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Abstract
Toll-like receptors (TLR) have been shown to be expressed
on various types of cancers; however, their functional
activity is not known. We examined TLR profiles of human
melanoma cells and showed that TLR2, TLR3, and TLR4
were found to be highly expressed. By PCR array analysis,
specific stimulation of TLR2, TLR3, and TLR4 on melano-
ma cells showed significant activation of the adaptor
protein MyD88, as well as downstream signal transduc-
tion factors nuclear factor-KB and inflammatory re-
sponse–related factors. Specific ligand activation of
TLR2, TLR3, and TLR4 was shown to induce cell
migration. Peripheral blood lymphocytes and melanoma
purified RNA was shown to activate TLR3 on melanoma
cells. These studies show expression and functional
activity of specific TLRs on melanoma cells and as
potential therapeutic targets to control tumor progression.
[Mol Cancer Ther 2008;7(11):3642–53]

Introduction
Toll-like receptors (TLR), the mammalian homologues of
the Drosophila Toll protein, play a critical role in inflam-
mation and innate and adaptive immunity to many human
diseases (1, 2). In infectious disease, TLR on host monocytes
recognize pathogen-associated molecular patterns (3, 4);

this recognition stimulates monocyte expression of proin-
flammatory cytokines and costimulatory molecules that
link the early (innate) response to the subsequent dev-
elopment of specific immunity. TLR on immune cells
have been implicated in adaptive immune responses;
studies have examined several TLR-based therapeutic
approaches to increase the efficacy of anticancer immu-
notherapies. Recently, there has been evidence that
TLR are expressed on some types of human cancer cells
(5–8). Studies have reported that human melanoma cells
express TLR3 and TLR4 on the cell membrane (5, 8).
However, the expression of TLRs of melanoma cells in vivo
and their functional activity is not known in human
cutaneous melanoma.
TLR-activated innate immunity in the skin during

injury or infection has been linked to inflammation (9).
Inflammatory responses are known to increase the risk
for the development and promotion of cancer (10–13).
Primary melanoma tumors often contain tumor-infiltrat-
ing hematopoietic cells that are characteristic of innate
immune response (12, 13). The study objective was to
determine if TLR are present on melanoma cells in vitro
and in vivo and if they could be activated. Because
inflammation is observed in cutaneous primary melano-
mas during tumor progression, our primary hypothesis
was that melanoma cells express functional TLR, which,
upon activation, initiate proinflammatory signal trans-
duction–related pathways, similar to immune cells. These
events may be instrumental in fostering a tumor micro-
environment supportive of tumor progression. Bioactive
factors activated in melanoma cells in response to TLR
activation may play a significant role in dampening
antitumor immunity.
To our knowledge, this is the first report profiling the

expression of TLR on human cutaneous melanoma cells
and tumor cells in vivo , and also that these TLRs, when
activated, can induce signal transduction pathways with
similar patterns to TLR-bearing leukocytes. Our findings
support a link between TLR expression and activation by
melanoma cells and inflammatory factor release, suggest-
ing a phenotype supportive of melanoma progression.
TLR and respective signaling pathways on melanoma cells
may be potential therapeutic targets to control tumor
progression.

Materials andMethods
Cell Lines
Fifteen established human metastatic melanoma cell

lines (ME1, ME2, ME5, ME7, ME8, ME9, ME10, ME16,
ME17, ME18, ME19, ME20, ME21, ME22, and ME23) were
studied. Controls included human cell lines established
from colon cancer (SW480), pancreatic cancer (PANC-1),
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umbilical vein endothelial cells (HUVEC), peripheral
blood lymphocytes (PBL) from healthy donors (PBL-A,
PBL-B, PBL-1, PBL-2, PBL-3, PBL-4, PBL-5, PBL-6, PBL-A1,
PBL-A2, PBL-A3, and PBL-A4), and cultured primary
neonatal melanocytes (HEnM-MP, Cascade Biologics).
Informed consent for use of all human specimens in this
study was obtained under a protocol approved by Saint
John’s Health Center/John Wayne Cancer Institute insti-
tutional review board. All cell lines, except PANC-1 and
melanocytes, were grown in Life Technologies RPMI 1640
(Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (FBS). PANC-1 was grown in DMEM with
10% heat-inactivated FBS, and melanocytes were grown in
Medium 254 (Cascade Biologics) containing human mela-
nocyte growth supplement (Cascade Biologics). All cell
lines were cultured at 37jC in a humidified atmosphere
containing 5% CO2, as previously described (14).

Flow Cytometry
Flow cytometry analyses were done on BD FACSCalibur

System (BD Biosciences) using standard techniques.
For each analysis, 1 � 106 cells were stained with 3 Ag of
a monoclonal antibody specific to TLR2-PE or TLR4-PE
(IMGENEX) at the cell surface, and TLR3-PE (IMGENEX)
at the cell surface or intracellularly or early endosome
antigen 1–FITC (BD Biosciences). PE-conjugated mouse
IgG1, IgG2a, and FITC-conjugated mouse IgG1 (BD Bio-
sciences) for each monoclonal antibody were used as
isotype controls. Cells were fixed in 4% formaldehyde
and incubated for 30 min at 4jC with direct conjugated
monoclonal antibodies. To block nonspecific binding,
PBS (pH 7.4; Invitrogen) supplemented with 1% FCS was
used for all labeling and washing steps. All flow cytometry
data were analyzed using Cellquest software (Becton
Dickinson).

