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ABSTRACT

It is becoming increasingly clear that tumor-associated neutrophils (TANs) play an important role in cancer
biology, through direct impact on tumor growth and by recruitment of other cells types into the tumor.
The function of neutrophils in cancer has been the subject of seemingly contradicting reports, pointing
toward a dual role played by TANs in tumor progression. The existence of multiple neutrophil subsets, as
well as phenotypic modulation of the neutrophils by various factors in the tumor microenvironment, has
been shown. TGFS plays a significant role in the determination of neutrophils’ phenotype, by shifting the
balance from an antitumor (N1) toward a more permissive (N2) phenotype. The full range of mechanisms
responsible for the pro- vs. antitumor effects of TANs has not yet been elucidated. Therefore, the ability to
identify the different neutrophil subpopulations in the tumor is critical in order to understand TANs
evolution and contribution throughout tumor progression. Using a transcriptomic approach, we identified
alternations in gene expression profile following TGF 8 inhibition. We show that N1 and N2 TANs represent
distinct subpopulations with different transcriptional signatures and both differ from naive bone marrow
neutrophils. The analysis highlights a clear difference in pathways involved in neutrophil function such as
cytoskeletal organization and antigen presentation, as well as alterations in chemokine profile, eventually
affecting their effect on tumor cells and tumor growth. These data highlights several potential new
pathways and mechanisms by which neutrophils can influence both the tumor cells and the adaptive
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immune system.

Introduction

Tumor immunosuppression is modulated via secretion of inhib-
itory cytokines as well as the recruitment of specific cell types to
the tumor microenvironment."” The phenotype of the myeloid
cells (neutrophils and macrophages), which represent a key part
of this immunosuppressive network, may be altered by the
tumor microenvironment to support tumor growth.”” Despite
growing evidence for the presence of multiple neutrophils sub-
populations in cancer®”, the role of neutrophils in tumor growth
and metastatic progression has not yet been fully elucidated.®'
Whereas several studies have provided evidence for neutrophils
with pro-tumor functions such as promoting tumor angiogene-
sis'", tumor cell dissemination, and metastatic seeding in distant
organs'”>'*, others have shown the existence of neutrophils with
antitumor and anti-metastatic functions.">*° These seemingly
conflicting reports over the function of neutrophils in cancer is
likely due to the existence of multiple neutrophil subsets®"**; a
tumor promoting or N2 phenotype and an tumor-inhibitory or
N1 phenotype. Interestingly, it has been proposed that there can
be phenotypic or functional plasticity, where neutrophils infil-
trating a tumor are modulated by cues present in the tumor
environment.”> This has been well exemplified by recent works
showing that TANs can be modulated and polarized toward an

N1 phenotype by type-1 interferons**?® or a pro-tumorigenic

(N2) phenotype by the presence of TGFA’ as demonstrated by
the observation that systemic inhibition of TGFS using a spe-
cific Alk5 kinase inhibitor called SM16 in mice caused a shift
toward a pro-inflammatory and antitumor phenotype (N1).

Similarly to tumor-associated macrophages (TAMs), N2
TANSs can exert their effect by secreting pro-tumor factors and
by affecting other cells of the immune system in an immuno-
suppressive manner, for example, by inducing T-cell toler-
ance.””” Accordingly, depletion of N2-polarized TANs inhibits
tumor growth and metastasis®*® and reduces the level of immu-
nosuppression in the tumor microenvironment, allowing for
increased activity of CD8™ cytotoxic T-lymphocytes (CTL).” In
contrast, in the presence of type-I IFNs or absence of TGFp,
TANs display an antitumor N1 phenotype with increased
tumor cytotoxicity, high neutrophil extracellular traps (NETs)
expression, high ICAM1, and TNF-« expression.”***°

Using transcriptomic analysis”*’, we have previously shown that
N2-polarized TANs display a dramatically different transcriptomic
profile than both myeloid-derived suppressor cells (G-MDSCs)
and naive bone marrow neutrophils (BMN), including the expres-
sion of a wide range of cytokines (CCL17, CCL2, CCL5). By secret-
ing CCL17, TANs were further shown to recruit regulatory T-cells
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to the tumor site, thus inducing immunologic self-tolerance and
impaired immune response to tumor cells.*® Conversely, inhibition
of TGFB-driven N2-polarization was shown to promote TANS’
expression of cytokines such as CCL3 and TNFe, further attracting
CD8™ T cells to the tumor site.

Since no definitive markers discriminating between pro-tumor
(N2) and antitumor (N1) neutrophils have yet been established,
the identification of neutrophils subsets in the tumor remains a
challenge, limiting our understanding of the evolution TANs
and their specific contribution throughout tumor progression.”
The purpose of this study was to gain a deeper understanding of
N1 and N2 TANS polarization states using a transcriptomics
approach and to identify the genes and pathways modified fol-
lowing their polarization, resulting into their opposite anti or
pro-tumor effect. We examined which pathways and gene-
groups varied among these two populations of neutrophils and
performed a detailed analysis of pathways related to the main
functions of neutrophils, such as phagocytosis, antigen presenta-
tion, and specific immune effects, as well as response to stress
and structural genes. Our data reveal a significant difference in
chemokine/cytokine signature between N2 and N1 TANs, which
might further help understanding the chemotaxis forces and role
of neutrophils in tumor. Finally, we examined the differential
functional effects of N1 and N2 neutrophils on tumor growth,
finding that the overall N1 signature is cytotoxic to tumor cells,
whereas N2 neutrophils contribute to tumor growth.

