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Functional Gap Junctions Facilitate Melanoma Antigen
Transfer and Cross-Presentation between Human Dendritic
Cells1

Ariadna Mendoza-Naranjo,* Pablo J. Saéz,† C. Christian Johansson,‡ Marcos Ramı́rez,*
Dinka Mandaković,* Cristian Pereda,* Mercedes N. López,*§ Rolf Kiessling,‡ Juan C. Sáez,†

and Flavio Salazar-Onfray2*

Previously, we found that human dendritic cells (hDCs) pulsed with a melanoma cell lysate (MCL) and stimulated with TNF-�
(MCL/TNF) acquire a mature phenotype in vitro and are able to trigger tumor-specific immune responses when they are used in
melanoma immunotherapy in patients. In this study, we describe that MCL/TNF induces gap junction (GJ)-mediated intercellular
communications and promotes melanoma Ag transfer between ex vivo produced hDCs from melanoma patients. hDCs also exhibit
increased expression of the GJ-related protein connexin 43, which contributes to GJ plaque formation after MCL/TNF stimula-
tion. The addition of GJ inhibitors suppresses intercellular tumor Ag transfer between hDCs, thus reducing melanoma-specific T
cell activation. In summary, we demonstrate that MCL/TNF-stimulated hDCs can establish functional GJ channels that partic-
ipate in melanoma Ag transfer, facilitating Ag cross-presentation and an effective dendritic cell-mediated melanoma-specific T cell
response. These results suggest that GJs formed between hDCs used in cancer vaccination protocols could be essentials for the
establishment of a more efficient antitumor response. The Journal of Immunology, 2007, 178: 6949–6957.

T herapeutic vaccines are promising new approaches to-
ward engaging the immune system to target cancer cells.
Dendritic cells (DCs)3 are recognized as the most potent

APC with the ability to stimulate naive resting T cells and initiate
primary immune responses. Since large-scale isolation and expan-
sion of human DCs (hDCs) in cultures have become feasible (1),
DC-presenting tumor-associated Ags have been safely adminis-
tered to cancer patients, inducing significant immunological re-
sponses in several clinical trials, including melanoma (2, 3). A
phase I clinical study performed in our laboratory for the treatment
of advanced malignant melanoma indicates that autologous hDCs
obtained from individual patients, pulsed with a melanoma cell

lysate (MCL) and stimulated with TNF-� (MCL/TNF), were able
to trigger specific immunological and clinical responses against
melanoma-associated Ags (MAA) (4).

DCs are highly interactive cells with extended membrane pro-
longations that facilitate the interaction among themselves and
with other cell types. Previous studies have demonstrated Ag trans-
fer and cross-presentation from living cells to DCs in vitro (5, 6)
and in vivo (5, 7). Through such interactions, DCs may acquire
Ags even in absence of donor cell apoptosis or necrosis (6), sug-
gesting that processes other than endocytosis are involved. In ad-
dition, it has been shown that endogenous DCs play an important
role during vaccination with ex vivo produced monocyte-derived
DCs, enhancing Ag-specific activation of APC, amplifying Ag
presentation, and promoting T cell activation and proliferation (7).
These observations indicate that the establishment of interactions
between injected and local DCs is essential for an optimal immune
response. Recently, it has been reported that activated murine DCs,
as well as human monocytes, are able to communicate to each
other via gap junctions (GJs) (8, 9).

GJs are clusters of intercellular channels found in the plasma
membrane that allow direct intercellular communication between
adjacent cells. In mammals, GJ channels are formed by two hex-
americ hemichannels called connexons, each provided by one of
the two contacting cells (10). Connexons are formed by six poly-
topic trans-membrane protein subunits, termed connexins (Cx),
which provide permeability and regulatory properties to the GJ
channels (11).

GJ-mediated intercellular communications (GJIC) between mu-
rine DCs have been associated to an effective activation by proin-
flammatory factors such as LPS, TNF-�, and IFN-�, affecting the
DCs’ capability to stimulate allospecific T cells (9). Furthermore,
it has also been described that human monocytes are capable of
transferring and cross-presenting antigenic peptides in a process
mediated by GJs (12), indicating a multifunctional role for these
membrane structures in the immune response. Besides expression
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on murine monocytes and DCs, Cx expression and GJIC have been
demonstrated in many other cell types of the immune system (13–
16). In this sense, human T cells derived from peripheral blood are
able to communicate through GJ channels, and the prevention of
interlymphocyte GJIC using GJ inhibitors, such as Cx-mimetic
peptides or 18 �-glycyrrhetinic acid, results in down-regulation of
Ig production in vitro (15, 16).

