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Tumor microenvironment is characterized by chronic inflammation
represented by infiltrating leukocytes and soluble mediators, which
lead to a local and systemic immunosuppression associated with
cancer progression. Here, we used the ret transgenic spontaneous
murine melanoma model that mimics human melanoma. Skin
tumors and metastatic lymph nodes showed increased levels of in-
flammatory factors such as IL-1β, GM-CSF, and IFN-γ, which corre-
lated with tumor progression. Moreover, Gr1+CD11b+ myeloid-
derived suppressor cells (MDSCs), known to inhibit tumor reactive
T cells, were enriched in melanoma lesions and lymphatic organs
during tumor progression. MDSC infiltration was associated with
a strong TCR ζ-chain down-regulation in all T cells. Coculturing nor-
mal splenocytes with tumor-derived MDSC induced a decreased
T-cell proliferation and ζ-chain expression, verifying the MDSC
immunosuppressive function and suggesting that the tumor inflam-
matory microenvironment supports MDSC recruitment and immu-
nosuppressive activity. Indeed, uponmanipulation of themelanoma
microenvironment with the phosphodiesterase-5 inhibitor sildena-
fil, we observed reduced levels of numerous inflammatory media-
tors (e.g., IL-1β, IL-6, VEGF, S100A9) in association with decreased
MDSCamounts and immunosuppressive function, indicatingananti-
inflammatory effect of sildenafil. This led to a partial restoration of
ζ-chain expression in T cells and to a significantly increased survival
of tumor-bearing mice. CD8 T-cell depletion resulted in an abroga-
tion of sildenafil beneficial outcome, suggesting the involvement of
MDSC and CD8 T cells in the observed therapeutic effects. Our data
imply that inhibition of chronic inflammation in the tumor microen-
vironment should be applied in conjunction with melanoma immu-
notherapies to increase their efficacy.

therapy | cytokines

Malignant melanoma is notorious for aggressive clinical be-
havior, proclivity for distant metastasis, and poor response to

currently available therapeutic agents (1). Immunotherapy appears
to be especially promising as a result of the well known intrinsic
immunogenicity of melanoma (2–4). However, despite the initial
promising observations, the overall results of clinical immuno-
therapeutic trials are not satisfactory (3, 5). Insufficient antitumor
reactivity is thought to result from the formation of a complex im-
munosuppressive network induced by the chronic inflammation
developing in the tumor microenvironment (6–8). Indeed, chronic
inflammation has been demonstrated to correlate with tumor onset
and progression (6, 7). An inflammatory microenvironment ensues
during tumor growth as a result of the secretion of inflammatory
mediators (cytokines, chemokines, growth factors, reactive oxygen
and nitrogen species, prostaglandins) by the tumor and/or stroma
cells (8–10). These mediators were found to support tumor de-
velopment by stimulating protumor mutations, resistance to apo-

ptosis, and angiogenesis (7, 8). Moreover, some of the afore-
mentioned factors were reported to induce the accumulation and
activation of myeloid-derived suppressor cells (MDSCs) in tumor
lesions, lymphatic organs, and the peripheral blood (9, 11–15).
MDSCs have been characterized as a heterogeneous pop-

ulation of immature myeloid cells that are precursors of dendritic
cells, macrophages, and granulocytes and coexpress (in mice) Gr1
and CD11b (9, 11, 12). MDSC immunosuppressive activity in
tumor-bearing hosts inhibiting antitumor T-cell responses was
reported to be a result of the activation of inducible NOS and
arginase (ARG)-1, leading to L-arginine depletion and increased
production of NO and reactive oxygen species (11, 16–18). One of
the major features of MDSC-induced impairment of T-cell func-
tions is associated with a pronounced down-regulation of the T-
cell receptor (TCR) ζ-chain expression (19, 20), which plays a key
role in coupling the TCR-mediated antigen recognition to diverse
signal transduction pathways (21).
Various approaches were used during the last years to decrease