Results
Hierarchical clustering of neutrophils

BMN and TAN from control mice (N2 TAN) or mice where
TGEFB function was blocked with SM16 (N1 TAN) mice were
isolated and whole murine genome mRNA expression profiles
of the three different groups were performed. As a first step,
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gene probes were filtered as described above, resulting in
16,077 informative genes that were significantly different
between either two of the three groups (p < 0.05, FDR = 3%).
Hierarchical clustering (Fig. 1A) and principal component
analysis (PCA) (Fig. 1B) showed that following TGFg
blockade, the N1 neutrophils showed a distinct profile com-
pared to neutrophils from tumors of untreated mice (N2 TAN)
and both demonstrated a separate profile from BMN. N1 and
N2 TANs were more highly related to each other than to the
BMN.

Genome-wide RNA expression profiles

Whole murine genome RNA expression profiles of TANs from
the SM16-treated mice (N1) and control groups (N2) were
compared to each other and to BMN to discern more specific
differences.

When compared to BMN, we found the expression of
135 genes to be significantly altered in N1 and N2 by more
than 30-fold (Fig. 2). As previously described®” and as we
expected, the TANs had a very different signature than the
BMN. We therefore focused on differences between the N1
and N2 cells.

In a direct comparison between N1 and N2 TANs, we found
9,206 genes that were significantly different (p < 0.05, FDR =
2%). The fold changes were larger than 1.7 in 3,324 of the
genes. Of these genes, 1,578 were upregulated and 1,746 down-
regulated in N2 TANs compared to N1 TANs. In order to fur-
ther compare these differences, heatmaps of the genes most
changed between the two groups were prepared. Fig. 3 shows a
heatmap including all genes with a fold change of 10 or higher
between samples. One hundred and thirty six (136) genes
showed downregulation in N2 TANs compared to N1 TANs
and only two upregulated in N2—the chemokine CCL17 and
Gprl114 (see Table S1 for the list of genes).
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Figure 1. Hierarchical clustering (A) and principal component analysis (PCA) (B) of bone marrow naive neutrophils (BMN, []), tumor-associated neutrophils (N2 TANs, <)
and TANs following treatment with SM16 (N1 TANs, %), showing that the three neutrophils subpopulations display distinct transcriptomic profiles.
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Hierarchical clustering: #Genes=135
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Figure 2. Heatmap of the 135 genes showing strongest alteration, with fold change higher than 30, between BMN, N1 and N2 subpopulations of neutrophils. Red — upre-
gulation; blue — downregulation; white — no change from mean.

Evaluation of pathways and gene groups differences genome.jp/kegg/). Fig. 4 summarizes the main differences

between the two populations, N1 and N2 TANs, as found
In order to link genes to specific pathways, we evaluated key =~ with the Genomica program. We further directly evaluated
pathways and gene groups using Genomica (genomica.weiz- pathways and gene groups related to describe neutrophil
mann.ac.il) and Kegg pathway analyses (http://www. functions and activities. The overall expression levels
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Hierarchical clustering: #Genes=138
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Figure 3. Heatmap of the 138 genes showing strongest alteration, with fold change higher than 10, between the N1 and N2 groups of neutrophils. The N1 TANs exhibit a
markedly different signature compared to N2, with 136 genes upregulated and 2 genes downregulated with a fold change > 10. (Red - upregulation; blue — downregula-
tion; white — no change from mean). The list of genes is given in Table S1.

comparing N1 to N2 and to BMN in both Genomica, Kegg Cytoskeletal organization

and manually, is summarized in Table 1. These changes are
described below in more detail.

Pathways related to cytoskeleton organization and biogenesis were
upregulated in N1 TANs compared to N2 TANs. Many genes
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Figure 4. Analysis of pathways and gene groups using Genomica, comparing
tumor-associated neutrophils (N2) to TANs following treatment with SM16 (N1).
All N1 and N2 samples were evaluated individually for changes in the different
pathways, and marked as positive change when > 3 genes were significantly
changed to the same direction. Groups were then compared to each other
(p < 0.05, corrected). Red - upregulation; green — downregulation; black - no
change from mean.
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Table 1. Summary of the relative changes in pathways and gene groups between
naive bone marrow neutrophils (BMN), non-treated tumor neutrophils (N2) and
following TGFB inhibition with SM16 (N1).

Neutrophil Function BMN N2 N1
Structural genes Cytoskeleton + — +
Actin polymerization ++ + +4
Response to stress TLRs + +/- +
Respiratory burst ++ = +H-
Granule Proteins Primary ++ - —
Secondary ++ - —
Tertiary +++ 4 4t
Vesicle formation Receptor-mediated phagocytosis ~ +-+-+ + +++
Endocytosis += += +=
Apoptosis Whole group + 4+ 4+
NF,B anti-apoptotic +4+ +/— +/—
Inflammatory Whole group - 4+ 44+
response
Antigen processing and — +4+ 4+
presentation
Cytokine activity - 4+ 4+
Chemokine activity — 4+ 44+

Pathways and gene groups were evaluated by the Genomica software, KEGG, and
manually from the literature. The data of each neutrophils function evaluated for
each population of neutrophils is presented.

(=) Most genes in the pathway/group were at background levels.

(+/—) Some genes of the pathway/group were upregulated and other
downregulated.

(+) A related pathway/group was upregulated (Genomica), or some (>10 %) of
the genes in the group were upregulated (manually).

(++) A related pathway/group was upregulated (Genomica), and/or a significant
portion (>30 %) of the genes in the group were upregulated (manually).

