Formal analysis, in-
vestigation. B.H. Nelson: Resources. D.L. Krebs: Formal analysis, funding
acquisition, writing-original draft, writing-review and editing. K.W. Harder:
Conceptualization, resources, formal analysis, supervision, funding acqui-
sition, validation, investigation, visualization, methodology, writing-original

draft, project administration, writing-review and editing.

References

1. Wilson RAM, Evans TRJ, Fraser AR, Nibbs RJB. Immune checkpoint inhibitors:
new strategies to checkmate cancer. Clin Exp Immunol 2018;191: 133-48.

2. Jenkins RW, Barbie DA, Flaherty KT. Mechanisms of resistance to immune
checkpoint inhibitors. Br J Cancer 2018;118: 9-16.

3. Good CR, Aznar MA, Kuramitsu S, Samareh P, Agarwal S, Donahue G, et al. An
NK-like CAR T cell transition in CAR T cell dysfunction. Cell 2021;184: 6081-100.

4. Garner H, de Visser KE. Immune crosstalk in cancer progression and metastatic
spread: a complex conversation. Nat Rev Immunol 2020;20: 483-97.

5. Kalbasi A, Ribas A. Tumour-intrinsic resistance to immune checkpoint blockade.
Nat Rev Immunol 2020;20: 25-39.

6. Hegde PS, Chen DS. Top 10 challenges in cancer immunotherapy. Immunity
2020;52: 17-35.

7. Messmer MN, Netherby CS, Banik D, Abrams SI. Tumor-induced myeloid dys-
function and its implications for cancer immunotherapy. Cancer Immunol
Immunother 2015;64: 1-13.

8. Pfirschke C, Engblom C, Rickelt S, Cortez-Retamozo V, Garris C, Pucci F, et al.
Immunogenic chemotherapy sensitizes tumors to checkpoint blockade therapy.
Immunity 2016;44: 343-54.

9. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nat Rev Immunol 2009;9: 162-74.

10. Tsantikos E, Lau M, Castelino CM, Maxwell MJ, Passey SL, Hansen MJ,
et al. Granulocyte-CSF links destructive inflammation and comorbidities in
obstructive lung disease. J Clin Invest 2018;128: 2406-18.

11. Diaz-Montero CM, Salem ML, Nishimura MlI, Garrett-Mayer E, Cole DJ, Montero
AJ. Increased circulating myeloid-derived suppressor cells correlate with clini-
cal cancer stage, metastatic tumor burden, and doxorubicin-cyclophosphamide
chemotherapy. Cancer Immunol Immunother 2009;58: 49-59.

12. Rebe C, Vegran F, Berger H, Ghiringhelli F. STAT3 activation: a key factor in
tumor immunoescape. JAKSTAT 2013;2: €23010.

13. Shipp C, Speigl L, Janssen N, Martens A, Pawelec G. A clinical and biological
perspective of human myeloid-derived suppressor cells in cancer. Cell Mol Life
Sci 2016;73: 4043-61.

14. Meyer C, Cagnon L, Costa-Nunes CM, Baumgaertner P, Montandon N, Leyvraz
L, et al. Frequencies of circulating MDSC correlate with clinical outcome of
melanoma patients treated with ipilimumab. Cancer Immunol Immunother
2014;63: 247-57.

AACRJournals.org

Tumor GCSF Poses a Barrier to Inmunotherapy Efficacy

Acknowledgments

We thank David Reading and Kimia Shahangian for excellent technical assis-
tance. We thank Juan Carlos Zuniga-Pflucker for providing the OP9-DLLI cell
line. This work was supported by operating grants from the Canadian Breast
Cancer Foundation, Canadian Institutes for Health Research (#PJT-175326),
and MSFHR I2C (#18659)/ME Therapeutics Inc. M.K. Chehal was supported
by a MSFHR Junior Graduate Studentship and Frederick Banting and Charles
Best Canada Graduate Scholarship (FB&CB CGS). I. Matos was supported by a
Science Without Borders Award. J.A.ED. Silva was supported by FB&CB CGS
and a UBC Four Year Doctoral Fellowship (4YF). M. Barvalia was supported
by a 4YE. We thank ubcFLOW for excellent help with flow cytometry.

Note

Supplementary data for this article are available at Cancer Research Comm-

unications Online (https://aacrjournals.org/cancerrescommun/).

Received July 13, 2022; revised November 01, 2022; accepted February 09, 2023;
published first March 9, 2023.

15. Weber J, Gibney G, Kudchadkar R, Yu B, Cheng P, Martinez AJ, et al. Phase
I/1l study of metastatic melanoma patients treated with nivolumab who had
progressed after ipilimumab. Cancer Immunol Res 2016;4: 345-53.

