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Autologous dendritic cell (DC) therapy is an experimental cellular immunotherapy that is safe and immunogenic in
patients with advanced melanoma. In an attempt to further improve the therapeutic responses, we treated 15 patients
with melanoma, with autologous monocyte-derived immature DC electroporated with mRNA encoding CD40 ligand
(CD40L), CD70 and a constitutively active TLR4 (caTLR4) together with mRNA encoding a tumor-associated antigen
(TAA; respectively gp100 or tyrosinase). In addition, DC were pulsed with keyhole limpet hemocyanin (KLH) that served
as a control antigen. Production of this DC vaccine with high cellular viability, high expression of co-stimulatory
molecules and MHC class I and II and production of IL-12p70, was feasible in all patients. A vaccination cycle consisting
of three vaccinations with up to 15£106 DC per vaccination at a biweekly interval, was repeated after 6 and 12 months
in the absence of disease progression. mRNA-optimized DC were injected intranodally, because of low CCR7 expression
on the DC, and induced de novo immune responses against control antigen. T cell responses against tyrosinase were
detected in the skin-test infiltrating lymphocytes (SKIL) of two patients. One mixed tumor response and two durable
tumor stabilizations were observed among 8 patients with evaluable disease at baseline. In conclusion, autologous
mRNA-optimized DC can be safely administered intranodally to patients with metastatic melanoma but showed limited
immunological responses against tyrosinase and gp100.

Introduction

DC are the most potent professional antigen-presenting cells
of the immune system. At present, DC-based immunotherapy is
explored at different centers in therapeutic vaccination trials in
cancer patients aiming to induce and augment the anticancer
immune response.1,2 Immature DC are considered to be

primarily involved in the recognition and uptake of antigens.
When stimulated by appropriate “danger signals” they mature
and migrate from peripheral tissues to lymphoid organs. Matura-
tion is characterized by the upregulation of cell surface molecules
involved in antigen presentation and co-stimulation (e.g., CD80,
CD86, CD40, and MHC class II) as well as the release of pro-
inflammatory cytokines (e.g., interleukin (IL)-12p70). Within
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the lymph node, matured DC are able to activate naive T cells
which recognize the antigenic epitopes presented on the surface
of the DC.3-5 Immunotherapy with ex vivo-generated autologous
DC pulsed with tumor peptides has provided proof of concept in
clinical trials.6 We and others have demonstrated that tumor-spe-
cific immune responses can be induced in regional and distant
metastatic melanoma patients and clinical responses have been
reported in a small percentage of patients.7-10

One important aspect in DC-based immunotherapy is the ex
vivo maturation of DC.11 Studies that have compared the immu-
nogenicity of immature vs. mature DC show that maturation is
essential for the induction of immunological responses in cancer
patients.11,12 Moreover, the use of mature DC appears to be asso-
ciated with a better clinical outcome as compared to immature
DC.11,13 IL-12p70, a pro-inflammatory cytokine, plays an essen-
tial role in the type of immune response that is induced as IL-
12p70 promotes Th1 responses necessary for obtaining an effec-
tive cytotoxic T cell response. The cytokine cocktails commonly
used for obtaining DC maturation however fail to induce such
production of IL-12p70 by the DC in vitro.14 The IL-12p70
production and the T cell-stimulatory capacity of DC can be
greatly enhanced by providing them with three different molecu-
lar adjuvants through electroporation with mRNA encoding
CD40L, CD70, and a constitutively active form of TLR4
(caTLR4).15,16 The combination of CD40L and TLR4 mimics
CD40 ligation17 and TLR4 signaling of the DC18 and generates
phenotypically mature, cytokine-secreting DC. The introduction
of CD70 into the DC provides a co-stimulatory signal to naive T
cells by inhibiting activated T cell apoptosis and by supporting T
cell proliferation.19 In early clinical trials, mRNA-optimized DC
were shown to prime CD4C and CD8C T cells in melanoma
patients.20,21

Another crucial aspect in DC-based immunotherapy is the
efficacy of antigen-loading of DC. To date, one of the most
widely used techniques to load human DC with TAA for the
induction of an antitumor immune response is the incubation of
DC with HLA class I-binding peptides. Tumor antigen-derived
peptides have the advantage that many peptides are commercially
available. On the downside, antigenic peptides are restricted to a
given HLA type, restricting the number of patients that can be
treated. Furthermore, MHC-peptide complexes have a relative
short half-life due to low affinity and MHC turnover,22,23 and
peptide loading does not account for posttranscriptional modifi-
cations of peptide epitopes.24,25 In addition, the exploitation of
MHC class I-restricted peptides targeting cytotoxic CD8C T cells
only, do not activate CD4C T helper cells which are able to
enhance and sustain antitumor responses by cytotoxic T cells.26