(+++) A prominent upregulation of genes in the group/pathway (>50 %) was
noted.

involved in actin binding and polymerization (e.g., Actn4, Arpc,
Raf-1, LCP-1, Pfn-1) and focal adhesion assembly (Pxn, Msn) were
elevated by more than 10-fold following TGFS inhibition.

Granules proteins

Although BMN showed a generally higher expression of gran-
ule-related proteins than the N1 and N2 TANSs, no changes
were observed in the expression levels of granule-related genes
from primary (Mpo, Elastase, CathepsinG), secondary (Lacto-
ferrin, Stomatin, Gelatinase, MMP8), or tertiary (MMP9,
Pglyrp, Pfc) structures, between N1 and N2 TANG.

Phagocytosis

Many genes related to phagosome formation and maturation
were highly upregulated in N1 vs. N2 TANs. These included
mRNAs for membrane-associated proteins (e.g., Tap, Sec6l,
Lamp2, Nrampl), microtubule-associated proteins (Coronin,
Vamp2), as well as many phagocytic signaling pathway-related
enzymes (Syk, Ptk2, PIK32, Pld2, cathepsin). Various receptors
reported to be associated with phagosomes and neutrophils
secretory vesicles (Borregaard 2007), including the Fcy recep-
tors CD32, CD16, the complement receptor CR3 (CD18), and
C-lectin receptors (Mrcl, CD209), INFyR1 (CD119), TREM-1,
and TNFRI1 were also upregulated in N1.

Respiratory burst

The analysis of NADPH-oxidase-related genes involving fMLP,
TLR, and PMA-stimulated respiratory burst showed no
significant alterations between N1 and N2 subpopulations.
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Immune response

There were several gene groups and pathways associated with
immune response which showed significant differences
between N1 and N2 subpopulations. Compared to N2, N1
TANs showed general upregulation of pathways related to
immune responses and processes as a whole (Fig. 4), including
inflammatory responses, cytokine activity, and chemotaxis.

Antigen processing and presentation

We found downregulation in pathways related to the role of
neutrophils as antigen-presenting cells (APCs) to be a major
change in N2 compared to N1. Remarkably, upregulation of
MHC class-I-related loci in N1 TANs represented 6 out of the
138 most affected genes, all with a fold change larger than 10.
On the other hand, MHC class-II-related genes showed little
change at the mRNA level between N1 and N2. Interestingly,
TAP1, calreticulin, and tapasin, which are involved in peptide
loading and secretory processes, were also upregulated in N1
TANSs. In addition, the lysosomal ATPase (Atp6v0dl) subunit
and the lysosomal protease Legumain (Lgmn) were two of the
strongest upregulated genes in this array (by 20- and 30-fold
upregulation in N1, respectively), compared to N2 TANSs.

Chemokines and cytokines

Although BMN displayed overall low expression levels of chemo-
kines, chemokine genes were highly upregulated in both N1 and
N2 TAN. Interestingly, some of the most prominent alterations in
mRNA expression comparing N1 and N2 neutrophil populations
were in chemokine gene expression (Fig. 5A). Out of the 25 chemo-
kines tested, the expression level of 12 chemokines showed signifi-
cant alterations by more than 2-fold in N1 compared to N2, with
four of them (CXCL10, CXCL13, CCL17, and CCL6) different by
more than 10-fold (Fig. 5B). These changes included a striking
downregulation in N1 of chemoattractant for Treg-cells (CCL17),
whose functional activity we have previously demonstrated™, as
well as downregulation of chemokines involved in chemoattraction

of neutrophils (CXCL1) and monocytes (CXCL14). In contrast,
chemokines associated with B cells (CXCL13) and macrophages
(e.g., CCL2, CXCL10, and CCL?7) attraction were upregulated in
N1. Although both N2 and N1 showed higher TNF« expression
levels compared to BMN, TNFa message expression was highly
upregulated in N1. IFNS and IL6 mRNA, on the other hand,
seemed to be expressed only in N2.

Signaling pathway components

We found that 21 out of the 741 genes with expression levels
increased by more than 3-fold in N1 TANs were related to che-
mokine signaling pathways. These included the chemokine
receptor CCR5, GBy subunit (Gnbl), I«B, STAT (Stat2), JAK
(Jak2 and Jak3), Rac (Racl and Rac2), Raf-1, ERK (Erkl and
Ekr2), and PTK2. Some cytokine receptors such as IL13Ra and
IL15Ra displayed higher expression levels in N1, whereas the
expression of IL8RA, IL7R, and IL18R (involved in activation
and recruitment of neutrophils) was found to be higher in N2.

Validation of gene array results by RT-PCR and ELISA

Most microarray results are now highly accurate, especially for
highly regulated genes, and differences between microarray- and
PCR-generated data occur mostly in the amplitude of the detected
expression change. Nevertheless, we conducted real-time PCR vali-
dation of some of the gene expression changes between N1 and N2
TANS seen in the array (Fig. 6). In addition, we validated some of
the genes using cells from animals bearing a different cell line, the
lung cancer LKR line (in a different mouse strain). In general, the
RT-PCR results were highly consistent with the microarray data,
with a strong upregulation of N1 markers following SM16 treat-
ment, in both AB12 and LKR models. Part of the validation was
done prior to the transcriptomic analysis and has been previously
published®’. We further confirmed the protein levels of several
cytokines and chemokines that were changed between N1 and N2
TANS (Fig. 7) by ELISA of conditioned media, and showed similar
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Figure 5. (A) Heatmap comparing the expression of 26 chemokines in the three groups of neutrophils — bone marrow naive neutrophils (BMN), tumor-associated neutro-
phils (N2 TANs), and following SM16 treatment (N1). Red — upregulation; blue — downregulation; white — no change from mean. (B) Summary of the chemokines most

highly altered in N1 vs. N2, with a fold change higher than 2.
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Figure 6. Gene expression for N1 and N2 markers in N1 TANs (following SM16
treatment) compared to N2 (N2 expression level =1). Selected results from the
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ated neutrophils (TAN) from flank tumors of two separate tumor cell lines — the
mesothelioma cell line AB12, and the non-small cell lung cancer LKR cell line. *p <
0.05; **p < 0.01; **p < 0.001.

changes in the levels of proteins between the two populations in the
chemokines and cytokines examined.