16. Kodumudi KN, Weber A, Sarnaik AA, Pilon-Thomas S. Blockade of myeloid-
derived suppressor cells after induction of lymphopenia improves adoptive T
cell therapy in a murine model of melanoma. J Immunol 2012;189: 5147-54.

17. Clavijo PE, Moore EC, Chen J, Davis RJ, Friedman J, Kim Y, et al. Resis-
tance to CTLA-4 checkpoint inhibition reversed through selective elimination
of granulocytic myeloid cells. Oncotarget 2017;8: 55804-20.

18. Veglia F, Gabrilovich DI. Dendritic cells in cancer: the role revisited. Curr Opin
Immunol 2017;45: 43-51.

19. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al. Ex-
pansion and activation of CD103(+) dendritic cell progenitors at the tumor site
enhances tumor responses to therapeutic PD-L1and BRAF inhibition. Immunity
2016;44: 924-38.

20. Almand B, Resser JR, Lindman B, Nadaf S, Clark JI, Kwon ED, et al. Clinical
significance of defective dendritic cell differentiation in cancer. Clin Cancer Res
2000;6: 1755-66.

21. Tesone AJ, Svoronos N, Allegrezza MJ, Conejo-Garcia JR. Pathological mobi-
lization and activities of dendritic cells in tumor-bearing hosts: challenges and
opportunities for immunotherapy of cancer. Front Immunol 2013;4: 435.

22. Harimoto H, Shimizu M, Nakagawa Y, Nakatsuka K, Wakabayashi A, Sakamoto
C, et al. Inactivation of tumor-specific CD8(+) CTLs by tumor-infiltrating
tolerogenic dendritic cells. Immunol Cell Biol 2013;91: 545-55.

23. Aliper AM, Frieden-Korovkina VP, Buzdin A, Roumiantsev SA, Zhavoronkov A. A
role for G-CSF and GM-CSF in nonmyeloid cancers. Cancer Med 2014;3: 737-46.

24. Morris KT, Khan H, Ahmad A, Weston LL, Nofchissey RA, Pinchuk 1V, et al. G-
CSF and G-CSFR are highly expressed in human gastric and colon cancers and
promote carcinoma cell proliferation and migration. Br J Cancer 2014;110: 1211-
20.

25. Nakamura M, Oshika Y, Abe Y, Ozeki Y, Katoh Y, Yamazaki H, et al. Gene ex-
pression of granulocyte colony stimulating factor (G-CSF) in non-small cell lung
cancer. Anticancer Res 1997;17: 573-6.

26. Mroczko B, Szmitkowski M, Niklinski J. Granulocyte-Colony stimulating factor
and macrophage-colony stimulating factor in patients with non-small-cell lung
cancer. Clin Chem Lab Med 2001;39: 374-9.

Cancer Res Commun; 3(3) March 2023

a7


https://aacrjournals.org/cancerrescommun/

418

Matos et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Cancer Res Commun; 3(3) March 2023

Kumar J, Fraser FW, Riley C, Ahmed N, McCulloch DR, Ward AC. Granulocyte
colony-stimulating factor receptor signalling via Janus kinase 2/signal trans-
ducer and activator of transcription 3 in ovarian cancer. Br J Cancer 2014;110:
133-45.

Sio A, Chehal MK, Tsai K, Fan X, Roberts ME, Nelson BH, et al. Dysregu-
lated hematopoiesis caused by mammary cancer is associated with epigenetic
changes and hox gene expression in hematopoietic cells. Cancer Res 2013;73:
5892-904.

De Robertis M, Massi E, Poeta ML, Carotti S, Morini S, Cecchetelli L, et al. The
AOM/DSS murine model for the study of colon carcinogenesis: from pathways
to diagnosis and therapy studies. J Carcinog 2011;10: 9.

Roberts ME, Barvalia M, Silva JA, Cederberg RA, Chu W, Wong A, et al. Deep
phenotyping by mass cytometry and single cell RNA-sequencing reveals LYN
regulated signaling profiles underlying monocyte subset heterogeneity and
lifespan. Circ Res 2020;126: e61-79.

Bishop JL, Roberts ME, Beer JL, Huang M, Chehal MK, Fan X, et al. Lyn activity
protects mice from DSS colitis and regulates the production of IL-22 from innate
lymphoid cells. Mucosal Immunol 2014;7: 405-16.

Kirkling ME, Cytlak U, Lau CM, Lewis KL, Resteu A, Khodadadi-Jamayran A,
et al. Notch signaling facilitates in vitro generation of cross-presenting classical
dendritic cells. Cell Rep 2018;23: 3658-72.

Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, et al. Cell-of-origin
patterns dominate the molecular classification of 10,000 tumors from 33 types
of cancer. Cell 2018;173: 291-304.

Liu J, Lichtenberg T, Hoadley KA, Poisson LM, Lazar AJ, Cherniack AD, et al. An
integrated TCGA pan-cancer clinical data resource to drive high-quality survival
outcome analytics. Cell 2018;173: 400-16.

Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,
et al. The consensus molecular subtypes of colorectal cancer. Nat Med 2015;21:
1350-6.

Wall EM, Milne K, Martin ML, Watson PH, Theiss P, Nelson BH. Spontaneous
mammary tumors differ widely in their inherent sensitivity to adoptively
transferred T cells. Cancer Res 2007;67: 6442-50.

Tak T, Wijten P, Heeres M, Pickkers P, Scholten A, Heck AJR, et al. Human
CD62L(dim) neutrophils identified as a separate subset by proteome profiling
and in vivo pulse-chase labeling. Blood 2017;129: 3476-85.

Fu C, Zhou L, Mi @S, Jiang A. DC-based vaccines for cancer immunotherapy.
Vaccines 2020;8: 706.

Casbon AJ, Reynaud D, Park C, Khuc E, Gan DD, Schepers K, et al. Invasive
breast cancer reprograms early myeloid differentiation in the bone marrow to
generate immunosuppressive neutrophils. Proc Natl Acad Sci U S A 2015;112:
E566-75.

Zhu YP, Padgett L, Dinh HQ, Marcovecchio P, Blatchley A, Wu R, et al. Identifi-
cation of an early unipotent neutrophil progenitor with pro-tumoral activity in
mouse and human bone marrow. Cell Rep 2018;24: 2329-41.

Liongue C, Wright C, Russell AP, Ward AC. Granulocyte colony-stimulating fac-
tor receptor: stimulating granulopoiesis and much more. Int J Biochem Cell Biol
2009;41: 2372-5.

Becker AM, Michael DG, Satpathy AT, Sciammas R, Singh H, Bhattacharya D.
IRF-8 extinguishes neutrophil production and promotes dendritic cell lineage
commitment in both myeloid and lymphoid mouse progenitors. Blood 2012;119:
2003-12.

Bogunovic M, Ginhoux F, Helft J, Shang L, Hashimoto D, Greter M, et al. Origin
of the lamina propria dendritic cell network. Immunity 2009;31: 513-25.

Balan S, Arnold-Schrauf C, Abbas A, Couespel N, Savoret J, Imperatore F, et al.
Large-scale human dendritic cell differentiation revealing notch-dependent
lineage bifurcation and heterogeneity. Cell Rep 2018;24: 1902-15.

Morris KT, Castillo EF, Ray AL, Weston LL, Nofchissey RA, Hanson JA, et al. Anti-
G-CSF treatment induces protective tumor immunity in mouse colon cancer by
promoting protective NK cell, macrophage and T cell responses. Oncotarget
2015;6: 22338-47.

Condamine T, Dominguez GA, Youn J-1, Kossenkov AV, Mony S, Alicea-Torres
K, et al. Lectin-type oxidized LDL receptor-1 distinguishes population of hu-
man polymorphonuclear myeloid-derived suppressor cells in cancer patients.
Sci Immunol 2016;1: aaf8943.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Yang X, Liu F, Xu Z, Chen C, Wu X, Li G, et al. Expression of granulocyte colony
stimulating factor receptor in human colorectal cancer. Postgrad Med J 2005;81:
333-7.

Yang XD, Huang P, Wang F, Xu ZK. Expression of granulocyte colony-
stimulating factor receptor in rectal cancer. World J Gastroenterol 2014;20:
1074-8.

Pickup MW, Owens P, Gorska AE, Chytil A, Ye F, Shi C, et al. Development of
aggressive pancreatic ductal adenocarcinomas depends on granulocyte colony
stimulating factor secretion in carcinoma cells. Cancer Immunol Res 2017;5: 718-
29.

Zhang L, Tao L, Guo L, Zhan J, Yuan C, Ma Z, et al. G-CSF associates with neuro-
genesis and predicts prognosis and sensitivity to chemotherapy in pancreatic
ductal adenocarcinoma. Cancer Manag Res 2018;10: 2767-75.

Allen BM, Hiam KJ, Burnett CE, Venida A, DeBarge R, Tenvooren |, et al. Systemic
dysfunction and plasticity of the immune macroenvironment in cancer models.
Nat Med 2020;26: 1125-34.