For all of these reasons various methods have been designed to
enhance tumor antigen presentation by DC, including electropo-
ration with synthetic mRNA encoding full length TAA, or fusion
proteins of TAA and an HLA-class II processing signal. Proteo-
lytic processing of the endogenously produced antigen within the
DC will result in loading of multiple suitable peptides onto the
patient’s own MHC molecules expressed by the DC. mRNA-
loading obviates the need of specified epitopes and there is no
need for restriction of patients based on HLA type.27 Another

benefit of this technique is the presentation of multiple epitopes
in both MHC class I for the induction of CD8C T cells and in
MHC class II for interaction with CD4C T helper cells.
Although DC loading with tumor cell lysate has overlapping
advantages with TAA mRNA electroporation, it not only leads
to presentation of all relevant TAA but also of self-antigens,
which may lead to immune suppression or auto-immunity. Fur-
thermore, the method is dependent on the availability of tumor
tissue. Previously, it has been shown that electroporation of DC
with mRNA is effective and safe.23,28,29 DC retain their pheno-
type and maturation potential upon electroporation, as well as
their migratory capacities.28,30 The loading of tumor antigen by
mRNA encoding TAA can be simultaneously performed with
mRNA electroporation with CD40L, CD70 and caTLR4 to
improve the DC maturation and T cell stimulation.16

Previously, so-called TriMix DC vaccination was found to be
feasible, safe and immunogenic after intradermal, intravenous or
combined intradermal/intravenous administration in metastatic
melanoma patients in single center studies.10,21 In addition,
intradermally/intravenously injected TriMix DC co-electropo-
rated with MAGE.A3, MAGE.C2, tyrosinase, and gp100
resulted in durable objective clinical tumor responses in 4 out of
15 patients treated in a phase IB clinical trial.21 In this phase I/II
study we investigated the feasibility, safety, and immunological
responses in metastatic melanoma patients to intranodal vaccina-
tion with monocyte-derived mRNA-optimized DC loaded with
tyrosinase and gp100 mRNA. Intranodal vaccination was chosen
because of low CCR7 expression on mRNA-optimized DC.
CCR7 is a chemokine receptor, with CCL19 and CCL21 as its
ligands, known to facilitate directed migration of DC from the
peripheral tissue to the T cell rich areas in draining lymph
nodes.31 A potential advantage of injecting DC directly into a
lymph node is that the cells are immediately located inside the
network of target lymphoid organs, minimizing the requirements
for migration in order to reach the anatomical location where
stimulation of T cells occurs and resulting in a more efficient dis-
tribution of the vaccine over multiple lymph nodes.

Results

Patient characteristics
A total of 15 melanoma patients, 5 patients with regional

metastases (AJCC stage III disease) and 10 patients with distant
metastases (AJCC stage IV disease), were included in this study.
Ten patients had primary melanoma of the skin, three patients
presented with a primary uveal melanoma and one patient had
an unknown primary. One patient with distant metastatic disease
was non-evaluable for safety and immunogenicity, since he did
not receive any vaccinations due to rapid progressive disease (A-
07). One additional patient was only evaluable for safety and
immunologic response. He had not been documented with pro-
gressive disease on prior treatment with dacarbazine at revision of
the pre-study CT scan, but completed the first cycle of vaccina-
tions (DE-04). Fourteen patients completed the first cycle of
three DC vaccine administrations. Five patients (3 out of 5 stage
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III patients and 2 out of 9 distant metastatic patients) completed
the full three cycles. Patient characteristics are summarized in
Table 1.

Vaccine characteristics
Phenotypic and functional release criteria were predefined for

the mature DC used in our clinical vaccination protocol to
ensure the DC vaccines comply with the minimal quality crite-
ria.2 The phenotype of the ex vivo-generated DC was determined
by flow cytometry prior to injection. Viability of the DC after
electroporation was >50% in all DC productions, and >70% in
19 out 21 productions (90%). Electroporation of immature DC
with mRNA encoding CD40L, CD70 and caTLR4 induced
expression of the co-stimulatory molecules CD80 and CD86
(Fig. 1A). The phenotype of cytokine-matured DC (used for
DTH testing only) showed a different expression pattern than
the mRNA-optimized DC of the same patients. For example,
cytokine-matured DC show a higher median CCR7 expression
compared to mRNA-optimized DC (median 35% and 1%,
respectively; Fig. S1A). In general, MHC class I and class II were
highly expressed on mRNA-optimized DC. Intracellular expres-
sion of tumor associated antigens gp100 and tyrosinase 4 h after
electroporation was highly variable, with in general low expres-
sion of tyrosinase (Fig. 1B), and decreased within 24 h after elec-
troporation (Fig. S1B). IL-12p70 production by activated DC is
desired as it stimulates IFNg production in naive T cells, thereby
promoting Th1 responses. The median IL-12p70 concentration
in culture medium after overnight incubation of DC was 41 pg/
mL (range; 8–201 pg/mL) (Fig. 1C). IL-12p70 production is
rarely seen in cytokine-matured DC (median 0 pg/mL: range
0–17 pg/mL; unpublished data). These data demonstrate the fea-
sibility of the production of mRNA-optimized DC and are in

line with the previously published results on TriMix DC
production.15,16

DC-related adverse events
Based on the experience with our cytokine-matured DC and

the studies performed at the Vrije Universiteit Brussel exploiting
TriMix DC, we expected that the DC vaccines would be well tol-
erated.10,21,32 Mild flu-like symptoms and local reaction at the
injection site, not exceeding CTCAE grade 1 severity, were each
seen in four patients (29%; Table 2). Flu-like symptoms were
usually of short duration, around 2 d, and did not require any
intervention. The injection site reactions consisted of minimal
swelling of the lymph node region and redness of the overlying
skin.