FluorescenceMicroscopy
Cells were fixed with 4% paraformaldehyde in PBS for

10 min and then incubated inside a 37jC humidified
atmosphere containing 5% CO2 for 20 min, during which
time, the cells were maintained in RPMI 1640 supple-
mented with 10% FBS and 20 Ag/mL of FITC-lipopolysac-
charide (LPS; Sigma). To stain cell nuclei, sections were
incubated with 4¶,6-diamidino-2-phenylindole (Vector
Laboratories, Inc.), as described by the manufacturer’s
protocol. After washing, cells were visualized using
a Nikon Eclipse Ti fluorescence microscope (Nikon
Instruments, Inc.) fluorescence microscope.

RNA Isolation, Primers, and Probes
Total RNA was extracted from cells using Tri-Reagent

(Molecular Research Center, Inc.), as previously described
(15, 16). RNA extraction procedures were done in a
designated sterile laminar flow hood with RNase-free
labware. Isolated RNA was quantified and assessed for
quality and purity by UV spectrophotometry and RIBO-
Green detection assay (Molecular Probes), as previously
described (17). RNA extraction, reverse transcription–PCR
(RT-PCR) assay set up, and post–RT-PCR product analysis
were carried out in separate rooms to prevent cross-
contamination (18).

Primer and probe sequences (see Supplementary Table
S1)5 for 10 TLRs, 5 melanoma markers, and TLR adaptor
proteins were designed for RT-PCR and quantitative
RT-PCR (qRT-PCR), as previously described (19). Each
specific gene primer set amplified at least one exon-intron-
exon region, such that the probe covered two exons.
Initially, all RT-PCR products were assessed by gel
electrophoresis to confirm the amplicon size and visually
assess the product specificity.

RT-PCR
Reverse-transcriptase reactions were done on 1.0 Ag of

extracted total RNA using Moloney murine leukemia
virus reverse-transcriptase (Promega) with oligo-dT pri-
mers, as previously described (19). The PCR assay for
each TLR began with one cycle of denaturation at 95jC for
5 min, followed by 30 cycles of 95jC for 1 min, 1-min
annealing period of 60jC for TLR1, TLR3, TLR5, TLR7,
TLR8, TLR9, and TLR10; 63jC for TLR2 and TLR6; 54jC
for TLR4; and 55jC for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). A second 1-min annealing
period was completed at 72jC before a final extension at
72jC for 10 min.
RT-PCR assessment of five cell surface markers was

used to monitor the purity of melanoma cells isolated from
tumor biopsy specimens. Samples were amplified with a
precycling hold at 95jC for 5 min, followed by 35 cycles of
annealing/extension for 1 min (at 56jC for cytokeratin
20, at 59jC for melanoma antigen recognized by T cells
(MART-1), at 62jC for CD3g, at 63jC for CD45 and CD34,
and at 55jC for GAPDH), 1 minute of extension at 72jC,
and 10 min of final extension at 72jC. The specificity of
PCR conditions and annealing temperatures for each
marker were optimized using an Omni thermocycler
(Hybaid). The RT-PCR cDNA products were verified using
a 2% agarose gel.
The qRT-PCR assay was done on the iCycler iQ RealTime

PCR Detection System (Bio-Rad Laboratories) using 250 ng
of total RNA for each reaction, as previously described (20).
The PCR reaction mixture consisted of specific primers,
TaqMan probe, 1 unit of AmpliTaq Gold polymerase
(Applied Biosystems), 200 Amol/L each of deoxynucleotide
triphosphate, 4.5 mmol/L MgCl2, and AmpliTaq buffer
diluted to a final volume of 25 AL. Samples were amplified
with a precycling hold at 95jC for 10 min, followed by 35
cycles of denaturation at 95jC for 1 min, annealing for
1 min at 55jC for GAPDH, 63jC for TLR2, 60jC for TLR3,
54jC for TLR4, 60jC for MyD88, and 60jC for TRIF, and
extension at 72jC for 1 min. Each sample was assayed in
triplicate with positive and reagent controls. Absolute copy
numbers were determined by a standard curve with serial
dilutions (106–101 copies) of DNA containing TLR2,
TLR3, and TLR4 cDNA templates. TLR2, TLR3, and TLR4
expression were given as a ratio of TLR2, TLR3, or TLR4/
GAPDH copy numbers.

