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Monoclonal antibodies targeting immune checkpoints improved clinical outcome of patients
with malignant melanoma. However, the mechanisms are not fully elucidated. Since immune
check-point receptors are also expressed by helper innate lymphoid cells (ILCs), we
investigated the capability of immune checkpoints inhibitors to modulate ILCs in
metastatic melanoma patients as well as melanoma cells effects on ILC functions. Here,
we demonstrated that, compared to healthy donors, patients showed a higher frequency of
total peripheral ILCs, lower percentages of CD117* ILC2s and CD117" ILCs as well as
higher frequencies of CD117" ILCs. Functionally, melanoma patients also displayed an
impaired TNFo. secretion by CD117" ILCs and CD117" ILCs. Nivolumab therapy reduced
the frequency of total peripheral ILCs but increased the percentage of CD117 ILC2s and
enhanced the capability of ILC2s and CD117* ILCs to secrete IL-13 and TNFa, respectively.
Before Nivolumab therapy, high CCL2 serum levels were associated with longer Overall
Survival and Progression Free Survival. After two months of treatment, CD117" ILC2s
frequency as well as serum concentrations of IL-6, CXCL8 and VEGF negatively correlated
with both the parameters. Moreover, melanoma cells boosted TNFa production in all ILC
subsets and increased the number of IL-13 producing ILC2s in vitro. Our work shows for the
first time that PD-1 blockade is able to affect ILCs proportions and functions in melanoma
patients and that a specific subpopulation is associated with the therapy response.

Keywords: innate lymphoid cells, cytokines, melanoma, immune checkpoints inhibitors, nivolumab

INTRODUCTION

Innate lymphoid cells (ILCs) are a heterogeneous family of lymphocytes representing the innate
counterpart of T cells and are involved in immune responses as well as in tissue development and
homeostasis. Based on the cytokine secretion profiles and the expression of lineage-determining
transcription factors, ILCs can be divided in five subsets: Natural Killer (NK) cells, ILC1s, ILC2s,
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ILC3s and Lymphoid Tissue inducer (LTi) cells. NK cells are
involved in antiviral and antitumoral responses; they depend on
Eomes for their development and secrete interferon y (IFNY) and
tumor necrosis factor oo (TNFa) (1). ILCls show the same
cytokine pattern but express only T-bet, responding to
intracellular pathogens and mirroring T helper 1 (Thl) cells.
ILC2s react against parasites producing Th2 cytokines such as
interleukin (IL)-4, IL-5, IL-9, IL-13; their development depends
on GATA3. ILC3s resemble Th17 cells, expressing RORYt and
producing IL-17 and IL-22, and are involved in the immune
response against extracellular microbes. NKp44 (NCR2)
expression distinguishes two subsets of ILC3s, with NKp44~
ILC3s mainly producing IL-17, while IL-22 secretion is
restricted to NKp44" ILC3s. LTi cells are mainly found in the
embryo, where they drive the development of secondary
lymphoid tissues. Similar to ILC3s, they rely on RORyt but do
not express NCRs (2). Recent work has made it clear that in
peripheral blood CD117" ILCs from healthy individuals, which
are mostly comprising ILC3s in tissues, are a mix of precursors
that can develop into various ILC subsets and more mature
ILC3s. CD117" ILCs in peripheral blood include ILCls but are
probably heterogeneous as well (3, 4). CD117 also distinguishes
ILC2s in two subsets: CD117" ILC2s are considered to be a more
mature and lineage-committed subpopulation, expressing high
levels of GATA3 and secreting large amounts of type 2 cytokines;
on the other hand, CD117" ILC2s are more plastic and share
some features with ILC3s, including RORYt expression and
capability to produce IL-17 (5, 6).

ILCs are mainly tissue-resident cells, where they constantly
scan the microenvironment. Thus, their localization and function
suggest that ILCs may be the first immune cells to sense solid
tumor cells. In addition, ILCs in peripheral blood potentially
detect circulating metastatic tumor cells (7). However, whether
and how ILCs are involved in tumor immunity depends on the
specific subset(s) involved, the cytokines they produce, as well as
the tumor microenvironment (TME) they are in. Since ILCs are
highly plastic cells, the TME may also change function and
phenotype of ILC subsets (2).

