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Neutrophils facilitate ovarian cancer premetastatic
niche formation in the omentum

Won)ae Lee!®, Song Yi Ko!, Muhaned S. Mohamed?, Hilary A. Kenny?, Ernst Lengyel?, and Honami Naora!@®

Ovarian cancer preferentially metastasizes to the omentum, a fatty tissue characterized by immune structures called milky
spots, but the cellular dynamics that direct this tropism are unknown. Here, we identified that neutrophil influx into the
omentum is a prerequisite premetastatic step in orthotopic ovarian cancer models. Ovarian tumor-derived inflammatory
factors stimulated neutrophils to mobilize and extrude chromatin webs called neutrophil extracellular traps (NETs). NETs
were detected in the omentum of ovarian tumor-bearing mice before metastasis and of women with early-stage ovarian
cancer. NETs, in turn, bound ovarian cancer cells and promoted metastasis. Omental metastasis was decreased in mice

with neutrophil-specific deficiency of peptidylarginine deiminase 4 (PAD4), an enzyme that is essential for NET formation.
Blockade of NET formation using a PAD4 pharmacologic inhibitor also decreased omental colonization. Our findings implicate
NET formation in rendering the premetastatic omental niche conducive for implantation of ovarian cancer cells and raise the
possibility that blockade of NET formation prevents omental metastasis.

Introduction

Awidely recognized feature of epithelial ovarian cancer, the fifth
leading cause of cancer death in women, is i.p. seeding (Tan et
al., 2006; Lengyel, 2010; Sodek et al., 2012). This form of dissem-
ination has been described as a passive process in which cancer
cells shed from tumors, are circulated by the mechanical flow of
peritoneal fluid, and then implant on peritoneal surfaces (Tan et
al., 2006; Lengyel, 2010; Sodek et al., 2012). 60% of women who
are diagnosed with ovarian cancer present with advanced-stage,
disseminated disease, and in almost all advanced-stage cases,
the omentum is colonized (Lengyel, 2010). The omentum is an
apron-like structure that drapes from the stomach and is com-
posed of fat and connective tissues lined by mesothelial cells
(Meza-Perez and Randall, 2017). Growth of ovarian tumor im-
plants on the omentum is stimulated by lipids derived from
omental adipocytes and by cytokines that are secreted by omen-
tal fibroblasts and adipose mesenchymal stem cells (Nieman et
al., 2011; Ko et al., 2012). However, the mechanisms that cause
circulating ovarian cancer cells to preferentially home to, and im-
plant on, the omentum are poorly understood. Previous studies
have identified that implantation of ovarian cancer cells is facili-
tated by several cell surface molecules, such as CD44, P-cadherin,
and a5p1 integrin, that promote the interaction of cancer cells
with mesothelial cells or with the submesothelial extracellular
matrix (Strobel et al., 1997; Iwanicki et al., 2011; Usui et al., 2014).

However, all visceral surfaces are lined by mesothelial cells, and
thus interactions with mesothelial cells might not solely account
for the tropism of ovarian cancer cells for the omentum.

The omentum was described over 100 years ago as “the police-
man of the abdomen” and has been long recognized to play es-
sential functions in peritoneal defense (Meza-Perez and Randall,
2017). A hallmark of the omentum, which distinguishes this tis-
sue from other visceral fat pads, is its abundance of highly vas-
cularized immune cell structures called milky spots (Hagiwara
et al.,, 1993). Milky spots are mainly composed of lymphocytes
and macrophages and are preferentially colonized by cancer cells
(Hagiwara et al., 1993; Meza-Perez and Randall, 2017). Intrigu-
ingly, it has been observed that ovarian cancer cells colonize the
omentum of mice with deficiencies in T, B, and/or natural killer
cells as effectively as in immunocompetent mice (Clark et al.,
2013). These findings strongly implicate nonlymphoid immune
cell constituents in the predilection of ovarian cancer cells for the
omentum. Macrophages secrete cytokines that stimulate ovar-
ian tumor angiogenesis and immune evasion (Robinson-Smith
et al., 2007; Ko et al., 2014), and a recent study has shown that
the density of macrophages in the omentum increases concomi-
tantly with the extent of disease at this site (Pearce et al., 2018).
However, macrophages might not fully explain the propensity
of ovarian cancer cells to home to the omentum as macrophages
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comprise almost 60% of the cellular content of peritoneal fluid
and are abundant at multiple sites throughout the peritoneal cav-
ity (van Furth et al., 1979).

Bone marrow-derived neutrophils act as the first line of de-
fense in response to pathogens or tissue damage and are normally
present at low abundance in the omentum and in peritoneal fluid
(<1% of cellular content; Fruhman, 1960; Cohen et al., 2013). Re-
cently, it was reported that neutrophils, in response to perito-
neal infection or injury, principally mobilize into the abdominal
cavity through specialized vessels called high endothelial venules
(HEVs) in omental milky spots (Buscher et al., 2016). We there-
fore hypothesized that the establishment of the premetastatic
omental niche in ovarian cancer involves the influx of neutro-
phils at this site. In this study, we identified that recruitment of
neutrophils to the omentum is an essential step that precedes the
colonization of this site by ovarian cancer cells. Furthermore, we
identified that early-stage ovarian tumors induce omental neu-
trophils to extrude chromatin fibers and that blockade of this
neutrophil response inhibits entrapment of circulating ovarian
cancer cells in the omental niche.

Results

Neutrophils accumulate in the premetastatic omental niche

To initiate this study, we evaluated metastatic tropism of ovarian
cancer in an immunocompetent syngeneic orthotopic model. The
ID8 cell line is the most widely used mouse ovarian cancerline and
forms tumors that mimic the typical behavior of human ovarian
cancer (Roby et al., 2000). We used ID8 cells that stably express
luciferase and GFP to detect tumors in mice by bioluminescence
imaging and to quantify tumor cells in tissues by flow cytometry.
Orthotopic tumors were generated by injecting ID8 cells intra-
bursally (i.b.) into immunocompetent C57BL/6 mice. These tu-
mors predominantly metastasized to the omentum (Fig. 1, A and
B). ID8 cells also preferentially formed implants on the omentum
following i.p. injection into either immunocompetent or NOD-
scid IL2Ry™!! (NSG) mice (Fig. 1, A and B). Furthermore, cells of
the human ovarian cancer cell line ES2 showed tropism for the
omentum in nude mice (Fig. 1, A and B). To more closely evalu-
ate the omentum, mouse omental tissues were stained for CD31
to visualize total vasculature and for peripheral node addressin
(PNAJ) to visualize HEVs in milky spots as performed in a recent
study (Buscher et al., 2016; Fig. 1 C). At the earliest stage of dis-
semination, ovarian cancer cells were predominantly detected ad-
jacent or close to PNAd* vessels in omental milky spots and were
rarely found in surrounding tracts of adipocytes (Fig. 1D). Similar
observations were found in clinical specimens of omental tissues
of women with ovarian cancer (Fig. 1, E and F). These findings
indicate that ovarian cancer cells preferentially implant on the
omentum and particularly within milky spots. Furthermore, this
metastatic tropism for the omentum occurs irrespective of orthot-
opicori.p. engraftmentand is not affected by lymphoid deficiency
consistent with an earlier study (Clark et al., 2013).

We next evaluated the kinetics of ovarian cancer cell im-
plantation and determined the abundance of the major myeloid
cell types in the omentum at several time points before coloni-
zation of this site. At 3 wk following i.b. injection of ID8 cells
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into C57BL/6 mice, primary tumors had become established and
were palpable (Fig. S1, A and B). Metastasis became palpable in
the omentum at 4 wk but was not detected at 3 wk (Fig. S1 C).
At 1 wk and 2 wk, the abundance of neutrophils in the omen-
tum did not significantly change (Fig. 2 A). However, at 3 wk,
when primary tumors had become established, the abundance
of neutrophils in the omentum of these mice significantly in-
creased and was approximately sevenfold higher than that of sa-
line-injected control siblings (P < 0.01; Fig. 2 A). In contrast, the
abundance of macrophages in the omentum did not significantly
increase during the premetastatic stage (Fig. 2 B). Neutrophils
were mostly localized close to PNAd* vessels in the omentum
during the premetastatic stage (Fig. 2 C), suggesting that the
increased abundance occurs through influx via HEVs. We also
evaluated nude mice following i.p. injection of ES2 cells. In this
model, cancer cell implantation was first detected in the omen-
tum at day 5 (Fig. S1 D). Neutrophil abundance in the omentum
did not significantly change at day 1 but at day 4 had increased
approximately sixfold and without a significant change in mac-
rophage abundance (Fig. S2, A-C). In contrast to the omentum,
other peritoneal fat tissues (perirenal, gonadal, and mesenteric)
showed no significant increases or only modest increases (i.e.,
less than twofold) in neutrophil abundance before colonization
in orthotopic models (Fig. 2 A) and in i.p. models (Fig. S2 B).
Furthermore, numbers of circulating neutrophils did not sig-
nificantly increase in mice with orthotopic tumors during the
premetastatic stage (Fig. 2 D). A modest but statistically signifi-
cant increase in circulating neutrophils (i.e., 1.7-fold, P < 0.001)
was observed just before colonization in i.p. models (Fig. S2 D).
Circulating Ly6G* cells in these mice exhibited multilobulated
segmented morphology that is characteristic of neutrophils
and was similar that of non-tumor-bearing mice (Fig. S2 E).
Polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs) also express Ly6G but, in contrast to neutrophils, have
been reported to additionally express CD115 or CD244 (Youn et
al., 2012). CD115 and CD244 were detected in only ~1% of Ly6G*
cells in mice with early-stage tumors (Fig. S2 F), suggesting
that the majority of these cells are neutrophils. Collectively,
these findings indicate that the abundance of neutrophils in-
creases in the omentum before colonization of this site by ovar-
ian cancer cells.

