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Abstract

Neutrophils promote tumor growth and metastasis at multiple stages of cancer progression. One
mechanism through which this occurs is via release of neutrophil extracellular traps (NETSs). We
have previously shown that NETS trap tumor cells in both the liver and the lung, increasing their
adhesion and metastasis following postoperative complications. Multiple studies have since shown
that NETs play a role in tumor progression and metastasis. NETs are composed of nuclear DNA-
derived web-like structures decorated with neutrophil-derived proteins. However, it is unknown
which, if any, of these NET-affiliated proteins is responsible for inducing the metastatic
phenotype. In this study, we identify the NET-associated carcinoembryonic Ag cell adhesion
molecule 1 (CEACAML) as an essential element for this interaction. Indeed, blocking CEACAM1
on NETS, or knocking it out in a murine model, leads to a significant decrease in colon carcinoma
cell adhesion, migration and metastasis. Thus, this work identifies NET-associated CEACAML1 as
a putative therapeutic target to prevent the metastatic progression of colon carcinoma.
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Neutrophils are the first lines of defense against infectious insults. Recently, there has been
evolving evidence showing that the body’s host defense mechanism can play a
protumorigenic role in cancer progression, including neutrophils (1). However, the exact
mechanisms remain elusive. The clinical evidence associating neutrophils with cancer
progression is strong; elevated neutrophil/lymphocyte ratio correlates with poor prognasis in
almost every solid organ malignancy studied to date (2, 3). Neutrophil extracellular traps
(NETS) represent a relatively recently described process by which neutrophils responded to
an inflammatory insult (4) by releasing a decondensed meshwork of DNA into the
surrounding environment (5). Composed of nucleic acids, histones, and cytoplasmic
proteins, these web-like structures entrap and kill circulating pathogens (4). Since their
discovery, NETs were also implicated in various pathophysiological situations (reviewed in
Ref. 6).

To our knowledge, we were the first to demonstrate that NETSs are involved in cancer
progression (7). NETs have since been further implicated in cancer cell proliferation,
growth, progression, metastasis, and cancer-related thrombosis (8, 9). Moreover, we and
others have shown that postoperative infection after cancer surgery leads to increased cancer
recurrence rates and diminished overall survival in patients (10, 11). We then showed, in a
mouse model of postoperative infections (cecal-ligation-puncture [CLP]), that in response to
severe infections, NETS are capable of not only capturing circulating tumor cells but, more
importantly, also increasing their metastatic potential (7). The precise mechanism for this
increased metastatic potential is unknown; however, it is possible that NET-associated
proteins may be implicated in this process. Using mass spectrometry, we identified several
candidate proteins present in purified NETSs that may be involved in capturing cancer cells
and promoting NET-facilitated metastasis. One of the more promising candidates identified
was carcinoembryonic Ag cell adhesion molecule 1 (CEACAML), a member of the
carcinoembryonic Ag (CEA) family known to be widely expressed in different cell types but
especially on human neutrophils (12). CEA family members have been reported to regulate
diverse functions including tumor promotion, tumor suppression, angiogenesis and
neutrophil activation (13, 14). Expression of host CEACAML has also been shown to
increase the adhesion of cancer cells and metastasis in the liver, an effect primarily driven by
the presence of this adhesion molecule on bone marrow—derived leukocytes, of which
neutrophils are by far the most abundant (15). Given these findings linking CEACAML1 and
cancer progression, and the fact that CEACAM1 was found to be structurally present on
NETSs, we investigated the role of CEACAML1 in NET-facilitated cancer cell adhesion and
metastasis. We show that NET-associated CEACAML1 promotes adhesion and migration of
colon carcinoma cells both in vitro and in vivo and enhances in vivo metastasis. Blocking
CEACAML decreases adhesion, migration, and metastasis of colon carcinoma cells. This
work characterizes an important interaction mechanism between NETs and cancer cells and
identifies a promising marker and potential target for novel therapeutics to abrogate these
prometastatic interactions between NETs and cancer cells.
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Materials and Methods

Cells

Human colon carcinoma cell line (HT-29), murine colon carcinoma subline with low
CEACAML expression (MC38-CC17), and murine colon carcinoma subline stably
transfected with CEACAML1 long isoform [MC38-CC1L (16)], were obtained from Dr. N.
Beauchemin (McGill University, Montreal, QC). A549 were obtained from American Type
Culture Collection (Manassas, VA). Cells were maintained in aMEM (HT-29) and DMEM
(A549, MC38-CC17, and MC38-CC1-L) containing 10% FBS and 1% penicillin/
streptomycin and incubated at 37°C and 5% CO,. All reagents are from Wisent (St. Bruno,

QC).

Human peripheral neutrophil extraction and NET generation

Human neutrophils were isolated from healthy subjects, and NETs were generated as
previously described in Najmeh et al. (17). Only neutrophil isolates with >98% purity and
viability as determined by methylene blue (Stemcell Technologies) and trypan blue (Wisent)
staining, respectively, were used to generate NETS.

