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ABSTRACT

Cooperative events between DC subsets involve cell
contact and soluble factors. Upon viral challenge, mu-
rine pDCs induce cDC cooperation through CD40-
CDA40L interactions and IL-15 secretion, whereas in hu-
mans, the same effect is mediated by IFN-«. Con-
versely, during bacterial infections, pDC maturation
may be induced by activated cDCs, although no mech-
anisms had been described so far. Here, we investi-
gate how human pDCs are “conditioned” by cDCs.
Blood-borne DC subsets (cDCs and pDCs) were sorted
from healthy donors. IL-3-maintained pDCs were cocul-
tured with LPS-activated, poly (I:C)-activated, or control
cDCs [cDC g, cDCp;.cy; cDCcrr 1. Coculture experi-
ments showed that cDC, og-conditioned pDCs up-regu-
lated maturation markers, such as CD25 and CD86,
whereas SNs contained higher amounts of IL-6 and
CCL19 compared with control conditions. Gene-expres-
sion analyses on sorted cDC, g or cDCp,.c, conditioned
pDCs confirmed the induction of several genes, includ-
ing IL-6 and CCL19 and remarkably, several Notch tar-
get genes. Further studies using the y-secretase/Notch
inhibitor DAPT and soluble Notch ligands resulted in a
significantly reduced expression of canonical Notch tar-
get genes in conditioned pDCs. DAPT treatment also
hampered the secretion of CCL19 (but not of IL-6) by

Abbreviations: AITD=autoimmune thyroid disease, AITG=autoimmune thy-
roid gland, BATF=basic leucine zipper transcription factor, ATF-like,
BDCA=blood DC antigen, BST=Banc de Sang i Teixits, CD2L/
CD40L=CD2/CD40 ligand, cDC=conventional DC, Ct=comparative
threshold, CTRL=control, DAPT=N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester, DE=differentially expressed, HES1=hairy/en-
hancer of split 1, HEY1=hairy/enhancer-of-split related with YRPW motif 1,
HUGTIP=Hospital Universitari Germans Trias i Pujol, Jag=jagged,
pDC=plasmacytoid DC, poly (1:C)/P(:C)=polyinosinic:polycytidylic acid,
R848=resiquimod, rh=recombinant human, s=soluble, SN=supernatant

cDC, x5 conditioned pDCs. These results reveal the in-
volvement of y-secretase-mediated mechanisms, in-
cluding the Notch pathway, in the cell contact-depen-
dent communication between human DC subsets. The
resulting partial activation of pDCs after encountering
with mature cDCs endows pDCs with an accessory
function that may contribute to T cell recruitment and
activation. J. Leukoc. Biol. 92: 133-143; 2012.

Introduction

DGCs play an essential role in immune homeostasis. Blood

DGCs in humans comprise two well-characterized blood DC
populations—cDC and pDC [1-3]. These populations exhibit
multiple differences between them, regarding morphology,
phenotype, TLR expression, as well as cytokine and chemo-
kine secretion [4, 5]. Furthermore, other potential differences
still under debate between DC subsets refer to their diverse
homing profile and their different capacity for antigen cap-
ture. cDGCs are particularly efficient on antigen presentation, as
a result of their high endocytic activity, their ability to retain
long-lived MHC-II peptide complexes on the cellular mem-
brane, and their capacity to cross-present antigens [6]. In con-
trast, pDCs are excellent responders to viral stimulation (i.e.,
secreting IFN-a) but far less competent compared with cDCs
on antigen uptake and presentation [6—-10]. These rather ex-
clusive features prompted several groups to study the possible
coordination between DC subsets to promote an efficient im-
mune response.

In the context of the immune response, it is conceived that
the DC type receiving the danger signal will initiate a cell-con-
tact interaction between DC subsets. This contact may take
place in the LNs or in the inflamed tissues, where DCs are re-
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cruited during the course of an inflammatory response. In this
sense, a physical association between human pDCs and cDCs
has been reported in the skin of cutaneous lupus erythemato-
sus patients [11] and in the spleen of HIV-infected individuals
[12]. Functionally, coculturing human pDCs with ¢DCs in-
creases alloantigen presentation, as revealed by a higher level
of alloproliferation and of IFN-y production by T cells [13,
14]. In mice, pDCs improve cDC activation and CTL genera-
tion via CD40-CD40L interaction [15] and through IL-15 se-
cretion [16] but not IFN-a [17]. In contrast, conditioning of
human cDCs by activated pDCs (after virus or CpG DNA expo-
sure) is IFN-a-dependent [18-20]. Conversely, coculture of
pDCs with bacterially activated cDCs induces pDC phenotype
maturation [14], suggesting a possible role for pDCs as acces-
sory cells during bacterial infections. In contrast to that ob-
served in mice, this induced maturation requires cell contact
but is not dependent on CD40-CD40L interaction.

In this study, we aimed to deepen in the effects and mecha-
nisms of human DC coordination. We first confirmed that DC
subsets are in close contact in LNs and also in infiltrated
AITG, thus providing the physiological environment for cell
contact-dependent events. Second, we demonstrated that TLR-
activated ¢DCs directed phenotype maturation, secretion of
IL-6 and CCL19, and differential gene expression in condi-
tioned pDCs. Finally, the identification of Notch target genes
among those up-regulated on conditioned pDCs delineated
the involvement of y-secretase-mediated mechanisms, includ-
ing the Notch signaling pathway, in the functional activation
of pDCs by TLR-activated cDCs.

