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ABSTRACT
gd T lymphocytes may exert either protective or tumor-promoting functions in cancer, mostly based on
their polarization toward interferon (IFN)-g or interleukin (IL)-17 productions, respectively. Here, we
demonstrate that gd T cells accelerate the spontaneous metastatic melanoma development in a model of
transgenic mice for the human RET oncogene (Ret mice). We identify unanticipated roles of inducible
nitric oxide synthase (NOS2) in favoring the recruitment of pro-tumor gd T cells within the primary tumor.
gd T cells isolated from Ret mice deficient for NOS2 produced more IFNg and less IL-17 than their
counterparts from Ret mice. By supporting IL-17 production by gd T cells, NOS2 leads to the recruitment of
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) and metastasis formation. NOS2 also
reduces the cytotoxicity of gd T cells toward melanoma cells. Finally, we detected NOS2 expressing gd T
cells in the primary tumor and tumor-draining lymph nodes in Ret mice, but also in human melanoma.
Overall our results support that this NOS2 autocrine expression is responsible for the polarization of gd T
cells toward a pro-tumor profile.
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Introduction

Following the first evidence provided by Hayday and colleagues
that gd T lymphocytes play a key role in tumor immunosurveil-
lance of cutaneous malignancies,1 several reports highlighted
the protective properties of gd T lymphocytes during tumor
progression (reviewed in ref.2). Recently, the tumor-associated
gd T cell specific signature emerged as the most significant
favorable cancer-wide prognostic immune population in a
meta-analysis of human malignancies.3 The antitumor proper-
ties of gd T cells rely on their capacity to directly lyse tumor
cells and produce interferon-g (IFNg).4 Interleukin (IL)-17
producing gd T cells (gd17) have more rarely been involved in
tumor elimination, e.g., following immunogenic anthracycline-
based therapy and radiotherapy,5 or in models of microbiota-
associated tumor control.6,7 Contrasting with these studies,
recent data reveal that the presence of gd T lymphocytes corre-
lates with tumor severity in human breast and colon cancers.8

The tumor-promoting properties of gd T lymphocytes are
mainly attributed to their ability to secrete IL-17. Indeed, gd17
cell-derived IL-17 leads to the recruitment of myeloid-derived
suppressor cells (MDSCs) that favors tumor immune escape
and metastasis (reviewed in ref.9).

The nitric oxide synthase 2 (NOS2) is the inducible form of
a family of three isoenzymes that catalyzes the production of
nitric oxide (NO) from the amino-acid arginine. Endogenous

NOS2 expression has recently been discovered in both mouse
and human CD4C T cells producing IL-17 (Th17).10,11 Auto-
crine NOS2 inhibited the polarization of murine Th17,10

whereas it was required for inducing and maintaining the Th17
phenotype of human CD4C T lymphocytes.11 While local
microenvironment may contribute to the anti or pro-tumor
polarization of gd17 cells, we investigated the role of NOS2 in
this process. Here, we report that NOS2 expression by gd T
cells improves their pro-tumor functions in melanoma.

Results

NOS2 deficiency delays tumor cell dissemination in
melanoma

Ret mice develop spontaneously metastatic melanoma due to
transgenic expression of a constitutively activated form of the
human RET oncogene.12-14 To address the role of NOS2 in the
tumor development, we set up a new Ret model in which
NOS2 is genetically inactivated (RetNos2KO mice). 50% of
RetNos2KO mice developed a primary melanoma at day 67,
whereas the median time for tumor detection in Ret mice was
day 38 (Fig. 1A). Nevertheless, more than 80% of both groups
exhibited a primary tumor at 6 mo indicating that NOS2 defi-
ciency does not block tumor formation, but rather delays the
primary tumor onset (Fig. 1A). NOS2 inactivation also slows

CONTACT Armelle Pr�evost-Blondel armelle.blondel@inserm.fr Institut Cochin, 22 rue M�echain, 75014, Paris, France.
Supplemental data for this article can be accessed on the publisher’s website.

*These authors contributed equally to this work.
© 2016 Taylor & Francis Group, LLC

ONCOIMMUNOLOGY
2016, VOL. 5, NO. 8, e1208878 (10 pages)
http://dx.doi.org/10.1080/2162402X.2016.1208878

http://10.1080/2162402X.2016.1208878
http://dx.doi.org/10.1080/2162402X.2016.1208878


down tumor cell dissemination at skin and distant sites (Fig. 1B
and Table S1) and accordingly significantly improves the
mouse survival in our model (Fig. 1C). The presence of micro-
metastases were detected, by the analysis of trp2 and tyrosinase
expression, in the bladder and tumor-draining lymph nodes,
two of the most frequent metastatic sites, in 5 and 12 week old
Ret mice, respectively (Figs. 1D and E and S1). In striking con-
trast, no micro-metastasis was found in RetNos2KO mice sug-
gesting a delay of metastasis formation in these mice. Of note,
Nos2 deficient (Nos2KO) mice also exhibited less lung foci
than wild-type (WT) mice (Fig. 1F) 14 d after B16 melanoma
cell inoculation intravenously. Together our data show that the
NOS2 deficiency delays tumor cell dissemination in two mela-
noma models.