Murine bone marrow neutrophil extraction

Neutrophils were isolated from bone marrow of syngeneic mice as described in Mdcsai et al.
(18). Only neutrophils with >90% pure and 95% viable as determined by methylene blue
and trypan blue staining respectively were used.

Murine peripheral neutrophil extraction and NET generation

Peripheral blood from Ceacam 1 knockout (CC1 KO) and C57 BL/6 mice were isolated by
heart puncture and lysed with BD cell lysis buffer as per manufacturer’s instructions (BD
Biosciences). Neutrophils were sorted following staining with Ly6G-AF647 (1:200) (1AS8;
BioLegend, San Diego, CA) and then stimulated with 500 nM PMA for 4 h at 37°C, 5%
CO», to induce NETosis.

Mass spectrometry

Mass spectrometry of isolated NETs was performed on samples obtained from neutrophils
from triplicate healthy donor controls. Scaffold software (version 4.0.5; Proteome Software,
Portland, OR) was used to validate tandem mass spectrometry (MS/MS)-based peptide and
protein identifications. Peptide identifications were accepted if they could be established at
>95% probability by the Peptide Prophet algorithm (19). Protein identifications were
accepted if they could be established at >99% probability and contained at least two
identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm as
previously described (20). Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles of
parsimony.
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Immunofluorescence

Human NETs were isolated as described above and used to coat 13 mm glass coverslips
(Fisher Scientific, Ottawa, ON) overnight at 4°C. The following day, coverslips were fixed
for 10 min with 4% paraformaldehyde (Thermo Fisher Scientific) and gently washed once
with PBS (Wisent). Coverslips were blocked with 1% BSA (Wisent) for 1 h at room
temperature (RT) prior to staining with anti-human CC1 mAb (5F4, from Dr. R. Blumberg,
Harvard) (1:100) for 1 h at RT. After washing once with PBS, isolated NETs were incubated
with FITC-conjugated goat-anti mouse Ab (1:200) for 1 h at RT. Coverslips were then gently
washed with PBS, and DNA was counterstained with Sytox Orange (1:1000; Life
Technologies, Burlington, ON) for 10 min at RT. Coverslips were mounted using Mowiol
mounting medium (Sigma-Aldrich).

Mouse neutrophils were isolated as previously described and loaded on a p-SlideVI chamber
(ibidi Biosciences, Fitchburg, WI) in the presence or absence of calcium ionophore (2 uM)
(A23187; Sigma-Aldrich) to stimulate NETS release. Neutrophils were stained with Ly6G-
AF647 (1:200) (1A8; BioLegend), extracellular DNA was stained with Sytox Orange (5
uUM), and CC1 was labeled with anti-mouse CC1 (1:100) (E-1; Santa Cruz Biotechnologies,
Dallas, TX) labeled with an Alexa Fluor 350 labeling kit (Life Technologies). The images
were acquired for up to 1 h poststimulation.

Both immunofluorescence assays were visualized using an LSM 780 laser scanning confocal
microscope (Carl Zeiss, Dorval, QC) equipped with a temperature and CO, controlled
chamber.

Western blot

Animals

Western blots were performed to verify the presence of CC1 in NETSs. To do so, cell-free
NET stock was obtained from murine or human blood. A549, HT-29, MC38-CCL1L, and
MC38-CC1™ cell lysates were obtained by incubating cells with 500 pl of RIPA buffer
(Pierce, Edmonton, AB, Canada) containing protease inhibitor (Roche Canada, Laval, QC,
Canada) for 30 min. Prepared samples were then loaded onto an SDS-PAGE gel and electro-
transferred to a nitrocellulose membrane. The membrane was then blocked for an hour with
1% BSA in PBS, then incubated with primary Abs consisting of either human (5F4, 1:100)
or mouse (E-1, 1:100) anti-CC1 Abs and pB-actin (1:20,000) overnight at 4°C. The following
day, the membranes were incubated with HRP-conjugated secondary Ab at 1:10,000 dilution
for 1 h at RT. Detection of proteins was performed using 20x LumiGlo image capturing.
GAPDH protein levels were used at all time points for positive control.

Seven- to ten-week-old C57BL/6 (Charles River, St-Constant, QC) and CC1 KO (from Dr.
Beauchemin) mice were used for all experiments. Peritonitis was induced by CLP as
previously described (21, 22). For mice treated with DNase I, 2.5 mg/kg DNase | (Biomatik,
Cambridge, ON) was given daily i.m. starting 24 h prior to CLP until the termination of the
experiment. All mice experiments were carried out in strict accordance with the
recommendations of the Canadian Council on Animal Care and under the conditions and
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procedures approved by the Animal Care Committee of McGill University (Animal Use
Protocol no. 7724).