N1 TANs induce tumor cells apoptosis and delay in vivo
tumor growth

In order to assess the N1 antitumor properties following anti-
TGEFp intervention, we first tested whether N1 TANs display
cytotoxic capacities toward tumor cells. Isolated TANs were
co-cultured at varying ratios with luciferase-labeled AB12
tumor cells, and the number of viable tumor cells was deter-
mined after 24 h. N2 TANs from untreated mice were found to
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be non-cytotoxic up to a ratio of 20:1 (neutrophils to tumor
cell), whereas N1 TANSs isolated from the SM16-treated mice
showed significantly killing at that ratio (Fig. 8A).

In addition, in order to test the impact of N1 vs. N2 TANs
on tumor growth, AB12 tumor cells were injected to the flank
of the mice, alone or in combination with either N1 or N2
TANs. Tumor size was then measured on a regular basis
(Fig. 8B). The injection of N2 TANs with the tumor cells
resulted in increased tumor growth compared to co-injection
with N1 TANs that inhibited tumor growth (Fig. 8B). Interest-
ingly tumor cells without TAN had an intermediate growth
compare to co-injection with TANS, i.e., somewhat faster that
mixture with N1 TAN and somewhat slower growth than in
the mixture with N2 TANs (Fig. 8C).

Discussion

The immune system acts to protect the host against a wide vari-
ety of threats. However, in the context of cancer, immune cells
exhibit functional plasticity, and undergo a dramatic pheno-
typic change, then regarded as “alternatively activated,” acting
to promote tumor growth and progression.”” There has been
extensive efforts to identify potential mechanisms through
which neutrophils affect (contribute or impair) cancer progres-
sion'™?, and in particular via the orchestration of recruitment
and activation of distinct immune cell types to the tumor
site.” 3¢

TGEB, available at high concentrations at the primary tumor
microenvironment, was demonstrated to lead to the accumula-
tion of N2-polarized pro-tumor neutrophils in the tumor,
whereas TGFp blockade” as well as type-I IFN?° shift the bal-
ance toward a more antitumor (N1) phenotype.

In this study, we have employed transcriptomic analysis in
order to compare the gene expression profile and characterize
the genes and pathways mostly alternated between N1 and N2
neutrophils. The main finding of our unbiased pathways
analysis is the existence of a general downregulation in the N2
TANSs of genes involved in immune-related functions such as
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Figure 7. Validation of some of the cytokines’ expression profiles found in the array at the protein level. Isolated neutrophils were incubated overnight and levels of che-
mokines and cytokines in medium was evaluated by ELISA. Percentage of TANs expressing the pro-inflammatory marker ICAM1 was evaluated by flow cytometry.
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Figure 8. N1 TANs present antitumor properties. (A) Ly6G™ cells isolated from AB12 tumors from control (N2) and SM16-treated animals (N1) (n = 5-7 for each group)
were co-cultured with AB12-luciferase cells at ratios of 1:5, 1:10 or 1:20 (tumor cells:TANSs). The graph summarizes the percentage of tumor cell killing = SEM at each ratio
of co-culture at 24 h (n = 4-6). (B) In a Modified Winn Assay, AB12 tumor cells were injected together with N1 or N2 TANs (n = 6 in each group) and tumor growth was
measured regularly. N1 TANs significantly impaired tumor growth and tumor size remained significantly low relative to N2 until the end of the experiment (day 7).
(C) AB12 tumor cells injected alone had an intermediate growth compare to co-injection with either N1 or N2 TANs.

antigen-presentation, immune responses, and chemokines pro-
files. Other differences between these two neutrophils subpopu-
lations were noted as well.

N2 TANSs showed a relative downregulation of gene expres-
sion related to cytoskeleton organization and actin polymeriza-
tion, compared to BMN and N1 TANs. It has been proposed
that early in tumor development, TANs which demonstrate a
more cytotoxic profile (therefore N1 polarized) are found pri-
marily at the periphery of the tumor. Only at later stages of
tumor progression, are neutrophils found inside the tumor.”" It
is therefore possible that, following infiltration into the center
of the tumor, TANs downregulate their activity related to cyto-
skeletal organization, losing their ability to leave the tumor
microenvironment.

