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Abstract The role and characteristics of tumor-associated
neutrophils (TAN) in cancer are poorly defined. We have
recently shown that TAN can have anti-tumorigenic (N1) or
pro-tumorigenic (N2) functions. An interesting unanswered
question is how the phenotype of TAN is influenced by the
ongoing evolvement of tumor microenvironment. We there-
fore studied the phenotype and effects of TAN at different
time points during tumor progression. We used two models
of murine tumor cancer cell lines—Lewis lung carcinoma
(LLC) and AB12 (mesothelioma). Neutrophils were stud-
ied at early and late stages and compared to each other and
to neutrophils from bone marrow/periphery of naive mice.
Although there was no difference in the number of neutro-
phils entering the tumor, we found that at early stages of
tumor development, neutrophils were almost exclusively at
the periphery of the tumor. Only at later stages, neutrophils
were also found scattered among the tumor cells. We fur-
ther found that TAN from early tumors are more cytotoxic
toward tumor cells and produce higher levels of TNF-a,
NO and H,0,. In established tumors, these functions are
down-regulated and TAN acquire a more pro-tumorigenic
phenotype. In line with this phenotype, only depletion of
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neutrophils at later stages of tumor development inhibited
tumor growth, possibly due to their central location in the
tumor. Our work adds another important layer to the under-
standing of neutrophils in cancer by further characterizing
the changes in TAN during time. Additional research on the
functional role of TAN and differences between subsets of
TAN is currently underway.
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Introduction

Tumors evade the immune system despite the presence of
non-self antigen, by developing a complex immunosup-
pressive network that paralyzes the effector arms of the
immune system [1]. Tumor immunosuppression is directed
by inhibitory cytokines [2, 3] and more importantly, by
myeloid cells, including myeloid derived suppressor cells
(MDSC), tumor-associated macrophages (TAM) and
tumor-associated neutrophils (TAN) [4-6]. These myeloid
cells have been shown to promote tumor progression by
direct immune suppression and by production of angio-
genic factors, matrix-degrading enzymes and growth fac-
tors [7, 8].

Macrophages are known to be plastic cells that can
adopt different phenotypes depending on the immune con-
text. Microenvironmental stimuli can drive macrophages
either toward a “classic” (M1) anti-tumorigenic state or
an “alternative” (M2) pro-tumorigenic phenotype [9-11].
Macrophages present in malignant tumors (TAM), exhibit
predominantly an M2-like phenotype [12-14]. However,
there is growing evidence that phenotype is depended on
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the stage of tumor development, with M1-like phenotype
in sites where tumors develop and an M2-like phenotype in
established tumors [15].

In contrast to TAM, there is only limited work on the role
and characteristics of TAN in tumor development. Neutro-
phils have been linked with angiogenesis, tumor develop-
ment and metastasis [16—18], while others have shown that
neutrophils can counteract the progression of malignancies
through direct tumor cytotoxicity [19, 20] and enhancement
of anti-tumoral mediators [21]. We have recently shown that
like TAM, TAN can have anti-tumorigenic (N1) or pro-tum-
origenic (N2) functions, and we demonstrated in the estab-
lished tumor models studied that the predominant N2 phe-
notype was driven by the presence of TGF-f [22]. In other
studies, Jablonska et al. [23] suggested that interferon-beta
(IFN-B) can polarize TAN toward N1 phenotype. Granot
et al. [24] have recently shown that the neutrophils residing
in areas at which metastases later develop can inhibit tumor
growth both directly and by secretion of immune modifiers.

Since it is known that the tumor microenvironment
evolves as tumors progresses [25], an interesting unanswered
question in these studies was how the phenotype of TAN was
influenced by the stage of tumor development. We therefore
analyzed the phenotype of TAN at different time points dur-
ing tumor development with a focus on their ability to affect
tumor growth. We then assessed the effect of depleting TAN
at different time points during tumor progression. Our results
show that TAN at early stages of tumor growth are more
cytotoxic to tumor cells both directly and indirectly, whereas
later in tumor growth they acquire a more supportive phe-
notype for tumor growth. Understanding the effect of tumor
on neutrophils and the mechanisms tumor microenvironment
modifies TAN, as well as the ways these cells can support or
fight cancer, could help us developing strategies to direct the
immune system against the tumor.

Materials and methods
Animals

C57BL/6 and BALB/c mice were purchased from Harlan
Laboratories (Jerusalem, Israel). Mice were housed under
specific pathogen-free conditions at the Hebrew University
School of Medicine Animal Resource Center. The proto-
cols were approved by the Animal Research Committee of
the Hebrew University School of Medicine. In all experi-
ments, animals were euthanized prior to surgery.

Cell lines

AB12, a murine malignant mesothelioma cell line, derived
from an asbestos-induced tumor in a BALB/c mouse has
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been previously described in detail [26]. Lewis lung car-
cinoma (LLC) cell line (syngeneic to C5S7BL/6 mice) was
purchased from the American Type Culture Collection
(Manassas, VA). Tumor cells were cultured and main-
tained in DMEM supplemented with 10 % heat-inactivated
fetal bovine serum, 2 mm glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin and 12.5 units/ml nystatin (all
from Biological Industries, Beit Haemek, Israel). The cul-
tures were maintained at 37 °C in an atmosphere contain-
ing 5 % CO2. All cell lines were regularly tested and main-
tained negative for mycoplasma contamination.

Animal model

Mice were injected on the right flank with 2 x 10° AB12 or
LLC tumor cells in the appropriate syngeneic host. Tumor
growth was measured every 2-3 days, using the accepted
formula for tumor volume of length x width?> x 3.14/6.
At indicated times, flank tumors were harvested from the
mice, minced and digested with 1.5 mg/ml DNase I (Roche
applied science) and 3 mg/ml collagenase type IV (Sigma-
Aldrich) at 37 °C for 1 h. TAN were evaluated using the
different methods described below, at 7 (early) and 14 (late)
days after cells inoculation. The mean size & SD of tumors
at 7 days was 164 £ 65 mm? for AB12 tumors (n = 38) and
107 £ 43 mm? for LLC tumors (n = 49). At 14 days, the
average size of tumors was 368 + 226 mm® (n = 32) for
ABI12 tumors and 275 + 97 mm?® (n = 36) for LLC tumors.

FACS analysis of tumors

Tumor cells were suspended in flow cytometry buffer (PBS
supplemented with 2 % FCS and 0.01 % sodium azide),
blocked with “Fc blocker” (CD16/CD32) and stained with
FITC-conjugated anti-Mac-1 (CD11b), PE-conjugated anti-
Ly6G (1A8), allophycocyanin-conjugated anti-ICAM-1 or
matched isotype controls (all from BioLegend, San Diego,
CA). For intracellular cytokine analysis, tumor cells were
stimulated with 1 pg/ml LPS (Sigma-Aldrich) for 3 h,
treated with GolgiPlug™ (BD Biosciences, San Jose, CA)
and stained with Abs to CD11b and Ly6G. After fixation
and permeabilization, cells were stained with allophyco-
cyanin-conjugated anti-TNF alpha (BioLegend). Immu-
nostained cells were analyzed with LSRII flow cytometry
(BD Biosciences) using FlowJo software (Ashland, OR).