MDSC amounts and immunosuppressive function under different
pathological conditions (22). Recently, phosphodiesterase (PDE)-
5 inhibitors [sildenafil (Viagra) and tadalafil (Cialis)], which are
used for the treatment of erectile dysfunction, pulmonary hyper-
tension, and cardiac hypertrophy (23), have been shown to exert
antitumor effects in various transplantation mouse models by ab-
rogating MDSC immunosuppressive functions that resulted in the
accumulation and activation of tumor infiltrating lymphocytes
(TILs) (24–26). However, the disease development and the tumor–
stroma interactions in transplantation tumor models are not
comparable with clinical conditions. In contrast, the ret transgenic
mouse melanoma model closely resembles human disease as to
tumor genetics, histopathology, and clinical development (27, 28).
Mice expressing the human ret transgene in melanocytes develop
spontaneouslymalignant skinmelanomawithmetastases in lymph
nodes (LNs), lungs, liver, and brain (27, 28), similar to the meta-
static pattern observed in melanoma in humans (29).
In this study, we investigated the role of the inflammatory tumor

microenvironment in MDSC enrichment, immunosuppressive
activity, and melanoma progression in ret transgenic mice. We
found that an accumulation of functionally active MDSC in mel-
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anoma lesions and lymphoid organs was strongly associated with
a dramatic reduction of TCR ζ-chain expression in T cells. Oral
administration of sildenafil decreased inflammatory mediators in
the tumor microenvironment, abrogated immunosuppressive ac-
tivities of MDSC, and restored ζ-chain expression levels in TILs,
which resulted in significantly increased mouse survival. This
provides a new therapeutic strategy for the neutralization of in-
flammatory immunosuppressive environment that can overcome
T-cell anergy and enhance the efficacy of T cell-mediated mela-
noma immunotherapy.

Results
Elevation of Inflammatory Cytokines and Growth Factors in Mel-
anoma Lesions from Ret Transgenic Mice. In the present study, we
analyzed ret transgenic mice that spontaneously develop skin ma-
lignantmelanomas and distantmetastases inLN, liver, and lungs. To
address the role of inflammatory mediators in the tumor microen-
vironment during melanoma progression, we investigated the pro-
duction of relevant cytokines and chemokines in lysates prepared
from skin melanomas and metastatic LN by using a Bio-Plex assay.
Tumor progression was assessed as the duration between first visible
tumor manifestations and mouse death. As shown in Fig. 1 A–C,
concentrations of IFN-γ, IL-1β, andGM-CSFwere higher in quickly
growing tumors than in slowly growing ones. Analyzing cytokine
amounts inmetastatic LNs from the same animals revealed a similar
correlation with the duration of tumor progression (Fig. 1 D–F),
which was statistically significant for IL-1β (Fig. 1E). Together with
the accumulation of VEGF, IL-6, and TGF-β in melanoma lesions
described by us earlier (30), these observations support conditions
for MDSC recruitment at the tumor site.

MDSC Are Accumulated in Skin Tumors, Metastatic LNs, and Lym-
phatic Organs.Gr1+CD11b+MDSCs were quantified during tumor
development in skin tumors, metastatic LN, spleen, and bone
marrow (BM; Fig. 2 A–D and Fig. S1 A and B). Accumulation of
MDSCs among tumor infiltrating leukocytes significantly correlated
with the increasing weight of these tumors (Fig. 2B). Furthermore,

quickly progressing tumors showed elevated MDSC proportions
within infiltrating leukocytes (Fig. 2C). These findings suggest that
the observed enrichment of inflammatory factors in melanoma
microenvironment may attract MDSCs during tumor progression.
Next we studied Gr1+CD11b+ MDSCs in lymphatic organs.

Tumor-bearing mice showed significantly increased MDSC fre-
quencies in metastatic LN (Fig. 2D) compared with nontransgenic
littermates and/or transgenic mice without macroscopically visible
tumors (i.e., control groups). Similar changes were found in the
spleen and BM (Fig. S1 A and B). When testing other potential
MDSC markers such as IL-4Rα (14) or F4/80 (31), we found no
significant changes in their expression compared with control
groups. Recent reports have shown that MDSCs consist of gran-
ulocytic CD11b+Ly6G+Ly6Clow and monocytic CD11b+Ly6G+/−

Ly6Chigh subsets (32, 33). We detected a reduction in monocytic
MDSC numbers among total Gr1+CD11b+ cells in the BM of
tumor-bearing mice compared with nontransgenic littermates
(18% and 11%, respectively; P < 0.05), with a slight increase in the
frequency of the granulocytic subpopulation.No changes inMDSC
subsets were observed in spleen and LN from these mice.
We next investigated key factors involved in the induction of

immunosuppression such as NO and ARG-1 (9, 11) and found
a profound elevation of NO production by MDSCs in the BM,
metastatic LN, and spleen from melanoma-bearing mice com-
pared with both control groups (Fig. S2 A–C). Furthermore,
amounts of ARG-1–expressing cells within MDSCs in metastatic
LNs from tumor-bearing mice were significantly higher than in
WT animals (Fig. S2D).

