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ABSTRACT
We evaluated the immunological responses of lymph-node involved (stage III) melanoma patients to 
adjuvant dendritic cell vaccination with subsets of naturally occurring dendritic cells (nDCs). Fifteen 
patients with completely resected stage III melanoma were randomized to receive adjuvant dendritic 
cell vaccination with CD1c+ myeloid dendritic cells (cDC2s), plasmacytoid dendritic cells (pDCs) or 
the combination. Immunological response was the primary endpoint and secondary endpoints 
included safety and survival. In 80% of the patients, antigen-specific CD8+ T cells were detected 
in skin test-derived T cells and in 55% of patients, antigen-specific CD8+ T cells were detectable in 
peripheral blood. Functional interferon-γ-producing T cells were found in the skin test of 64% of the 
patients. Production of nDC vaccines meeting release criteria was feasible for all patients. 
Vaccination only induced grade 1–2 adverse events, mainly consisting of fatigue. In conclusion, 
adjuvant dendritic cell vaccination with cDC2s and/or pDCs is feasible, safe and induced immuno
logical responses in the majority of stage III melanoma patients.

ARTICLE HISTORY 
Received 25 May 2021  
Revised 2 December 2021  
Accepted 2 December 2021 

KEYWORDS 
Melanoma; immunotherapy; 
clinical trial

Introduction

As dendritic cells (DCs) are the most potent antigen- 
presenting cells, presenting antigens to naive T cells, they 
play a pivotal role in the induction of adaptive immune 
responses against tumors.1 For DC vaccination of cancer 
patients, autologous DCs are matured and loaded with the 
relevant tumor antigens ex vivo and are subsequently adminis
tered to the patient to induce tumor-specific T-cell responses 
in vivo.2 Because T cell activation is highly antigen-specific, the 
toxicity profile of DC vaccination is mild.3

Recent major breakthroughs in immunotherapy in cancer 
patients mainly consist of clinical benefit from immune check
point inhibitors (ICI). Unfortunately, and in contrast to DC vac
cination, these drugs can give rise to serious immune-related 
toxicity due to the enhancement of non-tumor-specific immune 
responses against healthy cells.4 To date, survival benefit with DC 
vaccination has not been established. However, DC vaccination 
induced functional tumor-specific T-cell responses and long- 
lasting clinical responses.3 Together with the current knowledge 
that immunotherapy is able to induce long-term survival benefit 
and the favorable toxicity profile of DC vaccination, optimization 
of DC vaccination is an important focus of cancer research.

Until recently, most studies with DC-based immunotherapy 
were performed with autologous DCs ex vivo differentiated 
from monocytes or CD34+ progenitors. However, the potency 
of these so-called monocyte-derived DCs (moDCs) may be 
hampered by their extensive culture period of 5–9 days with 
cytokines such as granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and interleukin (IL)-4 that is needed to 
differentiate the cells into DCs. Especially, IL-4 potentially 
reduces the migration capacity of DCs.5–7 A few years ago, 
direct isolation of the scarce naturally circulating DCs 
(nDCs) from blood became possible, thereby omitting this 
intensive culture period used for the production of moDCs.8 

After direct isolation, nDCs are prepared for vaccination by 
maturation and antigen loading within two to three days. The 
two major subsets of nDCs are myeloid DCs (also called ‘con
ventional’ or ‘classical’ DCs) and plasmacytoid DCs (pDCs). 
The major subset of myeloid DCs, cDC2, is characterized by 
CD11c and CD1c (BDCA-1). A minor population, cDC1, is 
CD11c and CD141 (BDCA-3) positive. PDCs express both 
CD303 (BDCA-2) and CD304 (BDCA-4).9 At the start of this 
trial clinical-grade isolation of cDC2s and pDCs was feasible, 
isolation of cDC1s only recently became feasible. Vaccination 
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with CD1c+ cDC2s or pDCs has been tested in clinical trials in 
metastatic (stage IV) melanoma and metastastic prostate can
cer patients. At time of writing, results of three trials were 
published and showed that in stage IV melanoma patients 
and metastatic prostate cancer patients, vaccination with 
pDCs or CD1c+ cDC2s led to immunological responses and, 
in some patients, to long-term survival.10–12

Multiple potential advances in the production of the nDC 
vaccines are incorporated in our trial. First, the mode of 
maturation for both DC subsets is optimized. DC maturation 
is crucial for proper T cell activation.13–15 Especially, exposure 
of DCs to pathogen-associated molecular patterns, such as 
Toll-like receptor ligands, yields DCs that induce potent 
T helper 1 and cytotoxic T cell responses.16–19 Conventional 
DC2s and pDCs express Toll-like receptors 7 and 8, respec
tively, which can be triggered by single-stranded RNA 
(ssRNA). We have shown that complexes of ssRNA stabilized 
with protamine (pR) can activate both cDC2s and pDCs into 
functional mature DCs, secreting IL-12 and interferon (IFN)α, 
respectively.20 Second, we showed that a DC subpopulation 
expressing both CD1c and the monocytic marker CD14, 
attenuates the induction of T cell responses.21 Therefore, in 
our trial, we depleted CD14+ cells prior to the positive selection 
of cDC2s. Third, we expanded the pool of antigens used to load 
the DCs. We added the cancer-testis antigens (CTA) MAGE- 
C2, MAGE-A3 and NY-ESO-1 to the previously used tumor- 
associated antigens (TAA) gp100 and tyrosinase. Both these 
CTA and TAA are known to be frequently expressed in mela
noma tissue.22,23 Besides, antigens binding HLA types other 
than HLA-A2.1 were added, to enable induction of immuno
logical responses in HLA-A2.1 negative patients. In addition to 
a broader panel of HLA-restricted peptides, we added peptide 
pools with overlapping peptides that cover the complete anti
gen sequence and bind multiple HLA types, both major histo
compatibility complex (MHC) class I and II.

