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Melanoma-derived soluble mediators modulate neutrophil biological
properties and the release of neutrophil extracellular traps
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Abstract

Polymorphonuclear neutrophils (PMNs) are the main effector cells in the inflammatory response. The significance of PMN
infiltration in the tumor microenvironment remains unclear. Metastatic melanoma is the most lethal skin cancer with an
increasing incidence over the last few decades. This study aimed to investigate the role of PMNs and their related mediators
in human melanoma. Highly purified human PMNs from healthy donors were stimulated in vitro with conditioned media
(CM) derived from the melanoma cell lines SKMEL28 and A375 (melanoma CM), and primary melanocytes as controls.
PMN biological properties (chemotaxis, survival, activation, cell tracking, morphology and NET release) were evaluated.
We found that the A375 cell line produced soluble factors that promoted PMN chemotaxis, survival, activation and modifi-
cation of morphological changes and kinetic properties. Furthermore, in both melanoma cell lines CM induced chemotaxis,
activation and release of neutrophil extracellular traps (NETs) from PMNs. In contrast, the primary melanocyte CM did not
modity the biological behavior of PMNSs. In addition, serum levels of myeloperoxidase, matrix metalloprotease-9, CXCLS8/
IL-8, granulocyte and monocyte colony-stimulating factor and NETs were significantly increased in patients with advanced
melanoma compared to healthy controls. Melanoma cell lines produce soluble factors able to “educate” PMNs toward an
activated functional state. Patients with metastatic melanoma display increased circulating levels of neutrophil-related
mediators and NETs. Further investigations are needed to better understand the role of these “tumor-educated neutrophils”
in modifying melanoma cell behavior.
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TME Tumor microenvironment

VEGF Vascular endothelial growth factor
Introduction

Melanoma of the skin is the second most prevalent can-
cer type in males and the fourth in women in the USA. In
Europe, skin melanoma is the sixth most frequently occur-
ring cancer (after breast, colorectal, prostate, lung and blad-
der cancers) and one of the 20 most frequent causes of can-
cer death [1, 2]. Until recently, the prognosis of metastatic
melanoma patients was poor, with a 5-year overall survival
(OS) rate lower than 10%. In recent years, the survival of
these patients has increased owing to the introduction of
novel therapeutic tools, such as BRAF/MEK inhibitors
and immunotherapy [3, 4]. Indeed, the 3-year survival rate
increased from 22% in patients diagnosed between 2010 and
2012 to 34% in those diagnosed between 2015 and 2017 [1].
A 7.5-year follow-up study demonstrated an OS of 48% for
advanced melanoma under combination therapy (nivolumab
+ ipilimumab) [3]. However, approximately 50% of meta-
static melanoma patients still fail to respond or progress after
initial therapy [3]. Therefore, there is great interest in finding
biomarkers useful in identifying subgroups of patients who
will benefit from immunotherapy. Expression of PD-L1 on
tumor cells has revealed limitations due to technical issues,
sample availability and reproducibility [5]. Analysis of
peripheral blood immune cells, which is minimally inva-
sive and repeatable, is a more feasible approach. PD-L1 is
expressed on several immune cells, including macrophages
and dendritic cells [6, 7]. PD-L1 is also expressed on neu-
trophils and is associated with several diseases [§—-10]. We
recently demonstrated that peripheral blood PD-L1* PMN
frequency predicts patient prognosis and response to the
anti-PD-1 agent nivolumab in patients with stage [V BRAF
wild-type melanoma [11].

Increasing evidence highlights the role of polymorphonu-
clear neutrophils (PMNs) in inflammatory responses in dif-
ferent types of cancer [12, 13], correlating with the clinical
outcomes of patients [14, 15]. Ultraviolet irradiation induces
PMN chemotaxis in the skin due to the release of High
Mobility Group Box 1 (HMGB1) from ultraviolet-damaged
keratinocytes. The consequent neutrophilic inflammation
promotes angiotropism and distant metastasis of melanoma
cells [16]. PMNs exert their effector functions by releasing
a plethora of preformed granular enzymes packed in their
readily mobilizable granule subsets [13]. They are equipped
with three unique types of granules subsets namely primary
(azurophilic) granules, secondary (specific) granules and ter-
tiary (gelatinase) granules. Granular enzymes can take part
into different phases of malignant initiation and progression
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and can also contribute to immunosuppression of T cell pro-
liferation by extracellular L-arginine depletion [17-19].

Activated PMNs release an extracellular fibrillary net-
work, termed neutrophil extracellular traps (NETs), com-
posed of nuclear elements (DNA and histones) and granule
proteins [20]. NETs are central elements in several patho-
logical conditions, including cancer [20, 21]. In a mouse
melanoma regression model, immunotherapy with immune
checkpoint inhibitors (ICIs) (e.g., anti-CTLA-4, anti-PD-1
or their combination) increased intratumor neutrophil counts
and induced NET-like formation [22]. In humans, melanoma
biopsies revealed PMN-releasing NETs in ulcerated mela-
nomas. Interestingly, NETs inhibited the in vitro migration
of melanoma cells and exert cytotoxic effects on melanoma
cells [23].