Human malignant melanoma cells are highly metastatic and
resistant to conventional therapies. Until recent years, prognosis of
metastatic melanoma patients was poor, with a 5-year overall
survival rate lower than 10%. However, immunotherapy with
immune checkpoint inhibitors (ICIs) dramatically changed the
clinical outcome. The three monoclonal antibodies currently used
for metastatic melanoma immunotherapy are Ipilimumab,
targeting Cytotoxic T-Lymphocyte Antigen (CTLA)-4, and
Nivolumab and Pembrolizumab, inhibiting Programmed Cell
Death Protein (PD)-1. Ipilimumab improved patients’ survival
to 20% (8), a rate that has been further raised by PD-1 blocking
and combined therapies (9, 10). However, it is still unclear why
only a fraction of patients responds to ICIs. Currently, response
evaluation is based mainly on clinical parameters, while cellular
and molecular variables have been less extensively investigated.

T cells represent the main target of ICIs; however, checkpoint
receptors are also expressed by ILCs. PD-1 displays the broadest
expression pattern, being found on all the mature ILC subsets as

well as on progenitors (11-13). On the other side, CTLA-4
expression has been observed only in mature ILCs but not in
precursors (11). Thus, it is possible that immune checkpoints
blockade can modify the functions of ILCs.

In this work, we analyzed the oscillations in peripheral ILC
subsets in metastatic melanoma patients during ICI therapies. In
addition, we investigated the interactions of ILCs with
melanoma cells.

MATERIALS AND METHODS
Study Design

For the characterization of ILC compartment during melanoma
immunotherapy, a total of 32 stage IV melanoma patients were
enrolled at the Istituto Nazionale Tumori Fondazione “G.
Pascale” of Naples, Italy, granted ethical permission. Of them,
8 patients were treated with Ipilimumab (anti CTLA-4), while
the remaining were treated with Nivolumab (anti PD-1). For
both the cohorts, patients were naive or previously underwent to
different types of therapies, including chemotherapies, targeted
therapies and immunotherapies.

Written informed consent was obtained from all patients in
accordance with the Declaration of Helsinki for the use of human
biological samples for research purposes. For each patient, blood
samples were collected before the starting and after two months
of treatment. Clinical characteristics of enrolled patients are
summarized in Supplementary Table 1.

Thirty-three sex- and age-matched healthy donors were
enrolled at the Pugliese-Ciaccio Hospital and University
Magna Graecia of Catanzaro, Catanzaro, Italy. Experiments
were performed once per sample.

Isolation of Peripheral Blood Mononuclear
Cells and Innate Lymphoid Cells

Blood samples from melanoma patients were collected in 6 mL
EDTA vacutainer tubes (BD diagnostics), while healthy donors
samples derived from buftycoats. Peripheral blood mononuclear
cells (PBMCs) were isolated by density gradient centrifugation
(Ficoll-Paque, GE Healthcare) within 2h of sample collection and
frozen in 90% FBS + 10% DMSO freezing medium.

For functional experiments, buffycoats were provided by the
blood bank (Sanquin, Amsterdam). ILCs were isolated from
healthy donors as previously described (14). Briefly, fresh
PBMCs were enriched for ILCs by negative selection using
immunomagnetic cell sorting. Negative selection was
performed by using CD3, CD14, CD16, and CDI19 biotin-
conjugated antibodies with the Mojosort magnetic cell
separation system (BioLegend). Cell suspensions were then
stained with antibodies against lineage (CD1la, CD3, CD4,
CD5, CDl1l1¢, CD14, CD16, CD19, CD34, CD123, BDCA2,
TCRaf, TCRyS and FcERlo), CD3, CD127, CD117 and
CRTH2 to be sorted by 3-laser FACSAria. The three main
peripheral ILC subsets were sorted: CD127"CRTH2 CD117
ILCs (CD117" ILCs), CD127*CRTH2*CD117*" ILCs (ILC2s)
and CD127"CRTH2'CD117" ILCs (CD117" ILCs). Detailed
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information about used antibodies can be found in
Supplementary Table 2.

