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ABSTRACT

Granulocytes are key players in cancer metastasis. While tumor-induced de novo expansion of immuno-
suppressive myeloid-derived suppressor cells (MDSCs) is well-described, the fate and contribution of
terminally differentiated mature neutrophils to the metastatic process remain poorly understood. Here,
we show that in experimental metastatic cancer models, CXCR4"'CD62L'° aged neutrophils accumulate via
disruption of neutrophil circadian homeostasis and direct stimulation of neutrophil aging mediated by
angiotensin |l. Compared to CXCR4'°CD62L" naive neutrophils, aged neutrophils more robustly promote
tumor migration and support metastasis through the increased release of several metastasis-promoting
factors, including neutrophil extracellular traps (NETs), reactive oxygen species, vascular endothelial
growth factors, and metalloproteinases (MMP-9). Adoptive transfer of aged neutrophils significantly
enhanced metastasis of breast (4T1) and melanoma (B16LS9) cancer cells to the liver, and these effects
were predominantly mediated by NETs. Our results highlight that in addition to modulating MDSC
production, targeting aged neutrophil clearance and homeostasis may be effective in reducing cancer
metastasis.
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Introduction expression profile — age through downregulation of CD62L
and upregulation of CXCR4. These alterations facilitate the
homing of CXCR4"CD62L" aged neutrophils to the bone mar-
row in a rhythmic circadian fashion for efferocytic clearance.'>"?
Aged neutrophils represent a highly inflammatory subset of
neutrophils purported to enhance the immunologic defense
against invading pathogens.'* Their numbers are increased in
gut microbiome-associated inflammatory states including sickle
cell disease,">'>'® but their role in cancer biology is unknown.
Moreover, how metastatic cancers affect the aged-naive neutro-
phil homeostasis is not described.

Here, we show that metastatic tumor-bearing mice utilize
multiple mechanisms to disproportionately expand aged neutro-
phils. These cells enhance cancer metastasis far better than their
naive counterparts. Our results reveal a previously undescribed
mechanism employed by malignant tumors to provoke deleter-
ious neutrophilic inflammation beyond MDSCs. This offers
a potentially new approach to target mature neutrophil subset in
cancer.

Inflammation is critical to the metastatic process, which
accounts for the majority of cancer-related deaths.'™ Tumor
cells sustain inflammation by mobilizing granulocytes and
other myeloid cells from the bone marrow.*” Indeed, an
increase in neutrophil-lymphocyte ratio portends an elevated
risk of metastasis, a reduced overall survival, and a poor
response to various forms of therapies in multiple cancer
types including breast cancer and melanoma.®

The best-described source of metastasis-supporting neutrophi-
lic inflammation is the hijacking of myeloid differentiation to
generate immunosuppressive myeloid-derived suppressor cells
(MDSCs).” However, not all neutrophils in the metastatic cancer
environment are granulocytic MDSCs (gMDSCs). Indeed, a recent
single-cell sequencing analysis of mice and humans with breast
cancer revealed that gMDSCs only emerge from a distinct branch
point along the developmental trajectory of neutrophils, indicating
that normal mature neutrophils are also generated in the cancer
environment.® The goal of our study was to determine how meta-
static cancers regulate these other mature neutrophils that are not
gMDSCs, and how these cells in turn impact the metastatic pro-
cess. Addressing this knowledge gap is crucial, as pro- and anti-
tumor mature neutrophils have been described.”"

Materials and methods

Animals

It is increasingly recognized that mature neutrophils in the
circulation are not homogeneous."’ A major source of neutro-
phil heterogeneity is the temporal, physiologic process whereby
naive neutrophils - characterized by a CXCR4°CD62L™

Eight to twelve-week-old male C57BL/6], female Balb/C, and male
green fluorescent protein (GFP) positive mice were purchased
from The Jackson Laboratory. The animals were housed and
cared for in agreement with guidelines approved by the Cedars-
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Sinai Institutional Animal Care and Use Committee. Mice were
maintained on a 12 h light/12 h dark cycle.

Metastasis models

Intravenous injections were performed with 1 x 10> tumor cells
in 100 pl phosphate-buffered saline (PBS). To induce liver
metastasis, standard intrasplenic inoculation followed by sple-
nectomy was performed as previously described.'” A 27-gauge
needle was used to inject 1 x 10° cells in 50 ul PBS. By
performing splenectomy, this serves the dual purpose of pre-
venting the development of large splenic tumors while also
preventing the generation and accumulation of splenic
MDSC:s in close proximity to the liver. The extent of metastasis
was analyzed by counting visible nodules on all lobes of the
lung or liver after 14 d using a stereomicroscope.