NOS2 deficiency decreases PMN-MDSCs infiltration within
primary tumors

It is well established that NOS2 derived from MDSCs inhibits
antitumor response mediated by ab T lymphocytes.15 NOS2
inactivation could directly contribute to the better tumor
control observed in RetNos2KO mice by restoring cytolytic
properties of T cells. To evaluate whether the global immuno-
suppression is reduced in Nos2 deficient mice, we used an in
vivo cytolysis assay (Fig. S2). The lysis of specific target cells
was similar in WT and Nos2KO mice (left panels). Target
cells were also lysed with the same efficacy in WT and
Nos2KO tumor-bearing mice (right panels), indicating that

NOS2 inactivation does not significantly enhance the cytolytic
ability of ab CD8C T cells.

Next, we investigated whether the more efficient tumor con-
trol in RetNos2KO mice relies on a specific tumor microenvi-
ronment. We analyzed ex vivo cytokine profiles in primary
tumors derived from 6-mo animals. The protein levels of IL-
12p70, IFNg, IL-10, and tumor necrosis factor-a (TNF-a) were
quite similar in both groups (Fig. 2A). Vascular endothelial
growth factor (VEGF) was statistically more abundant in Ret
mice (Fig. 2A) than in RetNos2KO mice consistent with the
higher tumor cell dissemination (Figs. 1B, D, and E). Tumors
from Ret mice contained also higher amounts of keratinocyte-
derived cytokine (KC), a murine IL-8 homolog involved in
PMN recruitment, and granulocyte colony stimulating factor
(G-CSF), a key regulator in PMN biology. IL-17 was upregu-
lated when NOS2 was functional, as well as IL1-b and IL-6
both known to stimulate IL-17 production from ab T lympho-
cytes, (Fig. 2A). We next quantified the immune cells that infil-
trate primary tumors. Such global analysis revealed a huge
redistribution in the ratio of myeloid versus lymphoid cells. Pri-
mary tumors from RetNos2KO mice exhibited significantly less
proportion of myeloid cells than primary tumors from Ret
mice (48% vs. 64%) (Fig. 2B). Detailed analysis of myeloid pop-
ulation disclosed no difference in the proportions and absolute
numbers of dendritic cells (DC), macrophages and monocytic
MDSCs (M-MDSCs) among haematopoietic cells. In striking
contrast, but concordant with KC and G-CSF quantification,
PMN-MDSCs poorly infiltrated primary tumors in RetNos2KO

Figure 1. NOS2 deficiency delays melanoma progression by inhibiting tumor cell dissemination (A–C) 6-mo follow-up of melanoma development from Ret (n D 40) and
RetNos2KO (n D 40) mice. (A,B) Time courses of primary tumor and cutaneous metastasis onset. Mice were examined every 2 weeks. (C) Survival curve. (Mantel-Cox test
(A–C)). (D, E) trp2 expression was measured by qRT-PCR in bladders (D) and tumor dLNs (E) collected from Ret and RetNos2KO mice aged of 2, 5 or 12 weeks. Expressions
were normalized using GAPDH. Each point represents one mouse. (F) Number of pulmonary metastasis in WT mice and Nos2KO mice after i.v. injections of 105

(n D 8 WT, n D 9 Nos2KO) or 106 (n D 6 per group) B16 melanoma cells. Data are pooled from two independent experiments (mean § SEM) (Mann–Whitney test).
�p < 0.05, ��p< 0.01.
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mice compared to Ret mice (Figs. 2C and D). Taken together, a
weaker recruitment of this immunosuppressive population,
known to play a key role in tumor cell dissemination in the Ret
model,16 may account for resistance to tumor development in
RetNos2KO mice.

