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Abstract Malignant melanoma is known by its rapid

progression and poor response to currently applied treat-

ments. Despite the well-documented melanoma immuno-

genicity, the results of immunotherapeutic clinical trials are

not satisfactory. This poor antitumor reactivity is due to the

development of chronic inflammation in the tumor micro-

environment characterized by infiltrating leukocytes and

soluble mediators, which lead to an immunosuppression

associated with cancer progression. Using the ret trans-

genic mouse melanoma model that closely resembles

human melanoma, we demonstrated increased levels of

chronic inflammatory factors in skin tumors and metastatic

lymph nodes, which correlated with tumor progression.

Furthermore, Gr1?CD11b? myeloid-derived suppressor

cells (MDSC), known to block tumor-reactive T cells, were

enriched in melanoma lesions and showed an enhanced

immunosuppressive capacity. This MDSC accumulation

was associated with a strong TCR f-chain downregulation

in T cells suggesting that the tumor inflammatory micro-

environment supports MDSC recruitment and immuno-

suppressive activity. Indeed, upon administration of

phosphodiesterase-5 inhibitor sildenafil or paclitaxel in

non-cytotoxic doses, we observed reduced levels of chronic

inflammatory mediators in association with decreased

MDSC amounts and immunosuppressive function. This led

to a partial restoration of f-chain expression in T cells and

to a significantly increased survival of tumor-bearing mice.

CD8 T-cell depletion resulted in an abrogation of beneficial

outcome of both drugs, 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 microenvironment should be applied in con-

junction with melanoma immunotherapies to increase their

efficacy.
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Introduction

Malignant skin melanoma, notorious for its aggressive

clinical behavior, proclivity for distant metastasis and poor

response to currently applied therapeutics such as chemo-

and radio-therapy, is one of the fastest increasing cancers

worldwide [1, 2]. Few treatment options are available to

patients with metastatic disease, and standard chemother-

apeutic agents are generally ineffective. Therefore, devel-

opment of new alternative strategies for therapy of

cutaneous malignant melanoma is extremely important.

Immunogenicity of human malignant melanoma is well-

documented including an identification of large numbers of

melanoma-associated antigens and development of spon-

taneous tumor regressions in some patients providing

thereby direct evidence for the induction of antitumor

immunity, in which T cells play a key role [3–5]. However,

despite the high potential to stimulate immune responses

against melanoma cells, the results of immunotherapeutic
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clinical studies are not satisfactory. Insufficient antitumor

reactivity could be due to different mechanisms dealing

with structural and functional changes in both tumor and

stroma cells. These mechanisms were reported to include

on the side of melanoma cells (1) the absence of co-stim-

ulatory molecules [6], (2) downregulation in the expression

of tumor-associated antigens [7], (3) MHC class I mole-

cules [8] and (4) ligands for natural killer (NK) cell

receptors [9], as well as (5) an intensive secretion of

immunosuppressive factors such as VEGF, TGF-b,

IL-10 or nitric oxide [10, 11]. Stroma cell contribution is

characterized by strong expansion and accumulation of

immunosuppressive cells in the tumor microenvironment

such as CD4?CD25?Foxp3? regulatory T cells [12, 13],

myeloid-derived suppressor cells (MDSC) [14, 15], M2

subset of macrophages [10] and regulatory/tolerogenic

dendritic cells [16].

This complex immunosuppressive network is thought to

be induced by chronic inflammatory conditions developing

in the tumor microenvironment (Fig. 1). Indeed, chronic

inflammation has been demonstrated to correlate with

tumor onset and progression [10, 17–20]. An inflammatory

microenvironment ensues during tumor growth due to the

secretion of inflammatory mediators (cytokines, chemo-

kines, growth factors, reactive oxygen and nitrogen species

and prostaglandins) by the tumor and/or stroma cells [10,

17, 21, 22]. These mediators were found to support tumor

development by stimulating protumor mutations, resistance

to apoptosis, and angiogenesis [11, 20, 22]. Moreover,

many of these chronic inflammatory factors were reported

to induce the recruitment and activation of various

immunosuppressive leukocytes, in particular MDSC, in

tumor lesions [10, 14, 15, 21, 22]. In this review, we dis-

cuss the role of chronic inflammation in the recruitment

and activation of MDSC in melanoma and therapeutic

strategies to neutralize immunosuppressive microenviron-

ment induced by chronic inflammation.