Tumor cells and culture

The highly metastatic 4T1 breast cancer cells, poorly meta-
static BI6F0, and its related highly metastatic BI6F10 mel-
anoma cell lines were obtained from the American Type
Culture Collection (Manassas, VA).!®* B16LS9 melanoma
cell line was originally obtained from Dr. Hans
Grossniklaus (Emory University)."” All cell lines were con-
firmed to be negative for Mycoplasma before culture using
VenorTMGeM  Mycoplasma  Detection Kit  (Sigma,
MP0025). All cells were maintained in DMEM medium
supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich, St. Louis, MO) at 37°C, 5% CO.,.

For tumor-conditioned media preparations, tumor cells
were incubated for 16-18 h at 37°C with 5% CO,. Upon reach-
ing approximately 80% confluence, cell-free supernatant was
collected using 0.22 um filters (EMD Millipore) and immedi-
ately stored at —80°C.

Flow cytometry and FACS sorting

Samples were lysed with RBC lysis buffer, washed with
FACS staining buffer (Biolegend) before incubation with
an Fcy blocker (Biolegend) on ice for 10 min. Cells were
stained with an antibody cocktail for 30 min on ice.
Isotype-matched antibodies were used as negative controls.
Multiparametric flow cytometry was performed on an LSRII
(BD) and analyzed with the FlowJo software package (Tree
Star). Dead cells were excluded by FSC, SSC, and DAPI-
positive gating. Neutrophils were gated as CD11b"Ly6G™.
Aged neutrophils were CXCR4™CD62L" cells within the
neutrophil population, while naive neutrophils were gated
as CD62LMCXCR4™. Cell sorting was performed on the BD
Influx Cell Sorter.

For analysis of neutrophil aging in vivo, circadian blood
samples were collected every 4 h during a 24-h period from
mice, starting at the first hour at the onset of light (ZT1). In the
bone marrow, mature neutrophils were identified as
Ly6G*CXCR2", whereas immature neutrophils were identified
as Ly6G*°CXCR2™%°

Macrophages were identified as Gr-1"°CD115'°F4/80*SSC'**!
Natural killer (NK) cells were identified as NK1.1*CD49b"CD3"~

cells. T regulatory cells were defined as FoxP3+ CD25+ cells
within the CD4+ gated lymphocytes. FoxP3 staining was per-
formed with intracellular fixation/permeabilization protocol fol-
lowing manufacturerer’s recommendation (Biolegend). DAPI
(4',6-diamidino-2-phenylindole), Ly6G (clone 1a8), CDI11b
(clone M1/70), Gr-1 (clone RB6-8C5), CXCR4 (clone 2B11),
CD62L (clone MEL-14), CD16/32 (clone 93), MERTK (clone
2B10C42), Gr-1 (clone RB6-8C5), CD115 (clone AFS98), F4/80
(clone BM8), CXCR2 (clone SA044G4), VE-cadherin (clone
BV13) NK-1.1 (clone PK136), CD3 (clone 17A2), FoxP3 (clone
MF14), CD25 (clone 3C7) were purchased from Biolegend.
Occludin (clone EPR20992) was purchased from Abcam.

Blood counts

Total circulating blood leukocytes, neutrophils, lymphocyte,
and monocytes were analyzed wusing the Hematrue
Hematology Analyzer (Heska, Loveland CO).

Neutrophil isolation, labeling and adoptive transfer

Neutrophils were isolated from bone marrow by negative
selection (StemCell Technologies) with >90% purity.
Fluorescence-activated cell sorting (FACS) was used to obtain
naive (DAPI"CD11b*Ly6G*CXCR4"°CD62L™) and aged
(DAPI-CD11b*Ly6G*CXCR4"CD62L") neutrophils. Naive
neutrophils were obtained from blood or bone marrow, and
aged neutrophils were obtained from blood.

Adoptive transfer was performed using neutrophils isolated
from the bone marrow of GFP+ mice. Recipient mice were
injected intravenously with 5 x 10° neutrophils. At the indi-
cated times, blood and bone marrow were harvested. GFP+
cells were gated by flow cytometry to determine their expres-
sion of CD62L and CXCR4 as a function of aging.

Antibiotics and pharmacologic inhibitors

Mice were treated with ampicillin (1 g/L) streptomycin
(1 g/L), metronidazole (1 g/L), and vancomycin (500 mg/
L) in drinking water for 2 weeks before tumor inoculation
or analysis of neutrophils and other cells. Drinking water
containing antibiotics was changed twice per week. Control
mice were fed normal drinking water, and both groups of
mice were housed in the same animal facility and fed the
same diet ad libitum.