TCR ζ-Chain Is Down-Regulated in TILs and Lymphatic Organs. To
study the effect of MDSC on T cells in tumor-bearing mice, we
tested TCR ζ-chain expression in primary tumors, LN, spleen, and
BM by intracellular staining. A decrease in the ζ-chain expression
in CD3+CD4+ TILs significantly correlated with tumor pro-
gression as indicated by an augmented tumor weight (Fig. 2E). For
CD3+CD8+ TILs, this effect was observed as a strong tendency.
When comparing the lymphocyte infiltration of larger (>700 mg)
and smaller (<700 mg) tumors, we detected much lower ζ-chain
expression in both CD4+ and CD8+ TILs from larger tumors
(Fig. S3A). Moreover, both CD4+ and CD8+ T cells from meta-
static LNs (Fig. 2F) and spleens (Fig. S3B) from mice with tumors
of different weight showed significantly lower ζ-chain expression
compared with tumor-free transgenic andWTmice, indicating the
suppression of TCR ζ-chain expression in tissues with enriched
MDSC amounts.

MDSC Suppress T-Cell Proliferation and TCR ζ-Chain Expression ex
Vivo. To test the direct impact of MDSCs from melanoma-bear-
ing mice on T-cell activity and ζ-chain expression, MDSCs were
isolated from skin tumors by using CD11b MicroBeads (80% of
Gr1+CD11b+ cell purity) and from the BMby FACS sorting (99%
of Gr1+CD11b+ cell purity). The selected cells were then cocul-
tured with C57BL/6 splenocytes stimulated by anti-CD3 and anti-
CD28 mAbs or with OT-1 splenocytes activated by ovalbumin
(OVA). Tumor-derived MDSCs profoundly inhibited T-cell pro-
liferation tested by the reduced expression of the cell proliferation
dye (CPD) eFluor 670 (Fig. 3 A and B). Interestingly, MDSCs
isolated from the BM of the same tumor-bearing animals also
showed a considerably higher immunosuppressive activity than
those fromWTmice detected by the CPD eFluor 670 (Fig. 3A and
C) and Ki67 expression on stimulated T cells. As ζ-chain is an
essential molecule transmitting downstream signals after TCR li-
gation, we investigated its expression in nonstimulated C57BL/6
spleen T lymphocytes upon overnight coculture with BM Gr1+

CD11b+ cells sorted by FACS. Similar to the proliferation assay,
MDSCs from transgenic tumor-bearing mice inhibited ζ-chain
significantly stronger than WT MDSCs (Fig. 4D). Interestingly,
even MDSCs from transgenic mice without macroscopic tumors
induced a significant down-regulation of ζ-chain expression
(Fig. 3D).

Fig. 1. Inflammatory mediators in tumor lesions of transgenic mice. IFN-γ,
IL-1β, and GM-CSF were measured in primary tumors (A–C) and metastatic
LN (D–F) by Bio-Plex and plotted against the duration of tumor growth
between first visible tumor signs and mouse death. Each group included
seven to 12 mice. The correlation between two variables was calculated by
using a linear regression analysis.
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Sildenafil Delays Tumor Progression and Impairs MDSC Function in
Vivo. To neutralize MDSC-related immunosuppressive effects in
melanoma-bearing mice, we used the PDE-5 inhibitor sildenafil.
By using Western blot analysis, we demonstrated that the PDE-5
protein is expressed inMDSCs isolated from skin tumors but not in
cells established from primary melanoma (Ret cells; Fig. S4).
Chronic administration of sildenafil (with drinking water for 6 wk)
resulted in the profound prolongation of mouse survival compared
with the untreated (i.e., control) group (P = 0.002; Fig. 4A). In-
terestingly, PDE-5 expression levels in tumorMDSCs from treated
mice seemed to be similar to those of control animals (Fig. S4).
As sildenafil could also partially inhibit the activity of PDE-6
expressed in photoreceptor cells of mouse retina (34), we tested
PDE-6 by using immunohistology and found no significant changes
in the retina from treatedmice comparedwith controls. Analysis of
the PDE-5 inhibition revealed a strong elevation of cGMP levels in
skin tumors and metastatic LNs from treated mice compared with
untreated tumor-bearing mice (Fig. S5A). Moreover, as expected,
this cGMP accumulation was accompanied by a significant de-
crease in the NO content in primary tumors (Fig. S5B). A similar
tendency was observed in metastatic LNs.
We next investigated sildenafil-mediated effects on inflam-