Chronic inflammation and melanoma

Numerous experimental and epidemiological studies car-

ried out in the last two decades indicate a strong link

between chronic inflammation and tumor progression

[18–20, 23]. The identification of transcription factors (e.g.,

NF-jB, AP-1 and STAT3) and related proinflammatory

molecules such as TNF-a, IL-1, IL-6, IL-8, chemokines,

cyclooxygenase-2 (COX-2), matrix metalloproteases and

vascular endothelial growth factor (VEGF) have provided

the molecular basis for the connection between chronic

inflammation and cancer. This connection is indicated by

(1) the induction of tumor development under chronic

Fig. 1 Immunosuppression in the melanoma microenvironment.

Chronic inflammatory conditions developing in the tumor microen-

vironment are characterized by inflammatory mediators (cytokines,

chemokines, and growth factors), which are secreted by the tumor and

stroma cells. These mediators induce the recruitment in tumor lesions

and activation of various immunosuppressive leukocytes, including

myeloid-derived suppressor cells (MDSC), regulatory T cells (Treg),

tumor-associated M2 macrophages regulatory dendritic cells (regDC),

and Th2 lymphocytes. In particular, immunosuppressive activity of

MDSC reflecting by the activation of inducible nitric oxide synthase

(iNOS) and arginase (ARG)-1 can significantly contribute to the

inhibition of antitumor responses mediated by effector CD4 (Th1) and

CD8 T cells via the induction of TCR f-chain downregulation,

arginine deprivation and apoptosis
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inflammatory conditions and (2) the formation of chronic

inflammatory microenvironment in tumor lesions, which

strongly stimulates tumor growth and metastasis [17–22]. It

has been recently reported that a number of oncogenes are

able not only to promote uncontrolled cell proliferation and

stimulate their resistance to apoptosis but also to activate a

cascade of inflammatory mediators. In particular, the

components of the RAS-RAF signaling pathway have been

shown to induce the activation of the transcription factor

NF-jB and the production of some inflammatory cytokines

and chemokines [24, 25]. Since this pathway plays a piv-

otal role in the initiation and progression of malignant skin

melanoma [26, 27], we investigated the production of

chronic inflammatory mediators during melanoma

development.

This study requires, in particular, the establishment of

reliable mouse melanoma models. Conventional animal

melanoma models are based on the transplantation of

tumor cells (e.g., B16), in which the disease development

and tumor–stroma interactions are not comparable with

clinical conditions. In contrast to transplantation models,

the recently described ret transgenic mouse model closely

resemble human melanoma with respect to etiology, tumor

genetics, histopathology and clinical development [28].

Mice express the human ret transgene in melanocytes

controlled by the mouse metallothionein I promoter/

enhancer. Ret kinase belongs to the family of receptor

tyrosine kinases [29] and is activated in melanoma devel-

oping in ret transgenic mice. Overexpression of Ret kinase

is associated with the activation of other kinases (such as

mitogen-activated protein kinase and c-Jun) and matrix

metalloproteinases located downstream of the Ret kinase

[28]. After a short latency (20–70 days; mean, 40 days),

transgenic animals developed skin tumors on the head

(nose, ears, eyes), neck, back, or tail with metastases in

lymph nodes, lungs, liver, brain, kidney, and bone marrow

[29, 30]. This metastatic profile resembled that of human

malignant melanoma [31]. No new tumor development was

ever observed in animals older than 20 weeks. Histologic

analysis of primary tumors and metastases revealed the

morphology of malignant melanoma.

To address the involvement of chronic inflammatory

mediators in melanoma progression, we investigated the

production of relevant cytokines and growth factors in

primary skin melanomas and metastatic lymph nodes as

well as in the cell line, which was established from primary

skin melanomas isolated from ret transgenic mice (Ret

melanoma cells). This cell line showed an expression of

IL-6, VEGF and TGF-b1 at the mRNA level, whereas the

IL-10 mRNA expression was not detected [32]. Consider-

able amounts of VEGF and TGF-b1 proteins were found in

supernatants from cultured Ret melanoma cells by ELISA.

Analyzing the primary tumors, we demonstrated IL-6,

VEGF and TGF-b1 production at the mRNA and protein

levels [32]. Notably, the amount of VEGF displayed a

significant positive correlation with the tumor weight as an

indicator of progression. Moreover, concentrations of IL-6

and VEGF were significantly elevated in the serum from

transgenic tumor-bearing mice compared with non-trans-

genic littermates [32]. Furthermore, we found an associa-

tion of elevated concentrations of IL-1b and GM-CSF in

both skin melanomas and metastatic lymph nodes with

accelerated melanoma growth [33]. Importantly, increased

concentrations of the chemokine Ccl-2 (MCP-1) have been

also detected in melanoma lesions of transgenic mice [34].

