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ABSTRACT
Dendritic cells (DCs) have received considerable attention as potential targets for the development of 
novel cancer immunotherapies. However, the clinical efficacy of DC-based vaccines remains suboptimal, 
largely reflecting local and systemic immunosuppression at baseline. An autologous DC-based vaccine 
(DCVAC) has recently been shown to improve progression-free survival and overall survival in randomized 
clinical trials enrolling patients with lung cancer (SLU01, NCT02470468) or ovarian carcinoma (SOV01, 
NCT02107937), but not metastatic castration-resistant prostate cancer (SP005, NCT02111577), despite 
a good safety profile across all cohorts. We performed biomolecular and cytofluorometric analyses on 
peripheral blood samples collected prior to immunotherapy from 1000 patients enrolled in these trials, 
with the objective of identifying immunological biomarkers that may improve the clinical management of 
DCVAC-treated patients. Gene signatures reflecting adaptive immunity and T cell activation were asso-
ciated with favorable disease outcomes and responses to DCVAC in patients with prostate and lung 
cancer, but not ovarian carcinoma. By contrast, the clinical benefits of DCVAC were more pronounced 
among patients with ovarian carcinoma exhibiting reduced expression of T cell-associated genes, espe-
cially those linked to TH2-like signature and immunosuppressive regulatory T (TREG) cells. Clinical responses 
to DCVAC were accompanied by signs of antitumor immunity in the peripheral blood. Our findings 
suggest that circulating signatures of antitumor immunity may provide a useful tool for monitoring the 
potency of autologous DC-based immunotherapy.
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Introduction

Immunotherapy is currently the most rapidly advancing 
area of clinical oncology and has markedly improved the 
clinical management of multiple types of cancer.1 

Although, immune checkpoint inhibitors (ICIs) have revo-
lutionized the clinical management of various solid 
tumors, only about 20% of patients with the most com-
mon solid tumors respond to ICIs as standalone therapies, 
although the proportion varies greatly among different 
indications.2,3 Thus, novel strategies are needed alongside 
the identification of biomarkers that can prospectively 
identify patients who may benefit from specific immu-
notherapeutic regimens.4–6

Dendritic cells (DCs) have received considerable attention 
as potential targets for the development of cancer immu-
notherapies in recent decades.7 Notably, the activity of DCs is 
associated with or underlies the efficacy of currently approved 
cancer therapies, such as ICIs.8 Therefore, combining DC 
vaccination with different therapeutic approaches has been 
proposed. Nonetheless, the clinical efficacy of DC-based vac-
cines used as monotherapy remains suboptimal, which reflects 
the baseline level of circulating and/or intratumoral immune 
responses and the extent of immunosuppression.9,10

Although tumor sampling is widely implemented for bio-
marker identification and analysis, there are several challenges 
including limited accessibility, heterogeneity of the biopsy site, 
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and the patient’s condition.11 Therefore, identification of 
potential predictive biomarkers using more accessible periph-
eral blood is critical for the development and clinical utility of 
biomarkers.12,13 Recent technological, analytical, and mechan-
istic advances in immunology have enabled the identification 
of several circulating cancer biomarkers including, but not 
limited to: circulating tumor cells in breast and prostate cancer, 
tumor genomic alterations such as discrete oncogenic variants 
(e.g. EGFR, PBRM1 and JAK1/2), microsatellite instability, 
tumor mutational burden-related metrics, peripheral immune- 
cell function, and analyses of immune-related cytokines and 
plasma proteins.14–20 Because personalized DC-based cancer 
immunotherapy is largely dependent on preexisting circulating 
immunity, the identification of immune signatures associated 
with the response to therapy might provide a useful stratifica-
tion tool.

We recently published the results of three independent 
open-label, randomized Phase I/II, II and III clinical studies 
that compared the efficacy of an autologous DC-based vaccine 
(DCVAC) delivered in the context of standard of care che-
motherapy (SOC) versus SOC alone in patients with advanced 
non-small cell lung carcinoma (NSCLC; SLU01, 
NCT02470468),21 epithelial ovarian cancer (EOC; SOV01, 
NCT02107937),22,23 or metastatic castration-resistant prostate 
cancer (mCRPC; SP005, NCT02111577).24 In these settings, 
DCVAC was well tolerated and significantly extended the 
progression-free survival (PFS) and overall survival (OS) of 
EOC or NSCLC patients.21,22 In mCRPC patients, DCVAC 
combined with SOC and continued as maintenance treatment 
showed a favorable safety profile but did not extend OS.24

Here, we performed biomolecular and cytofluorometric 
analyses using peripheral blood samples collected prior to 
immunotherapy for 1000 patients enrolled in these trials of 
DCVAC. We found that a circulating immune-related gene 
signature associated with adaptive immunity and T cell activa-
tion was associated with an improved response to DC-based 
immunotherapy in mCRPC and NSCLC patients enrolled in 
SP005 and SLU01, although not in EOC patients enrolled in 
SOV01. Conversely, the clinical benefit of DCVAC was more 
pronounced in EOC patients with gene expression levels below 
median for TH2-like and immunosuppressive gene signatures 
associated with a low frequency of circulating 
CD4+CD25+FoxP3+ T cells, as determined by molecular and 
flow cytometry analyses. Pending validation in independent 
studies, our findings suggest that the circulating immune sig-
nature is a potential tool for stratification of patients prior to 
cellular immunotherapy, largely reflecting the oncologic 
indication.

