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Dendritic cell (DC)-based vaccines have been largely used in the adjuvant setting for the treatment of
cancer, however, despite their proven safety, clinical outcomes still remain modest. In order to improve
their efficacy, DC-based vaccines are often combined with one or multiple immunomodulatory agents.
However, the selection of the most promising combinations is hampered by the plethora of agents avail-
able and the unknown interplay between these different agents. To address this point, we developed a
hybrid experimental and computational platform to predict the effects and immunogenicity of dual com-
binations of stimuli once combined with DC vaccination, based on the experimental data of a variety of
assays to monitor different aspects of the immune response after a single stimulus. To assess the stimuli
behavior when used as single agents, we first developed an in vitro co-culture system of T cell priming
using monocyte-derived DCs loaded with whole tumor lysate to prime autologous peripheral blood
mononuclear cells in the presence of the chosen stimuli, as single adjuvants, and characterized the
elicited response assessing 18 different phenotypic and functional traits important for an efficient
anti-cancer response. We then developed and applied a prediction algorithm, generating a ranking for
all possible dual combinations of the different single stimuli considered here. The ranking generated
by the prediction tool was then validated with experimental data showing a strong correlation with
the predicted scores, confirming that the top ranked conditions globally significantly outperformed the
worst conditions. Thus, the method developed here constitutes an innovative tool for the selection of
the best immunomodulatory agents to implement in future DC-based vaccines.
� 2020 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Cancer is a second leading cause of death worldwide accounting
for 9.6 million of deaths in 2018 [1]. The increasing number of new
cancer cases every year stimulates the research of novel treat-
ments to improve the prognosis of cancer patients. Immunother-
apy emerged as an established pillar of cancer treatment
inducing a durable response in multiple solid and hematologic
malignancies. Dendritic cell (DC)-based vaccines are a promising
arm of cancer immunotherapy boosting the patient’s own immune
response against their tumors. As professional antigen-presenting
cells (APCs), DCs capture and present pathogen-associated anti-
gens to T cells, resulting in priming and activation of an effector
T cell response [2–4]. Encouraging preclinical and clinical studies
led to the approval of the first cellular-based cancer vaccine
Sipuleucel-T, used against metastatic castration-resistant prostate
cancer by the Food and Drug Administration. The vaccine is well
tolerated and demonstrated a significant increase of overall sur-
vival by 4.1 months [5]. Despite the growing number of DC-
based vaccine clinical studies, the clinical response remains mod-
est with a 10–20% objective response rate, urging the need to
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develop new avenues to harness and release the true immunolog-
ical power of DCs [6]. The lack of strong efficacy can be partially
attributed to tumor-mediated immunosuppression mechanisms
orchestrated by tumor cells [7,8]. The induction of the immune
response depends on three major signals: (1) the antigen-specific
interaction between Major Histocompatibility Complex (MHC)
molecules present at the DC cell surface with the cognate T cell
receptor, (2) the interaction between DC co-stimulatory molecules
(e.g. CD83) and their respective ligands at the T cell surface (e.g.
CD28) and (3) the secretion of cytokines to polarize the immune
response towards a T helper 1 (Th1) phenotype. Cancer cells
orchestrate a plethora of factors and signals in the tumor microen-
vironment that impair the above-mentioned three signals essential
for a robust and effective T cell response. These mechanisms
include: i) impaired DC maturation and antigen presentation
[9,10], (ii) defective trafficking to the draining lymph nodes where
T cell priming occurs [11], (iii) diminished surface expression of co-
stimulatory molecules [12], (iv) induction of an immunoregulatory
cytokine production profile [13] and (v) surface expression of
immunosuppressive molecules (e.g.PD-L1, IDO1) [14]. In particu-
lar, IL-12, IL-18, IL-21, IL-15, IFNc, CD40L, 4-1BBL, anti-CTLA-4,
and anti-PD-L1 commercially available immunomodulators were
chosen at this stage as the most commonly used adjuvants in DC
vaccination studies. The selected modulators target the immune
system at different levels: i) inducing either an enhanced co-
stimulatory signaling (CD40L, 4-1BBL), ii) promoting a Th1 polar-
ized response (IL-12, IL-18, IL-21, IL-15 and IFNc) or removing
inhibitory signals that dampen immune responses (checkpoint
blockade inhibition by anti-PD-L1 and anti-CTLA-4). Moreover,
IL-12 and IL-15 are involved in the engagement of Natural Killer
(NK) cells in the immune response. Table 1 summarizes their main
immunomodulatory functions. IL-12 is a central cytokine in the
immune response composed of two covalently linked glycosylated
chains. It is mainly produced by macrophages, monocytes and
mature DCs in response of bacterial products. IL-12 is necessary
for the optimal generation of Th1 CD4+ T cells as the balance
Th1/Th2 is determined at the initiation of the response [15]. IL-
12 enhances NK cells and Cytotoxic T lymphocyte (CTL) functional-
ity influences through an increased production of IFNc which also
contribute to the development of a Th1 response [16]. IL-12 also
provides DCs with activation signals required for an efficient prim-
ing of T cells [17].

