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Abstract We previously reported that substantial

amounts of IL-10, an immunomodulatory cytokine, are

produced by cell suspensions of fresh human metastatic

melanoma tissues. Production diminished with continuous

culturing of cells, which suggests a pivotal interactive role

between melanoma cells and the tumor microenvironment.

In this study, we found that the culture media obtained

from LPS-stimulated peripheral blood mononuclear cells

induced IL-10 production by metastatic melanoma cells. Of

the multiple cytokines present in the conditioned culture

media, IL-6 was identified as the inducer of IL-10 pro-

duction. A neutralizing antibody against IL-6 completely

blocked the conditioned medium-induced IL-10 produc-

tion. Metastatic melanoma cells that constitutively produce

low amount of IL-10 increased IL-10 production in

response to recombinant human IL-6 in a dose-dependent

fashion. The response to exogenously added IL-6 was

less significant in melanoma cells that produced high

amounts of IL-6, probably due to pre-existing autocrine

stimulation of IL-10 by endogenous IL-6. On the other

hand, metastatic melanoma cells that do not constitutively

produce IL-10 protein did not respond to exogenous IL-6.

In IL-6-responsive melanoma cells, IL-6 increased STAT3

phosphorylation and inhibition of STAT3 signaling using

siRNA or inhibitors for JAKs diminished IL-6-induced

IL-10 production. In addition, inhibition of MEK and PI3K,

but not mTOR, interfered with IL-10 production. Taken

together, the data suggest that blocking of these signals

leading to IL-10 production is a potential strategy to enhance

an anti-melanoma immune response in metastatic melanoma.

Keywords Melanoma � Metastasis � IL-10 � IL-6 �
STAT3

Introduction

Specific cytokines or growth factors produced in the tumor

microenvironment by tumor-related immune cells are key

factors in suppressing the anti-tumor immune response,

often to favor tumor growth [1]. Indeed, tumor cells

themselves can secrete factors that inhibit maturation of

professional antigen presenting cells (APC) [2]. In the

absence of the appropriate maturation signals, professional

APC such as dendritic cells do not become fully activated

and can induce tolerance rather than immunity against

cancer cells. One of the key cytokines that is frequently

detected in the tumor microenvironment and that is reported

to impair APC function is interleukin 10 (IL-10) [3].

IL-10 is an immunomodulatory cytokine that plays an

important role in negative regulation of cellular immune
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responses. It suppresses the function of APCs and T cells

by inhibiting pro-inflammatory cytokine production and by

down-regulation of co-stimulatory molecules and major

histocompatibility complex (MHC) class II expression

[3–5]. We have reported that mRNA for IL-10 was present

in most metastatic melanoma tissues [6]. Indeed, single-

cell suspensions obtained from melanoma metastases pro-

duced IL-10 protein, and the major source of intralesional

IL-10 production was the melanoma cells themselves [7].

Furthermore, melanoma patients with clinically evident

metastases showed elevations of circulating IL-10, the

level of which correlated with the progression of disease

[7].

IL-10 is also produced by many other different types

of tumor cells including basal cell and squamous cell

carcinomas of the skin [8], colon cancer [9], renal cell

carcinoma [10], and breast cancer [11]. Elevated serum

levels of IL-10 have been reported in cancer patients

including malignant melanoma [12], diffuse large B-cell

lymphoma [13], and non-Hodgkin’s lymphoma [14].

IL-10 is secreted by tumors or tumor-infiltrating immune

cells; this could allow malignant cells to escape immune

surveillance [15].

Interestingly, IL-10 production by freshly isolated met-

astatic melanoma cells was progressively reduced during

the culture period. Only a limited number of established

melanoma cell lines continued indefinitely to produce

IL-10 [7].

In this study, we first found that stimulated peripheral

blood mononuclear cells (PBMC) produce factors that can

induce IL-10 production by human melanoma cells. We

surveyed cytokines and found that interleukin 6 (IL-6) was

one of the cytokines that increased IL-10 production from

melanoma cells in vitro. Mechanisms underlying IL-6-

induced IL-10 production were further investigated using

multiple synthetic inhibitors of key signal pathways.

Materials and methods

Freshly isolated metastatic melanoma cell suspensions

Discarded specimens of lymph node metastases harvested

in the courses of associated clinical studies for patients

with stage III and stage IV disease were collected [16, 17].

The tissue specimens were dissected with a disposable

scalpel and dissociated with collagenases (SIGMA, St.