Neutrophil isolation

Tumors were harvested and digested as mentioned above.
Ly6G™ cells were isolated using the EasySep PE Selec-
tion Kit (STEMCELL technologies, Vancouver, Canada)
according to the manufacturer’s protocol. For isolation of
bone marrow (BM) neutrophils, BM was harvested from
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femurs and tibias of BALB/c mice under sterile condi-
tions and suspended in PBS. RBCs were lysed using lysis
buffer containing 0.15 M NH,CI, 10 mM KHCO; and
0.1 mM Na,-EDTA, and Ly6G™ cells were purified using
the EasySep PE selection kit. Purification of neutrophils
was confirmed with FACS analysis with PE-conjugated
anti-Ly6G abs, showing a purity of above 85 % for TAN
and above 98 % for BMN. For isolation of blood neu-
trophils, whole blood was collected by cardiac puncture
using heparinized syringe. The blood was diluted with
PBS-BSA (0.5 %) and subjected to a discontinuous His-
topaque gradient (1.077 and 1.119, Sigma). Neutrophils
were collected from the 1.077-1.119 interface, and RBCs
were eliminated by hypotonic lysis. Neutrophils purity
was >98 %.

Immunohistochemistry (IHC) staining of tumor neutrophils

Formalin-fixed, paraffin-embedded tumor sections were
deparaffinized with xylene and rehydrated through gradient
ethanol immersions (100 and 96 %, respectively). Endog-
enous peroxidase activity was quenched by 3 % H,O,
(DAKO, Glostrup, Denmark). Ag retrieval of Ly6G was
performed by microwaving the section for 20 min in citric
acid buffer (pH 6) (Dako Cytomation, DAKO). The slides
were washed twice in distilled water and treated again with
3 % H,0,. The sections were washed with PBS for 5 min
and then incubated with a 1/900 dilution of anti-Ly6G
(BD Biosciences). Sections were treated with anti-rat HRP
(ImmPRESS Reagent, VECTOR laboratories, Burlingame,
CA) for 30 min following three washes with PBS. Reac-
tion product was visualized using the DAB substrate kit
(VECTOR laboratories). Sections were counterstained with
hematoxylin for 20 s and rinsed with tap water, immedi-
ately dehydrated by sequential immersion in gradient etha-
nol and xylene, and then mounted with mounting solution
(VECTOR laboratories) on coverslips. Stained cells were
evaluated under a light microscope.

Evaluation of tumor cytotoxicity by TAN

Tumor cytotoxicity was evaluated using an AB12 meso-
thelioma cell line transfected with a luciferase reporter
(AB12-Luc), cocultured with TAN isolated from tumors at
7 and 14 days after AB12 inoculation or with neutrophils
isolated from blood of naive BALB/c mice (Blood Neutro-
phils, BN). Five-thousand AB12-Luc cells were plated in
each well in 96-well plates and cocultured with TAN/BN
cells at a ratio of 2.5, 5 or 10 TAN/BN to one AB12-Luc
cell. After 24 h, non-adherent cells were washed away with
PBS, the number of surviving cells was evaluated using
Luciferase Assay Systems (Promega, Madison WI) and the
percentage of killing was calculated.

Secretion of NO and H,0, by TAN

TAN were isolated from tumors at 7 and 14 days after cells
inoculation or isolated from blood of naive mice. TAN
were placed in a 96-well plate (2.5 x 10° cells per well)
with culture media. After 24 h, the media were collected,
and NO levels were evaluated using the Griess reagent sys-
tem kit (Promega). H,O, levels were evaluated in isolated
TAN/BN, following activation with 1 mM PMA (Sigma-
Aldrich) for 30 min, using a Hydrogen Peroxide Colori-
metric Detection Kit (Abnova, Taipei, Taiwan).

RNA isolation and real-time RT-PCR

RNA was isolated from TAN using the PerfectPure™ RNA
Cell & Tissue Kit (5 PRIME. Hamburg, Germany). In all
samples used, the absorbance at 260/280 nm (for mRNA
purity) was at a ratio of above 1.9. cDNA was made using
High-Capacity cDNA Reverse Transcription Kits (Applied
Biosystems, Carlsbad, California). Gene expression was
assessed using relative quantification (A ACt) RT-PCR and
is shown as relative expression in TAN versus BM neutro-
phils, or comparing late TAN with early TAN. RNA level
was normalized to GAPDH levels. Each sample was run in
triplicate, and the experiment was repeated 3 times. The list
of primers used is detailed in Supplementary Table 1.

Ly6G neutrophil depletion

Systemic Ly6G depletion was achieved by i.p. injection
of 300 pg of purified monoclonal anti-Ly6G antibody 1AS8
(BioXCell, West Lebanon, NH), in 100 wl PBS before or
after tumor inoculation. Antibodies were injected every
2-3 days. As we have previously shown [22], neutrophil
depletion lasted for 3 days following the last injection of anti-
Ly6G. One day following 2-3 injections of antibody, mice
were killed, and blood and tumor were taken for neutrophil
depletion analysis. Depletion of neutrophils from the blood
as well as intratumoral depletion of TAN was shown by flow
cytometry using the anti-Ly6G antibody (Supplementary Fig-
ure 1). In order to confirm that the lack of Ly6G cells was
not due to the fact that the Ly6G epitope was blocked by the
in vivo administered antibody (and therefore not accessible to
the FACS antibody), we used a secondary antibody directed
to the Ly6G antibody that was given in vivo for depletion.
Adding the secondary antibody did not change the results
as evaluated by flow cytometry, confirming the depletion of
neutrophils (Supplementary Figure 2). We further analyzed
tumor sections of control and neutrophil-depleted mice by
immunohistochemistry of Ly6G, using a secondary antibody
capable of recognizing the depleting antibody as well. As can
be seen in supplementary Figure 3, these IHC stainings fur-
ther confirmed depletion of neutrophils in the tumor.
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Statistical analysis

For studies comparing differences between two groups, we
used unpaired Student’s t test. For studies comparing more
than two groups, we used analysis of variance (ANOVA) with
appropriate post hoc testing. Differences were considered sig-
nificant when p < 0.05. Data are presented as mean & SD.