matory factors in melanoma lesions. The concentration of IL-β,
VEGF, and GM-CSF, as well as chemokines Ccl2 (MCP-1) and
Ccl3 (MIP-1α), was significantly diminished in metastatic LNs
from treated compared with untreated mice (Fig. 4B). Moreover,
decreased levels of IL-6 in primary melanomas upon sildenafil

therapy were detected (Fig. 4C). Importantly, these alterations in
inflammatory mediators were associated with a reduction in
numbers of MDSCs infiltrating metastatic LNs (Fig. 4D). Fur-
thermore, the amount of MDSCs expressing the myeloid-related
protein S100A9 was significantly decreased in skin tumors from
treated mice (Fig. 4E). Metastatic LNs also displayed, under sil-
denafil therapy, a reduction in the proportion of MDSCs pro-
ducing NO and in levels of NO production (Fig. S6 A and B). In
addition, the intracellular expression level of ARG-1 in MDSCs
from treatedmice was considerably lower than in the control group
(Fig. S6C). Similar sildenafil-induced changes were also detected
in primary skin tumors.

Restoration of T-Cell Activity Upon in Vivo Sildenafil Therapy. Next,
we asked whether PDE-5 inhibition in MDSCs could alter their
ability to suppress T-cell functions. To this end, MDSCs isolated
from primary tumors of transgenic animals treated with sildenafil
for 5 wk were ex vivo coincubated with stimulated C57BL/6 sple-
nocytes. Such MDSCs exerted a weaker ability to suppress T-cell
proliferation than those isolated from untreated tumor-bearing
mice (Fig. 5A). Sildenafil also induced a partial recovery of TCR
ζ-chain expression both in CD4+ and CD8+ T cells infiltrating
primary tumors (Fig. 5B) and metastatic LNs (Fig. 5C). Moreover,
we observed an elevated frequency of CD3+CD4+ and
CD3+CD8+T cells inmetastatic LNs (Fig. 5D) and primary tumors
compared with untreatedmice. In addition, an accumulation of the
key T-cell growth factor IL-2 was found inmetastatic LNs upon the
therapy (Fig. 5E). To investigate the proportion of tumor-specific
CD8+ TILs upon the sildenafil therapy, we performed stainings
with tetramers containing Kb and the peptide SVYDFFVWL de-
rived from tyrosinase-related protein (TRP)-2 as a model mela-
noma antigen.Wedetected no significant increase in frequencies of

Fig. 2. Analysis of MDSCs and TCR ζ-chain in tumors and lymphatic organs
of transgenic mice. Cells from mice with (ret tu) or without (ret) macroscopic
tumors and nontransgenic littermates (wt) were assessed by flow cytometry.
(A) A representative dot plot of primary tumor is shown. (B) The weight of
each tumor sample was plotted against the percentage of tumor-infiltrating
Gr1+CD11b+ MDSCs within CD45.2+ leukocytes. (C) The duration of tumor
progression was plotted against the percentage of MDSCs among live cells.
The correlation was calculated by a linear regression analysis. (D) Cumulative
data for MDSCs in metastatic LNs are expressed as the percentage of leu-
kocytes (mean and SE from 10–31 mice). (E) ζ-Chain level in CD3+CD4+ TILs
expressed as mean florescence intensity (MFI) and plotted against the tumor
weight (n = 12). The correlation was analyzed by using a linear regression
analysis. (F) Cumulative data for ζ-chain expression in metastatic LNs are
shown as MFI (mean and SE; n = 5–12 mice per group; *P < 0.05).