Cell Cultures

Based on informed consent, melanoma cell lines were obtained
from surgical specimens. CNF cell line derived from a primary
tumor of a patient admitted at the Fondazione IRCCS Istituto
Nazionale dei Tumori, Milan (2009). AMMI16 cell line derived
from a lymph node metastasis of a patient admitted at the San
Raffaele University Hospital, Milan (2013). Both the melanoma
cell lines were maintained in RPMI-1640 medium (Life
Technology) supplemented with penicillin (100 IU/mL) and
streptomycin (100 mg/mL) and 10% FBS and used within 3
weeks after thawing.

For co-culture experiments, the three main peripheral ILC
subpopulations (CD117" ILCs, ILC2s and CD117" ILCs) were
freshly ex vivo-isolated by sorting and co-cultured in allogenic
setting with melanoma cells at an E:T ratio of 5:1, in 96-well
round-bottom plates for 72 hours at 37°C. Yssel’'s medium
[IMDM supplemented with 4% (vol/vol) Yssel's supplement
(made in-house; AMC) and 1% [vol/vol] human AB serum
(Invitrogen)] supplemented with IL-2 (20 U/ml; Novartis) and
IL-7 (20 ng/mL; Pepro Tech) was used. For each experimental
point, 5-10 x 10* ILCs were used and melanoma cells were scaled
accordingly. During the last three hours of co-culture, cells were
stimulated with phorbol 12-myristate 13-acetate (PMA) (10 ng/
ml; Sigma) plus Ionomycin (500 nM; Merck) in the presence of
Golgi Plug (BD Biosciences). The same activation protocol was
used to measure cytokine productions from patients and healthy
donors ILCs.

Flow Cytometry Analysis

Thawed PBMCs, as well as fresh ILCs, were subjected to
immunofluorescence staining. Cells were washed in PBS 1X
and stained with the LIVE/DEAD Fixable Blue Dead Cell Stain
Kit (eBioscience) for 30 minutes at 4°C, followed by surface
antigens staining with antibodies (Supplementary Table 2) in
PBS 1X again for 30 minutes at 4°C. For cytokines intracellular
staining, PMA/ionomycin-activated cells were fixed and
permeabilized using the Foxp3/Transcription Factor Staining
Buffer Kit (Thermo Fisher Scientific) for 20 minutes at 4°C
and intracellular cytokines were stained with antibodies for 30
min at 4°C in permeabilization buffer. Cells were then washed
and resuspended in PBS 1X, acquired on LSRFortessa (BD
Bioscience) and analyzed with FlowJo software version 10
(Treestar US).

Cytokine Assays

Quantification of serum cytokines and growth factors was
performed on thawed samples deriving from the supernatants
obtained after peripheral blood centrifugation. Samples from 24
melanoma patients and 15 healthy donors were analyzed. The
simultaneous quantification of the following cytokines: IL-2, IL-
4, IL-6, IL-10, IL-10., IL-1f, vascular endothelial growth factor
(VEGF), C-C motif ligand 2 (CCL2), C-X-C motif ligand 8
(CXCL8), IFNY, TNFa. and epidermal growth factor (EGF) was
performed by using the biochip analyzer Evidence Investigator

and the chemiluminescent immunoassay “Cytokine Array I” kit
(Randox Labs) (15). Concentrations of IL-13, IL-22, IL-23 (R&D
Systems); IL-5, IL-17a (Diaclone SAS); tumor growth factor
(TGF) B (DRG Instruments GmbH) were evaluated by ELISA
kits. All the assays were performed following the manufacturer’s
recommended procedure. For IL-13, IL-22, IL-23 and TGF-p,
physiological ranges were provided by kits. For IL-5 and IL-17a,
as well as cytokines quantified by the “Cytokine Array I7,
physiological ranges were calculated by using values obtained
from healthy donors.