In vitro adhesion assay on NETs

A general description of the in vitro adhesion assay of cancerous cells on NETS is described
in (17). Briefly, isolated NETs were left to adhere overnight at 4°C. The next day,
nonadherent NETs were aspirated, and wells were blocked with 1% BSA for 1 h at RT. After
blocking, 200 pug/ml anti-CEACAM1 mAb (5F4) or 200 pg/ml mouse 1gG isotype control
(34B1, from Dr. Blumberg) were added to some wells and incubated for 1 h at 37°C and 5%
CO,. After washing, 2 x 10* HT-29 or A549 cells were stained with CFSE dye for 10 min
(Life Technologies) and then washed and added to the NET monolayers and incubated for
90 min at 37°C, 5% CO». Cells were subsequently gently aspirated, washed once, and fixed
in 4% paraformaldehyde. In some experiments, 1000 U of DNase | were added to NET—cell
mixtures 10 min prior to fixation and quantification of adhesion. Adhesion was quantified as
the number of cells in 4 random high-power fields (hpf) at 20x using a Nikon TE300
microscope (Nikon, Mississauga ON).

In vitro adhesion assay to mouse neutrophils

A total of 5 x 10° neutrophils isolated form C57BL/6 or CC1 KO mice were plated in 24-
well plates (Falcon) and incubated for 1 h at 37°C and 5% CO, in DMEM. A total of 10°
MC38-CC1L or MC38-CC1~ CFSEstained cells were added to wells in the presence of 500
nM PMA with or without 1000 U DNase I. Unstimulated neutrophils and untreated tumor
cells in DMEM served as controls. Following incubation for 4 h at 37°C and 5% CO,, wells
were washed with PBS and fixed in 4% paraformaldehyde. Adhesion was quantified as the
number of cells in 4 random hpf at 10x and 20x using a Nikon TE300 microscope.

In vitro migration assay

Twenty-four—well Boyden chambers with 5-um PET membranes (Fisher Scientific,
Montreal, QC) were used for migration assays. For the human neutrophil migration, 2.5 x
10° neutrophils from healthy human volunteers were incubated with media alone or with
500 nM PMA for 1 h at 37°C, 5% CO, and placed in the upper chamber. HT-29 cells from
80% confluent cultures were detached using 0.5% trypsin (Wisent) and stained for 10 min
with CFSE, and 2.5 x 10° cells were added to the upper wells. Neutrophil-tumor cell
suspensions were treated with either 500 nM PMA or with 500 nM PMA with 200 pg/ml
5F4 mAb or 200 pg/ml IgG isotype control or 10 uM neutrophil elastase inhibitor (NEi).
The cell suspensions were incubated for 24 h at 37°C, 5% CO,. After incubation, the
contents of the upper chambers were aspirated, washed with PBS, and wiped with a sterile
cotton swab. Cells adherent to the undersurface of the membrane were quantified in 5
random hpf, and representative images were taken as described. Human blood was obtained
from consented healthy volunteers as per institutional review board protocol no. 2007-856.

For mouse neutrophil migration assays, 2.5 x 10° neutrophils from C57BL/6 or CC1 KO
mice were incubated with media alone or with 500 nM PMA for 1 h at 37°C, 5% CO, and
placed in the upper chamber. MC38-CC1L cells from 80% confluent cultures were detached
using 0.5% trypsin (Wisent), and 2.5 x 10° cells were added to the upper wells. Neutrophil-
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tumor cell suspensions were treated with either 500 nM PMA or media alone. The cell
suspensions were incubated for 24 h at 37°C, 5% CO». After incubation, the contents of the
upper chambers were aspirated, washed with PBS, and wiped with a cotton swab. Cells
adhering to the undersurface of the membrane were fixed with 4% paraformaldehyde,
permeabilized with methanol, and stained with crystal violet. Adherent cells were quantified
in 4 random hpf, and representative images were taken as described.

Depletion reinfusion experiment and in vivo adhesion assay

Neutrophils were depleted from C57BL/6 mice using i.p. injections of 150 ug of anti-
Ly6G/GR1 Ab (Thermo Fisher Scientific, Waltham, MA). The next day, neutrophils were
extracted from bone marrow of C57BL/6 or CC1 KO mice as previously described and then
incubated with or without 500 nM PMA and/or with or without 100 U DNase | for 1 h at
37°C and 5% CO,, and washed, and then 10° neutrophils were reinfused into the depleted
mice. After 20 min, the reinfused mice were intrasplenically injected with CFSE-labeled 1.5
x 10° MC38-CC1L cells per mouse. After 10 min, the livers were visualized in vivo and
CFSE-expressing tumor cells were imaged using epifluorescence and cells arrested within
unoccluded sinusoids were considered adherent. Cells or tumor islands were quantified as
the number of cells/micrometastatic foci in 8-10 hpf, and representative images were
recorded.

Gross liver metastasis assay

Statistics

Results

Liver metastases were quantified 18 d after intrasplenic injection of 1.5 x 10° MC38-CC1L
cells per mouse, with a maximum quantifiable number of 400 gross metastases per liver.
H&E staining was performed, and representative images of the gross metastases and H&E
are shown.

One-way ANOVA with post hoc multiple comparison was employed. All data are presented
as mean 6 SEM. Statistical significance was set at p < 0.05. GraphPad Prism 6 software was
used for all statistical analyses and graphing.