To go deeper inside the mechanisms of the interaction
between melanoma cells and PMNs, we analyzed the func-
tional characteristics of “tumor-educated” PMNs in mela-
noma by the use of an in vitro model [15] and evaluated the
presence of soluble neutrophil-related mediators in periph-
eral blood derived from advanced melanoma patients.

Materials and methods

Cell cultures and preparation of tumor-conditioned
media

Human melanoma cell lines SKMEL28, A375 were obtained
from ATCC, cultured and maintained in RPMI 1640 sup-
plemented with 10% of heat-inactivated fetal calf serum
(FCS) (endotoxin level < 0.1 EU/ml), 50 U/ml penicillin/
streptomycin and 2 mM L-glutamine (Euroclone, Milan,
Italy) at 37 °C in a humidified atmosphere containing 5% of
CO, and 95% of air. Adult lightly pigmented human epider-
mal melanocytes (HEMa-LP) were cultured and maintained
according to the manufacturer's instructions (ThermoFisher,
Waltham, MA, USA). In tissue culture plates, cells were
seeded at a confluence of 10-20%. Fresh serum-free medium
was added to the cell culture once the cells reached 85-90%
confluence. Conditioned medium (CM) was harvested after
24 h, filtered (0.20 um pore size filter) and stored at — 20 °C
[15]. In all the performed experiments, control medium,
melanoma-derived CM as well as the medium in which
neutrophils were cultured, was supplemented with 5% FCS.
Mycoplasma was routinely screened in all cell lines by PCR
(Merk, Darmstadt, Germany).

Neutrophil purification and culture
The Ethics Committee of the University of Naples Federico

IT approved the study protocol involving the use of human
blood cells (Prot. n. 301/18), and the blood donors provided
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written informed consent in accordance with the principles
outlined in the Declaration of Helsinki. Buffy coats from
healthy donors (hepatitis B surface antigen, hepatitis C virus
and HIV virus negative) were used to isolate granulocytes.
Using dextran sedimentation, erythrocytes and leukocytes
were separated. PMNs were purified by Ficoll-Paque His-
topaque-1077 (Sigma-Aldrich, Milan, Italy) density gradi-
ent centrifugation (400xg for 30 min at 22 °C) [24]. The
EasySep Neutrophil Enrichment Kit (StemCell Technolo-
gies, Vancouver, Canada) was used to isolate PMNs from
granulocytes (to achieve > 99% purity) [25]. The MACS-
Quant Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach,
Germany) was used for flow cytometry, and FlowJo software
version 10 was used to analyze the samples. According to
flow cytometric analysis using the anti-CD3, anti-CD14,
anti-CD15, anti-CD11b, anti-CD193 (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), anti-CD62L (L-selectin) (BD
Biosciences, San Jose, CA, USA) and anti-CD66b (Bio-
Legend, San Diego, CA, USA) antibodies, the cells were
> 99% PMNs (Supplementary Figure 1). Doublets, dead
cells, debris or eosinophils were excluded from the analysis.
The median fluorescence intensity (MFI) or percentage of
positive cells was used to express the data.

Cell migration assay

A 3 um cell culture insert in 96-well companion plates was
used to measure the migration of PMNs toward melanoma
CM (Corning Costar, New York, NY, USA). CM or con-
trol medium (235 pL) was placed on the companion plates
(lower chamber). The insert was filled with 2.5 x 10° PMNs/
ml per 75 pL, and PMNs were allowed to migrate for one
hour (37 °C, 5% CO,). After incubation, the cells were
resuspended in 100 uL. of PBS and counted by flow cytom-
etry (MACS Quant Analyzer 10, Miltenyi Biotec, Bergisch
Gladbach, Germany). In some experiments, PMNs were
pre-incubated with mouse monoclonal anti-CXCR1 and/or
anti-CXCR2 blocking antibodies (clone 42705 and 48311,
respectively, from R&D Systems, Minneapolis, MN, USA)
or the corresponding control isotype and subjected to the
migration assay as described. All the experiments were run
in triplicate.

Apoptosis assay

PMNss (2.5 x 10° cells/mL) were cultured in A375 CM or
control medium, with or without 10 ug/mL mouse monoclo-
nal anti-GM-CSF blocking antibody (clone 3209, R&D Sys-
tem, Minneapolis, MN, USA) or the corresponding control
isotype (R&D System, Minneapolis, MN, USA). PMNs were
stained with fluorescein isothiocyanate (FITC)-conjugated
annexin V and propidium iodide (PI), according to the man-
ufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach,

Germany). A MACS Quant flow cytometer (Miltenyi Biotec,
Bergisch Gladbach, Germany) and FlowJo version 10 were
used for quantification. Live cells were annexin V-PI double-
negative. All the experiments were run in triplicate.