MATERIALS AND METHODS

Culture media and reagents

As culture media, we used RPMI 1640 (Gibco, Invitrogen, Carlsbad, CA,
USA), supplemented with 10% heat-inactivated FBS (Gibco, Invitrogen), 2
mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicil-
lin (Cepa S.L, Madrid, Spain), and 100 ug/mL streptomycin (Laboratorios
Normon S.A, Madrid, Spain). rhIL-3 (R&D Systems, Minneapolis, MN,
USA) was added at 10 ng/mL to all cultures, where pDCs were present.
R848 (Alexis Biochemicals, San Diego, CA, USA), LPS (Sigma-Aldrich),
and poly (I:C) (Sigma-Aldrich) were used at 5 uM, 1 pug/mL, and 10 pg/
mL, respectively, at the indicated times. In some cases, the y-secretase in-
hibitor IX DAPT (Calbiochem, Merck KGaA, Darmstadt, Germany) was
present throughout the entire culture at 10 uM. This reagent was tested
for the absence of endotoxin using the multi-test Limulus amoebocyte ly-
sate Pyrogent Plus (Lonza Group, Switzerland) with a sensitivity of 0.05 ng/
mL. DAPT, considered the most chemically selective inhibitor of the Notch
pathway [21], prevents the release and translocation to the nucleus of the
intracellular Notch domain, inhibiting the downstream Notch pathway.
srhjagl Fc chimera (R&D Systems) was used in some competition experi-
ments at a concentration of 10 ug/mL in 0.5% FBS containing RPMI.

mAb

The following murine mAb were used: purified BDCA-2 (Miltenyi Biotec,
GmbH, Bergisch Gladbach, Germany) and CD11c (Biosource Interna-
tional, Carlsbad, CA, USA); FITC-labeled mAb, including CD45 RA, CD86
(BD Biosciences, San Jose, CA, USA); CD4, CD16 (ImmunoTools,
Germany); and CD123, BDCA-2 (Miltenyi Biotec). PE-labeled mAb were
CD3, CD25, CD40, CD83, CD86, and CD123 (BD Biosciences); CD14
(ImmunoTools); and BDCA-1, BDCA-2 (Miltenyi Biotec). Also, PE-Cyb-la-
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beled CD11c (BD Biosciences), allophycocyanin-labeled CD83 (BD Biosci-
ences), and allophycocyanin-Cy7-labeled HLA-DR (BD Biosciences) mAb
were used; isotype-matched antibodies were used as controls.

Immunostaining and flow cytometry

Cells were washed, resuspended in 50 ul PBS, and incubated with mAb for
20 min at 4°C. Acquisition was performed in a FACSCanto II flow cytome-
ter using the Standard FACSDiva software (BD Biosciences). Subsequent
analyses were performed using FlowJo software 7 (Tree Star, Ashland, OR,
USA). Samples were gated using forward- and side-scatter to exclude dead
cells and debris.

Patients and samples

LN samples and thyroid tissue were obtained from the Histopathology De-
partment of the HUGTIP. Patient informed consent was obtained, and pro-
tocols were approved by the ethical committee of the HUGTIP. Immedi-
ately after surgery, samples were snap-frozen in isopentane and stored at
—70°C until immunofluorescence staining. LN samples (n=3) were ob-
tained from patients suffering lymphoma, in which ganglionic cords were
removed. The second LN of each ganglionic cord, showing no histological
evidence of tumor, was considered “healthy”, removed, and used in this
study. AITG were obtained from patients diagnosed with AITDs (n=6) at-
tended at the Endocrinology Unit at the HUGTIP or at Hospital Universi-
tari Vall d’Hebron. All clinical data and the histological study of these sam-
ples have been published earlier [22].

Immunofluorescence staining of tissue sections

Tissue cryosections (4 wm) were stained by the indirect immunofluores-
cence technique, as described before [23]. pDCs and ¢cDCs were detected
using anti-BDCA-2 (Miltenyi Biotec) and anti-CD11c (Biosource Interna-
tional), respectively. Isotype-specific serum conjugates, goat anti-mouse
IgG, labeled with Alexa 488 (Molecular Probes, Invitrogen, Carlsbad, CA,
USA), and goat anti-mouse IgG,, labeled with Rhodamine (TRITC; South-
ern Biotech, Birmingham, AL, USA) were used. These secondary antibod-
ies were diluted in PBS containing 1% FBS. The controls included nonim-
mune sera, unrelated mAb as primary antibody, and omission of each of
the layers. Sections were examined under a UV fluorescent microscope
(Axioskop II, Zeiss, Oberkochen, Germany). Images were acquired using a
high-sensitivity video camera (Hamamatsu, Hamamatsu City, Japan) and
the Openlab 2 software (Improvision, Coventry, UK).