Besides the aforementioned changes that potentially 
improve cDC2 and pDC vaccinations compared to previous 
trials, we assessed the administration of cDC2s and pDCs 
simultaneously. When combined, cDC2s and pDCs might 
have a synergistic effect, as they possess a distinct phenotype, 
capacity in pathogen detection, and produce different 
cytokines.24,25 In a murine model, vaccination with combined 
cDC2s and pDCs was superior in reducing tumor size and 
increased survival compared to either one of the subsets 
alone.26 Therefore, combining both subsets might further 
enhance the induction of an immunological and clinical 
response.

We investigated vaccination with these improved and com
bined cDC2s and pDCs in lymph-node involved (stage III) 
melanoma patients. Cutaneous melanoma is an aggressive 
form of skin cancer due to its metastatic potential. Compared 
to patients with stage IV melanoma, patients with completely 
resected stage III melanoma harbor less tumor burden, hence 
less tumor-induced immune suppression27 which might ham
per response to DC vaccination. As such, DC vaccination 
might be more successful in stage III melanoma patients. 
This is endorsed by superior induction of antigen-specific 
T cells by DC vaccination in stage III compared to stage IV 

melanoma patients.28,29 In addition, a retrospective analysis of 
stage III melanoma patients receiving adjuvant moDC vacci
nation showed improved overall survival (OS) compared to 
their matched controls.30 Stage III melanoma is treated with 
surgical resection with curative intent. Unfortunately, despite 
complete surgical resection, patients have a high risk of recur
rence resulting in 5-year OS rates between 40 and 78%.31 

Therefore, effective adjuvant therapy for this group of patients 
is warranted. At time of trial enrollment, no adjuvant therapy 
significantly impacting survival was registered and for this 
reason, we included patients with completely resected stage 
III melanoma to receive adjuvant nDC therapy. In the mean
time, after completion of the enrollment phase, several drugs 
were approved for use as an adjuvant therapy.32–35

Here we present the results on immunological response, 
feasibility and safety in our randomized phase II trial including 
stage III melanoma patients receiving adjuvant DC vaccination 
with cDC2s, pDCs or the combination of both (combiDCs). 
This is the first clinical trial with combiDCs in melanoma 
patients.

Patients and methods

Clinical protocol

Fifteen patients with stage III cutaneous melanoma, according 
to the 7th edition of the American Joint Committee on Cancer 
(AJCC) staging system,31 were included. Patients were ran
domly assigned on a 1:1:1 basis to receive cDC2s, pDCs, or 
combiDCs. The primary endpoint was immunological 
response to single and combined cDC2 and pDC vaccination. 
Safety, recurrence-free survival (RFS), OS and health-related 
quality of life assessment (HRQoL) were secondary objectives. 
This trial (NCT02574377) has been approved by the Central 
Committee on Research Involving Human Subjects and is in 
concordance with the Declaration of Helsinki as defined by the 
International Conference on Harmonization.

Eligible patients were 18–75 years of age with histologically 
documented stage III melanoma, completely removed includ
ing a radical lymph node dissection (RLND) within 12 weeks 
prior to the start of study (apheresis). Other key inclusion 
criteria were WHO performance score 0 or 1 and a normal 
serum lactate dehydrogenase. Exclusion criteria included auto
immune diseases, immunosuppressive conditions and any 
concurrent adjuvant therapy including radiotherapy. Due to 
the use of keyhole limpet hemocyanin (KLH), patients with 
a known allergy to shell fish were excluded. Informed consent 
was obtained from all participants.

Four weeks after an apheresis, the first vaccination of a cycle 
consisting of three biweekly vaccinations was administered 
(Supplementary Figure 1). This cycle of three vaccinations 
was repeated twice, with an interval of six months between 
cycles. Between 1 and 2 weeks after the third vaccination of 
each cycle, patients were assessed for their immunological 
response by skin tests. If patients did not reach the first immu
nological assessment they were replaced, since this was the 
primary endpoint of our trial. Patients were followed for up 
to 5 years with follow-up visits every 3 months during the first 
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2 years and every 6 months for the last 3 years. Assessment for 
recurrent disease was performed by medical history, physical 
examination, and when indicated, by imaging.

Adverse events were scored according to the Common 
Terminology Criteria for Adverse Events (CTCAE) version 
4.0. Adverse events considered as possibly, probably or defi
nitely related to the study drug according to the investigator 
were considered treatment-related.

Dendritic cell isolation and vaccine preparation

Patients were vaccinated with autologous cDC2s and/or pDCs 
loaded with tumor peptides and overlapping peptide pools 
(Figure 1). Autologous mononuclear cells were harvested by 
apheresis. PDCs and cDC2s were isolated with the fully auto
mated and enclosed immunomagnetic CliniMACS Prodigy® 
isolation system (Miltenyi Biotec, Bergisch Gladbach, 
Germany) with GMP-grade magnetic bead-coupled antibo
dies (Miltenyi Biotec) following the manufacturer’s guide
lines. When patients were randomized for vaccination with 
both pDCs and cDC2s, pDCs were selected with anti-CD304 
(BDCA-4) coupled beads first, followed by depletion of 
CD19+ and CD14+ cells and positive selection of CD1c+ 

cells. For the single cDC2 group, CD1c+ (BDCA-1+) cells 
were positively selected after depletion of CD19+ and CD14 
+ cells, and for the single pDC group only the pDC selection 