IL-18 is a strong driver of IFNc production in both NK and T
cells, and can act together with IL-12 in priming IFNc producing
Th1 response [18]. A murine study showed that IL-18 transfected
DCs were able to expand the repertoire of anti-tumor Th1 type
immunity in association of an enhanced therapeutic effect [19].
IL-21 is mainly produced by Th17 cells and plays a central role in
the differentiation and proliferation of B and T cells [20]. In a study
led by the group of Prof Hooijberg and colleagues, IL-21 transfected
into DCs significantly enhanced the priming efficiency of DCs and
enhanced the generation of tumor specific CD8+ T cells in vitro
[21]. IL-15 has a potent stimulatory effect on both innate and adap-
tive response: The group of Kris Thielemans has demonstrated
that, by transfecting IL-15 in DCs, there is an increased phenotypic
NK cell activation and NK cell mediated killing of tumor cells [22].
In another study led by the same group they were able to show a
superior expansion of tumor specific CD8+ T cells [23]. IFNc is an
important Th1 cytokine, produced in the early stage of the immune
response by NK cells and in later stage by T cells. IFNc also con-
tributes to DC differentiation and maturation [24]. An increased
production of IFNc leads to the elimination of cancer cells. Resis-
tance to immunotherapy is partially attributed to defects in IFNc
signaling [25]. CD40L is an important co-stimulatory molecule
preferentially expressed on activated CD4+ T cells, CD40L binds
to its cognate molecule CD40 is expressed on APCs including
DCs. The interaction CD40-CD40L is involved in the activation of
DCs with upregulation of co-stimulatory molecules and production
of Th1 polarizing cytokines [26]. 4-1BBL is expressed predomi-
nantly on APCs including DCs whereas its cognate receptor 4-1BB
is expressed on activated CD4+ and CD8+ T cells. The receptor-
ligand interaction amplifies the CD4+ and CD8+ T cells mediated
immune response and prolongs the survival of CD8+ cells by pre-
vention of activation-induced apoptosis [27,28]. CTLA-4 is an inhi-
bitory molecule expressed on activated or exhausted CD4+ and
CD8+ T cells which bind to the receptor CD80/CD86 with higher
affinity than its normal counterpart CD28. By limiting the interac-
tion with CD28, the interaction with CTLA-4 increases the activa-
tion threshold of T cells [29]. PD-L1 is an inhibitory molecule
expressed at the surface of DCs, it binds to its receptor expressed
on activated or exhausted CD4+ and CD8+ T cells. Mature DC
express high level of PD-L1 which dampens the efficacy of DC vac-
cine. Silencing PD-L1 molecule along with IL-15 transpresentation
resulted a superior T cell proliferation and IFNc and TNFa produc-
tion and promote antigen-specific T cell responses [23].

In addition, so far, most of the studies focused on the role of T
cells as they are considered the main players of the anti-cancer
response. However, recognition and elimination of cancer by T cells
is only one aspect of the anti-tumor response. The cooperation
between different components of the immune system is essential
for an effective anti-cancer immune response to occur [30]. DC vac-
cines have the potential to activate other cellular components of
the immune system in addition to T cells [31]; moreover the pres-
ence of immunosuppressive cells (e.g. regulatory T cells (Treg),
myeloid derived suppressor cells) or molecules (e.g. IL-10, TGFb)
in the tumor microenvironment can further hamper the induced
immune response [32]. Thus, in order to improve the clinical out-
comes of DC vaccine therapy, the global complexity of an immune
response must be carefully considered and assessed.

One way to potentially boost DC vaccine efficacy is to counter-
act the tumor immunosuppressive mechanisms by combining the
vaccine with immunomodulatory agents or adjuvants targeting
these signaling pathways [33]. These agents can be either directly
injected systemically or combined with transfection methods
(lipofection, viral transfection or electroporation) into DCs for a
more localized and sustained release. Many successful studies
demonstrate the feasibility of this approach, with encouraging
results in cancer patients [34,35]. Nonetheless, with the plethora
of immunomodulatory cues currently available and the mostly
unknown effects and interactions of their combinations it is cur-
rently difficult if not impossible to select the best combination of
stimuli to combine with DC vaccination, without a cumbersome
screening and parallel comparison of all possible combinations.
To ease this process and the identification of the best possible com-
binations to use in the context of DC-based vaccines, we have
developed a hybrid experimental and computational framework
to predict the effect of dual combinations based on the experimen-
tal data of single stimuli with enough accuracy to be able to rank
and compare them, so that the best and worst candidates can be
further investigated and discarded, respectively.
2. Materials and methods

2.1. Hypochlorous acid (HOCl) oxidation of whole tumor cells and
preparation of tumor lysate

The melanoma cell line Me290, expressing the MART-1 surface
epitope was kindly provided by Prof Daniel Speiser (University of
Lausanne, Switzerland). Tumor cells were cultured at 37 �C, 5%
CO2 in Roswell Park Memorial Institute medium (RPMI, Thermo
Fisher Scientific, Massachusetts, USA) supplemented with 10% fetal



Table 1
List of the selected immunomodulators with their main function and their respective involvement in the different aspects of the immune response. A positive action of the stimuli
on the feature is marked with a ‘‘+”.