5 Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Molecular Cancer Therapeutics 3643

Mol Cancer Ther 2008;7(11). November 2008



PCRArray
The relative mRNA expressions of TLR, adaptors and

effectors of TLR, and other genes related to TLR-mediated
signal transduction were analyzed with a human TLR
signaling pathway Gene Array (GEArray Q Series, Super-
Array, Inc.) according to the manufacturer’s protocol. This
analysis used cDNA obtained from melanoma cell lines
ME2 and ME5 before and after cells were stimulated with
ligands for TLR2 (zymosan, InVivoGen), TLR3 [polyIMP/
poly-CMP] (PIC), BD Biosciences], or TLR4 (LPS, Lippo-
polysacchnide, from Escherichia coli serotype 0111:4B,
Sigma-Aldrich). PIC showed no endotoxin contamination
(<0.2 ng/mL as determined with the Limulus test).
Melanoma cells (5 � 105) were placed in RPMI 1640
supplemented with 2.5% heat-inactivated FBS and either
LPS (1 Ag/mL), PIC (100 Ag/mL), zymosan (10 Ag/mL), or
no ligand (negative control). Cells with ligand were
incubated at 37jC in a humidified atmosphere containing
5% CO2; the duration of incubation was 4 h with LPS,
24 h with PIC, and 18 h with zymosan. After incubation,
cells were washed with PBS, total RNA was extracted, and
RT-PCR was done as described above. Briefly, the PCR
array was done on the iCycler iQ RealTime PCR Detection
System using 10 ng of total RNA and PCR master mix for
SYBR Green detection for each reaction (2, 21). Samples
were amplified with a precycling hold at 95jC for 10 min
and then followed by 40 cycles of denaturation at 95jC for
15 s and annealing for 1 min at 60jC.
Isolation of Melanoma Cells fromTumor Biopsies
Fresh tissue was minced under sterile conditions at 4jC.

The cell suspension was agitated in RPMI 1640
and filtered first through sterile gauze and then through
sterile stainless mesh. After washing by centrifugation,
cells were program-frozen at 1jC/min in fluid containing
RPMI 1640 with 20% g-globulin–depleted human serum,
penicillin, streptomycin, fungizone, and 10% DMSO and
stored in a liquid nitrogen freezer. On the day of analysis,
the cells were thawed rapidly at 37jC, washed with PBS,
and incubated for 20 min at 4jC in magnetic beads
(Dynabeads Cellection Pan Mouse IgG kit, Invitrogen)
that had been washed and precoated with a cocktail
of monoclonal antibodies to high-molecular weight–
melanoma-associated antigens, a cell surface antigen, by
a 30-min incubation of 1 � 107 beads with 2 Ag of
high-molecular weight –melanoma-associated antigen
monoclonal antibody at 4jC (22). Bead-bound melanoma
cells were then isolated using a magnet and separated
from the beads by incubation in releasing buffer (DNase I,
Invitrogen) for 15 min at room temperature, followed by
magnetic separation as described by the manufacturer.
Isolation of melanoma cells was confirmed by light
microscopic examination of stained cells using a Leica
DM LB phase-contrast light microscope (14). Total RNA
was extracted from isolated melanoma cells, as described
above.

Cell Migration
Melanoma cells were harvested from culture dishes

using trypsin-EDTA and washed twice with PBS. Cells

(5 � 104) were resuspended in 2.5% FBS RPMI and
seeded into the 8.0-Am pore polycarbonate membrane
insert of a 6.5-mm Transwell (Corning, Inc.; ref. 14). The
lower Transwell chamber was filled with 2.5% FBS RPMI
containing LPS (10Ag/mL), PIC (1000 Ag/mL), zymosan
(100 Ag/mL), or no ligand (negative control). After incu-
bation at 37jC for 24 h in a humidified atmosphere with
5% CO2, the Transwell chambers were removed, and
cells that had migrated to the lower chamber were incu-
bated for an additional 6 h at 37jC. These cells were then
fixed in 80% ethanol, washed with PBS, and stained
with H&E. Two reviewers (Y. G., A. T.) independently
counted the number of migrated cells in 10 different
fields at 200� magnification with a light microscope, as
described above.

Treatment ofMelanoma Cells with PBLs Supernatant
PBLs (5 � 105) from four normal donor volunteers

were cultured with RPMI 1640 supplemented with 5%
heat-inactivated human antibody serum (5% HABS
RPMI; Mediatech, Inc.), with and without 20 Ag/mL
leucoagglutinin (PHA-L, Sigma-Aldrich) for 72 h. The
supernatants of the cultured PBLs were then collected.
Melanoma cells (6 � 105) were incubated with 2.5 mL
of 10% FBS RPMI, in addition to either 2.5 mL of the
supernatant containing PHA-L, 2.5 mL of the supernatant
lacking PHA-L, or 2.5 mL of plain 5% HABS RPMI
containing 20 Ag/mL PHA-L (control culture medium) for
72 h. After incubation, melanoma cells were washed with
PBS and total RNA was extracted as described above.
PHA-L–stimulated lymphocyte RNA was extracted and
purified extensively, quantified, and used for stimulation
experiments.
PBLs (3 � 106) from four normal donor volunteers were

cultured with RPMI 1640 supplemented with 5% HABS
RPMI with 20 Ag/mL PHA-L (Sigma) for 48 h, and PBLs
were harvested. RNA was extracted from PBLs and ME1
as described above. Then, 6 � 105 melanoma cells (ME1 and
ME5) were incubated in RPMI 1640 alone or with 50-Ag
purified RNA from PHA-L–stimulated PBLs or ME-1 for
2 h. Melanoma cells were cultured with culture medium
for 70 h. After incubation, total RNA was extracted for
stimulation of melanoma cells as described above.