Materials and methods

Patient characteristics
In SP005 (NCT02111577), 1182 mCRPC patients were rando-
mized between June 2014 and November 2017 across 177 
hospital clinics in Europe and the United States (US). Of 
these, 787 were assigned to DCVAC and 395 to placebo.24 

Patients in both arms received SOC, and DCVAC was contin-
ued as maintenance therapy. In SLU01 (NCT02470468), 112 
patients with advanced NSCLC were randomized to one of 

three arms between January 2015 and November 2016. 
Patients in arm A received DCVAC/LuCa and chemotherapy 
(n = 45), patients in arm B received DCVAC/LuCa, che-
motherapy and immune enhancers (n = 29), and patients in 
arm C received chemotherapy alone (arm C, n = 38).21 In 
SOV01 (NCT02107937), 99 EOC patients were randomized 
to one of three arms between November 2013 and May 2015. 
All patients underwent debulking surgery followed by adjuvant 
SOC combined with DCVAC administered in parallel with 
SOC (arm A, n = 34) or sequential to SOC (arm B, n = 34). 
Patients in arm C (n = 31) received SOC alone.22 The designs of 
these studies are briefly described in the Supplemental 
Materials and Methods. In SP005 and SLU01, the primary 
endpoint was overall survival (OS) defined as the time from 
randomization until death due to any cause. In SOV01, the 
primary efficacy endpoint was PFS. Of 1182 mCRPC patients, 
112 NSCLC patients, and 99 EOC patients randomized to 
treatment, peripheral blood samples and data were available 
for 804 (68%), 103 (92%), and 93 (96%), respectively. Written 
informed consent was obtained according to the Declaration of 
Helsinki, and the study was approved by appropriate Ethical 
Committees. The results of all three clinical trials have been 
reported.21,22,24 The baseline characteristics for patients 
included in this study were similar across the relevant treat-
ment groups (Supplemental Table 1).

Preparation of DCVAC
Each DCVAC dose comprises DCs loaded with antigens 
derived from the EOC cell lines (OV-90 and SK-OV-3) in 
SOV01, NSCLC cell lines (H522 and H520) in SLU01, and 
a human prostate adenocarcinoma cell line (LNCaP) in 
SP005. To prepare DCVAC, the peripheral blood mononuclear 
cells, obtained via leukapheresis and gradient centrifugation, 
are first cultured in a medium containing interleukin-4 and 
granulocyte-macrophage colony-stimulating factor. Immature 
DCs are separated, co-cultured (pulsed) with high hydrostatic 
pressure-treated tumor cell lines, and matured using polyino-
sinic:polycyticylic acid.25,26 The resulting product is cryopre-
served at a concentration of approximately 107 DCs in 1 mL of 
CryoStor CS10 (StemCell) per vial.

Isolation of RNA from peripheral blood mononuclear cells 
(PBMCs) and reverse transcription
Total RNA was isolated with RNeasy Mini Kits (Qiagen). Cell 
lysates in RLT buffer enriched with 1% 2-mercaptoethanol 
were quickly thawed and processed according to the manufac-
turer’s instructions, including DNase I digestion. The RNA 
concentration and purity were determined using a NanoDrop 
2000c (Thermo Scientific). Purified RNA samples were stored 
at −80°C until further use. cDNA for the detection of 93 
selected genes associated with the immune system 
(Supplemental Table 2) was synthesized from 100 ng of total 
RNA using the TATAA GrandScript cDNA Synthesis Kits 
(TATAA Biocenter).

cDNA preamplification
Ten microliters of cDNA samples diluted 1:2 was used in 
a 50 μL preamplification reaction with TATAA PreAmp 
GrandMaster® Mix and the relevant primers at a final 
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concentration of 40 nM per primer. Targeted pre-amplification 
was implemented on a T100 Thermal Cycler (Bio-Rad) with 
the following conditions: 95°C for 3 min, followed by 14 cycles 
of amplification (95°C for 20s, 55°C for 3 min and 72°C for 
20s). After a final extension step (10 min), the samples were 
immediately frozen and stored at −20°C until analysis.

High-throughput quantitative real-time polymerase chain 
reaction (qPCR)
High-throughput qPCR was performed on the Biomark HD 
system (Fluidigm) using the 48.48 Dynamic Array Chip for 
Gene Expression and probe-based detection. Each reaction 
sample (5 µL) contained 1 µL of the pre-amplification products 
(diluted 1:10), 2.74 µL of Probe GrandMaster Mix (TATAA 
Biocenter), 0.25 µL of 20× GE Sample Loading Reagent 
(Fluidigm), 0.01 µL of ROX (Life Technologies; final concen-
tration: 50 nM), and DNA/DNAse-free water. The assay reac-
tion mix (5 µL) contained 2.5 µL of Assay Loading Reagent 
(Fluidigm) and 2.5 µL of a 5 µM mix of the reverse and forward 
primers plus 2.5 µM probes. Priming and loading of the 
dynamic array were performed according to the manufac-
turer’s instructions using the IFC controller HX (Fluidigm). 
The thermal conditions comprised thermal mixing at 50°C for 
2 min followed by 70°C for 40 min and 25°C for 10 min, hot- 
start activation at 95°C for 30s and 40 cycles of amplification 
(95°C for 10s and 60°C for 60s). Melting curve analysis was 
performed in the range of 60°C to 95°C with increments of 
0.5°C/s. The amplification data were analyzed with Fluidigm 
Real-Time PCR Analysis software, applying the linear deriva-
tive baseline subtraction method and a user-defined global 
threshold to obtain Cq values.

Flow cytometry
The frequency of CD4+CD25+FoxP3+ regulatory T cells was 
assessed by flow cytometry using standard procedures. Briefly, 
peripheral blood mononuclear cells (PBMCs) were stained 
with CD45-HV500 (BD Biosciences) CD3-A700 (Exbio), CD4- 
ECD (Beckman Coulter), and CD25-PE (Exbio) conjugates 
plus Aqua Blue Live/Dead cell viability dye (Life 
Technologies) (Supplemental Table 3). Thereafter, cells were 
fixed with fixation/permeabilization buffer (BD Bioscience), 
permeabilized with permeabilization buffer (BD Bioscience), 
and incubated with FoxP3-A488 (Thermo Fisher Scientific). 
Flow cytometry was performed on an LSRFortessa Analyzer 
(BD), and data were analyzed using FlowJo software (Tree Star, 
Inc). After excluding dead cells, regulatory T cells were deter-
mined as CD45+CD4+CD25+FoxP3+ cells (Supplementary 
Figure 1).