Results
Neutrophils infiltration into the tumors

In order to characterize the phenotype of TAN during
tumor development, we studied flank tumors isolated from

Fig.1 TAN influx during tumor
development. The percentage

of CD11b"Ly6G™ (TAN) cells
out of all tumor cells after AB12
(a) or LLC (b) cell inocula- 1.2

tion. Each bar represents the

mean £ SD of 9 mice, com-

bined from 2 separated experi-

ments. Percentage of ICAM-1 0.6
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1.8

>
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mice in which AB12 mesothelioma tumors or LLC lung
tumors were growing. Early tumors (7 days after cell inoc-
ulation with a size of about 100—150 mm?®) and established
tumors (14 days after cell inoculation with a size of about
300 mm?) were harvested and subjected to FACS analysis
of TAN cells. The percentage of TAN in the early tumors
(defined as the percent of CD11b*/Ly6G™ cells out of the
total number of tumor cells) was 0.9 + 0.4 % in AB12
tumors (Fig. 1a) and 4.4 £+ 1.8 % in LLC tumors (Fig. 1b).
The percentage of TAN out of AB12 tumor cells was
slightly increased at later stages (1.2 £ 0.5 %, NS). There
was no difference in the percentage of TAN in early, com-
pared to late, LLC tumors.
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periphery

Early

Late

Fig.2 TAN distribution within tumor. Representative photomicro-
graphs of tumor sections labeled with anti-Ly6G mAb (immunop-
eroxidase method) at early (7 day—top) and late (14 day—bottom)
stages after AB12 cells inoculation. The periphery of the tumor is

neutrophils leading to the accumulation of neutrophils at
the site of inflammation, and ICAM-1 has been consid-
ered a marker of activated neutrophils [27]. We therefore
compared by flow cytometry the expression of ICAM-1
on TAN at different time points of tumor progression, to
their expression in isolated neutrophils from naive blood.
We found that a markedly high percentage of both early
and late TAN expressed ICAM-1 in both AB12 and LLC
tumors, compared with the expression of ICAM-1 in naive
neutrophils (Fig. Ic, d and representative traces at Fig. le,
p < 0.05 naive neutrophils vs. each early and late, in both
lines). There was no significant difference, however, in the
expression of ICAM-1 between the early and late TAN
(Fig. 1c—e).

We next evaluated whether the localization of TAN
in the tumor changed with tumor progression. At early
stages of tumor development, neutrophils were found
almost exclusively at the periphery of the tumor, with
almost no staining for neutrophils seen in the more cen-
tral parts of the tumor (Fig. 2, top panel). TAN were
stained in the periphery of the tumor at later stages as
well, but at this point we also found many neutrophils
scattered among the tumor cells, suggesting that only at
later stages, are the TAN attracted to the center of the
tumors (Fig. 2, bottom panel). We found no clear differ-
ences in the morphology of early versus late neutrophils
(Supplementary Figure 4).

central
[ l

X4 X4 X40

shown in the left panel and the central part of the tumor in the central
and right panel. This staining was done in 3 separate mice of each
group with similar results

TAN tend to have more anti-tumor phenotype at early
stages and become more tumorigenic at later stages
of tumor development

To characterize the phenotype of TAN, we evaluated their
cytotoxic potential, i.e., their ability to directly kill tumor
cells. TAN (Ly6G™ cells) were isolated from early and late
tumors and cocultured at different ratios with luciferase-
labeled AB12 tumor cells for 24 h, after which the num-
ber of viable tumor cells was determined. The TAN showed
a dose-dependent ability to kill tumor cells. However, at
every ratio examined, the killing of tumor cells by TAN
from early tumors was higher than the killing of tumor cells
by TAN isolated from late, established tumors, with a sta-
tistical significant difference at a ratio of 10:1 (p < 0.05).
Neutrophils isolated from naive mice were completely non-
cytotoxic to tumor cells (Fig. 3).

In order to elucidate possible mechanisms by which
TAN can directly kill tumor cells, we next measured NO
and H,0, secretion from purified TAN. TAN from early
ABI12 tumors secreted 3.064 + 0.56 pM NO/2.5 x 10°
cells compared with 1.7 & 0.19 uM NO/2.5 x 10° cells in
TAN from late AB12 tumors (Fig. 4a, p < 0.01). In LLC,
early TAN secreted 12.7 & 2.19 M NO/2.5 x 10° cells
compared with 3.8 = 2.16 pM NO/2.5 x 10° cells in late
TAN (Fig. 4b, p < 0.01). The level of NO secreted by early
and late TAN, however, was significantly lower than the
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Fig. 3 TAN are capable of killing tumor cells ex vivo. TAN were
purified from pooled tumors (n = 5-6) at early (7 day—white) and
late (14 day—black) stages after AB12 cells inoculation. Isolated
TAN were cocultured with AB12-Luciferase cells at different ratios
for 24 h, and the percentage of tumor cells killing was calculated.
Each bar represents the mean £ SD at each ratio of 3 (early) and 6
(late) samples, combined from 2 separate experiments, * p < 0.05

level of secretion from naive blood neutrophils (data not
shown). The level of H,0, secretion from PMA-activated
cells was also higher in TAN isolated from early compared
with late tumors, in both AB12 and LLC tumors (Figs. 4c,
d, respectively, p < 0.01 for AB12 only). The secretion
from early TAN was similar to that seen from naive blood
neutrophils (Fig. 4c).

We also analyzed the level of spontaneous intracel-
lular TNF-a production in (CD11b™/Ly6G*1) TAN at the
single cell level using FACS analysis. The percentage
of TAN from early AB12 tumors expressing TNF-a was
10.8 £ 4.6 %, compared with only 5.7 & 2.95 % of TAN
from established tumors (p < 0.05) (Fig. 4e, and repre-
sentative FACS traces in Fig. 4f). In LLC tumors, however,
the percentage of TAN producing TNF-a increased in late
tumors compared with early tumors (Supplementary Fig-
ure 5), possibly reflecting differences in the rate of tumor
growth and the appearance of necrosis.

Combined, these data could explain the lower cytotox-
icity shown in TAN from established tumors compare to
those from early tumor. Moreover, these data support the
hypothesis that the phenotype of TAN is influenced by
tumor development, becoming more tumor promoting dur-
ing tumor progression.

mRNA evaluation of TAN at early and late stages

To study other phenotypic changes in the neutrophils dur-
ing tumor progression, we performed real-time RT-PCR
of selected receptors, chemokines and cytokines. We com-
pared the fold changes in mRNA levels in TAN isolated
from tumors at early and late time points to their expres-
sion in naive neutrophils isolated from BM (Table 1). We
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examined mainly mRNA levels of several molecules that
were previously shown to be preferential in N1 or N2 TAN
[4, 22, 28]. As expected, “N2-associated genes” such as
CCL17, CCL2, ARGI, CCL5 and VEGF were all highly
expressed in the TAN subset from both AB12 and LLC
tumors (Table 1). For example, the expression of CCL17,
CCL2 and Argl was up-regulated by a mean of 5,100-,
1,980-, and 1,800-fold, respectively, in TAN from AB12
tumor compared with BM neutrophils. Nl-associated
genes like CCL3, ICAMI and iNOS were also up-regu-
lated in TAN but with lower fold change compared to BM
neutrophils.