DC isolation

Buffy coats, provided by the BST, were obtained from healthy blood do-
nors with their concern and following the Institutional Standard Operating
Procedures for blood donation and processing. Samples were processed as
described before [13]. Briefly, PBMCs were isolated by Ficoll-Paque density
gradient centrifugation (400 g, 25 min; Lymphoprep, AxisShield, Oslo,
Norway), and CD3" cells were depleted by RosetteSep human CD3 deple-
tion cocktail (Stemcell Technologies, Tukwila, WA, USA). Recovered cells
were washed twice in PBS and counted using Perfect Count microspheres
(Cytognos S.L, Salamanca, Spain). Monocytes were depleted by positive
selection using human CD14 MicroBeads and autoMACS columns (Milte-
nyi Biotec). The remaining population was incubated with FITC-CD4, PE-
CD14, PE-CD3, and PE-Cy5-CD11c mAb and sorted in a FACSAria II cell
sorter (BD Biosciences). PE-positive cells were discarded. Double-positive
cells for CD4 and CD11c were sorted as cDCs, whereas single-positive CD4
cells were sorted as pDCs. In all samples, purity was over 9% (Supplemen-
tal Fig. 1A). Whereas pDCs showed a unique population defined by CD123 and
BDCA-2 expression (Supplemental Fig. 1B), cDCs included two major subsets
(CD16*CD123"CD14°*BDCAI ~ and CD16-CD123'""CD14'*/~BDCA1"; Supple-
mental Fig. 1C), as described before [2]. Viability (>90%) of sorted populations
was assessed by Annexin V+ 7-amino-actinomycin D labeling (BD Biosciences).
Immaturity of isolated cells was revealed by the low/negative expression of CD40,
CD83, and CD86.
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pDC and cDC cocultures

Sorted pDCs and ¢DCs were cultured separately for 16 h in 96-well, round-
bottom plates at 5 X 10* cells/well (Nunc, Roskilde, Denmark). During
this time, pDCs were maintained with IL-3 (10 ng/mL), whereas cDCs were
cultured in resting conditions (cDC¢rg;) or under activation by LPS (1
pg/mL; cDCyps) or poly (I:C) [10 pg/mL; cDCp () ]. Before coculturing,
cells were washed extensively to remove dead cells and soluble factors. Af-
ter that, pDCs were cocultured with cDCg g, or ¢DCj g at a ratio of 1:1
during 24 h (for phenotype analysis and SN determinations) or with
cDCe¢rrp, DGy ps, and in some experiments, with cDCp ., during 5 h (for
gene expression experiments) in the presence of IL-3 (10 ng/mL). DAPT
(5 uM) and srhJagl (10 ug/mL) were also added to the cocultures when
indicated. For RNA studies, pDCs were CFSE-labeled before coculturing, as
described previously [13]. Then, pDCs and ¢DCs were sorted again as
CFSE"CDI11c¢™/CFSE"CD11c™ cells, respectively. Purity of pDCs was consis-
tently 100%, as confirmed by CD123 and BDCA-2 staining. Additional con-
trols used were isolated pDCs cultured in the presence of 1L-3 or IL-3 +
LPS (1 ug/mL) or IL-3 + R848 (5 uM) for 5 h or 24 h.

Measurement of cytokine and chemokine production

IL-6, TNF-o, IFN-o, CCL1, CXCL9, CXCL10, CXCL11, and CCL19 were
determined on ¢cDC/pDC coculture SNs using the Milliplex Multi-Analyte
Profiling (Millipore, Bedford, MA, USA), following the overnight protocol
described by the manufacturer. In these experiments, cDCs were stimu-
lated as described previously. After stimulation, cDCs were washed exten-
sively and cultured alone or cocultured with pDCs. These SNs were col-
lected after 24 h and analyzed for the presence of the mentioned proteins.
In the indicated experiments, DAPT was added to the cultures to study the
implication of the Notch pathway in cytokine regulation. The minimum
detectable concentration (pg/mL) of each protein was 0.3 for IL-6, 0.1 for
TNF-a, 24.5 for IFN-a, 0.5 for CCL1, 10.3 for CXCL9, 1.2 for CXCL10, 0.4
for CXCL11, and 2.1 for CCL19. All cytokines measured were over the de-
tection limit.

Cell migration assays

pDCs, cDCq. gy, and ¢DC, g were cultured alone or in combination at a
concentration of 1 X 10° cells/700 ul RPMI + 0.5% FBS during 24 h.
Then, 250 ul coculture SNs (pDC+cDCergp or pDC+cDC pg) or a mixture
of 125 ul pDC SNs + 125 ul cDC SNs (SN pDC+SN ¢DC g, or SN
pDC+SN ¢DCy 5) were placed in the lower chamber of 96-well Corning-
star plates (3 wum membrane pore size, Corning B.V. Life Sciences, Amster-
dam, The Netherlands). Where mentioned, 10 ug/mL blocking antibody
for CCL19 (R&D Systems) or human IgGs were added to the SNs, 30 min
before the beginning of the experiment. Autologous PBMCs (150x10?)
were added to the upper chamber, and plates were incubated for 4 h at
37°C with 5% CO,. Cells migrating to the lower chamber were collected
(50 pl) and counted using Perfect Count microspheres (Cytognos S.L).