To confirm our findings from mouse studies, we evaluated
clinical specimens of omental tissues of women with a confirmed
diagnosis of International Federation of Gynecology and Obstet-
rics (FIGO) stage I or Il high-grade serous carcinoma (HGSG; i.e.,
disease that is ovarian-confined or locally extended to adjacent
pelvic structures). Significantly higher numbers of cells that
were positive for neutrophil elastase, a protease that is predom-
inantly found in granules of neutrophils (Kramps et al., 1984),
were detected in omental tissues of women with early-stage
HGSC than in normal omental tissues of women without cancer
(P < 0.01; Fig. 2 E). Notably, cells that are positive for neutrophil
elastase and that have multilobulated segmented morphology
were prominently detected in abundance around vessels in
omental tissues of women with early-stage HGSC (Fig. 2, F and
G). These findings strongly support the notion that neutrophil
influx is a feature of the premetastatic omental niche.
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Neutrophils facilitate ovarian cancer cell

implantation on the omentum

Because we observed a striking increase in neutrophil abun-
dance in the omentum before palpable colonization of this site,
we investigated whether depletion of neutrophils decreases the
formation of omental tumor implants. Immunocompetent mice
were injected i.b. with ID8 cells and at 3 wk thereafter confirmed
for primary tumor formation by bioluminescence imaging. Mice
were then randomized into groups that were treated for 3 wk
either with antibody (Ab) to Ly6G to deplete neutrophils or with
control Ig (Fig. 3 A). Efficacy of neutrophil depletion by Ly6G
Ab was confirmed by flow cytometric analysis (Fig. 3 B) and by
complete blood count (CBC) test (P < 0.0001 for neutrophils and
not significant for other blood cells; Fig. 3 C). Sizes of tumors
were determined from luminescence signals (Fig. 3, D and E).
In addition, the abundance of GFP* tumor cells in individual tis-
sues was quantified (Fig. 3, Fand G). Depletion of neutrophils by
Ly6G Ab did not significantly reduce the size of primary tumors
(Fig. 3, D-G). However, mice that were treated with Ly6G Ab de-
veloped significantly less omental metastasis than control mice
(i.e., ~70% reduction, P < 0.01; Fig. 3, D-G). Depletion of neu-
trophils by Ly6G Ab also significantly inhibited cancer cell im-
plantation on the omentum of nude mice following i.p. injection
of ES2 cells (P < 0.01; Fig. S2, G-I). These findings indicate that
neutrophils facilitate the formation of ovarian tumor implants
on the omentum.

Ovarian cancer cell-derived factors induce neutrophils to
mobilize and to extrude chromatin

We subsequently investigated the reciprocal effect of ovarian
cancer cells on neutrophils. Stimulation of normal human pe-
ripheral blood neutrophils with media conditioned by ES2 cells
induced neutrophil chemotaxis within 2 h (Fig. S3 A). By 4 h,
neutrophils were observed to extrude webs of DNA that were
detected by staining with Sytox Green, a cell-impermeable
DNA dye (Fig. 4 A, top). Neutrophils undergo a unique form of
caspase-independent cell death called NETosis in which chro-
matin fibers called neutrophil extracellular traps (NETs) are ex-
truded (Brinkmann et al., 2004; Fuchs et al., 2007). A hallmark of
NETosis is citrullination of histones that causes chromatin to de-
condense and extrude (Wang et al., 2009). Citrullinated histone
H3 (cit-H3) was detected in DNA extruded by human neutrophils
following stimulation with ES2-conditioned media (Fig. 4 A, bot-

tom). Identical results were obtained when normal mouse bone
marrow neutrophils were stimulated with media conditioned by
ID8 cells (Fig. 4 B). As a positive control, we stimulated neutro-
phils with PMA, a potent inducer of NETosis (Fuchs et al., 2007;
Fig. 4, A and B). These findings indicate that ovarian cancer cell-
derived factors stimulate neutrophil chemotaxis and also induce
NET formation.

Several neutrophil chemotactic factors have been detected
at elevated levels in body fluids of women with ovarian cancer,
including IL-8, monocyte chemoattractant protein-1 (Mcp-1),
growth-regulated oncogene-a and -B (GROa and GROB), and
G-CSF (Negus et al., 1995; Gorelik et al., 2005; Taki et al., 2018).
IL-8, MCP-1, GROa, and GROP were detected in ovarian cancer
cell-conditioned media by screening with a cytokine Ab array,
and levels of these factors were confirmed by ELISA (Fig. S3, B
and C). G-CSF was not detected on the array, but its presence in
conditioned media was confirmed by ELISA (Fig. S3 C). As ex-
pected, chemotaxis of neutrophils was reduced following stim-
ulation with conditioned media that had been depleted of any
one of those five cytokines (Fig. S3, A and C). NET formation was
decreased by depletion of IL-8, G-CSF, GROa, or GROB, but not of
MCP-1 (Fig. S3 D). These findings indicate that several, though
not all, ovarian cancer cell-derived factors that stimulate neu-
trophil chemotaxis can also stimulate NETosis.

Early-stage ovarian cancers induce NET formation in the
premetastatic omental niche

Because the premetastatic omental niche is characterized by neu-
trophil influx and ovarian cancer cells secrete factors that induce
neutrophils to form NETS, we investigated the possibility that ear-
ly-stage ovarian tumors induce NET formation in the omentum.
Immunocompetent mice were injected i.b. with ID8 cells and at
3 wk thereafter confirmed for primary tumor formation and lack
of palpable metastasis. Control mice were injected i.b. with saline.
Because microbes can induce NET formation (Brinkmann et al.,
2004), both groups of mice were administered antibiotic before
and following i.b. injection. Omental tissues were then stained
with Ly6G Ab and with Sytox Red dye to detect extruded DNA,
and staining was evaluated by flow cytometry. The proportion of
omental Ly6G* cells that extruded DNA was significantly higher
in mice with primary tumors than in saline-injected control
mice (P < 0.01; Fig. 5 A). Ly6G* cells that were positive for cit-H3
were prominently detected in omental tissues of C57BL/6 mice