Proliferation of PBMC upon stimulation with KLH
To test the capacity of the patients in this study to generate an

immune response upon DC vaccination, we loaded the DC with
the control antigen KLH. All patients showed increased T cell
proliferation upon stimulation with KLH in peripheral blood
mononuclear cells (PBMC) isolated after vaccination, even
patients who received a limited amount of DC (Fig. 2A). Anti-
KLH IgG antibodies were detected in 5 out of 5 stage III patients
and 3 out of 9 distant metastatic patients after one cycle of vacci-
nations. Anti-KLH IgA and IgM antibodies were detected in 7
and 5 patients, respectively (Fig. 2B,C,D). These data demon-
strate that the vaccine induced de novo immune responses.

Tumor-associated antigen-specific T cell responses in blood
and skin

Delayed-type hypersensitivity (DTH) skin tests were per-
formed after each series of vaccinations to monitor TAA-specific

Table 1. Patient characteristics

Patient Sex Age (yrs) Stage Site of disease LDH (U/l) Gp100d Tyrosinased No. of vac.

Patients with distant metastatic melanoma
DE-01 f 40 M1c lung, LN, spleen, pancreas, adrenal 340 CCC CC 3
DE-02 f 71 M1ca lung, LN, adrenal 447 CCC CCC 9
DE-03 m 44 M1c liver, lung, LN, skin, spleen 365 CCC CC 3
DE-04 m 68 M1c liver, lung, skin, bone 441 CCC C 3
DE-05 f 46 M1a LN 334 CCC CCC 3
A-01 f 49 M1ca liver 424 C C 3
A-03 f 44 M1c liver, lung, LN, kidney, subcutaneous 504b CCC C 3
A-04 f 47 M1ca cardia, muscle, sigmoid 440 CCC C 9
A-08 m 71 M1a LN 395 CCC CC 3

Patients with resected regional metastatic melanoma (stage III)
A-02 f 37 N1b LN 268 CCC CCC 8e

A-05 m 62 N3 LN, in transits 652c CCC CCC 3
A-06 m 70 N2b LN 342 CC CC 3
A-09 f 59 N1b LN 297 CCC CC 9
A-10 m 64 N2b LN 297 CCC CCC 9

aPrimary uveal melanoma.
bLDH normalized before first vaccination (upper limit of normal 450 U/L).
cLDH normal at screening (441), increase due to rapid progressive disease.
dgp100 and tyrosinase expression on the primary tumor or metastasis was analyzed by immunohistochemistry. Intensity of positive cells were scored
centrally and semi-quantitatively by a pathologist. Intensity was scored as low (C), intermediate (CC), or high (CCC).
eToo little viable cells to complete last cycle of vaccinations.
LN, lymph node.
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T cell responses. Cytokine-matured DC or mRNA-optimized
DC electroporated with gp100-encoding or tyrosinase-encoding
mRNA were injected intradermally in the skin of the back of the
patients at four different sites. Previously we showed that the pres-
ence of TAA-specific T cells in SKIL cultures positively correlates
with survival in distant metastatic melanoma patients.8 The maxi-
mum diameter of induration was measured after 48 h and was on
average 3 mm (range 0–20 mm), with no differences in indura-
tion between stimulation with mRNA-optimized DC or cyto-
kine-matured DC after the first cycle of vaccination (p D 0.24;
Fig. 3). To investigate if TAA-specific immune responses were
induced by vaccination, PBMC and SKIL, cultured from punch

biopsies of the DTH sites, of HLA-
A*02:01-positive patients were screened
with tetrameric-MHC complexes. Addition-
ally, in both HLA-A*02:01-postive and
-negative patients we determined the pres-
ence of TAA-specific immune responses in
SKIL using autologous EBV-transformed B
(EBV-B) cells, as described previously.33

Tetramer positive CD8C T cells in SKIL
were detected in 1 out of 8 HLA-A*02:01-
positive patients, recognizing tyrosinase
(DE-05; Fig. S2A). No tetramer positive
CD8C T cells were detected in PBMC after
vaccination. We did not find any positive
responses in the six HLA-A*02:01-negative
patients with the EBV-assay. In one of the
HLA-A*02:01-positive patients CD137 was
evidently upregulated, but without concom-
itant upregulation of CD69 or CD107a (A-
05; Fig. S2B). Whereas, the combination of
CD137 upregulation together with IFNg or
TNF-a secretion, without CD69 or
CD107a, can be considered as a functional
tumor-specific immune response.33

Clinical outcome
Two stage III patients had progressive

disease within 3 months after start of vacci-
nations and died shortly thereafter. In both
patients the absence of distant metastasis
had been confirmed by a PET scan before
radical lymph node dissection. Another
patient developed two in transit metastases
after the second cycle of vaccinations which
were resected and vaccinations were contin-
ued; eventually, the patient progressed
16 months later. The other two stage III
patients still have no evidence of disease
with follow-up of 52 and 56 months.