Activation of a specific immune response requires a direct phys-
ical interaction between APC and T cells (17). GJ-like structures
have also been identified in Langerhans and T cell interfaces both
in vitro (18) and in vivo (19), suggesting a role for these membrane
specializations in T cell activation by APC. However, to date there
is no evidence demonstrating the existence of GJIC between hDCs
and their possible involvement in hDC-Ag transfer and cross-pre-
sentation to T cells. In this study, we examined the existence of
such interactions in a human melanoma model, using ex vivo pro-
duced hDCs from melanoma patients. Our results demonstrate
functional mechanisms that associate GJIC with Ag transfer/cross-
presentation processes and the efficient DC-mediated T cell
activation.

Materials and Methods
Patients

PBMC were obtained by leukapheresis, from stage IV melanoma patients
included in a previously reported clinical trial (4). The present study was
approved by the Bioethical Committee for Human Research of the Faculty
of Medicine, University of Chile, and informed written consents were
given to and signed by all patients.

Melanoma cell lines and MCL preparation

A MCL derived from a mixture of three allogenic melanoma cell lines,
Mel1-3, established at the Institute of Biomedical Sciences, University of
Chile, was prepared as follows. The cell lines were obtained from meta-
static lymph nodes of HLA-A2� melanoma patients and were positive for
the following melanoma-specific markers: MelanA/MART1, S-100,
HBM45, A103, 9.2.27, and MC1R (our unpublished data). The cell lines
were virus and mycoplasma free. Equal amounts of tumor cells from each
cell line were mixed, and the cell pellet was repeatedly frozen and thawed
to obtain the MCL, which was then sonicated and irradiated. Protein con-
centration was calculated by Bradford’s method.

Generation of hDCs

Leukocytes were isolated by density gradient separation with Ficoll-
Hypaque (Axis-Shield). PBMC (4 � 107/well) were incubated for 2 h in
serum-free AIM-V therapeutic medium (Invitrogen Life Technologies) at
37°C in an atmosphere with 5% CO2. Nonadherent cells were removed,
and the remaining ones were incubated in the presence of human rIL-4
(500 U/ml) (US Biological) and 800 U/ml GM-CSF (Schering-Plough).
The cultures were maintained for 7 days, and the medium was replaced
every 2 days. At day 6, DCs were treated overnight with 2 ng/ml TNF-�
(US Biological) in the presence or absence of MCL (250 �g/ml).

Dye transfer assays

hDCs were incubated in AIM-V medium alone (Invitrogen Life Technol-
ogies) as a control, or stimulated with 2 ng/ml TNF-�, 250 �g/ml MCL, or
both (MCL/TNF), and the functional state of GJ channels between hDCs
was tested by observing the transfer of the fluorescent dye Lucifer yellow
(Sigma-Aldrich) from a microinjected cell to adjacent cell(s), as described
before (9). Microinjection with rhodamine-dextran (Sigma-Aldrich) was
used as a negative control. Briefly, the dye (5% w/v Lucifer yellow di-
lithium salt or rhodamine-dextran in 150 mM LiCl) was microinjected
through glass microelectrodes by brief overcompensation of the negative
capacitance circuit in the amplifier to cause oscillations until the impaled
cell was brightly fluorescent. The cultures were observed on an inverted
microscope equipped with xenon arc lamp illumination and a Nikon B filter
(excitation wavelength, 450–490 nm; emission wavelength, above 520
nm). At 1 min postinjection, dye transfer was scored. The incidence of dye
transfer was also determined for hDCs stimulated with MCL/TNF in the
presence of the GJIC inhibitors 18 �-glycyrrhetinic acid (�-Ga) (35 or 50
�M) (Sigma-Aldrich), oleamide (50 �M) (Sigma-Aldrich), or vehicle only
(ethanol) added 15 min before recording. In all experiments, dye transfer

was tested by injecting a minimum of 10 cells. The incidence of dye trans-
fer was calculated as the number of injected cells showing dye transfer to
one or more neighboring cells, divided by the total number of cells injected
in each experiment multiplied by one hundred.

FACS analysis

hDCs untreated or stimulated with 2 ng/ml TNF-�, 250 �g/ml MCL, or
MCL/TNF were fixed in 2% paraformaldehyde for 15 min. Afterward,
washed hDCs were incubated for 30 min on ice in 1% PBS-BSA with the
following primary Abs: PE-conjugated anti-human CD11c (eBioscience),
FITC-conjugated anti-human CD83, MHC class I, and MHC class II (BD
Pharmingen), as well as with the unlabeled primary anti-Cx43 (directed to
the C-terminal domain) (20) or anti-Cx45 Ab (directed to the C-terminal
domain) (21). For Cx43 and Cx45 analysis, 5-min permeabilization with
0.05% saponin was performed after CD11c-PE primary Ab incubation. For
Cx43 and Cx45 analysis, cells were maintained on ice for 30 min with a
secondary anti-rabbit FITC-conjugated Ab (Sigma-Aldrich). Controls were
conducted in the presence of the secondary anti-rabbit FITC-conjugated Ab
(Sigma-Aldrich) alone. Negative controls also included directly labeled
isotype-matched irrelevant mAbs. Cells were acquired on a flow cytometer
(FACSort; BD Pharmingen) and analyzed using the CellQuest software.