NOS2 supports IL-17 production by gd T cells

Recent data strongly support the essential contribution of IL-
17-producing gd T cells in PMN-MDSCs recruitment.17-19 We
compared the proportion of tumor-infiltrating gd T cells in Ret
and RetNos2KO mice. While NOS2 deficiency leads to an
increased proportion of lymphoid cells in primary tumor
(Fig. 2B), gd T cells were twice less abundant in Ret mice defi-
cient for NOS2 (Fig. 3A). Interestingly, when NOS2 is

functional, a positive correlation between the numbers of
tumor-infiltrating gd T cells and PMN-MDSCs is observed,
which is absent in RetNos2KO mice (Fig. 3B). These results
suggest that gd T cells contribute to the recruitment of PMN-
MDSCs in primary melanoma. Consequently, we pursued this
study by focusing on IL-17 production. As we observed above
in Fig. 2A, NOS2 promotes an inflammatory microenviron-
ment within the primary tumor, which supports IL-17 produc-
tion. We performed ex vivo intracellular stainings to identify
tumor-infiltrating IL-17-producing populations in our model.
Immune cells from primary tumors of Ret mice globally pro-
duced more IL-17 compared with their counterparts from
RetNos2KO mice (Fig. 3C). Among IL-17-producing cells, per-
centages and absolute numbers of gd T cells were much more
substantial than those of CD4C T cells (Figs. 3D and E),

Figure 2. NOS2 deficiency reduces PMN-MDSCs infiltration in primary tumors (A) Protein levels of indicated cytokines in primary tumors, from Ret (n D 14, except for G-
CSF n D 11, IL-17 n D 10 and VEGF nD 8) and RetNos2KO (nD 8, except for IL-17 nD 6) mice, determined by ELISA and multiplex ELISA. (B) Proportions of myeloid cells
among CD45C cells within primary tumors of Ret (n D 35) and RetNos2KO (n D 16) mice (C,D) Dendritic cells (DC: CD11cC), macrophages (MK: CD11bCCD11c-Ly6C¡/low-

Ly6G
-

), monocytic MDSCs (M-MDSCs: CD11bCCD11c¡Ly6ChighLy6G¡) and PMN-MDSCs (CD11bCCD11c¡Ly6ClowLy6GC) were analyzed by flow cytometry. Percentages (C)
and absolute numbers (D) of myeloid cell subsets within primary tumors of Ret (n D 35) and RetNos2KO (n D 16) mice are shown (left). Representative dot plots of PMN-
MDSCs staining (right), Data are pooled from at least three independent experiments. Each point represents individual mouse. Bars are mean § SEM. �p < 0.05,
��p < 0.01 ���p < 0.001 (Mann–Whitney test).
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indicating that gd T cells are the main source of IL-17 in our
models. Moreover, nearly 60% of them produce IL-17 in Ret
mice, whereas only 30% exhibit this capacity in RetNos2KO
mice. Thus, NOS2 inactivation significantly reduces the pool of
gd17 cells infiltrating primary tumors. Similar results were
observed in tumor-draining lymph nodes (Fig. S3A) and
prompted us to investigate whether the tumor microenviron-
ment is the only stimulus involved in the polarization of gd T
cells into IL17 producers. Unexpectedly, we found that gd17
cells derived from peripheral LNs (pLNs) were already more
frequent in WT mice than in Nos2KO mice (Fig. S3B). CD27
expression is known to segregate two peripheral functional sub-
sets of gd T cells. CD27C gd T cells display Th1 characteristics
including intracellular IFNg, whereas most of CD27¡ gd T cells
produce IL-17.20 In agreement with their enhanced IL-17 pro-
duction, we found a higher proportion of CD27¡ gd T cells in
WT mice compared to Nos2KO mice (Fig. S3C). This discrep-
ancy was observable in both Vg1C and Vg4C T cells that repre-
sent the two main peripheral gd T cell subsets (Fig. S3D).

Collectively, our data demonstrate that NOS2 deficiency
limits the pool of tumor-infiltrating gd T cells, in particular
gd17 that may support the poor recruitment of PMN-MDSCs
within the primary tumor of RetNos2KO mice. These results
further highlight that NOS2 promotes gd17 cell polarization

independent of the tumor context through regulating the bal-
ance between CD27C/CD27¡ gd T cell subsets.

NOS2 enhances pro-tumor properties of gd T cells

We next investigated how NOS2 affects the functions of gd T
cells toward tumors. We compared the ability of gd T cells
derived from Ret or RetNos2KO mice to lyse B16 melanoma
cells in vitro over a 4-h period (Figs. 4A and B). Both sources of
gd T cells after a sub-optimal TCR stimulation had no signifi-
cantly impact on the B16 melanoma cell index (Fig. 4A). After
TCR triggering, gd T cells significantly decreases the B16 cell
index (Fig. 4B). But gd T cells from RetNos2KO mice lysed
tumor cells more efficiently than their counterparts derived
from Ret mice (Fig. 4B). Consistent with direct quantification
of IFNg in primary tumors of Ret and RetNos2KO mice
(Fig. 2A), we found similar proportions of IFNg-producing
cells among haematopoietic cells after PMA/ionomycine stimu-
lation (Fig. 4C). Nevertheless, tumor-infiltrating gd T cells able
to produce IFNg are more abundant in RetNos2KO mice than
in Ret mice (Fig. 4D). Taken with IL-17 data, these results
show that NOS2 favors pro-tumor properties of gd T cells.