Multiplex assay
The serum levels of IL6, IL10 and IL13 in SOV01 patients were 
measured using a MAGPIX system (Luminex) with Magnetic 
Bead Panel HCYTOMAG-60 K, 3-plex (Merck). Samples were 
stored at −80°C until analyzed.

Statistical analysis
These analyses were conducted in a prospective exploratory 
manner using data collected from prospective clinical trials. 
PFS was defined as the time from randomization to the date of 

the first radiological progression or death, whichever came 
first. OS was calculated as the time from randomization to 
death from any cause. Survival analyses were estimated by 
Cox proportional hazard regression and the Kaplan–Meier 
method using R survival package, and differences between the 
groups of patients were calculated using the log-rank test. For 
log-rank tests, the prognostic value of continuous variables was 
assessed using cluster stratification or median cutoff for each 
gene or the frequency of circulating CD4+CD25+FOXP3+ reg-
ulatory T cells. PCR data were analyzed using GenEx software 
(MultiD Analyses). The relative gene expression levels were 
calculated using the ΔΔCt method and were normalized to the 
expression levels of reference genes selected by Normfinder. 
Genes for which the expression was below the assay’s detection 
limit were excluded from further analyses (SLU01: IL4, IL13, 
NIS2, NCR2, MPPED1, NPR1; SOV01: NOS2, NCR2, MPPED1, 
CCL17, NPR1; SP005: IL4, NOS2, NCR2, CCL17, NPR1). 
Heatmaps were prepared using ComplexHeatmap 
R package.27 The EnrichGo function in ClusterProfiles 
R package was used to identify enriched GO terms based on 
hypergeometric distribution.28 p values were adjusted for mul-
tiple comparisons using the Benjamini–Hochberg method. 
Wilcoxon’s test was used to compare the frequency of immune 
markers before and after therapy. Fisher’s exact test was used to 
compare patient distribution across subgroups. All analyses 
were performed with Prism 8.4.2 (GraphPad), SAS software 
V.9.4, and R (http://www.r-project. org/). p values <0.05 were 
considered statistically significant.

Results

The immune-related gene signature in peripheral blood 
predicted survival and the response to DCVAC in mCRPC 
patients

We first performed biomolecular analyses to compare the gene 
expression profile associated with the immune system in pre- 
treatment peripheral blood samples collected from 804 
mCRPC patients enrolled in SP005 (Supplemental Table 1A). 
We focused on the detection of 93 genes classified into 9 
clusters reflecting various immune subsets and functions, 
including (but not limited to): B cells, cytotoxicity, DCs, 
immune populations, immunosuppression, natural killer 
(NK) cell function, T cell activation, and TH1 vs TH2 polariza-
tion (Supplementary Table 2). Unsupervised hierarchical clus-
tering identified two main patient clusters, which were well 
balanced across the study arms (Figure 1a). Cluster 1, a high 
inflammatory cluster, was significantly enriched with 68 genes 
compared with cluster 2, a low inflammatory cluster 
(Supplementary Table 4). Functional studies revealed 
a significant association between the differentially expressed 
genes (DEGs), particularly positive regulation of adaptive 
immune responses, and cytotoxic T cell- and NK cell- 
mediated immunity (Supplemental Figure 2A).

To assess the prognostic value of the immune-related gene 
signatures in peripheral blood, we compared OS between the 
distinct clusters of patients. In both study arms, the high 
inflammatory cluster was associated with longer OS (p 
<0.001) compared with the low inflammatory cluster 

ONCOIMMUNOLOGY e2101596-3

http://www.r-project


Figure 1. High expression of CD8A in peripheral blood is correlated with favorable prognosis and response to DCVAC in mCRPC patients in SP005. (a) Unsupervised 
hierarchical clustering of 804 mCRPC patients in SP005 based on the expression of 93 genes classified into clusters related to B cells, cytotoxicity, DCs, immune 
populations, immunosuppression, NK cells, T cell activation, and TH1 and TH2 signatures. (b, c) OS of 260 patients from the SOC arm (b) and 544 patients from the DCVAC 
arm (c) following stratification by unsupervised hierarchical clustering into low and high inflammatory clusters. (d, e) Direct comparison of OS of SOC and DCVAC 
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(Figure 1b,) (SOC: p =0.032; DCVAC: p =0.001). In line with 
these findings, univariate Cox regression analyses revealed 
a strong prognostic value of 9 and 35 genes that were mainly 
associated with adaptive immunity and T cell activation. These 
genes were significantly overrepresented in the high inflamma-
tory cluster in the SOC and DCVAC arms (Table 1).

To determine the predictive value of the immune-related 
gene signature in peripheral blood of mCRPC patients, we also 
compared the OS between the two study arms for the low and 
high inflammatory cluster separately. However, DCVAC did 
not show a distinct OS advantage in either cluster (Figure 1d,e). 
To obtain additional insights into the predictive value of gene- 
signatures associated with B cells, cytotoxicity, DCs, immune 
population, immunosuppression, NK cell function, T cell acti-
vation, and TH1 and TH2 on DCVAC efficacy, we directly 
compared OS among patients stratified by median gene expres-
sion levels and study arms. We found, that DCVAC treatment 
conferred a significant OS advantage to mCRPC patients with 
high expression of CD8A (CD8A: p =0.023), but not to their 

low counterparts (Figure 1f). Conversely, we failed to identify 
a predictive impact of gene signatures associated with B cells, 
DCs, NK cells, or individual T cell subsets and their functional 
capacity (Supplemental Figure 3A).