Western blot

Cell pellets from harvested hDCs that had been untreated or stimulated
with TNF-� (2 ng/ml), MCL (250 �g/ml), or MCL/TNF were suspended
at 4°C in ice-cold radioimmunoprecipitation assay buffer plus protease and
phosphatase inhibitors. Equal amounts of protein were resuspended in Lae-
mmli 4� sample buffer and were separated by 10% SDS-PAGE and vi-
sualized with polyclonal anti-Cx43, anti-Cx45 Abs using an ECL system
(Amersham Biosciences). As an internal control, a mAb against �-actin
(Sigma-Aldrich) was stained for normalization after stripping. The ratio
Cx/actin was determined by scanning and quantifying the bands in a Kodak
Digital Science 1D 3.0.2 densitometer.

Immunofluorescence staining

hDCs incubated with only medium as control, or stimulated with 2 ng/ml
TNF-�, 250 �g/ml MCL, or MCL/TNF were fixed with cold 70% meth-
anol for 10 min and blocked with 5% BSA-PBS for 1 h. hDCs cultured
alone were incubated with the respective primary Abs, as follows: Cx43
and CD11c (Ancell) in 1% BSA-phosphate buffer in humid chamber at 4°C
overnight. Protein expression was visualized by incubating the cells with
the corresponding secondary fluorescence-conjugated Abs, as follows: goat
anti-rabbit FITC conjugated (Sigma-Aldrich) and Alexa Fluor 647 goat
anti-mouse (Molecular Probes and Invitrogen Life Technologies) for 1 h.
Fluorescence-labeled secondary Abs were added alone as negative con-
trols. Finally, the cells were analyzed by confocal laser scanning micros-
copy (objective �63, LSM 510; Carl Zeiss MicroImaging).

Generation of tumor-infiltrating lymphocyte cell line and clones

T lymphocytes were obtained from a fresh pulmonary metastasis of patient
MT43 (HLA-A2�). After mechanical tissue separation, the resulting sin-
gle-cell suspension was cultured at 37°C, 5% CO2 and was fed every 2
days with RPMI 1640 medium supplemented with 10% FBS (Invitrogen
Life Technologies) and rIL-2 (375 U/ml) (ProSpec-Tany TechnoGene). At
day 14, the CTLs were enriched using CD8 mAb-coupled beads and cloned
by limiting dilution in 96-well U-shaped microtiter plates in the presence
of feeders (irradiated PBMC from two allogeneic donors, plus rIL-2 (750
U/ml) and 12 �g/ml OKT-3 mAb). Obtained CTL clones were tested for
IFN-� production against DBF melanoma cell line, HLA-A2�, Mart1/
MelanA�, and against T2 cells pulsed with different MAA peptides derived
from proteins Gp100, MC1R, tyrosinase, and MelanA/MART1. The se-
lected clone (CdL43-1) is HLA-A2� restricted and MelanA/MART127–35

specific, and recognizes melanoma cells, as tested by IFN-� secretion
ELISPOT assay.

Cross-presentation assay

HLA-A2� hDCs (5 � 105) were loaded with MCL/TNF (DCA2�/MCL)
and then washed three times with PBS before a 4-h coincubation with
HLA-A2� hDCs (5 � 105) (DCA2�) that had been matured with TNF-�
(2 ng/ml) and LPS (1 �g/ml) in the absence of MCL, and in the presence
or absence of 300 �M 1848 Cx mimetic peptide (95% purity); 300 �M
Gap20 control peptide (95% purity) (JPT Peptide Technology); and 50 �M
�-Ga or 50 �M oleamide. After incubation, the cell mix was washed
three times with PBS and then used as a target (2 � 104 cells/well) in
an ELISPOT assay, as described below. The effector cells used were the
CdL43-1 MelanA/MART1-specific clone, obtained as described above.
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Additionally, DCA2� (5 � 105) loaded with MCL/TNF (DCA2�/MCL)
were cocultured 4 h with DCA2� (5 � 105) and then matured with
TNF-� (2 ng/ml) and LPS (1 �g/ml), in the presence or absence of 300
�M 1848 peptide, 300 �M Gap20 control peptide, �-Ga (50 �M), or
oleamide (50 �M), before IFN-� ELISPOT assay.