We have previously shown that N1-like TAN up-reg-
ulate genes associated with CD8" recruitment and acti-
vation [29], whereas N2-associated genes are involved in
T-reg attraction and activation and in recruitment of mac-
rophages, thus supporting tumor growth. Our data support
the existence of “mixed” TAN phenotype in the tumor as
shown previously for TAM [30-32]. These data suggest
that TAN have a differential activation state, being more
N2 oriented, and possibly implying that the percentage of
N2-like TAN in the tumor increases as tumor progresses.
However, as previously mentioned, some N1-markers were
elevated as well during tumor progression. Comparisons of
mRNA levels between established and early tumor showed
also that other chemokines and cytokines, such as CXCL2,
IL1B, IL10 and IL12, were up-regulated in TAN isolated
from established AB12 tumor, compared with early tumors
(Table 1).

The functional importance of TAN at early versus late
stages of tumor development in vivo

We next studied the functional significance of TAN in
tumors at different stages of tumor development. This was
done by depleting TAN using a specific anti-Ly6G mono-
clonal antibody. The anti-Ly6G, 1A8, antibody was injected
intraperitoneally to mice following tumor inoculation. Neu-
trophil depletion was vigorously confirmed in the blood and
intratumoraly as described above (Supp. Fig. 1-3). Systemic
neutrophil depletion at early stage of tumor development
did not show any effect (Fig. 5a). In contrast, neutrophil
depletion that started after the tumors were well established
resulted in significantly reduced tumor growth (p < 0.05)
(Fig. 5b). After neutrophil depletion was terminated, the
growth inhibition stopped, and the tumors started to grow
again. Together, these data indicate that TAN in established
tumor contribute to tumor growth, whereas TAN in early
stages of tumor development do not contribute to tumor
growth, supporting the hypothesis that TAN develop a more
pro-tumorigenic phenotype as tumor progresses, and possi-
bly implying that TAN can enter and support tumor progres-
sion only at later stages of tumor growth.
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Fig. 4 Potential cytotoxic secretion of ROS and TNF-a expression
in TAN increases with tumor progression. TAN were purified from
pooled tumors (n = 5-6) at early (7 day—white) and late (14 day—
black) stages after AB12 or LLC cells inoculation. Blood neutro-
phils (BN) were purified from blood of naive BALB/c mice (n = 5).
Detection of NO released from AB12 (a) and LLC (b) tumors, after
culturing 2.5 x 10° cells in medium for 24 h. Each dot represents
one sample. Samples were combined from 2 separate experiments.
Mean + SD is shown, *p < 0.01. Experiment was repeated two times
for each time point. Detection of H,O, released from TAN puri-
fied from AB12 (¢) and LLC (d) tumors or from naive Balb/C mice
(BN). 2.5 x 10’ cells were activated in medium with PMA, prior to

Discussion

Neutrophils are the most abundant circulating leukocyte
in humans, and they play a well-established role in host
defense against invading pathogens [33]. Recently, it has
become clear that tumor-associated neutrophils (TAN)
play an important role in cancer biology. The literature
has described a dual role for neutrophils in tumor biology
[28, 34]. It has not been previously investigated whether
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the measurement. Each dot represents one sample. Samples were
combined from 2 separate experiments (AB12, ¢) or taken from a
single experiment (LLC, d). Mean £ SD is shown, *p < 0.01. Flow
cytometry analysis of naive blood and digested tumor at early (7 day)
and late (14 day) stages after AB12 cell inoculation. The percent-
age of intracellular TNF-a staining in isolated CD11b*Ly6G™ cells
is shown. Each bar represents the mean + SD of 8 mice, combined
from 2 separated experiments, *p < 0.01 (e). Representative FACS
tracing of TNF-a in CD11b*LY6G™ cells is shown (f). The number
in the bar is the percentage out of CD11b*LY6G™ cells. The black
area represents proper isotype

the differences in TAN phenotype are dependent on the
stage of tumor development or only on tumor type and
specific microenvironment. Previous studies suggested
that TAN display different patterns of function under
the influence of different microenvironments. TGF-f
induces neutrophils to acquire an N2 pro-tumoral pheno-
type [22], whereas IFN-B induces neutrophils to acquire
a more anti-tumoral N1 phenotype [23]. The activity
of N1 neutrophils includes the enhanced expression of
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Table 1 Gene expression

BM AB12 LLC
profile of TAN
Early Late Late/Early Early Late Late/Early
N2-markers
. CCL17 1 +++ +++ 0 ++ ++ -
Comparison of mRNA cCL2 | 0
expression from purified T+ T+ T+ T +
TAN of pooled early and late ARG 1 +++ +++ 0 +++ +++ +
flank tumors and naive bone- CCL5 1 ++ 4+ 0 + + 0
marrow—deriv@ neutrophils. VEGF 1 + + 0 + + 0
Gene expression was assessed
using relative quantification N1 markers
(A ACt) RT-PCR and is shown ICAM-1 1 ++ ++ + ++ ++ +
as relative expression in TAN iNOS 1 4+ 4+ 0 + 4+ +
versus BM neutrophlls.. Gene CCL3 1 n n 0 I n I
expression was normalized to
GAPDH expression TNF-a 1 0 0 0 0 - 0
Late/early—comparison of gene Other
expression at 14 day to gene CXCL1 1 +++ +++ 0 +++ +++
expression at 7 day IL-6 1 4+ 4+ 0 4+ +
Change fold is expressed as fol- IL-10 1 4+ o+ + 4+ 44 _
lows: +++ Fold change > 100, IL.12 | 0
p <0.05; ++ Fold change > 100, - + ++ + + +
p < 0.05; 4+ Fold change > 2, CXCL2 1 0 + + - 0 +
p < 0.05; 0 0.5 > Fold change CXCL10 1 4+ 44 0 + + _
< 2, NS; —Fold change < 0.5
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Fig. 5 Systemic depletion of neutrophils inhibits tumor growth only
if done at late stages. Tumors were generated by s.c. inoculation of
2 x 10° AB12 cells into mice right flank. a Tumors were inoculated
on day 0, and 300 pg of anti-Ly6G monoclonal antibody or control
IgG was injected on days —1, 1, 4 and 7. Tumor sizes were measured
twice a week using calipers. Each dof represents the mean &+ SD of 5

immunoactivating cytokines and chemokines (e.g., TNF-
a and CCL3), higher capacity to directly kill tumor cells
and activation of CTL. N2 neutrophils express higher lev-
els of CXCR4, VEGF, MMP-9 and arginase, supporting
carcinogenesis, angiogenesis and immune suppression
[22, 23, 28].
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mice, *p < 0.05. b Mice bearing relatively large tumors (~250 mm®)
were injected intraperitoneally with 300 pg of anti-Ly6G mono-
clonal antibody or control IgG on days 12, 14 and 16. Tumor sizes
were measured twice a week using calipers. Each dot represents the
mean £ SD of 5 mice, *p < 0.05

In the current study, we found that tumor-infiltrating
neutrophils express higher mRNA levels of both N1 and
N2 TAN. The expression of both N1 and N2 markers is
markedly increased in TAN compared with naive neutro-
phils, and the differences between early and late neutro-
phils are much less prominent, with later up-regulation of
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both N1 and N2 markers, precluding the conclusion that
TAN develop from being N1 at early stages to become
N2 TAN at later stages of tumor development. We could
suggest 2 main options to explain this observation: either
tumor neutrophils are heterogeneous with the coexistence
of distinct phenotypes, as supported for example by our
TNF-a flow data (Fig. 4e, f), or they exhibit an intermedi-
ate phenotype that changes during tumor progression to be
less anti-tumorigenic.