Figure 1. Ovarian cancer cells preferentially implant on the omentum, and this tropism is not affected by lymphoid deficiency. (A and B) GFP-ex-
pressing ID8 cells were injected i.b., between the left ovary and oviduct and contralateral to the omentum, into immunocompetent C57BL/6 mice, and tumors
were evaluated at 6 wk thereafter. ID8 cells were injected i.p. into female immunocompetent C57BL/6 and NSG mice, and tumors were evaluated at 10 wk
thereafter. GFP-expressing ES2 cells were injected i.p. into female nude mice, and tumors were evaluated at 9 d thereafter. Five mice per group were evalu-
ated. (A) Representative images of tissues in each group viewed under light and fluorescence microscopy. Location of the omentum in a healthy mouse is also
shown. Bars, 10 mm. (B) Representative flow cytometric analyses of the abundance of GFP* tumor cells in each visceral fat tissue (omental, perirenal, gonadal,
and mesenteric), expressed as a percentage of the nonfat cellular content in each tissue. (C) Visualization of total vasculature (CD31*; red) and HEVs in milky
spots (PNAd*; green) in the naive mouse omentum by immunofluorescence staining of whole mount (top) and frozen (bottom) sections. Bars, 100 um. Shown
are representative results of three independent experiments. (D) Omental tissues were collected from nude mice at 5 d following i.p. injection of ES2 cells
or saline (n = 5 mice per group). Frozen sections were stained to detect cancer cells (red) and PNAd* vessels in milky spots (green). Bar, 100 pm. Shown are
representative examples of staining. (E and F) Omental tissues of women without cancer and with stage Il HGSC were stained with (E) H&E and with (F) Ab
to PNAd (n = 3 cases per group). Bar, 200 pm. Indicated are vessels within or adjacent to milky spots (arrowheads) and tumor foci (arrows). Inset shows foci at
higher magnification. Bar, 20 um. Shown are representative examples of staining.
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Figure 2. Early-stage ovarian tumors trigger an increase in neutrophil abundance in the premetastatic omental niche. (A and B) Immunocompetent
C57BL/6 mice were injected i.b. with ID8 cells that express GFP and luciferase. Control siblings were injected i.b. with saline. Mice were evaluated at 1, 2, and
3 wk thereafter (n = 6 mice per group at each time point). Absence of palpable metastasis was confirmed in the ID8 groups by bioluminescence imaging and by
flow cytometric analysis of tissues ex vivo. Visceral fat tissues of each mouse in the ID8 and control groups were stained with Abs to CD11b, Ly6G, and F4/80,
and staining was analyzed by flow cytometry. Shown are the abundance of CD11b*Ly6G* cells (neutrophils; A) and CD11b*F4/80* cells (macrophages; B),
expressed as percentages of the nonfat cellular content in each tissue. **, P < 0.01 (unpaired t test). (C) Staining of Ly6G* cells (red) and PNAd* vessels (green)
in omental tissues collected from C57BL/6 mice at 3 wk following i.b. injection of nonfluorescent ID8 cells or saline (n = 5 mice per group). Bar, 100 um. Shown
are representative examples of staining. (D) Circulating neutrophil counts in C57BL/6 mice were determined by CBC test at 1, 2, and 3 wk following i.b. injection
of ID8 cells or saline (n = 6 mice per group at each time point; unpaired t test). (E-G) Analysis of omental tissues of women with stage I/1l HGSC and without
cancer (n = 10 cases per group). (E) Average number of neutrophil elastase* cells for each case in each group. For each case, the average number of neutrophil
elastase” cells was calculated by scoring four random x100 microscopic fields in stained sections. **, P < 0.01 (Mann-Whitney U test). (F) Representative
examples of neutrophil elastase staining. Bar, 100 pm. (G) H&E-stained sections. Cells with segmented morphology characteristic of neutrophils (bracket) are
seen surrounding a vessel in omental tissue of a woman with HGSC. Bar, 20 um. Error bars in A, B, D, and E represent SD.
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Figure 3. Neutrophil depletion decreases omental metastasis. Immunocompetent C57BL/6 mice were injected i.b. with ID8 cells that express GFP and
luciferase. At 3 wk thereafter, formation of primary tumors was confirmed by bioluminescence imaging. Mice were then randomized into groups that were
administered either Ly6G Ab or control Ig twice a week for 3 wk (n = 6 mice per group). Following Ab treatment, peripheral blood and tumors in each mouse
of each group were analyzed. (A) Experimental scheme. (B) Abundance of neutrophils in peripheral blood, quantified by flow cytometric analysis. **, P < 0.01
(unpaired t test). (C) Analysis of peripheral blood by CBC test. ****, P < 0.0001 (unpaired t test). (D) Sizes of primary tumors and omental implants detected by
bioluminescence imaging and calculated from emitted signals. *, P < 0.05 (unpaired t test). (E) Representative images of mice with primary tumors (arrowheads)
and omental implants (arrows) detected by bioluminescence imaging. (F) Representative images of tissues viewed under light and fluorescence microscopy.
Bars, 10 mm. (G) Abundance of tumor in tissues of the primary site (left ovary and oviduct) and in visceral fat tissues, quantified by flow cytometric analysis of
GFP* cells. *, P < 0.05; **, P < 0.01 (unpaired t test). Error bars in B-D and G represent SD.
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Figure 4. Ovarian cancer cell-derived factors induce neutrophils to form NETs. Normal neutrophils were stimulated for 4 h with media conditioned by
ovarian cancer cells or with nonconditioned media, without or with the addition of PMA. Thereafter, neutrophils were stained with Sytox Green dye to detect
extruded DNA (green) and with cit-H3 Ab (red). Nuclei were visualized by staining with DAPI (blue). Bars, 100 um (top) and 50 um (bottom). (A) Neutrophils
were isolated from peripheral blood of healthy adult donors. Media conditioned by ES2 cells were used. (B) Neutrophils were isolated from bone marrow of
healthy adult C57BL/6 mice. Media conditioned by ID8 cells were used. In A and B, three independent experiments were performed, with neutrophils from a

different donor used in each experiment. Shown are representative images.

with primary orthotopic tumors but were rarely seen in non-tu-
mor-bearing mice (Fig. 5 B). Similar results were obtained in nude
mice following i.p. injection with ES2 cells (Fig. S3, E and F).

To confirm our findings from mouse studies, we evaluated
NET formation in clinical specimens of formalin-fixed, paraf-
fin-embedded (FFPE) omental tissues of women with stage I
or II ovarian cancer. To keep pathological parameters consis-
tent, we analyzed cases with serous histology, the most com-
mon ovarian cancer histotype. Omental tissues of women with
stage I/IT HGSC and with stage I/II serous low malignant poten-
tial (SLMP) tumor were evaluated. In contrast to HGSC, SLMP
tumors mostly have an indolent clinical course, with ~75% of
SLMP cases diagnosed at stage I/1I (Sherman et al., 2004). As a
control group, normal omental tissues of women without can-
cer history were evaluated. Because Sytox dyes are not suitable
for staining FFPE tissues, dual immunofluorescence staining
of cit-H3 and myeloperoxidase (MPO) was performed to detect
NET-positive neutrophils. MPO is required for NETosis and is
abundant in NET-positive neutrophils (Metzler et al., 2011).
Numbers of MPO*cit-H3* cells in the omentum were signifi-
cantly higher in women with stage I/Il SLMP than in cancer-free
women (P < 0.001) and higher in women with stage I/l HGSC
than in those with SLMP (P < 0.01; Fig. 5, C and D). These find-
ings indicate that early-stage ovarian tumors, especially those of
high metastatic potential, induce NET formation in the premet-
astatic omental niche.

Ovarian cancer cells attach to NETs

NETs were originally identified in infectious diseases and found
to trap microbes (Brinkmann et al., 2004). To test whether NETs
bind ovarian cancer cells, we stimulated mouse neutrophils with
ID8-conditioned media or with PMA to induce NETs and then
seeded ID8 cells onto neutrophils. A significantly higher number
of ID8 cells attached to NET-positive neutrophils than to non-
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induced neutrophils (P < 0.01; Fig. 6, A and B). Identical results
were obtained using human ovarian cancer cells and human
neutrophils (Fig. 6 C). Furthermore, ovarian cancer cells were
predominantly detected in close proximity to cit-H3* cells in
the mouse omentum (Fig. 6 D). To further investigate the inter-
action of ovarian cancer cells with NETs, we evaluated neutro-
phils of mice that are deficient in peptidylarginine deiminase
4 (PAD4). This enzyme is highly expressed in neutrophils and
is essential for NET formation (Li et al., 2010). PAD4 converts
methyl-arginine residues in histone tails into citrulline, which
in turn causes chromatin to decondense and extrude (Wang et
al., 2009). Conventional Padi4-knockout mice do not form NETs
(Lietal., 2010). We generated a conditional knockout model by
crossing Padi4?/1 mice (Hemmers et al., 2011) with MRP8-Cre-
ires/GFP transgenic mice in which Cre is expressed in the ma-
jority of neutrophils (Passegué et al., 2004; Abram et al., 2014).
Neutrophil-specific Padi4 deficiency in resultant progeny was
confirmed by quantitative RT-PCR (qRT-PCR; Fig. S4 A). Neu-
trophil-specific Padi4~/~ mice had normal neutrophil and other
blood cell counts, and the gross morphology of neutrophils in
these mice was normal (Fig. S4, B and C). The chemotactic re-
sponse of neutrophils of neutrophil-specific Padi4~~ mice to
ovarian cancer cell-conditioned media was not significantly
different from that of neutrophils of Padi4*/* mice (Fig. S4 D).
However, in contrast to neutrophils of Padi4*/* mice, neutrophils
of neutrophil-specific Padi4~/~ mice did not form NETs (Fig. 6 E).
Whereas stimulation of neutrophils of Padi4*/* mice with can-
cer cell-conditioned media significantly increased attachment
of cancer cells (P < 0.01), increased cancer cell attachment was
not observed to stimulated neutrophils of neutrophil-specific
Padi4~/~ mice (Fig. 6 F). Together, these findings indicate that
ovarian cancer cells preferentially bind to NET-positive neutro-
phils and raise the possibility that the NET-rich omental niche
traps ovarian cancer cells.
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Figure 5. Early-stage ovarian tumors induce NET formation in the premetastatic omental niche. (A and B) Analysis of mouse omental tissues. (A)
C57BL/6 mice were injected i.b. with ID8 cells or with saline (n = 6 mice per group) and euthanized at 3 wk thereafter. Fresh omental tissues were stained with
Sytox Red dye to detect extruded DNA and with Ly6G Ab, and staining was analyzed by flow cytometry. Shown are proportions of omental Ly6G* cells that were
Sytox Red* in each mouse of each group. **, P < 0.01 (unpaired t test). (B) Frozen sections of omental tissues were stained to detect Ly6G (green) and cit-H3
(red). Bar, 100 um. Nonfluorescent ID8 cells were used to inject mice. Shown are representative examples of staining. (C and D) Analysis of human omental
tissues. Immunofluorescence staining of MPO (green) and cit-H3 (red) was performed on FFPE sections of omental tissues of women with stage I/Il HGSC, with
stage I/1l SLMP, or without cancer history. (C) Average numbers of MPO*cit-H3* cells are shown for each case in each group (n = 10 cases per group). For each
case, the average number of MPO*cit-H3* cells was calculated by counting double-positive cells in five random x200 microscopic fields. **, P < 0.01; ***, P <

0.001 (Mann-Whitney U test). (D) Representative examples of staining. Bar, 100 um. Error bars in Aand C represent SD.