Louis, MO). The single melanoma cell suspensions were

aliquoted, frozen in a controlled-rate freezing machine, and

stored in liquid nitrogen until needed [18]. The protocols

for clinical studies and tissue collection were reviewed and

approved by the Institutional Review Board of Thomas

Jefferson University.

Cell lines and cell culture

Melanoma cell lines (CM005, Cr, Ho88, DIL. Cla, and Beu)

were established in our laboratory from freshly isolated

metastatic melanoma cell suspensions described above. A

long-term cultured cell line, CM005, derived from a lymph

node metastasis, was used for the majority of experiments.

It was assayed for the following parameters: (1) expression

of mRNA for IL-10, (2) production of IL-10 in the culture

medium (80–150 pg/ml/24 h), (3) lack of constitutive pro-

duction of IL-6, and (4) dose-dependent production of IL-10

in response to exogenous IL-6. Tumor cell lines and PBMC

were cultured with RPMI 1640 supplemented with 10%

fetal bovine serum (FBS), 4 mM L-glutamine, 10 mM

HEPES, 1% non-essential amino acids, penicillin G at 100

U/ml, and streptomycin at 100 lg/ml.

Enzyme-linked immunosorbent assays (ELISA)

Human interleukin 1b (IL-1b), interleukin 2 (IL-2), IL-6,

interleukin 8 (IL-8), IL-10, interleukin 12 (IL-12) p40,

interferon a (IFN-a), interferon c (IFN-c), granulocyte

macrophage colony-stimulating factor (GM-CSF), and

tumor necrosis factor a (TNF-a) were measured with

commercially available ELISA kits (Invitrogen, Carlsbad,

CA), according to the manufacturer’s instructions. Human

soluble IL-6 receptor alpha (sIL-6Ra) was measured by

ELISA kit (R&D systems, Minneapolis, MN). The above

human cytokines and sIL-6Ra were not detectable in the

medium that was used for cell culture.

Flow cytometry

Expressions of IL-6 receptors, CD126 (gp80) and CD130

(gp130), on the surface of melanoma cells were tested by flow

cytometry (EPICS MCL-XL, Beckman Coulter, Inc., Brea,

CA) using anti-human IL-6 receptor antibodies, conjugated to

fluorescein isothiocyanate (FTIC). Isotype-matched mouse

IgG FITC was used as the negative control. Antibodies for

flow cytometric analysis were purchased from R&D Systems.

mRNA for IL-6 receptors

mRNA for IL-6 receptors (gp80 and gp130) was assayed by

RT–PCR. In brief, total RNA was extracted from 106

melanoma cells, according to the manufacturer’s instruc-

tions for the use of RNeasy Mini kit (QIAGEN, Valencia,

CA). Reverse transcription was performed with the Super

Script System (Invitrogen) for first-strand cDNA synthesis.

RT–PCR was performed using a GENE Amp PCR System

9700 (Applied Biosystems Inc, Foster City, CA). One lg of

cDNA was amplified for 26 cycles. Each cycle consisted of

the following: 1 min at 94�C for denaturation, 30 s at 55�C
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for annealing, and 1 min for primer extension. Oligonu-

cleotide primers for gp80 (ligand-binding subunit of IL-6

receptor) and gp130 (signal-transducing subunit of IL-6

receptor) were as follows:

gp80: F: 50-CATTGCCATTGTTCTGAGGTT-30; R: 50-AGT

AGTCTGTATTGCTGATGT-30,
gp130: F: 50-CATGCTTTGGGTGGAATGGAC-30; R: 50-CA

TCAACAGGAAGTTGGTCCC-30.
A house-keeping gene, b-actin, was used as a reference.

Western blotting

Melanoma cells were fixed with 10% trichloroacetic acid

(TCA) on ice for 10 min, and then, the debris was scraped

into tubes and washed with diethylether to remove TCA. The

protein precipitates were dissolved with a buffer containing

1% sodium dodecyl sulfate (SDS), 1.2 mM sodium ortho-

vanadate, 1 mM EDTA, and 50 mM Tris–HCl, pH 8.0.