Flow cytometry

PMNs were stimulated with SKMEL28 CM, A375 CM,
HEMa CM or control medium for 90 min (37 °C, 5% CO,).
To determine the viability of the cells (2.5 X 10°), Zombie
Violet dye (BioLegend, San Diego, CA, USA) was added.
The cells were then stained with phosphate buffered saline
(PBS) containing 1% FCS for 20 minutes at + 4 °C. Allo-
phycocyanin (APC)-conjugated anti-CD66b (clone REA306,
1:50), VioBlue-conjugated anti-CD193 (clone REA574,
1:10), PerCP-conjugated anti-CD11b (clone REA713, dilu-
tion 1:50) and FITC-conjugated anti-CD62L (clone 145/15,
dilution 1:50) were used, all from Miltenyi Biotech (Ber-
gisch Gladbach, Germany). The MACS Quant Analyzer 10
and FlowJo software version 10 were used to analyze the
results. Doublets and debris (identified based on forward
and side scatter properties), dead cells (identified using the
Zombie Violet Fixable Viability Kit) and eosinophils (iden-
tified based on the CCR3" exclusion gate) were excluded
from the analysis. All the experiments were run in duplicate.

Fluorescence, time lapse and high-content
microscopy

Microscopy experiments were conducted using the Operetta
High-Content Imaging System (PerkinElmer, Waltham, MA,
USA) as previously described [26]. PMNs were cultured
overnight in 96-well black CellCarrier plates (PerkinElmer,
Waltham, MA, USA), and every 15 min, digital phase-con-
trast images of 15 fields were taken (20X objective). The
dedicated STAR analysis sequence of PhenoLOGIC (Perki-
nElmer, Waltham, MA, USA) was used to calculate single-
cell morphological results [25]. Calculations of the sym-
metry properties, threshold compactness, axial properties,
radial properties and profile are possible using the STAR
method [25, 26]. In another set of experiments, to evalu-
ate NET release, PMNs were seeded in 96-well black Cell-
Carrier plates (PerkinElmer, Waltham, MA, USA) within
a SKMEL28, A375, HEMa CM or control medium, in the
presence or absence of 0.5 uM of a cell impermeant SYTOX
Green Nucleic Acid Stain (ThermoFisher, Waltham, MA,
USA) at 37 °C and 5% CO, for up to 60 min. Nuclei were
stained with bisbenzimide DNA dye Hoechst 33342 (Ther-
moFisher, Waltham, MA, USA). During the time window,
three fields per well of fluorescence microscopy images were
taken (10X objective). The dedicated analysis sequence in
PhenoLOGIC (PerkinElmer, Waltham, MA, USA) was used
to calculate single-cell results. Nuclei staining was used to
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identify the cells, and NETing cells were identified by their
green, cloudy appearance detected in the FITC channel. In
some experiments, monoclonal anti-CXCL8/IL-8 and/or
anti-GM-CSF blocking antibodies (clones 6217 and 3209,
respectively; R&D System, Minneapolis, MN, USA) or the
relative control isotype (R&D System, Minneapolis, MN,
USA) were added. The number of NETting cells was cal-
culated using the formula (a/b) x 100 [(a) out of the total
(b) had produced NETs]. All the experiments were run in
triplicate.

Patients

At the Istituto Nazionale Tumori—IRCCS—Fondazione "G.
Pascale" of Naples, Italy, 27 patients with stage IV mela-
noma, as defined by the seventh edition of the American
Joint Committee on Cancer [26], and 22 healthy donors, sex-
and age-matched, were enrolled. Peripheral blood was col-
lected and processed at the time of diagnosis. Serum samples
were obtained (400 g,+4 °C) and stored at — 80 °C until
use. The Istituto Nazionale Tumori—IRCCS—Fondazione
"G. Pascale" of Naples' local ethics committee approved the
study (prot. no. 33/17). The study was conducted in accord-
ance with the Declaration of Helsinki guidelines for good
clinical practice, as well as international standards.

Quantification of soluble mediators in culture
supernatants or total protein lysates

Using commercially available ELISA kits, the concentra-
tions of CXCLS/IL-8, CXCL1/Gro-a, CXCL2/Gro-f3, gran-
ulocyte—macrophage colony-stimulating factor (GM-CSF),
matrix metalloproteinase 9 (MMP-9) and myeloperoxidase
(MPO) in cell-free CM, total protein lysates (0.1% Triton
X-100) and patient sera were determined (R&D Systems,
Minneapolis, MN, USA). MMP-9 and MPO levels in total
protein lysates were expressed in micrograms of protein per
milligram of total protein as determined by Bradford protein
assay (Bio-Rad, Hercules, CA, USA). The absorbance of the
sample was measured at 450 nm using a microplate reader
(Tecan, Grodig, Austria, GmbH). The sensitivity ranged
from 31.2 to 2000 pg/mL for CXCLS8/IL-8 and CXCL1/Gro-
a, 15.6 to 500 pg/mL for CXCL2/Gro-p, 7.80 to 500 pg/mL
for GM-CSF, 31.2 to 2000 pg/mL for MMP-9 and 62.5 to
4000 pg/mL for other molecules (MPO). All the experiments
were run in duplicate.