Statistical Analysis

Data obtained from multiple experiments were analyzed for
statistical significance using the GraphPad Prism 5.0 software.
Paired Student t-test or Wilcoxon signed-rank test were used to
compare data from two related group. Data from unrelated groups
were analyzed using unpaired Student t-test or Mann-Whitney U
test. Normally distributed groups of data were analyzed by paired
or unpaired Student’s t-test, while Wilcoxon signed-rank test and
Mann-Whitney U test were used for not-normally distributed
groups of data. Kaplan-Meier (KM) curves were used to compare
Overall Survival (OS) and Progression-Free Survival (PFS) of
patients. Both frequencies of ILC subpopulations and
concentrations of serum cytokines were used as variables to
generate KM curves and the median value of each variable,
calculated on the entire cohort, was used as cut-off. KM curves
comparison and p-value calculation was performed by log-
rank test.

Opverall, 53 variables were analyzed and 16 were found to be
significantly different between samples groups. Based on the
Bonferroni’s correction for multiple comparisons, reference
p-value should be lowered to 0.00094 (0.05/53) in order to
exclude variables resulting as significant by chance. However,
under the null hypothesis of no association, less than 3 p-values
(5% out of 53) would have expected to be <0.05. Instead, 30%
(16 out 53) of p-values were found to be <0.05, which suggests the
presence of actual associations (16). For this reason, p-value < 0.05
was kept as threshold for statistical significance in all the analyses.

RESULTS

ICI Therapies Induce ILC

Subsets Fluctuations in Stage

IV Melanoma Patients

To investigate the frequencies of blood ILC subsets during
metastatic melanoma disease, we performed a phenotypical
analysis on a cohort of 32 stage IV melanoma patients and 33
healthy donors using a 14-colors multiparametric cytofluorimetric
approach. The frequency of peripheral ILCs was higher in
melanoma patients, as previously demonstrated in hematopoietic
tumors (17, 18). Furthermore, the three main ILC subsets exhibited
altered proportions compared to healthy donors, with lower
percentages of CD117" ILC2s and CD117" ILCs, which are
mostly composed of precursor committed to ILC3s and also
include more mature ILC3s (3, 4), and higher frequencies of
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CD117 ILCs, consistent with previous observations in melanoma
(19). Of notice, among CD117" ILCs, CD94"CD56" ILCl-like cells
were expanded, as was reported previously in leukemia patients
(20), while the frequencies of NKp46"NKp44 " and NKp44" mature
ILC3s within CD117" ILCs were reduced (Figures 1A, B).

Moreover, CD117" ILCs and CD117" ILCs from melanoma
patients showed impaired TNFo. secretion when activated ex vivo
with PMA/ionomycin in comparison with ILCs from healthy
individuals (Figure 1B), consistent with observations in
hematological malignancies (17, 18).

To investigate the modifications in ILC subset frequencies
that could occur in stage IV melanoma patients during ICI
therapies, we analyzed patients treated with Ipilimumab (8
patients) or Nivolumab (24 patients) separately. For both
cohorts, the patients were sampled before the first cycle of
therapy and near to the first clinical assessment (about at two
months). While Ipilimumab did not appear to significantly affect
ILC subsets (data not shown), Nivolumab did. Particularly, anti-
PD-1 ICI induced a reduction in the frequency of the total
peripheral ILCs while it increased at the same time the
percentage of mature CD117" ILC2s (Figure 2). Furthermore,
anti PD-1 treatment enhanced IL-13 and TNFa secretion by
ILC2s and CD117" ILCs, respectively (Figure 2). IL-13 up-
regulation by ILC2s was mainly due to the CD117" subset,
while the secretory activity of CD117" ILCs was not affected by
Nivolumab (Supplementary Figure 1). On the other side,
although PD-1 was detectable on all the investigated ILC
subsets, neither its frequency nor its levels of expression were
shown to be affected by metastatic melanoma disease or
Nivolumab treatment (Supplementary Figure 2).

Opverall, these data indicate that the frequencies of ILCs in the
peripheral blood of melanoma patients are changed and that
Nivolumab therapy is able to affect ILC subsets, both modulating
their frequencies and secretory activity. This effect is particularly
apparent on ILC2s.