Neutrophil elastase inhibition was performed by intraper-
itoneal (i.p.) injection (once daily for 3 d) of 50 mg/kg sivelestat
(Tocris). MMP-9 inhibition was achieved by ip injections
(once daily for 3 d) of 50 mg/kg of SB-3CT (Tocris). NET
inhibition was achieved by i.p injection (once daily for 3 d) of
50 ug DNAse-I. The regimen and doses are consistent with
previously reported treatments.*”

Losartan (LKT Laboratories, St. Paul, MN) and hydralazine
(Sigma, St Louis, MO) were dosed as we have previously
reported. Both medications were provided in drinking water
and the doses have similar effects on blood pressure as we have
previously reported.”»** Candesartan (Sigma) was adminis-
tered at 1 mg/kg/day by intraperitoneal injection.



Reactive oxygen species measurements

Purified neutrophils were incubated with 5 pM of 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate,
acetyl ester (CM-H2DCFDA, Invitrogen) at 37°C for 15 min
before analysis by flow cytometry.

Enzyme-linked immunosorbent assay (ELISA)

Measurements of VEGF, MMP-9, and elastase was performed
by ELISA following manufacturer’s instructions (R&D
Biosystems).

Elastase activity

Neutrophil elastase (NE) activity was determined using
N-methoxysuccinyl Ala-Ala-Pro-Val-p-nitroanilide
(M4765, Sigma), a highly specific synthetic substrate for
NE. Briefly, a 100 pL sample was incubated with 0.1
M Tris-HCI buffer (pH 8.0) containing 0.5 M NaCl and
1 mmol/L substrate in a final volume of 1.0 ml at 37°C for
24 h. The amount of p-nitroanilide liberated from the
substrate by NE was measured spectrophotometrically at
405 nm and calculated from a standard curve of p-nitroa-
nilide (185310, Sigma). One unit of NE activity was
defined as the quantity of enzyme that liberated 10 mol/
L of p-nitroanilide in 24 h.

Neutrophil extracellular trap (NET) measurement

Abundance of extracellular DNA, a surrogate of NETs, was
quantified using the SYTOX green assay. Aged and naive
neutrophils obtained from metastatic tumor-bearing mice
were plated onto a 96-well plate and treated as described.
5 uM SYTOX green dye (Invitrogen, Carlsbad, CA) was
added to each well and the fluorescence was read with filter
settings at 485-nm excitation/525-nm emission using
a Synergy H1 Microplate Reader and Gene5 software
(Biotek, Winooski, VT). The fluorescence was read every
5 min for a total of 2 h at 37°C. The fluorescence of each
treatment was measured in triplicate between 90 and
120 min of each experiment at the early plateau of
fluorescence.

Neutrophil-endothelial cell co-culture

The human umbilical endothelial vein endothelial cells
(HUVEC) were cultured in complete medium with 10%
FBS. 1 x 10> cells were cultured with purified neutrophils
at a ratio of 5:1. After 6 h, the culture plate was spun down
and supernatant was harvested. Cells were washed with
FACS buffer and stained for VE-cadherin and occludin-1
as a measure of vascular endothelial permeability using
flow cytometry.

Thioglycolate-elicited peritoneal macrophage co-culture

Four days after 2 ml intraperitoneal injection of 3% thioglyco-
late, peritoneal cells were harvested in HBSS (containing 1 M
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HEPES, 0.05% BSA, 0.025% NaHCO3, 1% Pen/Strep).
Macrophages were isolated with Percoll gradients consisting
of 36% Percoll (vol/vol) and 72% Percoll (vol/vol) in PBS and
cultured in either normal media or tumor-conditioned media
overnight. Macrophages were washed and stained for MERTK
expression by flow cytometry.

Splenic isolation

Spleens of mice were digested by mechanical dissociation. Cells
were washed, RBCs were lysed with ACK lysis buffer and
stained for FACS analysis as described above. Granulocytic
MDSCs of metastatic tumor-bearing mice were identified as
CD11b"Ly6G Ly6C cells.

In vitro neutrophil aging assays

Bone marrow purified neutrophils were stimulated for 3 h with
G-CSF (100 ng/ml), GM-CSF (100 ng/ml), or angiotensin II
(Ang II) (100 uM). Neutrophils were cultured in the presence
or absence of losartan (1 uM) or candesartan (1 uM).

qPCR

RNA was extracted using Qiagen RNeasy Mini Kit according to
the manufacturer’s instructions. QRT-PCR was performed using
Power SYBR Green PCR Master Mix (Applied Biosystems).
Plates were read with an ABI 7900 (Applied Biosystems).
Amplifications were carried out with the following primers:

Scl27a2; F: GGAACCACAGGTCTTCCAAA, R:
TAAAGTAGCCCCAACCACGA
Beta actin; F: GGCACCACACCTTCTACAATG, R:

GGGGTGTTGAAGGTCTCAAAC

Scratch assay

Tumor cells were seeded in 24-well plates and cultured with
control media (DMEM with 10% FCS) or media obtained from
a 4-h culture of FACS-sorted aged or naive neutrophils.
A 200 pl pipette tip was used to create a scratch wound at the
center of the culture dish, and the diameter of the wound was
measured at 0, 16, and 24 h. Data is presented as percent
wound closure by calculating the diameter of the scratch sur-
face area at the indicated time points relative to the total wound
diameter at time 0 h.