CEACAML1 is present on murine and human NETs

To identify potential molecular mediators of the tumor-NET interaction, we performed
tandem mass spectrometric analysis on NETs isolated from the blood of three healthy
volunteers. This led to the identification of 583 distinct proteins (Supplemental Table 1). Of
interest, we decided to focus on CEACAML1 (Fig. 1A), given its widely studied implication
in various cellular signaling interactions involved in the growth and differentiation of cancer
cells and modulation of various types of cancer (14-16, 23). Moreover, CEACAM1 was
shown to be present on the surface of activated neutrophils (24, 25), and high expression of
CEACAML on neutrophils was shown to drive increased infiltration in the tumor
microenvironment and correlate with poor prognosis (reviewed in Refs. 26, 27). These
studies implicated neutrophil CEACAML in cancer progression.

J Immunol. Author manuscript; available in PMC 2020 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rayes et al.

Page 7

We first validated the findings from the tandem mass spectrometry analysis by coating glass
coverslips with isolated human NETSs and then staining for NETs and CEACAML. Extensive
colocalization between extracellular DNA (SYTOX, red), NETs (H3-citrulline, blue), and
CEACAML1 (5F4 mADb, green) was observed in PMA-stimulated neutrophils, confirming that
CEACAML is found on human NETS (Fig. 1B). We also sought to determine if CEACAM1
is expressed on murine NETS isolated from C57BL/6 bone marrow—derived neutrophils and
stimulated to generate NETs with calcium ionophore (A23187; Sigma-Aldrich), another
validated NETosis agent (28). Using live cell imaging, we captured live images of
neutrophils (Ly6G, in blue) generating NETs (SYTOX, red) displaying extensive
colocalization with CEACAML1 (E-1 mAD, green) (Fig. 1C). The presence of CEACAML1 on
isolated cell-free NETs from human and mouse neutrophils was also confirmed by Western
blotting (Fig. 1D, 1E, respectively). HT-29 (high CC1 expresser, Supplemental Fig. 1A) and
Ab549 [low CCL1 expressor (29)] were used as positive and negative controls, respectively, for
the human NETs Western blot (Fig. 1D). MC38-CC1L (high CC1 expressor, Supplemental
Fig. 1B) and MC38-CC1™ [low expressor of CC1 (30)] were used as positive and negative
controls, respectively, for the murine NETs Western blot (Fig. 1E). Moreover, we observed
colocalization of NETs and CEACAML1 in vivo (Supplemental Fig. 2) in a mouse model of
sepsis (CLP), known to generate NETS (7). These results show that CEACAML1 is released
during NETosis and is a component of NETS.

CEACAML1 on NETs is important in adhesion of colon carcinoma cells

To identify the intrinsic function of NET-associated CEACAML1, we performed an in vitro
adhesion assay of human colon carcinoma cell line HT-29 with isolated human NETSs
pretreated with the 5F4 anti-CEACAM1 mAb or isotype control and treated with DNase |
(1000 U) or vehicle control (water). The NET monolayer is formed when a high
concentration of NETS, obtained from stimulated neutrophils, are collected and plated onto a
dish (17). This process allows us to study pure NETS in isolation. We observed a significant
5-fold reduction of adhesion of HT-29 cells to cell-free purified NETS in the presence of 5F4
(p < 0.05), but not isotype or vehicle control (p > 0.05), an adhesion effect equal to NET
degradation with DNase | (p< 0.05, Fig. 2A, 2B). This was not the case for the adhesion of
the human lung carcinoma cell line A549, which is a low CEACAM 1 expressing cell line
(29) (Fig. 1D), whereby 5F4 addition did not decrease adhesion of A549 cells to the huNETS
as compared with vehicle and isotype control (Fig. 2C, 2D); this adhesion only decreased
following the addition of DNase I (Fig. 2C, 2D).

When neutrophils extracted from CC1 KO mice were stimulated with PMA, the same
percentage of NET release was observed as compared with those extracted from C57BL/6
mice (Fig. 3A, 3B). This indicated that CC1 KO neutrophils have the same capability to
release NETs as C57BL/6 neutrophils. We then performed an in vitro adhesion assay of a
murine colon carcinoma cell line overexpressing CEACAM1-L (CCL1L) on isolated bone
marrow neutrophils from either C57BL/6 or CC1 KO mice. These neutrophils were
stimulated or not with 500 nM of PMA for 1 h to undergo NETosis (ex vivo) prior to
addition of the MC38-CC1L. We observed that adhesion of MC38-CC1L to PMA-
stimulated C57BL/6 mouse neutrophils (black bars) was increased by ~3-fold compared
with unstimulated neutrophils (p < 0.05), an effect that was completely attenuated by DNase
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| treatment (p < 0.05) but not its vehicle control (Fig. 3C, 3D). When a neutralizing Ab for
CEACAML1 was added, the adhesion of MC38-CC1L was significantly decreased by 2-fold
(Fig. 3C, 3D). This is was not the case for the isotype control of the CEACAM1 Ab (Fig.
3C, 3D). PMA stimulation of neutrophils isolated from CC1 KO mice (gray bars) did not
increase the adhesion to MC38-CC1L cells as compared with C57BL/6 neutrophils (p >
0.05) and was same as the adhesion observed using C57BL/6 and CC1 KO neutrophils
treated with DNase | (Fig. 3C, 3D). Moreover, addition of the neutralizing Ab had no effect
on the adhesion of MC38-CC1L on CC1 KO neutrophils, same as with its isotype control
(Fig. 3C, 3D). Based on these results from both human and murine adhesion assays, we
conclude that, in vitro, CEACAML1 on NETS is an important adhesion molecule mediating
colon carcinoma-NET interaction.