Taken together, these findings indicate that high expression 
of immune-related genes, especially those related to adaptive 
immunity, T cells and NK cells, was associated with improved 
OS in a large cohort of mCRPC patients. However, only high 
CD8A expression in peripheral blood was associated with 
a significantly improved response to DC-based immunother-
apy in mCRPC patients.

The immune-related gene signature in peripheral blood 
predicted survival and the response to DC-based 
immunotherapy in NSCLC patients

Inspired by our observation in mCRPC, we then compared 
the expression profile of the same panel of 93 genes using 
pre-treatment peripheral blood samples from 103 NSCLC 
patients enrolled in SLU01 (Supplemental Table 1B). 
Similar to the results for mCRPC, unsupervised hierarchical 
clustering identified two main clusters of NSCLC patients 
that were well balanced across the study arms (Figure 2a). 
Cluster 1, the high inflammatory cluster, was significantly 
enriched for 61 genes compared with cluster 2, the low 
inflammatory cluster (Supplementary Table 4). Similarly, 
to the findings for mCRPC, functional studies revealed 
significant associations between the DEGs with positive 
regulation of the adaptive immune response, and cytotoxic 
T cell- and NK cell-mediated immunity (Supplemental 
Figure 2B). To assess the prognostic value of the immune- 
related gene signatures in peripheral blood, we assess OS in 
each cluster. In both SOC and DCVAC arms, the low 
inflammatory cluster was associated with shorter OS com-
pared to high inflammatory cluster (Figure 2b,). Consistent 
with these findings, univariate Cox regression analyses con-
firmed a strong prognostic value of 14 and 30 genes, mainly 
associated with T cell activation, that were significantly 
overrepresented in the high inflammatory cluster in the 
SOC and DCVAC arms, respectively (Table 2).

To assess the predictive value of immune-related gene sig-
nature in peripheral blood of SLU01 patients, we compared OS 
between the study arms for the low and high inflammatory 
clusters separately (Figure 2d, e). Although, there was no 
advantage of DCVAC in either cluster, we found that 
DCVAC conferred an OS advantage to patients with high 
expression levels of gene signatures associated with B cells (p 
=0.035), CD8A (p =0.048), and DCs (p =0.015) (Figure 2f). 
A similar non-significant trend was also observed for gene 
signature associated with cytotoxicity (p =0.062) (Figure 2f). 
Importantly, we failed to observe a negative impact of TH2 and 
FoxP3 gene signature on the final response to DCVAC in 
NSCLC patients (Supplemental Figure 3B).

Table 1. Univariate Cox proportional hazard analyses for OS in mCRPC patients 
from the SOC and DCVAC arms in SP005.

SOC arm DCVAC arm

Variable HR (95% CI) p-value Variable HR (95% CI) p-value

ARG1 1.2 (1.1–1.3) <0.001 IL12A 0.7 (0.61–0.8) <0.001
IL6 0.8 (0.7–0.9) <0.001 MS4A1 0.79 (0.72–0.87)<0.001
CD69 0.7 (0.5–0.09) <0.001 CCR5 1.3 (1.2–1.5) <0.001
GATA3 0.7 (0.6–0.8) 0.001 CD69 0.74 (0.65–0.85)<0.001
CCR5 1.3 (1.1–1.5) 0.009 CD19 0.82 (0.75–0.9) <0.001
KLRB1 0.7 (0.6–0.9) 0.016 IL6 0.82 (0.74–0.9) <0.001
CD209 0.83 (0.7–0.9) 0.016 CD68 1.4 (1.2–1.7) <0.001
CD4 0.7 (0.6–0.9) 0.029 BLK 0.84 (0.76–0.92)<0.001
IL2 0.9 (0.8–1) 0.042 IL18 1.4 (1.2–1.7) <0.001

IL15 1.4 (1.1-1.7) <0.001
IFI35 1.2 (1.1–1.4) <0.001
CD226 1.3 (1.1–1.4) <0.001
CD86 1.3 (1.1–1.6) <0.001
TGFB1 1.3 (1.1–1.5) 0.002
HAVCR 1.3 (1.1–1.5) 0.002
GNLY 0.83 (0.74–0.93) 0.002
SMAD2 1.4 (1.1–1.8) 0.002
LTA 0.8 (0.7–0.92) 0.002
KLRB1 0.81 (0.7–0.92) 0.002
ARG1 1.1 (1–1.1) 0.002
HLA-DOB 0.87 (0.8–0.95) 0.002
LILRB1 1.3 (1.1–1.5) 0.002
CD3E 0.83 (0.74–0.94) 0.004
GATA3 0.83 (0.72–0.95) 0.005
TBX21 0.85 (0.75–0.96) 0.009
NECTIN2 1.2 (1–1.3) 0.011
IL2 0.91 (0.84–0.98) 0.011
IL15RA 1.2 (1–1.4) 0.014
IFNG 0.9 (0.83–0.98) 0.016
PLA2G6 0.79 (0.65–0.96) 0.017
CXCL16 1.2 (1–1.4) 0.017
NCR3 0.87 (0.78–0.98) 0.021
IL10 1.1 (1–1.1) 0.032
CCL22 1.1 (1–1.2) 0.032
STAT4 0.88 (0.78–1) 0.043

OS = overall survival; mCRPC = metastatic castration-resistant prostate cancer; 
SOC = standard of care chemotherapy; DCVAC, dendritic cell-based vaccination; 
HR = hazard ratio; CI = confidence interval

patients following stratification by unsupervised hierarchical clustering into low (d) and high inflammatory clusters. (f) OS of 804 mCRPC patients stratified by the 
median CD8A expression and study arm. Survival curves were estimated using the Kaplan–Meier method and differences between groups were evaluated using the log- 
rank test. The numbers of patients at risk and p values are reported.
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Taken together, these findings indicate that, similar to 
mCRPC, high expression of immune-related genes, particu-
larly those related to adaptive immunity and T cells activation, 
are associated with improved disease outcome in NSCLC 
patients. However, a greater clinical benefit of DCVAC was 
observed in NSCLC patients with high expression levels of 
genes associated with B cells, effector CD8+ T cells, and DCs.