Fig. 3. Immunosuppressive activity of MDSCs from transgenic mice. (A–C)
MDSCs were isolated from skin tumors and BM, cocultured with C57BL/6
splenocytes labeled with CPD eFluor 670, and stimulated with anti-CD3 and
anti-CD28 mAbs. (A) A histogram from one representative experiment of
four is shown. Cumulative data (mean and SE; n = 4–6 mice per group) for
the activity of MDSCs isolated from tumors (B) or BM (C) are shown as a ratio
between T-cell proliferation levels with and without MDSCs. The pro-
liferation of splenocytes alone (only Spl) was considered as 100%. Spl:MDSC
ratios were as indicated (B) or were 1:1 (C). (D) FACS-sorted MDSCs were
coincubated with nonstimulated C57BL/6 splenocytes at the Spl:MDSC ratio
of 0.6:1 followed by the ζ-chain detection. Results are depicted as a ratio
between ζ-chain levels (measured as MFI) in samples with and without
MDSC. ζ-Chain levels in T cells cultured alone was considered as 100%. Mean
and SE from three independent experiments (n = 4 mice per group) are
shown (*P < 0.05).
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TRP-2–specific CD8+ T cells within total CD8+ population in
primary tumors and metastatic LNs upon the treatment; these
melanoma-specific cells displayed also no differences in ζ-chain
levels compared with total CD8+ TILs. Finally, to study if silde-
nafil’s therapeutic outcome is a result of an effects on T cells, we
depleted CD8+ T cells in sildenafil-treated mice by using corre-
sponding mAbs (Fig. 5F). The survival of these mice was similar to
that of the untreated group and significantly shorter compared with
animals receiving sildenafil without depleting mAbs (P = 0.025).
In conclusion, the ability of sildenafil to prolong survival of

mice with spontaneously arising melanoma was associated with
inhibition of MDSC immunosuppressive functions and con-
comitant restoration of T-cell function in association with re-
covery of ζ-chain expression in cells infiltrating skin melanomas
and metastatic LNs.

Discussion
The fundamental role of chronic inflammation in suppressing T
cell-mediated antitumor immune responses and promoting tumor
progression has been recently documented (6–10). However, the
previously suggested interplay among inflammation, immunosup-
pression, and tumor progression has been based primarily on
studies performed by using conventional transplantation tumor
mouse models that do not adequately mimic human tumor
development.
To address the role of chronic inflammatory mediators in tumor

progression in more clinically relevant conditions, we used the ret
transgenic mouse model of spontaneous skin melanoma, which

resembles human melanoma with respect to clinical development
ensuring natural tumor-stroma interactions (27, 28). We found an
association between increased concentrations of IL-1β and GM-
CSF in melanoma lesions and accelerated melanoma progression.
Recently we have reported similar data on the correlation of
melanomaprogressionwithVEGFand IL-6 levels (30). It has been
well documented that various cytokines, chemokines, and growth
factors including IL-1β, IL-6, IL-10, Ccl2 (MCP-1), Ccl3 (MIP-1α),
GM-CSF, VEGF, and TGF-β are needed to drive MDSC migra-
tion into tumor lesions and to keep their suppressive phenotype in
tumor-bearing hosts (6, 9, 11–13, 35). We also detected an accu-
mulation of IFN-γ in melanoma lesions, which is known to be re-
leased by activated T cells, leading to the MDSC recruitment into
the chronic inflammatory area and to the stimulation of NO pro-
duction by these cells (6, 9, 11, 14, 36).
Analyzing Gr1+CD11b+ MDSCs in melanoma lesions and

lymphoid organs from transgenic mice revealed a remarkable ele-
vation of MDSC frequencies as demonstrated in different trans-
plantation tumormodels and patients with cancer (9, 11, 12, 17, 32,
33, 37, 38). Although an expansion of MDSCs was reported also
for HER-2/neu transgenic mice spontaneously developing mam-
mary carcinomas (39), it was studied only in the spleen and not in
the tumor microenvironment. Our data indicate that an increased
production of various inflammatory mediators can attract MDSCs
into melanoma lesions in ret transgenic mice. Similar MDSC ac-