CEACAM1 on NETs is important in migration of colon carcinoma cells

To investigate whether CEACAMY1 on NETS plays a postadhesive role in tumor progression,
we performed conventional Boyden chamber migration assays. We show that PMA-
stimulated neutrophils from healthy individuals treated with 5F4 (CEACAM1 mAb, second
bar) or an NEi (Sivelestat) (fourth bar) significantly decreased (by 4-fold) the migration of
human HT-29 colon carcinoma cells compared with their migration on PMA-stimulated
neutrophils (first bar) and on IgG control treated PMA-stimulated neutrophils (third bar) (o
< 0.05, Fig. 4A, 4B). Moreover, we show that PMA addition does not affect tumor cell
migration in the absence of neutrophils (o> 0.05, Supplemental Fig. 3A), an indication that
the enhanced migration observed following PMA stimulation of neutrophils is due to NETs
and not PMA.

We also observed that PMA-stimulated neutrophils from C57BL/6 mice (second bar)
significantly increased (by 50%) MC38-CC1L cancer cell migration compared with their
migration on unstimulated neutrophils (first bar, p < 0.05, Fig. 4C, 4D). However, PMA-
stimulated neutrophils isolated from CC1 KO mice (fourth bar) did not increase the
migration of MC38-CCL1L cells compared with their migration on unstimulated neutrophils
from CC1 KO mice (third bar, p> 0.05, Fig. 4C, 4D). In fact, MC38-CCLL cells exposed to
PMA-stimulated CC1 KO neutrophils had a significant (by 50%) reduction in migration
compared with those exposed to PMA-stimulated neutrophils from C57BL/6 mice (p < 0.05,
Fig. 4C, 4D). PMA addition does not affect tumor cell migration in the absence of
neutrophils (p> 0.05, Supplemental Fig. 3B), again an indication that the enhanced
migration observed following PMA-stimulation of neutrophils is due to NETs and not PMA.

These results suggest that CEACAM1 on NETS help facilitate murine and human colon
carcinoma cell migration in vitro.

CEACAM1 on NETs is important in adhesion of murine colon carcinoma cells to liver
sinusoids in vivo

To validate these findings in vivo, we performed intravital hepatic microscopy on C57BL/6
mice intrasplenically injected with MC38-CC1L. Using this same model, and through a
series of neutrophil depletion—reinfusion experiments, we have previously demonstrated that
in vivo adhesion of cancer cells increased in the presence of circulating NETSs (7). Using the
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same experimental design, we compared in this study the adhesion of MC38-CC1L murine
colon carcinoma cells in C57BL/6 mice by intravital microscopy following neutrophil
depletion (using a single i.p. injections of 150 pg of anti-Ly6G/GR1 Ab) and reinfusion with
either C57BL/6 or CC1 KO neutrophils (experimental design schematically depicted in Fig.
5A). Reinfusion of PMA-stimulated neutrophils from C57BL/6 mice (second bar)
significantly increased the adhesion of MC38-CC1L cells by 4-fold compared with
reinfusion with unstimulated C57BL/6 neutrophils (first bar) (v < 0.05, Fig. 5B, 5C).
Adhesion levels of MC38-CC1L cells in mice depleted and reinfused with PMA-stimulated
neutrophils treated with DNase | from C57BL/6 mice (third bar) were comparable to those
seen for unstimulated neutrophils (Fig. 5B, 5C). Mice that were neutrophil depleted and
reinfused with CC1 KO neutrophils, unstimulated (fourth bar), PMA stimulated (fifth bar)
and PMA stimulated and treated with DNase | (six bar) all had similar low adhesion levels
of MC38-CCLL cells (Fig. 5B, 5C). MC38-CCL1L adhesion levels in neutrophil-depleted
mice reinfused with PMA-stimulated CC1 KO neutrophils (fifth bar) are significantly lower
than those of neutrophil-depleted mice reinfused with PMA-stimulated C57BL/6 neutrophils
(second bar) (p < 0.05, Fig. 5B, 5C). This experiment demonstrates not only that NETs
themselves seem to enhance tumor cell arrest in liver sinusoids, as we have previously
demonstrated (7), but that in the absence of CEACAML1 on NETS, the effect mimics that of
unstimulated neutrophils. Therefore, the proarrest activity of NETSs is dependent on CC1
expression.