TNF-a is an important pro-inflammatory and immu-
nostimulatory cytokine involved in immune regulation
[35]. It has been demonstrated by several experimental
models of cancer that TNF-a production by TAM provides
pro-survival signals for premalignant cells, supporting tum-
origenesis [36-38]. However, in the pro-tumorigenic M2
macrophages, there is down-regulation of TNF-a produc-
tion, as well as impaired expression of the NF-kB pathway,
and other inflammatory functions [15]. In neutrophils, it
has been demonstrated that TNF-a is a mediator of tumor
cell killing [21]. We and others have shown that N1 TAN
can promote CD8" recruitment and activation by produc-
ing, among others, TNF-a, CCL3, CXCL9 and CXCL10
[22, 29]. There is also evidence that TAN can activate den-
dritic cells via cell-cell contact and through secretion of
TNF-a [39]. These data, demonstrating the involvement
of TNF-a in immune cell activation, are supported by our
results showing that once tumor establishes, the percentage
of TAN producing TNF-a decreases (Figs. 4e, f). Interest-
ingly, there is no significant change in the level of TNF-a
mRNA in TAN with tumor progression (Table 1). The exact
role of TNF-a in tumor biology of N1 versus N2 remains to
be determined.

In our studies, we found that the dynamics of TAN phe-
notype was dependent on the stage of tumor development,
becoming more pro-tumorigenic as the tumor grew. The
difference is so significant that whereas depletion of neu-
trophils at early stages does not affect tumor growth, their
depletion when the tumors are well established slows fur-
ther growth (Fig. 5). The marked cytotoxic effect of TAN
ex vivo (Fig. 3) would suggest that early depletion of neu-
trophils can enhance tumor growth. However, we found
no significant difference in tumor growth when TAN were
depleted early. We believe that the answer for this alleged
paradox lies in our findings on TAN localization in the
tumor (Fig. 2). As seen in this figure, the early antitumor
TAN do not enter the tumor; hence, their depletion does not
affect markedly tumor growth. These data may suggest that
the tumor could have two ways of defending itself from the
neutrophils—preventing their entrance at early stages and
inhibiting their activity later on.

We have previously shown that TGF-f receptor block-
ade increased the number of neutrophils in tumors and
increased the expression of ICAM-1 on TAN. We therefore

suggested that the high levels of ICAM-1 are an N1 TAN
marker [22]. The percentage of TAN expressing ICAM-1
was not higher in TAN from early tumors compared with
TAN from established tumors. The majority of TAN from
both early and late tumors expressed ICAM-1 (Fig. lc,
d), significantly more than in naive neutrophils. Moreo-
ver, the mRNA level of ICAM-1 was up-regulated in
TAN from established tumors (Table 1). It is therefore
not clear whether changes in ICAM-1 are responsible for
the increased levels of TAN seen following TGF-f recep-
tor blockade [22]. It is possible that ICAM-1 is merely a
marker of activation of TAN and not polarization.

Our data show that TAN from early tumors are directly
cytotoxic toward tumor cells and suggest some possible
mechanisms for this effect: enhanced production of H,O,,
NO and possibly expression of TNF-a (Fig. 4). The capa-
bility of TAN to induce tumor cytotoxicity and inhibit
tumor growth has been previously shown, with TAN being
cytotoxic to various tumor cell types [40-42] through
production of ROS [43-45] and proteases [46]. The
decreased level of ROS expressed by TAN at later stages
can be explained by effects mediated by the more advanced
tumors. However, another possible explanation could be
that late TAN have already released the content of their
granules during their activation by the tumor, whereas ear-
lier TAN were not activated enough to release their gran-
ules. The short living span of neutrophils, as well as the
lack of change in morphology between early and late TAN
(Supplementary Figure 4), argues against that possibility.

As mentioned above, we have previously found that
TAN can assume tumor-cytotoxic N1 phenotype during
TGF-B inhibition [22]. Recently, it was shown by Granot
et al. [24] that TAN can actually directly inhibit metastatic
seeding in the lungs. Although there is broad literature
describing the ability of TAN to inhibit tumor growth, our
results show that this ability is time dependent and is most
effective at the initiation of tumor growth. Once the tumor
succeeds in evading the immune system, its environment
changes the TAN phenotype making them less harmful to
the tumor. The description by Granot et al. [24] supports
our findings in that the neutrophils in the metastatic lung
can inhibit tumor growth up to the point that they “polar-
ize” to become pro-tumorigenic. The strongest data show-
ing that TAN become more pro-tumorigenic as tumor pro-
gress comes from the depletion experiments (Fig. 5). This
result is also consistent with our previous data showing that
depleting N2 TAN slows tumor growth whereas depletion
of N1 TAN augments tumor expansion [22].

A major question arising from our results is related to
the mechanisms involved in the changes seen in TAN
toward being more pro-tumorigenic. It is possible that the
location within the tumor microenvironment is crucial for
driving tumor-promoting functions in TAN. However, we
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did notice changes in TAN with time ex vivo. As suggested
above, TGF-p could be a possible effector inducing these
changes. We evaluated the level of TGF-§ released from
isolated tumor cells and found no difference in the amount
secreted per a given number of cells (data not shown).
However, it is possible that the total amount of TGF-f in
the tumor microenvironment and its surroundings is high
enough to affect TAN in a more prominent manner at later
stages of tumor development. There are other potential
mechanisms that could explain these changes, and we are
currently investigating these options.