Omental metastasis is decreased in NET-defective, neutrophil-
specific Padi4~/- mice

To investigate the functional significance of NETs in omental me-
tastasis, we injected groups of adult female neutrophil-specific
Padi4™/~ mice and Padi4*/*littermates with ID8 cells i.b. and then
evaluated NET formation and the progression of orthotopic tu-
mors in both groups of mice. Flow cytometric analysis of omental
tissues revealed no significant difference in the total abundance
of neutrophils in the omentum between neutrophil-specific
Padi4™/- and Padi4*/* mice (Fig. S4 E). However, the proportion
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of omental neutrophils that extruded DNA was substantially
reduced in neutrophil-specific Padi4~~ mice as compared with
Padi4*/* littermates (P < 0.001; Fig. 7 A). At 3 wk following i.b.
engraftment of ID8 cells, both groups of mice formed primary
tumors but no palpable metastasis (Fig. 7, Band C). No significant
differences in the size of primary tumors were observed between
neutrophil-specific Padi4~~ mice and Padi4*/*littermates at 3 wk
(Fig. 7, B and C) and at 6 wk (Fig. 7, D-G). However, at 6 wk, ex-
tensive omental metastasis was detected in Padi4*/* mice (Fig. 7,
D-G). By contrast, neutrophil-specific Padi4/- mice developed
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Figure 6. Ovarian cancer cells attach to NETs. (A and B) Bone marrow neutrophils of immunocompetent C57BL/6 mice were stimulated for 4 h with
ID8-conditioned media or with nonconditioned media without or with addition of PMA. Fluorescently labeled ID8 cells were then seeded onto neutrophils.
Attached ID8 cells were counted at 1 h thereafter. (A) Shown are means + SD of three independent experiments, where attached cancer cells were counted in
four random x200 microscopic fields in each experiment. Each experiment used neutrophils from a different donor. **, P < 0.01 (unpaired t test). (B) Repre-
sentative image of ID8 cells (red) bound to DNA extruded by neutrophils and stained with Sytox Green dye (green). Bar, 100 um. (C) Human peripheral blood
neutrophils were stimulated for 4 h with ES2-conditioned media or with nonconditioned media without or with addition of PMA. ES2 cells were then seeded
onto neutrophils and assayed for attachment, as in A. Shown are means + SD of three independent experiments. Each experiment used neutrophils from a
different healthy donor. **, P < 0.01 (unpaired t test). (D) Omental tissues were collected from nude mice at 6 d following i.p. injection of ES2 cells or saline
(n = 3 mice per group). Frozen sections were stained to detect cit-H3 (red) and tumor cells (green). Bar, 100 um. Shown are representative examples of stain-
ing. (E and F) Bone marrow neutrophils of neutrophil-specific Padi4~/~ mice and control siblings were stimulated for 4 h with ID8-conditioned media or with
nonconditioned media. (E) Neutrophils were stained with Sytox Green dye (green) and with cit-H3 Ab (red). Bars, 100 pum (top) and 20 um (bottom). (F) ID8
cells were seeded onto stimulated neutrophils and assayed for attachment, as in A. Shown are representative images and means + SD of three independent
experiments. **, P < 0.01 (unpaired t test).

significantly less omental metastasis (i.e., ~70% reduction as
compared with Padi4*/*littermates, P < 0.001; Fig. 7, D-G). These
findings indicate that metastasis to the omentum is dependent on
the formation of NETs at this site.

Inhibition of NET formation by treatment with PAD4 inhibitor
decreases omental colonization

We subsequently tested various pharmacologic agents for the
ability to inhibit NET formation. Mouse neutrophils were stim-
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ulated with ovarian cancer cell-conditioned media in the absence
or presence of CI-amidine, a pan-PAD inhibitor (Knuckley et al.,
2010), or GSK484, a recently developed small molecule inhibi-
tor that is highly specific for PAD4 (Lewis et al., 2015). Both of
these agents inhibited histone citrullination in neutrophils and
also inhibited DNA extrusion (Fig. 8 A). Attachment of ovar-
ian cancer cells to neutrophils was inhibited when neutrophils
were pretreated with Cl-amidine or GSK484 (P < 0.01; Fig. 8 B).
We further evaluated the effect of GSK484 on implantation of
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Figure 7. Omental metastasis is decreased in NET-defective, neutrophil-specific, Padi4-deficient mice. Female neutrophil-specific Padi4~/~ mice and
control siblings were injected i.b. with ID8 cells that express RFP and luciferase and thereafter were evaluated for NET formation and tumor progression. (A)
At 3 wk, mice in both groups were euthanized (n = 6 mice per group). Fresh omental tissues were stained with Ly6G Ab and Sytox Red dye, and staining was
analyzed by flow cytometry. Shown is the proportion of omental Ly6G* cells that were Sytox Red* in each mouse of each group. ***, P < 0.001 (unpaired t
test). (B and C) Representative examples of primary tumors detected at 3 wk by bioluminescence imaging (arrowheads; B) and by light microscopy (circled; C).
Bar, 10 mm. (D-G) Analysis of tumor progression at 6 wk (n = 6 mice per group). (D) Sizes of primary tumors and omental implants detected in each mouse by
bioluminescence imaging. **, P < 0.01 (unpaired t test). (E) Representative images of mice with primary tumors (arrowheads) and omental implants (arrows).
(F) Representative images of tumors viewed under light microscopy (circled). Bars, 10 mm. (G) Abundance of RFP* tumor cells in tissues of the primary site,
visceral fat tissues, and peritoneal fluid in each mouse, quantified by flow cytometric analysis. *, P < 0.05; ***, P < 0.001 (unpaired t test). Error bars in A, D,

and G represent SD.

circulating ovarian cancer cells in vivo. The ES2 i.p. xenograft
model was used because ES2 cells do not express PAD4 (Fig. S5
A). GSK484 did not directly affect the viability of ES2 cells in
suspension cultures, even at high doses (Fig. S5 B). Female nude
mice were injected i.p. with ES2 cells, and at 1 d thereafter were
randomized into groups and administered with either saline or
GSK484 daily. A nontumor control group of mice was adminis-
tered saline i.p. daily. Treatment of tumor-bearing mice with
GSK484 did not affect the influx of neutrophils into the omen-
tum (Fig. S5 C) but significantly inhibited DNA extrusion by
omental neutrophils (P < 0.01; Fig. 8, C and D). Treatment with
GSK484 substantially decreased implantation of ovarian cancer
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cells on the omentum (P < 0.001; Fig. 8, E and F). Colonization
of other peritoneal tissues was not increased in GSK484-treated
mice, and the abundance of cancer cells in the peritoneal fluid of
these mice was decreased as compared with saline-treated mice
(P < 0.01; Fig. 8 F). Ascites frequently develops in women with
advanced-stage ovarian cancer (Lengyel, 2010) and developed
in saline-treated mice with advanced-stage tumors (Fig. S5 D).
Ascites was significantly reduced in GSK484-treated mice (P <
0.0001), and a similar reduction was observed when mice were
depleted of neutrophils (Fig. S5 D).