To directly assess the contribution of gd T cells to mela-
noma progression in our model, we set up Ret mice deficient

Figure 3. NOS2 deficiency decreases IL-17-producing gd Tcells (A) Percentage of gd T cells among CD45C cells in primary tumors of Ret (n D 9) and RetNos2KO mice
(n D 11). (B) Correlation between the numbers of gd T cells and PMN-MDSCs within the primary tumors of Ret (n D 33) (left) and RetNos2KO (n D 17) (right) mice. Each
point represents individual mouse and line is linear regression. (C–E) IL-17 production assessed by flow cytometry on single-cell suspensions derived from primary tumors
of Ret (nD 11) and RetNos2KO mice (nD 10) after PMA/ionomycin stimulation. (C) Percentage of total IL-17producing CD45C cells. (D) Representative FSC/IL-17 dot plots
are shown for gd T cells and CD4C T cells. (E) Percentage (left) and absolute number (right) of gd T cells and CD4C T cells producing IL-17. Bars are mean § SEM.
�p < 0.05, ��p< 0.01, ���p< 0.001 (Mann–Whitney test A, C–E and Pearson correlation test B).
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for gd T cells (RetgdKO) and followed the tumor development
in these mice (Figs. 4E and F). Despite similar primary tumor
onsets in Ret and RetgdKO mice (Fig. 4D), cutaneous metas-
tasis developed later in RetgdKO mice than in Ret mice
(Fig. 4F). Indeed, 50% of Ret mice had a cutaneous metastasis
at day 57, whereas the median time for metastasis detection
was day 100 in RetgdKO mice (Fig. 4F). Cutaneous metastases
are also less frequent in RetgdKO mice (Fig. 4F). This data
demonstrates the pro-tumor role of gd T cells in our model.
Nevertheless, the tumor protection conferred by the absence
of gd T cells is less efficient than in case of NOS2 deficiency
(Figs. 1A and B). Consequently, we analyzed the production
of IL-17 in RetgdKO mice. We quantified similar amount of
IL-17 in primary tumors derived from 4-mo Ret and RetgdKO
mice (Fig. S4A). Accordingly, TdLNs from Ret and RetgdKO
mice display similar proportion of IL-17-producing immune
cells after PMA/ionomycin stimulation (Fig. S4B). CD4C T
and CD8C T cells in absence of gd T cells are able to produce
more IL-17 than in Ret mice as revealed by percentages and
absolute numbers of IL-17 producing cells (Figs. S4C and D).
Taken together our data show that CD4C T and CD8C T cells
compensate the absence of IL-17-producing gd T cells and
could explain partial protection observed in RetgdKO mice. In

addition, these results highlighted the relative contribution of
IL-17 in our model.

gd T cells infiltrating melanomas in mice and human
display the capacity to express NOS2

All our data prompted us to investigate whether the action of
NOS2 on gd T cell properties is due to their own capacity to pro-
duce this enzyme. About 25% of gd T cells were found to express
NOS2 in primary tumors (not shown) and in TdLNs of Ret mice
(Fig. 5A). This autocrine expression may directly induce the
polarization of gd T cells toward a pro-tumor phenotype.

Finally, we addressed the relevance of this finding in human
biopsies. A total of 14 primary tumors were collected from mel-
anoma patients. According to Breslow thickness, there were
three groups of patients with various risks of disease’s relapse:
three patients in a low risk group (melanoma < 1 mm), three
patients in an intermediate risk group (1.01 mm < melanoma
< 2.99 mm) and eight patients in a high risk group (melanoma
> 3 mm). The clinical data and results of immunofluorescence
analyses are summarized in Table S2. An arbitrary cut-off for
the number of gd T cells per microscopic field was used to
define tumors as highly (CCC toCC) or weakly (C) infiltrated