Stimuli Main Function Th1
response

CD4+

help
CTL

cytotoxicity
NK cell

cytotoxicity
T cell

proliferation
Memory

phenotype
References

IL-12 Co-stimulation + + + + + [23,24]
IL-18 Co-stimulation + + + [25,26]
IL-21 Co-stimulation + + + [27,28]
IL-15 T cell proliferation/

memory
+ + + + [29,30]

IFNc T cell cytokine
secretion

+ + [31]

CD40L Co-stimulation + [32–34]
4-1BBL Co-stimulation + + + [35]
Anti-CTLA-4 Inhibition + + [36]
Anti-PD-L1 Inhibition + + + [37,38]
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bovine serum (FBS, Gibco by Life Technologies, Grand Island, NY,
USA) and 5% penicillin–streptomycin (Gibco by Life Technologies,
Grand Island, NY, USA) and routinely assessed for Mycoplasma
contamination. Tumor lysates were prepared as previously
described [36]. Briefly, tumor cells were resuspended at a cell den-
sity of 1 � 106 cells/mL in PBS (Gibco by Life Technologies, Grand
Island, NY, USA), in the presence of 60 lM of HOCl (Sigma-
Aldrich Corp., Darmstadt, Germany). The tumor cell suspension
was incubated for 1 h at 37 �C, 5% CO2 with gentle agitation after
every 30 min. After that, tumor cells were harvested, washed twice
with PBS and resuspended at 1 � 107 cells/mL in RPMI, followed by
six rounds of freeze and thaw. Tumor lysate was stored at �80 �C
until further use.
2.2. DC generation

Monocyte-derived dendritic cells (moDCs) were generated from
monocytes isolated from fresh peripheral blood mononuclear cells
(PBMCs) of human healthy donors collected at the local Blood
Transfusion Center Lausanne, Switzerland, under Institutional
Review Board approval (Ethics Committee, University Hospital of
Lausanne-CHUV). Written informed consent was obtained from
all healthy subjects, in accordance with the Declaration of Helsinki.
Briefly, PBMCs were obtained by gradient centrifugation with Ficoll
(GE Healtchcare, Chicago, USA), washed twice and immediately
processed for monocyte isolation. Monocytes were isolated by pos-
itive selection using CD14+ MicroBeads UltraPure, human (Miltenyi
Biotec, Bergisch Gladbach, Germany). After isolation, monocytes
were counted and cultured at 1 � 106 cell/mL in CellGro GMP DC
medium (CellGenix, Freiburg, Germany) complemented with 2%
human serum ((Biowest, Nuaillé, France), IL-4 (250 IU/mL) and
GM-CSF (500 IU/mL) (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) at 37 �C. On Day 2, cells are replenished with fresh medium
and cytokines. On Day 4, immature cells are harvested by gently
tapping the flask and HOCl-oxidized Me290 lysate was added to
moDCs at a cell ratio of 1:1 for 24 h. On Day 5, cells were matured
for 16 h in the presence of IFNc (2000 IU/mL, Miltenyi Biotec, Ber-
gisch Gladbach, Germany) and lipopolysaccharide (LPS, 60 EU/mL,
Sigma, Darmstadt, Germany). Matured cells were finally harvested
and cryopreserved at 5–10 � 106 cells/mL in 90% human serum
(Biowest, Nuaillé, France), 10% DMSO (AppliChem, Darmstadt, Ger-
many) and stored in liquid nitrogen until further use.
2.3. In vitro stimulation (IVS)

To characterize PBMCs stimulated with HOCl-loaded moDCs,
three rounds of ivs were performed. MoDCs were thawed and
resuspended at 0.5 � 106 cells/mL in RPMI supplemented with
8% Human AB serum, 5% Penicillin-Streptomycin, 5% sodium pyru-
vate, 5% Non Essential Amino Acids, 5% Kanamycin, 0.5% 2-beta
mercaptoethanol 50 mM (Gibco by Life Technologies, Grand Island,
NY, USA) (R8 medium). Cells were plated in a 48 well plate. Autol-
ogous PBMCs were thawed and resuspended at 0.5 � 106/mL in R8
medium supplemented with 50 U/mL IL-2 (PreproTech, Rocky Hill,
NJ, USA) and plated at a DC:T cell ratio 1:10 and incubated at 37 �C
5% CO2. On Day 2, cells were replenished with fresh medium with
IL-2 in the presence of the desired modulators: IL-12 at 10 ng/mL,
4-1BBL at 5 mg/mL (PeproTech, Rocky Hill, NJ, USA), IL-18 at 100 ng/
mL (Bio-Techne, Minneapolis, MN, USA), IL-21 at 100 ng/mL, IL-15
at 50 ng/mL, IFNc at 5 ng/mL, CD40L at 5 lg/mL (Miltenyi Biotec,
Bergisch Gladbach, Germany), anti-CTLA-4 and anti-PD-L1 at
10 lg/mL (Thermo Fisher Scientific, Massachusetts, USA). Every
2–3 days cells were replenished with fresh medium with the
desired modulators. On Day 7, PBMCs were stimulated for another
round with thawed antigen-loaded DCs at the same DC:T cell ratio
of 1:10 and with compound additions, as indicated above. The
stimulation was repeated for a total of three rounds, at the end
of the stimulation cells were harvested and analyzed with the
assays reported below.
2.4. Tetramer and phenotype staining