Fig. 4. Effect of sildenafil on melanoma progression. Tumor-bearing mice
received sildenafil with drinking water (20 mg/kg/24 h) for 6 wk. (A) Survival
of mice (n = 12 mice per group) is shown as a Kaplan–Meier curve. (B) Levels
of IL-1β, VEGF, GM-CSF, Ccl2, and Ccl3 were detected in metastatic LNs by
using Bio-Plex and expressed as pg/mg protein (mean and SE; n = 6–8 mice
per group). (C) IL-6 in tumor lysates was measured by Bio-Plex assay and
depicted as pg/mg protein (mean and SE; n = 5–8 mice per group). (D) MDSCs
were measured in metastatic LNs from treated and untreated mice by flow
cytometry and presented as the percentage of leukocytes (mean and SE; n =
6–11 mice per group). (E) S100A9 expression in MDSCs of metastatic LNs was
detected by flow cytometry and shown as the percentage of S100A9+ cells
among total MDSCs (mean and SE; n = 6–8 mice per group; *P < 0.05 and
**P < 0.01).

Fig. 5. Sildenafil decreases MDSC-induced immunosuppression and
enhances TILs. (A) MDSCs were isolated from tumors of treated and un-
treated mice and coincubated with activated normal splenocytes at the Spl:
MDSC ratio of 1:1. Means and SEs from three independent experiments (n =
4 mice per group) are presented as a proportion between the proliferation
of T cells cultured alone or with MDSCs and expressed as percentage. (B and
C) ζ-Chain expression in TILs from skin tumors (B) and metastatic LNs (C) are
expressed as MFI (mean and SE; n = 10–13 mice per group). (D) T cells in
metastatic LNs were detected by flow cytometry. Results (mean and SE; n =
11–14 mice per group) are shown as the percentage of CD3+CD4+ and
CD3+CD8+ T cells among mononuclear cells. (E) IL-2 was measured in meta-
static LNs by Bio-Plex assay and expressed as pg/mg protein (mean and SE;
n = 6–8 mice per group). (F) Some sildenafil-treated mice were injected with
rat anti-mouse mAbs depleting CD8+ T cells. IgG from rat serum were in-
oculated in untreated mice. Survival (n = 8 mice per group) is shown as a
Kaplan–Meier curve (*P < 0.05 and **P < 0.01).
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cumulation has been described in mice developing chronic in-
flammation (19) that resembles the tumor microenvironment
(6, 40). The enhanced levels of MDSCs may cause decreased
amounts of mature dendritic cells (41). Indeed, we have previously
reported a significant decrease in numbers of these cells in mela-
noma lesions and lymphoid organs from ret transgenic mice (30).
These cumulative data suggest a linkage among developing tumors,
chronic inflammation, and immunosuppression. MDSC enrich-
ment in tumor-bearing transgenic mice was associated with in-
creased immunosuppressive activity, NO production, and ARG-1
expression in these cells, which is in agreement with earlier studies
on tumor-bearing mice (9, 11–13). We also demonstrated that
MDSCs in transgenic tumor-bearing mice consisted of granulocytic
Ly6Clow and monocytic Ly6Chigh subpopulations as previously
shown for other models (9, 32, 33). However, the granulocytic
subset frequency was not increased as observed in transplantation
tumor models (32). In addition, we detected no significant ex-
pression of IL-4Rα, which is considered as an important MDSC
marker in somemouse tumor systems (14, 42). These discrepancies
might occur as a result of differences between transplantation
models and the autochthonous model used in our study.
A remarkable MDSC accumulation obtained herein was ac-

companied by a strong decrease in TCR ζ-chain expression in TILs
from tumors and T cells in lymphoid organs of transgenic mice. A
down-regulation of ζ-chain expression has been previously de-
scribed not only in cancer (43, 44), but also in chronic inflammation
associated with sustained antigenic stimulation (19, 21), suggesting
again a striking resemblance of these two pathological conditions.
We observed a direct effect of MDSCs on TCR ζ-chain expression
in coculture experiments. In the presence of MDSCs derived from
tumor-bearing transgenic mice, T cells showed not only decreased
proliferative capacity but also lower ζ-chain expression. This im-
pairment of ζ-chain expression was associated with elevated
MDSC immunosuppressive activity as reflected by enhanced
ARG-1 expression and NO production, factors shown to induce
the anergy of reactive T cells (16, 17, 20, 21). We suggest that
measuring ζ-chain expression levels in T cells from tumor-bearing
host, without their removal from the suppressive microenviron-
ment, could provide an accurate indication of their activity.
A key aspect of our study was the development of a therapeutic