In contrast to our results, others have shown that early
depletion of neutrophils using the anti-GR1 monoclonal
antibody (RB6-8C5) reduced the number of T cells infil-
trating the tumor and prevented tumor regression induced
by different treatments [47, 48], suggesting that by aug-
menting T-cell proliferation, early tumor-infiltrating neutro-
phils play an essential role in the establishment of antitu-
mor immunity. In an additional study, neutrophil depletion
during the early stage of carcinogenesis suppressed angio-
genesis [49]. In all of these studies, however, neutrophils
depletion was achieved using an antibody against Gr-1
(RB6). This antibody recognizes both Ly6G on neutrophils
and Ly6C, which is found on many cell types including
monocytic myeloid derived suppressor cells (MDSC) and
activated CD8™ cells [50]. It is therefore possible that the
changes described were actually related to depletion of
other cells depleted with anti-GR-1 mAb and not to the
depletion of neutrophils. In our current and previous stud-
ies, we used a specific anti-Ly6G monoclonal antibody
(1A8), depleting only neutrophils and elucidating their phe-
notype in tumor development, and their pro- and antitumor
mechanisms. Interestingly, in our hands, neutrophils both at
early and late time inhibited significantly the activation of
CD8* T-cells, as demonstrated by the level of the activa-
tion marker CD25 (data not shown). This effect could be
one of the mechanisms by which neutrophils support tumor
growth and partly explain the inhibition of tumor growth in
later stages. It is possible that at earlier stages, the neutro-
phils could not enter the tumor and affect the CD8" CTLs,
or that these CTLs were not potent enough yet. Currently,
we are further investigating these interesting effects of neu-
trophils on the activation and proliferation of CTLs.

In some of the experiments, we noted differences in
TAN characteristics between the 2 cell lines evaluated—the
lung cancer cell line LLC and the mesothelioma cell line—
AB12. These differences represent a difference between
different tumor types and specific lines. However, most
of the results tested in both cell lines are similar, support-
ing generalization of our results. Another limitation of our
study is the fact that TAN were evaluated in flank tumors
and not in tumors developing in situ. The need to know the
exact moment of tumor initiation prevents the possibility of
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using more sophisticated in situ models. We believe, how-
ever, based on our previous work on TAN [22], that these
results can be suggested to be a general phenomenon in
tumor progression.

The overall data presented support the hypothesis that
TAN from early tumors have a less tumor-supportive phe-
notype. They are more cytotoxic toward tumor cells and
produce higher levels of TNF-a, NO and H,0,. In estab-
lished tumors, these functions are down-regulated and
TAN acquire a more pro-tumorigenic N2 phenotype. Our
combined results suggest therefore that a “mixed” TAN
phenotype is found within tumors, as previously described
for TAM [30-32], possibly with the percentage of N2 TAN
gradually increasing. This is especially demonstrated in the
depletion studies, which show no effect of TAN depletion
at early stages, but clear arrest in tumor growth later on,
when the percentage of N2 in the mixture, appears to be
more dominant. This is also supported by the RT-PCR data,
showing that even at the early points of tumor develop-
ment, the expression of clear N2 TAN genes is highly up-
regulated compared with BM Neutrophils, suggesting that
at least part of TAN have acquired N2 markers. As previ-
ously mentioned, an additional explanation for the lack of
effect with early depletion of neutrophils could be due to
the fact that TAN at early stages are not able to enter the
tumor. We are currently investigating the mechanism of this
interesting observation, i.e., what prevents the neutrophils
from entering the tumor at early stages and allows them
entering later on.

Significant research has recently been done elucidating
the important role of myeloid cells in the cancerous pro-
cess. Our work adds another important layer to the under-
standing of neutrophils in cancer by further characterizing
the changes in TAN during time. Further research on the
functional role of different pathways and genes up-regu-
lated in TAN and differences between the different subsets
of TAN is currently underway.

Acknowledgments This study was supported by a Research Career
Development Award from the Israel Cancer Research Fund, and
partly by The Israel Cancer Association (Grant 20110103-B) and by
the joint research fund of the Hebrew University and Hadassah Medi-
cal Center (Jerusalem, Israel).

Conlflict of interest There are no financial or other interests that
might be construed as conflict of interest.

References

1. Finn OJ (2008) Cancer immunology. N Engl
358(25):2704-2715. doi:10.1056/NEJMra072739

2. Costello RT, Gastaut JA, Olive D (1999) Tumor escape from
immune surveillance. Arch Immunol Ther Exp (Warsz)
47(2):83-88

J Med


http://dx.doi.org/10.1056/NEJMra072739

Cancer Immunol Immunother (2013) 62:1745-1756

1755

10.

11.

13.

14.

18.

19.

. Whiteside TL (2009) Tricks tumors use to escape from immune

control. Oral Oncol 45(10):e119—e123. doi:10.1016/j.oraloncol
0gy.2009.03.006

. Fridlender ZG, Sun J, Mishalian I, Singhal S, Cheng G, Kapoor

V, Horng W, Fridlender G, Bayuh R, Worthen GS, Albelda SM
(2012) Transcriptomic analysis comparing tumor-associated
neutrophils with granulocytic myeloid-derived suppressor cells
and normal neutrophils. PLoS ONE 7(2):e31524. doi:10.1371/
journal.pone.0031524

. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V (2012) Coordi-

nated regulation of myeloid cells by tumours. Nat Rev Immunol
12(4):253-268. doi:10.1038/nri3175

. Solinas G, Germano G, Mantovani A, Allavena P (2009) Tumor-

associated macrophages (TAM) as major players of the cancer-
related inflammation. J Leukoc Biol 86(5):1065-1073. doi:10.11
89/j1b.0609385

. Balkwill F, Coussens LM (2004) Cancer: an inflammatory link.

Nature 431(7007):405-406. doi:10.1038/431405a431405a

. Luo Y, Zhou H, Krueger J, Kaplan C, Lee SH, Dolman C,

Markowitz D, Wu W, Liu C, Reisfeld RA, Xiang R (2006)
Targeting tumor-associated macrophages as a novel strat-
egy against breast cancer. J Clin Invest 116(8):2132-2141.
doi:10.1172/JCI27648

. Biswas SK, Sica A, Lewis CE (2008) Plasticity of macrophage

function during tumor progression: regulation by distinct molecu-
lar mechanisms. J Immunol 180(4):2011-2017

Lewis CE, Pollard JW (2006) Distinct role of macrophages in
different tumor microenvironments. Cancer Res 66(2):605-612.
doi:10.1158/0008-5472.CAN-05-4005

Martinez FO, Helming L, Gordon S (2009) Alternative activation
of macrophages: an immunologic functional perspective. Annu
Rev Immunol 27:451-483. doi:10.1146/annurev.immunol.02190
8.132532

. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A (2002)

Macrophage polarization: tumor-associated macrophages as a
paradigm for polarized M2 mononuclear phagocytes. Trends
Immunol 23(11):549-555

Saccani A, Schioppa T, Porta C, Biswas SK, Nebuloni M, Vago
L, Bottazzi B, Colombo MP, Mantovani A, Sica A (2006) p50
nuclear factor-kappaB overexpression in tumor-associated mac-
rophages inhibits M1 inflammatory responses and antitumor
resistance. Cancer Res 66(23):11432-11440. doi:10.1158/0008-
5472.CAN-06-1867