Protein concentration was determined by a BCA protein

assay kit (Pierce, Rockford, IL). Equal amounts of protein

were subjected to Western blotting. Primary antibodies used

were as follows: anti-signal transducers and activators of

transcription 3 (STAT3) antibody (Cell Signaling, Danvers,

MA), anti-phospho-STAT3 (Y705)-antibody (Cell Signal-

ing), and anti-phospho-ERK1/2-antibody (Sigma). The pri-

mary antibodies on the membranes were detected using

secondary antibodies coupled with horseradish peroxidase

and SuperSignal
TM

West Pico chemiluminescent substrate

(Thermo Scientific, Rockford, IL). Chemiluminescence

signal on the membrane was quantified using a CCD camera

imaging system (Alpha-Innotech, Santa Clara, CA).

Knockdown of STAT3 by small interfering RNA

(siRNA)

Melanoma cells were seeded into a 6-well plate and

transfected with 200 pmol of the silencer pre-designed

siRNA fragment for STAT3 or negative control (Dharm-

acon, Thermo Scientific) using Lipofectamine 2000

(Invitrogen). After 3 days of siRNA treatment, 2 ng/ml of

recombinant human IL-6 (rhIL-6) was added. After 24 h of

culture with rhIL-6, the supernatant was collected for IL-10

production. Melanoma cells were also collected for

examination of total and phosphorylated STAT3 by the

Western blotting.

Blocking of IL-6 signal transduction pathway

Melanoma cells in 35-mm dishes were treated with phar-

macological inhibitors of individual signal pathways listed

in Table 1 for 1 h and then stimulated with 2 ng/ml of

rhIL-6. After 24 h, melanoma cells were harvested and

washed twice with PBS. The cells were fixed and lysed,

and then phosphorylation of key signal molecules was

checked by Western blotting. Janus kinases (JAKs) inhib-

itor, Pyrdone 6 (Py6); JAK2 inhibitor, 1,2,3,4,5,6-hexab-

romocyclohexane (Br6CH); c-RAF inhibitor, GW5074;

mammalian target of rapamycin (mTOR) inhibitor, Rapa-

mycin (Rap); and Rho-associated, coiled coil-containing

protein kinases (ROCKs) inhibitor, H1152, were purchased

from Carbiochem-EMD4Biosciences (San Diego, CA).

MAPK/ERK kinase (MEK)1/2 inhibitor, U0126; Src

inhibitor, PP2 and epidermal growth factor receptor

(EGFR) inhibitor, AG1478, were purchased from Biomol-

Enzo Life Sciences (Farmingdale, NY). Phosphoinositide

3-kinase (PI3K) inhibitor, LY294002, and protein kinases

C (PKCs) inhibitor, GFx, were purchased from LC Labo-

ratories (Woburn, MA) (Table 1).

Other cells and reagents

PBMC were obtained from healthy donors by leukaphe-

resis. Lipopolysaccharide (LPS) and phytohemagglutinin

(PHA) were purchased from SIGMA. Recombinant human

cytokines and antibodies were obtained from the following

Table 1 Pharmacological

inhibitors of individual signal

pathways

Abbrev. Conc. Target Company

Ctl Control

Py6 Pyrdone 6 1 lM JAKs Calbiochem

Br6CH 1,2,3,4,5,6-hexabromocyclohexane 50 lM JAK2 Calbiochem

U0126 10 lM MEK1/2 Biomol

GW5074 10 lM cRaf Calbiochem

LY294002 25 lM P13K LC Labs

Rap Rapamycin 20 nM mTOR Calbiochem

PP2 1 mM Src Biomol

AG1478 0.25 lM EGF-R Enzo

GFx GF109203x 3 lM PKCs LC Labs

H1152 10 lM ROCKs Calbiochem
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sources: IL-1b, IL-12 from R&D systems; IL-2 from

CHIRON Therapeutics (Emeryville, CA); IL-6 and TNF-a
from Invitrogen; IL-8, IL-10, IFN-a and IFN-c from NCI

Biological Resources Branch (Rockville, MD); and

GM-CSF from Bayer HealthCare Pharmaceuticals (Wayne,

NJ). Neutralizing rat anti-human IL-6 antibody and iso-

type-matched rat IgG1 were purchased from BD Biosci-

ences (San Jose, CA).

Statistical analysis

The experiments were repeated at least twice to confirm the

consistency of data, in which samples were in duplicates or

triplicates. The comparisons of data were performed with

the Student’s t test and one-way ANOVA using PRISM

program version 4.0c (GraphPad). P value of \0.05 was

used for statistical significance.