IFN-� ELISPOT assay

Ninety-six-well MultiScreen plates (MAPN1450; Millipore) were coated
overnight with 2 �g/ml anti-human IFN-� capture mAb (1-D1K; Mabtech)
and then washed and blocked 1 h with RPMI 1640/10% FBS. Cocultures
of DCA2�/MCL and DCA2�, as well as of DCA2�/MCL and DCA2�,
untreated or treated 4 h with GJ inhibitors, as described before, were added
in duplicates at 2 � 104 cells/well and cocultured for 15 h at 37°C with
MelanA/MART1-specific tumor-infiltrating lymphocytes (2 � 103/well).
Unloaded DCA2� and DCA2�, as well as DCA2�/MCL alone, were used
as negative controls. The unspecific background for DCA2�/MCL was
subtracted in all coculture conditions when it was included. DCA2� ma-
tured with MCL/TNF and pulsed with 10 �g/ml MelanA/MART127–35 or
10 �g/ml Gp100209–217 peptides were used as positive and negative con-
trols, respectively. IFN-� spots were detected using 0.5 �g/ml biotin-con-
jugated anti-IFN-� Ab and 0.5 �g/ml streptavidin-alkaline phosphatase
(both from Mabtech), and were counted using an automated ELISPOTscan
counter (A.EL.VIS). Results were expressed as the mean of spots/2 � 103

effector cells.

Phagocytosis assay

HLA-A2� hDCs (5 � 105), untreated or stimulated with 2 ng/ml TNF-�
and 1 �g/ml LPS for 24 h, were incubated at either 4°C or 37°C with 0.05
�g/�l dextran-FITC for 2 h. Then the cells were rinsed twice with PBS,
fixed with 2% paraformaldehyde, and analyzed by FACS (BD Pharmingen).

Statistics

Differences between the compared groups were analyzed by Student’s t test
using Origin software (RockWare). Results were expressed as means �
SD, or means � SEM. Values of p �0.05 were considered statistically
significant.

Results
MCL/TNF-� stimulation induces GJIC in hDCs

Activated monocytes and murine DCs are able to communicate to
each other via GJ channels (8, 9). To test whether monocyte-de-
rived hDCs could also form functional GJ channels, we analyzed
the incidence of dye coupling of hDCs cultured at high density to
ensure the establishment of cell-cell contacts allowing GJ channel
formation. The intercellular transfer of Lucifer yellow, a fluores-
cent GJ tracer, was analyzed between untreated hDCs or after stim-
ulation with TNF-�, MCL, or MCL/TNF. The dye transfer inci-
dence was calculated using a confocal microscope, injecting a
minimum of 10 DCs per experiment and period of time of interest.
The incidence of dye coupling was calculated as percentage by
dividing the number of injected cells, showing dye transfer to two
or more adjacent cells, by the total number of microinjected cells,
and multiplied by 100, as described in Materials and Methods.

Under control conditions, hDCs showed a low incidence in dye
transfer, remaining often uncoupled (Fig. 1, A (left panel) and C).
In contrast, hDCs stimulated with the MCL/TNF mix showed a
more frequent dye transfer incidence (Fig. 1, A (right panel, ar-
rowhead) and C). To confirm that Lucifer yellow transfer was only
due to GJIC and not due to membrane fusion or formation of
cytoplasmic bridges, we also microinjected cells with rhodamine-
dextran fluorescent dye in parallel, which is well above (10 kDa)
the molecular size permeability limit of GJ channels and thus
served as a positive control for GJ-independent pathways. Under
all tested conditions, the fluorescence of rhodamine-dextran re-
mained restricted to the microinjected DCs, indicating that inter-
cellular transfer of Lucifer yellow could only occur through GJ
channels (Fig. 1B).

FIGURE 1. MCL/TNF induces dye transfer between hDCs. A, Monocyte-derived hDCs were nonstimulated (left panel) or stimulated with MCL/TNF
for 24 h (right panel) and then microinjected with Lucifer yellow. B, hDCs treated with MCL/TNF were microinjected with rhodamine-dextran as a negative
control. Scale bar � 60 �m. C, The graph shows the incidence of dye coupling measured during a time course for untreated hDCs (diamond), as well as
for those stimulated with TNF-� (circle), MCL (square), or MCL/TNF (triangle). Each plotted point represents the mean � SEM of four independent
experiments. D, Untreated hDCs or hDCs stimulated 24 h with TNF-�, MCL, or MCL/TNF were microinjected with Lucifer yellow, and the incidence of
dye transfer was measured. GJ channel inhibitors, �-Ga (35 and 50 �M) and oleamide (50 �M), were added. Each plotted point represents mean � SEM
of four independent experiments. Differences in dye transfer incidence are indicated by p values, as determined by Student’s t test (�, p � 0.05; ��, p �
0.01; ���, p � 0.005).
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Dye transfer incidence was also detected in DCs subjected to
different stimuli for different periods of time (5, 15, 20, 24, and
28 h) (Fig. 1C). A slight enhancement in dye transfer was detected
at 20 h between hDCs after the addition of TNF-�, MCL, or MCL/
TNF when compared with nonstimulated hDCs (Fig. 1C). The in-
crease of dye transfer was most notable in hDCs treated with
MCL/TNF for 24 h, which was significantly higher than the inci-
dence observed in the other studied conditions, including hDCs
treated with only TNF-� or MCL (n � 4 experiments; p � 0.05)
(Fig. 1, C and D).