RNA isolation, labeling, and hybridization

RNA was extracted from sorted pDCs using the Qiagen RNeasy Micro Kit
(Qiagen, Hilden, Germany). Quality, purity, and concentration were as-
sessed using the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA,
USA). RNA integrity was greater than seven in all samples included in the
assay. Total extracted RNA was used to synthesize ds-cDNA with the Two
Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA, USA). Biotin-la-
beled antisense cRNA was obtained using the same kit starting with 5 ng
total RNAs and the oligo dT primer, 5'GGCCAGTGAATTGTAATACGACT-
CACTATAGGGAGGCGG-(dT),,. cRNAs were purified using the columns
from the GeneChip Sample Cleanup Module (Affymetrix), and then 20 mg
cRNAs was fragmented at 94°C for 30 min in 40 ml 40 mM Tris-acetate, pH
8.1, 100 mM KOAc, 30 mM Mg(OAc),. The fragmented samples were
checked using the Bioanalyzer 2100 to verify their quality and then added
to a hybridization cocktail containing control oligonucleotide B2 (50 pM)
and eukaryotic hybridization controls (BioB, BioC, BioD, cre) at 1.5, 5, 25,
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and 100 pM final concentration, respectively, from the GeneChip Eukary-
otic Hybridization Control Kit (Affymetrix), herring sperm DNA (0.1 mg/
ml), and acetylated BSA (0.5 mg/ml). The Probe array used was the Ge-
neChip Human Genome U133 Plus 2.0 Array, which covers >47,000 tran-
scripts and represents ~39,000 human genes. The chip was prehybridized
with 1X hybridization buffer [100 mM 2-(N-morpholino)ethanesulfonic
acid, 1 M Na*, 20 mM EDTA, 0.01% Tween 20] at 45°C for 10 min with
rotation. The hybridization cocktail was heated to 99°C for 5 min, trans-
ferred to 45°C heat block for 5 min, and spun at maximum speed in a mi-
crofuge for 5 min. The hybridization mixture (200 mL) was used to fill the
Affymetrix cartridge after removal of the hybridization buffer, and the ar-
rays were hybridized at 45°C for 16 h with rotation in the Affymetrix Ge-
neChip Hyb Oven 640. GeneChips were washed and marked with streptavi-
din PE in the Fluidics Station 450 (Affymetrix) using the protocol EukGE-
WS2-v5 provided by Affymetrix. Once washed and streptavidin PE-marked,
the GeneChips were scanned in an Agilent G3000 GeneArray scanner. Raw
data are available at the ArrayExpress repository, European Bioinformatics
Institute (http://www.ebi.ac.uk/microarray-as/ae/; provisional ID:
E-MEXP-2555).

Microarray analysis

Images were processed using the Microarray Analysis Suite 5.0 (Af-
fymetrix). All samples probed a high-quality cRNA (3':5" ratio of probe sets
for GAPDH and B-actin of <1.5), and they were subsequently analyzed.
Data were previously nonspecifically filtered to remove low-signal genes and
low-variability genes. Then, DE genes between conditions were selected
based on a linear model analysis with empirical Bayes moderation of the
variance estimates following the methodology developed by Smyth [24].
Genes selected as being DE were clustered to look for common patterns of
expression. Hierarchical clustering with euclidean distance was used to
form the groups, and heat maps were used to visualize them. All statistical
analyses were done in a linux-gnu machine (with Kubuntu 7.10 OS) using
the free statistical language R 2.6.2 and the libraries developed for microar-
ray data analysis by the Bioconductor Project (www.bioconductor.org). The
main methods and tools used were described previously [25]. Genes show-
ing a fold change —1.5 = X = 1.5, and P = 0.05 were considered further.
Finally, heat maps were created using the heat map tool of the HIV data-
base http://www.hiv.lanl.gov/.

Quantitative real-time RT-PCR

Total RNA from each sample was reverse-transcribed using the High-Capac-
ity cDNA RT Kit (Applied Biosystems, Life Technologies, Carlsbad, CA,
USA), as recommended by the manufacturer. cDNA obtained was pream-
plified with the TagMan PreAmp Master Mix Kit (Applied Biosystems) for
each gene-specific targets using a pool of TagMan Gene Expression Assays
as a source of primers. This preamplification reaction generated ~1,000- to
16,000-fold amplification of each gene-specific target without inducing any
bias. The resulting preamplified material was diluted and used as the start-
ing material for the subsequent singleplex real-time PCR with each of the
following individual TagMan Gene Expression Assays represented in the
assay pool: CCL19, Hs00171149_m1; HES1, Hs00172878_m1; HEY1
Hs01114113_m1; IL-6, Hs00985641_m1; GAPDH, Hs99999905_m1. GAPDH
mRNA levels were used as an endogenous control to normalize mRNA
quantities. The relative mRNA levels of each gene were calculated as fol-
lows: relative mRNA expression = 27 (Gt sene=Ct GAPDED [96] To minimize
the effect of interindividual variability, the results were normalized to the
internal control (pDCs+cDCsq gy =1).

Statistical analyses

Results are expressed as the mean * sp unless otherwise stated. To mini-
mize the effect of interindividual variability (inherent to human samples),
in some experiments, the results are expressed as relative values to the con-
trol situation. Comparisons were conducted using the Wilcoxon signed-
rank test for related but nonparametric observations. Analyses were per-
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formed using the GraphPad Prism v4.00 software (GraphPad Software, La
Jolla, CA, USA). A value of P < 0.05 was considered significant.

RESULTS

pDCs and ¢DCs are in close contact in LNs and
autoimmune human tissue

Cell contact events are required for cooperation between DC
subsets. Several studies have pointed out the physical associa-
tion between human DC subsets in inflamed tissues [11, 12].
To further characterize this interaction in human tissues, non-
inflamed LNs were examined for the presence of both DC
subsets. Close proximity and multiple cell contacts were ob-
served between pDCs (BDCA-2+ cells) and ¢cDCs (CD1lc+
cells; Fig. 1A; n=3). A similar pattern was observed when thy-
roid glands from AITD patients were examined (Fig. 1B;
n=6), in which infiltrating cDCs and pDCs were in close con-
tact. These results further confirm that LNs and inflamed pe-
ripheral tissues are anatomical sites where cell contact events
between DC subsets may occur under physiological and inflam-
matory conditions.