Results

IL-10 production by melanoma cells was enhanced

by supernatants from LPS-stimulated culture medium

of PBMC

We hypothesized that melanoma cells produce IL-10 in

response to cytokines generated by immune cells in the

tumor microenvironment, which might explain the decrease

or loss of IL-10 production in short-term culture melanoma

cell lines deficient of immune cells. To test this hypothesis,

we first tested a CM005 cell line since this cell line con-

stitutively and stably produces small amount of IL-10 in

culture. PBMC were stimulated with LPS or PHA, and

supernatants were collected. The CM005 melanoma

cells were cultured with the supernatant obtained from

LPS-stimulated or PHA-stimulated PBMC supernatants.

IL-10 production from CM005 cells was enhanced when

co-cultured with supernatants from LPS-stimulated PBMC

and, to a lesser extent, when co-cultured with those from

PHA-stimulated PBMC. Therefore, subsequent experi-

ments were conducted with LPS-stimulated supernatants.

We further investigated whether it was the non-adherent or

adherent cell population of PBMC that produce cyto-

kine(s) to stimulate IL-10 production by CM005 melanoma

cells. The CM005 cells were co-cultured with the super-

natants obtained from unfractionated PBMC without LPS

stimulation (control) or non-adherent, adherent, and whole

unfractionated PBMC with LPS stimulation at 10 ng/ml. As

shown in Fig. 1a, CM005 cells cultured with the superna-

tant of LPS-stimulated adherent and unfractionated PBMC

produced higher IL-10 protein than supernatant obtained

from LPS-stimulated non-adherent PBMC. However, LPS

itself did not stimulate IL-10 production by CM005 cells.

To narrow down the cytokines that stimulate IL-10

production by CM005 cells, the levels of key cytokines

in individual culture supernatants were measured by

A

B

Fig. 1 LPS-stimulated PBMC media increased the production of IL-

10 by melanoma cells. a IL-10 levels after co-culture with PBMC-

derived media. CM005 melanoma cells were cultured with culture

supernatants from unfractionated PBMC without LPS (control) or

non-adherent, adherent, and unfractionated PBMC with 10 ng/ml of

LPS for 2 days, and then, the supernatants were collected. The IL-10

productions in supernatants were analyzed by the ELISA assay. The

average of duplicates in a representative experiment was shown.

b Cytokine levels in conditional culture media. The average of

duplicates in a representative experiment was shown
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commercially available ELISA kits. We assumed that a

cytokine present in a greater amount in the supernatant of

LPS-stimulated whole unseparated and adherent PBMC as

compared with those of non-adherent PBMC would be a

candidate mediator. As shown in Fig. 1b, the following

cytokines met this criterion: IL-1b, IL-6, IL-12, and TNF-a.

IL-6 is necessary and sufficient for IL-10 production

by human metastatic melanoma

We determined the ability of IL-1b, IL-6, IL-12, and/or

TNF-a, at various concentrations, to induce IL-10 pro-

duction by CM005 cells. Among these cytokines, only IL-6

showed a dose-dependent stimulatory effect on the CM005

cells, while IL-1b, IL-12, and TNF-a had no impact

(Fig. 2a). There were no differences in melanoma cell

count in individual wells that contained various concen-

trations of IL-6; therefore, the increase in IL-10 production

was not explained by an expansion of melanoma cell

numbers. To confirm that IL-6 is a cytokine that stimulates

IL-10 production by CM005 cells, the supernatant from

LPS-stimulated adherent PBMC was mixed with anti-IL-6

antibody (10 lg/ml) and added to the CM005 cells

(1 9 106 cell/ml) in 6-well plate for 3 days. As shown in

Fig. 2b, the stimulatory effect on IL-10 production from

the supernatant of LPS-stimulated adherent PBMC was

almost completely blocked by anti-IL-6 antibody. This

finding provided evidence to support our conclusion that

IL-6 was the key stimulant for IL-10 production by CM005

cells. We next examined whether the IL-10 production by

melanoma cells is proportional to the amount of IL-6 in

culture media. CM005 cells were cultured with 0.2, 2, and

20 ng/ml of rhIL-6, and the supernatants were collected

daily. As shown in Fig. 2c, IL-10 production in the

supernatant of CM005 cells co-cultured with rhIL-6

increased in a dose-dependent fashion. In contrast, healthy

donor PBMC did not produce IL-10 in response to rhIL-6

up to 20 ng/ml (data are not shown).