Proliferation assay

4T1 cells 3 X10® were seeded in 96-well microtiter plates in
a final volume of 100 ul/well culture medium by mixing regular
DMEM medium with aged or naive neutrophil-conditioned
DMEM medium with a 2:1 ratio. Cells were incubated for 0,
24, 48, and 72 h. Then, 10 ul WST-1 cell proliferation reagent
(Biovision) was added to each well followed by incubation for
30 minutes under standard culture conditions. After plates were
shaken vigorously for 1 minute on an orbital shaker, absorbance
at 450 nm was measured with a microtiter plate reader.
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Efferocytosis assay

Aged neutrophils were obtained from tumor-bearing mice
and labeled  with  CellTracker = Green = CMFDA
(5-Chloromethylfluorescein Diacetate) dye (Sigma). Tumor-
conditioned or control macrophages were incubated with neu-
trophils in a 1:1 ratio. After 1 h, macrophages were washed
three times in cold PBS. Uptake of labeled neutrophils was
measured by flow cytometry, measured as F4/80+ FITC+ dou-
ble-positive cells after intracellular permeabilization. Signals
were subtracted from non-permeabilized cells are negative
controls.

Statistical analysis

All results are expressed as mean + SEM, unless otherwise
stated. Graphpad Prism (Graphpad Software, La Jolla, CA)
was used for statistical analysis. Comparisons between two
groups were analyzed by unpaired Student’s t test or by
ANOVA for experiments with means from more than 2 sub-
groups, followed by Tukey posthoc test. A P value of <0.05 was
considered statistically significant.

Results

CXCR4"cD62L" aged neutrophils are increased in
tumor-bearing mice and promote metastasis

Given the importance of granulocytic inflammation in cancer
metastasis,>”> we sought to determine how cancer cells exploit
other neutrophils besides MDSCs to promote metastasis.
Granulocytic MDSCs (gMDSCs) only emerge from an aberrant
but distinct trajectory point along granulocyte differentiation,®
indicating that the normal neutrophil differentiation trajectory

is preserved in cancer-bearing mice. Mature neutrophils are
naive (CXCR4°CD62L™) or aged (CXCR4™CD62L")."> We
focused on aged neutrophils because CXCR4 is not a defining
marker or pathway in any of the MDSC subsets identified by
recent analysis.® Using the same flow cytometric gating strategy
for aged neutrophils as previously reported'>'>2° (Figure 1(a)),
we found increased proportions of CXCR4™CD62L"° neutro-
phils in the blood, lung, and liver of 4T1 breast cancer-bearing
mice when compared to tumor-free mice (WT) (Figure 1(b)).
Notably, the proportions of CXCR4"CD62L" neutrophils
were higher in tissues compared to blood in mice with or
without tumor, in keeping with previous observation that
aged neutrophils infiltrate tissues during homeostasis.”® These
CXCR4MCD62L" cells in cancer-bearing mice are similar to
the aged neutrophils reported in normal physiology and in
chronic inflammatory states, as they express low CXCR2 and
high CD11b (Figure S1A).

We also examined differences between gMDSCs and
aged neutrophils. Using intracellular staining, flow cyto-
metric analysis revealed that the expression of RbI, the
master negative regulator of MDSCs,*”*® is upregulated
approximately 10-fold in these neutrophils compared to
gMDSC (Figure S1B). Furthermore, Scl27a2, a fatty acid
transporter protein 2 (FATP2) encoding gene which is
upregulated in gMDSCs,” is reduced 3-fold in aged neu-
trophils as indicated by RT-PCR analysis (Figure S1C). We
did not compare suppression of T cells because several
studies have shown that mature neutrophils do possess
MDSC-like immunosuppressive capacity.’

We found that other metastatic cancers, including B16F10
and B16LS9 melanoma but not the non-metastatic counterpart
B16F0, also caused accumulation of CXCR4™CD62L" aged
neutrophils in blood and tissues (Figure 1(c)). Collectively,
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mice inoculated with 4T1 for 14 d. n = 5 per group. (c) Proportions of aged neutrophil in blood, lung, and liver of WT (C57BL6/J) and mice inoculated with B16F10,
B16F0, or B16LS9 tumor cells for 14 d. n = 5 per group. (d,e) Number of liver metastasis of in mice treated with or without antibiotics. (d) shows 4T1 metastasis, while (e)
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these results indicate that metastatic cancers promote the accu-
mulation of aged neutrophils.