Serum Cytokines in Nivolumab-Treated
Melanoma Patients

To monitor serum cytokine profiles and their potential
alternations induced by treatment, we analyzed serum samples
from 24 stage IV melanoma patients before and after Nivolumab
therapy. We focused on cytokines produced by ILCs and/or
affecting their biology. Though Nivolumab did not significantly
alter serum cytokine profiles, in melanoma patients we observed
a deviation from the physiological range for 7 out 18 cytokines
tested: IL-1fB, IL-6, CCL2, CXCL8, VEGF, IL-5 and IL-13
(Table 1). While the latter two are mainly produced during
parasitic infections and allergic reactions, the others are known
be pro-inflammatory and/or angiogenetic factors (21).
Particularly, serum levels of IL-6, CXCL8 and CCL2 have been
previously shown to increase during melanoma progression (22).
Interestingly, although the difference did not reach the statistical
significance, the levels of IL-1f3 and CCL2 were similar before
and after treatment, while IL-6, CXCL8, VEGF and IL-13
concentrations tended to further increase and IL-5 levels
tended to decrease after Nivolumab treatment. However,

detectable levels of IL-5 and IL-13 could be found only in 5
and 7 out of tested samples, respectively (data not shown).

ILC Subsets and Serum Cytokines
Correlate With Survival in Nivolumab-
Treated Melanoma Patients

Next, we investigated the association between single ILC
variables, serum cytokines profiles and therapy outcome in
Nivolumab-treated patients. KM curves were generated by
using the median value of each considered variable to
determine outcome by months of OS and PFS. Comparison
between KM curve and p-value calculations were performed by
log-rank test.

At baseline, CCL2 only was associated with the response to
Nivolumab therapy, in that higher serum concentrations of
CCL2 were associated with both longer OS and PFS (Figure 3A).

When the association with survival was addressed after two
months of therapy, four parameters were identified: the
frequency of mature CD117" ILC2s and serum levels of IL-6,
CXCL8 and VEGF.

For all the variables, patients with values below the cut-oft
showed a longer survival. Again, the association was significant
or close to significance for both OS and PES (Figure 3B).

Thus, in melanoma patients in which Nivolumab improves
OS and PES, there are reduced serum levels of pro-inflammatory
and pro-angiogenic cytokines and a low percentage of peripheral
mature CD117" ILC2. This suggests that Nivolumab could
reduce inflammation and modulate circulating ILC2s in
responding patients.

TNFo and IL-13 Production by ILCs Is Up-
Regulated by Melanoma Cells In Vitro
Finally, we addressed the capability of CD117" ILCs, ILC2s and
CD117" ILCs to respond to melanoma cells in co-culture
experiments by measuring their cytokine production by flow
cytometry. Thus, circulating ILCs sorted from healthy donors
were co-cultured for three days with two different primary
melanoma cell lines at 5:1 ratio, and then stimulated with
PMA/ionomycin for the last three hours of co-culture. Primary
melanoma cells phenotype was previously characterized and is
summarized in Supplementary Figure 3 (22).

Identification of ILCs within co-culture was performed as
shown in Figure 4A. Melanoma cells addition up-regulated
TNFo in all the three ILC subsets and IL-13 in ILC2s
(Figures 4B-E and Supplementary Figure 4). Particularly, the
frequency of TNFa'CD117 ILCs (Figures 4B, D), the level of
expression of TNFo. in CD117" ILCs (Figures 4B, D) and the
frequency of IL-13" ILC2s (Figures 4C, E) showed a significant
increase, while both the expression and the frequency of TNFo."
positive cells in ILC2s tended to be higher although the difference
was not statistically significant (Figures 4B, D). Notably, the
activation of the CD117" ILCs with PMA/ionomycin did not
induce IFNYy production, ruling out the possibility of
contamination with NK cells (Figure 4B).

Taken together, these data suggest a cross-talk between
melanoma cells and ILCs occurring in vitro. The net result of
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FIGURE 1 | ILC subpopulations profile in melanoma patients and healthy donors. (A) Gating strategy and representative plots of peripheral ILC subsets frequencies
in healthy donors and stage IV melanoma patients. (B) Statistical analysis of the indicated ILC subsets observed in 33 healthy donors (circles) and 32 stage IV

melanoma patients (squares). For TNFa. statistics, cumulative data from 20 healthy donors and 18 stage IV melanoma patients were used. The assay was performed
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TABLE 1 | Serum cytokines/chemokines deviating from physiological range in
Nivolumab-treated stage IV melanoma patients.