One patient with distant metastatic dis-
ease (A-03) showed a mixed response with
progression of pulmonary, renal and subcu-
taneous metastases, while metastases in liver
and lymph nodes decreased in size. The

patient developed symptomatic brain metastases 6 months after
inclusion. Two patients with advanced melanoma (DE-02 and
A-04) had stable disease for approximately 2 years, one of those
patients (A-04) lived over 4 years after the start of DC vaccina-
tion for metastatic melanoma. The other 6 patients with distant
metastases had progressive disease at the first clinical evaluation.

Discussion

In this study we show the feasibility and safety of the intrano-
dal administration of autologous mRNA-optimized DC

Figure 1. mRNA-optimized dendritic cell (DC) vaccine characteristics. Expression of HLA-ABC, HLA-
DR/DP, HLA-DQ, CD80, CD86, CD70 and CD40L was measured by flow cytometry on DC of all
patients (A). Tumor antigen expression of gp100 and tyrosinase by DC 4 h after electroporation
with mRNA encoding gp100 and tyrosinase (B). Data are shown as percentage of positive DC of
the first DC vaccine of each patient. The production of IL-12p70 by DC was measured in the super-
natants 16 h after induction of maturation (C). Each dot represents the first DC vaccine of a patient.
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presenting the tyrosinase and gp100 melanoma associated anti-
gens. Viable DC could be produced in all patients and only grade
1 local injection site reactions and flu-like symptoms occurred
after intranodal vaccination. Previously, it was reported that
intradermal and intravenous administration of TriMix DC
showed similar side effects with slightly higher severity (up to
CTCAE grade 2); in addition, intravenous administration pro-
duced CTCAE grade 2 acute post-infusion chills.

In this study, intranodal administration of mRNA-optimized
DC showed good feasibility and safety but limited TAA-specific
immunological responses were observed. In previous TriMix DC
vaccination trials, were the vaccine was administered intradermal
or intradermal/intravenous, TAA-specific T cells were found in
about 50% of patients.10,21 In our trial, TAA-specific T cell
responses were detected in only two patients (14%). One
response was detected by tetramer analysis (DE-05) and one by
the EBV-based antigen presentation assay (A-05). We did not
find any positive responses in the six HLA-A*02:01-negative
patients. Various factors may be underlying the absence of TAA-
specific T cell responses in HLA-A*02:01-negative patients. Pre-
viously we have shown that the prevalence of a positive SKIL test
following DC vaccination in patients with distant metastatic mel-
anoma is approximately 30%8 and about 70% of the stage III
melanoma patients.34 Given the small number of HLA-A*02:01-
negative patients and most patients had distant metastatic disease;
the odds of detecting a positive SKIL test in this study were antic-
ipated to be low beforehand. However, one HLA-A*02:01-nega-
tive distant metastatic patient showed an interestingly long
progression-free survival (A-04) of 28 months. As immunologi-
cal responses are less frequently detected in more advanced dis-
ease stages, less frequent immunological responses could be
expected in our trial compared to the previous TriMix DC vacci-
nation trial, as we had relatively more patients with distant meta-
static melanoma and less stage III melanoma patients. Secondly,

in contrast to previous studies where TriMix DC were injected
intradermally or intradermally/intravenously, mRNA-optimized
DC injected intranodally could be less potent in the activation of
the immune system compared to cytokine-matured monocyte-
derived DC. In this study anti-KLH IgG antibodies were
detected only in 3 out of 9 distant metastatic patients after one
cycle of vaccinations. Previously, we could detect anti-KLH IgG
antibodies in about 60% of patients receiving mature DC, while
we could detect no KLH IgG antibodies in any of the patients
receiving immature DC.11,32,35 Furthermore, although KLH-
specific T cell responses were induced in the majority of patients
in this trial, proliferation indices were generally lower after
mRNA-optimized DC vaccination (on average 9; range 2–26)
vs. on average 32 (range 2–116) in cytokine-matured DC-vacci-
nated metastatic melanoma patients in previous trials.32,35

The seemingly lower potency of DC in this study, compared
to cytokine-matured DC and intradermal/intravenous adminis-
tered TriMix DC, could be explained by lower peptide expres-
sion on the DC, usage of different tumor antigens (e.g. MAGE),
the intranodal route of administration or the minor differences
in DC manufacturing protocol (e.g., different culture medium,
time of DC administration after electroporation) which might
have resulted in lower IL-12p70 secretion. Intranodal vaccination
was chosen because of low CCR7 expression on mRNA-opti-
mized DC. Previously, intradermal vaccination of cytokine-
matured DC showed superior TAA-specific T cell induction
compared to intranodal vaccination.36 This might in part be
explained by the partial destruction of the lymph node architec-
ture by injection of DC directly into a lymph node. Additionally,
naturally, DC mature on their way toward the lymph node and
arrive in a mature state in the lymph node. After intradermal
injection, all DC that enter the lymph nodes are viable and have
migrated. They may represent the most mature and hence most
potent DC. In contrast, as a result of intranodal injection, all

Table 2. Immunological and clinical responses

Patient HLA-A2
TAA-specific
T cells

Toxicity
Flu/Inj (grade) PFS (months) OS (months)