Statistical Analysis
The Student’s t test was used to analyze the number of

cells that migrated in response to stimulation with TLR
ligands or no ligands. ANOVA was used to compare
TLR2, TLR3, TLR4, and MyD88 expression in melanoma
cells cultured with PHA-L–stimulated PBL supernatant
compared with nonstimulated PBL supernatant. Means
and 95% confidence intervals were calculated based
on the log-transformed data and then transformed back
to the original scale. Differences between means were
also calculated based on the log-transformed data
and then transformed back to the original scale to get
the fold increase between different media. Analysis was
done using SAS statistical software (SAS Institute),
and all tests were two-sided with a significance level of
P < 0.05.
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Results
TLRExpression byMelanoma Lines
Six established metastatic melanoma cell lines (ME2,

ME5, ME9, ME16, ME17, and ME-19) were initially
prescreened by RT-PCR and gel electrophoresis for the
expression of TLR1 to TLR10. The TLR expression profile of
the melanoma lines is shown in Fig. 1A. All melanoma lines
expressed more than two TLR. TLR2, TLR3, and TLR4 were
strongly expressed on all melanoma lines, with one
exception. TLR6 was strongly expressed on only one line,
and TLR1, TLR5, TLR6, TLR7, TLR8, TLR9, and TLR10
were either absent or weakly expressed on melanoma lines.
We therefore focused our subsequent studies on TLR2,
TLR3, and TLR4.
We then used a sensitive qRT-PCR assay to quantify the

expression of TLR2, TLR3, and TLR4 in 13 established
human melanoma lines and a human melanocyte line.
PBLs were used as positive controls, and PANC1
[TLR2(�), TLR3(�), TLR4(�)] was used as a negative
control. All qRT-PCR assays were normalized by GAPDH
copy numbers, as previously described (18–20). The range
of absolute mRNA copies was 0 to 1.9 � 103 for TLR2,
5.0 � 101 to 1.1 � 103 for TLR3, 0 to 6.7 � 103 for TLR4,
and 6.9 � 106 to 7.1 � 107 for GAPDH. The range of
mRNA copy ratios (TLRs/GAPDH) was 1.2 �10�6 to
1.4 � 10�4 for TLR2/GAPDH, 3.5 � 10�6 to 9.1 � 10�5 for
TLR3/GAPDH, and 2.2 � 10�6 to 2.7 � 10�4 for TLR4/
GAPDH. The results of TLR profile expression by qRT-
PCR are shown in Fig. 1B. TLR2 was expressed by 8 of the
13 melanoma lines tested; TLR3 and TLR4 were expressed
in all the melanoma lines, except that TLR3 was not
detected in ME21 cells. Interestingly, TLR2, TLR3, and
TLR4 expression were detected in normal primary
melanocyte cell cultures.

TLR Fluorescence-Activated Cell Sorting Analysis of
Melanoma Lines
Representative fluorescence-activated cell sorting analy-

sis showed TLR2, TLR3, and TLR4 expression on the cell
surface of melanoma lines ME2 and ME5 (Fig. 1C). This
analysis showed that the protein expression levels corre-
lated with mRNA expression levels of TLR2, TLR3, and
TLR4 on melanoma cells, as shown in Fig. 1B.
We further used FITC-LPS to investigate whether

TLR4 can bind LPS on the cell membrane surface of
six human melanoma cell lines. Other ligands binding
with FITCwere not available. All the six melanoma cell lines
were stained with FITC-LPS and 4¶,6-diamidino-2-phenyl-
indole (Fig. 1D). This showed direct binding of LPS to
melanoma cells and confirms that LPS is a ligand of TLR4.

Expression of TLR on Melanoma Cells fromTumor
Specimens
Assessment of melanoma tumor specimens for TLR

expression is difficult, because melanoma lesions are often
infiltrated by a significant number of hematopoietic cells
and endothelial cells that express TLRs. Therefore, we used
a magnetic bead based technique to isolate melanoma cells
from single-cell suspensions obtained from melanoma
tumor biopsies. RT-PCR analysis for MART-1 (melanoma

marker), CD45 (leukocyte-common antigen), CD3-g (T-cell
antigen receptor complex), cytokeratin 20 (endothelial
antigen), and CD34 (hematopoietic progenitor cell antigen)
was used to assess the purity of the isolated melanoma cell
populations (Fig. 2A). TLR2, TLR3, and TLR4 mRNA
expression in purified melanoma cells was then assessed by
qRT-PCR. These studies corroborated the analysis of TLR2,
TLR3, and TLR4 mRNA expression in established mela-
noma lines (Fig. 2B). TLR3 and TLR4 were expressed in
all nine samples of purified melanoma biopsy cells; TLR2
was expressed in eight of the nine biopsy specimens. The
average mRNA copy numbers of TLR2, TLR3, and TLR4
expressed in purified melanoma cells matched those in
melanoma biopsy cell lines. These findings validated the
in vivo and in vitro expression patterns of TLR2, TLR3,
and TLR4 in melanoma cells and that TLR expression by
melanoma cells was not an in vitro artifact. The difference
between fluorescence-activated cell sorting and qRT-PCR
analysis is likely reflected by assay sensitivity. The latter
will be dependent on specific antibody recognition of
epitopes, as well as posttranslational processing before cell
surface expression.