To confirm the GJ involvement in MCL/TNF-mediated dye
transfer induction on melanoma patient-derived hDCs, the inhib-
itory effect of �-Ga and oleamide was investigated. The incidence
of dye transfer was studied in hDCs stimulated with TNF-�, MCL,
or MCL/TNF in the absence or presence of the GJ inhibitors. Our
results show that treatment of hDCs for 24 h with MCL/TNF in-
creased almost 3–4 times (up to 40%) the dye transfer incidence as
compared with untreated hDCs, whereas cells treated only with
TNF-� or MCL alone showed a nonsignificant difference in the
incidence of dye transfer compared with nonstimulated hDCs (Fig.

1D). In contrast, hDCs stimulated with MCL/TNF for 24 h and
then treated for 15 min with 35 or 50 �M �-Ga showed a signif-
icant concentration-dependent decrease in the dye transfer inci-
dence that reached �20 and 5%, respectively (n � 3 experiments;
p � 0.005) (Fig. 1D). Similarly, the presence of 50 �M oleamide
also resulted in a significant (from 40 to 20%; p � 0.005) reduction
in the dye transfer incidence (Fig. 1D). hDCs treated with MCL/
TNF plus ethanol (vehicle of the GJ inhibitors) showed no changes
of the dye transfer incidence induced by MCL/TNF (data not
shown).

GJIC between DCs have been associated to maturation of mu-
rine DCs induced by proinflammatory factors (8). To characterize
the maturation state of hDCs at the different experimental condi-
tions, the expression of different surface markers (CD83, MHC
class I, and MHC class II) was examined on CD11c-positive cells
by flow cytometry. We observed that hDCs stimulated 24 h with
MCL/TNF exhibited a more robust mature phenotype than the
other studied groups, expressing higher amounts of both MHC
class I and class II, as well as the maturation marker CD83 as
compared with hDCs at other conditions (Fig. 2). This increased

FIGURE 2. MCL/TNF treatment
enhances the mature phenotype in
hDCs. Nonstimulated immature hDCs
(iDCs), as well as immature hDCs
stimulated with MCL, TNF-�, or
MCL/TNF were tested at different time
points for the expression of different
cell surface markers by flow cytometry.
The expression of CD83, MHC class I,
and MHC class II, gated on CD11c,
was reported as the percentage of cells
positive for these markers within the
CD11c� population. Histograms show
data of three representative independent
experiments. Differences are indicated
by p values, as determined by Stu-
dent’s t test (�, p � 0.05; ��, p �
0.01; ���, p � 0.005).
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FIGURE 3. MCL/TNF increases Cx43, but not Cx45 levels in hDCs. A, Protein extracts were prepared from untreated hDCs, and from hDCs treated
with TNF-�, MCL, or MCL/TNF for 24 h. Levels of Cx43 and Cx45 were estimated by Western blot analysis using anti-Cx43- and anti-Cx45-specific Abs.
An extract of rat heart was used as a positive control for Cx detection (lane H). B, Graphs represent Cx43 and Cx45 levels quantified from the blots by
densitometry and normalized against total �-actin levels. Bars represent the mean (percentage) � SD of three independent experiments; �, p � 0.05. C,
Nonstimulated hDCs or hDCs stimulated 24 h with TNF-�, MCL, or MCL/TNF were assayed for Cx43 or Cx45 levels within the CD11c� population by
flow cytometry. Graphs are representative of three independent experiments and represent Cx43 and Cx45 levels in the CD11c� population, expressed as
the percentage of the mean � SD; n � 3 (�, p � 0.05; ���, p � 0.005).
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mature phenotype observed 24 h after MCL/TNF treatment was
concomitant with the maximal incidence of dye coupling found for
this condition (Fig. 1, C and D).

Cx43 levels are increased and contribute to GJ plaque
formation in MCL/TNF-stimulated hDCs

To assess whether the MCL/TNF-induced increase in dye transfer
between hDCs observed at 24 h posttreatment was related to Cx
expression in hDCs, Cx43 and Cx45 expression levels were de-
termined by Western blot and flow cytometry (Fig. 3).

Western blot analysis showed that whereas Cx45 expression
levels displayed no differences in any of the studied conditions, a
significant increase in Cx43 levels was observed in hDCs treated
with MCL/TNF compared with nonstimulated hDCs (n � 4 ex-
periments; p � 0.005) (Fig. 3A). Quantitative analysis of the blots
normalized against �-actin, used as a loading control, revealed a
Cx43 increase of �25% ( p � 0.05) in hDCs stimulated with MCL
or MCL/TNF when compared with untreated and TNF-stimulated
hDCs (Fig. 3B). Cx43 and Cx45 levels were also determined for
the CD11c� population by flow cytometry (Fig. 3C). A significant
increase of Cx43 levels of �30% was observed in hDCs treated
with MLC alone or with MLC/TNF, whereas the expression of
Cx45 remained stable in all studied conditions (Fig. 3C).