We then examined the role of aged neutrophils in cancer
metastasis by limiting their accumulation in an intrasplenic
model of liver metastasis. Commercially available anti-Ly6G
antibodies that are routinely used to deplete neutrophils target
all granulocytes including MDSCs.”' Moreover, CXCR4 inhibi-
tors also nonspecifically target several cell types.”> Thus, our
approach to restrict in vivo CXCR4"CD62L neutrophil accu-
mulation was to use antibiotics to deplete the gut microbiome,
which is known to regulate neutrophil aging.'” As seen in Figure
S2A-D, we confirmed that microbiome depletion did not alter
the numbers of leukocytes in the circulation, except for neutro-
phils. Importantly, we confirmed that antibiotics reduced aged
neutrophils not only in the blood as previously reported," but
also in the liver (Figure S2E,F). The microbiome-depleted mice
showed reduced numbers of 4T1 and B16LS9 metastases in the
liver (Figure 1(d,e)). For example, the number of liver 4T1
metastatic foci averaged 32 + 2.6, compared to 18 + 2.5 for
antibiotic-treated mice (Figure 1(d)). Of note, antibiotic use
does not affect tumor cell viability (Figure S2G) or tumor cell
proliferation (Figure S2H) in vitro.

Depleting the gut microbiome may have off-target effects.
While the total splenic granulocytes were reduced after antibiotic
treatment (Figure S2I), we found no differences in the proportions
of other immunosuppressive cells that may influence metastasis,
including natural killer (NK) cells (Figure S2J) and FoxP3+ reg-
ulatory T cells (Figure S2K). However, to definitively demonstrate
that aged neutrophils are specifically responsible for the beneficial
effects of gut microbiome depletion on liver metastatic growth, we
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adoptively transferred either naive or aged neutrophils from
tumor-bearing mice into recipient microbiome-depleted mice
before tumor inoculation (see schema in Figure 1(f)).
Microbiome-depleted mice receiving aged neutrophils showed
a far greater increase in liver metastatic deposits in both the 4T1
and B16LS9 models (Figure 1(g)), indicating that these cells are
the predominant mediators of the observed reduction in metas-
tasis. These results indicate that aged neutrophils play a crucial
role in cancer metastasis to the liver.

Metastatic cancers utilize multiple mechanisms to
accumulate aged neutrophils

Next, we investigated the various mechanisms by which metastatic
cancer cells cause accumulation of aged neutrophils in mice.
Circulating aged neutrophils undergo a strict circadian fluctuation
in numbers, reaching a peak during the day (ZT5) and a nadir after
dark (ZT13).B Comparing WT (Balb/C) to intravenous 4T1-
bearing mice, we found disruption in the circadian homeostasis of
aged neutrophils. Specifically, WT showed predicted fluctuations in
aged neutrophil numbers in the circulation, while the numbers
showed no significant changes over time in 4T1 mice (Figure 2
(a)). Similar results were observed when comparing WT (C57BL6/])
to mice inoculated with B16LS9 melanoma cells, but not those
inoculated with B16FO cells, which possess an extremely low meta-
static potential (Figure 2(b)).'® These disruptions in homeostasis
suggest enhanced tumor cell-induced neutrophil aging, impaired
aged neutrophil clearance, or both. To assess tumor-induced
enhanced aging, two approaches were used. First, we tested the
possibility that tumor cells directly induce neutrophil aging. For
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Figure 2. Metastatic cancers increase neutrophil aging. (a,b) Assessment of circadian fluctuations in CXCR4"CD62L'® aged neutrophil numbers in the circulation at
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(c,d) Analysis of in vitro neutrophil aging during co-culture of bone marrow neutrophils with control media or tumor-conditioned media. In (c), Balb/C cells are co-
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this, CXCR4'°CD62L™ naive neutrophils from the bone marrow of
Balb/C were FACS sorted and cultured in vitro with either control
media or conditioned media from various tumors. 4T1-conditioned
media robustly induced neutrophil aging compared to control
media (59 + 5% vs 22 + 4%, Figure 2(c)). Similarly, B16F10 and
B16LS9 tumor conditioned-media robustly induced aging in
C57BL/6 WT neutrophils, whereas B16F0 cells induced neutrophil
aging to a far less extent than its aggressive counterparts (31 + 2%
compared to 52 + 5% by B16F10 and 81 + 4% by B16LS9, Figure
2(d)).