The production by neutrophils of remarkable amounts of
ROS and RNS species such as O, and NO, through the activity
of phagocyte NADPH oxidase and nitric oxide synthase (NOS),
has been considered to function primarily in host defense as
antimicrobial factors. In the context of cancer, ROS associated
with infiltrating neutrophils may play a tumor-promoting role
during carcinogenesis by exerting genotoxic effects’ (likely by
contributing to DNA damage and genetic instability). However,
once the tumor is established, ROS could either have antitumor
effects by direct cytotoxicity’® or pro-tumor effects by inhibit-
ing other immune cells (i.e., CD8™ T cells), leading to alteration
of immune-mediated antitumor effects. To make matters more

complicated, it has been suggested that ROS production, via a
mechanism involving Lyn and NADPH-oxidase activation, is
responsible for the characteristic rapid spontaneous apoptosis
in neutrophils.” Interestingly, our preliminary data shows that
tumor neutrophils survive longer than circulating or bone-mar-
row-derived neutrophils. Our study surprisingly revealed a
general downregulation in the expression of granule- and respi-
ratory burst- related genes in N1 and N2 TANs compared to
BMN, and gene expression levels did not appear different
between N2 and N1 TANS. This is in contrast to previous stud-
ies showing higher production of NO and H,0, production in
TANs isolated at early stages of the tumor (suggested to be
more N1 proned).”" In view of the fact that the levels of ROS
released by cells are the product of the regulation of production
vs. catalysis (by enzymes such as superoxide dismutases-
SODs), the mRNA levels may not reflect the differences in ROS
production between these two subpopulations. Further studies
will be needed in order to assess a regulatory change in ROS
production by N1 vs. N2.

Many integrins and membrane receptors associated with
secretory vesicles were strongly upregulated in N1 TANs com-
pared to N2. The intracellular compartments termed “secretory
vesicles,” which are triggered to fuse with the plasma mem-
brane in response to alterations in intracellular calcium, pro-
vide a structural basis for the transition of the neutrophil from
a cell with few receptors on its surface (therefore with minimal



responsiveness) to a highly responsive cell** IFNyR1, also
called CD119, is for example, one of the receptors found to be
expressed in BMN and N1 but strongly downregulated in N2.
IFNy is a potent modulator of neutrophil functions. Recent
studies have demonstrated that treatment of PMN with IFNy
elicits a variety of responses, including differential gene expres-
sion, increased production of reactive oxygen species, and
enhanced expression of surface markers.*’ Andzinski et al.*
have recently demonstrated that in the presence of IFNy
tumor-neutrophils tend to express typical N1 markers, suggest-
ing that this receptor may be an important player in the plastic-
ity of tumor-related neutrophils. Downregulation of CD119
(IFNyR1) in neutrophils has been shown to impair the secre-
tion of the IFNy-inducible chemokines IP-10/CXCL10 and
MIG/CXCL9 in infected neutrophils in a model of
infection.*” The upregulation of IFNyR1 in N1 TANs could
also be an example of modulation in N1 responsiveness to envi-
ronmental cues, such as IFNy released by cytotoxic T-cells.

Many genes related to the immune system were modi-
fied when comparing N1 to N2 TANs, with most (but not
all) of them upregulated in N1 TANs. One area of poten-
tial importance in modulating the immune response is
antigen presentation. Our results show that the expression
of many genes related to antigen presentation, especially
those related to MHC class I, are strongly upregulated in
N1 TANs. Accumulating data from the last decade shows
that neutrophils can participate in MHC class I and class
IT restricted antigen presentation, being capable of collect-
ing and cleaving antigens, forming complexes with MHC
molecules, expressing co-stimulatory molecules, and induc-
ing T-cell differentiation.*>** It has also been reported
that neutrophils can express co-stimulatory molecules such
as CD80 and CD86, as well as the DC marker CD83.*
This has led some to propose that PMN cells are able to
trans-differentiate into DC-like cells under appropriate
stimulatory conditions. Interestingly, the co-stimulatory
molecules CD80, CD83, and CD86 were upregulated in
both N1 and N2 TANs compared to BMN, but only CD83
revealed a slight upregulation in N2s compared to N1.

The presence of higher expression levels of MHC class-I
antigen presentation-related genes in N1 is consistent with
reports that TANs isolated from early tumors preferentially
recruit and mediate the activation of cytotoxic CD8" T cells.”*’
N2 neutrophils, on the other hand, have been suggested to
prime a Thl- and Th17-acquired immune response via expres-
sion of the MHC class I1.**

Youn et al.*® recently found that compared to peritoneal
neutrophils isolated from naive mice, splenic G-MDSCs of
tumor-bearing mice displayed downregulation in gene expres-
sion and pathways linked to immune responses involving anti-
gen-presentation through MHC class II, as well as multiple
cytokines signaling pathways. Multiple studies have shown the
ability of neutrophils to acquire potent APC capabilities and
cross-present antigens to T cells.** The impact of neutrophils
on the function of T cells has been suggested in vitro and in
vivo in various models of infection and cancer’>*”***, and the
overall activation status of immune cells within tumors is likely
to be orchestrated by a combination of signals including che-
mokines/cytokines.”>**
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One of the most prominent differences that we found
among N1 and N2 was a significant difference in their cyto-
kines and chemokines signature (Figs. 5 and 7), supporting the
notion that tumor neutrophils play an important role in the
recruitment of immunocytes and in the balance between activa-
tion and suppression of the immune system. Although N2
TANs have been reported to favor the recruitment of T-regs
within the tumor, we also find N2 TANs expressed TGFbeta,
IL-6, and IL-23, a combination of cytokines which has been
suggested to promote Th17 priming.*>° Interestingly, whereas
Th17 cells’ contribution to inflammation has been well estab-
lished, their role in tumor immunity has been debated, with
multiple reports showing either pro-inflammatory or regula-
tory properties depending on additional cues the Th17 cells
encounter from the environment.”"