Sica A, Schioppa T, Mantovani A, Allavena P (2006)
Tumour-associated macrophages are a distinct M2 polar-
ized population promoting tumour progression: potential tar-
gets of anti-cancer therapy. Eur J Cancer 42(6):717-727.
doi:10.1016/j.ejca.2006.01.003

. Mantovani A, Sica A (2010) Macrophages, innate immunity and

cancer: balance, tolerance, and diversity. Curr Opin Immunol
22(2):231-237. doi:10.1016/j.c01.2010.01.009

. Pekarek LA, Starr BA, Toledano AY, Schreiber H (1995) Inhibi-

tion of tumor growth by elimination of granulocytes. J Exp Med
181(1):435-440

. Shojaei F, Singh M, Thompson JD, Ferrara N (2008) Role of Bv8

in neutrophil-dependent angiogenesis in a transgenic model of
cancer progression. Proc Natl Acad Sci USA 105(7):2640-2645.
doi:10.1073/pnas.0712185105

Tazawa H, Okada F, Kobayashi T, Tada M, Mori Y, Une Y, Sendo
F, Kobayashi M, Hosokawa M (2003) Infiltration of neutrophils is
required for acquisition of metastatic phenotype of benign murine
fibrosarcoma cells: implication of inflammation-associated car-
cinogenesis and tumor progression. Am J Pathol 163(6):2221—
2232. doi:10.1016/S0002-9440(10)63580-8

Colombo MP, Lombardi L, Stoppacciaro A, Melani C, Parenza M,
Bottazzi B, Parmiani G (1992) Granulocyte colony-stimulating

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

factor (G-CSF) gene transduction in murine adenocarcinoma
drives neutrophil-mediated tumor inhibition in vivo. Neutrophils
discriminate between G-CSF-producing and G-CSF-nonproduc-
ing tumor cells. J Immunol 149(1):113-119

Hicks AM, Riedlinger G, Willingham MC, Alexander-Miller
MA, Von Kap-Herr C, Pettenati MJ, Sanders AM, Weir HM,
Du W, Kim J, Simpson AJ, Old LJ, Cui Z (2006) Transferable
anticancer innate immunity in spontaneous regression/complete
resistance mice. Proc Natl Acad Sci USA 103(20):7753-7758.
doi:10.1073/pnas.0602382103

Di Carlo E, Forni G, Lollini P, Colombo MP, Modesti A, Musiani
P (2001) The intriguing role of polymorphonuclear neutrophils in
antitumor reactions. Blood 97(2):339-345

Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L,
Worthen GS, Albelda SM (2009) Polarization of tumor-associ-
ated neutrophil phenotype by TGF-beta: “N1” versus “N2” TAN.
Cancer Cell 16(3):183-194. doi:10.1016/j.ccr.2009.06.017
Jablonska J, Leschner S, Westphal K, Lienenklaus S, Weiss S
(2010) Neutrophils responsive to endogenous IFN-beta regulate
tumor angiogenesis and growth in a mouse tumor model. J Clin
Invest 120(4):1151-1164. doi:10.1172/JCI137223

Granot Z, Henke E, Comen EA, King TA, Norton L, Ben-
ezra R (2011) Tumor entrained neutrophils inhibit seed-
ing in the premetastatic lung. Cancer Cell 20(3):300-314.
doi:10.1016/j.ccr.2011.08.012

Kim R, Emi M, Tanabe K, Arihiro K (2006) Tumor-driven evolu-
tion of immunosuppressive networks during malignant progres-
sion. Cancer Res 66(11):5527-5536. doi:10.1158/0008-5472.
CAN-05-4128

Kim S, Buchlis G, Fridlender ZG, Sun J, Kapoor V, Cheng G,
Haas A, Cheung HK, Zhang X, Corbley M, Kaiser LR, Ling L,
Albelda SM (2008) Systemic blockade of transforming growth
factor-beta signaling augments the efficacy of immunogene ther-
apy. Cancer Res 68(24):10247-10256. doi:10.1158/0008-5472.
CAN-08-1494

Basit A, Reutershan J, Morris MA, Solga M, Rose CE Jr, Ley K
(2006) ICAM-1 and LFA-1 play critical roles in LPS-induced
neutrophil recruitment into the alveolar space. Am J Physiol
Lung Cell Mol Physiol 291(2):L200-L207. doi:10.1152/ajpl
ung.0.0346.2005

Piccard H, Muschel RJ, Opdenakker G (2012) On the dual roles
and polarized phenotypes of neutrophils in tumor develop-
ment and progression. Crit Rev Oncol Hematol 82(3):296-309.
doi:10.1016/j.critrevonc.2011.06.004

Scapini P, Lapinet-Vera JA, Gasperini S, Calzetti F, Bazzoni
F, Cassatella MA (2000) The neutrophil as a cellular source of
chemokines. Immunol Rev 177:195-203

Biswas SK, Gangi L, Paul S, Schioppa T, Saccani A, Sironi M,
Bottazzi B, Doni A, Vincenzo B, Pasqualini F, Vago L, Nebu-
loni M, Mantovani A, Sica A (2006) A distinct and unique tran-
scriptional program expressed by tumor-associated macrophages
(defective NF-kappaB and enhanced IRF-3/STAT1 activation).
Blood 107(5):2112-2122. doi:10.1182/blood-2005-01-0428
Sugai H, Kono K, Takahashi A, Ichihara F, Kawaida H, Fujii
H, Matsumoto Y (2004) Characteristic alteration of monocytes
with increased intracellular IL-10 and IL-12 in patients with
advanced-stage gastric cancer. J Surg Res 116(2):277-287.
doi:10.1016/}.jss.2003.10.008

Tsai CS, Chen FH, Wang CC, Huang HL, Jung SM, Wu CJ, Lee
CC, McBride WH, Chiang CS, Hong JH (2007) Macrophages
from irradiated tumors express higher levels of iNOS, arginase-1
and COX-2, and promote tumor growth. Int J Radiat Oncol Biol
Phys 68(2):499-507. doi:10.1016/j.ijrobp.2007.01.041
Mantovani A, Cassatella MA, Costantini C, Jaillon S (2011) Neu-
trophils in the activation and regulation of innate and adaptive
immunity. Nat Rev Immunol 11(8):519-531. doi:10.1038/nri3024