All these above-mentioned factors have been reported to be

critical for driving MDSC migration into tumor lesions and

for keeping their suppressive phenotype in the tumor

microenvironment, lymphatic organs and peripheral blood

[14, 15, 21–23, 35]. Interestingly, primary melanomas and

metastatic lymph nodes accumulated high amounts of IFN-

c [33]. This cytokine (known to be released by activated T

cells) was reported to enhance the MDSC recruitment into

the chronic inflammatory area and to stimulate nitric oxide

(NO) production by these cells [36–38].

Role of MDSC immunosuppressive melanoma

microenvironment

MDSCs have been described as an extremely heteroge-

neous population of immature myeloid cells that are pre-

cursors of DC, macrophages and granulocytes [10, 14, 15].

Whereas in mice, they coexpress Gr1 and CD11b markers,

the situation with human MDSC is much more complex

due to the absence of human analog of Gr1 [39]. In mice, it

has been reported that MDSC consist of granulocytic

CD11b?Ly6G?Ly6Clow and monocytic CD11b?Ly6-

G?/-Ly6Chigh subsets that could differ in their immuno-

suppressive pathways [14, 39]. Main mechanisms of

MDSC-mediated immunosuppression in tumor-bearing

hosts are dealing with the inhibition of antitumor T-cell

responses through the upregulated activity of inducible NO

synthase (iNOS) and arginase (ARG)-1. This leads to

depletion of L-arginine that is essential for protein synthesis

by T cells [40] and increased production of NO and reac-

tive oxygen species [14, 15, 40, 41]. NO was shown to

mediate T-cell apoptosis and modulate signaling processes

that are crucial for T-cell functions [42, 43]. More recently,

it has been demonstrated an ability of NO to induce the

nitrosylation of T-cell receptors (TCR) on tumor-infiltrat-

ing lymphocytes (TIL) [44] and even that of chemokines in

the tumor microenvironment impairing thereby the T-cell

migration [45]. Other recently described mechanisms by

which MDSC can inhibit T-cell functions involve (1) the

sequestration of cystine blocking the delivery of another
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critical amino acid cysteine to T cells [46] and (2) the

reduction in T-cell migration to lymph nodes via the

downregulation of L-selectin, which is responsible for

T-cell homing [47].

Studying MDSC in skin melanomas and lymphoid

organs from transgenic mice revealed a remarkable ele-

vation of their numbers [33]. Similar observations were

previously reported in different transplantation tumor

models and patients with cancer [10, 14, 15, 39, 48, 49].

These findings indicate that an increased production of

numerous inflammatory factors may recruit MDSC into

melanoma lesions in ret transgenic mice. In addition,

MDSC accumulation has been described in the mouse

chronic inflammation model [22]. Importantly, the

enhanced MDSC frequency may lead to decreased amounts

of mature DC [14, 15]. Indeed, it has been recently

reported a significant decrease in numbers of these cells in

melanoma lesions and lymphoid organs from ret transgenic

mice [32]. All these data suggest a linkage among devel-

oping tumors, chronic inflammation and immunosuppres-

sion. MDSC from tumor-bearing transgenic mice showed

also an increased NO production and ARG-1 expression

that was associated with their strong capacity to suppress

T-cell proliferation in in vitro assay [33].

One of the principal characteristics of MDSC-mediated

inhibition of T-cell activities is associated with a striking

decrease in TCR f-chain expression [50, 51], which plays a

critical role in coupling the TCR-mediated antigen recog-

nition to diverse signal transduction pathways [52]. We

demonstrated a strong diminution of TCR f-chain levels in

T-cells infiltrating melanoma lesions and localized in

lymphoid organs of ret transgenic mice [33]. A downreg-

ulation of f-chain expression has been previously reported

not only in cancer patients [53, 54], but also in chronic

inflammation models [50, 52], suggesting again a remark-

able resemblance of both pathological conditions. Fur-

thermore, a direct MDSC effect on TCR f-chain expression

has been found in vitro [33]. Upon coculture of MDSC

derived from skin tumors or bone marrow of tumor-bearing

transgenic mice, normal T cells showed not only reduced

proliferative activity but also lower levels of f-chain

expression. Based on these observations, we suggest that

measuring f-chain expression levels in T cells from tumor-

bearing host directly ex vivo without their withdrawal from

the immunosuppressive microenvironment for in vitro

cultures could provide a more accurate characteristic of

their functional capacity.