Best clinical
response

Patients with distant metastatic melanoma
DE-01 ¡ ¡ 0/0 1 3 PD
DE-02 C ¡ 1/1 22 26 SD
DE-03 ¡ ¡ 0/0 2 17 PD
DE-04 C ¡ 0/0 6 10 NE
DE-05 C C 1/0 2 18 PD
A-01 C ¡ 0/1 2 10 PD
A-03 C ¡ 0/0 6 14 MR
A-04 ¡ ¡ 0/1 28 53 SD
A-08 ¡ ¡ 0/0 2 21 PD

Patients with resected regional metastatic melanoma (stage III)
A-02 C ¡ 0/1 56C 56C NED
A-05 C C 1/0 2 6 PD
A-06 C ¡ 0/0 3 4 PD
A-09 ¡ ¡ 0/0 52C 52C NED
A-10 ¡ ¡ 1/0 28 51C NED

Flu/Inj, flu-like symptoms/injection site reaction; PFS, progression-free survival; OS, overall survival; NE, not evaluable; PD, progressive disease; SD, stable dis-
ease; MR, mixed response; NED, no evidence of disease.
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DC, including less mature or nonviable DC, are directly deliv-
ered into the lymph node and might even activate nonspecific or
nonfunctional T cells or regulatory T cells. This may be even
more unfavorable for mRNA-optimized DC than for cytokine-
matured DC, since mRNA-optimized DC were injected into the
lymph node in a semi-immature state and expected to mature
further after injection. Upregulation of co-stimulatory molecules
was seen after electroporation of immature DC with mRNA
encoding CD40L, CD70 and caTLR4, although in a lesser extent
compared to cytokine-matured DC, but with higher IL-12p70
production.26,32 On the contrary, the difference in the degree of
upregulation of co-stimulatory molecules might be explained by
the time of measurement. mRNA-optimized DC are adminis-
tered to the patient within a few hours after electroporation,
while maturation is still ongoing and thus further upregulation
will take place in vivo. In vivo maturation of DC, and the subse-
quent release of immunostimulatory cytokines in vivo, resembles
the natural process of DC activation more closely and thus might
lead to enhanced T cell activation rather than decreased T cell
activation.37 Another factor underlying the absence of TAA-spe-
cific T cell responses may be low tyrosinase expression and

antigen presentation by the
mRNA-optimized DC. This
could be caused by the con-
comitant electroporation
with four different types of
mRNA, resulting in compe-
tition between the types of
mRNA to enter the DC and
to be translated into protein.
However, protein expression
might not be an appropriate
measure, as the assay meas-
ures the endogenously pro-
duced full protein within the
DC, and not the peptide
presented in the MHC mol-
ecule on the cell surface. Fast
processing of the protein
might have led to the low
expression levels. Indeed,
despite low expression levels,
specific T cells against the
tyrosinase peptide were
detected in both immuno-
logical responding patients.

One of the major advan-
tages of the usage of DC
loaded with mRNA encod-
ing the whole TAA, com-
pared to peptide loaded DC,
is that it obviates HLA
restriction and immune
responses will not be
restricted to a specific HLA-
type. The endogenous proc-

essing of TAA will result in the presentation of multiple peptides
in both MHC class I and II molecules and could lead to the
induction of a considerable larger repertoire of TAA-specific T
cells. As a consequence, the monitoring of TAA-specific immu-
nological responses will become far more complicated. Of the
broad array of possible epitopes, only a few will be recognized by
the tetramers available and used in this study. Therefore, the
induction of CD8C T cell responses after mRNA-optimized DC
vaccination were analyzed by a recently developed alternative
approach.33 The assay combines the use of autologous EBV-
immortalized B cells as antigen presenting cells and CD137 upre-
gulation to detect antigen-specific T cells in blood or SKIL. Pre-
viously, the combination of CD137 upregulation together with
IFNg or TNF-a secretion was considered as a functional tumor-
specific immune response.33 Unfortunately, the cytokine secre-
tion was not measured in the patient with CD137 positive cells
(A-05) and did not show a functional profile in the patient with
tetramer positive TAA-specific T cells (DE-05).

Finally, high background activation of SKIL by EBV-trans-
fected B cells may have masked TAA-specific T cell activation in
our EBV assays. Most people are exposed to EBV early in life

Figure 2. KLH-specific immune responses before and after dendritic cell (DC) vaccination. KLH-specific T cell prolif-
eration was analyzed after each DC vaccination during the first vaccination cycle in peripheral blood mononuclear
cells of melanoma patients. The proliferative response to KLH is given as a proliferation index (proliferation with
KLH/proliferation without KLH) (A). KLH-specific IgG (B), IgA (C) and IgM antibodies (D) were quantitatively mea-
sured before and after each vaccination cycle in sera of vaccinated patients. The best Ig response was shown for
each patient. Each dot represents 1 patient or the number of patients as indicated.
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and have consequently developed EBV-specific T cells. Since
only relative small numbers of TAA-specific T cells are usually
induced by DC vaccination, these might be lost in the back-
ground scatter caused by EBV-specific T cells. This could explain
why we could detect TAA-specific T cells by this method in only
one patient, and not in the patient with tetramer positive TAA-
specific T cells. To bypass this problem, peripheral blood lym-
phocytes electroporated with TAA mRNA could be used instead
or immortalized autologous B cells generated by retroviral intro-
duction of the oncogene BCL¡6 and the anti-apoptotic gene
BCL¡XL.38

DC-based immunotherapy has proven to be feasible, safe and
able to induce or augment tumor-specific immune responses.
Nevertheless, only a limited number of clinical responses have
been observed. Besides the electroporation of DC with CD40L,
CD70, and caTLR4 mRNA to improve immunological and clin-
ical responses of DC vaccination strategies, a number of other
variables, e.g., the use of naturally occurring DC subsets, are
being tested in clinical trials.39,40 Furthermore, combination
treatments to counteract tumor escape mechanisms are being
explored. Recently, the treatment of TriMix DC combined with
ipilimumab, a monoclonal anti-CTLA4 antibody, showed an
encouraging rate of durable tumor responses.41 Further studies
should determine the optimal treatment modality that may
enhance the efficacy of DC-based immunotherapy.