N1 TANs expressed higher levels of the message for the pro-
inflammatory cytokines IL-12 and TNF-c, together with vari-
ous T cell- and macrophages- attracting chemokines (CXCL10,
CCL7, CCL2, and CCL3). CCL17 and CXCL14 were the two
chemokines that were the most downregulated in N1 TANs
compared to N2. Whereas CCL17 has been shown to attract T-
regs’’, CXCL14 possesses chemoattractive activity for activated
macrophages, immature dendritic cells, and natural killer NK
cells. The clinical importance of this chemokine as a regulator
of immunocytes recruitment should be further investigated.

Altogether, our results on the up and downregulation of
chemokines in these two neutrophil subpopulations reinforce
an emerging view of TANS as active orchestrators of innate and
adaptive immunity. Our data is also consistent with the sugges-
tion that a potential source for chemokines inside the tumor
originate from the intratumoral TANs, which constitute a nota-
ble percentage of tumor immune cells.

TGFB-blockade in mice using SM16 was previously demon-
strated” to result in higher tumor cytotoxicity by the intratu-
moral CD11b* population, which correlates with an increase
in H,O, production. Following TGEB blockade, the neutro-
philic Ly6G™ fraction was found significantly increased at the
expense of the macrophages faction and TANs were demon-
strated to be the main contributors to the observed direct cyto-
toxicity toward tumor cells. In line with these findings, we
show here that following anti-TGFp treatment, isolated TANs
present direct cytotoxicity toward tumor cells and delay in vivo
tumor growth, demonstrating antitumor properties (N1).

Our study was performed in one type of tumor only, i.e., the
mesothelioma cell line AB12, it is therefore possible to argue
that the gene expression characteristics presented here are rep-
resentative of the TANs recruited to this tumor type only.
Some of the transcriptomics results were confirmed in a differ-
ent cell line, the non-small cell lung cancer LKR. However, fur-
ther analyses will be needed in order to establish the
generalization of our data to other tumor systems.

The interpretation of the changes in the phenotype of TANs
during tumor progression still represents a challenge. It should
be noted that when specifically comparing N1 TANs to BMN,
one need to take in consideration that TGFg-blockade might
have affected the profile of bone marrow naive cells as well.
Interestingly, there was no effect of TGFp-blockade on the per-
centage of total splenic myeloid cells (CD11b"), splenic granu-
locytic fraction (Ly6G"), or monocytic fraction (Ly6C") in
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tumor-bearing mice (Fig. S1). It appears therefore that the anti-
TGEFp intervention itself does not change the production rate
of precursor cells but rather changes the phenotype of the neu-
trophils, the local chemoattraction forces, and/or the intratu-
moral polarization of neutrophils.

The origin of the neutrophils in the tumor microenviron-
ment and the question of whether neutrophils’ polarization
occurs outside the tumor or following their infiltration inside
the tumor microenvironment still remain unanswered. It is
possible, for example, that N2 and N1 TANs originate from dif-
ferent circulating neutrophil subpopulations which display
some permissive vs. cytotoxic properties, respectively, already
in the circulation, as described by us and others.”">* Alterna-
tively, it is possible that their functional polarization will occur
after their infiltration to the tumor micro-environment and
result from the various cues present in the tumor (such as
TGFpB). It remains therefore to be determined from which
“naive” pool(s) TANs are recruited to the tumor (bone mar-
row/blood pool or splenic G-MDSC), what are the factors mod-
ulating their polarization, and when does this polarization
occur (in the circulation or within the tumor). When compar-
ing splenic G-MDSCs isolated from tumor-bearing mice to
peritoneal neutrophils of naive mice, Youn et al.** showed that
these two cell types are morphologically and phenotypically
similar (based on cellular markers) and yet have distinct tran-
scriptional profile and functional activity. They proposed that
in the context of cancer, G-MDSCs halt their transition into
neutrophils and acquire instead immune-suppressive features.
Gregory and Houghton™ argued that changes in TAN resulted
from an alternation in state of activation rather than a switch
into a unique transcriptional program. Our data suggests that
some distinctive transcriptional changes do occur in the pheno-
typic switch of tumor-neutrophils. Borregaard et al.>> suggested
that circulating neutrophils display two profiles of transcrip-
tional and protein synthetic activities—one in the bone marrow
and the second upon migration into tissues, resulting mainly in
the secretion of cytokines and chemokines. We have previously
shown that N2-polarized TANs display dramatically different
transcription programs than both BMN and G-MDSC, sup-
porting the notion that TAN are not “tissue-based G-MDSC,”
but are rather a distinct subpopulation of neutrophils.”
Although this study does not provide an answer about the ori-
gin of each neutrophil population, our current findings, as well
as previously published results*', suggest that they are more
than two profiles of neutrophils, representing several subpopu-
lations. Further analysis of the transcriptomics and characteris-
tics of BMN, splenic and/or blood precursor cells (CD11b™
Ly6G™) following anti-TGFp treatment will be needed in order
to fully understand the possible changes in the general pheno-
type of myeloid precursor cells and the forces promoting the
presence of N1 vs. N2 TANs in the tumor.

In contrast to circulating neutrophils, the depiction TANs
immuno-editing in human cancer patients remains an
extremely challenging task. Individuals at various stages of the
disease do not routinely go through tumor extraction or biop-
sies, and will most probably go through chemotherapy and
radiation therapy first. Although immunohistochemistry works
have been able to relate between the presence of tumor neutro-
phils and prognostics, and many human tumors over-express

TGEp, clinical data from patients over the nature and function
of human TANs is still very minimal. In addition, due to the
lack of specific markers, a functional characterization of N1
and N2 TANs in human patients is still missing. Recently, Eru-
slanov et al.*” have demonstrated TANs isolated from human
early stage lung cancer produce pro-inflammatory factors such
as MCPI1, IL8, and IL6 and stimulate T cell response. These
findings are in line with previous work showing that TANs
from early tumors (in mouse models) present stronger pro-
inflammatory profile whereas they acquire stronger permissive
profile with tumor progression.”"