IL-10 production from freshly isolated tumor

specimens

To demonstrate that the above-described phenomenon is

not a cell culture artifact, we investigated a series of freshly

isolated metastatic melanoma cell suspensions. Freshly

isolated melanoma cell suspensions obtained from meta-

static tissues were cultured in 10% FBS-enriched RPMI

1640 alone or in combination with rhIL-6 (0.2, 2, and 20 ng/

ml) overnight (for 18 h), and the production of IL-10 in

supernatants was measured. As shown in Fig. 3a, 3 of 10
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Fig. 2 IL-6 stimulates IL-10

production by CM005

melanoma cells. a Increase in

IL-10 in response to

exogenously added cytokines.

The levels of IL-10 produced by

CM005 cells were measured

after 2-day incubation with

various concentrations (1, 10,

and 100 folds of levels in

medium of LPS-stimulated

adherent PBMC) of individual

cytokines (IL-1b, IL-6, IL-12,

and TNF-a). Only IL-6

promoted IL-10 production by

CM005 cells. b Anti-IL-6

antibody abrogated stimulative

effects of LPS-activated PBMC

supernatant. c IL-10 production

in response to exogenously

added IL-6. Exogenously added

IL-6 promoted the production of

IL-10 by melanoma cells in a

dose-dependent manner

(P \ 0.01)

Cancer Immunol Immunother (2012) 61:145–155 149

123



melanoma cell suspensions (black bars) constitutively

produced a significant amount of IL-6 ([1,000 pg/ml) in

18 h culture (designated as high IL-6 producers). In con-

trast, 7 melanoma cell suspensions (open bars) produced

minimum amount of IL-6 (designated as low IL-6

producers). As shown in Fig. 3b, all of three high IL-6

producers (Cla, Beu, Ho91) constitutively produced IL-10

in 18 h culture. Their IL-10 production slightly increased at

the highest dose of exogenously added IL-6 (20 ng/ml). In

contrast, only 2 of 7 low IL-6 producers (DIL, Ho88) con-

stitutively produced IL-10 (shown as ‘‘control, 0 ng/ml’’ in

Fig. 3b). The production of IL-10 by these two melanoma

A

B

C

Fig. 3 Relationship of IL-6 and IL-10 productions in metastatic

melanoma cells. a IL-6 production by fresh metastatic melanoma cell

suspensions. Three fresh metastatic melanoma cell suspensions

produced high levels of IL-6 ([1,000 pg/ml, high IL-6 producers,

solid bars), while seven suspensions produced small or no quantity of

IL-6 (low IL-6 producers, open bars) in 18-h culture. b Increased

IL-10 production by fresh metastatic melanoma cell suspensions in

response to exogenously added IL-6. Fresh metastatic melanoma cell

suspensions were cultured with various concentration of rhIL-6.

‘‘Control, 0 ng/ml’’ indicates constitutive production of IL-10 without

IL-6 stimulation. Two of 7 low IL-6 producers (DIL and Ho88)

produced IL-10 constitutively and increased IL-10 production in

response to exogenously added IL-6 in a dose-dependent manner. The

rest of low IL-6 producers had minimum or no constitutive production

of IL-10 and did not responded to exogenously added IL-6. All three

high IL-6 producers (Cla, Beu, Ho91) constitutively secreted IL-10

with mild increase in IL-10 production in response to high dose of

IL-6. *P \ 0.05, **P \ 0.01. c Maintaining IL-6-induced IL-10

production in long-term cultured metastatic melanoma cell lines. Two

cell lines (DIL and Ho88) established from low IL-6 producers

maintained their capability of producing IL-10 in response to

exogenously added IL-6 in a dose-dependent manner. The cell line,

Beu, established from a high IL-6 producer continued to produce the

high amount of IL-6 and responded to exogenous IL-6 only at the

highest dose (20 ng/ml). In contrast, the two cell lines (Cr and Cla) did

not produce IL-10 and did not respond to IL-6. *P \ 0.05, **P \ 0.01

Table 2 Characteristics of skin melanoma cell lines derived from lymph node metastases

Melanoma cell lines Mutation CD126 (%) CD130 (%) sIL-6Ra (pg/ml) IL-6 (pg/ml) IL-10 (pg/ml)

CM005 BRAFV600E 10.5 60.6 159.4 Negative 130.0

Cr BRAFV600E Negative 75.7 546.7 100.7 Negative

Ho88 BRAFV600E Negative 38.0 188.2 132.8 1,842.7

DIL BRAFV600K Negative 15.2 181.5 100.0 40.0

Cla BRAFV600E Negative 49.3 85.8 300.0 Negative

Beu BRAFV600E Negative 24.5 29.2 2,058.6 434.6
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cell suspensions (DIL, Ho88) increased in a dose-dependent

manner when exogenous IL-6 was added (P \ 0.01).