Serum NET detection
Concentrations of DNA fragments (mono- and oligonu-
cleosomes) were measured using a Cell Death Detection

ELISA kit (Roche, Basel, Switzerland) in serum from mela-
noma patients and healthy controls. The concentrations of
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Citrullinated Histone H3 (CitH3) were measured in serum
from melanoma patients and healthy controls using an
ELISA kit (Cayman Chemicals, Ann Arbor, MI, USA) that
uses a specific monoclonal antibody for histone H3 citrul-
linated at residues R2, R8 and R17 (clone 11D3). A micro-
plate reader (Tecan, Grodig, Austria, GmbH) was used to
determine the mono- and oligonucleosomes and CitH3 sam-
ple absorbance, respectively, at 405 nm and 450 nm. The
ELISA sensitivity ranged from 0.15 to 10 ng/ml (CitH3).
All the experiments were run in duplicate.

Statistical analysis

Statistical analyses were performed using Prism 8 (Graph-
Pad Software). The results are presented as mean + SEM
of a specified number of experiments. The D'Agostino and
Pearson normality tests were used to determine whether the
distribution was normal, and when necessary, statistical
methods were chosen to fit non-normal distributions. Based
on the parametric or nonparametric distribution of continu-
ous variables, the groups were compared using Student's
t-test or the Mann—Whitney U test. One-way or two-way
ANOVA was used, as described in the figure legends. Spear-
man’s rank correlation analysis was used to determine the
correlation between two variables, which was then reported
as the correlation coefficient (7). Differences were consid-
ered statistically significant if the p-value was less than 0.05.

Results
Melanoma-derived CM induced PMN chemotaxis

In the first group of in vitro experiments, highly purified
PMNs (> 99%) from peripheral blood of healthy donors
were allowed to migrate toward a melanoma CM from
SKMEL28 or A375 cell line (SKMEL28 CM, A375 CM),
primary melanocyte CM (HEMa CM) or toward control
medium. SKMEL28 CM and A375 CM induced PMN
chemotaxis as compared to the control medium as well as
compared to the HEMa CM (Fig. 1a). In contrast, HEMa
CM did not induce the migration of PMNs. These results
suggest that SKMEL28 CM and A375 CM selectively
released soluble factors capable of inducing PMN chemot-
axis. Melanoma cell lines produce several CXC chemokines
that can be responsible for PMN chemotaxis [13, 27, 28].
Large quantities of CXCL8/IL-8 and CXCL1/Groa were
constitutively released in melanoma CM (~ 8 ng/ml and
~ 2 ng/mL, respectively) (Fig. 1b, c). A375 CM also con-
tained CXCL2/Grop (0.3 ng/ml) compared to HEMa CM
and SKMEL28 CM (Fig. 1d). Blocking CXCR1 and CXCR2
significantly reduced PMN chemotaxis toward SKMEL28
CM (Fig. 1le) or A375 CM (Fig. 1f).
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Fig.1 Melanoma-derived conditioned media induced neutrophil
chemotaxis. a Neutrophil chemotaxis toward melanoma conditioned
media (CM) or the control medium (CTRL) was evaluated using
3 um cell culture inserts in 96-well companion plates. Neutrophils
(PMNs) (2.5x10° cells/mL per 75 pL) were allowed to migrate
(37 °C, 60 min) toward a melanoma CM (SKMEL28 CM, A375
CM), HEMa CM or control medium (235 pL per well). At the end of
the incubation, the cells were centrifuged and resuspended in phos-
phate buffered saline (PBS) (100 pL) and counted by flow cytometry.
Data are expressed as migratory cells relative to the control medium
(mean+SEM of five independent experiments). One-way ANOVA
and Dunn’s multiple comparison test; *p <0.05; ***p<0.005. The

A375-derived CM promoted neutrophil survival

To investigate whether melanoma-derived soluble factors
could modulate PMN lifespan, PMNs from healthy donors
were cultured in vitro in SKMEL28 CM, A375 CM, HEMa
CM or control medium. After 24 h, PMNs were stained with
FITC-conjugated annexin V and PI and subjected to flow
cytometry. A375 CM increased the survival and inhibited
the apoptosis of PMNs compared with that in the control
medium, whereas SKMEL28 CM did not (Fig. 2a, b and
Supplementary Table 1). Interestingly, HEMa CM did not
increase, but decreased PMN survival compared to the
control medium (Fig. 2a). All these data suggest that only
the A375 cell line produced soluble factors that increased
PMN survival. To dissect the molecular mechanism underly-
ing this anti-apoptotic effect, we evaluated the presence of

CXCLS/IL-8 (b), CXCL1/GRO-a (¢) and CXCL2/GRO-p (d) release
by HEMa, SKMEL28 and A375 cells was evaluated by ELISA in a
conditioned media or in the control medium. Results are expressed
as mean+SEM of five independent experiments; one-way ANOVA
and Dunn’s multiple comparison test; ***p <0.005; ****p<0.001.
Chemotactic activity of neutrophils via a SKMEL28-derived (e)
or A375-derived (f) CM was analyzed in the presence of blocking
antibodies directed against CXCR1 and/or CXCR2 (10 pg/mL) or
the related isotype control. Migratory PMNs were counted by flow
cytometry. The results are expressed as percentage of isotype control
(mean + SEM of ten independent experiments); one-way ANOVA and
Dunn’s multiple comparison test; *p <0.05

soluble factors known to increase PMN lifespan in mela-
noma CM, such as GM-CSF, a key mediator of granulocyte
proliferation and differentiation [29]. The A375 cell line
constitutively produced high levels of GM-CSF; conversely,
the SKMEL28 cell line and HEMa cells did not (Fig. 2c).
The pro-survival effect of A375 CM was significantly inhib-
ited by an anti-GM-CSF blocking antibody (Fig. 2d, e and
Supplementary Table 1). Figure 2f—i illustrates the repre-
sentative flow cytometric panels of one out of five independ-
ent experiments.