Although the exact characterization and identification of N1
and N2 subsets in human tumors has yet to be achieved, in our
recent publication®', we identified three distinct neutrophil
populations in the circulation of human patients during cancer
progression, dividing them into high-density neutrophils
(HDN) which demonstrate mature phenotype and low-density
neutrophils (LDN) which can be further separated into mature
and immature subpopulations. While mature HDNs present
cytotoxic capacity toward tumor cells, mature LDN showed
suppressive properties usually associated with MDSC.
Although the presence of these circulating subpopulation holds
true in human as well in mice models, the fate and the pheno-
type of neutrophils upon entrance into the human tumor
micro-environment is still to be studied.

In conclusion, we show that BMN, N1, and N2 TANs are
three distinct subpopulations with different transcriptional signa-
tures. A large number of genes and pathways were found alter-
nated following TGFB inhibition, with a general upregulation for
pathways related to immune response in N1 TANs. N2 TANs
showed specific expression signature, distinct from N1 and
BMN, in genes related to neutrophil immune function in path-
ways such as antigen presentation and chemokine/cytokine pro-
file. As specific markers discriminating between pro- and
antitumor neutrophils have yet to be identified, the isolation and
phenotyping of these neutrophil populations is still not possible
without interventions such as IFNS or anti-TGFb treatments.”**
The identification of characteristic markers will allow in the
future the specific isolation of these neutrophils subpopulations
directly from the developing tumor without the need of such
manipulations. Importantly, although we have described differ-
ences between early and late-tumor TANs, there was no exact
similarity to the N1-N2 polarization.”® Our data shed light on
the multiple alternations which altogether determine the pheno-
type and activation state of each subpopulation, ultimately driv-
ing their anti vs. pro-tumor function. Our findings also highlight
several potential new pathways by which neutrophils can influ-
ence both the tumor cells and the tumor-related adaptive
immune system, and may support future investigations on the
functional role and contribution of the different TAN subpopula-
tions in tumor growth and progression.

Materials and methods
Animals ethics statement

Mice were purchased from Taconic Labs (Germantown, NY),
and Jackson Labs (Bar Harbor, ME). This study was carried out
in accordance with the recommendations in the Guide for the



Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Committee on the
Ethics of Animal Experiments of the University of Pennsylva-
nia (Permit Number: 80-2606).

Cell lines and animal tumor models

The murine malignant mesothelioma cell line, AB12 was derived
from an asbestos-induced tumor in a Balb/C mouse. The murine
lung cancer line LKR was derived from an explant of a pulmo-
nary tumor from an activated Kras G12D mutant mouse that
had been induced in an F1 hybrid of 129Sv.J and C57BL/6.”

Balb/c and B6/129 mice were injected on the right flank with
1 x 10° ABI2 or LKR tumor cells, respectively. The flank
tumors were allowed to reach an average size of 300-500 mm®
(approximately 15-21 d), before neutrophils were isolated as
described below.

SM16, a TGF-§ receptor kinase inhibitor

The chemical structure and biochemical characteristics of
SM16, a 430 MW ALK4/ALKS5 kinase inhibitor produced by
Biogen Idec, has been previously published.>* As described pre-
viously’, SM16 was formulated into chow at a dose of 0.45 g/kg
of chow’>®, and tumor-bearing mice were treated with SM16
or control chow ad libitum for 5 d. Neutrophils isolated from
tumors of mice treated with SM16 were designated as N1 TAN.

Isolation of neutrophils from tumors and bone marrow

TANs—After reaching a size of 250-300 mm?, tumors were
harvested, minced, and digested with 2 mg/mL DNasel (Sigma,
10104159) and 4 mg/mL collagenase type IV (Sigma 5138) at
37°C for 1 h. Whole tumor stroma was then centrifuged at
1200 rpm for 10 min at room temperature and cells were then
stained using anti-CD11b antibody (BD Bioscience, 564454).
CD11b™ cells were then isolated using magnetic beads (Milte-
nyi Biotec, Germany) per manufacturer’s instructions. The iso-
lated fraction of CD11b* cells was then stained with Ly6G-PE
antibodies (BD Biosciences, 551461) and CD11b*/Ly6G™ cells
(TAN) were further isolated through using Beckman—Coulter
EPICS Elite ESP FACS Sorter (Fullerton, CA). In all samples
used, a purity of above 85% neutrophils was achieved.

Bone marrow naive neutrophils (BMN) were harvested from
non-tumor bearing mice. Mice were euthanized, and bone mar-
row was harvested by flushing the femurs and tibias with HBSS
media. Cells were then separated by centrifugation (rpm, min,
RT) over a three-layer discontinuous Percoll gradient as previ-
ously described.””

Gene microarray

mRNA from each of the three subgroups (3-7 samples per
group) was isolated using RNEasy Kit (Qiagen, 74104). Samples
were processed as BMN, N2 TAN, and N1 TAN, and hybrid-
ized to the Illumina mouse genome bead arrays. Raw data was
processed by Bead Studio v.3.0 software. Expression levels were
exported for signal and negative control probes. The set of neg-
ative control probes was used to calculate average background
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level for further filtering and background subtraction steps.
Average values of the signal probe expression data for the 5
BMN, 5 NI, and 3 N2 sample arrays were used as a base for
normalization and all the arrays were quantile-normalized
against this base, and filtered to remove non-informative
probes. A probe was called non-informative if it had detection
p value >0.05 in all samples or if the maximal ratio between
expression values of each two samples was lower than 1.2.