step was completed. cDC2s were cultured overnight at 
a concentration of 1.5 × 106 cells/ml with 800IU/ml recombi
nant human GM-CSF in TexMACS GMP medium (both 
Miltenyi Biotec) supplemented with 2% human serum (HS) 
(Sanquin, Amsterdam, the Netherlands) and KLH 
(Immucothel, Biosyn Arzneimittel GmbH) for immunomo
nitoring. PDCs were cultured overnight at a concentration of 
1.5 × 106 cells/ml with 10 ng/ml recombinant human IL-3 in 
TexMACS GMP medium (both Miltenyi Biotec) supplemen
ted with 2% pooled HS (Sanquin). Cells used for the delayed- 
type hypersensitivity (DTH) skin test were cultured without 
KLH. During overnight culturing MACS® GMP-grade 
PepTivators®, overlapping peptide pools of the CTA MAGE- 
A3 and NY-ESO-1 (Miltenyi Biotec) covering the sequence of 
the entire antigen, were added. After overnight culture, the 
DCs were matured with 10 µl/ml premixed protamine HCL 
(Meda Pharma, Amstelveen, the Netherlands; 10 µg)/mRNA 
(Universitätsklinikum Erlangen, Erlangen, Germany; 5 µg) 
(protamine/mRNA (pR)) for 6 hours. After 3 hours of 
maturation, viability and phenotyping was assessed and 
a mix of fourteen peptides of TAA gp100 and tyrosinase and 
CTA MAGE-C2, MAGE-A3 and NY-ESO-1 (all Leiden 
University Medical Center, Leiden, the Netherlands) 
(Supplementary Table 1) was added for the last 3 hours of 
maturation. DCs used for DTH skin injections were either 
loaded with peptides or overlapping peptide pools. The 

Figure 1. cDC2 and pDC isolation and vaccine preparation. After mononuclear blood cells apheresis, CD304+ cells (pDCs) were selected. Thereafter, CD19+ and CD14 
+ cells were depleted followed by CD1c+ cells (cDC2s) selection. In the pDC group only pDCs were selected and in the cDC2 group only the depletion and CD1c+ 
selection step were performed. After culturing and antigen-loading the DC vaccines were cryopreserved and thawed on the day of intranodal administration. DCs 
dendritic cells, pR protamine/mRNA complex, cDC2s myeloid DCs, pDCs plasmacytoid DCs
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procedure had to give rise to mature cDC2s and pDCs meet
ing the following release criteria after 6 hours of maturation: 
>50% viability and >50% CD83 (cDC2) and/or >50% CD80 
(pDC) expression. In addition, purity, assessed as in process 
control directly after CliniMACS Prodigy isolation, had to be 
>50% CD1c+CD20− (cDC2) and/or >50% BDCA2+ 

CD123+(pDC). One vaccine consisted of 2–5 × 106 cDC2s 
and/or 1–3 × 106 pDCs. Cells were cryopreserved in 
TexMACS medium containing 10% dimethyl sulfoxide 
(DMSO; WAK chemie Medical GmbH, Steinbach, 
Germany) and 40% Albuman (Sanquin) and were thawed 
on the day of administration. For combined pDC and cDC2 
vaccines, both subsets were pooled in one syringe after thaw
ing. Vaccines were checked for sterility prior to clinical appli
cation (Eurofins Bactimm, Nijmegen, the Netherlands). An 
experienced radiologist administered the vaccines intranod
ally in a clinically tumor-free lymph node under ultrasound 
guidance. If necessary, apheresis was repeated prior to 
a subsequent cycle to produce a sufficient number of vaccines.

Tumor antigen-specific and functional T cells

DTH skin tests were performed between 1 and 2 weeks 
after the third vaccination of each cycle, as described 
previously.36 Depending on randomization, activated 
cDC2s and/or pDCs (0.1–0.5 × 106 cells) were injected 
intradermally at the back of the patient. Two days after 
injection, skin punch biopsies (6 mm) were obtained from 
all injection sites to assess the T cell responses. The biopsy 
specimens were cut in half; one half was cryopreserved and 
the other half was cut and cultured for 2–5 weeks in IL-2 
(100 IU/ml; Novartis, Basel, Switzerland). After culturing, 
the skin-test infiltrating lymphocytes (SKILs) were tested 
for the presence of CD8+ T cells specific for the different 
tumor antigens used. To analyze occurrence of antigen- 
specific T cells, SKILs of HLA-A2.1 positive patients were 
stained with CD8 and tetrameric MHC-peptide complexes 
(Sanquin) or dextrameric MHC-peptide complexes 
(Immudex, Copenhagen, Denmark) containing peptides of 
the relevant HLA type as described previously.36 CD8+ 

T cells recognizing these MHC-peptide complexes are 
further referred to as antigen-specific CD8+ T cells. To 
control for background staining, samples were stained 
with tetrameric or dextrameric MHC complexes containing 
an irrelevant peptide. To test T cell functionality SKILs 
were cocultured with autologous peripheral blood mono
nuclear cells (PBMCs) pulsed with the different relevant 
peptides, overlapping peptide pools, carcinoembryonic anti
gen (CEA) (negative control) (Leiden University Medical 
Center), or no peptide (negative control). Production of 
IFNγ was measured in the supernatants by cytometric 
bead array according to the manufacturer’s instruction 
(eBioscience, Vienna, Austria or BD Biosciences, San Jose, 
CA) after 24 hours of coculture. In addition, PBMCs of 
HLA-A2.1, HLA-A1 or HLA-B35 positive patients were 
tested for the presence of antigen-specific CD8+ T cells by 
staining with tetrameric or dextrameric MHC-peptide com
plexes as described above.