Stimulated PBMCs were stained with MART-1 Tetramer (TCMe-
trix, Lausanne, Switzerland) PE, anti-CD3 PE/Dazzle 594, anti-CD8
AF700, anti-CD45RA FITC, anti-CD4 PerCP/Cy5.5, anti-CD25
BV605, anti-CD127 APC/Cy7, anti-CD39 APC, anti-CD73 PE/Cy7
(all antibodies from Biolegend, San Diego, CA, USA). Dead cells
were excluded using Zombie Aqua (Biolegend, San Diego, CA,
USA). Briefly, cells were resuspended and washed in PBS supple-
mented with 2% FBS (Gibco by Life Technologies, Grand Island,
NY, USA), incubated for 45 min at room temperature in the pres-
ence of MART-1 tetramer, washed twice and incubated with the
indicated antibodies for 20 min at 4 �C, cells were finally washed
and analyzed by flow cytometry with a Fortessa instrument (BD
Biosciences, San Jose, CA, USA).
2.5. Cytokine production assay

Stimulated PBMCs were incubated with Me290 tumor cells at a
tumor cell:PBMCs ratio of 1:10 for 2 h at 37 �C. Brefeldin A (Biole-
gend, San Diego, CA, USA) was added in the well at 5 ng/mL and
incubated for an additional 3 h at 37 �C. The cells were then
washed and stained with the following antibodies: anti-CD3 PE/
Dazzle 594, anti-CD8 AF700, anti-CD56 BV421, anti-CD16 PE,
anti-CD4 PerCP/Cy5.5 (Biologend, San Diego, CA, USA) for 20 min
at 4 �C. Cells were then washed, fixed and permeabilized using
the Cyto-FastTM Fix/Perm Buffer Set (Biolegend, San Diego, CA,
USA) according to manufacturer instructions and subsequently
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intracellularly stained with the following antibodies: anti-IFNc
AF647, anti-TNFa FITC and anti-IL2 PE/Cy7 (Biolegend, San Diego,
CA, USA) for 20 min at 4 �C. Samples were then analyzed by flow
cytometry with a Fortessa instrument.

2.6. Tumor killing assay

To assess tumor killing activity, stimulated PBMCs were incu-
bated with Me290 tumor cells at a 1:5 target:effector cells cell
ratio, in the presence of a green caspase-3/7 reagent (Essen Bio-
science. Ann Arbor, MI, USA). Cells were then imaged every 2 h
with the IncuCyte Instrument (Essen Bioscience. Ann Arbor, MI,
USA). Total green area/mm2 was then calculated using the Incu-
Cyte Zoom software (Essen Bioscience, Ann Arbor, MI, USA) to esti-
mate tumor cell death. Three technical replicates were used for the
tumor killing assay.

2.7. Natural Killer (NK) functional assay

Stimulated PBMCs were rested in RPMI medium supplemented
with 10% FBS in the presence of 50 U/mL IL-2 (Peprotech, Rocky
Hill, NJ, USA) and 5 ng/mL IL-15 (Miltenyi Biotec, Bergisch Glad-
bach, Germany) for 8–9 h. Cells were then incubated with K562
cells (kind gift of Dr Selena Vigano, University of Lausanne,
Switzerland) at a 1:2 cell ratio in the presence of Brefeldin A (Biole-
gend, San Diego, CA, USA) and anti-CD107 BV510 (BD) overnight.
The next day, cells were harvested and stained with anti-CD3
BV605, anti-CD56 PE, anti-CD16 AF700, anti-NKp46 Pe/Cy7 (Biole-
gend, San Diego, CA, USA), and viability dye Zombie IR (Biolegend,
San Diego, CA, USA) for 20 min at 4 �C. Cells were then fixed and
permeabilized using the Cyto-FastTM Fix/Perm Buffer Set (Biolegend,
San Diego, CA, USA). Intracellular staining was performed by incu-
bating cells with anti-IFNc APC and anti-TNFa FITC (Biolegend, San
Diego, CA, USA) for 20 min at 4 �C. Sample were then analyzed by
flow cytometry using the Fortessa instrument.

2.8. Bioinformatic analysis

2.8.1. Data preprocessing
Subtracting the baseline. For each treatment (either single or

double) the values obtained at the condition with only IL-2 (base-
line) were subtracted, so that the resulting numerical values are
relative to this condition. Hence, these values can be either positive
or negative for values higher and lower than the baseline,
respectively.

Normalization of all readouts to range between 0 and 1. After
subtracting the baseline, the data matrix was transformed in order
to harmonize the dynamic range, so that those features with a
greater dynamic range do not weigh more than the others by nat-
ure. For this purpose, the data was transformed as follows:

yi ¼
xi �minðxÞ

max xð Þ �minðxÞ
where x is a set including all the values across samples and condi-
tions for a given functional/phenotypic feature, and xiand yi corre-
sponds to the untransformed and transformed values,
respectively, for feature i.

Missing data in the resulting matrix was imputed by adopting,
for each feature, the average value across all samples and condi-
tions (treatments) for that feature, so that the imputed data have
a neutral effect on the final ranking of treatments.