Dysthe M, Parihar R. Myeloid-derived suppressor cells
microenvironment. Adv Exp Med Biol 2020;1224: 117-40.
Mastio J, Condamine T, Dominguez G, Kossenkov AV, Donthireddy L, Veglia
F, et al. Identification of monocyte-like precursors of granulocytes in can-
cer as a mechanism for accumulation of PMN-MDSCs. J Exp Med 2019;216:
2150-69.

Villani AC, Satija R, Reynolds G, Sarkizova S, Shekhar K, Fletcher J, et al. Single-
cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and
progenitors. Science 2017;356: eaah4573.

Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM, et al. Criti-
cal role for CD103(4-)/CD141(+) dendritic cells bearing CCR7 for tumor antigen
trafficking and priming of T cell immunity in melanoma. Cancer Cell 2016;30:
324-36.

Broz ML, Binnewies M, Boldajipour B, Nelson AE, Pollack JL, Erle DJ,
et al. Dissecting the tumor myeloid compartment reveals rare activating
antigen-presenting cells critical for T cell immunity. Cancer Cell 2014;26: 938.

in the tumor

Spranger S, Dai D, Horton B, Gajewski TF. Tumor-residing batf3 dendritic cells
are required for effector T cell trafficking and adoptive T cell therapy. Cancer
Cell 2017;31: 711-23.

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. PD-1
blockade induces responses by inhibiting adaptive immune resistance. Nature
2014;515: 568-71.

Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al. Genomic
and transcriptomic features of response to anti-PD-1 therapy in metastatic
melanoma. Cell 2016;165: 35-44.

Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven biomarkers to
guide immune checkpoint blockade in cancer therapy. Nat Rev Cancer 2016;16:
275-87.

DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden SF, et al.
Leukocyte complexity predicts breast cancer survival and functionally regulates
response to chemotherapy. Cancer Discov 2011;1: 54-67.

Gabrilovich D. Mechanisms and functional significance of tumour-induced
dendritic-cell defects. Nat Rev Immunol 2004;4: 941-52.

Bharadwaj U, Li M, Zhang R, Chen C, Yao Q. Elevated interleukin-6 and G-CSF
in human pancreatic cancer cell conditioned medium suppress dendritic cell
differentiation and activation. Cancer Res 2007;67: 5479-88.

Nefedova Y, Huang M, Kusmartsev S, Bhattacharya R, Cheng P, Salup R, et al.
Hyperactivation of STAT3 is involved in abnormal differentiation of dendritic
cells in cancer. J Immunol 2004;172: 464-74.

Meyer MA, Baer JM, Knolhoff BL, Nywening TM, Panni RZ, Su X, et al. Breast
and pancreatic cancer interrupt IRF8-dependent dendritic cell development to
overcome immune surveillance. Nat Commun 2018;9: 1250.

Waight JD, Netherby C, Hensen ML, Miller A, Hu Q, Liu S, et al. Myeloid-derived
suppressor cell development is regulated by a STAT/IRF-8 axis. J Clin Invest
2013;123: 4464-78.

Netherby CS, Messmer MN, Burkard-Mandel L, Colligan S, Miller A, Gomez EC,
et al. The granulocyte progenitor stage is a key target of IRF8-mediated reg-
ulation of myeloid-derived suppressor cell production. J Immunol 2017;198:
4129-39.

https://doi.org/10.1158/2767-9764.CRC-22-0278 | CANCER RESEARCH COMMUNICATIONS



Tumor GCSF Poses a Barrier to Inmunotherapy Efficacy

68. Moreau JM, Mielnik M, Berger A, Furlonger C, Paige CJ. Tumor-secreted prod- 70. Wang Y, Shen Y, Wang S, Shen Q, Zhou X. The role of STAT3 in leading
ucts repress B-cell lymphopoiesis in a murine model of breast cancer. Eur J the crosstalk between human cancers and the immune system. Cancer Lett
Immunol 2016;46: 2835-41. 2018;415: 117-28.

69. Verdeil G, Lawrence T, Schmitt-Verhulst AM, Auphan-Anezin N. Targeting STAT3 71. Kowanetz M, Wu X, Lee J, Tan M, Hagenbeek T, Qu X, et al. Granulocyte-
and STATS5 in tumor-associated immune cells to improve immunotherapy. colony stimulating factor promotes lung metastasis through mobilization of
Cancers 2019;11: 1832. Ly6G+Ly6C+ granulocytes. Proc Natl Acad Sci U S A 2010;107: 21248-55.

AACRJournals.org Cancer Res Commun; 3(3) March 2023 419




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