Cocultures of cDCs and pDCs induce quantitative
changes on the IL-6 and CCL19 production

To explore the functional cooperation between human c¢DCs
and pDGCs, suggested by the cell contacts observed, in vitro co-
culture experiments were set up. Both DC subsets were ob-
tained from the same donor and sorted to reach highly pure
¢DCs and pDCs (>99%). Upon isolation, pDCs were main-
tained overnight with IL-3, whereas cDCs were stimulated or
not with LPS. Activated ¢DCs increased the expression of
CD40, CD83, CD86, and HLA-DR and secreted CXCL9,
CXCLI11, CCL19, TNF-«a, and IL-6 (data not shown). These
activated and nonactivated cDCs were used as “conditioners”
in coculture experiments with pDCs, as described in Materials
and Methods.

Lymph Node

Figure 1. Human ¢DCs and pDCs
are in close contact in healthy LNs
and AITGs. Double immunofluo-
rescence staining of 4 um tissue
cryosections is shown. pDCs
(BDCA-2 in green) and cDCs
(CD1l1c in red) are shown in dif-
ferent LNs (A) and AITD gland
(B) sections. Original magnifica-
tion, X400; bars = 50 um. Two
different samples obtained from
three LNs and six AITD glands
examined are shown.

136 Journal of Leukocyte Biology Volume 92, July 2012

After 24 h of coculture, ¢cDC; pg conditioned pDCs
(pDC+cDC pg) showed a maturation profile, as revealed by
the consistent increase in the levels of CD25, CD83, and CD86
compared with the control situation (pDC+cDCeqryy; Fig. 2A).
In control cultures, pDCs were maintained in control condi-
tions (pDC+IL-3) or stimulated with the TLR7/TLR8 ligand
R848 (pDC+R848), which promoted maximal activation. To
further study the functional implications of pDC-cDC coopera-
tion, we analyzed the secretion of several cytokines and
chemokines in SNs from 24-h coculture experiments (Fig. 2B).
Overall, coculture of pDC+cDC (especially pDC+cDCy pg) re-
vealed increased levels of CCL19 compared with pDCs or ¢DCs
cultured alone. Further, IL-6 was increased in the coculturing
conditions. The other cytokines and chemokines analyzed did
not show any remarkable change. Finally, as it has been re-
ported before [13, 14], pDC+cDC, pg exhibited an increased
T cell allostimulatory capacity (data not shown).

CCL19 produced in pDC+cDC, pg cocultures induces
cell migration

To ascertain whether the increased CCL19 detected in SNs
from pDC+cDC, pg cocultures was functional, autologous
PBMCs were used in migration experiments. In two different
individuals, SNs from pDC+cDC, g induced higher cell migra-
tion than SNs from pDC+cDCg ;. or a combination of SNs
from pDCs+SNs from cDC¢ gy and cDC pg cultured alone
and used as negative controls (Fig. 2C). These results revealed
a higher chemoattractant capacity induced by the
pDC+cDC; pg coculture. Blocking with an anti-CCL19 antibody
confirmed that CCL19 was responsible, at least in part, for the
increased migration observed (Fig. 2C).

Conditioned pDCs show a differential gene
expression profile

The increased amount of CCL19 and IL-6 found in the cocul-
ture experiments was indicative of higher protein secretion by

B
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Figure 2. Coculture of pDCs+cDCs promotes phenotype changes on pDCs, higher IL-6 and CCL19 production, and CCL19 chemotaxis. Cells
from each DC subset were sorted. pDCs were maintained in resting conditions and c¢DCs activated or not with LPS during 16 h. DC subsets were
washed and cultured together at a 1:1 ratio during 24 h. (A) The expression of CD25, CD83, and CD86 (gray histograms) on pDCs cocultured
with control (pDC+cDC¢rgy) or LPS-activated cDCs (pDC+cDCy pg) was analyzed by flow cytometry. pDCs maintained in control conditions
(pDC+IL-3) or activated with R848 (pDC+R848) are shown for comparative purposes. White histograms show the isotype controls. Numbers indi-
cate the proportion of positive cells (%) or the mean fluorescence intensity (number) for each marker. A representative experiment of five is
shown. (B) Sorted cDCs were stimulated or not for 16 h, washed and cultured in fresh medium, or cocultured with pDCs for 24 h. SNs were then
harvested and analyzed for the presence of the indicated cytokines and chemokines using a Luminex assay. Each panel shows the levels of the in-
dicated factor in the presence or absence of pDCs. As before, pDC+IL-3 and pDC+R848 are shown for comparison. Dots represent individual ob-
servations, and bars indicate the mean of at least seven independent experiments (¥*P<<0.05; **P<0.01; ***P<0.001). (C) Sorted pDCs were main-
tained in IL-3, whereas sorted cDCs were activated or not during 16 h. After that period of time, cells were washed, counted, cultured and again
separated, or cocultured. After 24 h, SNs of pDCs were mixed with SNs of cDC¢rgy. (SN pDC+SN c¢DCery) or cDCypg (SN pDC+SN cDCy pg;
control SNs of cocultures). Combined SNs and SNs harvested from cocultures (pDC+cDCgqrgp; pPDC+cDCyps), were incubated with antagonistic
antibodies for CCL19 (a-CCL19: +) or with total human IgGs (a-CCL19: —) during 30 min, previous to their placing in the lower migration
chamber. Autologous PBMCs (150x10?) were disposed on the upper chamber. After 4 h at 37°C and 5% CO,, 50 ul of the content of the lower
chamber was harvested and used for counting total migratory cells. The results are normalized to the negative control condition containing only
medium (basal migration=1). Numbers on the graph indicate total migratory cells counted. Results for two different individuals (IND 1 and IND
2) are shown.
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cocultured DCs. To asess whether conditioned pDCs contrib-
uted to the pool of secreted cytokines/chemokines and to fur-
ther investigate the mechanisms underlying the interaction
between cDCs and pDCs, microarray analyses were performed
on sorted pDGCs following “conditioning” by ¢DCs. Coculture
conditions were the same as before but were only maintained
for 5 h to identify early modulated genes responding to the
conditioning (Fig. 3A). At this time-point, CFSEMCD11c™
pDCs were sorted and processed for mRNA extraction and
analyses. The purity of these cells was demonstrated by the
expression of CD123, BDCA-2, and HLA-DR (Fig. 3B). For the
purpose of clarity, in the following results, pDC| pc crrry Will
refer to sorted pDCs previously cocultured with control ¢cDCs
and pDC pc 1ps)s to sorted pDCs previously cocultured with
LPS-activated cDCs.