A low inflammatory gene signature in peripheral blood 
was correlated with improved PFS in EOC patients treated 
with DCVAC

Driven by our observations in mCRPC and NSCLC, we also 
compared the gene expression profile for the same panel of 93 
genes in pre-treatment peripheral blood samples of 93 EOC 
patients enrolled in SOV01 (Supplemental Table 1C). Again, 
unsupervised hierarchical clustering identified two main 
patient clusters associated with low and high expression of 
immune-related genes that were well balanced across the 
study arms (Figure 3a). The high inflammatory cluster was 
significantly enriched for 68 genes compare with the low 
inflammatory cluster (Supplementary Table 4C). Functional 
studies revealed significant associations between the DEGs, 
especially positive regulation of adaptive immune responses, 
as well as cytotoxic T cell- and NK cell-mediated immunity 
(Supplemental Figure 2C).

To assess the prognostic value of immune gene signatures in 
peripheral blood, we evaluated PFS in distinct clusters of 
patients. Importantly, among patients treated with DCVAC, 
we observed worse PFS in the “high” inflammatory cluster than 
in the low inflammatory cluster (p =0.049). However, we failed 
to observe a similar trend in SOC patients (Figure 3b, c). In line 
with these findings, univariate COX regression analyses con-
firmed negative prognostic role of 5 genes namely CD3E, CD4, 
forkhead box P3 (FOXP3), granzyme A (GZMA), granzyme 
B (GZMB), HLA-DOB, and interleukin 4 (IL4), which were 
associated with poor disease outcomes in DCVAC-treated 
patients (Table 3).

To assess the predictive value of the immune gene signature 
in peripheral blood of EOC patients in SOV01, we directly 
compared PFS between the high and low inflammatory clusters 
of patients in both study arms (Figure 3d, e). Importantly, in 
the low inflammatory cluster, we found that DCVAC conferred 
a significant PFS advantage compared with their counterparts 
in the SOC arm (Figure 3d). By contrast, among patients 
included in the high inflammatory cluster, PFS was not sig-
nificantly different between patients treated with SOC and 
DCVAC (Figure 3e). Consistent with this notion, DCVAC 
was associated with improved PFS compared with SOC 
among patients with expression levels below the median for 

gene signatures associated with B (p =0.039) and CD3E (p 
=0.044), immunosuppression (p =0.041), and TH2 response (p 
=0.048) in peripheral blood (Figure 3f).

Taken together, these findings indicate that low expression 
levels of T cells-like genes were associated with improved prog-
nosis in EOC patients who received DC-based immunotherapy, 
opposite to the findings in mCRPC and NSCLC, where high 
expression levels were associated with improved OS.

High frequency of regulatory T cells in peripheral blood of 
EOC patients is associated with a poor response to DCVAC

Considering our findings for the individual cancer types, we 
next compared the expression levels of all 93 genes among 
mCRPC, NSCLC and EOC patients to examine whether there 
are differences in the baseline circulating immunity in distinct 
malignancies. Notably, we found that the expression levels of 8 
genes were significantly higher in EOC patients than in 
mCRPC and NSCLC patients: arginase 1 (ARG1), FOXP3, 
interleukin 6 (IL6), interleukin 13 (IL13), programmed cell 
death 1 (PDCD1; best known as PD-1), transforming growth 
factor beta 1 (TGFB1), T cell immunoreceptor with Ig and 
ITIM domains (TIGIT), and tumor necrosis factor A (TNFA) 
(Figure 4a,b). These findings indicate higher levels of cellular 
and humoral immunosuppression in peripheral blood of EOC 
patients compared with NSCLC and mCRPC patients 
(Figure 4a,b). Consistent with this notion, we observed 
increased expression of an immunosuppressive-like gene sig-
nature (FOXP3, HAVCR2, IDO1, IL10, LAG3, PDCD1, TGFB1, 
TIGIT) and decreased expression of an immunostimulatory- 
like gene signature (GNLY, GZMA, GZMB, IFNG, IL12A, 
PRF1, TBX21, CD8A) in EOC patients in SOV01 than in 
mCRPC and NSCLC patients in SP005 and SLU01 
(Figure 4c). Additionally, mCRPC and NSCLC patients with 
immunostimulatory gene signatures above median levels 
showed improved responses to DCVAC (mCRPC: p =0.032; 
NSCLC: p =0.045) (Figure 4d,). However, the gene expression 
profile of immunosuppressive signature failed to impact dis-
ease outcomes (Supplemental Figure 4A, B). By contrast, 
DCVAC provided a significant benefit to EOC patients with 
expression levels of the immunosuppressive gene signature 
below the median (p =0.025) (Figure 4f), but the immunosti-
mulatory gene signature did not have a significant impact on 
clinical outcomes (Supplemental Figure 4C).