Neutralization of immunosuppression in melanoma

Numerous therapeutic strategies were applied during the

last years to decrease MDSC-mediated immunosuppression

under different pathological conditions including cancer

and chronic inflammation [55]. These strategies include the

reduction in MDSC frequencies by (1) stimulating their

differentiation into DC and macrophages [56], (2) impair-

ing their generation from earlier precursors [57], and (3)

reducing their accumulation [58, 59]. In addition, their

immunosuppressive function has been reported to be

attenuated by (1) inhibiting the activities of iNOS and

ARG-1 in MDSC [60, 61] and (2) interfering with the

IL-13/IL-4Ra/STAT6 signaling pathway [60, 62]. It has

recently been reported that phosphodiesterase (PDE)-5

inhibitors [sildenafil (Viagra) and tadalafil (Cialis)], which

are widely used for the treatment of erectile dysfunction,

pulmonary hypertension and cardiac hypertrophy [63],

could exert antitumor effects in various transplantation

mouse models by blocking MDSC immunosuppressive

functions (e.g., downregulation of iNOS and ARG-1

activities) that resulted in the TIL enrichment and activa-

tion [60, 64, 65]. To overcome the chronic inflammatory

conditions associated with MDSC activation in the tumor

microenvironment of ret transgenic mice, the PDE-5

inhibitor sildenafil was applied in animals with established

skin tumors. Chronic drug administration resulted in a

significant increase in the survival of tumor-bearing mice

[33]. Importantly, a significant reduction in key inflam-

matory mediators such as IL-1b, VEGF, GM-CSF, IL-6,

Ccl2, and Ccl3 in primary tumors was found upon the

treatment, demonstrating the earlier unknown anti-inflam-

matory effect of sildenafil [33]. Moreover, this drug was

able to decrease in metastatic lymph nodes the number of

MDSC, expressing the proinflammatory protein S100A9

that is known to be critically involved in the accumulation

and retention of these cells [66, 67]. Although moderate,

these changes in the concentration of numerous chronic

inflammatory factors in the melanoma microenvironment

could be responsible for observed diminution in MDSC

frequencies [33]. In accordance with previous publication

on transplantable tumor mouse models [60], the biochem-

ical mechanism of sildenafil effects in transgenic mice

involved the accumulation of cyclic GMP as well as the

decrease in NO production and ARG-1 expression in

MDSC, leading to the inhibition of their immunosuppres-

sive activity [33].

Since MDSC have been recently described to promote

angiogenesis in tumor-bearing hosts [68], one cannot

exclude that the inhibition of MDSC functions could lead

to the suppression of tumor angiogenesis. However, we

found that the observed effects of sildenafil were strongly

associated not only with an increase in TIL amounts but

also with an enhancement of TCR f-chain expression in

these cells [33]. Moreover, a systemic depletion of CD8? T

cells in treated mice with depleting anti-CD8 monoclonal

antibodies resulted in a complete abrogation of antitumor
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effects induced by sildenafil, highlighting the mechanism

of the therapy dealing with the restoration of antitumor

T-cell reactivity [33]. Interestingly, applying tetramer

staining failed to observe an accumulation of melanoma

antigen-specific CD8? T lymphocytes or elevated f-chain

expression in these cells as compared with total CD8? TIL,

indicating that the T-cell recovery mediated by the treat-

ment with sildenafil was independent of their antigen

specificity. As levels of TCR f-chain expression in TIL

have been recently reported as a prognostic and survival

biomarker in cancer patients [53, 54], it could be useful for

the evaluation of the host immune status and of the effi-

ciency of tumor immunotherapies.

Importantly, the PDE-5 expression was detected in

tumor-derived MDSC but not in the Ret melanoma cells,

suggesting thereby that sildenafil cannot stimulate the

proliferation of tumor cells due to the accumulation of

cyclic GMP. In addition, no impairment of PDE-6

expression was detected in the mouse retina after chronic

drug administration, indicating the absence of possible side

effects related to PDE-6 inhibition [69]. These data suggest

that PDE-5 inhibitors could be safely applied neutralizing

immunosuppression in melanoma microenvironment.