Flow cytometry

Purity and phenotype of cDC2s and pDCs after immunomag
netic isolation were determined by flow cytometry with 
a FACSVerse® (BD biosciences) or MACS Quant® (Miltenyi 
Biotec). Purity was analyzed directly after CliniMACS Prodigy 
isolation. For this purpose, the following primary monoclonal 
antibodies (mAbs) and appropriate fluorescence minus one 
controls were used: anti-CD1c-Viobright FITC, anti-BDCA2- 
PE, anti-CD123-APC, anti-CD20-PE-Vio770, anti-CD45-APC 
-Vio770, anti-CD14-Viogreen, anti-FcεRI-BioBlue, anti-CD14 
-FITC, anti-CD15-PE, anti-CD56-APC and anti-CD3-BioBlue. 
The phenotype of cDC2s and pDCs after 3 hours of pR stimu
lation was analyzed using the following mAbs and appropriate 
isotype controls: anti-HLA-ABC-APC, anti-HLA-DR/DP/DQ- 
APC, anti-CCR7-APC, anti-CD80-APC, anti-CD83-APC and 
anti-CD86-APC (all Miltenyi Biotec). After 6 hours of pR 
stimulation cytokine production of cDC2s and pDCs was mea
sured in the supernatant by cytometric bead array according to 
the manufacturer’s instruction (Miltenyi Biotec).

Proliferative response to KLH

Cellular responses against KLH were measured in a proliferation 
assay. PBMCs were isolated from blood samples after each 
vaccination. 1 × 105 PBMCs were plated per well of a 96-well 
tissue culture microplate either in the presence or absence of 
KLH. After 4 days of culture, 1 μCi/well of tritiated thymidine 
was added and incorporation of tritiated thymidine was mea
sured in a beta-counter. A proliferation index (proliferation with 
KLH/proliferation without KLH) of >2 was considered positive.

Immunohistochemistry staining of antigen expression

Available tumor tissue of primary melanoma, lymph node metas
tasis and recurrent disease of the 15 patients was analyzed. To 
determine antigen expression, we stained for gp100, tyrosinase, 
NY-ESO-1, MAGE-C2 and MAGE-A. The different MAGE-A 
antigens are highly homologous37 leading to cross-reactivity, that 
is, T cell receptors recognize multiple members of the MAGE-A 
antigen superfamily.38 In addition, the epitopes of the peptides we 
used to load the DCs are found in different MAGE-A antigens and 
T cells induced by DC vaccination could therefore potentially also 
respond to multiple MAGE-A antigens. 4 µm slices were cut from 
formalin-fixed paraffin-embedded (FFPE) tumor tissue and 
placed on glass slides. Tissue was deparaffinized in xylene, rehy
drated in ethanol and washed in distilled water. Antigen retrieval 
was performed by boiling in EnVision™ FLEX target retrieval 
solution (pH 9, K8004, Dako, Santa Clara CA) for 10 minutes 
for gp100 and tyrosinase samples or in citrate buffer (pH 6, 
CBB999, ScyTek Laboratories, Logan, UT) for 15 minutes for 
MAGE-C2, MAGE-A and NY-ESO-1 samples. After cooling 
down, slides were washed with distilled water and EnVision™ 
FLEX Wash Buffer (DM831, Dako). Slides were blocked with 
antibody diluent and afterward incubated with primary antibodies 
for the detection of gp100 (M063401, clone HMB45, Dako, dilu
tion: 1/600), tyrosinase (MONX10591, clone T311; Monosan, 
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Uden, the Netherlands; dilution: 1/200), MAGE-A (sc-20034, 
clone 6C1; Santa Cruz Biotechnology, Dallas, TX; dilution: 1/50), 
MAGE-C2 (HPA062230, rabbit polyclonal; Merck, Kenilworth, 
NJ; dilution: 1/200) and NY-ESO-1 (MABC1151, clone D8.38, 
Merck, dilution: 1/200) for 1 hour. Next, slides were incubated 
with Opal Polymer HRP (NEL801001KT; PerkinElmer, Waltham, 
MA) for 30 min. Fluorescent visualization was performed with the 
Opal 650 (NEL801001KT; PerkinElmer) for 10 minutes. All incu
bation steps were performed at room temperature. Slides were 
washed with EnVision™ FLEX Wash Buffer between different 
incubation steps. Mounting was performed with DAPI 
Fluoromount-G (0100–20; SouthernBiotech, Birmingham, AL). 
Slides were prescanned using the PerkinElmer Vectra, version 
3.0.4 (PerkinElmer) at 10x magnification. Positivity was scored 
using whole scanned overviews in Phenochart, version 1.0.9 
(PerkinElmer) and 20x regions for representation were selected. 
For the lymph node tissue, the last resected lymph node (harvested 
during sentinel node biopsy or RLND) containing metastatic 
disease prior to the start of study was used for staining. Because 
of the high expression of both gp100 and tyrosinase in 
melanoma,39 we only assessed the expression of these proteins in 
patients with recurrent disease. Of these patients, we stained the 
tissue of the recurrence and the last available material prior to the 
start of study. Tumor tissue was scored positive for the expression 
of an antigen when expression was present in at least 1% of tumor 
cells.

Statistical analysis

The estimates of RFS and OS were calculated using Kaplan– 
Meier probability. RFS was defined as time from apheresis to 
first date of recurrence and date of death from any cause was 
used to calculate OS. When events had not occurred, survival 
was censored at the date of last follow-up. Follow-up duration 
was determined from date of apheresis to date of last follow-up 
and censored for death. To prevent a guarantee-time bias 
interfering with immunological and clinical responses, we pri
marily analyzed the data of the immunological response after 
the first cycle. P values of less than 0.05 were considered 
significant. All statistical analyses were conducted using IBM 
SPSS Statistics for Windows, version 25.0 (IBM Corp., 
Armonk, NY). Figures were created with GraphPad Prism, 
version 5.03 (GraphPad Software, Inc., La Jolla, CA).