Cytokine Physiological Mean = SD before Mean = SD after p-
range (pg/ml) treatment (pg/ml) treatment (pg/ml) value
IL-1B 02-24 3.28 + 1.57 3.69 +2.88 0.86
IL-6 02-56 9.57 +11.22 20.56 + 30.11 0.36
CCL2 70.5 - 209.3 468.1 + 202.8 474.9 + 217.3 0.50
CXCL8 19-174 56.05 + 78.97 138.40 + 88.61 0.70
VEGF 15.5-431.0 385.0 + 256.0 461.1 + 338.9 0.51
IL-5 0.0-5.0 14.52 + 54.54 6.07 + 22.2 0.25
IL-13 Undetectable 2.73 +6.82 10.91 £ 17.79 0.18

The analysis was performed by paired Student’s t-test for normally distributed samples or
Wilcoxon matched-pairs signed rank test for not-normally distributed samples cumulating
data from 24 patients.

this cross-talk in vivo on melanoma pathophysiology might
depend on the microenvironment and the relative contribution
of each subset.

DISCUSSION

Because of their localization within tissues and their capability to
promptly react to activating stimuli, ILCs may be involved in an
early stage of an immune response to cancer cells. While the role
played by NK cells in melanoma is firmly established (23, 24),
our knowledge about the potential role of other ILC
subpopulations is limited.

In this work, we showed that metastatic melanoma,
similarly to haematological malignancies (17, 18), induced
the expansion of peripheral ILCs. We observed changes in the
relative proportions of ILC subsets, with a reduction of
CD117" ILCs and a parallel increasing of CD117" ILCs
frequency, a pattern also observed in colorectal carcinoma
(25). In a recent paper, Ercolano et al. also observed CD117"
ILCs expansion, but not CD117" ILCs contraction, nor total
ILCs increase (19). The discrepancy with this study might be
due to the differences in the patient cohorts, since in that study
stage III patients were also enrolled while we focused
exclusively on stage IV patients.

Particularly, we observed an increase in the frequency of the
CD94"CD56" ILC1-like subpopulation within CD117" ILCs and

a reduction in the percentage of NKp46'NKp44" and NKp44*
mature ILC3s within CD117" ILCs. Mature NKp44" ILC3s have
been proposed to have a positive role against melanoma. In
mouse models, locally produced IL-12 induced their
accumulation, which in turn increased adhesion molecules
expression on tumor vasculature and leukocyte infiltration (26,
27). On the other hand, the role of ILCls in melanoma is more
controversial. Because of their capability to polarize a Thl
response, ILCls may protect against tumors (7). Specifically,
the CD94"CD56" ILC1-like subpopulation is thought to possess
some attributes of NK cells and cytotoxic activity (20, 28).
However, in the melanoma TME, TGFf converts NK cells into
non-cytotoxic ILCl-like cells, characterized by an immune
suppressive phenotype and a metastasis-promoting activity
mediated by TNFa (29, 30).

Of notice, we demonstrated that peripheral ILC frequencies
are affected not only by metastatic melanoma but also by the
immune therapy with Nivolumab. Particularly, we showed for
the first time that Nivolumab induced a contraction in total
blood ILCs with a concomitant expansion of mature CD117°
ILC2s Additionally, we showed that lower peripheral frequencies
of mature CD117" ILC2 were positively associated with survival
benefit. To the best of our knowledge, it is the first time in which
a specific peripheral ILC subpopulation has been associated to
clinical outcome in solid tumors. Although such correlation
needs to be confirmed in a larger cohort, it suggests that
mature CD117" ILC2s might play an important role in
response to Nivolumab. Indeed, ILC2s have been shown to
promote anti-melanoma immune surveillance by the induction
of eosinophilia in mouse models (31, 32). Such effect was further
boosted by PD-1 blockade, which has been also shown to
promote ILC2s proliferation (32). Thus, the expansion of
CD117 ILC2s might be a phenomenon induced by Nivolumab
regardless of the clinical outcome, but the survival benefit would
depend on the effective capability of this subset to migrate from
the periphery to the tumor in order to exert its anti-melanoma
activity. Indeed, ILC2s enrichment within the tumor has been
associated to higher survival in patients with pancreatic ductal
adenocarcinoma (33).