To confirm that the decrease in omental colonization ob-
served in GSK484-treated mice is due to inhibition of NETs and
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Figure 8. NET-inhibiting agents decrease omental metastasis. (A) Normal bone marrow neutrophils of C57BL/6 mice were stimulated for 4 h with non-
conditioned media or with ID8-conditioned media without or with addition of Cl-amidine (100 pM), GSK484 (10 uM), or DNase (1 ug/ml) and then stained with
cit-H3 Ab (red). Bar, 50 pum. Three independent experiments were performed. Shown are representative examples of staining. (B) ID8 cells were assayed for
attachment to neutrophils that had been prestimulated, as described in A. Shown are means + SD of three independent experiments, where attached cancer
cells were counted in four random x200 microscopic fields in each experiment. Each experiment used neutrophils from a different donor. **, P < 0.01 (unpaired
t test). (C-F) Female nude mice were injected i.p. with GFP-expressing ES2 cells. At 1 d thereafter, mice were randomized into groups and then administered
saline, GSK484 (20 mg/kg), or DNase (5 mg/kg) i.p. daily for 9 d. A nontumor control group of mice was administered saline i.p. daily for 9 d. Thereafter, mice
in all groups were euthanized (n = 6 mice per group). (C) Omental tissues were stained with Ly6G Ab and Sytox Red dye, and staining was analyzed by flow
cytometry. Shown are the proportion of omental Ly6G* cells that were Sytox Red* in each mouse of each group. **, P < 0.01 (unpaired t test). (D) Representative
examples of Ly6G and Sytox Red staining analysis. (E) Representative images of GFP* tumors on the omentum. Bar, 10 mm. (F) The abundance of GFP* tumor
cells in fat tissues and in peritoneal fluid of each mouse in the ES2 groups was quantified by flow cytometric analysis. *, P < 0.05; **, P < 0.01; ***, P < 0.001
(unpaired t test). Error bars in C and F represent SD.
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Figure9. Proposed mechanism for the metastatic tropism of ovarian cancer for the omentum. Early-stage ovarian tumors secrete factors that stimulate
influx of neutrophils into the premetastatic omental niche and induce these neutrophils to form NETs. Cancer cells that are shed by tumors into the circulating
peritoneal fluid become trapped by NETs and then form implants on the omentum.

not to nonspecific effects of this agent, we repeated experiments
using recombinant DNase which has been shown to degrade
NETs (Brinkmann et al., 2004). Treatment of neutrophils with
DNase did not reduce histone citrullination but eliminated ex-
truded DNA (Fig. 8 A). As was observed with GSK484, DNase
treatment inhibited attachment of ovarian cancer cells to neutro-
phils (Fig. 8 B) and did not directly affect cancer cell viability or
neutrophil influx into the omentum (Fig. S5, Band C). Treatment
of ovarian tumor-bearing mice with DNase eliminated DNA ex-
trusion by omental neutrophils (Fig. 8, C and D) and substan-
tially decreased implantation of cancer cells on the omentum (P
<0.00L; Fig. 8, E and F). Collectively, these findings demonstrate
that inhibition of NETs decreases colonization of the omentum.

Discussion

The i.p. dissemination of ovarian cancer has strong predilection
for the omentum and has often been described as a passive pro-
cess that is governed by the mechanical flow of peritoneal fluid
(Tan et al., 2006; Lengyel, 2010; Sodek et al., 2012). However,
recent studies of other tumor types that preferentially metasta-
size to the bone, lung, liver, or brain have shown that metastatic
tropism is an orchestrated process in which tumors act cooper-
atively with various host cells to induce permissive microenvi-
ronments at destination sites before colonization (reviewed in
Peinado et al., 2017). Virtually nothing is known about the cel-
lular dynamics that establish the premetastatic niche in ovarian
cancer and specifically in the omentum. Here, we first identified
that early-stage ovarian tumors trigger recruitment of neutro-
phils to the omentum, predominantly via HEVs in milky spots,
and that metastasis to the omentum depends at least in part on
this neutrophil influx. The role of neutrophils in ovarian cancer
hasbeen unclear. Elevated neutrophil-to-lymphocyte ratio in pa-
tients with ovarian cancer has been found to be associated with
poor prognosis (Zhou et al., 2017), but the significance of neutro-
phils in this disease has been questioned by a study that found
that ovarian tumor xenografts are not inhibited by treatment
with Ab to Grl (Robinson-Smith et al., 2007). This interpretation
is complicated by the ability of Grl Ab to deplete not only neu-
trophils but also monocytes and subpopulations of lymphocytes
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and dendritic cells through its recognition of Ly6C in addition
to Ly6G (Daley et al., 2008). By administering Ab to Ly6G alone
as a more specific approach to deplete neutrophils in mice after
primary ovarian tumors have established but before palpable
metastasis occurs, we found that omental metastasis was inhib-
ited by ~70%, whereas primary tumor growth was negligibly af-
fected. We cannot exclude the possibility that at least some of this
metastatic inhibition might be due to depletion of PMN-MDSCs
that express Ly6G. However, Ly6G* cells in tumor-bearing mice at
the premetastatic stage exhibited the characteristic morphology
of neutrophils, and only 1% of these cells were found to express
CD115 and CD244 that are reportedly expressed by PMN-MDSCs
(Younetal., 2012). Collectively, these findings strongly implicate
the induction by early-stage ovarian tumors of neutrophil influx
into the omentum in priming this niche for colonization (Fig. 9).
Neutrophils can exert effects that are either tumor promoting
or tumor suppressive, and these effects vary depending on the
context (reviewed in Powell and Huttenlocher, 2016). Tumor-pro-
moting properties of neutrophils, such as curtailing adaptive
antitumor immunity, appear to predominate at advanced stages
of disease, whereas neutrophils in early-stage tumors and in the
premetastatic lung niche have been found to be cytotoxic toward
cancer cells (Granot et al., 2011; Mishalian et al., 2013). However,
neutrophils in the premetastatic lung niche have also been found
to promote initiation of breast cancer metastasis by producing
leukotrienes that expand a subpopulation of cancer cells with
high tumorigenic potential (Wculek and Malanchi, 2015). The
ability of neutrophils to form NETs in response to pathological
insult was first discovered in microbial infections (Brinkmann
et al., 2004) and was subsequently identified in several inflam-
matory disorders such as lupus (Hakkim et al., 2010). NETs have
been detected in patients with advanced-stage metastatic breast
cancer (Park et al., 2016), but the dynamics of NET induction in
cancer are unclear. In our study, hallmarks of NETs were detected
in the omentum of women with early-stage ovarian cancer and of
ovarian tumor-bearing mice before palpable colonization of this
site but were largely absent in healthy women and tumor-free
mice. These findings implicate NET formation in the premeta-
static omental niche as an early response by neutrophils to the
presence of ovarian tumor in the abdominal cavity (Fig. 9).
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Whereas it is well established that tumors secrete factors that
stimulate neutrophil mobilization (Powell and Huttenlocher,
2016), the cues that induce neutrophils to form NETs are poorly
understood. Classical NETosis depends on generation of reactive
oxygen species, and PMA, which is often used to experimentally
induce NET formation, potently activates NAPDH oxidase that
produces reactive oxygen species (Fuchs et al., 2007). Our find-
ings that depletion of ovarian cancer cell-derived IL-8, G-CSF,
GROa, or GROP decreases NET formation, in addition to reducing
neutrophil chemotaxis, are consistent with the ability of these
cytokines to potentiate respiratory burst (Nathan, 1989; Geiser et
al., 1993) and indicate that at least some cytokines may stimulate
both neutrophil mobilization and NETosis. On the other hand,
our finding that depletion of MCP-1did not significantly decrease
NETosis is consistent with the reported inability of MCP-1 to
stimulate respiratory burst in neutrophils (Rollins et al., 1991).
The ability of a single cytokine to optimally trigger respiratory
burst has been controversial (Nathan, 1989; Mitchell et al., 2003).
Our findings that depletion of IL-8, G-CSF, GROa, or GROP did
not completely abrogate NET formation suggest that these cyto-
kines cooperate with one another and other factors to optimally
induce this process. One candidate could be tumor necrosis fac-
tor-o (TNF-a) which, although not detected in the model used in
our study, potentiates respiratory burst (Nathan, 1989). TNF-a is
more highly expressed in high-grade ovarian carcinomas than in
low-malignant-potential tumors (Naylor et al., 1993). Circulating
levels of IL-8 are also higher in women with ovarian carcinoma
than in those with low-malignant-potential tumor (Aune et al.,
2012). Notably, we detected a higher number of NET-positive
neutrophils in the omentum of women with early-stage HGSC
than in those with early-stage SLMP. These findings support the
notion that NET formation at the destination site is reflective
of the metastatic potential of a tumor and is stimulated by tu-
mor-derived inflammatory factors. It is possible that stroma-de-
rived factors could also promote neutrophil recruitment and/or
NETosis. For example, IL-8 and MCP-1 are expressed by omental
adipocytes (Nieman et al., 2011). However, it is unlikely that T
cell-derived factors play a significant role in stimulating neutro-
phil recruitment or NET formation because these processes were
induced in the omentum of nude mice with early-stage tumors.