From these 10 fresh melanoma specimens, five stable

melanoma cell lines (more than five passages) were

subsequently established. Three cell lines were obtained

from low IL-6 producers (DIL, Ho88, and Cr), and two cell

lines were established from high IL-6 producers (Cla, Beu).

The characterization of these melanoma cell lines is shown

in Table 2. Two cell lines (DIL, Ho88) obtained from low

IL-6 producing melanoma specimens that initially pro-

duced IL-10 continued to produce a small amount of IL-6

and increased their production of IL-10 in response to

exogenous IL-6 (Fig. 3c). On the other hand, the cell line

(Cr) that was obtained from a melanoma specimen that did

not produce IL-10 did not respond to exogenous IL-6

(IL-10 production \4 pg/ml). Two cell lines (Cla, Beu)

obtained from high IL-6 producers (black bars in Fig. 3a)

maintained their IL-6 production; however, only one cell

line (Beu) continued to produce IL-10. The cell line, Beu,

continued to produce a significant amount of IL-6 and

responded to exogenously added IL-6 only at the highest

dose. On the other hand, the cell line, Cla, stopped pro-

ducing IL-10 and did not respond to exogenously added

IL-6, despite the presence of IL-6 receptors (Table 2). In

total, 4 of four melanoma cell lines (CM005, DIL, Ho88,

Beu) that constitutively produce IL-10 increased IL-10

production in response to exogenously added IL-6. On the

Fig. 4 Expression of IL-6 receptors in CM005 cells. a Expression of

mRNA for gp80 and gp130. b Expression of CD126 (gp80) and

CD130 (gp130) on the surface of CM005 melanoma cells. Thick line:

specific antibody, thin line: isotype-matched control antibody

Fig. 5 Involvement of STAT3 in IL-6-induced production of IL-10.

a STAT3 and ERK phosphorylation after stimulation of CM005

melanoma cells with IL-6. The CM005 cells were harvested after 16 h

in the absence or presence of 10% FBS and then stimulated with

2 ng/mol of rhIL-6 for 24 h. Phosphorylation of STAT3 (Y705) and

subsequent production of IL-10 after IL-6 stimulation were more

dominant in CM005 cells cultured in serum-free medium. ERK1/2

was spontaneously phosphorylated without IL-6 stimulation. b Kinet-

ics of IL-6-induced IL-10 production and its association with STAT3

and ERK activation. CM005 cells were stimulated with rhIL-6

(2 ng/ml) for 30 min, 1 h, 3 h, 5 h, and 24 h. The IL-10 levels in

supernatant were analyzed by ELISA. Intensities of phosphorylated

STAT3 (STAT3Y705) and ERK1/2 bands were compared to those

of GAPDH control by the Western blot. *P \ 0.05. c Blocking of

STAT 3 by siRNA and subsequent decrease in IL-6-induced IL-10

production. After a 2-day knockdown with siRNA fragments of

control (Ctl) and STAT3, quiescent CM005 cells were stimulated

with 2 ng/ml of IL-6 for 24 h. The STAT3 transcription was

decreased by STAT3 siRNA and IL-10 production after IL-6

stimulation was also decreased. **P \ 0.01
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other hand, two of two cell lines (Cr, Cla) that do not

produce IL-10 did not respond to exogenously added IL-6.

IL-10 production via IL-6 signaling pathway

We further investigated the molecular mechanism of IL-6-

induced IL-10 production by melanoma cells. Since the

CM005 cells stably produce IL-10, increase IL-10 pro-

duction in response to exogenous IL-6, and do not consti-

tutively produce IL-6, this cell line was chosen for

investigations regarding the interaction between IL-6 sig-

naling pathways and IL-10 production. RT–PCR showed

that CM005 cells expressed gp80 (CD126) and gp130

(CD130) mRNAs (Fig. 4a). FACS analysis confirmed the

expression of CD126 and CD130 proteins on the surface of

CM005 cells (Fig. 4b). Figure 5 shows simultaneous assay

of IL-6-induced IL-10 production along with phosphory-

lation of STAT3 and ERK1/2. The CM005 cells were

harvested after 16 h in the absence or presence of 10% FBS

and then stimulated with 2 ng/ml of rhIL-6 for 24 h.