At functional level, we showed an impaired secretion of
TNFo by both CD117° ILCs and CD117" ILCs from
melanoma patients, as reported in blood tumors (17, 18), and
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FIGURE 3 | Variables correlating with survival in Nivolumab-treated stage IV melanoma patients. (A, B) Kaplan-Meier curves for OS (right panels) and PFS (left
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Data from 24 patients were used. For each variable, the median value calculated on the entire cohort was chosen as cut-off and reported on the right of the related
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the capability of Nivolumab to enhance the secretion of IL-13
and TNFo by ILC2s and CD117" ILCs, respectively. The latter is
in line with previous works showing that PD-1 engagement
reduces the secretory activity in ILC2s and CD117" ILCs,
including ILC3s, but not CD117" ILCs (34-36). Interestingly,

the cytokines whose secretion was improved by Nivolumab were
the same that were found to be up-regulated by melanoma cells
in co-culture experiments. Indeed, we observed an increased
secretion of TNFo by all the three subsets and of IL-13
specifically by ILC2s. Although usually considered a member
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of type 2 immunity, ILC2s have been shown to be able to produce
TNFa in response to different stimuli (6, 37). Particularly, Maggi
et al. demonstrated that activation with PMA/iono could induce
TNFo secretion by ILC2s (37). The reduced secretory capability
of ILCs from melanoma patients has been demonstrated also by
Ercolano et al. (19), although these authors showed that the
impairment was mainly limited to IFNY. Additionally, they
demonstrated that melanoma cells were able to reduce IFNy
secretion by this subset while TNFa was not affected (19), which
is in contrast with the TNFo up-regulation we observed.
However, since co-culture settings differ in the two studies, a
direct comparison of the results is challenging.

Both TNFo and IL-13 have been suggested to exert a positive
role against melanoma cells. TNFa exerts indirect cytotoxic
effects against melanoma by inducing the destruction of tumor
vasculature (38). Indeed, TNFa is successfully used to treat
in transit melanoma metastases and its presence within tumors
has been shown to be induced by and synergize with ICIs in
melanoma patients (39, 40), while its systemic blockage is
associated with a reduced survival (41). On the other hand, IL-
13 can recruit and activate neutrophils and macrophages within
the tumor lesion, with cytotoxic activity against melanoma cells
(42, 43).

Our in vitro data indicate that the direct interaction between
ILCs and melanoma cells results in the up-regulation of
cytokines secretion by the former. A reasonable hypothesis
explaining such an activation is the engagement of NCRs
expressed on ILCs (44) by the cognate ligands expressed on
melanoma cells (Supplementary Figure 2). By contrast,
although PD-1 is expressed on ILCs (Supplementary Figure 1)
and melanoma cells express PD-L1 (Supplementary Figure 2),
their interaction would not be sufficient to inhibit cytokines
secretion by ILCs. Thus, ILCs activation would be mediated by
activating signals delivered by NCRs and not counteracted by
PD-1-mediated inhibition. In turn, this suggests that Nivolumab
might improve the function of ILC2s and CD117" ILCs not by
directly affecting the interaction between melanoma cells and
ILCs but rather by disrupting additional interactions mediated
by PD-1 in vivo. Melanoma TME is enriched with suppressive
immune cell subsets expressing PD-L1, such as macrophages,
myeloid-derived suppressive cells (MDSCs) and regulatory T
cells (Tregs) (24, 45). ILC2s activity has been shown to be limited
by suppressive subsets through cell-to-cell contact (46-49), while
similar data on CD117" ILCs are missing. Although a defined
role for PD-L1-mediated inhibition toward ILC2s has been
demonstrated only for macrophages (46), it is likely that also
MDSCs and Tregs might exploit PD-1/PD-L1 axis to suppress
ILCs function. However, a direct inhibition of ILCs mediated by
melanoma cells in vivo through PD-L1 is still possible, since PD-
L1 expression has been shown to be up-regulated by several pro-
tumoral mediators found within TME (45).

