Cancer Immunol Immunother (2015) 64:1393-1406
DOI 10.1007/s00262-015-1743-z

@ CrossMark

ORIGINAL ARTICLE

Cytokine-enhanced maturation and migration to the lymph nodes
of a human dying melanoma cell-loaded dendritic cell vaccine

Gabriela A. Pizzurro! - Ivana J. Tapia' - Leonardo Sganga’® - Osvaldo L. Podhajcer? -

José Mordoh!** - Maria M. Barrio’

Received: 1 September 2014 / Accepted: 11 July 2015 / Published online: 22 July 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Dendritic cells (DCs) are professional APCs
used for the development of cancer vaccines because of
their ability to activate adaptive immune responses. Pre-
viously, we designed the DC/Apo-Nec vaccine using
human DCs loaded with dying melanoma cells that
primed Ag-specific cytotoxic T cells. Here, we evalu-
ate the effect of a standard pro-inflammatory cytokine
cocktail (CC) and adjuvants on DC/Apo-Nec matura-
tion and migration. CC addition to the vaccine coculture
allowed efficient Ag uptake while attaining strong vac-
cine maturation with an immunostimulatory profile. The
use of CC not only increased CCR7 expression and the
vaccine chemokine responsiveness but also upregulated
matrix metalloproteinase-9 secretion, which regulated
its invasive migration in vitro. Neither IL-6 nor prosta-
glandin E2 had a negative effect on vaccine preparation.
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In fact, all CC components were necessary for complete
vaccine maturation. Subcutaneously injected DC/Apo-
Nec vaccine migrated rapidly to draining LNs in nude
mice, accumulating regionally after 48 h. The migrating
cells of the CC-matured vaccine augmented in propor-
tion and range of distribution, an effect that increased
further with the topical administration of imiquimod
cream. The migrating proportion of human DCs was
detected in draining LNs for at least 9 days after injec-
tion. The addition of CC during DC/Apo-Nec prepara-
tion enhanced vaccine performance by improving matu-
ration and response to LN signals and by conferring a
motile and invasive vaccine phenotype both in vitro and
in vivo. More importantly, the vaccine could be com-
bined with different adjuvants. Therefore, this DC-based
vaccine design shows great potential value for clinical
translation.

Keywords Dendritic cell vaccine - Melanoma - Standard
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Abbreviations

Apo-Nec Gamma-irradiated apoptotic—necrotic mela-
noma cells

CC Standard pro-inflammatory cytokine cocktail

CFU Colony-forming units

CM Conditioned media

iDC Immature dendritic cell

M26 HLA-A*0201-restricted =~ MART-1-specific
CD8* T cell

MMP Matrix metalloproteinase

ON Overnight

PGE2 Prostaglandin E2

rhuMMP-9 Recombinant human MMP-9
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Introduction

DCs can initiate and direct adaptive immune responses
due to their ability to stimulate naive lymphocytes in an
Ag-specific manner [1]. Many cancer immunotherapies
have targeted DCs, directly or indirectly, for the induction
of anti-tumour immune responses. Ex vivo-generated DC-
based cancer vaccines are designed as adjuvant therapy
to delay or prevent patient relapse through the induction
of tumour-specific immunity to control microscopic, dis-
seminated disease. Over the last 20 years, great progress
has been made in understanding DC orchestration of anti-
tumour immunity. DC-based vaccines have been tested in
over 1,000 cancer patients [2, 3], though objective clinical
responses have not fulfilled expectations, recording no or
only modest outcomes [4]. However, these studies dem-
onstrate a strong DC-based vaccine safety profile and the
expansion of circulating TAA-specific CD4" and CD8"
cells [5]. Therefore, optimal conditions must be developed
for generating clinical-grade DC-based vaccines [6].

Multiple aspects must be defined in cancer vaccine
design: first, the DC Ag-loading strategy, which will ulti-
mately be responsible for the selection of Ag-specific anti-
tumour CD8" T cells. This should be accompanied by
timely DC maturation, which can be triggered either by
recognition of pathogen-associated molecular patterns, by
exposure to danger-associated molecular patterns released
by injured/dying cells or through pro-inflammatory media-
tors [7, 8]. Administration of adjuvants, such as the TLR-7
ligand imiquimod [9] or GM-CSF [10], can also acceler-
ate, prolong or enhance the vaccine-elicited Ag-specific
immune response. DCs then migrate from peripheral tis-
sues to the draining LNs through the lymphatic route,
mainly driven by the CCR7-CCL19/CCL21 axis [11, 12]
in different stages, determining their final localisation
within the LN structure [13, 14]. During steady-state and
inflammation, DCs utilise amoeboid mobilisation [15] as
well as matrix metalloproteinases (MMPs), mainly MMP-9
[16, 17], to reach the lymphatic vessels and LNs. Despite
optimising vaccine preparation in vitro, only a very small
fraction of injected DCs reaches the draining LN in intra-
dermally vaccinated patients [18, 19], with the majority
remaining at the injection site. Thus, research is focused
on improving DC maturation, increasing CCR7 expression,
chemokine-driven migration and IL-12 production to elicit
strong anti-tumour T cell polarisation [20]. Although DC
interactions with lymphocytes in the LN have been exten-
sively studied [21], the newly reported role of the vacci-
nation site in anti-tumour responses has recently led to an
in situ analysis [22-24].