A 24 h stimulus with rhIL-6 increased IL-10 production

and STAT3 phosphorylation at Tyr705 (Fig. 5a). On the

other hand, ERK1/2 was spontaneously phosphorylated as

expected with the basis of the BRAFV600E genotype of this

cell line. STAT3 phosphorylation was slightly higher upon

serum starvation, compared to the cells cultured in medium

containing 10% FBS (Fig. 5a). To avoid unknown effects

of serum on the IL-6 signal pathways, subsequent experi-

ments were performed without serum using quiescent cells.

As shown in Fig. 5b, STAT3 phosphorylation was peaked

at 30 min. IL-10 production started increasing at 3 h after

rhIL-6 stimulation and sustained for 24 h. On the other

hand, ERK1/2 was unchanged upon IL-6 stimulation

(Fig. 5b). As shown in Fig. 5c, the STAT3-specific siRNA

knockdown reduced STAT3 expression by 70% in CM005

cells, in parallel with a 50% reduction in IL-10 production,

suggesting the role of STAT3 in IL-6-induced IL-10

production.

We further investigated signals mediated by IL-6 stim-

ulation of IL-10 production, using various kinase inhibitors

listed in Table 1. As shown in Fig. 6a, IL-10 production

was completely suppressed by addition of Py6, a pan JAK

inhibitor, while Br6CH, a JAK2-specific inhibitor, partially

affected the IL-10 production. Tyrosine kinase inhibitors

for Src (PP2) and the EGFR (AG1478) had only marginal

effects on the IL-10 production. Indeed, Py6 induced

inhibition of STAT3 phosphorylation, which is consistent

with the inhibition of IL-10 production (Fig. 6b). Further-

more, U0126 and GW5074 completely abrogated IL-10

production by CM005 cells. U0126, a MEK inhibitor,

eliminated ERK1/2 phosphorylation (Fig. 6c), with a

marginal reduction in STAT3 phosphorylation (Fig. 6b).

Thus, suppression of ERK1/2 seems to be sufficient to

block IL-6-induced IL-10 production without affecting

Fig. 6 Inhibitions of IL-6 pathways to block IL-10 production by

CM005 melanoma cells. a Inhibition of IL-6-induced IL-10 produc-

tions by various kinase inhibitors. CM005 cells were treated with

various kinase inhibitors 30 min prior to rhIL-6 (2 ng/ml) stimulation.

After 24 h of incubation, the production of IL-10 in the supernatant

was analyzed by ELISA assay. The data were shown as a fraction in

comparison with IL-10 production in control (Ctl, no inhibitor).

*P \ 0.05. b Suppression of STAT3 and ERK1/2 phosphorylation by

kinase inhibitors. After treatment with individual kinase inhibitors

followed by IL-6 stimulation, CM005 cells were lysed and phos-

phorylation of STAT3 (left) and ERK1/2 (right) was measured by

Western blot. The intensity of bands for phosphorylated STAT and

ERK1/2 was compared to that of control (Ctl, no inhibitor).

*P \ 0.05, **P \ 0.01
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STAT3 activation. Due to the reduction in STAT3 phos-

phorylation, an off-target effect of GW5074 (c-RAF

inhibitor) is evident. In addition to STAT3 and ERK1/2,

LY294002, a PI3K inhibitor, potently blocked IL-10 pro-

duction. Interestingly, a known immunosuppressant, rapa-

mycin (Rap), showed a minimum effect on the IL-10

production, suggesting that the IL-10 production via PI3K

signal is independent of the AKT-mTOR pathway. PKC

and ROCK inhibitors (GFx and H1152) had no effect on

the IL-6-induced IL-10 production by CM005 cells. These

results suggest that the inhibition of just one (STAT3,

ERK1/2, or PI3K) signal pathway is sufficient to interfere

with IL-6-induced IL-10 production by CM005 cells.

Discussion

The current study indicates that exogenously added IL-6

directly stimulates the production of IL-10 by melanoma

cells if those melanoma cells constitutively produce IL-10

protein. The increase in IL-10 production by exogenously

added IL-6 was more significant in melanoma cells that

produce relatively small amount of IL-6. The increase in

IL-6-mediated IL-10 production was relatively small in

melanoma cells that constitutively produce high amount of

IL-6. This is probably due to pre-existing stimulation via

IL-6 receptors by endogenously produced IL-6. Compari-

son of data obtained from freshly isolated metastatic mel-

anoma single-cell suspensions and established cell lines

from these fresh melanoma cells indicates that the observed

phenomena are not an artifact developed during the long-

term cell culture. This study also suggests that the autocrine

production of IL-6 by melanoma cells could be associated

with production of IL-10 although the mechanism of these

interactions is complex and remains to be investigated.