To investigate the potential impact of immunosuppressive 
soluble factors on DCVAC activity in EOC patients, we mea-
sured the serum levels of IL6, IL10 and IL13. Although high 
levels of IL6 and IL10 were associated with worse PFS in the 
SOC arm (IL6: p =0.007; IL10: p =0.021), the serum levels of 
IL6, IL10, and IL13 were not prognostic and predictive factors

Figure 2. High expression gene signatures associated with B cells, CD8A, cytotoxicity, and DCs is correlated with favorable prognosis and response to DCVAC in NSCLC 
patients in SLU01. (a) Unsupervised hierarchical clustering of 103 NSCLC patients in SLU01 based on the expression of 93 genes classified into clusters related to B cells, 
cytotoxicity, DCs, immune populations, immunosuppression, NK cells, T cell activation, and TH1 and TH2 signatures. (b, c) OS of 35 patients from the SOC arm (b) and 68 
patients from the DCVAC arm (c) following stratification by unsupervised hierarchical clustering into low and high inflammatory clusters. (d, e) Direct comparison of OS 
of SOC and DCVAC patients following stratification by unsupervised hierarchical clustering into low (d) and high inflammatory clusters (e). (f) OS of 103 NSCLC patients 
stratified by the median expression of genes associated with B cell signature, CD8A expression, cytotoxicity, and DCs, and study arm. Survival curves were estimated 
using the Kaplan–Meier method, and differences between groups were evaluated using the log-rank test. The numbers of patients at risk and p values are reported.
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in the DCVAC arm (Supplemental Figure 5A-C). These find-
ings suggest that humoral immunosuppression is not asso-
ciated with the response to DCVAC therapy in EOC patients.

In terms of cellular immunosuppression, we found that 
DCVAC-treated FOXP3Hi patients did not show a favorable 
PFS as compared to FOXP3Lo counterparts, indicating 
a negative impact of immunosuppressive circulating 

regulatory T cells (Supplemental Figure 4D). To validate 
these findings using an independent approach, we per-
formed flow cytometry to quantify the frequency of circu-
lating CD4+CD25+FoxP3+ regulatory T cells in 
pretreatment peripheral blood samples from EOC patients 
in SOV01 (Figure 4g). The frequency of circulating 
CD4+CD25+FoxP3+ regulatory T cells was comparable 
between the DCVAC and SOC arms (Supplemental 
Figure 4E). To assess the prognostic value of 
CD4+CD25+FoxP3+ cells in EOC patients, we evaluated 
PFS after stratifying patients based on the median fre-
quency. FoxP3Lo status was associated with improved PFS, 
but only in DCVAC-treated patients. These findings may 
indicate that DCVAC provides a significant PFS benefit in 
EOC patients with a low frequency of CD4+CD25+FoxP3+ 

regulatory T cells compared with patients with a high fre-
quency of these cells (Figure 4h). By comparison, we did 
not observe a prognostic role of FOXP3 expression in 
PBMCs obtained from mCRPC and NSCLC patients 
(Supplemental Figure 5 F, G).

To confirm and extend these findings using another 
technological approach, we analyzed the circulating biomar-
kers of immune responses mediated by DCVAC therapy in 
EOC patients after treatment termination by performing 
flow cytometry (Supplemental Figure 1A). Confirming our 
transcriptional findings, we found that, although the fre-
quency of circulating CD3+ T cells remained unchanged 
before and after DCVAC therapy (Supplemental 
Figure 5 H), there was a significant increase in the fre-
quency of circulating CD8+ T cells in FoxP3Lo patients 
following DCVAC therapy (Figure 4i). Overall, these find-
ings indicate that DCVAC improved effector functions in 
the peripheral blood of EOC patients with a low frequency 
of regulatory T cells that was associated with a significant 
PFS benefit compared with patients with a high frequency 
of these cells.

Although these data need to be confirmed in a larger cohort 
of DCVAC-treated EOC patients, our findings indicate that 
DCVAC boosts clinically relevant cytotoxic T lymphocyte 
(CTL) responses, especially in EOC patients with a low fre-
quency of circulating FoxP3+ cells, which is the patient subset 
that obtained the greatest clinical benefit of DC-based immu-
notherapy in SOV01.

Discussion

Over the past decade, several immunotherapies have become 
available for the routine clinical management of cancer.1,29 

These include (but are not limited to) ICIs targeting cytotoxic 
T lymphocyte-associated protein 4 (CTLA4), or PD-1 or its 
ligand PD-L1 in distinct solid cancer malignancies, including 

Figure 3. Low expression of genes associated with immunosuppression and TH2 signature is correlated with an improved response to DCVAC in EOC patients in SOV01. 
(a) Unsupervised hierarchical clustering of 93 EOC patients in SOV01 based on the expression of 93 genes classified into clusters related to B cells, cytotoxicity, DCs, 
immune populations, immunosuppression, NK cells, T cell activation, and TH1 and TH2 signatures. (b, c) PFS of 28 patients from the SOC arm (b) and 65 patients from the 
DCVAC arm (c) following stratification by unsupervised hierarchical clustering into low and high inflammatory clusters. (d, e) Direct comparison of PFS of SOC and 
DCVAC patients following stratification by unsupervised hierarchical clustering into low (d) and high inflammatory clusters (e). (f) PFS of 93 EOC patients upon 
stratification by the median expression of genes associated with B cell signature, CD3E, immunosuppression, and TH2 signature, and study arm. Survival curves were 
estimated using the Kaplan–Meier method, and differences between groups were evaluated using the log-rank test. The numbers of patients at risk and p values are 
reported.

Table 2. Univariate Cox proportional hazard analyses for OS in NSCLC patients 
from the SOC and DCVAC arms in SLU01.