Collectively, data suggest that Nivolumab can act not only on
T cells but also on specific ILC subsets restoring their
proliferation and/or cytokines production by interfering with
the inhibitory interactions between ILCs and suppressive
immune cell subsets and/or melanoma cells (Figure 5).

In contrast to what has been recently described by Rethacker
et al. (50), we did not observe any change in ILC frequencies
induced by Ipilimumab. This could depend on the numerical size
of the cohort as well as the different gating strategy.

Finally, we reported that high blood levels of CCL2 and low
concentrations of IL-6, CXCL8 and VEGF correlated with better
OS and PFS. Specifically, for CCL2 such association was found
before the start of the therapy, while for the other cytokines it
could be observed after two months of treatment. IL-6, CXCL8
and VEGF have been widely demonstrated to be related to
worse clinical outcome in melanoma. They are well-known
autocrine factors promoting melanoma invasiveness (51-53),
which suggests that their high concentrations would associate
with a more aggressive tumor phenotype and a reduced survival.
Indeed, high serum levels of CXCL8 and IL-6 in melanoma
have been associated with melanoma progression (22), higher
tumor burden (54-57), and shorten PFS and OS in patients
treated with biochemotherapy (54-56), Ipilimumab (57-59) and
Nivolumab (58, 59). Similar associations for VEGF have also
been reported (54, 60, 61). To our knowledge, it is the first time
that a correlation between VEGF and survival has been
demonstrated in melanoma patients treated with Nivolumab
(61). However, this observation should be confirmed in
larger cohorts.

On the other hand, serum CCL2 has been poorly investigated
as potential biomarker in melanoma patients. A recent study
reported that high systemic concentrations of CCL2 were
positively associated with OS in melanoma patients with in
transit metastasis treated with melphalan (62), possibly because
of the capability of this chemokine to attract both T lymphocytes
and monocytes within melanoma (63).

Aside from the prototypical cytokines, ILCs can secrete pro-
inflammatory cytokines after specific stimuli. Particularly, both
ILC2s and CD117" ILCs have been shown to be able to express
CXCLS8 (64, 65), while IL-6 and VEGF production is restricted to
ILC2s (66, 67). However, we did not find any association between
serum cytokines concentrations and peripheral ILC frequencies
in Nivolumab-treated patients (data not shown), consistently
with the scarce presence of these cells in the blood. On the other
hand, ILC2s have been demonstrated to express CCR2 (68, 69),
the cognate receptor for CCL2, which may represent a potential
mechanism recruiting ILC2s within melanoma.

Thus, the low levels of serum IL-6, CXCL8 and VEGF
observed in Nivolumab-responding patients after two months
of therapy might reflect, in these subjects, the effective capability
of the treatment to counteract chronic inflammation-driven
progression of the tumor, while the high concentrations of
CCL2 might indicate a better infiltration of immune cells
within neoplastic lesions, both resulting in longer OS and PFS.

Overall, we showed here for the first time that Nivolumab
treatment, targeting PD-1, is able to affect frequencies and
functions of specific ILC subsets and selectively activate them
in metastatic melanoma patients. Of notice, we preliminary
demonstrated that mature CD117" ILC2s are associated with
survival. Additionally, we reported that activated ILCs are able to
secrete cytokines in response to melanoma cells. Collectively,
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FIGURE 5 | Nivolumab effects on ILCs subsets in stage IV melanoma. The inhibitory receptor PD-1 regulates the secretory activity of both ILC2s and ILC3s as well
as CD117" ILC precursors. In stage IV melanoma patients, PD-1 targeting through Nivolumab enhances the production of TNFo and IL-13 from circulating CD117*
ILCs and CD117" ILC2s, respectively. Furthermore, Nivolumab induces the expansion of blood CD117" ILC2s. These effects are likely due to Nivolumab-mediated
disruption of the interaction between PD-1, expressed on ILCs, and its ligand PD-L1, expressed on melanoma cells and/or other immune cells such as

these data suggest that ILCs might represent an important and
until now poorly appreciated immune cell subset playing a role
in mediating the anti-tumoral response induced by Nivolumab
in metastatic melanoma patients.
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