We have previously developed the DC/Apo-Nec vaccine,
consisting of human monocyte-derived DCs cocultured
with a mixture of gamma-irradiated apoptotic—necrotic
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allogeneic melanoma cell lines (Apo-Nec) [25, 26]. Apo-
Nec offers immature DCs (iDCs), a full repertoire of
known and yet unknown TAAs, as the vaccine activated
MART-1- and gpl00-specific CD8" cytotoxic T lym-
phocyte clones [25, 27]. The therapeutic melanoma DC/
Apo-Nec vaccine has proven to be clinically safe, result-
ing in prolonged disease-free survival of 77.8 % stage II/
IIT cutaneous melanoma patients for more than 8 years [28]
(personal communication from Dr. Mordoh). In the present
study, we continue our preclinical investigations to improve
the DC/Apo-Nec vaccine performance through the addition
of pro-inflammatory cytokines and adjuvants to its formula-
tion. Specifically, we analysed the effect on DC maturation,
Apo-Nec phagocytosis and vaccine immunostimulatory
profile, as well as the impact on the DC/Apo-Nec vaccine
migration both in vitro and in vivo.

Materials and methods
Mice

Eight- to twelve-week-old NIH nude mice were obtained
from the Universidad Nacional de La Plata Animal Facility
and bred at the Fundacién Instituto Leloir under pathogen-
free conditions in accordance with the guidelines of the
Institute’s Animal Care and Use Committee.

In vitro generation of DCs

Human DCs were derived from healthy donors’ buffy coats,
after giving written informed consent, with the approval of
the Institutional Review Board, at the Instituto Alexander
Fleming. Monocytes obtained from PBMCs were cultured
as previously described [26]. At day 5, iDCs were ready
to use and, when indicated, iDCs were purified through
MACS with anti-CD14 or anti-DC-SIGN MicroBeads
(Miltenyi Biotec, Germany), according to the manufactur-
er’s instructions.

Apo-Nec preparation

Apo-Nec were obtained from the MEL-XY3 cell line, estab-
lished in our laboratory and grown as previously described
[25]. MEL-XY3 cells received a lethal 70 Gy gamma radia-
tion dose (Siemens Lineal Accelerator, Instituto Alexander
Fleming, Argentina). Viability and apoptotic—necrotic status
was assessed as previously described [26].

Vaccine preparation and DC maturation

Apo-Nec were thawed immediately before use and cocul-
tured with iDCs in AIM-V™ medium at a 1:3 ratio and a
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final density of 1 x 10° cell/ml in a CO, incubator. When
indicated, cocultures were supplemented with the CC, com-
prising 20 ng/ml TNF-a, 10 ng/ml IL-1B, 50 ng/ml IL-6
(Peprotech, México) and 1 pg/ml PGE2 (Calbiochem, CA,
USA) and/or 2 x 10* colony-forming units (CFU)/ml BCG
(kindly provided by Instituto Malbran, Argentina), 1 pg/ml
imiquimod (Glenmark Pharmaceuticals Ltd., Argentina) or
50 ng/ml GM-CSF (Laboratorio Pablo Cassara, Argentina).
Alternatively, CC alone, 2 pg/ml LPS (E. coli J5, Sigma-
Aldrich, MO, USA) or 10 ng/ml IL-10 were added to iDC
as controls. Maturation status was assessed after 48-h
coculture by DC phenotyping. DC/Apo-Nec + CC refers
to the CC-matured vaccine only, since the CC was washed
out prior to functional assays. Adjuvants were washed for
in vitro experiments as well.

DC phenotyping

Cell surface markers were determined by mAbs (fluo-
rochrome, clone): CD14 (FITC, MS5SE2), CDllc (PE,
B-ly6), CD80 (FITC, L307.4), CD86 (FITC, FUN-1),
CD83 (FITC, HB15e), CDla (FITC, HI149), HLA-A/B/C
(FITC, G46-2.6), HLA-DR/DP/DQ (FITC, Tu39), CD40
(FITC, 5C3), CCRS5 (FITC, 2D5) and CCR7 (PE, 150503)
(BD Biosciences, CA, USA) and PD-L1 (AlexaFluor
488, 130021) (R&D Systems, MN, USA), with the corre-
sponding isotype controls. Samples were analysed by flow
cytometry (FACSCalibur, BD) with the CellQuest Pro soft-
ware (Becton-Dickinson, CA, USA); 5 x 10° cells were
labelled per test, and 20,000 events were acquired for data
analysis.