PCRArrayAnalysis ofTLR-Activated Genes
To determine if activation of TLRs by melanoma cells

induced the expression of proinflammatory cytokines, we
analyzed the expression of genes related to TLR-mediated
signal transduction and inflammatory cytokines in mela-
noma lines before and after specific ligand stimulation
by quantitative PCR array. Distinctive TLR activation of
downstream genes in melanoma is shown in the gene
expression heat map (Fig. 3). As shown in Table 1,
stimulation of cells with LPS, PIC, or zymosan induced
more than a 4� increase in expression of TLR2, TLR3,
TLR4, and their adaptors and effector molecules, respec-
tively. Notably, the expression of MyD88 increased >8�.
To verify this increase by a more quantitative assay, we
did qRT-PCR on ligand-activated melanoma cells: MyD88
expression increased 5.7�, 6.3�, and 4.4� in ME2 cells and
9.1�, 5.0�, and 10.5� in ME5 cells after stimulation with
specific ligands for TLR2, TLR3, and TLR4, respectively
(Fig. 4). PCR array analysis also showed significant mRNA
expression up-regulation of nuclear factor-nB (NF-nB) and
IRF genes, which are activated by MyD88 (23). NF-nB1
was elevated >8�, 4�, and 2� after stimulation with LPS,
PIC, and zymosan, respectively. NF-nB2 was also elevated
>2� after stimulation with either PIC or zymosan. IRF1
increased >4�, 2�, and 4� after stimulation with LPS, PIC,
and zymosan, respectively. IRF3 expression was elevated
>8� and 2� after stimulation with LPS and zymosan,
respectively. Interestingly, CD14, a known complex asso-
ciated with TLR4 and involved in LPS recognition, was
detected and elevated after stimulation with all the
individual TLR ligands assessed.
We analyzed the expression of Toll-IL-1 receptor domain-

containing adaptor inducing interferon (TRIF) in melanoma
lines before and after specific ligand stimulation by qRT-
PCR and, also, expression of MyD88 in parallel. Expression
of TRIF was induced in stimulated cells with LPS, PIC, or
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Figure 1. Expression of TLRs in human
melanoma lines. A, expression of TLRs
(TLR1 – TLR10) in six representative human
melanoma lines and two normal donor PBLs
was analyzed by RT-PCR and gel electropho-
resis. Colon cancer cell line SW480 was used
as a negative control (Ctrl). B, expression of
TLRs in melanoma lines, melanocytes, and
healthy donor PBLs was analyzed by qRT-
PCR. The X axis is the copy number of each
gene over the copy number of the house-
keeping gene GAPDH. Small bars, SD. n,
TLR2; 5, TLR3; , TLR4. D, six melanoma
cells were stained with FITC-LPS and visual-
ized by fluorescence light microscopy. PBL
from healthy individuals was used as a
positive control, and PANC1 was used as a
negative control.
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Figure 1 Continued. C, represen-
tative melanoma cell lines fluores-
cence-activated cell sorting analysis
of TLR2, TLR3, TLR4, and early
endosome antigen 1. Early endosome
antigen 1 is endosome protein and a
positive control of TLR3. PANC1 was
a negative control. Left curve shaded
area is the isotype control.
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zymosan. Stimulation of cells with LPS induced 1.46� and
1.31� increase of TRIF expression, and 17.40� and 13.83�
increase of MyD88 in ME2 and ME5 lines, respectively.
Stimulation of cells with PIC also induced 1.31� and 1.45�
increase of TRIF expression and 28.25� and 20.63� increase
of MyD88 in ME2 and ME5, respectively.
As shown in Table 1, stimulation of melanoma cells with

LPS increased expression of multiple proinflammatory
cytokine. Stimulation with PIC enhanced tumor necrosis
factor-a (TNF-a) expression. Stimulation with zymosan
increased expression enhanced granulocyte colony-stimu-
lating factor by >8�, and of interleukin-1 (IL-1), by >2�.
Cyclooxygenase-2 (Cox-2) an inflammatory factor, was
significantly up-regulated >4� by all ligands.
These results strongly indicated that stimulation of

TLR2, TLR3, or TLR4 on melanoma cells by their respective
ligands activates signal transduction pathways similar to

TLR ligand activation on immune cells. After stimulation
with their respective ligands, TLR and MyD88 were shown
to be activated in melanoma cells; downstream signaling
factors of the NF-nB and IRF families were significantly up-
regulated. The up-regulation of these genes was related to
the up-regulation of specific proinflammatory cytokines
and chemokines, as shown in Table 1.