To further verify whether Cxs are involved in the formation of
GJ channels responsible for the dye transfer, we performed immu-
nofluorescence experiments to evaluate the cellular distribution of
Cx43 in CD11c� hDCs. Cx43 (green)- and CD11c (red)-stained
hDCs were examined by confocal microscopy in subconfluent cul-
tures subjected to the different conditions, as follows: nonstimu-
lated (Fig. 4, A–C), and stimulated with TNF-� (Fig. 4, D–F),
MCL (Fig. 4, G–I), or TNF/MCL (Fig. 4, J–L). Cx43 was detected
in perinuclear regions of the cell body and cell processes in all
studied conditions. Interestingly, Cx43 was markedly localized at
the plasma membrane of hDCs treated with MCL/TNF (Fig. 4J)
and was frequently found at cell-cell contact sites (35% of ana-
lyzed cells; n � 4 experiments), colocalizing with CD11c, show-
ing a pattern reminiscent of GJ plaques (Fig. 4M, arrowheads). In
contrast, TNF-stimulated hDCs, as well as MCL-stimulated hDCs
exhibited much less GJ plaque formation (11.3% of analyzed cells
for TNF-� and 9.6% for MCL; n � 4).

GJIC facilitate MAA transfer and cross-presentation in hDCs

The cross-presentation process facilitated by intercellular peptide
transfer mediated by GJIC has been described in the murine model
for a carcinoma cell line, as well as for activated monocytes (12).
To investigate whether functional GJIC were involved in MAA
transfer between hDCs, we analyzed the intercellular transfer of
MelanA/MART1 Ag present in the MCL and tested the capacity of
the cells that acquire this Ag to trigger a specific T cell response.
To this end, HLA-A2-negative hDCs incubated with MCL/TNF
(DCA2�/MCL) were cocultured with HLA-A2-positive hDCs that
had been matured with TNF-� and LPS (DCA2�), but without
MCL (Fig. 5A). Next, we tested the ability of DCA2� to activate
an autologous MelanA/MART1-specific HLA-A2-restricted clone
(CdL43-1), obtained from a melanoma patient. All three mela-
noma cell lines processed to obtain the MCL contain MelanA/
MART1 Ag (our unpublished data). Unloaded DCA2� cocultured
with DCA2�/MCL were able to stimulate IFN-� secretion by the
CdL43-1 clone, but not DCA2� or DCA2� in the absence of
MCL, or DCA2� loaded with the gp100209–217 peptide (Fig. 5B).
To evaluate whether the observed melanoma peptide transfer
was mediated by GJIC, the coculture was incubated in the pres-
ence of a specific Cx-mimetic peptide. The sequence of this
peptide (CNTQQPGCENVCY) corresponds to the extracellular

loop 1 of Cx43 and is able to block intercellular dye transfer
between cells (22). The effect of the two GJ inhibitors, �-Ga
and oleamide, was also tested in a similar way. hDCs viability
was verified after GJ inhibitor treatment by annexin V/pro-
pidium iodide-binding assay, according to the manufacturer’s
recommendations (BD Pharmingen) (data not shown). The
CTL-mediated IFN-� secretion induced by DCA2� cocultured
with DCA2�/MCL significantly diminished (50% inhibition)
when the hDC mix was cocultured with the 1848 peptide, con-
firming the participation of Cx43 in Ag transfer between hDCs.
Conversely, the presence of the control peptide Gap20 with a
sequence corresponding to the intracellular cytoplasmic domain
of Cx43 (EIKKFKYGIEEHC) did not affect CTL activation.
The addition of GJ blockers �-Ga or oleamide also inhibited Ag
transfer, diminishing the capacity of DCA2� to stimulate CTL-
mediated IFN-� secretion (Fig. 5B).

To confirm the specificity of the GJ channel blockers in the
intercellular Ag transfer between hDCs, DCA2� loaded with
MCL/TNF (DCA2�/MCL) were cocultured with DCA2� matured
with LPS and TNF-�, in the presence or absence of these inhibi-
tors. DCA2�/MCL cocultured with mature DCA2� were able to
induce IFN-� secretion by the CdL43-1 clone, which was not af-
fected by incubation with any of the GJ inhibitors tested, demon-
strating the specific effect of these blockers on GJ-mediated Ag