2.8.2. Construction of the single treatments network
The single treatments network is a bipartite graph with edges

connecting two different and mutually excluding subsets of nodes:
single treatments (n = 9) and features (n = 18). Within this network
edges represent an impact of the treatment on the feature that is as
least equal the percentile 60 of the distribution of such a feature
across all samples and conditions. By doing so, we filter out the
weakest effects and focus on the greatest and arguably most reli-
able changes. This arbitrary threshold of 60% was determined by
a preliminary analysis using different thresholds to generate the
Booleanized network and the comparison (correlation) of the
resulting single treatment ranking with respect the ranking
obtained without the Booleanization, i. e., using the numerical
value of the readout (normalized to range between 0 and 1) instead
of either 0 or 1 for edges present and absent, respectively (see the
corresponding methods section). The correlation between the two
rankings exhibited a maximum at R = 0.89 (both Pearson and
Spearman) for a threshold of 60%.

2.8.3. Construction of the double treatments network
The double treatments network is a bipartite graph derived

from the single treatment networks where the two disjoint subsets
of nodes are double treatments (n = 36) and functional/phenotypic
features (n = 18). Within this network edges connecting double
treatments and features are present if, and only if, at least one of
the constituent elements of the combination was connected to
the features within the single treatments network.

2.8.4. Scoring combinations
The score for a given treatment (either double or single) is cal-

culated as follows:

Score ¼
X

featurei �weighti

where featurei takes values of 0 and 1 if the link is absent or present
within the corresponding network (either single or double treat-
ment network).

3. Results

3.1. A screening pipeline to assess the immunogenicity of
immunomodulators in combination with a DC-based vaccine

In order to predict the immunogenicity of dual combinations of
immunomodulatory agents we first developed an in vitro system to
assess the performance of a DC vaccine in the presence of
immunomodulatory agents introduced as single adjuvants during
the T cell priming phase. We then characterized both crucial phe-
notypic and functional aspects of the so-elicited immune response.
Finally, we developed an algorithm to predict the immunogenicity
of dual combinations, based on the experimental data of its single
components (Fig. 1). In particular, for the in vitro screening system,
human moDCs were pulsed with an oxidized lysate of the mela-
noma cancer cell line Me290 and matured with IFNc and LPS, as
previously described by our group [36]. Antigen-loaded and
matured moDCs were then used to prime autologous PBMCs for
a total of three rounds of stimulation, in the presence of the
selected modulators, added as single agents. Of note, due to the
essential role of IL-2 in T cell proliferation and survival [37], we
always included IL-2 in all tested conditions and therefore consid-
ered it as our baseline.

Most of the selected modulators have been already investigated
with DC vaccines demonstrating a good performance, when com-
bined as single adjuvants [22,38–41]. However, the possibility of
additive or synergistic effects when used in combination has
mostly remained unexplored or not systematically investigated.

After the priming phase, to assess different aspects of an
immune response we have selected 18 different phenotypical
and functional readouts (Table 2). Each of these readouts focuses



Fig. 1. Schematic diagram of the workflow for prediction of the best dual combination based on a single treatment screening. DCs are generated from monocytes isolated
from the peripheral blood of healthy donors. DCs are pulsed with HOCl-oxidized tumor lysate to stimulate autologous PBMCs for a total of three rounds of stimulation. The
desired modulators are individually added in the culture medium and replenished every 2–3 days. After three weeks of stimulation, stimulated PBMCs are harvested and
processed into different experiments (staining, cytotoxicity assay, tumor co-culture and NK cell assay). 18 functional and phenotypical readouts are extracted to characterize
the induced immune response. The different traits to the response of single treatment are then used to construct a causality network and linearly combined into a score to
predict and rank the outcome of dual combinations. To assess the reliability of predictions derived from our experimental/computational platform we experimentally
validated the top 10 predicted combinations and compared with respect to the 10 worst predicted treatments.

Table 2
List of selected functional and phenotypical readouts with their attributed weights.
The weights were attributed based on their relative importance in the immune
response.

Phenotypical and functional traits Weight

Fold expansion of MART-1 CD8+ Tetramer positive cells 5
% Effector and Central Memory in CD8+ T cells 1
Ratio CD8+/CD4+ 3
Ratio CD8+/Treg 3
Tumor killing 5
%CD16+ NK cells 2
%CD16- NK cells 2
%NKT cells 2
%CD4+ IFNc+ 5
%CD4+ IL-2+ 5
%CD4+ TNFa+ 5
%CD8+ IFNc+ 5
%CD8+ IL-2+ 5
%CD8+ TNFa+ 5
%CD107+ NK cells 3
%IFNc+ NK cells 3
%TNFa+ NK cells 3
Cell Count 1
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on different crucial features of the immune response, allowing a
global view of the effects induced by the adjuvants. In particular,
these include: a phenotypical analysis by flow cytometry of both
CD8+ and CD4+ T cell compartments, the occurrence of Tregs,
CD16+ and CD16- NK cells and Natural Killer T cells (NKT)
(Fig. S2). From a functional point of view, we evaluated the expan-
sion of antigen-specific T cells against the MART-1 epitope
expressed by Me290, by tetramer staining followed by flow cytom-
etry analysis (Fig. S1). We also evaluated the killing capacity of
stimulated PBMCs in an image-based tumor killing assay (IncuCyte
assay), using Me290 as target cells. We also assessed IFNc, TNFa
and IL-2 cytokine release after co-culture of the stimulated PBMCs
with the tumor cell line, by both CD4+ and CD8+ T cell compart-
ments (Fig. S2). Finally, the functionality of NK cells was assessed
by their degranulation and production of IFNc and TNFa upon
co-culture with K562 (Fig. S3) (Tables S1–S3).