Cell Migration
TLR activation is known to promote the migratory

response of leukocytes (24); therefore, we assessed whether
activation of TLR signaling can promote migration in
melanoma cells. To show the functional response of
melanoma cells to ligand binding of TLRs, the migration
of melanoma lines ME2, ME5, and ME7 was assessed in the
presence and absence of each of three TLR ligands (LPS,
PIC, and zymosan). As shown in Fig. 5, LPS and PIC
significantly increased migration in all the melanoma lines,

Figure 2. Expression of TLRs in
isolated melanoma cells from tu-
mor biopsy specimens. A, expres-
sion of MART-1, CD45, CD3-g,
cytokeratin 20, and CD34 in mel-
anoma cells derived from 10 pri-
mary cutaneous melanoma was
analyzed by RT-PCR. SC-MM is a
positive control of primary mela-
noma cells. Melanoma lines (ME2
and ME20), normal donor PBLs
(PBL1, PBL2), Huvec, and colon
cancer line (SW480) were used as
positive controls of each marker,
respectively. B, expression of
TLRs in isolated melanoma cells
derived from biopsy specimens of
melanomas was analyzed by qRT-
PCR. SC-MM(+) is a positive
control of isolated melanoma cells,
ME2 is a melanoma line, and PBL5
is from a healthy individual. The
first set of columns on the left
shows the average for the nine
biopsy-derived cells. Y axis is the
gene copy number over the house-
keeping gene GAPDH copy num-
ber. Small bars, SD. n, TLR2; 5,
TLR3; , TLR4.
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whereas zymosan significantly increased migration in the
ME5 cell line. The induction of cell migration after
respective ligand-mediated activation of TLR2, TLR3, and
TLR4 suggests that TLR-specific ligand activation can
facilitate melanoma cell migration similar to that of
leukocytes.

MelanomaTLR Activation by Activated PBL Super-
natant
To determine if hematopoietic cells in the tumor

microenvironment may activate TLR on melanoma cells,
we assessed TLR2, TLR3, and TLR4 expression in ME1,
ME2, ME5, and ME7 melanoma lines that had been
cultured with supernatant from PHA-L–stimulated PBLs
of several healthy donors. As shown in Fig. 6A, the
mRNA expression of both TLR2 and TLR3 increased
significantly in all four cell lines after stimulation with
PBL supernatant. Expression of TLR4 increased signifi-
cantly in three of the four melanoma lines. The expression
of the MyD88 (adaptor molecule of TLR) was assessed and
shown to significantly increase 1.8�, 2.6�, 3.2�, and 4.0�
after stimulation with PBL supernatant in melanoma
lines ME1, ME2, ME5, and ME7, respectively, compared
with supernatant from unstimulated PBLs. There was
no significant difference in MyD88 mRNA copy number
when comparing melanoma lines cultured with control
medium and lines cultured with supernatant from unsti-
mulated PBLs. These findings indicate that TLR expression
on melanoma cells can be up-regulated and functionally
activated through the release of soluble factors by
stimulated PBL. This in vitro study may mimic actions of
activated infiltrating lymphocytes in melanoma lesions.
Studies have shown that RNA can be released by tumor

or normal cells and detected in blood (25, 26). To assess a
potential factor from activated PBLs that may activate
TLRs on melanoma cells, we focused particularly on
TLR3. Purified RNA, which is a ligand of TLR3, was
added individually to melanoma cells. Purified RNA from
PBL (three healthy donors) or two melanoma lines was
incubated with three different melanoma lines; TRIF
mRNA expression was then assessed by qRT-PCR
(Fig. 6B). The experiments showed that both PBL and
melanoma RNA could activate TRIF expression
by melanoma cells, particularly for ME5 and ME7.
Responsiveness of melanoma cell lines varied. TLR3
expression analysis by qRT-PCR after RNA stimulation
of PBL donor and melanoma cell lines also up-regulated

TLR3 expression by 20% to 98% (data not shown). This
suggests that free RNA is a potential factor responsible for
specific TLR activation.

Discussion
Our study has shown that TLR3 and TLR4 are strongly
expressed on cells isolated from melanoma biopsies, and
TLR2 is expressed in cell lines from cultured cells and cells
isolated from melanoma biopsies. Other TLR family
members were expressed, but less frequently and at a
lower level. Melanocytes, keratinocytes, and langerhans
cells comprise the epidermal barrier against exogenous
pathogens and UV light. Activation of TLR on normal
Langerhans cells and keratinocytes has been linked to the
innate immune response of the skin to microbial pathogens
(27, 28). Similarly, in an inflammatory, protective response
to injury, sunburn, and infection of the skin, TLR activation
on melanocytes may be a natural defense to recruit innate
immune cells. TLR seem to be abnormally up-regulated in
melanoma cells.
Chronic inflammation is a risk factor for the development

and progression of cancer. Infiltration of tumors with
specific T-cell subsets can be beneficial to control the tumor;
however, overabundant innate immune cells and chronic
inflammation can also relate to angiogenesis and poor
prognosis (12). Innate immune cells, e.g., granulocytes,
dendritic cells, macrophages, natural killer cells, and mast
cells have TLR. Activation of TLR triggers a cascade of
intracellular events, including innate immune responses
through NF-nB–dependent and interferon regulating factor
(IRF)-dependent signaling pathways. This is known to
recruit and activate leukocytes to sites (29).
Until now, studies have indicated that immune cells

produce cytokines and chemokines in the microen-
vironment of the tumor-promoting inflammation. How-
ever, we hypothesized that melanoma cells may also be
involved in the production of cytokines and chemokines
through activation of tumor cell TLR. When inflam-
mation occurs in the skin microenvironment of mela-
noma tumors, innate immune responses are activated
initially through TLR, often then leading to specific
immunity. We believe this response may be beneficial
initially to control melanoma tumor development; how-
ever, it may be a major detrimental factor to the host if
it persists.