Tumor cells have significantly reduced metastatic potential in CC1 KO mice even in the
presence of widespread NET deposition

As we have demonstrated above, CEACAML1 on NETS is able to adhere to and capture colon
carcinoma cell lines both in vitro and in vivo. As we have previously shown that CLP results
in widespread intravascular NET deposition (7), we sought to employ this clinically relevant
model of postoperative infection to determine the influence of NET-associated CEACAM1
on cancer metastasis. We first show that CC1 KO and C57BL/6 mice have the same number
of neutrophils in circulation (around 9-10% of all circulating WBCs; Supplemental Fig. 4).
Thus, induction of NETosis in the two mouse models will result in similar number of NETs
being released because we have previously shown that CC1 KO neutrophils have the same
capability to release NETs as C57BL/6 neutrophils (Fig. 3A, 3B). MC38-CC1L colon cancer
cells were intrasplenically injected into C57BL/6 and CC1 KO mice 24 h following CLP (to
induce NET formation), and gross hepatic metastases were quantified 18 d following tumor
injection. In C57BL/6, gross hepatic metastases were significantly (p < 0.05) increased in
CLP-treated versus sham mice (median of 188 nodules versus 4.5 nodules, respectively), and
this increase in gross hepatic metastases was completely attenuated by degrading NETs with
daily DNase I injection (median of four nodules, p < 0.05) (Fig. 6). In CC1 KO mice, gross
hepatic metastases were not significantly increased in CLP-treated mice compared with
sham or to CLP-treated mice treated with DNase | (median of three nodules compared with
11 nodules and 9.5 nodules respectively, p> 0.05) (Fig. 6). CC1 KO CLP-treated mice had
significantly less hepatic metastasis than C57BL/6 CLP-treated mice (median of 11 nodules
compared with 188 nodules respectively, p < 0.05) (Fig. 6).
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These results prove that tumor cells have significantly reduced metastatic potential in CC1
KO mice even in the presence of widespread NET deposition.
Discussion

Neutrophils are the most abundant WBCs in the body and the first responders to tissue
injury and infection. Many studies have reported an association between higher number of
neutrophils and/or high neutrophil/lymphocyte ratios in circulation and poor prognosis,
adverse outcome and decreased survival in multiple cancer types (reviewed in Refs. 2, 3).
Indeed, neutrophils can enhance adhesion of circulating tumor cells, thereby promoting
metastatic progression via direct interactions (31), secreted factors (32), and NETs (7).

NETSs are linked to several pathological conditions (reviewed in Ref. 6) and were shown to
drive tumor progression via multiple mechanisms (reviewed in Refs. 8, 9). We have
previously shown that one modality through which NETs enhance tumor progression is by
trapping circulating tumor cells (7). This was shown in the context of postoperative
complications (sepsis) and could be reversed by treating NETs with DNase | or Sivelestat, a
known NET degrader and inhibitor, respectively (7). This prompted us to identify the
adhesion molecules present on NETS that enhance adhesion and subsequently metastasis of
colon cancer cells to secondary organs. In this study, we identified 283 proteins present on
NETs. Many of these were adhesion molecules belonging to the integrin (ITGAM, ITGB2,
ITGAIIb, ITGAL) and the CEACAM family (CEACAM1, CEACAM6, CECAMS).
Identifying a2 integrin on NETS further validates our previous work that identified p1
integrin on tumor cells as an important interacting partner with NETs (33), because integrin
a2 and B1 are known to form heterodimers to promote tumor migration and metastasis (34).

In this study, we focused our work on CEACAML because this adhesion molecule is
extensively studied in multiple cancer types and is shown to play important roles in tumor—
immune cell interaction (reviewed in Refs. 14, 26). Indeed, CEACAML1 is now used as a
biomarker for diagnosis of melanoma as well as breast, pancreatic, and bladder cancers
(35-38) and is involved in multiple essential cancer-related phenomena including
proliferation, metastasis, apoptosis, inflammation, and angiogenesis, among others
(reviewed in Ref. 14). Moreover, CEACAML is expressed by several immune cell types (T
cells, B cells, NK cells, dendritic cells, and neutrophils) and has been associated with
development and progression of various cancers and in boosting metastasis (reviewed in Ref.
14). Indeed, nonstimulated neutrophils express little surface CEACAML; only following
activation is CEACAML transferred from the granules to the surface (24). Moreover, one
group has reported that neutrophil infiltration and CEACAML overexpression on tumor cells
are associated with poor clinical outcomes in tongue squamous cell carcinoma (39).
However, to date, how CEACAML1 expression on neutrophils and on their NETSs affects
tumor progression remains unclear.

We first confirmed that CEACAML1 is present on both murine and human NETSs. We then
show that, by blocking CEACAM1 on human NETSs or knocking it down in mice, we
decrease adhesion and migration of tumor cells in vitro by more than 50%. Although
adhesion and migration require different sets of activation patterns, we believe that they do
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occur in this case sequentially. Our hypothesis is that once cancer cells are trapped in the
NET complexes, the cells are exposed to a variety of proteins that are present on the NETs
(Supplemental Table 1). The NETS thus create a “micro-microenvironment” where tumor
cells are near a concentrated area of proteins that can induce signaling in the tumor cells
leading to adhesion, proliferation, migration among others. Therefore, it is possible that
tumor cells get activated in the NET complex, leading to their release from the NET, and
then subsequently those cells can adhere, intravasate, migrate and seed and grow in the
secondary organ.