NET formation was originally identified as a mechanism by
which neutrophils capture and disarm microbes (Brinkmann
et al., 2004). NETs have been implicated in promoting tumor
progression by reports that NETs bind lung cancer cells (Cools-
Lartigue et al., 2013) and that breast cancer metastasis in mice is
inhibited by DNase (Park et al., 2016). However, the significance
of NETs in directing metastatic tropism and the extent to which
NETs account for the tumor-promoting ability of neutrophils
are unclear. We found that ovarian cancer cells bind to NET-pos-
itive neutrophils and that omental metastasis but not primary
tumor growth was profoundly reduced (i.e., by ~70%) in neutro-
phil-specific Padi4~/~ mice that are defective in NET formation
but have normal leukocyte counts and neutrophil chemotactic
responses. Treatment of NET-competent mice with NET-inhib-
iting agents also reduced omental colonization to a similar extent
without altering neutrophil influx. Our findings that omental
metastasis was inhibited by ~70% in neutrophil-depleted mice
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suggest that NET formation substantially accounts for the tu-
mor-promoting ability of neutrophils. We cannot exclude the
possibility that neutrophils might also promote omental metas-
tasis by NET-independent mechanisms or that some cancer cell
loss occurs through NET-mediated cytotoxicity. However, our
findings support a model in which metastatic tropism of ovarian
cancer is orchestrated first by the induction of NET formation in
the premetastatic omental niche and second by NET-mediated
entrapment of circulating cancer cells at this site (Fig. 9). In-
triguingly, NET-defective neutrophil-specific Padi4~ mice and
also NET-competent mice treated with NET-inhibiting agents
showed decreased abundance of cancer cells in the peritoneal
fluid and no increased extraomental involvement. It might be
expected that inhibiting implantation of cancer cells at one site
would increase numbers of circulating cancer cells and coloniza-
tion of other sites. Our findings could be explained in part by the
dynamics of i.p. seeding of ovarian cancer. This process of dis-
semination is a self-perpetuating cycle in which implants form,
grow, and shed cancer cells that then form new implants (Sodek
etal., 2012). A higher number of tumor implants could give rise
to a higher number of circulating cancer cells. NETs might also
promote tumor progression by other mechanisms. NETs contain
proteinases that remodel the local microenvironment and can
lead to tissue damage (Brinkmann et al., 2004; Albrengues et
al., 2018). Extracellular histones can also induce endothelial cell
death (Xuetal., 2009). Other host cells that are recruited to NET-
rich sites of damage might secrete factors that stimulate growth
of tumor implants and prevent anoikis in circulating cancer cells.
NET-inhibiting agents might decrease peritoneal carcinomatosis
by not only blocking entrapment of cancer cells in the omental
niche but also quenching NET-mediated effects on other stromal
cells that foster a tumor-permissive microenvironment.
Although our study demonstrates that NET-inhibiting agents
reduce omental metastasis, it could be argued that these agents
have limited utility for ovarian cancer therapy, because omentec-
tomy is a standard procedure for staging and treatment of this
disease irrespective of omental involvement. However, several
studies have questioned the therapeutic benefit of omentectomy
in the absence of overt metastasis and have highlighted the need
to preserve the protective function of the uninvolved omentum.
Two independent studies of women with stage I/II ovarian can-
cer found that omentectomy had no significant or only modest
association with improved survival (Cress et al., 2011; McNally et
al., 2015). A study that used rat models of ovarian cancer found
that survival was not substantially improved when the omen-
tum was removed before seeding of this site (Yokoyama et al.,
2012). NET-inhibiting agents might be most beneficial in a set-
ting where early-stage ovarian cancer is treated without omen-
tectomy. These agents might also improve outcomes in patients
with ovarian cancer by alleviating common comorbidities such
as pulmonary embolism and sepsis. NETs stimulate thrombus
formation and can cause organ damage, and these effects can be
alleviated by treatment with DNase (Fuchs et al., 2010; McDonald
etal., 2012). Neutropenia is a common side effect of chemother-
apy and occurs in ~60% of ovarian cancer patients who receive
platinum-taxane chemotherapy (Hashiguchi et al., 2015). Our
finding that G-CSF, which is used for prophylaxis of neutrope-
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nia, potentiates NET formation raises a cautionary note that the
prophylactic benefit of G-CSF should be weighed against its stim-
ulatory effect on metastasis. Indeed, administration of G-CSF for
prophylaxis has been found to not significantly improve ovarian
cancer patient survival (Matsui et al., 2014).

In summary, our findings support a model in which the influx
of neutrophils and formation of NETs in the premetastatic omen-
tal niche promotes a microenvironment that is conducive for
preferential implantation of ovarian cancer cells at this site. Our
study also demonstrates that inhibiting NET formation decreases
omental metastasis. Further studies of this intriguing host de-
fense mechanism could yield new insights into improving ovar-
ian cancer treatment and ameliorating common comorbidities.

Materials and methods

Reagents

Sources of Ab for the indicated applications were as follows:
for flow cytometry, Ly6G-PE, F4/80-PE, Grl-PE, CD11b-peridi-
nin-chlorophyll-protein (PerCP), CD115-PerCP, CD244.2-PerCP,
CD11b-allophycocyanin, and isotype controls (BioLegend); for
immunohistochemistry, CD31, Ly6G, neutrophil elastase, human
nucleoli, cit-H3 (Abcam), PNAd (Santa Cruz Biotechnology),
MPO (R&D Systems), isotype controls (Thermo Fisher Scientific),
and Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary
Ab (Life Technologies); and for neutralization, Ly6G (clone 1A8),
isotype controls (BioXcell), and human IL-8, MCP-1, GROg, pan-
GRO, and G-CSF (R&D Systems). Sources of chemicals were as
follows: Sytox Green and Sytox Red (Life Technologies); PMA and
DAPI (Sigma-Aldrich); CI-amidine and GSK484 (Cayman Chem-
ical); recombinant DNase I and collagenase type II (Worthington
Biochemical Corp.); and D-luciferin (Gold Biotechnology).

Plasmids

To generate the pMSCV-Luc-tGFP retroviral construct that co-
expresses luciferase and turboGFP (tGFP), the EGFP sequence
was removed from the MSCV-IRES-GFP vector (gift from Tan-
nishtha Reya [University of California, San Diego, San Diego, CAJ;
Addgene plasmid 20672) by digestion with Nco I and Sal I and
replaced with the tGFP sequence that was amplified from pG-
FP-V-RS vector (Origene). The luciferase sequence was isolated
from pGL3 basic vector (Promega) by digestion with Bgl IT and
Salland subcloned into the MSCV-IRES-GFP vector 5’ of the IRES
sequence. To generate the pMSCV-Luc-RFP retroviral construct
that coexpresses luciferase and RFP, the luciferase sequence was
subcloned into the pMSCV-pBabeMCS-IRES-RFP vector (gift
from Martine Roussel and Charles Sherr [St. Jude Children's Re-
search Hospital, Memphis, TN]; Addgene plasmid 33337). The
PQCXIP-VEGFAI21 construct that expresses the 121-amino acid
isoform of vascular endothelial growth factor (VEGF) was a gift
from Michael Grusch (Medical University of Vienna, Vienna,
Austria; Addgene plasmid 73017).

Cancer cell culture, transfection, and conditioned media

Cancer cell lines were authenticated by short tandem repeat
analysis by the MD Anderson Cancer Center Characterized Cell
Line Core Facility and verified to be free of mycoplasma contam-
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ination. Parental ES2 cells were purchased from American Type
Culture Collection and were cultured in McCoy’s 5A medium
(Corning) containing 10% FBS and penicillin-streptomycin. ES2
cells that stably express tGFP have been previously described (Ko
et al., 2012). ID8 cells have been previously described (Roby et
al., 2000) and were provided by Katherine Roby (University of
Kansas Medical Center, Kansas City, KS). ID8 cells were cultured
in DMEM (Corning) containing 10% FBS and penicillin-strepto-
mycin. To generate ID8 lines that stably coexpress either lucifer-
ase and tGFP or luciferase and RFP, Ampho-293 cells (purchased
from American Type Culture Collection) were transfected with
PMSCV-Luc-tGFP or pMSCV-Luc-RFP plasmids by using Lipo-
fectamine 2000 (Thermo Fisher Scientific). Supernatants were
harvested at 2 d thereafter and used to infect ID8 cells. At 3 d after
infection, tGFP- or RFP-expressing ID8 cells were sorted using a
MoFlo Astrios Cell Sorter (Beckman Coulter). Because generation
of xenografts from ID8 cells is enhanced when ID8 cells stably
express VEGF (Zhang et al., 2002), ID8 cells were also infected
with pQCXIP-VEGFA121 retrovirus and then selected with puro-
mycin (0.5 pg/ml). To generate cancer cell-conditioned media,
ES2 and ID8 cells were cultured at subconfluence in RPMI 1640
medium (Corning) containing 0.2% BSA for 2 d. Media were then
collected and filtered through a 0.45-um filter. Where indicated,
conditioned media were depleted of cytokines by immunopre-
cipitation (IP) using neutralizing Ab at concentrations described
in Fig. S3 C. Nonconditioned RPMI 1640 medium containing 0.2%
BSA was used as a negative control in in vitro assays.