Figure 3. Heat map of quantitative PCR array analysis. Genes appear on the bottom of the heat map, and melanoma lines stimulated with ligand appear
on the right side. Red, yellow, and green indicate higher, equivalent, and lower expression, respectively, in comparison with the expression in melanoma
lines before stimulation.
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We identified high levels of TNF-a, IL-1, IL-6, and
granulocyte colony-stimulating factor (proinflammatory
cytokines); CCL2 and CXCL10 (proinflammatory chemo-
kines); IL-10 (inhibitory factor of tumor immunity); and
cyclooxygenase-2 (inflammatory factor) in melanoma cells
treated by specific TLR2, TLR3, and TLR4 ligands. TNF-a is
one of the key cytokines mediating the inflammatory
processes during melanoma development (30). TNF-a
controls leukocytic infiltration in tumors through modula-
tion of chemokines and their receptors. It is known that
melanoma cells produce TNF-a, but the mechanism of
activation is unknown (31).Chronic production of endo-
genous TNF-a in the tumor microenvironment can enhance
tumor progression by inducing other cytokines/chemo-
kines involved in cancer progression, such as IL-6 and
CCL2 (31). CCL2 recruits macrophages; T cells which
accumulate in the tumor site can adversely affect the local

immune response outcome (32). CXCL10 is a T-helper cell
type 1–associated proinflammatory chemokine, which has
the potential to recruit T-helper cell type 1–type T cells
(33). The activation of both CCL2 and CXCL10 would be
highly supportive in escalating inflammation and immu-
nity in the melanoma lesion.
Cox-2 was significantly elevated in melanoma cells by

TLR ligands. Cyclooxygenase-2 can catalyze the conversion
of arachidonic acid to prostaglandins. Elevated cyclo-
oxygenase-2 is associated with aggressive tumor pheno-
types (34). Ligand activation of TLR enhanced
IL-10 (>8�) very significantly in melanoma cells. IL-10, a
T-helper cell type 2–type pleiotropic cytokine, can hinder
a number of immune functions and suppress antitumor
immunity. This provides a mechanism through which
melanoma cells, activated by specific TLR ligands, can
produce immune suppression factors. The induction of

Table 1. The expression profile of TLRs, its adaptor genes, effector genes, and TLR downstream signaling genes

Ligands* Increase in
expressionc

TLR and TLR adaptor TLR effector Proinflammatory
cytokines

Proinflammatory
chemokines

LPS >8� TLR9, MyD88 NF-nB1, IRF3 CCL2, CXCL10
>4� TLR3, TLR4 IRF1 IL-6
>2� CD14 TNF-a, IL-1, G-CSF

PIC >8� MyD88 CCL2, CXCL10
>4� TLR3, TLR4, TLR9 NF-nB1
>2� CD14 NF-nB2, IRF1 TNF-a

Zymosan >8� MyD88 G-CSF CCL2, CXCL10
>4� TLR3, TLR4, TLR9 IRF1
>2� CD14 NF-nB1, NF-nB2, IRF3 IL-1

NOTE: Overall summary of PCR array analysis of the most highly significant activated TLRs, its adaptor genes, effector genes, cytokine, and chemokine genes.
Abbreviation: G-CSF, granulocyte colony-stimulating factor.
*Ligands of TLRs which stimulated melanoma cells. Concentration of ligands: LPS, 1 Ag/mL; PIC, 100 Ag/mL; zymosan, 10 Ag/mL.
cIncrease is calculated as the expression in stimulated cells/nonstimulated. The average expression in ME2 and ME5 is given.

Figure 4. Expression of MyD88 after stimulation
using TLR ligands. Expression of MyD88 in two
melanoma lines and one negative control cell line
(PANC1) was analyzed by qRT-PCR. Each cell line
stimulated by LPS, PIC, or zymosan was compared with
each unstimulated cancer line. The vertical axis is the
copy number of MyD88 over the copy number of the
housekeeping gene GAPDH. Small bars, SD. n,
unstimulated; 5, LPS; , PIC; , zymosan.
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IL-10 in melanoma cells may facilitate tumor progression
by inhibiting the generation of antitumor T-cell responses
(35). IL-10 is known as a strong immunosuppression factor.
This supports the role of tumor-related bioactive molecules
in modifying the tumor microenvironment by dampening
potential T-cell immune response, thus facilitating tumor
progression. The role of IL-10 in melanoma-induced
immune suppression is important and requires further
studies.
We showed that MyD88, NF-nB1, NF-nB2, IRF1, and IRF3