Phagocytosis assay

Apo-Nec phagocytosis was determined using a double-
labelling strategy with PKH67 dye (Sigma-Aldrich, MO,
USA) and anti-CD86 (PE, FUN-1, BD Biosciences, CA,
USA). DCs were cocultured with PKH67" Apo-Nec in
a CO, incubator, immunolabelled and analysed by flow
cytometry; 48-h cocultures were compared to the initial
vaccine mixture. The double-labelled population repre-
sents percentage of phagocytosis. Dye leaking and inhibi-
tory temperature (4 °C) incubation controls were also per-
formed. Data were analysed with the FlowJo software.

Cross-presentation assay

Vaccine MART-1-presenting capacity was tested using the
HLA-A*0201-restricted MART-1-specific CD8'" T cell
(M26) clone (kindly provided by Dr Cassian Yee), as previ-
ously described [27]. Briefly, HLA-A*0201 DCs, obtained
from CD14 MACS-purified monocytes, were used to pre-
pare vaccine cocultures as described before. After 48 h, the

M26 clone was added to the cocultures (1:3 effector/target
ratio) and incubated overnight (ON). Supernatants were
collected, centrifuged and stored at —80 °C for IFN-y test-
ing by enzyme-linked immunosorbent assay [29].

ELISA

Vaccine coculture and cross-presentation assay superna-
tants were tested to determine IL-10/IL-12 and IFN-y lev-
els, respectively. Determinations were performed with BD
OptEIA human IL-10, IL-12p70 and IFN-y ELISA kits
(BD Biosciences, CA, USA) in triplicate, according to the
manufacturer’s instructions. A standard curve was included
in each assay to quantify the samples.

Micro-chemotaxis chamber in vitro migration

DC/Apo-Nec vaccine migration was assessed using an
AP48 micro-chemotaxis chamber (Neuroprobe Inc., MD,
USA), according to the manufacturer’s instructions. Chem-
otactic response was evaluated through 5-um-pore polycar-
bonate membranes (Neuroprobe, Inc., MD, USA) towards
10 ng/ml CCL3 or CCL19 (Peprotech, Mexico) in AIM-
V™ medium. Spontaneous and positive migration controls
were performed; 5 x 10* DCs were loaded and allowed to
migrate for 90 min in a CO, incubator. Membranes were
fixed and stained with Giemsa, and five random 400x
fields were analysed under the microscope. All conditions
were tested in triplicate for each assay.

MMP gelatin zymography

Protease activity in the conditioned media (CM) was
detected by gelatin zymography, as previously described
[30]. Briefly, samples were separated by SDS-PAGE, using
a 10 % acrylamide gel containing 1 mg/ml of gelatin Sigma
G2500 (Sigma-Aldrich, USA) under non-reducing condi-
tions, at 150 V for 60 min. After SDS was removed, gels
were incubated at 37 °C in reaction buffer (50 mM Tris—
HCI, 0.15 M NaCl, 10 mM CaCl,, pH 7.4) ON, stained
for observation and analysed with ImageJ software. Active
recombinant human MMP-9 (thuMMP-9) standard pro-
tein (Calbiochem, CA, USA) and incubation with 25 mM
EDTA were included as controls.

Matrigel-coated transwell in vitro migration

Vaccine invasion assays were performed in 24-well format
transwell inserts fitted with 8-pm-pore-size PET membranes
(Becton—Dickinson, NJ, USA), towards 350 pl of 100 ng/
ml CCL3, CCL19 or AIM-V™ medium alone. The upper
chambers were coated with 70 pwg of matrigel (BD Bio-
sciences, MA, USA) and loaded with 2 x 10° cells in 200 wl
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4 Fig.1 DC/Apo-Nec vaccine maturation and Apo-Nec phagocytosis
after 48-h coculture. a Modulation of costimulatory and Ag-present-
ing molecule expression in iDCs after exposure to different matura-
tion stimuli (LPS, CC or Apo-Nec); n = 8. b Effect generated by the
CC and adjuvant addition to the DC/Apo-Nec vaccine on cell surface
maturation markers. Because no significant interaction was detected
between treatments, only individual main effects are shown; n = 3.
¢ Representative flow cytometric analysis of CD86 PE-labelled DCs
cocultured with PKH67-stained Apo-Nec. Initial mixture of iDCs
with Apo-Nec (TO h) and 48-h cocultures (T48 h), along with cor-
responding 4 °C controls, are shown. Axis: x = PKH67, y = CD86
PE, z = forward scatter (FSC). d Double-stained vaccine coculture,
showing CD86% DCs with traces of PKH67" Apo-Nec. Original
magnification: 1000x. e. Percentage of phagocytosis after 48-h vac-
cine coculture. At 48 h, CD86"PKH67" populations were compared
to the initial vaccine mixture (TO h) and the 4 °C incubation controls;
n = 6. Results are expressed as 95 % confidence intervals (Clys ¢,) of
the percentage of effect size in tables and as Mean &+ SEM in charts.
*p < 0.05, **p < 0.01 and ***p < 0.001. DC/Apo-Nec + CC refers to
the CC-matured vaccine

and incubated ON in a CO, incubator. Treatment with 1, 2 or
4 wM MMP-9 Inhibitor I (Calbiochem, CA, USA) and addi-
tion of 100, 200 or 300 ng/ml rhuMMP-9 were also included.
Lower chamber media were analysed by flow cytometry and
quantified by a fixed-time (60 s) acquisition.