Figure 4. NOS2 improves pro-tumor properties of gd Tcells. (A, B) Cytotoxic activity of gd T cells derived from Ret and RetNos2KO mice. B16 cells were seeded in wells
of E-plates. gd T cells stimulated with anti-CD28 (A) or anti-CD3 plus anti-CD28 (B) were added to a ratio of one gd T cell for two B16 cells (see Methods). The inhibition
of tumor cell proliferation was assessed by dynamically monitoring every 30 min on cell impedance. The graph (left) shows the normalized cell index values. The percent
of B16 melanoma cell lysis (right) was calculated 4 h after addition of effector cells. Data are pooled from two independent experiments with 9 (non-stimulated and stim-
ulated Ret), 11 (stimulated RetNos2KO) and 13 (non-stimulated RetNos2KO) replicates. (C,D) IFNg production assessed by flow cytometry on single-cell suspensions
derived from primary tumors of Ret (n D 5) and RetNos2KO mice (n D 4) after PMA/ionomycin stimulation. (C) Percentage of total IFNg producing CD45C cells. (D) Per-
centage (left) and absolute number (right) of gd T cells producing IFNg. (E,F) 4-mo follow-up of melanoma development from Ret (n D 37) and RetgdKO (n D 26) mice.
Time courses of primary tumor (F) and cutaneous metastasis (F) onset. Mice were examined every 2 weeks. Data are mean § SEM. ((A)and (B) left, C,D) except mean ((A)
and (B) right). Each point represents one replicate ((A)and (B) right). �p< 0.05, ���p< 0.001 (Mann–Whitney test (A–C) and Mantel-Cox test (E,F)).
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by gd T cells. gd T cells were present in 13 out of 14 studied pri-
mary melanoma, but less abundant (C) in the low risk sub-
group than in the two other groups. Three patients (# 4, 5 and
6) with a relatively thin melanoma had a primary tumor with
an abundant infiltrate of gd T cells and did not experience a
relapse of the disease after a mean follow up period of more
than 4.5 y. On the contrary, gd T cells were abundant (CCC)
in the four patients with progressive disease except for patient
11 (where they were not detected). These results indicate that
gd T cells infiltrate increases with primary melanoma progres-
sion (Table S2). Interestingly, we detected NOS2 positive gd T
cells in situ in 12 out of the 13 primary melanomas (Table S2),
as exemplified for patients 12 and 14 (the only patient with dis-
seminated melanoma at diagnosis), respectively (Fig. 5B). In
accordance with observation in mouse model, we found that
18% of gd T cells are positive for NOS2 in human primary mel-
anoma (Fig. 5B). A larger series of patients has to be studied in
order to determine whether or not these NOS2C gd T cell infil-
trates have a prognostic value in clinical practice.

Discussion

In this study, we show that NOS2 promotes pro-tumor proper-
ties of gd T cells. In particular, NOS2 favors IL-17 production
by gd T cells that leads to the recruitment of PMN-MDSCs and
subsequently to metastasis formation. As gd T cells from WT
mice already display a higher capacity to produce IL-17 than
their counterparts in NOS2KO mice at steady state, our data
suggest that NOS2 predetermines gd T cell polarization toward
a pro-tumor phenotype

Global NOS2 expression has been associated with a poor
prognosis in human cutaneous21,22 as well as uveal23 mela-
noma, but the mechanisms by which NOS2 is involved in
tumor escape remains poorly explored. In Ret mice with a
NOD genetic background, we have shown that the rapid tumor
cell dissemination strongly correlates with a reduced dectin-1
expression on myeloid cells that is prevented by NOS2 inactiva-
tion.24 Here, we observed that RetNos2KO mice with C57Bl/6J
genetic background survived better than Ret mice owing to the

Figure 5. gd Tcells infiltrating mouse and human melanoma are able to express NOS2. (A) Representative confocal microscopy images showing gd T cells positive for
NOS2 from cells derived from TdLNs of Ret mice and stained with antibodies to TCR gd (red), NOS2 (green) and counterstained with DAPI (blue). Bars 10 mM. 40 X objec-
tive (left). Quantification of gd T cells and gd T cells positive for NOS2 from 500 to 1,500 cells (right). Experiments were performed five times. (B) Representative digital
microscopy images of 7 mm sections from frozen biopsies of human primary melanoma (patient 14 and 12, respectively). Sections were stained with antibodies to TCR
gd (red) and NOS2 (green). Nuclei were counterstained with DAPI (blue). Bars 5 mM. 40 X objective (left). Quantification of gd T cells and gd T cells positive for NOS2 in
13 patients with detected gd T cells (right). Patients were divided into three groups with low, intermediate or high risk of disease’s relapse according to Breslow thickness.
Arrows indicate NOS2-expressing gd T cells.
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significant delay of tumor cell dissemination, despite a compa-
rable primary tumor incidence in 6-mo-old animals. Our
previous demonstration supported the key contribution of
PMN-MDSCs in tumor cell dissemination in the Ret model.16

The inhibition of metastasis formation in RetNos2KO mice
could thus be explained, at least in part, by the poor accumula-
tion of PMN-MDSCs at the primary tumor site when NOS2 is
genetically inactivated.