In vivo, PMA-stimulated C57BL/6 neutrophils reinfused in C57BL/6 neutrophil-depleted
mice significantly increased tumor cell adhesion to the hepatic sinusoids compared with
reinfusion of nonstimulated neutrophils or controls or PMA-stimulated CEACAM1 KO
neutrophils. Finally, using an experimental liver metastasis model, intrasplenic injection, we
show that tumor cells have significantly reduced metastatic potential in CC1 KO mice even
in the presence of widespread NET deposition. To note, the intrasplenic injection does not
encompass all the steps of the metastatic cascade such as EMT transition and extravasation
for example; however, it does cover a substantial step from adhesion to intravasation to
seeding, survival, and proliferation. This strongly suggests that CEACAM1 on NETs is a
major mediator of tumor cell adhesion at metastatic sites.

CEACAML is known to have both homophilic interactions (40) and heterophilic interactions
(41) with other members of the CEACAM family (reviewed in Ref. 42). Therefore, what is
attracting about a CEACAML targeted therapy, in case of a homophilic interaction, is that
targeting CEACAML will block it on both tumor cells and NETs creating a stronger double
inhibition. Indeed, we do show that the colon carcinoma cell lines used in this study, MC38
and HT-29, have high CEACAML levels (~80 and 100% respectively), which can be
involved in the homophilic interaction with the CEACAML1 on NETSs (Fig. 1D, 1E,
Supplemental Fig. 1). However, as mentioned above, CEACAML1 is also capable of forming
heterodimers with CEA and CEACAMEG6 (43). It has been previously shown that HT-29 and
MC38 do express high levels of CEA and CEACAMSG, which can be involved in their
heterophilic interaction with the NETs CEACAML1 (44, 45).

In addition, we show that in the context of sepsis, using a CLP model, we observe a
significant decrease in circulating tumor cell metastasis to the hepatic sinusoids in
CEACAML1 KO versus wild-type (WT) mice. We have previously shown that CLP induces
massive NET deposition in the liver (7), which, based on our results in this study, is
unequivocally covered with CEACAM1. Moreover, CEACAML1 on neutrophils was shown
to prolong their survival by delaying apoptosis (46). Therefore, blocking or knocking out
CEACAML1 from neutrophil will not only decrease available CEACAML1 sites for tumor
cells to attach to but will also increase neutrophil apoptosis. Because tumor-associated
neutrophils were shown to have the capacity to be immunosuppressive (47), this should
relieve this immunosuppression and thus play an antitumor role. In addition, CEACAM1
was shown to play an immunosuppressive role by inhibiting T cells and NK cells cytotoxic
activities (reviewed in Ref. 14). These findings lead to the speculation that CEACAM1
immunotherapy (alone or in combination with available immunotherapies such as CTLA-4
or PD-1) could soon become a reality. Indeed, CEACAM1 mAbs were successfully tested as
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immunotherapy drugs for both melanoma and colorectal cancers (48, 49). To note, we have
used in this study an intrasplenic injection of colon carcinoma cells in our in vivo
experimental metastasis assay. This commonly used inducible liver metastasis model (50) is
a very robust and reproducible approach to investigating the seeding, adhesion, and growth
of tumor cells in liver. Looking at the role of CEACAML in other metastasis models is
important to corroborate our results in other organ systems.

Finally, a key reason to identify molecular mediators of NET-tumor cell interactions is to
specifically target these to avoid the side effects of degrading NETs in general. Indeed,
systemic degradation of NETS (e.g., by using DNase 1) could lead to increased chances of
sepsis, because NETS play an important role in clearing out microorganisms (4). Thus, the
identification of 1 integrin (33) and CEACAML1 on NETSs opens the door to establishing
therapeutic targets of tumor cell adhesion and metastasis that warrant testing by blocking
them both.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
CEACAML is present on NETS. (A) Mass spectrometry profile of CEACAML1 in three NET

samples obtained from three healthy individuals. (B) Confocal fluorescence imaging of
human isolated NETS on glass coverslips stained with anti-H3-Citrulline Ab (red), Sytox
Green (green), and anti-human CEACAML1 (CC1) Ab (5F4, blue) (left panels) or IgG
isotype instead of 5F4 Ab (blue) (right panels). (C) Confocal fluorescence imaging of bone
marrow—derived murine neutrophils stimulated with calcium ionophore (A23187) on glass
coverslips stained with Ly6G (blue), Sytox Orange (red), and anti-murine CEACAM1 (CC1)
Ab (green). Top panels, Non-NETosed neutrophil; middle panels, NETosing neutrophil;
bottom panels, NETosed neutrophil. (D) Western blot on isolated cell-free human NETs
probed with an anti-human CEACAM1 Ab and B-actin (loading control) for A549, HT29,
and human NETSs. (E) Western blot on isolated cell-free murine NETs probed with an anti-
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murine CEACAML1 Ab and B-actin (loading control) for MC38-CC1~, MC38-CCL1L, and
murine NETS.
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FIGURE 2.