All these different aspects are important and complementary in
the induction of a potent immune response. In order to compare
the performance of different combinations, we merged the differ-
ent readouts in a single score. However, given the fact that not
all the considered features play equal roles and contributions to
the final tumor protective effect we introduced a weight system
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in an attempt to reflect their relative importance. To this aim a
weight spanning from 1 (lowest contribution) to 5 (higher contri-
bution) was attributed to every readout. To attribute weights we
followed the following rationale: we gave a higher priority and
hence a higher weight to functional and tumor specific assays that
would reflect the direct tumor killing properties elicited by the
vaccine (e.g. tetramer positive CD8+ T cells [55,56], tumor killing
assay); we gave lower weight to phenotypic assays that reflect
the activation status of immune cells but that do not necessarily
reflect tumor responsiveness. In other words, the attributed
weights reflect the importance of each single aspect sampled by
the considered assay in contributing to tumor killing capabilities
induced by the vaccine. A relative weight scale was set giving the
highest score of 5 to T cell related readouts (Tetramer positive
CD8+ T cells, cytokine secretion by CD4+ and CD8+ T cells) consid-
ered as the most important players in the immune response. This
was followed by the phenotypic characterization of T cells (CD8+

T cell expansion, presence of Treg [59,60]) which, although impor-
tant, is not directly related to the killing capacity and was therefore
attributed a lower weight of 3. NK cell activation plays a role in
tumor killing and eradication [61,62] although this innate immune
system mechanism is less efficient and less specific than adaptive
cytotoxic responses (CD8+ T cells) [64] and was therefore given a
weight of 3. As highlighted above, phenotypical characterization
of NK cells (CD16+, CD16- and NKT cells) [63] was given a lower
weight of 2. The weight of 1 was attributed to the cell count at
the end of the third stimulation and to the CD8+ T cells memory
phenotype [57,58] (A detailed explanation is provided in the sup-
plementary) (Table 2). To calculate the score, for each readout
we multiplied the experimentally obtained value by the attributed
weight of that particular readout, we repeated this approach for all
readouts and summed the results. The score was then used to rank
the different possible dual combinations (36 combinations in total)
(Table S4) out of the 9 single treatments (Fig. 1).

3.2. Prediction based on single treatments

In order to predict the outcome of a dual combinations, we first
ran the in vitro screening as described above, with moDCs and
PBMCs obtained from three different healthy donors, in the pres-
ence of the 9 different single stimuli selected in Table 1 and in
the presence of IL-2 as baseline (Tables S1–S3). For every donor,
experimental data obtained with single components were then
used to construct a bipartite graph, named, from now on as ‘‘the
single treatments network”. To this aim, a donor-specific reference
graph was created (Fig. 2) and a threshold at 0.6 percentile was set
afterwards for each readout (see methods) in order to determine
whether a single treatment can or cannot activate the correspond-
ing readout while filtering out the weakest effects. The resulting
Booleanized version of the reference graph (Fig. 3) becomes the
single treatments network. It is worth noting here that the 3 net-
works generated on 3 different donors separately exhibited a good
accordance.

A double treatment network (Fig. 3) was derived then from the
single treatments network by applying the following rule: if at
least one of the constituent modulators of a given combination
activates the readout the dual combination inherits the link. For
every donor, a score reflecting the immunogenicity of dual combi-
nations (36 in total) was predicted using their respective double
treatments network. This score is calculated as the sum of the pro-
duct of the status of the feature (either 0 or 1 for absent and pre-
sent links, respectively, within the double treatments network)
and the corresponding weights. The score is then used to rank
the dual combination from the highest to the lowest (Fig. 3).

The calculation of the predicted score was performed separately
on 3 donors. The ranking of the conditions was then obtained
based on the combined score of the individual scores calculated
as illustrated in Table 3. It is interesting to note that most of the
top predicted conditions are combined with CD40L, which is also
expected to perform well as a single agent. Moreover IL-12 alone
is also expected to increase the immunogenicity of the response
when combined to DC vaccination.
3.3. Agreement between prediction and validation and comparison top
vs bottom