Questionnaire

Before and during the study we measured the health-related 
quality of life (HRQoL) of the participants with the EORTC 
QLQ-C30 (version 3.0) questionnaire. Results of the HRQoL 
analysis have been reported separately.40

Results

Patients

Between October 2015 and August 2016, 17 patients were 
included of whom 15 were evaluable. Two patients (pDC-5 
and pDC-6) were replaced because of not having reached the 
first immunological assessment around week 9 due to rapid 

recurrence. The 15 patients had a median age of 50 (range 19– 
72) years (for baseline characteristics see Table 1). Substages 
were equally divided over treatment groups, all but three 
patients had stage IIIB or IIIC melanoma. At data cutoff on 
April 21th 2021, all alive patients completed their study follow- 
up of 5 years.

Vaccine characteristics

A new apheresis was necessary for two patients in the cDC2 
group, due to low purity or viability of the initial cDC2 product. 
One patient initially randomized in the combiDC group 
switched to the cDC2 group due to low pDC retrieval. 
Production of DC products meeting release criteria was feasible 
for all patients (Supplementary Figure 2A-F, 3, 4, 5). Median 
yield, purity and viability were 67 × 106, 64% and 87% for cDC2 
products and 48 × 106, 62% and 93% for pDC products, respec
tively. Cytokine production of cDC2s and pDCs separately 
shows that mature cDC2s produced IL-12 and mature pDCs 
produced IFNα, as expected (Supplementary Figure 2G-H).

All patients received the required 2–5 × 106 cDC2s and/or 
1–3 × 106 pDCs in each vaccine. In the thawed vaccines, 
median viability of DCs was 92% (range 72–99%) for cDC2s 
and 90% (range 59–98%) for pDCs.

Adverse events

All 15 patients experienced at least one grade 1–2 adverse event 
(Table 2), mostly consisting of fatigue. Three patients experi
enced an injection site reaction, and two patients had flu-like 

Table 1. Baseline characteristics.

Characteristic
Total 

(n = 15)

cDC2 
group 
(n = 5)

PDC 
group 
(n = 5)

CombiDC 
group 
(n = 5)

Age (years) – 
Median (range)

50 
(19–72)

55 
(37–72)

48 
(37–70)

5 
(19–72)

Sex, n
Male 8 4 2 2
Female 7 1 3 3

Stage at inclusion (AJCC 7th edition), n
Stage IIIA 3 1 1 1
Stage IIIB 6 2 2 2
Stage IIIC 5 2 2 1
Stage IIIX 1 0 0 1

Number of metastatic LN, n
1 8 1 4 3
2–3 3 2 0 1
≥ 4 4 2 1 1

Localization LN dissection, n
Head/neck 1 1 0 0
Axilla 5 3 2 0
Groin 9 1 3 5

In transit metastases or (micro)satellites, n
Yes 1 0 1 0
No 14 5 4 5

Extracapsular extension, n
Yes 7 4 1 2
No 7 1 4 2
Unknown 1 0 0 1

AJCC American Joint Committee on Cancer staging system, combiDC combination 
of cDC2 and pDC, DC dendritic cell, LN lymph node, cDC2 myeloid dendritic cell, 
pDC plasmacytoid dendritic cell
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symptoms. During apheresis, 1 grade 3 and 1 grade 4 adverse 
event were observed, consisting of hypokalemia and hypocal
cemia, respectively. These electrolyte disturbances occurred 
simultaneously in the same patient and are a known possible 
complication of the apheresis due to interaction with the citrate 
anticoagulant used during apheresis. Both disturbances were 
corrected completely with suppletion of electrolytes. The two 
replaced patients did not experience grade 3 or 4 or any other 
striking adverse events.

KLH-specific T cell responses

All cDC2s were loaded with the control antigen KLH. pDCs 
were not cultured in the presence of KLH, since pDCs are 
unable to take up KLH protein.41 None of the patients had 
a KLH-specific proliferation index >2 at baseline. After vacci
nation, PBMCs of all patients vaccinated with cDCs (cDC2 
group and combiDC group) showed increased proliferation, 
indicating that the cDC2s induced de novo T cell responses in 
these patients (Supplementary Figure 6).

Induction of antigen-specific T cell responses and antigen 
expression in melanoma tissue

After each cycle of three vaccinations, DTH skin tests were 
performed to analyze the presence of antigen-specific T cells in 
SKILs. Tetramer- or dextramer-staining of SKILs of HLA-A2.1 
positive patients showed antigen-specific CD8+ T cells in 4 out of 
5 (80%) patients tested after the first vaccination cycle (Table 3, 
Supplementary Table 2, Supplementary Figure 7). In 
PBMCs, antigen-specific CD8+ T cells were found in 7 out 
of 11 (64%) HLA-A2.1, HLA-A1, or HLA-B35 positive 
patients tested after the first vaccination cycle. A lower 
detection rate of antigen-specific CD8+ T cells in PBMCs 
compared to SKILs is in line with previous findings and 
probably due to the accumulation of antigen-specific T cells 
at the DTH injection site in contrast to a low frequency of 
those cells circulating in the peripheral blood.11,36,42,43 The 

presence of tumor-specific T cells in PBMCs before treat
ment was analyzed for six patients. In none of the tested 
patients, preexisting responses were detected.

Functionality of T cells was tested by IFNγ production of 
SKILs cocultured with autologous PBMCs loaded with the 
relevant antigens. After the first vaccination cycle, IFNγ- 
producing T cells were found in 9 out of 14 (64%) patients 
tested. Functional T cells were detected more often in patients 
vaccinated with pDCs or the combiDCs than in patients treated 
with cDC2s alone, as T cells of 5 out of 5, 4 out of 5 and 0 out of 
4 patients per group produced IFNγ, respectively. For patients 
with functional IFNγ-producing T cells after the first vaccina
tion cycle, median RFS was not reached compared to 
17.1 months for patients without functional T cells (p = .23) 
(Supplementary Figure 8).