In vivo vaccine LN homing

DC-SIGN MACS-purified iDCs were labelled with 1.75 pg/
ml DiR (Molecular Probes, OR, USA) as previously described
[31]. After 48 h, vaccine viability and maturation parameters
were measured and 1.0 x 10° vaccine cells were inoculated
in 50 pl PBS in the hindlimb footpad of nude mice. Isoflu-
rane-anaesthetised mice were analysed using an IVIS Lumina
Bioluminometer (Xenogen ex Caliper, Hopkinton, MA,
USA); 48 h after injection, LNs were dissected and arranged
in 96-well plates. LN nomenclature was taken from Van den
Broeck et al. [32]. Images were analysed with the IVIS Liv-
ing Image 3.0 software (Caliper Life Sciences). Migration was
defined as DiR signal of the dissected ipsilateral LN relative
to the injection site, after background subtraction (contralat-
eral LN). When indicated, a daily 12 uM MMP-9 Inhibitor I
was administered locally. When used, 333 CFU of BCG were
coinjected with the vaccine, or imiquimod 5 % cream (Imi-
more®, Laboratorio Panalab, Argentina) was topically admin-
istered on the injection site. Tumours were generated injecting
2.5 x 10° viable MEL-XY3 cells subcutaneously in the right
lower flank 10 days prior to vaccine injection.

Detection of human DCs in mice LNs

DiR-labelled vaccines were injected in nude mice, and DiR™*
LNs were pooled and mechanically disaggregated. Con-
tralateral LNs were used as a control. Cell suspensions were
labelled with anti-human DC-SIGN FITC (Miltenyi Biotec,
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Fig. 2 Immunostimulatory profile of the DC/Apo-Nec vaccine. a The
balance in immunomodulatory molecule expression was assessed by
flow cytometry. After 48-h coculture, the expression of CD40 and
PD-L1 in the vaccine was compared to iDCs. IL-10 was used to induce
an immunosuppressive phenotype as a control; n = 2. b Supernatants
were tested for both IL-12 and IL-10 by ELISA. Effect of CC addition
to DC and vaccine cocultures was evaluated after 48 h. Maturation with
LPS was used as control. Supernatants were tested in triplicate; n = 3. ¢
After 48-h coculture, the vaccine was exposed in vitro to an Ag-specific
T cell clone to determine its stimulatory capacity. Cells were cocul-
tured ON with the MART-1-specific M26 clone, and IFN-y release was
assessed by ELISA; n = 4. Results are expressed as Mean + SEM.
*p < 0.05 and **p < 0.01. DC/Apo-Nec + CC refers to the CC-matured
vaccine only, since the CC was washed out prior to functional assays
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Fig. 3 Vaccine CCRS/CCR7 expression and in vitro matura-
tion-driven switch in the chemotactic response. a The balance in
chemokine receptor CCR5 and CCR7 expression in DC. Expression
in iDC and modulation after coculture with Apo-Nec was determined
by flow cytometry; CCRS n = 8 and CCR7 n = 9. b The change in
iDC chemotactical response after exposure to different maturation
stimuli was determined. Migration towards the CCR5-ligand CCL3
and the CCR7-ligand CCL19 was evaluated using a micro-chemot-
axis chamber. The number of migrated cells was evaluated in tripli-
cate; n = 3. ¢ DC/Apo-Nec vaccine chemotaxis was evaluated after
use of the CC and/or adjuvants BCG, imiquimod or GM-CSF. As no
significant interaction was detected between treatments, only individ-
ual main effects are shown. The number of migrated cells was evalu-
ated in triplicate; n = 3. Results are expressed as 95 % confidence
intervals (Clys ¢) of the percentage of effect size in tables and as
Mean £ SEM in charts. *p < 0.05, **p < 0.01 and ***p < 0.001. DC/
Apo-Nec + CC refers to the CC-matured vaccine only, since the CC
was washed out prior to functional assays. Adjuvants were washed
for in vitro experiments as well
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All iDCs were CD11c™ and CD14~ (data not shown), and
after 48-h maturation with LPS or CC alone, we observed a
considerable increase in CD80, CD86 and CD83 expression
and slight modulation of the Ag-presenting molecules. Apo-
Nec generated a mild effect on iDC maturation, with inter-
mediate cell surface marker expression levels, mostly not
significant compared with other maturation controls (Fig. 1a).
Supplementing the DC/Apo-Nec vaccine with the CC
strongly upregulated the expression of CD80, CD83, CD8§6,
HLA-I and HLA-II (Fig. 1b). BCG, imiquimod and GM-CSF
were tested alone and in combination with the CC during
coculture, with no significant interaction between them. CC
significantly increased up to five times the expression of the
maturation markers of the DC/Apo-Nec vaccine (p < 0.001),
while the Ag-presenting molecules HLA-I and HLA-II were
increased by approximately 80 %. No additional effects were
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Fig. 4 Contribution of CC components in vaccine maturation and
migration and the role of MMP-9 in vaccine invasive migration.
The partial contribution of IL-6 and PGE2 on vaccine maturation
and migration was evaluated after 48-h vaccine coculture. Cytokines
either were added separately to the vaccine or were not included in
the CC formulation, as indicated. a The effect on CD86, CD83 and
HLA-II expression was analysed and compared to iDC, the vaccine
alone or the use of the complete CC; n = 2. b The balance in CCRS5
and CCR7 expression was analysed and compared to iDC, the vac-
cine alone or the use of the complete CC; n = 2. ¢ The effect on