Another strategy to overcome immunosuppressive

tumor microenvironment could involve the application of

chemotherapeutic drugs in particular doses. Conventional

chemotherapy based on maximum tolerated doses (MTD)

is currently used to eliminate quickly proliferating tumor

cells. However, this kind of chemotherapy usually induces

severe side effects including general toxicity and profound

immunosuppression in tumor-bearing hosts supporting

rapid proliferation of chemoresistant tumor cells. Reduc-

tion in the doses of cytotoxic drugs has been proposed to

limit some undesirable effects of conventional chemo-

therapy in cancer patients [70]. Indeed, it has been recently

reported that the application of chemotherapeutics in

moderately low doses (20–33% of MTD) can induce so-

called immunogenic death of cancer cells involving the cell

surface alterations and the release of soluble immunogenic

factors from dying tumor cells [71]. In addition, the treat-

ment for cancer with cytotoxic drugs in further reduced,

non-cytotoxic and non-cytostatic doses (3–5% of MTD)

doses has been recently described and designated as

chemoimmunomodulation [72, 73]. In contrast to conven-

tional therapies, this approach induces no suppression of

proliferation of tumor cells, hematopoietic cells or immune

cells in vitro. However, it mediates the development of

antitumor immune responses by stimulating immune cell

functions and changing the immunogenicity of tumor cells.

Thus, the treatment for human DC with different chemo-

therapeutic agents including vincristine, paclitaxel and

methotrexate in ultra-low, non-cytotoxic concentrations

resulted in the stimulation of DC maturation and their

ability to induce T-cell proliferation and activation [72,

74]. In vivo, chemotherapeutic drugs, including paclitaxel

administered in ultra-low non-cytotoxic doses, displayed a

direct stimulatory effect on DC reflected by an upregula-

tion of components of the MHC class I antigen processing

machinery that correlated with an increased expression of

MHC class II and co-stimulatory molecules such as CD80,

CD86, and CD40 [74, 75]. Moreover, chemoimmuno-

modulation with paclitaxel prior to intratumoral DC vac-

cination in the Lewis lung carcinoma model has been

demonstrated to inhibit tumor growth and to increase tumor

infiltration with CD4? and CD8? T cells [76].

The administration of paclitaxel in non-cytotoxic doses

into ret transgenic mice with established skin melanomas

led to a significant prolongation of mouse survival and

retardation of melanoma a progression. Similar to the

effects of sildenafil in the same mouse melanoma model,

we observed a striking inhibition of the production of

chronic inflammatory mediators in melanoma lesions

such as IL-b, TNF-a, IFN-c, and IL-10. These changes

were found to be associated with a reduction in MDSC

frequencies in primary skin tumors and their ability to

produce an immunosuppressive molecule NO compared

to the untreated group. Moreover, the ability of

CD11b?Gr1? MDSC isolated from skin melanoma upon

the chemoimmunomodulation with paclitaxel to suppress

T-cell proliferation has been shown to be markedly lower

than that of MDSC from untreated tumor-bearing ani-

mals. As a result, the number of CD8 T cells infiltrating

melanoma lesions was elevated, and the expression level

of TCR f-chain in these cells was upregulated as com-

pared to the untreated mice. Finally, the depletion of CD8

T cells in paclitaxel-treated animals resulted in a com-

plete abolishment of the beneficial effect of this drug

indicating thereby a critical role of CD8 T cells in the

mechanism of antitumor effects of paclitaxel in ultra-low,

non-cytotoxic doses.

Conclusion

Taken together, malignant melanoma represents a complex

association of chronic inflammatory factors and proin-

flammatory cells that play a critical role in generating

immunosuppressive microenvironment typical for tumor-

bearing mice and melanoma patients. This immunosup-

pressive network is able to destroy melanoma-specific T

cells or severely attenuate their antitumor functions despite

the strong immunogenic capacity of melanoma cells. By

using a transgenic mouse melanoma model, which resem-

bles human cutaneous melanoma, we demonstrated a

remarkable increase in levels of inflammatory mediators

and in amounts of highly immunosuppressive MDSCs in
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melanoma lesions that correlated with diminished TCR

f-chain expression in tumor infiltrating T cells. The treatment

with sildenafil or chemoimmunomodulation with paclitaxel

enabled neutralization of chronic inflammatory milieu

associated with decreased MDSC numbers and suppressive

activity. Importantly, this resulted in a partial restoration of

antitumor T-cell activities leading to a significant retarda-

tion of spontaneous melanoma progression (Fig. 2). We

thus suggest that a key prerequisite for an effective mela-

noma immunotherapy should involve monitoring the initial

immune status of patients including the measurement of

chronic inflammatory and immunosuppressive cytokines

(e.g., IL-1b, IL-6, IL-10, TNF-a, and IFN-c), chemokines

(like Ccl-2 and Ccl3) and growth factors (such as GM-CSF,

VEGF, and TGF-b). Based on this information, the

neutralization of immunosuppressive melanoma micro-

environment should be performed before applying any

immunologic treatments.
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