We then determined the specific tumor-secreted factor(s)
that drive neutrophil aging. Tumors influence granulopoiesis
via increased production of G-CSF, GM-CSF, and angiotensin
II (Ang II), among other factors.>*>* In vitro, neither G-CSF
nor GM-CSF significantly stimulated aging of naive bone mar-
row isolated neutrophils. Instead, Ang II robustly induced
neutrophil aging (Figure 2(e)). When neutrophils were pre-
treated with losartan (an Ang II receptor blocker) before co-
culture with tumor-conditioned media, neutrophil aging was
diminished in vitro (Figure 2(f)). Thus, tumor cells directly
promote neutrophil aging via Ang II.

The second approach we leveraged to investigate tumor-
induced neutrophil aging was to adoptively transfer naive GFP
neutrophils into WT or 4T1 mice and track the fate of the
donor GFP cells ex vivo (Figure 2(g)). If metastatic cancer
indeed accelerates neutrophil aging, GFP+ cells identically
injected into WT and 4T1 mice and isolated from these mice
would show differential aging. Indeed, donor GFP neutrophils
rapidly upregulated CXCR4 and downregulated CD62L in 4T1
mice when compared to WT (Figure 2(h)). In the same experi-
mental design, two separate groups of 4T1-inoculated mice
also received losartan (Los) or hydralazine (Hyd). The hydra-
lazine group was included to account for any blood pressure
changes that may be associated with losartan use. Treatment
with losartan reduced neutrophil aging in vivo after adoptive
transfer of GFP neutrophils, whereas hydralazine had no sig-
nificant impact on aging of transferred cells in the metastatic
cancer environment (Figure 2(h)). Similar results were
obtained when GFP+ neutrophils were adoptively transferred
into mice inoculated with B16LS9, where treatment with losar-
tan also significantly reduced aging of donor cells (Figure S3A).
To ensure that the losartan effect is not drug-specific, we used
another Ang II receptor blocker, candesartan, to confirm
angiotensin-induced neutrophil aging in vitro and in vivo.
Similar to what was found in the losartan experiments, 4T1-
bearing mice treated with candesartan showed reduced aging
of adoptively transferred GFP neutrophils in vivo (Figure S3B).
In vitro, candesartan also reduced neutrophil aging when cells
are cultured in 4T1-conditioned media (Figure S3C). These
studies confirm that the metastatic cancer environment accel-
erates neutrophil aging and that Ang II-increased in tumor-
bearing mice® - mediates this effect.

We also investigated the known mechanisms associated
with the clearance of aged neutrophils. It has been shown
that aged neutrophils are removed at designated sites (pre-
dominantly liver and bone marrow) by efferocytic macro-
phages through liver X receptor target genes such as
Mertk.'>> However, MERTK protein expression on the
macrophage cell surface may be cleaved in the setting of

chronic inflammation, thereby reducing their ability to effer-
ocytose neutrophils.”®*” Thus, we examined macrophage
MERTK expression in the presence or absence of tumor-
conditioned media using flow cytometry. Interestingly,
macrophages cultured with tumor-conditioned media showed
50% increased shedding of MERTK (Figure S4A). However,
the uptake of aged neutrophils by macrophages exposed to
tumor-conditioned media was not significantly different from
those conditioned with normal media. For instance, 1 hr after
co-culture with aged neutrophils, tumor-conditioned macro-
phages showed efferocytosis of approximately 27.8 + 3.2%,
compared to 25% * 2 uptake by control macrophages (Figure
S$4B). In vivo, bone marrow efferocytic macrophage numbers
were lower in 4T1 and B16LS9-inoculated mice when com-
pared to their syngeneic control WT (Figure S4C). However,
the expression of MERTK on bone marrow macrophages in
mice inoculated with either 4T1 or B16LS9 tumor cells was
unchanged when compared to their syngeneic controls
(Figure S$4D). Thus, although the number of aged neutrophils
is increased in metastatic tumor-inoculated mice, there is no
increase in the number of efferocytic macrophages in these
mice in vivo, suggesting an inadequate compensatory
mechanism. Thus, metastatic tumors promote accumulation
of aged neutrophils in part via direct stimulation of neutro-
phil aging, disruption of the circadian neutrophil homeosta-
sis, and failure to adequately enhance efferocytic clearance of
aged neutrophils.