detected on DC/Apo-Nec maturation through the use of
adjuvants during vaccine coculture (Fig. 1b, Supplementary
Fig. 1). The constant, low MFI expression of CDla was not
significantly modulated in either case (Supplementary Fig. 1).

Apo-Nec proved to be a suitable multi-antigenic source
for DC loading when formulating a more mature vaccine.
The iDC and Apo-Nec populations could be clearly differ-
entiated from one another immediately after vaccine prepa-
ration (Fig. 1c). After 48-h coculture at 37 °C, 50 % of the
vaccine population was CD86"PKH67, with DCs showing
traces of Apo-Nec inside (Fig. 1c, d). Interestingly, despite
inducing strong vaccine maturation, the addition of CC did

INHIBITOR |

the vaccine invasive migration in vitro was analysed. The number
of migrated cells towards CCL19 was compared to iDC, the vac-
cine alone or the use of the complete CC; n = 2. d Vaccine invasive
capacity towards CCL19 in vitro was mainly modulated by MMP-9
activity. Active recombinant human (thyMMP-9 and MMP-9 Inhibi-
tor I were added during vaccine coculture and migration assay. Fold
increase in migrated cells relative to the DC/Apo-Nec vaccine is
shown; n = 4. Results are expressed as Mean + SEM. *p < 0.05 and
**p < 0.01. DC/Apo-Nec + CC refers to the CC-matured vaccine
only, since CC was washed out prior to functional assays

not significantly impair iDC phagocytic capacity. Under
these conditions, DC loading was slightly reduced compared
with the DC/Apo-Nec vaccine, peaking at just over 40 % Ag
capture by DCs (Fig. le). Phagocytosis was completely sup-
pressed when cocultures were incubated at 4 °C (Fig. Ic, e).

CC modulates the immunostimulatory profile of the
DC/Apo-Nec vaccine

To describe the DC/Apo-Nec vaccine immunological profile,

we evaluated the paired expression of CD40/PD-L1 and the
paired secretion of IL-12/IL-10 in vaccine CM along with the
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Fig. 5 Vaccine migration in vivo and distribution to the LNs. a Rep-
resentative images of a DC/Apo-Nec-injected mouse, at 2 and 48 h
after inoculation. Upper panels: injection site in the hindlimb foot-
pad. Lower panels: black arrowheads indicate the DiR™ popliteal and
sciatic LN, visible after blocking the injection site. b. Representative
image of the 96-well plate array of dissected LNs of injected mice
at 48 h. Contralateral (CONTRA) to injection LN signal was consid-
ered as background of corresponding ipsilateral (IPSI) LNs. ¢ Vaccine
migration and distribution in the nude mice LNs after 48 h after injec-
tion. Total migration is composed of the sum of all the separate evalu-
ated LNs. All percentages are referred to the fluorescence detected at
the injection sites. The red arrow indicates the injection site; n = 5.
d Vaccine migration performed in the presence of Inhibitor I in vivo.
The drug was administered daily at the injection site of DC/Apo-Nec
vaccine prepared with CC. It was compared to the migration of the
vaccine alone after 48 h; n = 3. e Combination of the vaccine with
the adjuvant imiquimod in vivo. Imiquimod cream was daily applied
topically at the injection site for 48 h, when migration was analysed.
Results are expressed as Mean £ SEM. *p < 0.05 and **p < 0.01.
DC/Apo-Nec + CC refers to the CC-matured vaccine only, since CC
was washed out prior to in vivo experiments