In conclusion, this study demonstrates that therapeutic vacci-
nation with an autologous mRNA-optimized DC vaccine can be
safely administered intranodally to patients with metastatic mela-
noma. However, few TAA-specific immunological and clinical
responses were detected suggesting that for mRNA-optimized
DC the intranodal route of administration probably is not pre-
ferred over technically less demanding intradermal or intravenous
administration.

Patients and Methods

Patient population
In this phase I/II study, melanoma patients with locoregional

resectable disease (referred to as stage III) within 2 months after
radical dissection of regional lymph node metastases and patients
with irresectable locoregional or distant metastatic disease were
included. Additional inclusion criteria were melanoma expressing
the melanoma-associated antigens gp100 (compulsory) and
tyrosinase (non-compulsory), and WHO performance status 0 or
1. Patients with brain metastases, serious concomitant disease or
a history of a second malignancy were not eligible. The study was
approved by the appropriate Medical Ethical Review Board, and
written informed consent was obtained from all patients. Clinical
trial registration number is NCT01530698.

Study protocol
Patients received a DC vaccine via intranodal injection. Intra-

nodal vaccination was conducted in a clinically tumor-free lymph
node under ultrasound guidance. The mRNA-optimized DC
vaccine consisted of autologous immature monocyte-derived DC

electroporated with mRNA encoding CD40L, CD70 and
caTLR4 combined with mRNA encoding gp100 or tyrosinase
protein, and pulsed with KLH protein for an immune control.
Patients received a cycle consisting of three vaccinations at a
biweekly interval. Prior to each vaccination 80 mL of blood was
collected for immunological monitoring. One to two weeks after
the last vaccination a skin test was performed. All patients who
remained free of recurrence (stage III) or disease progression (dis-
tant metastases) after the first vaccination cycle received a maxi-
mum of two maintenance cycles at 6-month intervals, each
consisting of three biweekly intranodal vaccinations followed by
a skin test. All vaccinations were administered between May
2010 and February 2012.

Study endpoints
The main study endpoints were the toxicity of mRNA-opti-

mized DC and immunological responses upon DC vaccination.
Clinical efficacy was a secondary endpoint, defined as disease-free
survival in stage III melanoma patients and as progression-free
survival in stage IV melanoma patients. All distant metastatic
patients were evaluated for clinical response at 3-month intervals
with CT scan or at extra time points when progressive disease
was clinically suspected. A clinical response was defined as stable
disease for more than 4 months or any partial or complete
response, according to the Response Evaluation Criteria in Solid
Tumors (RESIST version 1.1). Toxicity was assessed according
to NCI common toxicity criteria version 3.0.

DC preparation and characterization
Monocyte-derived DC were generated from PBMC prepared

from leukapheresis products as described previously.11 Briefly,

Figure 3. Induration at the delayed type hypersensitivity (DTH) skin tests
after cycle 1. DTH skin tests were performed after each series of vaccina-
tions. Cytokine-matured dendritic cells (cDC) or mRNA-optimized DC
(mRNA DC) electroporated with gp100-encoding mRNA or tyrosinase-
encoding were injected intradermally in the skin of the back of the
patients at four different sites. The maximum diameter of induration was
measured after 48 h. Induration after the first vaccination cycle is shown.
Dots representing the same patient are connected with a line.
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plastic-adherent monocytes or monocytes isolated by counterflow
elutriation using Elutra-cell separator (Gambro BCT, Inc.) were
cultured for 5–7 d in X-VIVO 15TM medium (Lonza) supple-
mented with 2% pooled human serum (HS; Sanquin) in the
presence of IL-4 (500 units/mL) and granulocyte macrophage
colony-stimulating factor (800 units/mL; both from Cellgenix).
DC were pulsed with KLH (10 mg/mL; Immucothel, Biosyn
Arzneimittel GmbH) and matured via electroporation with
mRNA encoding CD40L, CD70, and caTLR4.

For the DTH skin test, DC were matured with a cytokine
cocktail consisting of recombinant tumor necrosis factor a
(10 ng/mL), IL-1b (5 ng/mL), IL-6 (15 ng/mL) (all CellGenix),
and prostaglandin E2 (10 mg/mL, Pharmacia & Upjohn) for
48 h (cytokine-matured DC).7 Harvested DC were analyzed by
FACS analysis as described below.