Melanoma-derived CM induced PMN activation
PMN activation following melanoma CM, primary mel-

anocyte CM or control medium stimulation was evaluated
by flow cytometry. Under basal conditions, PMNs showed
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Fig.2 A375-derived CM promoted neutrophil survival. a, b PMNs
were cultured in melanoma CM (SKMEL28 CM, A375 CM),
HEMa CM or control medium for 24 h at 37 °C. PMNs were then
stained with FITC-conjugated annexin V and propidium iodide
(PI) and evaluated by flow cytometry. Results are expressed as per-
centages of live cells (a) and/or apoptotic cells (b) compared to
control medium (CTRL) (mean+SEM of five independent experi-
ments); one-way ANOVA and Dunn’s multiple comparison test;
*p <0.05; ***p <0.005; ****p <0.001. ¢ GM-CSF release by HEMa,
SKMEL28 and A375 cells was evaluated by ELISA in conditioned
or control media. Results are expressed as the mean+SEM of five

minimal expression of CD66b and CD11b, which rapidly
increased after incubation with A375 CM compared to the
control medium, as well as compared to HEMa CM (Fig. 3a,
b, g, h). CD66b expression also increased after incuba-
tion with SKMEL28 CM compared with control medium
and compared to HEMa CM and a similar trend was also
observed for CD11b expression (Fig. 3a, b, g, h). Con-
versely, under resting conditions, PMNs highly expressed
CD62L, which rapidly decreased upon stimulation with
A375 CM (Fig. 3c, 1). These data indicate that A375 CM,
and to a lesser extent SKMEL28 CM, efficiently activated
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independent experiments; one-way ANOVA and Dunn’s multiple
comparison test; ***p<(0.005; ****p<0.001. d, e PMN survival
in A375-derived CM was evaluated in the presence of an anti-GM-
CSF blocking antibody or a relative isotype control (10 ug/mL). At
24 h, cells were stained with FITC-conjugated annexin V and pro-
pidium iodide (PI) and analyzed by flow cytometry. Results are
expressed as percentages of live cells (d) and/or apoptotic cells (e)
compared to control medium (CTRL) (mean +SEM of five independ-
ent experiments); one-way ANOVA and Dunn’s multiple comparison
test. *p<0.05; ***p<0.005; ****p <0.001. f—i Representative flow
cytometry panels from one of five independent experiments

(CD66b and CD11b upregulation, CD62L shedding) human
primary PMNs. In contrast, primary melanocyte CM did not
induce PMN activation. Figure 3d—i shows representative
flow cytometry panels with the specific gating strategy and
related histograms.

A375-derived CM modified neutrophil morphology
and kinetic properties

Using a live cell imaging system, we measured and tracked
changes in morphological characteristics at the single-cell
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Fig. 3 Melanoma-derived CM
induced PMN activation. a—c
PMNs were stimulated with
melanoma CM (SKMEL28
CM, A375 CM), HEMa CM
or control medium for 90 min
at 37 °C, stained for neutrophil
activation markers CD66b (a),
CD11b (b) and CD62L (c¢) and
subjected to cytofluorimetric
analysis. The results were
expressed as mean fluorescence &
intensity (MFI) or percentage

of positive cells gated on neu-

trophils (mean + SEM of seven

independent experiments); one- d
way ANOVA and Dunn’s multi-

ple comparison test; *p <0.05; 1
*#p <0.01; ***p <0.005; o]
*##%k%p <0.001. d—f Representa-
tive flow cytometric panels were
gated on live single cells and
show forward (FSC) and side
scatter (SSC) of EasySep-puri-
fied untouched neutrophils (d, ]
e). Since Vioblue-positive cells FSC-A
included both dead cells and

CCR3* cells (eosinophils), both
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level and quantitatively determined these morphological fea-
ture distributions in response to the culture conditions [30].
PMNss treated with A375 CM showed lower axial length
(Fig. 4a) and roundness (Fig. 4b), and increased asymme-
try (Fig. 4c) and cell area (Fig. 4d). These morphological
changes typically occur following PMN stimulation by
inflammatory cytokines and growth factors [31]. Moreo-
ver, PMNs stimulated with A375 CM showed an increased
straightness (Fig. 4e) and speed (Fig. 4f) compared with con-
trol medium, as well as compared with HEMa CM and with
SKMEL?28 CM. Interestingly, SKMEL28 CM and HEMa
CM did not modify PMN morphology or kinetic properties,
suggesting that only the A375 cell line produced soluble fac-
tors capable of modulating these aspects of PMNss.