Here, we demonstrate the role of NOS2 in promoting gd17
cells with pro-tumor functions. Our results support the hypoth-
esis that gd17 cells from NOS2-competent Ret mice recruit
PMN-MDSCs and induce angiogenesis, via triggering produc-
tion of KC plus G-CSF and VEGF, respectively, overall favoring
tumor cell dissemination. Thus, the mechanisms downstream
IL-17 produced by gd T cells in the Ret melanoma model are
consistent with those reviewed in ref.2. Indeed, gd17 cells pro-
mote directly, or via cancer cell stimulation, the recruitment,
expansion, differentiation and survival of PMN-MDSCs both
in mouse models of hepatocellular carcinoma18 and breast can-
cer,17 and in human colorectal cancer.19 In 2015, Coffelt et al.
demonstrated that gd T cell-derived IL-17 induced the G-CSF
signaling cascade required for PMN-MDSCs expansion.17 Wu
et al. showed that gd17 cells produced interleukin 8—the
human equivalent of murine KC—to attract MDSCs in human
colorectal cancer.19 Moreover, Wakita et al. indicated that gd17
cells promote angiogenesis via induction of VEGF secretion.25

As gd17 cells may exert antitumor functions,5-7,26 we decided
to directly investigate the role of gd T cells in our model. Their
pro-tumor properties were evidenced by the significant delay in
metastasis incidence in Ret mice lacking gd T cells. The role of
gd T cells was previously assessed in the widely used B16-F0 or
B16-F10 melanoma transplantable models. Some studies high-
light a protective role of gd T cells in melanoma,27-29 whereas
other reports show that gd T cells promote melanoma progres-
sion30,31 or have any effects on lung foci formation.32 Trans-
plantable models could provoke an inflammatory environment
subsequently modulating tumor-specific immune responses
that could explain some of these controversial results.

NOS2 is expressed by a large range of cells and thus acts in an
autocrine or paracrine manner. Here, we provide the first evi-
dence that gd T cells infiltrating either human or mouse primary
melanoma produce NOS2. We predict a deleterious role of auto-
crine NOS2 by gd T cells in cancer responses due to the promo-
tion of gd17 cell subset in Ret mice compared to RetNos2KO
mice. However, NOS2 inducers in melanoma-infiltrating gd T
cells remain to identify. NOS2 expression was first described in
myeloid cells exposed to pro-inflammatory factors (such as
IFNg and lipopolysaccharide).33 TCR triggering also induces
NOS2 in primary CD4C ab T lymphocytes.10,11 We found sig-
nificant levels of IL-1b and IL-6 within the primary tumor of Ret
mice. These cytokines, in combination with IL-23 and tumor
growth factor-b (TGF-b), are known to promote gd17 cell polar-
ization.19,34 IL-1b and IL-6 have been recently identified as
NOS2 inducers in mouse macrophages35 and in newly generated
plasma cells,36 respectively. The combination of IL-1b and IL-6
is also known to optimizeNos2 transcription in Th17 cells.11 We
thus hypothesize that IL-1b, IL-6 and/or TCR triggering induce
NOS2 in tumor-infiltrating gd T cells, which in turn triggers
their IL-17 expression and subsequently KC, G-CSF and VEGF

production by gd17 cell themselves, and/or other cell popula-
tions present in the tumor microenvironment.

To date, studies investigating the role of NOS2 in the con-
text of cancer have mainly focused on NOS2 expressed by
tumor cells or myeloid cells. Our data highlight for the first
time that gd T cells infiltrating primary tumors are a source of
NOS2 both in human melanoma and in our murine melanoma
model. Our study suggests NOS2 as a new intrinsic factor
involved in the expansion of IL-17-producers tumor-promot-
ing gd T cells. As gd T cell-based cancer immunotherapies are
currently under investigation, our results further substantiate
the importance of evaluating gd T cell polarization based on
NOS2 expression before their use in clinical trials.

Materials and methods

Mice

C57BL/6J (designated as WT) mice were purchased from Harlan
and Jackson Laboratories. C57BL/6J Nos2¡/¡ (designated as
Nos2KO) mice were provided by Dr H-J Garchon (INSERM
U1173, University of Versailles Saint-Quentin, Montigny-le-Bre-
tonneux, France). WT and Nos2KO mice were used between 6 to
12 weeks of age. MT/retC/¡ transgenic mice (called Ret later) that
were on the C57BL/6J background expressed heterozygously the
human RET oncogene. Ret mice were crossed with mice deficient
for Nos2 or gd T cells (gdKOmice provided by Dr P Pereira (Pas-
teur Institute, Paris, France)) to obtain RetNos2KO and RetgdKO
mice. RetNos2KO and RetgdKO mice were compared to their
own Ret mice littermates. Clinical signs of mice were assessed
twice a month. Two weeks to 7-mo-oldmice were used for experi-
ments.Mice were sacrificed at indicated times or when considered
moribund (prostrated, bristly, skinny). All mice were maintained
in our animal facility under specific pathogen-free conditions.