vaccine T cell-activating capacity. The costimulatory receptor
CDA40 was upregulated in DCs after coculture with Apo-Nec
and significantly increased by CC addition (p < 0.05). This
activation was associated with a constant, low expression of
the T cell inhibitory ligand PD-L1, which could be induced
by IL-10 (Fig. 2a). This pattern was observed when the vac-
cine was prepared combining the CC with different adjuvants
(Supplementary Fig. 2a). Additionally, the slightly upregulated
levels of Thl cytokine IL-12 after coculture with Apo-Nec
were significantly increased when CC was added, up to 150 %
in the vaccine (p < 0.01), an effect that was not achieved with
LPS (Fig. 2b). In addition, iDCs produced very low levels
of the immunoregulatory cytokine IL-10, which were only
slightly increased by the CC in the vaccine coculture, com-
pared with the elevated levels induced by LPS (Fig. 2b). HLA-
A*0201" DCs loaded with Apo-Nec strongly stimulated the
MART-1-specific HLA-A*0201-restricted M26 clone, which
significantly increased IFN-y release (p < 0.05). T cell clone
activation was similar in magnitude when induced by vac-
cine priming with an average twofold increase in basal iDC
stimulation (Fig. 2c). Controls with MART-1 peptide-loaded
DC and MART-1-expressing MEL-XY?3 viable cells properly
activated the M26 clone (data not shown).

CC improves Apo-Nec modulation of chemokine
receptor expression and vaccine chemotaxis
towards LN homing signals

To determine the vaccine sensitivity towards inflamma-
tory or LN homing signals, the chemokine receptors CCR5
and CCR7 expression was assessed along with the in vitro
response towards their ligands, CCL3 and CCL19, respec-
tively. CCRS was reduced by 75 % in iDCs after coculture
with Apo-Nec, which in the presence of the CC decreased

to 90 %. Conversely, the addition of the CC to the vaccine
coculture was required to generate a significant increase
in CCR7 expression, as Apo-Nec alone could not (Fig. 3a,
Supplementary Fig. 2b). Neither adjuvant had an additional
direct effect on the expression of either chemokine recep-
tor (data not shown). Migration of DCs towards CCL3 was
significantly impaired after exposure to different maturation
stimuli, including coculture with Apo-Nec, with a corre-
sponding increment in response to CCL19, despite express-
ing low CCR7 levels in the case of the DC/Apo-Nec vaccine
(Fig. 3b). This response increased an additional 40 % with
the use of the CC (p < 0.001), with no differences regarding
CCL3. No changes in the chemotactic response of the vac-
cine were observed when BCG, imiquimod or GM-CSF were
incorporated to the DC/Apo-Nec preparation (Fig. 3c).

CC-matured DC/Apo-Nec vaccine displays increased
MMP-9 secretion and invasive migration

Vaccine CM contained the gelatinases MMP-9 and MMP-
2, the former secreted by the DCs and the latter by Apo-Nec
(Supplementary Fig. 3a). After 48-h incubation with LPS,
CC or coculture with Apo-Nec, DCs significantly increased
MMP-9 protease activity (Supplementary Fig. 3b, c¢). CC-
induced vaccine maturation resulted in a 1.4-fold increase
in MMP-9 secretion (p < 0.001), which was maintained in
combination with the adjuvants that alone could not modify
this parameter (Supplementary Fig. 3c, d). Vaccine migra-
tion through transwells reproduced the results observed
in the chemotaxis chamber (data not shown). In matrigel-
coated transwell assays, CC-matured DC/Apo-Nec vaccine
exhibited an improved chemokine-driven motility. The lim-
ited response of the DC/Apo-Nec vaccine to CCL19 was
enhanced almost 100 % by CC addition, along with a 75 %
decrease in migration towards CCL3 (p < 0.05) compared
with the 50 % reduction generated by the coculture of iDCs
with Apo-Nec alone (Supplementary Fig. 3e).

Complete vaccine maturation requires all CC
components, and the invasive migration depends
on MMP-9 activity

We dissected the individual contribution of several
CC components to vaccine maturation and migration
in vitro, specifically IL-6 and PGE2, due to reported
immunosuppressive functions [33, 34]. A combined
increased expression of maturation markers, such as
CD86, CD&83 and HLA-II, was obtained with the use
of the complete CC. However, PGE2 alone upregulated
some of these parameters, while IL-6 alone could not,
unless combined with other CC components (Fig. 4a).
CCR?7 expression was partially impaired when IL-6 was
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4Fig. 6 Detection of human DCs in nude mouse LNs. a DiR™ cells
expressed human Ags DC-SIGN and CDl1l1c in the LNs. After 48 h,
DC/Apo-Nec vaccine-injected mouse LNs were dissected and dis-
aggregated. Both ipsilateral and contralateral to injection LNs were
analysed. After FSC/side-scatter gating on LN cells, DiR signal was
determined. DiR™ and DiR™ populations were analysed for human
Ag expression. b Human DCs were localised within the LN struc-
ture after 48 h post-injection. After CM-Dil-labelled vaccine injec-
tion in mice, LNs were fixed and cryosectioned. Tissue sections were
counterstained with Hoechst dye. Original magnification, from left
to right: 100x, 200x, 400x and 1000x. ¢ Vaccine homing to the
LNs was detected for at least 9 days after injection. CM-Dil-labelled
vaccines were injected in mice. After 9 days, both the skin injection
site and the LNs were dissected. Samples were counterstained with
Hoechst dye and analysed. Original magnification: 200x. DC/Apo-
Nec + CC refers to the CC-matured vaccine only, since CC was
washed out prior to in vivo experiments