Melanoma-derived CM induced MMP-9 and MPO
release

PMNs were cultured in SKMEL28 CM, A375 CM, HEMa
CM or control medium, and the extracellular levels of

MFI

MMP-9 and MPO in PMN supernatants were measured by
ELISA. MMP-9 and MPO concentrations were increased in
PMN supernatants upon SKMEL28 CM or A375 CM stimu-
lation compared with PMNs cultured in HEMa CM or con-
trol medium (Fig. 5a, b). Accordingly, MMP-9 (Fig. 5¢) and
MPO (Fig. 5d) intracellular levels were reduced in PMNs
following stimulation with SKMEL28 CM or A375 CM
compared to PMNs cultured in control medium as well as
compared to freshly isolated (non-activated) PMNs. These
results suggest that SKMEL28 CM and A375 CM mediate
MMP-9 and MPO release from tertiary and primary gran-
ules, respectively, in human primary PMNs.

Melanoma-derived CM induced NET release
from human neutrophils

To evaluate the ability of the melanoma cell lines to induce
NET release from PMNs, we used the Operetta High-Con-
tent Imaging Screening System. A375 CM and SKMEL28
CM induced NET release from PMNs after ~ 20 min of
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Fig.4 A375 CM induced morphological changes and kinetic prop-
erties in PMNs. a—d PMNs were stimulated with melanoma CM
(SKMEL28 CM, A375 CM), HEMa CM or control medium for 16 h
at 37 °C and then imaged using an Operetta high-content imaging
system at 20 X magnification. The images were analyzed using Har-
mony software with PhenoLOGIC (PerkinElmer) and a dedicated
analysis sequence (morphological properties, method STAR) to
evaluate the axial length (a), roundness (b), asymmetry (c) and cell
area (d). The results are expressed as an increase or decrease com-
pared to the control (mean+SEM of five independent experiments);
*p <0.05; ***p <0.005; ****p <0.001. e, f In the same time window,
digital phase-contrast images of 15 fields/well were captured every
15 min via a X20 objective in the Operetta high-content imaging sys-
tem. PhenoLOGIC (PerkinElmer) was employed for image segmenta-
tion and to calculate single-cell kinetic properties, straightness (e) and
speed (f). The results are expressed as the mean+SEM of five inde-
pendent experiments; one-way ANOVA and Dunn’s multiple compar-
ison test **p < 0.01; ***p <0.005; ****p <0.001

stimulation (Fig. 6a). Control medium and HEMa CM did
not induce NET release from PMNs (Fig. 6a). These results
suggest that SKMEL28 CM and A375 CM rapidly and selec-
tively induced NET release from the PMNs. Melanoma cell
lines autocrinously produce significant quantities of CXC
chemokines and GM-CSF [32]. GM-CSF and CXCLS8/IL-8
can induce NET release from PMNs [33, 34]. Anti-CXCL8/
IL-8 blocking antibody inhibited SKMEL?2S as well as A375
CM induced NET release (Fig. 6b, c¢) and anti-GM-CSF
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blocking antibody inhibited A375 CM induced NET release
(Fig. 6¢). The combination of anti-CXCLS8/IL-8 and anti-
GM-CSF blocking antibodies inhibited A375 CM induced
NET release (Fig. 6¢). The Quant-iT™ PicoGreen™ dsDNA
assay confirmed the presence of dsDNA, and the results
were obtained using the Operetta High-Content Imaging
Screening System (Fig. 6d—f).

Serum levels of NET biomarkers
and neutrophil-related mediators in melanoma
patients

Circulating levels of nucleosomes and CitH3 were higher
in metastatic melanoma patients than in healthy controls
(Fig. 7a-b). Interestingly, circulating levels of nucleosomes
and CitH3 were positively correlated (Fig. 7c). We also
found that the circulating levels of MPO (Fig. 7d), MMP-9
(Fig. 7e), GM-CSF (Fig. 7f) and CXCLS8/IL-8 (Fig. 7g)
were higher in metastatic melanoma patients than in healthy
controls.