Plasmids and in vitro mRNA transcription
Plasmid pGEM4Z-50 �UT-hgp100-30UT-A64, pGEM4Z-

50 �UT-CD40L-30UT-A64, pGEM4Z-50 �UT-CD70-30UT-A64
and pGEM4Z-50 �UT-caTLR4-30UT-A64 were provided by Vrije
Universiteit Brussel. PGEM4Z-50 �UT-tyrosinase-30UT-A64 was
constructed by digestion of pGEM4Z-50UT-tNGFR-30UT-A64
with BglII and XbaI and digestion of pcDNA1.amp/tyrosinase
with BamHI and XbaI and insertion of the tyrosinase into the cut
pGEM4Z. Plasmids were linearized with SpeI (pGEM4Z-50UT-
CEA-30UT-A64) or NotI enzyme (pGEM4Z-50UT-tNGFR-
30UT-A64, pGEM4Z-50UT-hgp100-30UT-A64, and pGEM4Z-
50UT-tyrosinase-30UT-A64), purified with phenol/chloroform
extraction and ethanol precipitation, and used as DNA tem-
plates.15 Good manufacturing practice (GMP) grade gp100 and
tyrosinase mRNA was produced by CureVac GmbH as described
previously.32 Despite the absence of an MHC class II trafficking
signal, we showed antigen-specific CD4C T cell responses in our
previous trial with mRNA-electroporated DC, proving the
MHC class II expression of the used antigens, gp100 and tyrosi-
nase.32 CD40L-, CD70- and caTLR4-mRNA was manufactured
according to GMP by University Hospital Erlangen. The gener-
ated mRNAs contain a 50 cap and 30 poly A-tail that leads to
high RNA stability and increased protein expression in trans-
fected cells. RNA quality was verified by agarose gel electrophore-
sis; RNA concentration was measured spectrophotometrically;
and RNA was stored at ¡40�C in small aliquots.

mRNA electroporation of DC
DC were washed twice in PBS and once in OptiMEM with-

out phenol red (Invitrogen). mRNA-optimized DC were electro-
porated in immature state. Twenty micrograms of mRNA
encoding gp100 or tyrosinase and 6.6 mg of each mRNA encod-
ing CD40L, CD70 and caTLR4 were transferred to a 4 mm
cuvette (Bio-Rad) and 10–12 £ 106 cells were added in 200 mL
OptiMEM and incubated for 30 before being pulsed in a Gene-
pulser Xcell (Bio-Rad) by an exponential decay pulse of 300 V,
150 mF, as described before.28 Immediately after electroporation,
cells were transferred to warm (37�C) X-VIVO 15TM without
phenol red supplemented with 5% HS and left for at least 2 h at
37�C, before further manipulation. Electroporation efficiency

was analyzed after 4 h by flow cytometric analysis. After over-
night culture, DC were harvested, the phenotype was analyzed
by flow cytometry and viability was assessed by Trypan Blue
(Invitrogen Life Technologies) exclusion. The first vaccination
was given with fresh DC the day after electroporation. DC for
subsequent vaccinations were frozen, thawed at the day of vacci-
nation, and incubated for an additional hour at 37�C before
injection. Protein expression of the tumor antigens was not
affected by freezing and thawing of the DC.

Flow cytometric analysis
Flow cytometry was done using the following monoclonal

antibodies (mAb) and appropriate isotype controls: anti-HLA
class I (W6/32), anti-HLA DR/DP (Q5/13), anti-HLA DR,
anti-CD70, anti-CD80 (all BD Biosciences), anti-CD14, anti-
CD83 (both Beckman Coulter), anti-CD86 (BD PharMingen),
and anti-CCR7 (R&D systems). For intracellular staining of the
TAA NKI/beteb (IgG2b; purified antibody) against gp100, and
T311 (IgG2a; Cell Marque Corp., Rocklin, CA) against tyrosi-
nase were used. Cells were also stained intracellular with anti-
CD40L (Beckman Coulter). For intracellular staining, cells were
fixed for 40 on ice in 4% (w/v) paraformaldehyde (Merck) in
PBS, permeabilized in PBS/2%BSA/0.02% azide/0.5% saponin
(Sigma-Aldrich) (PBA/saponin), and stained with mAb diluted
in PBA/saponin/2%HS, followed by staining with Alexa488-
labeled goat-anti-mouse (BD PharMingen). Flow cytometry was
performed with FACSCaliburTM flow cytometer equipped with
CellQuest software (BD Biosciences).

IL-12p70 production
Immediately after electroporation, 10–12 £ 106 cells were

transferred to 5 mL warm (37�C) X-VIVO 15TM. The produc-
tion of IL-12p70 was measured in the supernatants approxi-
mately 16 h after electroporation with mRNA using a standard
sandwich ELISA (Pierce Biotechnology).

KLH-specific antibody production
KLH-specific antibodies were measured in the sera of patients

before and after vaccination by ELISA (www.klhanalysis.com).
Briefly, microtiter plates (96 wells) were coated overnight at 4�C
with KLH (25 mg/mL in PBS per well). After washing the plates,
patient serum was added in duplicate for 1 hour at room temper-
ature. After extensive washing, patient KLH-specific antibodies
were detected with mouse anti-human IgG, IgA or IgM antibod-
ies labeled with horseradish peroxidase (Invitrogen). 3,30 5,5-tet-
ramethyl-benzidine was used as a substrate and plates were
measured in a microtiter plate reader at 450 nm. For quantifica-
tion an isotype-specific calibration curve for the KLH response
was included in each microtiter plate.42

Proliferative response to KLH
Cellular responses against KLH were measured before and

after vaccination by proliferation assay. PBMC were isolated
from heparinized blood by Ficoll-Paque density centrifugation.
PBMC were stimulated with KLH (4 mg/2£105 PBMC) in
medium with 2% human AB serum. After 3 days, cells were
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pulsed with 1 mCi/well3H-thymidine for 8 h, and incorporation
was measured with a betacounter. Experiments were performed
in sextuplicate. A proliferation index >2 was considered positive.