Aged neutrophils have enhanced metastasis-inducing
features

Next, we sought to determine the functional properties of aged
neutrophils to assess their role in supporting metastasis. We
focused on neutrophil functions associated with metastasis,
such as reactive oxygen species (ROS) production, neutrophil
extracellular trap (NETs) release, and metalloprotease release.*
Aged neutrophils from both B16LS9 and 4T1 mice produced
significantly more NETs (1.5-fold) than their naive counterparts
as measured by sytox green fluorescence (Figure 3(a)). ROS
production was also markedly elevated in aged neutrophils
(1.5-fold) as measured by the cell-permeant 2',7'-
dichlorodihydrofluorescein  diacetate (H2-DCFDA) assay
(Figure 3(b)). Aged neutrophils released far more MMP-9
(2.3-fold Figure 3(c)) and had greater neutrophil elastase activity
(4.5-fold, Figure 3(d)). Because neutrophils can also directly
interact with endothelial cells to promote metastasis, aged and
naive neutrophils were co-cultured with endothelial cell line
HUVEC. The expression of occludin and VE-cadherin, two
markers of endothelial barrier integrity,”® was assessed by flow
cytometry. These experiments revealed suppressed occludin and
VE-cadherin expression in the presence of aged neutrophils
when compared to naive neutrophils (Figure 3(e,f)). Finally, in
a prototypical wound-closure assay to assess migration, tumor
cells conditioned with media from aged neutrophils rapidly
migrated and covered the entire scratch area by 24 h (Figure 3
(g)). There was no difference in tumor cell proliferation when
co-cultured with naive or aged neutrophils (Figure 3(h)). These
data indicate that aged neutrophils are endowed with a variety of
features that promote cancer metastasis.
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Figure 3. Characteristics of aged neutrophils. Measurement of (a) neutrophil extracellular traps (NETs), (b) ROS, (c) matrix-metalloproteinase 9 (MMP-9), and (d) and

neutrophil elastase from naive and aged neutrophils obtained from 4T1 (blue)

and B16F10 (pink) tumor-bearing mice. n = 4-5 mice per tumor condition. Flow

cytometric assessment of the expression of occludin-1 (e) and VE-cadherin (f) by HUVEC cells cultured in the presence of naive or aged neutrophils. (g) Representative
images and quantitation of migration of tumor cells over a scratch wound at 0, 16, and 24 h. Tumor cells (4T1) were cultured with control media, naive neutrophil media,
or aged neutrophil media. Experiment was performed two independent times. (h) Measurement of tumor proliferation during co-culture with normal media or media
conditioned from aged or naive neutrophils. Cells were cultured up to 72 h. NS not significant, *p < .05, **p < .01 by unpaired Student’s t test. Data are plotted as mean

+ SEM.

Finally, we evaluated the in vivo mechanisms by which aged
neutrophils promote metastasis to the liver. Our approach was
to inoculate mice with tumor, adoptively transfer aged neutro-
phils, and treat with either SB-3CT (MMP-9 inhibitor), sivele-
stat (elastase inhibitor), or DNAse I (NETs inhibitor). After
intrasplenic inoculation with either BI6LS9 or 4T1 cancer cells
(see Figure 4(a) for schema). Inhibitor treatment was

performed for only 3 d and stopped in order to restrict their
effects to the factors released by the adoptively transferred aged
neutrophils. Fourteen days after tumor cell injection, 4T1 sur-
face nodules in the liver were significantly reduced by MMP-9
blockade, elastase blockade, or NET inhibition (Figure 4(b)).
However, NET blockade achieved the greatest tumor reduc-
tion. In this 4T1 model, MMP-9 inhibition did not completely
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mechanism for diversified approaches used by cancer cells to utilize granulocytes to promote metastasis.
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abrogate the effect of aged neutrophil transfer, whereas NET
blockade dramatically reduced metastasis with or without
adoptive neutrophil transfer (Figure 4(b)). Similarly, as
shown in Figure 4(c), NET inhibition showed the greatest
reduction in liver metastasis when aged neutrophils were adop-
tively transferred in the B16LS9 model. We note, here again,
that either MMP-9 or NET inhibition significantly reduced
metastasis after aged neutrophil transfer. These results demon-
strate that NETs play a dominant role in the effects of aged
neutrophils on tumor metastasis.

Discussion

To promote inflammation, metastatic cancers cause
increased granulopoiesis and the expansion of immature
cells from aberrant differentiation of myeloid lineage
cells.*” This is exemplified by the expansion of myeloid-
derived suppressor cells (MDSCs) from a novel differentia-
tion trajectory, which is particularly prominent in the
spleen.® The central finding of our work is that metastatic
cancers also markedly expand the proportion of
CXCR4"CD62L" mature aged neutrophils. Whereas GM-
CSF and G-CSF have been shown to mediate the expansion
of MDSCs, here we found Ang II to be the critical player
that robustly contributed to neutrophil aging. Aged neutro-
phils appear to be distinct from granulocytic MDSCs in
that their expression profile of RbI and Scl27a2, two tran-
scriptional regulators of MDSCs, is distinct from
MDSCs.*®*  Moreover, CXCR4 expression is not
a defining marker for MDSCs.®