Human tissues

All studies using human tissues were reviewed and approved
by the Institutional Research Boards of the University of Texas
MD Anderson Cancer Center and the University of Chicago and
received patients’ informed consent. This study only used resid-
ual tissues that were delinked from identifiers. FFPE sections of
omental tissues of women with a confirmed diagnosis of FIGO
stage IIHGSC, FIGO stage I/ITHGSC, or FIGO stage I/Il SLMP and
of women with no cancer history who had undergone abdominal
cerclage were obtained from the Ovarian Cancer Tumor Bank at
the University of Chicago. Women with infections were excluded
from all three groups. Normal peritoneal fibroblasts were iso-
lated as previously described (Kenny et al., 2007). Normal fal-
lopian tube tissue was obtained from the MD Anderson Cancer
Center Gynecological Tumor Bank. Residual blood samples from
healthy adult volunteers were provided by the MD Anderson
Cancer Center Blood Bank.

Mouse strains

Female nude and NSG mice were purchased from the MD Ander-
son Cancer Center Animal Facility. Wild-type C57BL/6 mice were
purchased from The Jackson Laboratory (stock no. 000664).
Padi4™ mice (Padi4-floxed) have been previously described
(Hemmers et al., 2011) and were purchased from The Jackson
Laboratory (stock no. 026708, B6(Cg)-Padi4t™!-2Kmow/)  MRPS-
Cre-ires/GFP transgenic mice (henceforth described as MRPS-
Cre) have been previously described (Passegué et al., 2004) and
were purchased from The Jackson Laboratory (stock no. 021614,
B6.Cg-Tg(S100A8-cre,-EGFP)11lw/]). Heterozygous MRP8-Cre
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mice were crossed with homozygous Padi4/ mice to gener-
ate heterozygous MRP8-Cre/Padi4//* progeny that were then
crossed with Padi4? mice. Of the resultant progeny, female
MRPS-Cre/Padi4” mice were used as the test group (referred
to as neutrophil-specific Padi4~/-). Female littermates that lacked
MRP8-cre were used as controls. Genotypes were validated by
genomic PCR using primers specified by The Jackson Laboratory.
All animals that were bred and/or used in this study were housed
under specific pathogen-free conditions.

Animal studies

All animal studies were reviewed and approved by the Institu-
tional Animal Care and Use Committee of the University of Texas
MD Anderson Cancer Center. All procedures on animals were per-
formed under aseptic conditions and using sterile instruments.
To generate orthotopic tumors, 8-9-wk-old female C57BL/6 mice
were anesthetized by inhalation of 2-4% isofluorane in oxygen.
A small incision was made on the back of each mouse above the
left ovarian fat pad to expose the oviduct and ovary. ID8 cells (106
cells suspended in 10 pl sterile PBS) were injected into the i.b.
space with a 26-gauge needle and Hamilton syringe. The incision
was then closed using sterile sutures and wound clips. Control
siblings were injected i.b. with 10 ul PBS by the same procedure.
To prevent infections, mice were administered Baytril (0.17 mg/
ml in drinking water) for 1 wk before and 3 wk following injec-
tion. To generate i.p. xenografts, ID8 cells were injected i.p. into
6-7-wk-old female C57BL/6 and NSG mice, and ES2 cells were
injected i.p. into 4-wk-old female nude mice (106 cells suspended
in 100 pl PBS). Control female siblings were injected i.p. with
100 pl PBS. To deplete neutrophils, C57BL/6 mice were injected
i.b. with ID8 cells and at 3 wk thereafter were randomized into
groups that were then administered either Ly6G Ab or control Ig
(200 pg per mouse) i.p. twice a week for 3 wk. The same doses
of Ab were administered i.p. to nude mice at 3 d and 1 d before
injection of ES2 cells. To test effects of NET-inhibiting agents,
nude mice were injected i.p. with ES2 cells and at 1 d thereaf-
ter randomized into groups that were then administered either
PBS, GSK484 (20 mg/kg body weight), or DNase (5 mg/kg body
weight) i.p. daily for 9 d. These doses have been found to be non-
toxic in mice (Meng et al., 2012; Moore et al. 2015. The American
College of Rheumatology/Association of Rheumatology Health
Professionals Annual Meeting. Abstr. 1769). A nontumor group
of nude mice was administered PBS i.p. daily for 9 d. Where in-
dicated, nude mice were injected i.p. with ES2 cells and admin-
istered PBS, GSK484 (20 mg/kg body weight, daily), or Ly6G Ab
(200 pg per mouse, twice a week) for 18 d. Bioluminescence im-
aging was performed to detect primary tumors and metastases
at the time points indicated in the text. Mice were anesthetized,;
injected i.p. with D-luciferin (150 mg/kg body weight); and at 5 to
30 min thereafter, imaged by using an IVIS Lumina 200 imaging
system (Caliper LifeSciences). Imaging data were acquired and
analyzed by using Living Image software (Caliper LifeSciences).
Tumor sizes were calculated from total counts in regions defined
by emitted signals. Mice were euthanized by CO, asphyxiation
at time points indicated in the text, and tissues were harvested.
GFP-expressing tumors were visualized under an MZML III ste-
reomicroscope with a fluorescein filter set (Leica Microsystems).
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Ascites was collected from the abdominal cavity, and volumes
were measured using a micropipette. Peripheral blood samples
(200 pl) were drawn retro-orbitally from anesthetized mice and
collected in EDTA-coated tubes. In terminal experiments, blood
samples were collected from mice by cardiac puncture immedi-
ately following euthanasia. CBC tests were performed using an
ADVIA 120 Hematology System (Siemens).

Flow cytometry

To quantify GFP* or RFP* tumor cells in mouse tissues, each tis-
sue was minced with scissors, suspended in Hanks’ Balanced Salt
Solution containing calcium and magnesium, and incubated with
collagenase type II (1 mg/ml) at 37°C for 30 min with shaking.
Tissues were then passed through 70-pm nylon mesh (BD Biosci-
ences), to further disaggregate tissues and exclude fat cells. Cells
in peritoneal fluid were collected from mice by gently flushing
the abdominal cavity with PBS. Cells from fluid and tissues were
pelleted, washed with PBS, and acquired. Percentages of GFP*
or RFP* cells were calculated within the gated population of live
cells defined by forward- and side-scatter analysis. A minimum
of 10,000 gated events was analyzed for each sample. To quan-
tify myeloid cells in tissues, each tissue was minced with scis-
sors, suspended in PBS containing 1% BSA, and passed through
70-pum nylon mesh. Cells were pelleted, incubated with Ly6G-PE
or F4/80-PE Ab (2 ug/ml) and CD11b-PerCP Ab (2 ug/ml) at 4°C
for 30 min, then washed, fixed with 4% paraformaldehyde, and
acquired. To analyze DNA extrusion in neutrophils, tissues were
disaggregated and incubated with Ly6G-PE Ab as described
above. Cells were then stained with Sytox Red dye (5 nM) for
5 min, washed, fixed, and acquired. To evaluate neutrophil de-
pletion in mice following administration of Ly6G Ab, peripheral
blood mononuclear cells were stained with Gr1-PE Ab in combi-
nation with CD11b-PerCP Ab to avoid false-negative results, be-
cause the Ly6G depleting Ab may mask the Ly6G epitope. Where
indicated, cells were also stained with Ly6G-PE, CD11b-allophy-
cocyanin, and either CD115-PerCP or CD244-PerCP (2 pg/ml).
Acquisition and analysis of flow cytometry data were performed
using a FACSCalibur flow cytometer equipped with CellQuest Pro
software (BD Biosciences) and an Accuri C6 Plus flow cytometer
equipped with Accuri C6 Plus software (BD Biosciences).

Neutrophil isolation and in vitro NET induction

Neutrophils were isolated from adult human peripheral blood by
density gradient separation using dextran-Ficoll-Paque Premium
(GE Healthcare) and from bone marrow of 7-8-wk-old mice using
Percoll (GE Healthcare). Isolated neutrophils were confirmed
to be of >95% purity by flow cytometric analysis of staining of
neutrophil markers. Unless noted otherwise, neutrophils were
cultured in RPMI 1640 medium containing 0.2% BSA. To induce
NET formation, freshly isolated neutrophils were seeded in 8-
well chamber slides (Sigma-Aldrich; 2 x 10* cells per well) and
allowed to rest for 1 h. Thereafter, neutrophils were incubated
for 4 h in cancer cell-conditioned media or in nonconditioned
media. Where indicated, PMA (500 nM), CI-amidine (100 pM),
GSK484 (10 uM), or DNase I (1 pg/ml) was added to conditioned
media. To detect extruded DNA, neutrophils were stained with
Sytox Green dye (5 nM) for 5 min. To detect cit-H3, neutrophils
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were fixed with 1% paraformaldehyde, permeabilized in 0.1%
Triton X-100 for 5 min and washed. Cells were then incubated
with Ab to cit-H3 (10 pg/ml) at 37°C for 1 h, washed, and incu-
bated with Alexa Fluor 594-conjugated secondary Ab. Cells were
counterstained with DAPI, mounted, and viewed under a Nikon
80i fluorescence microscope. For each assay, three independent
experiments were performed where each experiment used neu-
trophils from a different donor. Scoring of staining is described
in the figure legends.