A LAY C
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cDC
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ACTIVATION MAINTENANCE IN IL-3

\

Microarray results displayed 44 genes DE between pDC ¢ 1ps;
and their control condition pDC| p¢ ¢rrr)- For informative
purposes, the pDC+IL-3 condition is also shown (Fig. 3C).
These DE genes included up-regulated cytokines and chemo-
kines, such as IL-6, IL-23A, CCLI1, and CCL19. There were also
regulators of cell survival (PIM2, BCL2L1), negative regulators
of cell migration (ABI3, FGR), and transcription activator fac-
tors (BATF, BCL3, GATA3). Other important up-regulated,
immune-related genes were the costimulatory molecule ICOS,
the scavenger receptor SCARA5, and the negative regulatory
molecule suppressor of cytokine signaling 3. In contrast, the
chemokine receptor CCR2, which specifically mediates mono-
cyte chemotaxis, was down-regulated. Interestingly, several
Notch target and related genes, including HEY1, IL-7R, and
NRARP, were up-regulated. Of note, none of the up-/down-
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Figure 3. Conditioned pDCs show a differential gene expression profile. (A) Cells from each DC subset were sorted and cultured. pDCs were
maintained in resting conditions and c¢DCs activated or not with LPS during 16 h. Then, cells were washed extensively and cultured together at a
1:1 ratio during 5 h. Then, pDCs were sorted again as CFSE+ CD1llc—, and their RNA was extracted for gene expression studies. (B) The purity
of these sorted, conditioned pDCs was confirmed by CD123, BDCA-2, and HLA-DR staining. A representative experiment of >30 sorting proce-
dures is shown. (C) Heat map representing the expression values of all of the DE genes between pDC ¢ ¢rriy and pDCi.pe 1ps) as the median
obtained in three independent experiments, ordered by hierarchical clustering. The pDC+IL-3 condition is shown for comparison. The legend

indicates the equivalence between color code and expression values.
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TABLE 1. Microarray Results for the Expression of Canonical
Notch Target Genes on pDCs Conditioned by cDCs

Gene pDC+IL-3 PDCicbe crrig PDCicpe Les
HEY1 4.14 4.18 6.25
IL-7R 8.46 8.55 9.92"
BATF 5.37 5.35 7.05¢

Results are shown in median fluorescence intensity as the mean of
three independent experiments. “P < 0.001; “P < 0.05.

modulated genes detected in our study was related to the IFN
signature.

Conditioned pDCs undergo Notch activation

As mentioned, microarray data revealed an increased expres-
sion of some Notch target genes on pDC, ¢ 1 ps; (Table 1).
Recently, our group has characterized the presence and func-
tion of Notch receptors and ligands on human resting and
activated ¢cDCs and pDCs [27]. Furthermore, Notch signaling
has been involved in the communication among immune cells
(reviewed in ref. [28]). Thus, to validate the microarray results
and also, to unravel the putative role of Notch in DC coordi-
nation, the expression of the canonical Notch target genes
HEY1 and HES1 was analyzed by real-time RT-PCR. In these
experiments, pDCs were maintained in control conditions
(pDC+IL3) or cocultured with ¢cDC¢ gy, or cDCy pg in the
presence or absence of the specific y-secretase inhibitor DAPT.
Additional experiments were set up using cDCp 1.y and the
soluble Notch ligand Jagl as a competitor for receptor-ligand
interactions. pDC ¢ ¢rriy and pDCi e 1 ps; showed signifi-

A

kk
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cantly higher expression of the two Notch target genes com-
pared with pDC+IL-3, thus clearly suggesting a Notch interac-
tion. Further, in line with the microarray results, pDC ¢ 1.ps;
showed an even higher expression of HEY] compared with
pPDC b crriy- Addition of the y-secretase inhibitor DAPT to
the cocultures almost completely abrogated the induced gene
expression. Similar results were observed in pDCipc pr.cy;
(Fig. 4A). Moreover, the soluble ligand Jagl competed in all
conditions tested with cell-expressed ligands preventing Notch-
dependent interaction between DC subsets. This resulted in a
significantly lower expression of HEY1 and HESI in condi-
tioned pDCs (Fig. 4B). Thus, these results clearly demonstrate
that an activation of the Notch signaling pathway exists in
pDGCs conditioned by c¢DCs.