Of the 14 tested patients, 4 patients showed functional 
T cells against the NY-ESO-1 overlapping peptide pool of 
whom one (25%) patient showed response against the NY- 
ESO-1 peptide mix. For MAGE-A3, 2 (33%) of the 6 patients 
with a functional T cell response against the overlapping pep
tide pool showed a functional response against the peptide mix 
as well. The more frequent responses to the overlapping pep
tide pools substantiate the potential benefit of their addition to 
the mixes of peptides.

In this study, patients were not selected based on their HLA- 
type and all patients received DCs loaded with the complete 
peptide mix. Patients can only potentially respond immunolo
gically to vaccination when the HLA-type of the patient 
matches the HLA-type of the HLA-binding peptides loaded 
on the DCs. In addition to HLA-binding peptides, for both 
MAGE-A3 and NY-ESO-1 overlapping peptide pools were 
used, which enables potential responses independent of HLA- 
type. Therefore, every patient could respond to the MAGE-A3 
and NY-ESO-1 overlapping peptide pools. In addition, based 
on their HLA type, all patients could at least respond to one of 
the HLA-specific peptides used for antigen loading. When all 
cycles are taken into account, none of the patients showed a T 
cell response against an antigen they could not potentially 
respond to. Eight out of 15 (53%) patients could potentially 
respond to the TAA gp100 and tyrosinase and responses were 
discovered in 13% and 38% of those patients, respectively 
(Figure 2). Fifty percent of patients that could potentially 
respond to the CTA MAGE-C2 did show a T cell response. 
All patients could respond to the MAGE-A3 peptides or pep
tide pool and in 11 (73%) of them a T cell response was 
detected. In 8 (73%) of the 11 patients that could respond to 
NY-ESO-1 peptides, specific T cells were found. All patients 
could respond to the NY-ESO-1 peptide pool and 53% of them 
responded.

We studied the expression of the antigens used for anti
gen loading of the DC product in the primary melanoma, 
lymph node metastasis and lesion of recurrent disease of 
vaccinated patients. Representative images are shown in 
Supplementary Figure 9. Gp100 and tyrosinase were 
expressed in all lesions analyzed (Figure 3). Expression of 
MAGE-C2, MAGE-A and NY-ESO-1 was expressed in 
a lower number of patients: MAGE-C2 in 36%, MAGE-A 
in 36% and NY-ESO-1 in 7% of the primary lesions. 

Table 2. Treatment-related adverse events (n = 15).

Event*
Any grade 

(n)
Grade 3 

(n)
Grade 4 

(n)

Any 15 1 1
Hypocalcemia** 2 0 1
Hypokalemia** 1 1 0
Fatigue 11 0 0
Hypophosphatemia 5 0 0
Paresthesia** 5 0 0
Skin pain (at injection site) 4 0 0
Eosinophil count increased 3 0 0
Hypernatremia 3 0 0
Injection site reaction 3 0 0
ALAT increased 2 0 0
Arthralgia 2 0 0
Blood bilirubin increased 2 0 0
Flu-like symptoms 2 0 0
Hematoma (at injection site) 2 0 0
Skin hypopigmentation 2 0 0

*Adverse events of at least grade 3 or grade 1–2 and occurring in more than 1 
patient are shown. 

**Related to apheresis
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MAGE-C2 was expressed in 58% of lymph node metastases 
analyzed, for MAGE-A and NY-ESO-1 this was 42% and 
25%, respectively. In 7 (50%) patients from whom tissue 
was analyzed, the antigen against which a T cell response 
was detected and the antigen expression on the last resected 
tumor tissue prior to the start of the experimental adjuvant 
therapy, matched (Figure 3; patients highlighted in green).

Clinical responses

Thirteen of 15 patients completed 2 or 3 cycles of 3 vaccina
tions, of whom 6 patients are still free of recurrence. The 
majority of patients with recurrent disease had stage IIIC 
melanoma at inclusion. Patient coDC-3 withdrew after two 
cycles of vaccinations due to personal circumstances but has 
no recurrent disease. Median RFS for all patients was 
19.4 months (Supplementary figure 10A). For patients that 
received cDC2 or pDC vaccination median RFS was 17.1 and 
47.7 months, respectively. In the combiDC group median RFS 
was not reached. Median OS has not been reached at time of 

data cutoff (Supplementary figure 10B). Four patients died 
from a melanoma-related event, two of them received com
bined cDC2s and pDCs and two cDC2s alone. Subgroups are 
too small and heterogeneous to draw conclusions about differ
ences between subgroups, however the combination does not 
seem to be inferior to vaccination with either subset alone.

Discussion

This is the first clinical trial in which melanoma patients were 
vaccinated with the combination of CD1c+ cDC2s and pDCs. 
Vaccination with cDC2s and pDCs alone or combined induced 
immunological responses. Production of the combined vaccine 
proved to be feasible. In addition, treatment was well-tolerated, 
and the mild toxicity profile is in line with earlier trials inves
tigating DC vaccination.3,44 Treatment groups were too small 
to draw conclusions about differences in immunological or 
clinical response between the three groups. However, combi
nation therapy does not seem to be inferior to vaccination with 
cDC2s or pDCs alone.

Table 3. Detailed immunological response after each vaccination cycle.