Human samples

Cutaneous primary melanoma samples were obtained from
patients at stages in situ to IV of the disease and were collected in
two hospitals (Cochin and Bichat Hospitals, Paris, France).
Patients were included if the size of the primary tumor was large
enough to allow both an adequate pathological analysis and to
spare a fresh tumor sample for the research program. Altogether
14 primary melanomas were collected from patients, nine males
and five females, with a mean age of 67 y (30 to 92 y). Sites of pri-
mary melanoma were, respectively, the trunk for six patients, the
limbs for five patients and the face for three patients. Mean Bre-
slow thickness was 5.49 mm (0 to 20 mm). Clinical stages at initial
diagnosis are indicated in Table S2. Three patients in the high risk
group (melanoma > 3 mm) experienced a relapse of the disease
and another patient had disseminated melanoma at initial diagno-
sis. Three of these four patients died of melanoma whereas the lat-
ter is alive with disease (AWD).

Melanoma cell lines and tumor inoculations

The B16-F10 melanoma cell line (called B16 later) provided by
Prof. I. Fidler (The University of Texas M. D. Anderson Cancer
Center, Houston, TX) was cultured in RPMI 1640CGlutamax
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(Gibco�), 10% FCS, 100 U mL¡1 penicillin and streptomycin at
37�C, 5% CO2. Tumor cells were inoculated s.c. (106 cells) into
the flank or i.v. (105 or 106 cells) of WT or Nos2KO mice.
Tumors were removed 2 weeks after tumor challenge.

Single-cell suspension procedures

LNs were mechanically dissociated, homogenized, and passed
through a 100 mM cell strainer in 5% (vol/vol) FCS and 0.5%
EDTA in phosphate-buffered saline (PBS). Tumors were
mechanically dissociated and digested with 1 mg mL¡1 collage-
nase D and 0.1 mg mL¡1 DNase I for 20 min at 37�C.

Culture of gd T cells

gd T cells were sorted from pLNs. CD4C, CD8C and CD19C cells
were depleted using Dynabeads� (Invitrogen) before a negative
sorting using Aria III cytometer (BD Biosciences). Highly purity
of gd T cells with untouched TCR was obtained. gd T cells were
cultured in RPMI 1640CGlutamax (Gibco�) with 10% FCS,
100 U mL¡1 penicillin and streptomycin, 10 mMHEPES, 1 mM
sodium pyruvate, non-essential amino acids, 50 mM 2-mercap-
toethanol in 96 well plates at 37�C, 5% CO2. Cells were cultured
on plate-bound with 0.1 mg mL¡1 anti-CD3e (145-2C11) and
10mg mL¡1 anti-CD28 (37.51) (both from eBioscience).

Antibodies

Following anti-mouse Abs were used for flow cytometry:
FITC—conjugated anti-Ly6G (1A8), anti-B220 (RA3-632),
anti-IFNg (XMG1.2) and anti-Vg4 (UC3-10A6), PE—conju-
gated anti-dTCR (GL3) and anti-NK1.1 (PK136), APC- conju-
gated anti-CD45.2 (104), anti-CD11b (M1/70) and anti-Vg1
(2.11), PerCP-Cy5.5—conjugated anti-CD3 (145-2C11), anti-
bTCR (H57-597), and anti-CD45.2 (104), Pacific Blue-conju-
gated anti-CD4C (RM4-5), V450-conjugated anti-Ly6C (AL-
21) and anti-CD27 (LG.3A10), PE-Cy7-conjugated anti-CD11c
(HL3), APC-H7-conjugated anti-CD8 (53-6.7), Alexa Fluor
700-conjugated anti-IL-17A (TC11-18H10). Abs were pur-
chased from BD Biosciences except anti-CD11b, anti-B220 and
anti-bTCR from eBioscience.

Following purified anti-mouse Abs were purchased from
eBioscience and used to deplete cells before gd T cells cell sort-
ing: anti-CD19 (eBio1D3), anti-CD8C (53–6.7), anti-CD4C

(GK 1.5).
Microscopy was performed using primary Abs; rabbit anti-

human NOS2 (SP126, ThermoFisher Scientific), mouse anti-
human gd TCR (11F2, BD Biosciences), biotin hamster anti-
mouse gd TCR (GL3, BD Biosciences) and rabbit anti-mouse
NOS2 (Calbiochem). Alexa fluor 488-conjugated goat anti-rab-
bit (Jackson immuno research), Alexa fluor 546-conjugated
goat anti-mouse (Life Technologies) and PE-conjugated strep-
tavidine (BD Biosciences) were used as secondary Abs.