The microarray data complies with the MIAME guidelines,
and the data will be deposited in a publicly available database,
upon acceptance.

RNA isolation and real-time, reverse transcription-PCR

RNA from BMN and TANs with or without SM16 treatment
(N1 and N2 TANS, respectively) was isolated as described above.
For each group, a pool of RNA was created by adding the same
amount of RNA from each of the samples within the group.
Absorbance at 260/280 nanometers for mRNA purity at a ratio
above 1.9 was achieved for all samples used. cDNA was made
from each pool, RNA levels were normalized to B-actin levels,
and quantification of gene expression levels was performed. Dif-
ferences in gene expression were determined by comparing the
number of PCR cycles required to achieve a threshold of fluores-
cent activity above background during the exponential phase of
the reaction. Normalization was performed by the simultaneous
amplification of B-actin for each sample. Each sample was run
in quadruplicate and the experiment was repeated at least once.
Primer sequences are given in Table S2.

Protein validation

In order to validate some of the RNA data at the protein level,
neutrophils were isolated as described above. 4 x 10° neutro-
phils were then plated in a well of a 12-well plate, and covered
with 1 mL of medium. After 24 h, the supernatant was col-
lected, centrifuged at 1200 rpm, 10 min, 4 C, and stored at
—80°C until cytokine levels measured. The level of different
proteins was evaluated using ELISA sets for IL6 (BD Bioscien-
ces, 555240), and CCL2/MCP1 (BD Biosciences, 555260), and
Duoset ELISAs for CCL1 (R&D Systems, DY845), CXCL11
(R&D Systems, DY572), CXCL2/MIP2 (R&D Systems, DY452),
TNFalpha (R&D Systems, DY410), and CXCL10/IP10 (R&D
Systems, DY466).

In order to evaluate expression of ICAM1 in TANS, isolated
N1 and N2 TANs were re-suspended in flow cytometry buffer
(PBS supplemented with 2% FCS and 0.01% sodium azide),
blocked with “Fc blocker” (CD16/CD32, BD Bioscien-
ces,553142) and stained with FITC-Ly6G (BD Biosciences,
551460) and PE-ICAM-1 (BD Biosciences, 553253) antibodies
or matched isotype controls (all from BD Biosciences). Immu-
nostained cells were then analyzed with LSRII flow cytometry
(BD Biosciences) using Flow]Jo software (Ashland, OR).

Evaluation of tumor cytotoxicity by immune cell subsets

In order to evaluate tumor cytotoxicity of N1 and N2 TANs, we
used an AB12 mesothelioma-cell line transfected with a lucifer-
ase reporter (AB12-Luc). AB12-Luc cells were plated in 96-well
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plates and the N1 or N2 TANSs subsets were co-cultured with
the tumor cells at a ratio of one tumor cell to 5, 10, or 20 neu-
trophils. After 24 h, non-adherent cells were washed away with
PBS, the number of surviving cells was evaluated using the dual
luciferase reporter assay system (Promega, Madison WI), and
the percentage of killing was calculated.

WINN assay

N1 and N2 TANs were first isolated from AB12 tumors of
tumor-bearing control or anti-TGFg antibody 1D11 treated
mice. TANs were then injected with AB12 tumor cells into
Balb/c mice in various combinations. The mice were divided
into three groups (n = 6 to 7) and injected subcutaneously on
the right flank. The first group was injected 1 x 10° AB12 cells;
a second group was injected with a mixture containing 1 x 10°
AB12 cells and 1 x 10° N1 TANs (ratio of 1:1); a third group
was injected with a mixture containing 1 x 10° AB12 cells and
1 x 10° N2 TANs (ratio of 1:1). Tumor size was measured
every day using a caliper and calculated according to the for-
mula [length x width? x 3.14 /6] (mm?).

Statistical analyses

Gene array data was filtered following quantile normalization
as described above. Hierarchical clustering was done for evalua-
tion of similarity between samples in the same group, followed
by PCA analysis. To compare genes that are different between
at least two of the groups, we used one-sided ANOVA on the
quantile normalization data with appropriate post hoc testing.

Genomica software (http://genomica.weizmaBMN.ac.il/)
was used to identify enrichment patterns of experimental signa-
tures associated with the different neutrophils groups.”****
We evaluated about 2,300 pathways and gene groups based on
the suggested “mouse GO” and “mouse Biocarta” murine gene
repositories. Data were log2 transformed and mean centered.
Genes whose expression was 2-fold or greater than the mean
expression level were scored. Enrichment of over-expressed or
under-expressed genes that belong to each tested gene signature
was calculated using a hypergeometric test and a false discovery
rate (FDR) calculation to account for multiple hypothesis test-
ing. (p < 0.05, FDR < 0.05). The fraction of samples showing
significant enrichment for a particular gene signature in each
group (BM/N2/N1) was calculated.

Heatmaps for lists of genes were composed using two-way
hierarchical clustering with normalized Euclidean distance to
cluster samples and Spearman correlation distance to cluster
genes, with the genes ordered accordingly. When the three
samples were compared, the fold change was calculated as the
group with the highest mean expression versus the group with
the lowest mean expression. For some specific neutrophilic
functions, we manually evaluated the specific changes of genes.

For the RT-PCR evaluations, comparing differences between
two groups (N1 and N2 TANs), we used unpaired Students’ ¢-
tests. Differences were considered significant when p < 0.05.
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