Discussion

In this study, we describe that soluble factors derived from
human melanoma cells influence several biological proper-
ties of PMNs relevant to cancer pathology. Melanoma cells
recruit PMNs, promote their survival and activation, and
modify PMN morphology and kinetic properties. Moreover,
melanoma cells upregulate the pro-inflammatory activities
of neutrophils as well as the expression of tumor-promoting
factors, such as MPO, MMP-9 and NETs. Finally, in a cohort
of stage [V melanoma patients, we found increased circulat-
ing levels of neutrophil-related mediators, such as MMP-9,
MPO, GM-CSF and CXCLS/IL-8, as well as increased lev-
els of NET biomarkers, compared to healthy controls.
Among the innate immune cells involved in melanoma
initiation and progression, PMNs have been investigated in
only a few studies. In an in vivo melanoma model, ultraviolet
(UV) irradiation induced a TLR4/MYD88-driven neutro-
philic skin inflammatory response initiated by high mobil-
ity group box 1 (HMGB1) release from ultraviolet-damaged
keratinocytes. TLR4-driven neutrophilic inflammation pro-
moted distant metastasis [16]. In humans, the circulating
neutrophil-to-lymphocyte ratio (NLR) has been used as a
prognostic biomarker for melanoma [35, 36], although these
findings have some limitations due to PMN heterogeneity
[37]. We demonstrated that peripheral blood PD-L1T PMN
frequency predicts patient prognosis and response to the
anti-PD-1 agent nivolumab in patients with stage [V BRAF
wild-type melanoma [11]. To go deeper inside the mecha-
nisms linking melanoma cells and PMNs, we investigated
the cross talk between melanoma cell lines and human
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Fig.5 Melanoma-derived CMs
induced MMP-9 and MPO
release. a—d PMNs were
cultured in melanoma CM
(SKMEL28 CM, A375 CM),
HEMa CM or control medium
for 18 h at 37 °C. At the end

of the incubation, PMNs were
harvested and centrifuged
(600xg, 4 °C, 5 min), and the
supernatants were collected.
The extracellular content of
MMP-9 (a) and MPO (b) from 0-
melanoma cell lines and
PMNs as well as intracellular o
concentration of MMP-9 (¢) and

MPO (d) in neutrophils after

cell lysis (Triton X-100, 0.1%)

were evaluated by an ELISA.
Intracellular levels of MPO and

MMP-9 were also measured c
in freshly isolated PMNss (c,
d; gray bars). The results were
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PMNs purified from peripheral blood of healthy donors.
The A375 and SKMEL?2S8 cell lines, two of the most studied
human melanoma cells, were chosen as models of different
aggressiveness, as demonstrated in vitro and in vivo [38, 39].

In the first series of in vitro experiments, we found that
melanoma-derived CM induced PMN chemotaxis in vitro,
whereas CM from primary melanocytes did not. Melanoma
cells constitutively released CXCLS8/IL-8, CXCL1/Groa
and CXCL2/Gro-p, and CM induced PMN chemotaxis
was dependent on CXCR1/2 activation. Melanoma-derived
chemokines act as both autocrine and paracrine mediators
[40, 41]. Autocrine loops sustain tumor cell activation,
reprogramming and metastasis. Paracrine loops orches-
trate tumor behavior through the engagement of receptors
expressed by stromal and immune cells. In human melanoma
biopsies, CXCL1/Groa and CXCL2/Grof} genes were over-
expressed in metastatic patient samples compared to non-
metastatic ones. CXCLI/Groa expression independently pre-
dicted the occurrence of metastases in a patient cohort [42].
CXCLS8/IL-8 autocrinously activates oncogenic signals,
pro-metastatic pathways and angiogenesis [43]. Notewor-
thy, CM derived from primary melanocytes failed to induce
PMN chemotaxis, and indeed, primary melanocyte CM did
not contain relevant levels of CXCL8/IL-8 or CXCL1/2.
These results suggest that chemokine production and the
chemotactic effect exerted on PMNs are specific to cancer
cells and are related to the acquisition of specific features by

B PMN + A375 CM

B PMN +A375 CM

Myeloperoxidase
(ug/mg of total proteins)
N
?

o
!

melanoma cells during disease progression. Notably, inhi-
bition of both CXCR1 and CXCR2 was necessary to block
PMN chemotaxis, highlighting the pleiotropic and redundant
potential of melanoma-derived chemokines.

The more aggressive melanoma cell line, A375, produced
high levels of GM-CSF and increased PMN survival. In
contrast, the less aggressive SKMEL28 cells and primary
melanocytes did not produce GM-CSF or modified PMN
survival. A375 CM activated PMNs and modified their mor-
phology and kinetic properties. In contrast to the chemotac-
tic activity, the effects on PMN survival and kinetic prop-
erties were differentially regulated by the two melanoma
cell lines, according to their aggressiveness. Indeed, only
the CM derived from the more aggressive A375 cell line
increased PMN survival and modified their morphology and
kinetic properties, whereas the CM from the less aggres-
sive SKMEL28 cell line and from primary melanocytes did
not. These results suggest that beyond PMN recruitment,
which could be a “bystander effect” of the production of
chemokines by melanoma cells, the modulation of additional
PMN biological properties is finely tuned according to mela-
noma malignancy.