Immunohistochemistry and cytological staining

For whole-mount staining, mouse omental tissues were fixed
in 2% paraformaldehyde at 4°C for 4 h, followed by incubation
in blocking buffer (PBS containing 10% goat serum and 0.01%
Tween-20) for 1 h. Tissues were then incubated with Ab to PNAd
(4 pg/ml) and to CD31 (20 pg/ml) in blocking bufferat 4°C for48 h.
Thereafter, tissues were washed three times with PBS containing
0.05% Tween-20 and incubated with Alexa Fluor 488- and Alexa
Fluor 594-conjugated secondary Abs in blocking buffer at 4°C for
4 h. Tissues were then washed, counterstained with DAPI, and
viewed under a Zeiss LSM710 confocal microscope. Images were
processed by using Zen 2.31 SP (Black edition) software (Zeiss).
For staining frozen sections, mouse omental tissues were frozen
in Optimal Cutting Temperature Compound (Thermo Fisher
Scientific) and cut into 10-pm sections. Slides were blocked and
incubated overnight at 4°C with Ab to PNAd (4 ug/ml), CD31 (20
pg/ml), Ly6G (10 pg/ml), or cit-H3 (10 pg/ml). To detect human
cancer cells in mouse tissues, slides were incubated with Ab
specific to human nucleoli (1 pg/ml). Following incubation with
primary Ab, slides were washed with PBS, incubated for 45 min
with Alexa Fluor 488- or Alexa Fluor 594-conjugated secondary
Abs, and washed again. Slides were then counterstained with
DAPI and viewed under a Nikon 80i fluorescence microscope.
Images were captured by using NIS-Elements software (Nikon).
For staining FFPE human omental tissue sections, slides were de-
paraffinized in xylene, rehydrated in alcohol, boiled in 10 mM so-
dium citrate (pH 7.0) to retrieve antigens, and then incubated in
blocking buffer. Slides were incubated with Ab to PNAd (4 pig/ml)
or to neutrophil elastase (10 pg/ml) overnight at 4°C, and stain-
ing was detected by streptavidin-biotin-peroxidase and 3, 3'-di-
aminobenzidine (Dako). Slides were then counterstained with
H&E (Vector Labs). In other experiments, slides were incubated
with Ab to MPO (15 pg/ml) and cit-H3 (20 pg/ml), followed by
washing and incubation with Alexa Fluor 488- and Alexa Fluor
594-conjugated secondary Abs. Scoring of staining is described
in the figure legends. Ly6G* and F4/80* cells were isolated from
peripheral blood by using anti-Ly6G and anti-F4/80 microbeads
(Miltenyl Biotec) according to the manufacturer’s instructions,
transferred onto slides by cytocentrifugation, and stained with
Giemsa dye (Sigma-Aldrich).

Chemotaxis assay

To evaluate neutrophil chemotaxis, nonconditioned medium or
cancer cell-conditioned medium was added to the lower well of
96-well CytoSelect 3-pm-pore migration chambers (Cell Biolabs).
Human or mouse neutrophils (2.5 x 10° cells) were seeded in the
upper well. At 2 h thereafter, migrating cells on the lower sur-
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face of the membrane separating the chambers were stained with
CyQuant dye (Cell Biolabs) following the manufacturer’s instruc-
tions. Migrating cells were quantified by measuring fluorescence
using a Synergy HT Plate reader (Biotek). Three independent ex-
periments were performed in which mean fluorescence inten-
sity was evaluated in four replicate wells in each experiment and
where each experiment used neutrophils from a different donor.

Cell attachment assay

To evaluate attachment of cancer cells to neutrophils, neutrophils
were initially seeded in 96-well plates (10* cells per well) and in-
cubated for 4 h with cancer cell-conditioned media or with non-
conditioned media. Where indicated, PMA (500 nM), CI-amidine
(100 pM), GSK484 (10 uM), or DNase I (1 ug/ml) was added to the
medium. Thereafter, neutrophils were gently washed, and fresh
nonconditioned medium was added to all wells. Cancer cells that
expressed GFP or that were labeled with PKH26 red fluorescent
cell linker dye (Sigma-Aldrich) according to manufacturer’s in-
structions were then seeded onto neutrophils (2 x 10% cancer cells
per well). At 1 h thereafter, wells were gently washed to remove
unattached cancer cells. Attached cancer cells were viewed and
counted under a fluorescence microscope. Where indicated, cul-
tures were stained with Sytox Green dye and DAPI, as described
for immunofluorescence staining studies. Three independent
experiments were performed in which attached cancer cells
were counted in four random x200 microscopic fields in each
experiment and where each experiment used neutrophils from
a different donor.

Cell viability assay

To evaluate the direct effect of NET-inhibiting agents on viability
of ovarian cancer cells, ES2 cells were seeded in 96-well plates (8 x
103 cells per well) that were precoated with poly(2-hydroxyethyl
methacrylate) (Sigma-Aldrich) as described in previous stud-
ies (Ko et al., 2010). At 1 d thereafter, CI-amidine, GSK484, or
DNase I was added at concentrations indicated in Fig. S5 B, and
cells were incubated for a further 2 d. Thereafter, cell viability
was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay (Roche) according to manufac-
turer’s instructions. Three independent assays were performed.

Ab array analysis and ELISA

Cytokines were detected in ovarian cancer cell-conditioned
media by using the Human Cytokine Antibody Array (Abcam).
Membranes were incubated with conditioned media at 4°C for
16 h and then incubated with Ab and visualized according to
the manufacturer’s instructions. Signals on membranes were
verified in two independent experiments. Levels of IL-8, MCP-
1, GROa, GRO, and G-CSF in conditioned media were assayed
by ELISA using kits purchased from R&D Systems, according to
the manufacturer’s instructions. Levels of each cytokine were
assayed in three independent sets of conditioned medium and
normalized to total cellular protein content.

qRT-PCR
Total RNA was isolated from tissues and cells using TRIzol reagent
(Thermo Fisher Scientific). Reverse transcription was performed
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using SuperScript I (Invitrogen). PCR reactions were performed
in a CFX96 Real-Time PCR Detection System (Bio-Rad), using
SYBR Green qPCR core reagent according to the manufacturer’s
instructions, with the following primers: human PADI4, forward,
5'-GCACAACATGGACTTCTACGTGG-3', and reverse, 5-CACGCT
GTCTTGGAACACCACA-3'; and mouse Padi4, forward, 5'-CAG
GAGGTGTACGTGTGCA-3', and reverse, 5-CTCTGTCCCTCGGGG
AGTC-3'. RPL32transcript and 185 rRNA levels were used as con-
trols for normalization and were detected in human and mouse
tissues/cells using the following primers: RPL32/Rpl32, forward,
5'-CCTTGTGAAGCCCAAGATCG-3', and reverse, 5-TGCCGGATG
AACTTCTTGGT-3'; and 18S, forward, 5'-CTCAACACGGGAAAC
CTCAC-3', and reverse, 5-CGCTCCACCAACTAAGAACG-3'. Three
independent PCR reactions were performed for each transcript.

Statistics

Statistical analysis was performed using Statistica 13.1 (Stat-
Soft Inc.) and Prism 6 software (GraphPad Software, Inc.). Sig-
nificance of data in in vitro and in vivo assays was assessed by
unpaired or paired (where indicated) two-tailed Student’s t test.
Data represent means + SD. Based on the variance of xenograft
growth observed in preliminary studies, six mice per group was
calculated as the minimum number to detect a >50% difference in
data values between groups at a significance of P < 0.05 and with
90% probability. Significance of data between groups of patients
was assessed by Mann-Whitney U test. P values of <0.05 were
considered significant.

Online supplementary information

Fig. S1 shows kinetics of tumor implant formation in ID8 or-
thotopic and ES2 i.p. models. Fig. S2 shows the abundance and
characteristics of neutrophils and effects of neutrophil deple-
tion in ES2 i.p. models. Fig. S3 demonstrates that ovarian can-
cer cells secrete factors that induce neutrophils to mobilize and
form NETs. Fig. S4 shows characterization of neutrophil-spe-
cific Padi4~/~ mice. Fig. S5 shows the effects of NET-inhibiting
agents on ovarian cancer cell viability, neutrophil abun-
dance, and ascites.
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