DM-positive PBMCs (%) DM-positive SKILs (%) IFNγ-producing SKILs (pg/ml)

study 
code

vaccination 
cycle gp100 tyrosinase

NY- 
ESO1

MAGE- 
C2

MAGE- 
A3 gp100 tyrosinase

NY- 
ESO1

MAGE- 
C2

MAGE- 
A3 gp100 tyrosinase

NY- 
ESO1

MAGE- 
C2

MAGE- 
A3

cDC2-1 1 na na na na na na na na na na nt nt nt nt nt
2 na na na na na na na na na na - - - - 178
3 na na na na na na na na na na - - - - -

cDC2-2 1 na na na na na na na na na na - - - - -
2 na na na na na na na na na na - - - - -
3 na na na na na na na na na na - - - - -

cDC2-3 1 na na na na 0,13 na na na na na - - - - -
2 na na na na - na na na na na nt nt nt nt nt
3 na na na na na na na na na na - - - - -

cDC2-4 1 na na na na na na na na na na - - - - -
cDC2-5 1 - - - - - - - - - - - - - - -

2 - - - - - - - - - - - - - - -
3 - 0,01 - - - 0.05 - 0,11 0,14 - - - - - -

pDC-1 1 na na na na - na na na na na - - 296 - -
2 na na na na - na na na na na - - - - -
3 na na na na - na na na na na - - - - 95

pDC-2 1 na na 0,01 na 0,04 na na na na na - - - - 1190
2 na na - na - na na na na na - - 157 - -

pDC-3 1 - - - - 0,03 - - - 0,24 - - 847 - - 7845
2 - - - - - - - - 0,63 1,18 - - - - 129

pDC-4 1 na na 0,03 na - na na na na na - - 196 - 1221
2 na na nt na nt na na na na na - - - - -
3 na na - na - na na na na na - - 304 - 2206

pDC-7 1 - - - - - - - - - - - - - 72 -
2 - - 0,03 - - - - 2,58 - - - - - - -
3 nt nt nt nt nt - - - - - - - - - 958

coDC-1 1 - - - - - - - - - - - - - - 254
2 - 0,07 - - - - - - - - - - - - -
3 - - - - - - - - - 3,02 - - - - -

coDC-2 1 na na na na - na na na na na - - 3774 - -
coDC-3 1 na na na na na na na na na na - - - - 1097

2 na na na na na na na na na na - - - - -
coDC-4 1 na na na na - na na na na na - - - - -

2 na na na na na na na na na na - - - - 161
coDC-5 1 nt nt nt nt nt - - - - - - - 310 - 1092

2 - - - - - - - - - - - - 63 - -
3 - - - - - - - - - - - - - -

a) Dextramerstainings were only performed on PBMCs of HLA-A1-, HLA-A2.1-, or HLA-B35-positive patients. 
b) Dextramerstainings were only performed on SKILs of HLA-A2.1-positive patients. 
c) IFNγ-production by SKILs cocultured for 24 hr with antigen-loaded target cells. Concentration is corrected for background in the control samples. 
na, not applicable due to patient’s HLA-type; nt, not tested.
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In this trial, cDC2s were predepleted for CD14+ cells and 
both cDC2s and pDCs were matured by stimulation with pR, 
a TLR8/9 stimulus. Production of nDC vaccines meeting pre
defined release criteria for purity, maturation and viability was 
achieved for all patients in all groups. PR-matured pDCs pro
duced high amounts of IFNα, which is a common hallmark of 
activated pDCs and important for their function in enhancing 
the cellular response and stimulation of cells of the innate 
immune system important for an anti-tumor response.45,46 PR- 
matured cDC2s produced IL-12, important to turn naive CD4+ 

and CD8+ T cells into T-helper 1 and cytotoxic T cells, 
respectively.47 In addition, costimulatory molecules were 
highly expressed on both subsets after pR maturation, which 
is in line with our previous findings.20

In this trial, cDC2s and pDCs were cultured separately and 
pooled before injection. Coculturing might further improve the 
nDC vaccine as this enables cross-activation between cDC2s 
and pDCs during maturation, possibly leading to a superior 
maturation state of DCs, as previously shown.48 It has been 
shown that when cDC2s and pDCs are matured in a coculture, 

Figure 2. Antigen-specific T cell responses. Total bar height in gray represents the number of patients with a potential immunological response to each of the antigens 
based on patients’ HLA type. The black bar represents the number of patients with a T cell response defined as either antigen-specificCD8+ T cells in skin-test infiltrating 
lymphocytes (SKILs) or peripheral blood mononuclear cells, or functional T cells in SKILs. PP overlapping peptide pools

Figure 3. Immunological response and antigen expression. T cell response was scored positive when antigen-specific CD8+ T cells were present in skin-test infiltrating 
lymphocytes (SKILs)/peripheral blood mononuclear cells or IFNy-producing T cells in SKILs. Patients with a T cell response against an expressed antigen in the lymph 
node metastasis are highlighted in green; those without a T cell response or with a T cell response against a non-expressed antigen are highlighted in red; patients in 
which the tumor tissue was not tested for antigen expression are shown in light gray.
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cytokine production and expression of costimulatory mole
cules is higher and the activation of other immune cells that 
could play an important role in the anti-tumor response, such 
as natural killer cells and plasma cells, is stronger.25,46,48,49 

Furthermore, nDC vaccination could be further improved by 
the addition of the even less frequent CD141+ (BDCA-3) subset 
of cDCs (cDC1s). These cells play an important role in cross 
presentation of necrotic cell-derived antigens and activation of 
CD8+ T cells.50–52 Recently, it became possible to select these 
scarce CD141+ cDC1s from the blood by magnetic 
separation.53 All three subsets of nDCs have distinct pheno
types and mechanisms of influencing the immune response, 
probably making their function complementary. Hence, and 
considering the excellent capacity of CD141+ cDC1s to cross- 
present tumor cell-derived antigens, DC vaccination with 
a combination of all three subsets could induce even more 
potent anti-tumor responses as compared to either of the single 
DC subsets.54

We expanded the pool of antigens of the two TAA gp100 
and tyrosinase used in previous trials, with the three CTA 
MAGE-C2, MAGE-A3, and NY-ESO-1 which are present fre
quently in melanoma.22 Immunological responses against each 
of the antigens used were observed. The expression of CTA in 
melanoma tissue was lower compared to TAA. As such, ana
lysis of the antigen expression prior to the start of study could 
further improve the selection of antigens used. As was done in 
this trial, it is important to take the frequency of HLA types 
into account when peptides binding certain HLA-types are 
used for antigen loading. This can be circumvented by the 
use of overlapping peptide pools as was done in this trial, 
which increased the immunological responses against these 
antigens. Overlapping peptide pools are therefore of interest 
for future trials in addition to the use of individual peptides.