To evaluate if the predicted ranking is actually discriminating
between the best and the worst performers, we carried out the
same functional and phenotypic assessment used for the single
treatment screening on a selection of combinations, using samples
from the same 3 donors. More specifically, we selected the best 10
and worst 10 combinations across the 3 donors (in red and blue,
respectively, in Fig. 4), in order to compare the two groups. Fig. 4-
A-B shows a bar plot of the 36 combinations of 9 single treatments
ranked by their predicted response to treatment, where Fig. 4A cor-
responds to predicted scores, whereas Fig. 4B corresponds to scores
calculated based on the validation experiments. The results of this
analysis showed that the general trend of the ranking is preserved,
and the best predicted combinations performed collectively better
than the worst. Fig. 4C shows a boxplot representation of the two
groups, with a very little overlap and the p value resulting from a
T-test comparing the two groups, which was significant for an
alpha of 1%. It is worth noting here that some combinations, such
as CD40L+IL-15 and CD40L+IL-21, were over-estimated by our pre-
dictions (See Fig. 4B), and that the relative positions in the ranking
within both tails of the score distribution for some combinations
can be wrong; e.g., IL-15+IL-21 is outperformed by 4-1BBL+IL-15
(See Fig. 4B, blue tail). However, it is important to keep in mind
that the intended purpose of this methodology is not to pinpoint
one single combination, but to prioritize in an educated manner
an affordable subset of combinations for further investigation.
We have noticed a general over-estimation of the observed score
in the validation dataset with respect to the predictions. This gen-
eral over-estimation reflects the underlying assumption adopted
by the algorithm: if two single treatments improve one distinct
feature each, together they improve both features. In addition,
the assumption may also lead to the misevaluation of cases were
the improvement of the combination with respect to its con-
stituent elements is based on features that are mutually excluding.
However, Fig. 4 shows that, in general, the derived ranking is not
affected by the skewness of the predicted score distribution and,
therefore, the methodology serves to its intended purpose of prior-
itizing subsets of promising combinations.

Taken collectively, these observations confirmed the ability of
our experimental and computational platform to predict the
immunogenicity enhancement of dual combinations, based on
experimental data obtained from their single components.
4. Discussion

Despite encouraging preclinical and clinical responses, DC-
based vaccines still present only a modest clinical outcome. The
limited performance can be explained by several mechanisms such
as intrinsic factors related to patients (age, prior treatments, genet-
ics. . .), the source of DCs, vaccination schedule, route of adminis-
tration or different protocols used to generate vaccines [33,42]. A
crucial aspect is constituted by DC’s phenotype and their ability
to both induce a fully developed immune response (e.g. efficient
maturation, migration, signal 1, 2 and 3 signaling) and to overcome
immunosuppressive mechanisms present in the tumor microenvi-
ronment. However, the immune response is a complex process as



Fig. 2. Effect of single treatments on a collection of functional and phenotypical features. The chord diagram represents a reference bipartite graph connecting single
treatments and functional/phenotypic features based on experimental observations. The data for each feature has been normalized and scaled for display, so that the intensity
of the colors can be compared between different features. The treatment with IL-2 alone (not shown) was considered the baseline and subtracted from all readouts;
consequently, the effect of a given treatment over a given feature can be either negative or positive according to their relative value with respect to the baseline (colored in
blue and red, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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both synergistic and antagonistic interplay can occur within the
same response depending on the presence and dose of
immunomodulators available in the environment. Therefore,
combinatorial treatments targeting different aspects of the phe-
notype and functionality of DCs can be beneficial and potentially
helpful to reach a better clinical outcome than single agents. With
the very large arsenal of modulators currently available, the com-
binatorial problem becomes rapidly unaffordable for an exhaus-
tive investigation; and predictive tools to prioritize and guide
the experimental design become of paramount importance to
accelerate DC vaccination’s research and its translational applica-
tions to the clinic.

To address this challenge, we developed an experimental and
computational framework, which takes the experimental data
obtained with single adjuvants as the input and predicts the rel-
ative immunogenicity enhancement by dual adjuvant combina-
tions. By doing so, a given list of combinations can be ranked by
priority, so that some can be either prioritized or discarded for
further investigation. In order to consider the complexity of the
immune system we carefully selected 18 functional and pheno-
typical readouts that reflect both the T cell and NK cell induced
characteristics. These readouts were combined in the calculation
of a score integrating different aspects important in the genera-
tion of an immune response. Based on this score we developed
a bioinformatics algorithm able to predict the immunogenicity
of dual combinations of the single agents considered. It is worth
noting here that despite that the algorithm does not explicitly
model synergy, antagonism or additivity of the underlying mech-
anisms, it manages to approximate the actual immune response
by integration (linear combination) of the above-mentioned
parameters evaluated separately with enough precision to rank
and directly compare different combinations. Indeed, after exper-
imentally testing a selected subset of combinations in the same
in vitro system, we observed a strong correlation between pre-
dicted and experimental results and ranking, and a clear and sta-
tistically significant separation between combinations predicted
as the best and the worst.

Our study pointed out the important role of CD40L and IL-12
that were able to enhance diverse immune functions. Interestingly,
these two compounds have already been used in the clinic with
discreet success [38–40,43–45]. Hence, these observations con-
firmed the validity of the prediction tool we developed. However,
we also observed for combinations of those agents and others sub-
tle differences across the donors; future work would lead us to the
exploration of greater cohorts to characterize and stratify the gen-
eral human population.

Among the several immunomodulatory agents, the CD40-
CD40L interaction is so far one of the most studied in DC
vaccination [46–48]. This interaction between the CD40 recep-
tor present at the surface of DCs and cognate ligand (CD40L)
expressed by CD4+ T cells is essential to subsequently license
and activate DCs to efficiently stimulate cytotoxic CD8+ T cells.