v-Secretase activity is involved in CCL19 secretion by
conditioned pDCs

Given the higher amounts of IL-6 and CCL19 found in SNs
from pDCs+cDCs cocultures (Fig. 2B) and the increased ex-
pression of these genes in sorted pDCs conditioned by ¢cDCs
(Fig. 3C), we aimed to investigate whether Notch was involved
in the induced expression of these molecules in conditioned
pDGs. In fact, our group has previously reported the effects of
DAPT on the production of CCL19 by pDCs and cDCs [27].
Thus, to study the involvement of Notch signaling between
TLR-activated cDCs and pDCs on CCL19 production, a new
set of experiments was performed. In line with the data ob-
tained from the microarray analyses, pDCi ¢ 1 ps; showed
higher expression of IL-6 and CCL19 compared with

PDCipe crriy- The presence of DAPT in the cocultures ham-
pered the up-regulation of CCL19 mRNA but not that of IL-6,

Figure 4. Notch signaling pathway is acti-
vated on conditioned pDCs. (A) IL-3-main-
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5 h with ¢DCgpgy. or ¢DG; pg in the absence
or presence of DAPT (—/+, black/white
symbols). Then, pDCs were sorted, and the
expression of the Notch target genes HES1
and HEY1 was analyzed by real-time RT-
PCR. The results were normalized to the
control condition pDCipe crrry (basal
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value=1). Each symbol represents an inde-
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during 5 h with ¢cDC¢rgy, cDCypg, or
cDCp 1, in the absence or presence of
sJagl (—/+, black/white symbols). Then,
pDCs were sorted, and the expression of
the Notch target genes HESI and HEY was
analyzed by real-time RT-PCR. The results
were normalized to the control condition
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revealing a possible regulatory role of Notch signaling in the
regulation of CCL19 transcription on pDCs (Fig. 5A). These
results were confirmed at the protein level, as the higher se-
cretion of CCL19 detected on SNs from 24-h pDC+cDC ¢
cultures was diminished significantly in the presence of DAPT,
whereas IL-6 secretion remained unchanged (Fig. 5B). Al-
though a direct effect of DAPT on ¢DCs may also be consid-
ered, the RT-PCR results confirmed that pDCs were unequivo-
cally producing this cytokine. Confirming the observation
made on pDCi ¢ 1ps), PPCiepe pa.cy; also showed increased
IL-6 and CCL19 gene expression (Figs. 5C). We then used the
soluble Notch ligand Jagl as a competitor for the cellular
Notch receptor-ligand signaling events. In these conditions,
the increased expression of CCL19 could not be abrogated
(Fig. 5C), as it happened for the canonical Notch target
genes. Therefore, CCL19 overexpression on conditioned pDCs
is dependent on a y-secretase mechanism rather than the
Notch pathway.

DISCUSSION

Mounting a rapid and effective immune response requires the
participation of multiple cell types, from APCs to effector lym-
phocytes. As a result of their intrinsic capacity to respond to a
specific stimulus and their different migratory behavior, DC
subsets will preferentially act as the “leaders” during antigen
presentation or as the “followers”. These followers will provide
additional help, which may be crucial in certain conditions.
For instance, in the context of bacterial infections, in which
pDCs would faintly respond, these cells may play an accessory
role. This DC intercommunication might also be important to
increase sensitivity to less-potent or limited stimuli [14], a situ-
ation which may well occur during antigen sampling and
transport by cDCs, as described in intranasal-administered la-
tex particles [29], or in the early stages of pathogen infection.
It may also contribute to maintain higher levels of cytokine or
chemokine secretion after the initial burst produced by ¢DCs
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Figure 5. y-Secretase complex, but not Notch signaling pathway, regulates CCL19 expression. (A) IL-3-maintained pDCs were or not cocultured
during 5 h with ¢cDCgrgy, or cDC; pg in the absence or presence of DAPT (—/+, black/white symbols). Then, pDCs were sorted, and the expres-
sion of IL-6 and CCL19 was analyzed by real-time RT-PCR. Results were normalized to control condition pDC.p¢ ¢rrry (basal value=1). Each sym-
bol represents an independent experiment. Bars indicate the mean of three experiments (*P<0.05; **P<0.01; ***P<(.001). (B) Sorted cDCs
were or not LPS-stimulated during 16 h, washed, and cocultured with pDCs during an additional 24 h in the presence (+, white boxes) or ab-
sence (—, gray boxes) of DAPT. SNs were then harvested and analyzed for the presence of IL-6 and CCL19 using a Luminex assay. Box plots indi-
cate the median (line) and percentiles of five independent experiments (¥*P<0.05). (C) IL-3-maintained pDCs were or not cocultured during 5 h
with ¢cDCqrgy, ¢DCyps, or cDCp 1.,y in the absence or presence of sJagl (—/+, black/white symbols). Then, pDCs were sorted, and the expression
of IL-6 and CCL19 was analyzed by real-time RT-PCR. Results were normalized to control condition pDC ¢ ¢rrr) (basal value=1). Each symbol
represents an independent experiment. Bars indicate the mean of three experiments (*P<0.05; **P<0.01).
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and other cells at the site of inflammation. Thus, coordination
between DC subsets may represent an advantage to induce a
potent immune response. In this sense, coordination between
DC populations has been suggested by several reports in mice
[15-17, 30] and humans [13, 14, 31]. Importantly, this coordi-
nation is dependent on cell contact events. In fact, here, we
show that cells from each DC subset may be found in close
contact in human LNs and in infiltrating autoimmune thyroid
tissue. These contacts had been also reported in the skin of
cutaneous lupus erythematosus patients [11] and in human
spleen [12]. These data support that cell contacts between
both DC subsets occur in vivo.