SOC arm DCVAC arm

Variable HR (95% CI) p-value Variable HR (95% CI) p-value

PLA2G6 0.1 (0.01–0.5) 0.002 CD28 0.4 (0.2–0.6) <0.001
GATA3 0.45 (0.3–0.8) 0.007 CD3E 0.4 (0.2–0.6) <0.001
LILRB1 2.6 (1.3–5.4) 0.008 LILRB1 3.1 (1.7–5.8) <0.001
LTA 0.5 (0.3–0.9) 0.011 STAT4 0.4 (0.2–0.7) <0.001
IFI35 2 (1.2–3.5) 0.011 CD8A 0.6 (0.4–0.8) <0.001
HAVCR 2.6 (1.2–5.7) 0.019 FLT3LG 0.4 (0.2–0.7) <0.001
CD86 2.8 (1.2–6.7) 0.021 CD40LG 0.5 (0.3–0.7) 0.001
RORC 0.7 (0.5–0.9) 0.026 FOXP3 0.6 (0.4–0.8) 0.001
KLRB1 0.6 (0.3–0.9) 0.036 KLRB1 0.5 (0.3–0.8) 0.002
CD28 0.45 (0.21–0.95) 0.037 IL15 3.1 (1.5–6.6) 0.002
CD269 1.4 (1–2) 0.038 CD68 1.9 (1.3–3) 0.003
CXCR3 0.6 (0.3–0.9) 0.043 TIGIT 0.6 (0.4–0.8) 0.003
CXCL16 2 (1–4) 0.041 CCL5 0.6 (0.4–0.8) 0.003
IL2 0.8 (0.6–1) 0.045 GATA3 0.5 (0.3–0.8) 0.004

KLRF1 0.5 (0.3–0.8) 0.006
PLA2G6 0.4 (0.2–0.8) 0.008
CTSW 0.6 (0.4–0.9) 0.011
NCR3 0.6 (0.4–0.9) 0.012
IL21R 0.5 (0.3–0.9) 0.014
CTLA4 0.6 (0.4–0.9) 0.014
IL12A 0.6 (0.5–0.9) 0.014
STAT6 2.3 (1.2–4.6) 0.017
SMAD3 0.4 (0.2–0.9) 0.018
TBX21 0.6 (0.4–0.9) 0.023
IL10 1.3 (1–1.5) 0.024
CD86 1.8 (1.1–3.2) 0.027
CCR4 0.7 (0.4–0.9) 0.028
IFI35 1.6 (1–2.4) 0.032
TNFRSF18 0.6 (0.4–0.9) 0.033
XCL2 0.7 (0.5–1) 0.039

OS = overall survival; NSCLC = non-small cell lung cancer; SOC = standard of care 
chemotherapy; DCVAC, dendritic cell-based vaccination; HR = hazard ratio; 
CI = confidence interval

Table 3. Univariate Cox proportional hazard analyses for OS in EOC patients from 
the SOC and DCVAC arms in SOV01.

SOC arm DCVAC arm

Variable HR (95% CI) p-value Variable HR (95% CI) p-value

IL10 2.1 (1.3–3.5) 0.005 NCR1 1.9 (1.2–3) 0.007
IL15RA 5.4 (1.6–1.8) 0.005 GZMA 1.8 (1.1–2.9) 0.012
CD8A 1.6 (1.1–2.2) 0.009 IL4 2.4 (1.2–4.7) 0.015
SMAD3 5.1 (1.3–2) 0.019 CD4 2.4 (1.2–5) 0.017
TGFB1 3.6 (1.2–11) 0.023 CD3E 2.1 (1.1–4.2) 0.028
HLA-DOB 0.6 (0.3–0.1) 0.033 HLA-DOB 1.6 (1–2.6) 0.037
NECTIN2 2.6 (1.1–6.4) 0.033 GZMB 1.7 (1–2.9) 0.044
IL6 0.6 (0.4–0.1) 0.046 FOXP3 2 (1–3.9) 0.047

PFS = progression-free survival; EOC = epithelial ovarian cancer; SOC = standard 
of care chemotherapy; DCVAC, dendritic cell-based vaccination; HR = hazard 
ratio; CI = confidence interval
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melanoma, NSCLC and urothelial carcinoma.2,30,31 Only about 
20% of patients with the most common solid tumors respond 
to ICIs as standalone therapies.1,2,32 Moreover, some malig-
nancies, particularly prostate and ovarian cancer are insensitive 
to ICIs as standalone immunotherapies or combined upfront 
with SOC.33,34 Thus, strategies to induce anticancer immune 
responses in patients with limited responses to ICIs as well as 
biomarkers that improve the decision making with respect to 
the (immuno)therapeutic approach in solid malignancies are 
eagerly awaited.7,35

DCs are a diverse group of specialized antigen-presenting 
cells with key roles in the initiation and regulation of innate 
and adaptive immunity.7,36 The use of DC vaccines for cancer 
has been extensively investigated, with more than 200 clinical 
trials completed to date.37–39 Many strategies have been devel-
oped to target DCs in cancer, including in situ vaccination 
approaches, in which DC antigen uptake and immune recogni-
tion of tumors is promoted by immunomodulators, as well as 
the generation of DC-based vaccines.7,40,41 The second 
approach largely depends on loading DCs with tumor antigens 
in vitro followed by administration of those DCs to patients, 
predominantly with melanoma, prostate cancer, glioblastoma, 
or renal carcinoma.24,42–44 Various types of canonical DC- 
based cancer vaccines have been explored but with limited 
clinical benefit, with overall response rates of just 8–15%.37 

Thus, strategies to improve the development of anticancer 
immune responses, implementation of combinatorial immu-
notherapeutic strategies, and the identification of novel bio-
markers for DC-based immunotherapy are needed.7