present, though receptor expression reached its peak
when using the complete CC (Fig. 4b). Vaccine inva-
sive migration towards CCL19 was similarly improved
by PGE2 alone and the complete CC (Fig. 4c). The aug-
mented secretion of MMP-9, rather than an increase
in CCR7, would be mainly responsible for the PGE2
effect (Fig. 4b, Supplementary Fig. 4a). To confirm the
role of MMP-9 in vaccine invasive migration, we used
the gelatinase-specific Inhibitor I and the thuMMP-9 in
the vaccine coculture for the transmigration assay. The
CC-enhanced migration towards CCL19 was reversed
when the MMP-9 inhibitor was added (p < 0.05), reach-
ing similar levels to those obtained in the DC/Apo-Nec
vaccine alone (Fig. 4d). The Inhibitor I affected only
MMP-9 activity, as it did not change protease secre-
tion to the vaccine CM (Supplementary Fig. 4b). Active
rhuMMP-9 significantly augmented vaccine invasion,
and its effect on DC/Apo-Nec was dose-dependent,
attaining similar levels to that achieved by CC addition
at 200 ng/ml (p < 0.05), which were further increased at
the highest concentration tested (p < 0.01) (Fig. 4d).

CC-matured DC/Apo-Nec vaccine shows an increased
imiquimod-modulated LN homing

DiR-labelled DC/Apo-Nec migration to the LNs was
tracked through in vivo imaging after s.c. injection in
nude mice. The vaccine was rapidly localised in the
local ipsilateral draining LNs, evidenced 2 h after injec-
tion; 48 h after injection, the signal had accumulated
in the regional popliteal and sciatic LNs, but the main
DiR™" fraction remained at the injection site (Fig. 5a) and
the dissection of LNs confirmed that vaccine migration
was ipsilateral to the injection site (Fig. 5b). A total of
1.3 & 0.4 % of the DC/Apo-Nec vaccine migrated from
the injection site, mostly to the popliteal LN, while CC-
matured vaccine attained 2.2 £ 0.6 % (p < 0.05), with
a wider distribution to the LNs. Though the primary

migration went to the popliteal LN, a higher propor-
tion of the CC-matured vaccine reached the sciatic and
lumbar LNs and, strikingly, a low but very distinct sig-
nal was detected in the proper axillary LN (Fig. 5¢). A
reduction in the number of injected cells did not gener-
ate a change in the proportion of migrating vaccine (data
not shown). Local administration of MMP-9 Inhibitor I
at the injection site partially decreased CC-matured vac-
cine LN homing (p < 0.05) but was still significantly
higher than the vaccine alone (Fig. 5d). Topical use of
imiquimod cream at the injection site had an additive
effect on CC-matured vaccine migration. Treatment
with imiquimod alone was not sufficient for a major
upregulation of this parameter after 48 h. However, the
20 % improvement of CC-matured vaccine migration
represented a significant increase over basal migration
(p < 0.01) (Fig. 5e). Local coadministration of BCG did
not affect vaccine LN homing, neither did the presence
of a regional tumour (Supplementary Fig. 5a, b).

The improved vaccine LN homing remains constant
several days after injection

DiR™ cells from ipsilateral LN disaggregates of injected
mice expressed both human DC-SIGN and CDl1lc Ags,
while contralateral LNs showed no DiR signal (Fig. 6a).
After 48 h, CM-Dil-labelled DC/Apo-Nec cells were
located within the mouse lymphoid structure, maintaining
cellular integrity and homing mainly in the LN periphery
but also penetrating into the LN structure (Fig. 6b). Long-
term in vivo DiR monitoring of mouse LNs revealed an
increasing proportion of CC-matured vaccine migration,
reaching its maximum by the fifth day, which remained
constant for at least 9 days after injection (Supplementary
Fig. 5c). At this point, vaccine DC could be still localised
not only in the LN cortical zone, but also in the skin injec-
tion site displaying normal morphology (Fig. 6¢). The use
of imiquimod cream did not affect the timeline of the CC-
matured DC/Apo-Nec vaccine migration to the in vivo mon-
itored regional LNs, but did change the distribution to the
rest of the LNs analysed during the first 48 h, an effect that
was reversed by the suspension of imiquimod treatment,
evidenced 9 days after injection (Supplementary Fig. 5c, d).