Fig. 3. Calculation of the predicted double treatment score. Single treatment network. The chord diagram represents a Booleanized representation of the bipartite graph
connecting single treatments and functional/phenotypic features based on experimental observations (see Fig. 2); only effects higher than the percentile 60 of variation for
each feature are considered. A single treatment network is generated for each donor. Double treatments network. The chord diagram represents a Booleanized representation
of the bipartite graph connecting double treatments and functional/phenotypic traits derived from the single treatment network; every double treatment inherits the edges of
its constituent elements as follows: a link between a double treatment and a functional feature is considered if, and only if, at least one of its constituent elements is
connected to such a feature within the single treatment network. A double treatment network is generated for each donor. Calculating double treatment scores. For each
double treatment. The score is calculated as the sum of the weights of all edges present in the double treatment predicted network for each donor, and averaged afterwards
across donors. Predicted ranking of double treatments. Higher scores correspond to double treatments with a greater impact on the selected functional features.
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In this licensing process DCs will upregulate co-stimulatory
molecules and increase the production of Th1 polarizing cytoki-
nes [49–51]. One of the consequences of the licensing is the
increased production of IL-12. IL-12 is a master regulator and
activator of Th1 type responses, responsible for cytotoxic effects
and immune-related tumor clearance. The central importance of
IL-12 is also highlighted by several studies present in the liter-
ature aimed at engineered DCs with transfection to induce a
sustained IL-12 production [38,39]. So far, DCs have been
already modified with IL-18 [19,39], IL-15 [22], 4-1BBL [52,53]
showing promising result in preclinical studies but only very
few cases progressed further and entered the clinic. A comple-
mentary approach focusing on depleting DCs of inhibitory
molecules using siRNA was also recently pursued in the case
of CTLA-4 [54] and PD-L1 [23]. Some dual combinations have
been already tested such as IL-12 and IL-18 [38]; 4-1BBL and
CD40L [52]; aPD-L1 and IL-15 [23] showing overall a good
response in vitro with an increase in tumor reactive T cells.
However, as reported in our introduction, no systematic study
or comparison has been conducted so far to select optimal com-
binations which was the main purpose of the present study.

It is now clear that immunomodulatory agents are impor-
tant adjuvants that can boost the efficacy of therapeutic
DC-based vaccines. However, the large plethora of currently
available agents and the ones that will likely be developed in
the near future makes it difficult to estimate what best adju-
vant combinations would guarantee the best clinical efficacy,
without very laborious and costly screening and comparative
studies. Our computational prediction tool can alleviate such
expensive and time-consuming screening campaigns by being



Table 3
Ranking generated based on the combined score obtained on 3 healthy donors.

Donor 1 Donor 3 Donor 4 Average Score

CD40L+IL21 62 60 63 61.67
IL12 61 58 61 60
41BBL+CD40L 59 59 62 60
CD40L 57 57 60 58
CD40L+IL15 55 59 60 58
CD40L+IL18 57 60 56 57.67
CD40L+IFNG 59 53 60 57.33
CD40L+aPDL1 56 59 57 57.33
CD40L+IL12 56 56 59 57
CD40L+aCTLA4 55 59 56 56.67
41BBL+IL12 58 54 57 56.33
IFNG+IL12 58 45 61 54.67
IL12+aPDL1 61 48 53 54
IL12+IL15 54 50 55 53
aCTLA4+IL12 52 53 54 53
IL12+IL21 57 49 51 52.33
IL12+IL18 55 50 46 50.33
IL18 50 40 47 45.67
IL18+aPDL1 55 32 48 45
IFNG+IL21 51 26 58 45
IL18+IL21 53 32 48 44.33
41BBL+IFNG 45 34 53 44
IFNG+IL18 50 32 49 43.67
41BBL+IL18 50 35 46 43.67
aCTLA4+IL18 50 37 42 43
41BBL+IL21 46 35 48 43
aCTLA4+IL21 42 31 55 42.67
IL21+aPDL1 48 26 53 42.33
IL15+IL18 47 34 45 42
IFNG 46 32 46 41.33
IFNG+IL15 40 27 56 41
41BBL+aPDL1 35 30 53 39.33
aCTLA4+IFNG 45 25 47 39
IL21 43 30 43 38.67
IFNG+aPDL1 45 20 50 38.33
IL15+IL21 42 28 43 37.67
41BBL+IL15 35 36 41 37.33
IL15+aPDL1 32 27 53 37.33
IL15 33 37 41 37
aPDL1 28 31 48 35.67
aCTLA4 26 35 45 35.33
41BBL+aCTLA4 25 34 47 35.33
41BBL 31 34 39 34.67
aCTLA4+IL15 26 32 43 33.67
aCTLA4+aPDL1 30 25 41 32
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able to efficiently predict and rank the immunogenicity of dif-
ferent combinations based on experimental data from single
agents. In particular, the versatility and modularity of this pre-
diction tool enables the testing of larger pools of single treat-
ments and of novel potential immunomodulatory agents, in
order to continuously identify more potent combinations to
be translated into the clinic. We believe that this tool can
assist the development of more efficient DC-based vaccination
strategies in the future.
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Fig. 4. Comparing the score of predictions Vs. validations. A) Predictions; bar plot representing double treatments ranked by their predicted score. The two tails of the
distribution (ten best and ten worst double treatments in red and blue, respectively) were selected to carry out the corresponding validation experiments. B) Validation; bar
plot representing double treatment experimental scores ordered by their predicted score. Results showed that, collectively, the best predicted treatments outperformed the
worst ones. C) Boxplot comparing the scores of the best Vs. the worst treatments. The T-test exhibited a significant p-value of 1.2e-05. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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