were all significantly stimulated by activation of TLR2,
TLR3, and TLR4 in melanoma cells. This signal transduc-
tion pathway mimics those found in hematopoietic cells.
NF-nB plays a key role in regulating the immune response
and controls many genes involved in inflammation, such as
growth factors, cytokines, and chemokines. NF-nB, IRF1,
and IRF3 downstream of MyD88 signal transduction
pathway were significantly activated by respective TLR
ligation. Studies have shown that activation of NF-nB also
activates antiapoptotic proteins, thereby promoting tumor
progression (36, 37). Activation of the MyD88 pathway can
cause chemoresistance (7), a significant problem in treat-
ment of systemic melanoma metastasis. NF-nB and IRF
family members may play a significant role in regulating
cytokine and chemokine production and recruiting im-
mune cells in the tumor microenvironment.
Recently, a number of endogenous molecules have been

reported to be ligands of TLR. For example, fibrinogen and
heat shock protein 60, heat shock protein 70, gp96, and high
mobility group box 1 protein may serve as ligands of TLR2
and/or TLR4 (38). Kariko et al. showed that TLR ligation
with mRNA released from necrotic cells activates immune
responses (39). Recent studies have shown RNA can be

released by tumor cells and circulate in blood (25, 26).
We speculated that TLRs on melanoma cells are activated
by endogenous ligands within the tumor. In our study,
surprisingly, the expression of TLR2, TLR3, TLR4, and
MyD88 significantly increased when melanoma cells were
cultured with supernatant from PHA-L–activated leuko-
cytes. This supernatant likely includes potential agonists
released from cells responsive to activated TLR-mediated
signaling. The in vitro studies showed that incubation of
RNA activates melanoma cells. This may be an important
event, because elevated circulating RNA in the blood of
cancer patients can be detected and correlated to poorer
disease outcomes (26). The TLR3 response to RNA is likely
due to RNA secondary structures, including double-
stranded regions (39).
The activation of specific TLR by ligation has been

suggested to activate adjacent ligands as an overall
response in immune cells (40). We observed in our studies
that specific TLR ligation activated expression of other TLR.
This is the first demonstration that this event also occurs in
nonimmune cells. Also, this suggests that TLR-ligand
interactions on tumor cells are programmed to be very
responsive to external changes in the tumor microenviron-
ment and the TLR signal transduction pathways are well-
integrated.
In summary, our study has shown that TLR2, TLR3,

and TLR4 were highly expressed in human melanoma
in vivo and in vitro . Melanoma cells may be activated
by endogenous ligands within the tumor; this activation
stimulates cytokines and chemokines that may promote
inflammation of the tumor microenvironment. TLR2,
TLR3, and TLR4 ligation may also promote events of
metastasis. We suggest that melanoma cells responding

Figure 5. Response to TLR ligands
of three melanoma cells (ME2, ME5,
and ME7) and one negative control
cell line (PANC1) was assessed by a
cell migration assay. The number of
migrating cells in 10 randomly select-
ed fields was counted after 24 h of
incubation with and without ligands
for TLR2, TLR3, and TLR4. One
representative experiment of three is
depicted. Small bars, SD. n, unsti-
mulated; 5, ligand-stimulated cancer
line.
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to TLR activation cause innate immune responses that
may set the stage for an active inflammatory state favor-
ing tumor promotion and suppression of host-specific
immunity. TLR activation of tumor cells has been sug-
gested to be a factor promoting tumor progression in
carcinomas (41). We showed that TLR ligand activation in
melanoma cells induced migration. Further studies are
also needed to determine the role of TLR activation in

supporting invasion and metastasis. Future studies will
need to define the function of TLR on melanoma cells
relative to in vivo host antitumor immunity. TLR and their
signaling pathways may be potential therapeutic targets.
Currently, there are several therapeutics targeting TLRs
on leukocytes, as well as tumors (42), in phase
I/phase II clinical trials in patients with different cancers,
including melanoma.

Figure 6. Melanoma line response
to stimulated PBL supernatant and
RNA. A, expression level of TLR2,
TLR3, TLR4, and MyD88 in four
melanoma lines (ME1, ME2, ME5,
and ME7) cultured with supernatant
of PBLs from four donors (PBL1,
PBL2, PBL3, and PBL4) was analyzed
by qRT-PCR. n, melanoma cells cul-
tured with a control medium; 5,
melanoma cells cultured with super-
natant from unstimulated PBLs; ,
melanoma cells cultured with super-
natant from PHA stimulated PBLs.
Small bars, 95% confidence inter-
vals. The Y axis is the copy number
of each gene over the copy number of
the housekeeping gene GAPDH. B,
expression level (mean) of TRIF
mRNA in three melanoma lines
(ME1, ME5, and ME7) cultured with
supernatant of n PBLs (three donors)
stimulated with PHA-L and 5 ME
(two melanoma cell lines ME1 and
ME5) analyzed by qRT-PCR. The Y
axis is the percentage of increase of
TRIF mRNA expression in cells cul-
tured with RNA compared with cells
without RNA. Small bars, SD. *,
actual mean increase of TRIF expres-
sion was 566 F 497% for ME7 line
incubated with melanoma cell RNA.
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