In line with this notion, we recently reported the results of 
four randomized clinical trials (SOV01, NCT02107937; SLU01, 
NCT02470468; SOV02, NCT02107950; SP005, NCT02111577) 
involving more than 1400 cancer patients demonstrating that 
DC-based immunotherapy DCVAC is well tolerated and sig-
nificantly extends PFS and OS over SOC in EOC and NSCLC 
patients.21,22,45 Despite the favorable safety profile, DCVAC 
combined with SOC and continued as maintenance treatment 
did not extend OS in mCRPC patients.24 Here, using periph-
eral blood samples from 1000 patients enrolled these DCVAC 
studies, we have demonstrated that a circulating immune- 
related gene signature associated with adaptive immunity and 
T cell activation is associated with good prognosis and 
improved response to DC-based immunotherapy in mCRPC 
and NSCLC patients in SP005 and SLU01 (Figures 1 and 2). 
Although the same was not true for EOC patients in SOV01 
(Figure 3), we unexpectedly found that DCVAC provided 
a significant benefit to the low inflammatory cluster of EOC 
patients. These unexpected findings might be explained by the 

fact that EOC, as compared with mCRPC and NSCLC, was 
associated with the lowest expression of the immunostimula-
tory-like gene signature. Conversely, the immunosuppressive- 
like gene signature associated with circulating soluble (ARG1, 
IL6, IL13, TGFB1 and TNFA) and cellular markers (FOXP3, 
PDCD1 and TIGIT) is over-represented in EOC patients com-
pared with mCRPC and NSCLC patients, as shown by us and 
others (Figure 4).11,46,47 Supporting this perspective, circulat-
ing regulatory T cells, in particular, were shown to abolish the 
potential of DCs and CTLs for mediating anticancer effects 
through various mechanisms that included but not were lim-
ited to immunosuppressive cytokines, adenosine signaling, 
CTLA-4-dependent downregulation of CD80 and CD86 
expression by a process termed trans-endocytosis, LAG-3 
engagement of MHC-II molecules, and direct cytolytic effects 
mediated by GZMB and PRF1 on CTLs and antigen presenting 
cells.48–52 Supporting this notion, patients with a low inflam-
matory immune signature associated with low expression of 
the immunosuppressive regulatory T cells and TH2-like gene 
signatures in peripheral blood were shown to be permissive for 
the effector functions of DCVAC-driven CTLs because sys-
temic immunosuppression has not been established (Figure 4).

These findings demonstrate robust systematic and intratu-
moral immunosuppression, particularly in EOC, and call for 
the development of combinatorial treatment strategies.8,53,54 

Overcoming the immunosuppression is crucial for improving 
the response to immunotherapies, including DC-based immu-
notherapies. Accumulating preclinical and clinical evidence 
indicates that chemotherapy regimens and targeted anticancer 
agents used in the management of various malignancies, 
including EOC, can induce anticancer immunity by various 
mechanisms, including (1) selective depletion of immunosup-
pressive cells; (2) lymphodepletion associated with the renova-
tion of the patient’s immunological repertoire; and (3) 
activation of immune effector cells.54,55 Therefore, chemother-
apy and targeted anticancer agents appear to represent promis-
ing partners for combination with immunotherapies, and 
might improve the clinical benefit of DC-based therapies, par-
ticularly in combination with ICIs.56–58 However, compared to 
ICIs where several phase III clinical studies are currently eval-
uated the synergy with SOC, no advanced studies have focused 
on their potential synergy with DC-based immunotherapies in 
EOC patients.54

Our study has various limitations. First, it was an explora-
tive retrospective study focusing on 93 pre-selected genes 
related to the circulating immune responses to prior therapy, 
with no preplanned statistical analysis, which limits the statis-
tical power. Second, post-treatment blood samples were not 

Figure 4. High frequency of regulatory T cells in peripheral blood of EOC patients is associated with poor response to DCVAC therapy. (a) Heat map and (b) relative 
expression levels of the differentially expressed genes (DEGs) ARG1, FOXP3, IL6, IL13, PDCD1, TGFB1, TIGIT and TNFA in pre-treatment peripheral blood samples among 
mCRPC, NSCLC, and EOC patients in SP005, SLU01, and SOV01. (c) Relative expression levels of immunostimulatory (CD8A, GNLY, GZMA, GZMB, IFNG, IL12A, PRF1, TBX21) 
and immunosuppressive (FOXP3, HAVCR2, IDO1, IL10, LAG3, PDCD1, TGFB1, TIGIT) gene signatures in mCRPC, NSCLC and EOC patients in SP005, SLU01, and SOV01. (d, e) 
OS of 804 mCRPC (d) and 103 NSCLC (e) patients following stratification by the median expression of the immunostimulatory-like gene signature and study arm. (f) PFS 
of 93 EOC patients following stratification by the median expression of the immunosuppressive-like gene signature and study arm. Survival curves were estimated using 
the Kaplan–Meier method, and differences between groups were evaluated using the log-rank test. The numbers of patients at risk and p values are reported. (g) 
Representative dot plots for CD4+CD25+FoxP3+ regulatory T cells in low and high EOC patients in SOV01. (h) PFS of EOC patients treated with SOC or DCVAC stratified by 
the median percentage of CD4+CD25+FoxP3+ regulatory T cells in peripheral blood. Survival curves were estimated using the Kaplan–Meier method, and differences 
between groups were evaluated using the log-rank test. (i) Percentage of CD8+ T cells in peripheral blood of SOC FoxP3Lo, SOC FoxP3Hi, DCVAC FoxP3Lo and DCVAC 
FoxP3Hi patients prior and post DCVAC therapy. Statistical significance was calculated by the Wilcoxon test. p values are indicated.
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analyzed in the study, which prevented us from investigating 
the alterations in the anti-tumor immune response elicited by 
DCVAC.

Because DC-based immunotherapies are promising candi-
dates for management of immunoresistant solid cancers with 
minimal side effects, additional clinical trials are needed to 
address the potential value of the immune-related gene signa-
ture at baseline to identify biomarkers reflecting the disease 
origin and potential value of combinatorial approaches that 
respect the clinical management of individual cancers.22,45 In 
particular, DC-based immunotherapies combined with ICIs 
appear to represent an promising strategy because the trans-
ferred DCs may encourage initial antigen-specific effector 
T cell activation, which is eventually curtailed by the coinhibi-
tory activity that is controlled by ICIs.8,59 Thus, clinical studies 
investigating this synergistic approach are urgently needed.
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