PMNs contain several preformed granular enzymes that
can be rapidly released [13]. We demonstrated that mela-
noma CM, but not primary melanocyte CM, were able
to induce the PMN release of MPO and MMP-9, known
angiogenic and pro-tumorigenic factors [44]. MPO activates
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Fig.6 Melanoma CMs induced NET release from human PMNs.
a—c PMNs (1x10° cellsymL) were seeded in a 96-well CellCar-
rier plate and cultured in A375, SKMEL28 or HEMa CM or in a
control medium (37 °C, up to 60 min) in the presence or absence
of anti-CXCLS8/IL-8 and/or anti-GM-CSF blocking antibodies or
the relative isotype control (10 pg/mL) in the presence of the cell-
impermeant SYTOX Green Nucleic Acid Stain (0.5 uM). The per-
centage of cells that produced NETSs over total cells was calculated.
Data are expressed as percentage of NETing cells versus time O
(mean+SEM of five independent experiments using five different
donor samples). Two-way ANOVA and Bonferroni multiple compari-

proMMP-8 and proMMP-9 and regulates matrix MMP-7
activity in vitro [45], supports a hypermutagenic environ-
ment owing to the action of MPO-derived oxidants [46] and
plays important roles in NET formation and ROS production
[33]. MMP-9 exerts several functions in different phases of
cancer progression [44, 47]. Neutrophil exocytosis of gelati-
nase and azurophil granules is also important for the activa-
tion of Arginase-1, which, in turn inhibits T cell proliferation
by depleting extracellular L-arginine [17]. NETs contribute
to various aspects of cancer development and metastasis for-
mation [20, 21, 48]. In an experimental melanoma model,
NETs within the tumor microenvironment (TME) promoted
tumor progression [49]. In contrast, in an in vitro model,
NETSs decreased melanoma cell viability and migration [23].
In our experimental setup, A375- and SKMEL?28-derived
CM induced NET formation, whereas primary melanocyte
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son test (a) or Dunnett’s multiple comparison test (b, ¢); *p <0.05;
*#p <0.01; ***p <0.005; ****p <0.001. d—f dsDNA levels in super-
natants of neutrophils cultured with A375, SKMEL28 or HEMa CM
or in control medium (37 °C, 60 min), in the presence or absence
of anti-CXCLS8/IL-8 and/or anti-GM-CSF blocking antibodies or
the relative isotype control (10 pg/mL), were measured by Quant-
iT™ PicoGreen™ dsDNA Assay Kit (ThermoFisher). Results were
expressed as mean=+ SEM of five independent experiments; one-way
ANOVA and Dunn’s multiple comparison test; *p <0.05; **p <0.01;
*#%p <0.005

CM and control medium did not. Inhibition of GM-CSF and/
or CXCLGS/IL-8 inhibited NET formation induced by A375
CM, and blockage of CXCLS8/IL-8 inhibited NET induced by
SKMEL28 CM. Interestingly, the release of NETs induced
by melanoma CM occurred rapidly after approximately 20
min of stimulation. Moreover, we found that PMNSs contin-
ued to function even after NET formation. These findings
support the alternative pathway of NET formation, which
is a crucial process that begins minutes after activation and
occurs without cell death [33, 50]. The latter form of NET
production seems to better fit the role of PMNs in cancer
progression, since the preservation of PMN viability allows
PMN to exert additional functions in the TME.

To evaluate NET release, we used a high-throughput
High-Content Image System that allows uniform standardi-
zation of cell image acquisition and analysis using dedicated
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software [51]. Although the majority of published studies
uses automated NET quantification based on microscopy,
they are often not fully automated and rely on an increase
in staining area as the only criterion for determining the
extent of NET formation without knowledge at the single-
cell level [52, 53]. To further verify these results, we inves-
tigated the in vitro release of dsDNA, which is used as a
NET biomarker [54]. Furthermore, serum concentrations of
neutrophil-related factors (MPO, MMP-9, CXCLS8/IL-8 and
GM-CSF) and NET biomarkers (nucleosomes and CitH3)
were higher in stage IV metastatic melanoma patients than in
healthy controls. Some of these mediators, such as MMP-9
and GM-CSF, are predictors of melanoma progression
[55, 56]. However, in vivo, NET formation is not always
reflected by the quantitative presence of circulating DNA.
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DNA complexes may develop as a result of cell death caused
by neutrophilic inflammation [57]. Therefore, we used two
different additional markers (nucleosomes and CitH3) to
detect the serum levels of NETs. In particular, CitH3 serum
levels, considered a more reliable indicator of NET forma-
tion, were measured to corroborate our findings [21, 58].
Collectively, our results demonstrate that melanoma patients
display higher levels of neutrophil-related mediators and
NETs than healthy controls.

This study has some limitations. Additional experi-
ments are necessary to understand the role of these “mel-
anoma-educated” PMNs in modifying melanoma behavior.
Although we evaluated the circulating levels of neutro-
phil-related mediators and NET biomarkers in melanoma
patients, our results were obtained mainly in vitro and
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perhaps do not completely reflect the in vivo situation.
Most results were obtained using CMs (soluble factors)
derived from melanoma cell lines. Since PMNs can infil-
trate the TME, it would have been interesting to evaluate
the possible effects of direct interactions between PMNs
and melanoma cell lines. Immunohistochemical investi-
gations would be useful to evaluate whether tumor infil-
trating neutrophils locally produce NETs in melanoma.
Finally, a larger cohort of patients should be recruited to
corroborate these data and to evaluate any differences in
the circulating levels of neutrophil-related mediators and
NETs among patients with melanoma at different stages of
progression. Further studies are necessary to better under-
stand the in vivo role of this bidirectional cross talk in
patients and to evaluate the role of PMNs as therapeutic
targets in human melanoma.
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