Immunological responses were detected in the majority of 
patients. After the first vaccination cycle antigen-specific CD8+ 

T cells in SKILs were found in 80% and functional T cells in 
64% of tested patients treated with adjuvant nDC vaccination. 
These numbers are at least comparable to the amount of anti
gen-specific CD8+ and functional T cells after adjuvant moDC 
vaccination of stage III melanoma patients we reported earlier 
and higher than was reported for cDC2 or pDC vaccination in 
stage IV melanoma.10,11 Drawing conclusions about a possible 
difference between nDC and moDC vaccination is difficult 
because clinical characteristics of stage III patients are not 
homogeneous and more antigens were used in the here 
described trial. The number of patients with functional 
T cells after combined cDC2 and pDC vaccination was as 
high as for pDC vaccination alone, and might be superior 
compared to cDC2 vaccination alone. Although groups are 
small, the combination does not seem to be inferior in eliciting 
immunological responses, compared to the single subsets alone 
and allows application in a larger patient cohort.

In one patient (cDC2-5) with a T cell response against both 
gp100 and tyrosinase, one patient (coDC-1) with a T cell 
response against tyrosinase and one patient (cDC2-1) with 
a T cell response against MAGE-A3, the respective antigens 
were present in the tumor tissue prior to the start of study and 
in cDC2-5 and cDC2-1 remained present in the recurrent 

lesion. The continuation of antigen expression despite an anti
gen-specific T cell response indicates incomplete killing of the 
antigen-expressing tumor cells. This might be due to immune 
suppressive factors, suppressing the cytotoxicity of T cells. 
Escape mechanisms that might be present are, for example, 
immunosuppressive immune cells such as myeloid-derived 
suppressor cells and regulatory T cells or the upregulation of 
inhibitory immune checkpoints, such as CTLA-4 and PD-L1.55 

The addition of therapy interfering with these immunosup
pressive mechanisms inhibiting the anti-tumor effect of DC 
vaccination is therefore of interest for future research. 
Combination of DC vaccination with mAbs against the check
point molecule CTLA-4, which inhibits activation of T cells, 
already showed promising clinical responses when combined 
with DC vaccination.56,57 MAbs interfering with the PD-1/PD- 
L1 pathway inhibit T cell exhaustion in the tumor microenvir
onment and could therefore also enhance the anti-tumor effect 
of T cells induced by DC vaccination. Due to their superior 
survival benefit and toxicity profile compared to anti-CTLA 
mAbs it is a logical next step to combine anti-PD-1 mAbs and 
DC vaccination in future research investigating combination 
therapy.58,59

We included stage III melanoma patients, a heterogeneous 
group, of which most were high-risk patients (stage IIIB or 
IIIC). Because of the high-risk of relapse, multiple phase III 
trials have been conducted investigating immune checkpoint 
inhibition and targeted therapy. Results of these trials led to the 
approval of the immune checkpoint inhibition by nivolumab 
and pembrolizumab (both anti-PD-1 mAbs) based on 
improved RFS and targeted therapy with combined dabrafenib 
and trametinib (BRAF and MEK inhibitor) for BRAF V600- 
mutated melanoma based on OS benefit by both the European 
Medicines Agency (EMA) and Food and Drug Administration 
(FDA).33–35 In addition, the FDA approved adjuvant use of the 
immune checkpoint inhibitor ipilimumab (anti-CTLA-4 
mAbs).60 However, toxicity of these adjuvant therapies is 
high as 14–46% of patients encountered treatment-related 
grade 3–4 events.33–35,60 The mild toxicity profile of adjuvant 
DC vaccination is favorable compared to these registered treat
ment options, as only grade 1–2 adverse events occurred and 
these mainly consisted of fatigue.

As previously shown, nDC vaccination does not withhold 
a clinically relevant improvement of the HRQoL, probably due 
to recovery from RLND, during adjuvant therapy.40 This finding 
is supported by HRQoL data of DC vaccination in other 
malignancies.61,62 HRQoL of patients treated with adjuvant 
nivolumab or dabrafenib/trametinib remained unchanged dur
ing the trial.33,63 However, despite the expected recovery from 
RLND, a non-clinically relevant decline in HRQoL during adju
vant treatment with ipilimumab and pembrolizumab was 
found.64,65 In the adjuvant setting HRQoL is an important 
aspect, as half of the stage III patients will not endure a relapse 
without adjuvant therapy, but are exposed to the potentially 
severe toxicity. In addition, melanoma patients are relatively 
young and the majority is of working-age, making the impact 
on HRQoL even more important. Of course, impact on survival 
is critical in the choice of therapy. The survival benefit of adju
vant nDC vaccination is currently investigated in our placebo- 
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controlled randomized controlled trial (NCT02993315) in which 
patients receive combined CD1c+ cDC2s and pDCs. Results 
should be assessed in the context of our current standard of 
care in the adjuvant setting.

In conclusion, production of a vaccine with combined 
cDC2s and pDCs is feasible. Adjuvant treatment of stage III 
melanoma patients with both nDC subsets simultaneously was 
well tolerated with only mild grade 1–2 adverse events. DC- 
based immunotherapy was capable of inducing immunological 
response and combined cDC2 and pDC vaccination was not 
inferior to vaccination with each of the single subsets alone. 
This allowed further exploration of the clinical response to 
combined DC vaccination in a placebo-controlled clinical 
trial in which patients were enrolled prior to the approval of 
the currently registered adjuvant therapies. Results are 
expected at the beginning of 2022.
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