Discussion

First, it is of great importance for DC/Apo-Nec vaccine
preparation that the rapid acquisition of a robust mature
phenotype through pro-inflammatory cytokines does not
cause a significant impairment of Ag phagocytosis. Not
only did DC capture Apo-Nec Ags, but also processed
and properly loaded them for cross-presentation [35]. This
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vaccine-generated T cell clone activation corroborates our
earlier results [25] along with the strong allogeneic T cell
stimulation observed with the CC-matured vaccine [26].
Thus, the use of the CC preserved the equilibrium required
to generate Ag-specific immune responses [36], with a vac-
cine profile that would favour T cell stimulation and Thl
responses. The CC-matured vaccine was strongly sensi-
tised for CD40L activation with low PD-L1 levels, depend-
ent only on intrinsic basal levels. IL-12p70 secretion may
seem quite modest [37], but higher levels reported using
IFN-y [38] or poly(I:C) [39], alone or combined with other
stimuli, were associated with increased 1L-10 release [40].
Adjuvants targeting DC TLRs, such as BCG or imiqui-
mod, have been proven effective for DC maturation in vitro
[41-43] but had no additional effect on the DC/Apo-Nec
vaccine. The Apo-Nec may induce a maturation stimulus
that overlies the TLR-ligand effect [7, 44] or may even sup-
press it, a situation that could be overcome with the com-
plete CC. All the evaluated parameters were optimised with
the complete CC, despite partial contributions or described
immunosuppressive functions of some CC components [33,
34]. These facts highlight the delicate balance for DC opti-
mal function, which must be carefully modulated in vitro to
generate immunostimulatory DCs for therapeutic purposes.

Considering the improved CC-induced migrating pheno-
type in vitro, we performed a closer analysis of short- and
mid-term human DC/Apo-Nec vaccine migration to the LNs
in a more physiological environment, with the limitations
of a xenogeneic model. Non-invasive in vivo cell-tracking
techniques combined with near-infrared dyes are very pow-
erful tools for cellular-based therapeutic research [45]. Even
though the DC/Apo-Nec proportion that reached the LNs did
not exceed previous results obtained with radiolabelled DCs
in cancer patients [18, 19], in our studies this fraction could
be underestimated due to partial cross-reaction between
human and murine chemokines and adhesion molecules [11,
46]. MMP-9-driven DC migration through cytokine-induced
maturation [17] was only partially responsible for DC/Apo-
Nec vaccine LN homing, implying that other mechanisms
are involved in this process, such as enhanced chemokine
responsiveness. The less adhesive vaccine phenotype, which
is also involved in the transit through interstitial compart-
ments [16], may facilitate Ag encounter in conjunction with
resident APCs at the injection site.

A more interesting result was the extensive distribution
of the CC-matured DC/Apo-Nec vaccine to the LNs, fur-
ther improved by the topical administration of imiquimod
[9]. This tendency was maintained for at least a week, with
vaccine DCs remaining both in the LNs and in the injection
site. Although improving LN homing could still represent
a challenge for DC-based vaccine development, there are
no clear data regarding how many DCs are necessary to
efficiently prime T cells or whether anti-tumour effective
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immune responses are only relevant in the LNs [47, 48].
Recent publications have suggested the vaccination site
itself for Ag presentation, stimulating peripheral T lympho-
cytes with skin resident APCs in combination with adju-
vants [23, 24]. Indeed, immunisation with a murine DC/
Apo-Nec model has revealed the formation of tertiary lym-
phoid structures at the vaccination site [22]. This suggests
that the therapeutic effect of the human DC/Apo-Nec vac-
cine [28] could emerge from the synergism of events taking
place at the vaccination site in the dermis and in the drain-
ing LNs. Future experiments will focus on the evaluation of
the in vivo immune response after DC/Apo-Nec vaccina-
tion in a humanised mouse model [49], which would help
assess the vaccine capacity to elicit anti-tumour immunity
[50], as well as the combination of adjuvants that could
influence the fate and potency of those immune responses
[9,51].

To summarise, an effective DC-based vaccine should
capture, process and load tumour Ags and then respond
to specific chemokines to reach the draining LNs. In a
pro-immunogenic LN environment, DCs could prime
CD4" and CD8' naive lymphocytes and trigger cellu-
lar and humoral immunity [52]. As DC may skew the
immune response related to their maturation status and
secreted cytokines, DC stimulating factors have been used
to enhance their performance [37, 53]. In this study, we
showed that the preparation of the clinically safe DC/Apo-
Nec vaccine [28] with the “standard” maturation cocktail
[8] induced inflammatory, Ag-loaded and T cell-activating
DCs. After s.c. injection, the vaccine migrated to regional
LNs, aided by the imiquimod adjuvant and demonstrated a
rapid and long-lasting homing, which may allow multiple
rounds of T lymphocyte screening with an improved anti-
tumour immune response, yet to be tested in an appropriate
in vivo model. These results constitute solid and promising
preclinical evidence supporting the use of the CC-matured
DC/Apo-Nec vaccine for melanoma treatment.
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