Compared to their CXCR4°CD62L" naive counterparts,
aged neutrophils are greater contributors to liver metastasis
in models of breast cancer and melanoma. Aged neutrophils
possess several features, such as excessive production of neu-
trophil extracellular traps, reactive oxygen species, and MMP9,
all previously shown to promote metastasis. Inhibition of NET
formation by elastase or DNAse-I treatment had the most
prominent effect in ameliorating the metastasis-promoting
effects of aged neutrophils. Multiple mechanisms have been
proposed by which NET's promote cancer metastasis, including
proteolytic remodeling of microenvironment that favors tumor
cell adhesion, proliferation, migration, and invasion.*****
NETs have also been shown to physically shield tumor cells
and thereby protect them from T cell- or natural killer (NK)
cell-mediated toxicity."' Thus, the preferentially increased
NET production by aged neutrophils is in accordance with
their capacity to promote cancer metastasis.

Whether the CXCR4"CD62L" aged neutrophils in
tumor-bearing mice are identical to the aged neutrophils
that occur in normal homeostasis is unclear at this time.
Aged neutrophils in homeostasis represent a highly acti-
vated neutrophil subset that are also increased in other
chronic inflammatory models, including sickle cell
disease.'” Moreover, they express several tumor-promoting
factors, including NETs and Mac-1, both of which have
been shown to enhance successful metastatic seeding in
the liver."” Thus, the CXCR4"CD62L" cells that accumu-
late in metastatic tumor-bearing mice and those that occur

in normal physiology are likely identical in some features.
Of note, when we used antibiotics to deplete the micro-
biome to indirectly reduce aged neutrophil numbers before
tumor inoculation - a condition that mimics regulation of
physiologic-aged neutrophils rather than tumor-induced
aging - metastasis was reduced. These data suggest the
physiologic-aged neutrophils also favor metastasis and
may be identical with those that emerge solely after tumor
inoculation. Indeed, previous transcriptional analysis of
aged neutrophils also showed that they share similar fea-
tures with TNF-activated neutrophils, although other dis-
tinct pathways were not uniformly shared between activated
and aged neutrophils."” Thus, further work is required to
more clearly delineate the influence of tumor-associated
inflammation and other sources on inflammation on neu-
trophil aging.

Another unresolved issue pertains to the interrelation-
ship between CXCR4™CD62L'° aged neutrophils and
tumor-associated neutrophils (TAN). Indeed, the identity
and origins of TAN remain incompletely understood but
are more associated with primary tumor
microenvironment.*> On one hand, splenectomy reduces
the number of TAN in multiple models, suggesting that
the emergence of TANs is dependent on MDSCs.* On the
other hand, the tumor environment directly polarizes and
reactivates infiltrating neutrophils presumably recruited
from the blood circulation.*> As we demonstrated here,
the metastasis environment also induces neutrophil aging.
Therefore, it is possible that CXCR4™CD62L'® aged neutro-
phils contribute to the so-called N2 TAN population and
vice versa. However, this assumption is merely speculative,
because although N2 TANs promote primary tumor
growth, CD16Me"CDg2L 4™ neutrophils that infiltrate
human primary tumor site were found to be associated
with better survival.** In that study, the role of these cells
in metastasis was not ascertained. Notably, these cells
express high CD11b, CD18, and NETs, which makes them
similar to aged neutrophils. Extensive work is required to
distinguish between the role of aged neutrophils in primary
tumor growth compared to metastatic growth, as well as to
characterize their relationship with other TANS.

In summary, our work shows that CXCR4"'CD62L" aged
neutrophils are the dominant mature neutrophil subset that
drive inflammation and promote metastasis.

We propose that, to maximize neutrophilic inflammation,
metastatic cancers use distinct multi-pronged approaches: one
that focuses on granulocyte production arm to generate
MDSCs, and another that exploits the clearance/homeostasis
arm to accumulate mature-aged neutrophils. These two popu-
lations use specific modalities to support the inflammation that
drives metastasis (Figure 4(d)). Notably, NET formation,
which appears to be a dominant mechanisms by which aged
neutrophils promote metastasis, is not a major feature by
which MDSCs promote metastasis.” Although both melanoma
and breast cancer models we investigated exploited aged neu-
trophils, distinct cancer types and distinct stages of the meta-
static process may differentially rely on MDSCs, aged
neutrophils, or both, to facilitate metastasis. Targeting aged
neutrophils may serve as an attractive yet unexplored means



to inhibit cancer metastasis.
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