Cell staining and flow cytometry

Surface staining was performed by incubating cells on ice, for
20 min, with saturating concentrations of labeled Abs in PBS, 5%
FCS and 0.5% EDTA. Mouse cell-staining reactions were preceded

by a 15-min incubation with purified anti-CD16/32 Abs (FcgRII/
III block; 2.4G2) obtained from hybridoma supernatants. Intracel-
lular cytokine staining were performed after stimulation of single-
cell suspensions with Phorbol 12-myristate 13-acetate (PMA)
(50 ng mL¡1) (Sigma), ionomycin (0.5 mg mL¡1) (Sigma) and
1 mL mL¡1 Golgi PlugTM (BD Biosciences) for 4 h at 37�C 5%
CO2. Cells were incubated with Live/Dead Blue stain (Invitrogen),
according to the manufacturer protocol prior to Ab surface stain-
ing. Then, intracellular staining was performed using Cytofix/
CytopermTM kit (BD biosciences) following the manufacturer’s
instructions. Data files were acquired and analyzed on LSRII using
Diva software (BD Biosciences).

Microscopy

For mouse staining, haematopoietic cells were magnetically
sorted from primary tumors of Ret mice with anti-CD45C

MicroBeads (Miltenyi Biotec). Then, haematopoietic cells were
centrifuged onto a microscope slide using Cellspin 1 (Thar-
mac). For human staining, sections of 7 mm thickness were
obtained from frozen biopsy of melanoma. Non-specific reac-
tivity was performed with incubation of PBS, 1% BSA for
20 min at room temperature (RT). Primary Abs were incubated
1 h at RT. Then, slides were washed in PBS, 1% BSA before
being incubated with the appropriate conjugated secondary Ab
for 30 min at RT. Finally, nuclei were labeled with DAPI and
slides were mounted in Vectashield mounting medium (Vector
Labs). Images were acquired using a confocal imaging micro-
scope (Leica DMI6000) using 40X or 100X objectives or with
an automated high-resolution scanning system (LaminaTM,
PerkinElmer) with 40X objective. Acquisitions were performed
with Metamorph software and images were analyzed with
ImageJ and Panoramic Viewer (3DHISTECH).

Lysis assays

Cytotoxicity capacity of gd T cells was explored using the
xCELLigence System (Roche).37 The system dynamically meas-
ures electrical impedance across microelectrodes integrated on
specific 96 well plates (E-plates). The impedance values,
expressed as cell index (CI), provide quantitative information
of cell adhesion, number and morphology. gd T cells were
sorted from pLNs from Ret and RetNos2KO mice, then cul-
tured for 48 h with 10 mg mL¡1 anti-CD28, 15 U mL¡1 rIL-2
and with 0.1 mg mL¡1 anti-CD3e (stimulated gd T cells) or
without (non-stimulated gd T cells). 5 £ 104 B16 cells were
seeded into wells of E-plates. After adhesion of tumor cells
(4 h), 2 £ 104 gd T cells were added to the cultures. Tumor cell
proliferation was dynamically monitored every 30 min for up
4 h. Results are expressed as percentage of lysis determined
from CI normalized with RTCA Software (nCI): [(nCI (B16)t D
4h – nCI (B16 C gd T cell)t D 4h / nCI (B16)t D 4h)]£100.

Protein quantifications

Quantitative determination of IFNg, IL-12, IL-10, TNF-a,
VEGF, G-CSF, KC, IL-1b, IL-6 and IL-17 concentrations were
performed in aqueous humor using kits from R&D Systems or
Meso Scale Discovery according to supplier instructions. For
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aqueous humor collection, primary tumors were mechanically
dissociated in 150 mL of PBS and frozen until use.

Statistics

Data are expressed as mean § SEM. The significance of differen-
ces between two series of results was assessed using the Mann–
Whitney test. Comparison between survival or incidence curves
was performed using Mantel-Cox log-rank test. Linear correla-
tions were evaluated with Pearson test. (�p < 0.05; ��p < 0.01;
���p < 0.001). All statistical analyses were performed using Prism
5 software (GraphPad).

Study approval

Mice experiments were carried out in accordance with the
guidelines of the French Veterinary Department and were
approved by the Paris-Descartes Ethical Committee for Animal
Experimentation (decision CEEA34.AB.038.12).

The study protocol was approved by the ethics committee
CPP Ile de France III (N� Am5937-3-2834) (EUDRACT 2010-
A00838-31) and the study was performed according to the Dec-
laration of Helsinki Principles. Patients who had to be treated
surgically for a primary melanoma were informed of the objec-
tives of the study and signed a written consent before inclusion.
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