FIGURE 4. Cx43 is localized at cell-cell contacts between hDCs stimu-
lated with MCL/TNF. hDCs treated 24 h with TNF-� (D and E), MCL (G–I),
and MCL/TNF (J–L), and nonstimulated hDCs (A–C) were costained for Cx43
(green) and CD11c (red). Confocal microscopy analysis revealed a widespread
distribution of Cx43 in CD11c�-stained cells for all tested conditions. High
power confocal magnification shows Cx43 at cell-cell contacts, colocalizing
with CD11c (M; arrowheads). Scale bar � 20 �m.
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transfer, and thus excluding nonspecific effects on Ag presentation
or T cell function (Fig. 5C). Additionally, to rule out that Ag
uptake was due to GJ-independent phagocytosis, we measured
the phagocytic capability of the DCA2� used in the transfer-
ence assays. Whereas immature DCA2� revealed a strong
phagocytic activity at 37°C (Fig. 5D, left histogram), the
DCA2� matured with LPS/TNF used in the transference assays
showed the same average fluorescence at 37°C as control cells
at 4°C (Fig. 5D, right histogram). The graphic shown in Fig. 5D
(lower panel) illustrates that whereas immature hDCs possess a
high endocytic capability, hDCs matured with LPS/TNF display
nearly no phagocytic activity, indicating that Ag transfer in

LPS/TNF-matured hDCs seems not to be mediated by
phagocytosis.

Discussion
Tumor-associated Ag-loaded DCs have been proposed as an
efficient way to treat cancer patients. The effect of adoptively
transferred DCs may be improved by their potential to interact
in vivo with local DCs and with other cell types. In this study,
we have found that matured hDCs derived from melanoma pa-
tients assembled functional GJ channels, allowing direct inter-
cellular communications that facilitate melanoma antigenic
transfer and participate in cross-presentation process.

FIGURE 5. Intercellular MAA trans-
fer between hDCs and cross-presen-
tation is inhibited by GJ channel
blockers. Transfer assay: A, HLA-A2-
negative hDCs loaded with MCL/
TNF (DCA2�/MCL) were cocultured
for 4 h in the presence or absence of
1848 inhibitor peptide, Gap20 control
peptide, �-Ga, or oleamide, together
with the acceptor HLA-A2-positive
hDCs matured in the absence of MCL
(DCA2�). Melanoma Ag transfer
was examined using HLA-A2�-
restricted MelanA/MART1-specific
clone (CdL43-1) in an ELISPOT assay.
B, The cell mixture was used as a target
in an IFN-� ELISPOT assay using
CdL43-1 as effector cells. The posi-
tive control included mature DCA2�

cells loaded with the Melan/MART1
peptide, and untreated DCA2�,
DCA2�, as well as DCA2� loaded
with Gp100 were negative controls.
C, DCA2� loaded with MCL/TNF
(DCA2�/MCL) were cocultured 4 h
in the presence or absence of 1848 in-
hibitor peptide, Gap20 control pep-
tide, �-Ga, or oleamide, with DCA2�

cells matured with TNF/LPS, before
the IFN-� ELISPOT assays. Differ-
ences are indicated by p values, as de-
termined by Student’s t test (�, p �
0.05). D, The phagocytic activity of
immature DCA2� (iDC, left panel)
and of DCA2� matured with LPS and
TNF-� (LPS, right panel) was deter-
mined after 2-h incubation with dex-
tran-FITC at 4°C or 37°C. Dextran-
FITC uptake was evaluated by flow
cytometry. Graphic represents active
endocytosis, which was determined
by subtracting mean fluorescence in-
tensity values at 37°C minus mean
fluorescence intensity at 4°C. Data
are representative of two independent
experiments and are reported as the
mean � SD.
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In a recent clinical study, 20 stage IV melanoma patients were
immunized with autologous DCs, loaded by using a combination
of a MCL and TNF-� (4). In this study, we confirmed that the
MCL significantly enhances TNF-mediated induction of DC mat-
uration, which was reflected by the up-regulation of different mat-
uration surface markers. The mechanisms involved in the observed
induction of DC maturation remain unclear, and studies to eluci-
date them are currently underway by members of our group. How-
ever, we speculate that membrane-bounded molecules or intracel-
lular molecules present in the MCL may act as ligands for TLRs on
the DC surface, enhancing the cytokine-mediated maturation sig-
nals. It has been described that DC maturation regulates the cross-
presentation process in murine DCs (23). In this sense, although
immature DCs are capable of accumulating extracellular Ag in-
tended for cross-presentation, presentation will not occur until the
cells are activated to mature. Microbial products, cytokines, and
physical stimuli are capable of activating Ag processing and pre-
sentation on MHC II molecules, but only a subset of these stimuli
also facilitated MHC I cross presentation of the same Ag, thus
indicating that the exogenous MHC I and MHC II pathways are
differentially regulated during DC maturation (23). Additionally, it
has been described that the presence of a combination of cytokines
may enhance GJ-mediated transfer between DCs (8). In our study,
functional GJIC formation in hDCs was markedly increased using
MCL/TNF, concomitant with the induction of a more evident ma-
ture phenotype. GJIC is a widespread mechanism for the mainte-
nance of homeostasis in tissues and organs, and is essential to
coordinate different cellular processes. Although the existence of
this type of interaction established between cells of the immune
system has been reported previously (8, 9, 13–16), the functional
significance of these observations is still poorly understood. GJIC
between DCs can occur in response to specific combinations of
defined stimulus. In fact, GJIC between DCs was recently de-
scribed in a murine model, in which the long-term DC line XS52
and also murine bone marrow-derived DCs became effectively dye
coupled when activated with LPS or TNF-� plus IFN-� (8). These
observations point to GJ formation as an event associated to DC
maturation.