CEACAML1 on NETSs is important for adhesion of human colon carcinoma cells. (A) In vitro
adhesion assay of CFSE-labeled HT-29 cells on isolated human NETS in the presence of
water (vehicle control for DNase I, light gray bar), 200 pug/ml isotype control of the
CEACAML1 Ab (white bar), 200 pg/ml CEACAML1 functional blocking Ab (5F4 mAb, dark
gray bar), and 1000 U DNase | (black bar). Shown are the mean and mean SE of three
experiments. *p < 0.05. (B) Representative bright field images of images analyzed in (A).
Scale bar, 100 um. (C) In vitro adhesion assay of CFSE-labeled A549 cells on isolated
human NETSs in the presence of water (vehicle control for DNase I, light gray bar), 200
ug/ml isotype control of the CEACAML1 Ab (white bar), 200 pg/ml CEACAML functional
blocking Ab (5F4 mAb, dark gray bar), and 1000 U DNase I (black bar). *p < 0.05. (D)
Representative bright field images of images analyzed in (C). Scale bar, 100 um.
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FIGURE 3.

CEACAML1 on NETS is important for adhesion of murine colon carcinoma cells. (A) Bar
graph showing number of H3-Citrulline—positive neutrophil (obtained by counting under a
fluorescent microscope) in unstimulated neutrophils and in neutrophils stimulated with 500
nM PMA for 4 h (n=5). *p < 0.05. (B) Representative images of each condition in (A)
acquired using fluorescent microscopy. Scale bar, 100 um. (C) In vitro adhesion assay of
CFSE-labeled MC38-CC1L cells on C57BL/6 (WT, black bars) or CC1 KO (gray bars)
murine neutrophils in the presence or absence of 500 nM PMA, water (the vehicle control
[VC] to DNase 1), 1000 U DNase I, a murine CEACAML1 neutralizing Ab (CC1 Ab), and its
isotype control (IC). Shown are the mean and mean SE of three experiments. *p < 0.05. (D)
Representative fluorescent images of data presented in (C). Scale bar, 100 pm.
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CEACAML1 on NETSs is important in migration of colon carcinoma cells. (A) Boyden
chamber assays of HT-29 cells on NET monolayer isolated from human neutrophils
stimulated with 500 nM PMA and treated with 200 pg/ml 5F4 mAb (5F4), 200 pg/mi
isotype control of the 5F4 mADb (IgG), or 10 uM Sivelestat (NEi). Shown are the mean and
mean SE of five fields per condition done in triplicate. *p < 0.05, NS compared with
stimulated neutrophils. (B) Representative fluorescent images of the migrated CFSE-HT-29
cells of the four conditions presented in (A). Scale bar, 20 um. (C) Boyden chamber assays
of MC38-CCL1L cells on PMA-stimulated (light gray bar) or non-stimulated (black bar)
neutrophils from C57BL/6 (WT) or PMA-stimulated (white bar) or non-stimulated
neutrophils (dark gray bar) from CC1 KO mice. Shown are the mean and mean SE of four
fields per condition done in triplicate. *p < 0.05. (D) Representative bright field images of
crystal violet stained MC38-CC1L migrated cells of the four conditions depicted in (C).
Scale bar, 20 um.
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FIGURE 5.
CEACAML1 on NETSs is important in adhesion of murine colon carcinoma cells to liver

sinusoids in vivo. (A) Schematic depiction of the depletion reinfusion experiment. IVM,
intravital microscopy; PMN, polymorphonuclear neutrophils. (B) Hepatic intravital video
microscopy of CFSE-labeled MC38-CCL1L in the liver sinusoids of neutrophil-depleted
C57BL/6 mice (WT) reinfused with neutrophils from C57BL/6 mouse neutrophils either
nonstimulated (first bar) or stimulated with 500 nM PMA (second bar) or with PMA and
DNase 1 (1000 U) (third bar) or from CC1 KO mouse neutrophils either nonstimulated
(fourth bar) or stimulated with PMA (fifth bar) or with PMA and DNase 1 (sixth bar).
Shown are the mean and mean SE of five to seven experiments. *p < 0.05. (C)
Representative images of the six conditions presented above with CFSE-labeled MC38-
CCL1L cells shown in green. Scale bar, 10 pm.
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FIGURE 6.

CC1 KO mice have significantly less metastatic potential in the presence of widespread NET
deposition in a sepsis mouse model. (A) In vivo hepatic metastasis assay was performed on
C57BL/6 (WT) and CC1 KO mice under three conditions each: sham, CLP, and CLP
followed by daily i.m. DNase 1 treatment. Shown are average number of visible hepatic
nodules (with SEs) of the six groups above mentioned with the number of mice shown
below as n. *p < 0.05. (B) Representative images of the livers of the six groups of mice
above mentioned at necropsy, 18 d after MC38-CC1L tumor injection. (C) H&E staining on
representative liver sections from the six groups of mice mentioned above. Scale bar, 100
pm.
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