Skin-test infiltrating lymphocytes cultures
One to two weeks after the last DC vaccination a DTH skin

test was performed, as described before7,8 and at www.labtube.
tvplayvideo.aspx?vidD131825. Briefly, cytokine-matured DC
electroporated with gp100-encoding mRNA or tyrosinase-encod-
ing mRNA or mRNA-optimized DC electroporated with gp100-
encoding mRNA or tyrosinase-encoding mRNA were injected
intradermally in the skin of the back of the patients at four differ-
ent sites (1£106 DC each). The maximum diameter (in milli-
meters) of induration was measured after 48 h and punch
biopsies (6 mm) were obtained under local anesthesia. Half of
the biopsy was cryopreserved for immunohistochemistry and the
other half was manually cut and cultured in RPMI1640 contain-
ing 7% HS supplemented with IL-2 (100 U/mL; Proleukin�,
Chiron). Every 7 d, half of the medium was replaced by fresh
medium containing HS and IL-2. After 2 to 4 weeks of cultur-
ing, SKIL were tested for antigen recognition and tetramer
binding.

Tetramer staining
SKIL and PBMC from HLA-A*02:01 positive patients were

stained with tetrameric-MHC complexes containing the HLA-
A*02:01 epitopes gp100:154–162, gp100:280–288 or tyrosi-
nase:369–377 (Sanquin) combined with CD8 staining as
described previously.7 Tetrameric-MHC complexes recognizing
HIV were used as a negative control.

Antigen and tumor recognition
Antigen recognition by SKIL was determined using autolo-

gous EBV-B cells as described previously.33 Autologous EBV-B
cells were generated from PBMC and either loaded with HLA-
A2-binding gp100 (gp100:154–162 or gp100:280–288) or
tyrosinase (tyrosinase:369–377) peptides (for HLA-A*02:01-pos-
itive patients only) or electroporated with mRNA encoding full-
length gp100 or tyrosinase (CureVac GmbH). For mRNA elec-
troporation, EBV-B cells were washed twice in PBS and once in
OptiMEM without phenol red. Twenty micrograms of mRNA
were transferred to a 4 mm cuvette (Bio-Rad) and 10–20 £ 106

cells were added in 200 mL OptiMEM and incubated for 30

before being pulsed in a Genepulser Xcell (Bio-Rad) by an expo-
nential decay pulse of 450 V, 150 mF. Immediately after electro-
poration, cells were transferred to warm (37�C) X-VIVO 15
without phenol red supplemented with 6% HS and left for at
least 2 h at 37�C, before further manipulation. EBV-B cells elec-
troporated with CEA-mRNA were used as a negative control.
mRNA- or peptide-loaded EBV-B cells were co-cultured 1:1
with SKIL for 24 h and after 24 h antigen specificity was

analyzed by flow cytometry by expression of the early activation
markers CD69 and CD137 on CD8C T cells. PMA-stimulated
(5 mg/mL; Sigma-Aldrich) SKIL were used as a positive control.
Cytokine production was measured in supernatants after 24 h of
co-culture with a FlowCytomix Multiplex kit (Bender MedSys-
tems GmbH). Cytotoxicity was evaluated through addition of
PeCy5-conjugated CD107a (BD PharMingen) and GolgiStopTM

(1:2000; monensin, BD Biosciences PharMingen) during co-cul-
ture and subsequent analysis of surface binding of CD107a anti-
bodies to CD8C T cells by flow cytometry. A DTH test response
was considered positive when the percentage of CD8CCD137C,
CD8CCD69C or CD8CCD107aC cells was more than twice
that obtained with the negative control.

For HLA-A*02:01-positive patients, antigen recognition was
also determined by the production of cytokines of SKIL after co-
culture with T2 cells pulsed with HLA-A*02:01-binding peptides
gp100:154–162, gp100:280–288 or tyrosinase:369–377 or BLM
(a melanoma cell line expressing HLA-A*02:01 but no endoge-
nous expression of gp100 and tyrosinase), transfected with con-
trol antigen G250, with gp100 or tyrosinase, or an allogeneic
HLA-A*02:01-positive, gp100-positive, and tyrosinase-positive
tumor cell line (MEL624). Cytokine production was measured
in supernatants after 16 h of co-culture with a FlowCytomix
Multiplex kit (Bender MedSystems GmbH).

Statistical analysis
Data were analyzed statistically by means of analysis of vari-

ance and Student–Newman–Keuls test. Statistical significance
was defined as p < 0.05. Progression-free and overall survival
were calculated from the time from apheresis to recurrence (stage
III) or progression (distant metastases) or death, respectively.
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