IL-6 is a pleiotropic immune modulatory cytokine pro-

duced by a variety of immune cells as well as tumor cells.

As reported for IL-10 [7, 19], IL-6 level in blood also is

elevated in patients affected with malignant tumors

including colon cancer [19], renal cell carcinoma [20],

hepatocellular carcinoma [21], and melanoma [22]. IL-6

promotes cell growth in advanced stage melanoma, and

high IL-6 levels in melanoma patients were associated with

large tumor burden [22]. IL-6 binds to the IL-6R (gp80),

present either on the cell surface or in solution, and induces

dimerization of gp130, resulting in phosphorylation of the

associated JAKs such as JAK1, JAK2, or TYK2 [23, 24].

The soluble receptor binds IL-6 with an affinity similar

to that of the cognate receptor (0.5–2 nM) [25, 26]. The

(sIL-6R/IL-6) complex is capable of activating cells via

interaction with membrane-bound gp130. The phosphory-

lation of IL-6R (gp130) and JAKs permits the binding of

STAT3, resulting in the phosphorylation of STAT3.

Phospho-STAT3 forms a dimmer and translocates into the

nucleus to regulate target gene transcription [27, 28]. In

parallel, the phosphorylation of IL-6R (gp130) and JAKs

activates MAP kinases, PI3 kinase/Akt and other cellular

pathways through the binding of adaptor proteins [29].

Thus, multiple signal pathways are triggered in response to

IL-6R/JAK activation.

The importance of IL-6 signaling in mediating tumori-

genesis has been examined. However, the association

between IL-6 signaling and production of IL-10 has not

been well studied. We found that IL-6-induced IL-10

production by melanoma cells was inhibited by siRNA

knockdown of STAT3 and a JAK inhibitor. The inhibition

of ERK1/2 pathway and PI3K blocks IL-10 production

accompanied with minimal effects on STAT3 phosphory-

lation. Therefore, in addition to STAT3 activation, ERK1/2

and PI3K signals are important in IL-10 production by

melanoma cells. However, further study on the regulatory

circuit is necessary for dissection of the signal transduction

related to IL-6-induced IL-10 production in melanoma

cells. As for immune cells such as macrophages, Sp1 has

been suggested to play an important role in IL-10 promoter

activation. The ERK activation following macrophage

FccR ligation leads to histone H3 phosphorylation across

the promoter region of the IL-10 gene and facilitates the

binding of Sp1 and STAT3 [30]. Although the data suggest

the involvement of signaling pathways similar to that found

in our study, the interaction between these signaling

pathways and transcription of IL-10 message in cancer

cells remains to be investigated.

It is of note that the CM005 cell has a BRAFV600E point

mutation, which is consistent with the spontaneous phos-

phorylation of ERK1/2 detected in the cells. The BRAF

gene mutations, especially substitution for valine by glu-

tamic acid, BRAFV600E, in exon 15, are frequently

observed in human melanoma [31]. This mutation causes

increased kinase activation and signaling through the MAP

kinase pathway [32, 33]. In melanoma cells with

BRAFV600E mutation, both MAPK and STAT3 pathways

are essential for the production of immunosuppressive

factors including IL-10, IL-6, and VEGF [34]. However,

BRAF mutation is not considered to be pre-requisite for

IL-6-induced production of IL-10 since we confirmed that

exogenous IL-6 also induces the production of IL-10 in a

malignant melanoma cell line without BRAF mutation

(unpublished data). BRAFV600E inhibitors have been under

clinical investigation for anti-melanoma treatment, and it is

interesting to test whether these antagonists suppress IL-10

production by melanoma cells, which might contribute to

the clinical efficacy of BRAF blockades.

In summary, our data suggest that a subset of human

melanomas would produce IL-10 in response to microen-

vironmental IL-6 release. Blockage of the IL-10 produced
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by melanoma cells potentially increases anti-tumor

immunity [35]. Together with the data presented in this

paper and published data by others, we propose signals in

IL-6/STAT3/IL-10 as potential targets to disrupt the

interaction of tumor and tumor-associated immune cells.
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