GJ establish pathways of intercellular communication that co-
ordinate processes such as embryogenesis, development, hemopoi-
esis, growth, and cellular response to injury (22, 24, 25). Individual
or combinations of Cx are distributed in cell type-specific patterns,
often carrying out specialized functions. In this study, we found
that whereas Cx43 and Cx45 are expressed in hDCs, only Cx43
expression was significantly increased further upon MCL/TNF
stimulation, in which a systematic increase of Cx43 GJ plaque
formation between hDCs was observed. In the immune system,
Cx43 is one of the most frequently found proteins related to GJ
formation (9, 13–16). In fact, it has been reported that Cx43-GJs
functionally couple follicular DCs to each other and to B lympho-
cytes, in this way participating in direct cell-cell communication in
lymphoid germinal centers (14). In addition, Cx43 has also been
detected in monocytes, polymorphonuclear cells, activated T cells,
and other immune system cell subtypes (12, 13, 15, 16, 22).

We also found that inhibition of GJ formation by using a spe-
cific Cx-mimetic peptide that binds to Cx43 extracellular loop 1 at
the plasma membrane surface diminished the capability of hDCs to
acquire melanoma Ags from adjacent cells and inhibited MAA-
specific T cell activation as assessed by IFN-� production, sug-
gesting a close relationship between Cx43 membrane expression
and Ag transfer. In support of this interpretation, we also observed
that other traditional GJ inhibitors, �-Ga and oleamide (26, 27),
also affected the Ag transfer between hDCs, as well as the anti-
genic presentation to melanoma-specific T cells.

In general, the induction of a potent antitumor response gener-
ated by DC immunization depends on the capability of injected
DCs to increase danger signaling in vivo. Our findings describe the
participation of GJIC in MAA transfer, providing a better under-
standing of antigenic transfer mechanisms in hDCs. This opens the
possibility of manipulating conditions so as to direct a proper in
vivo DC coordination, with the purpose of obtaining an optimal
immunization in vaccinated patients. Several studies in murine and
human models show that injected DCs are able to activate local
DCs and enhance the immune response (2, 3, 28, 29). The inter-
actions between injected and local DCs may occur both in periph-
eral tissues and also in lymph nodes (7) and may include Ag trans-
fer from DC to DC and a posterior cross-presentation process.
Recently, it has been described that activated monocytes can take
up antigenic peptides from donor cells through GJIC, and cross-
present those peptides in the context of MHC class I to specific T
cells (12).

Our present data illustrate that functional GJIC allow melanoma
Ag transfer between adjacent hDCs, in which hDCs that acquire
MAA through GJs can activate specific CTLs. The involvement of
GJs and particularly Cx43 in this process was demonstrated by the
inhibition of Ag acquisition after the addition of either a Cx-
mimetic peptide or GJ blockers. Although we cannot disregard
the participation of other Cxs in the antigenic transfer, the fact
that the 1848 Cx43-mimetic peptide inhibits IFN-� secretion
almost to the same extent as �-Ga or oleamide demonstrates the
major contribution of this protein to Ag transfer and cross-pre-
sentation processes. Although we ensured that Ag transfer
could not be mediated by phagocytosis by eliminating all traces
of MCL through exhaustive washing before transference assays
and by demonstrating that the acceptor mature DCs have a neg-
ligible phagocytic activity, we cannot rule out the existence of
other possible mechanisms contributing to cross-presentation,
such as exosoma secretion (30), endoplasmic reticulum-phago-
some fusion (31), or FcR�-mediated cross-presentation (32),
among others. However, this GJIC mechanism would allow a
very fast and low energy demanding coordination between DCs,
facilitating the amplification of antigenic signals, mainly in ar-
eas with high cell density, such as lymph nodes.

In summary, our data demonstrate an important role for GJIC
between cells of the immune system in a human model that might
be relevant from a clinical point of view. In this study, we dem-
onstrate that ex vivo produced hDCs can form functional GJs,
allowing both Ag transfer and cross-presentation. These new find-
ings raise new questions regarding the role of this structure in the
proper coordination of immune responses and may have a thera-
peutic potential in a clinical setting regarding cancer therapy.
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