@ Springer


http://dx.doi.org/10.1016/j.oraloncology.2009.03.006
http://dx.doi.org/10.1016/j.oraloncology.2009.03.006
http://dx.doi.org/10.1371/journal.pone.0031524
http://dx.doi.org/10.1371/journal.pone.0031524
http://dx.doi.org/10.1038/nri3175
http://dx.doi.org/10.1189/jlb.0609385
http://dx.doi.org/10.1189/jlb.0609385
http://dx.doi.org/10.1038/431405a431405a
http://dx.doi.org/10.1172/JCI27648
http://dx.doi.org/10.1158/0008-5472.CAN-05-4005
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://dx.doi.org/10.1158/0008-5472.CAN-06-1867
http://dx.doi.org/10.1158/0008-5472.CAN-06-1867
http://dx.doi.org/10.1016/j.ejca.2006.01.003
http://dx.doi.org/10.1016/j.coi.2010.01.009
http://dx.doi.org/10.1073/pnas.0712185105
http://dx.doi.org/10.1016/S0002-9440(10)63580-8
http://dx.doi.org/10.1073/pnas.0602382103
http://dx.doi.org/10.1016/j.ccr.2009.06.017
http://dx.doi.org/10.1172/JCI37223
http://dx.doi.org/10.1016/j.ccr.2011.08.012
http://dx.doi.org/10.1158/0008-5472.CAN-05-4128
http://dx.doi.org/10.1158/0008-5472.CAN-05-4128
http://dx.doi.org/10.1158/0008-5472.CAN-08-1494
http://dx.doi.org/10.1158/0008-5472.CAN-08-1494
http://dx.doi.org/10.1152/ajplung.0.0346.2005
http://dx.doi.org/10.1152/ajplung.0.0346.2005
http://dx.doi.org/10.1016/j.critrevonc.2011.06.004
http://dx.doi.org/10.1182/blood-2005-01-0428
http://dx.doi.org/10.1016/j.jss.2003.10.008
http://dx.doi.org/10.1016/j.ijrobp.2007.01.041
http://dx.doi.org/10.1038/nri3024

1756

Cancer Immunol Immunother (2013) 62:1745-1756

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fridlender ZG, Albelda SM (2012) Tumor-associated neutro-
phils: friend or foe? Carcinogenesis 33(5):949-955. doi:10.1093/
carcin/bgs123

Beutler BA (1999) The role of tumor necrosis factor in health and
disease. J] Rheumatol Suppl 57:16-21

Balkwill F (2002) Tumor necrosis factor or tumor promoting fac-
tor? Cytokine Growth Factor Rev 13(2):135-141

Karin M, Greten FR (2005) NF-kappaB: linking inflammation
and immunity to cancer development and progression. Nat Rev
Immunol 5(10):749-759. doi:10.1038/nri1703

Karin M, Lawrence T, Nizet V (2006) Innate immunity gone
awry: linking microbial infections to chronic inflammation and
cancer. Cell 124(4):823-835. doi:10.1016/j.cell.2006.02.016

van Gisbergen KP, Geijtenbeek TB, van Kooyk Y (2005) Close
encounters of neutrophils and DCs. Trends Immunol 26(12):626—
631. doi:10.1016/j.it.2005.09.007

Dallegri F, Patrone F, Frumento G, Sacchetti C (1984) Antibody-
dependent killing of tumor cells by polymorphonuclear leuko-
cytes. Involvement of oxidative and nonoxidative mechanisms. J
Natl Cancer Inst 73(2):331-339

Gerrard TL, Cohen DJ, Kaplan AM (1981) Human neutro-
phil-mediated cytotoxicity to tumor cells. J Natl Cancer Inst
66(3):483-488

Katano M, Torisu M (1982) Neutrophil-mediated tumor cell
destruction in cancer ascites. Cancer 50(1):62-68

Dallegri F, Ottonello L, Ballestrero A, Dapino P, Ferrando F,
Patrone F, Sacchetti C (1991) Tumor cell lysis by activated
human neutrophils: analysis of neutrophil-delivered oxida-
tive attack and role of leukocyte function-associated antigen 1.
Inflammation 15(1):15-30

@ Springer

44.

45.

46.

47.

48.

49.

50.

Lichtenstein A, Seelig M, Berek J, Zighelboim J (1989) Human
neutrophil-mediated lysis of ovarian cancer cells. Blood
74(2):805-809

Zivkovic M, Poljak-Blazi M, Egger G, Sunjic SB, Schaur RJ,
Zarkovic N (2005) Oxidative burst and anticancer activities of rat
neutrophils. BioFactors 24(1-4):305-312

Balbin M, Fueyo A, Tester AM, Pendas AM, Pitiot AS, Astudillo
A, Overall CM, Shapiro SD, Lopez-Otin C (2003) Loss of col-
lagenase-2 confers increased skin tumor susceptibility to male
mice. Nat Genet 35(3):252-257. doi:10.1038/ng1249

Kousis PC, Henderson BW, Maier PG, Gollnick SO (2007)
Photodynamic therapy enhancement of antitumor immunity
is regulated by neutrophils. Cancer Res 67(21):10501-10510.
doi:10.1158/0008-5472.CAN-07-1778

Stoppacciaro A, Melani C, Parenza M, Mastracchio A, Bassi
C, Baroni C, Parmiani G, Colombo MP (1993) Regression of
an established tumor genetically modified to release granu-
locyte colony-stimulating factor requires granulocyte-T cell
cooperation and T cell-produced interferon gamma. J Exp Med
178(1):151-161

Nozawa H, Chiu C, Hanahan D (2006) Infiltrating neutrophils
mediate the initial angiogenic switch in a mouse model of mul-
tistage carcinogenesis. Proc Natl Acad Sci USA 103(33):12493—
12498. doi:10.1073/pnas.0601807103

Daley JM, Thomay AA, Connolly MD, Reichner JS, Albina JE
(2008) Use of Ly6G-specific monoclonal antibody to deplete
neutrophils in mice. J Leukoc Biol 83(1):64-70. doi:10.1189/
j1b.0407247


http://dx.doi.org/10.1093/carcin/bgs123
http://dx.doi.org/10.1093/carcin/bgs123
http://dx.doi.org/10.1038/nri1703
http://dx.doi.org/10.1016/j.cell.2006.02.016
http://dx.doi.org/10.1016/j.it.2005.09.007
http://dx.doi.org/10.1038/ng1249
http://dx.doi.org/10.1158/0008-5472.CAN-07-1778
http://dx.doi.org/10.1073/pnas.0601807103
http://dx.doi.org/10.1189/jlb.0407247
http://dx.doi.org/10.1189/jlb.0407247

	Tumor-associated neutrophils (TAN) develop pro-tumorigenic properties during tumor progression
	Abstract 
	Introduction
	Materials and methods
	Animals
	Cell lines
	Animal model
	FACS analysis of tumors
	Neutrophil isolation
	Immunohistochemistry (IHC) staining of tumor neutrophils
	Evaluation of tumor cytotoxicity by TAN
	Secretion of NO and H2O2 by TAN
	RNA isolation and real-time RT-PCR
	Ly6G neutrophil depletion
	Statistical analysis

	Results
	Neutrophils infiltration into the tumors
	TAN tend to have more anti-tumor phenotype at early stages and become more tumorigenic at later stages of tumor development
	mRNA evaluation of TAN at early and late stages
	The functional importance of TAN at early versus late stages of tumor development in vivo

	Discussion
	Acknowledgments 
	References