strategy toward overcoming the chronic inflammatory conditions
associated with MDSC activity in the tumor microenvironment of
transgenic mice. To this end, we manipulated the inflammatory
conditions by using the PDE-5 inhibitor sildenafil, which has been
previously found to neutralize MDSC activity in transplantable
tumor models (24–26). The outcome of chronic drug administra-
tion was a significant increase in the survival of tumor-bearing
mice. Importantly, we demonstrated a significant reduction of key
inflammatorymediators such as IL-1β, VEGF,GM-CSF,Ccl2, and
Ccl3 in metastatic LN and IL-6 in primary tumors upon the
treatment, demonstrating its anti-inflammatory effect. Moreover,
sildenafil induced a decrease in amounts of MDSCs in LN me-
tastases that express the proinflammatory protein S100A9, known
to be critically involved in the accumulation and retention of
MDSCs (45, 46). Although moderate, these changes in numerous
inflammatory molecules in the melanoma microenvironment
could create conditions for observed diminution in MDSC num-
bers and immunosuppressive activity as reflected by decreasedNO
production and ARG-1 expression.

Furthermore, we showed that all sildenafil effects were strongly
associated not only with an increase in TIL amounts but also with
an enhancement of TCR ζ-chain expression in these cells. More-
over, a systemic depletion of CD8+ T cells in treated mice using
corresponding mAbs completely abrogated antitumor effects of
sildenafil, highlighting the mechanism of the restoration of anti-
tumor T-cell reactivity. Interestingly, tetramer staining revealed no
accumulation of melanoma antigen-specific CD8+ T lymphocytes
or increased ζ-chain expression in these cells compared with total
CD8+ TILs, indicating that the T-cell recovery happens upon the
treatment regardless of their antigen specificity. As ζ-chain levels
in TILs have been reported as a prognostic and survival biomarker
in patients with cancer (43, 44), it could be used for the evaluation
of the host immune status and of the efficiency of tumor immu-
notherapies. Importantly, the PDE-5 expression was detected in
tumor-derived MDSCs but not in the Ret melanoma cell line.
Moreover, we demonstrated no impairment of PDE-6 expression
in the retina, indicating the absence of possible side effects related
to PDE-6 inhibition (34). Based on our model, a possibility to
improve melanoma immunotherapy is currently assessed by com-
bining sildenafil treatment with adoptive transfer of activated
melanoma-specific T cells.
Taken together, by using a transgenic mouse skin melanoma

model, which is highly similar to human cutaneous melanoma,
we highlight a complex association of proinflammatory cells and
factors playing a key role in generating immunosuppression ty-
pical for tumor-bearing hosts. We demonstrated a remarkable
increase in levels of inflammatory mediators and in amounts of
strongly immunosuppressive MDSCs in melanoma lesions, which
correlated with diminished TCR ζ-chain expression in TILs.
Moreover, the treatment with sildenafil enabled neutralization of
the harmful tumor microenvironment and uncovered the me-
chanisms underlying its unique anti-inflammatory effects as
reflected by the reduction of inflammatory mediator levels as-
sociated with decreased MDSC numbers and suppressive activ-
ity. This resulted in a partial restoration of antitumor T-cell
functions and significant retardation of spontaneous melanoma
progression. We thus suggest that a key prerequisite for an ef-
fective melanoma immunotherapy should involve monitoring the
initial immune status and the neutralization of immunosup-
pressive microenvironment typical for melanoma before applying
any immunologic treatments.

Materials and Methods
SI Materials and Methods include descriptions of used transgenic mice and
reagents, flow cytometry analysis, bio-plex, in vitro proliferation and bio-
chemical assays. They contain also therapy with sildenafil, depletion of CD8+
T cells in treated mice, immunohistology, and Western blotting. Details for
each method are described in SI Materials and Methods.
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