In mice, LN-recruited pDCs help ¢DCs to improve CTL in-
duction through CD2-CD2L and CD40L-CD40 interactions
[15]. Similarly, coordinate effects of murine pDCs on c¢DCs
have been reported to be dependent on CD40-CD40L interac-
tions, together with IL-15 secretion [16], whereas in humans
and pigs, IFN-a played a crucial role [18-20, 32]. Cell contact
is also essential for DC cross-talk in humans [13], but CD40
blockade has no effect on the reciprocal maturation between
c¢DCs and pDCs [14], suggesting that other mechanisms and
factors are involved. Using circulating human DCs and a mi-
croarray approach, here, we show that TLR-activated cDCs may
induce maturation and functional activity of pDCs through
mechanisms involving the catabolic enzyme 7y-secretase, includ-
ing the Notch signaling pathway.

Previous studies demonstrated an enhanced antigen-present-
ing capacity of pDCs and c¢DCs as a result of DC cross-talk, as
indicated by an increased expression of maturation markers
and an alloproliferative response [13, 14]. Similarly, our data
confirm the induction of an activated phenotype on condi-
tioned pDCs. Of special interest is the increase of CD25 (a
well-known Notch target gene) on pDC( p¢ 1ps;, Which may
facilitate the delivery of IL-2 to T cells, thus helping in T cell
expansion and antigen-specific effector development [33].
Moreover, we detected higher amounts of IL-6 and CCL19,
which promoted a higher rate of cell migration, in SNs of
cocultured pDC+cDC; ps. Unfortunately, intracellular staining
did not allow the unequivocal identification of the CCL19-pro-
ducing subset in the coculture experiments (data not shown).
However, gene expression analyses revealed higher expression
of IL-6 and CCL19 mRNA in sorted pDC; ¢ ¢rri; and espe-
cially, in pDC; p¢ rps) and pDCipe pr.cy; compared with
pDC+IL-3. This indicates that conditioned pDCs are, at least
in part, responsible for the increased cytokine/chemokine se-
cretion detected in SNs. Thus, our results further confirm
the conditioning of pDCs by TLR-activated cDCs. Several au-
thors consider that pDCs use their MHC-II antigen-presenta-
tion machinery in a manner that is qualitatively distinct to
cDCGs, and they argue for a complementary role between cDCs
and pDCs during antigen presentation to CD4" T cells [34,
35]. Wolf et al. [36] suggested that pDCs regulate the accumu-
lation of T cells in the bronchoalveolar space during early in-
fluenza virus infection. Recently it has been shown that pDCs
are required during the inflammation triggered by TLR li-
gands and by viral or bacterial infections. In these contexts,
their role is to control effector and regulatory CD4" T cell
homeostasis and to initiate CD8" T cell responses [37].
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CCL19 mediates attracting CCR7" cells, which mainly corre-
spond to naive and central memory T cells [38]. Our results
demonstrate that increased levels of CCL19 induce cell migra-
tion, and thus, coordination between DC subsets may partici-
pate in T cell recruitment and activation of this cell type.

Interestingly, from the microarray analyses in sorted pDCs,
the increase in the negative regulators of cell migration ABI3
and FGR [39-41] may help to retain pDCs at sites of antigen
presentation. These changes may contribute to a putative ac-
cessory function of pDCs. Accordingly, no evidences of IFN-«
signaling activation were detected on sorted, conditioned
pDGs. Furthermore, a negative regulator of IFN-a production,
ACP5 [42], was up-regulated in pDC; ¢ 1 ps;- These results are
in agreement with recent published data showing that TLR2-
or TLR4-activated monocytes inhibit IFN-a production by
pDGs, ensuring that the IFN-a response is only induced in the
presence of viral infection, together with the absence of bacte-
rial infection [31]. Therefore, communication from LPS-acti-
vated cDCs to pDCs would guarantee the generation of the
required pathogen-specific immune response (bacterial vs. vi-
ral).

So far, coordination between human DCs has been shown to
depend on cell contact, but the molecules involved in such
coordination have not been identified. Here, data obtained
from gene expression analyses revealed the putative involve-
ment of the Notch signaling pathway in the human cDC/pDC
cross-talk, as already observed in other immune cells. The
Notch signaling pathway is a well-conserved cell contact-depen-
dent mechanism involved in an extensive number of cellular
functions. Notch signaling has an important role in defining
Th cell polarization in mice and humans (reviewed in ref.
[28]) and in the cytotoxic activity of NK cells induced by DCs
[43]. Regarding DCs, Notch ligation has been demonstrated to
induce maturation on human monocyte-derived DCs [44] and
mice bone marrow-derived DCs [45]. Recently, our group has
described the expression and function of Notch receptors and
ligands on human DC subsets [27]. In line with our previous
study, the y-secretase inhibitor DAPT blocked the induction of
maturation markers, such as CD83 on pDCs (data not shown),
and hampered CCL19 production in pDCs+cDCs cocultures.
However, competition experiments using sJagl significantly
restrained the expression of Notch target genes but not of
CCL19. Therefore, additional mechanisms unequivocally de-
pendent on the ysecretase dictate the fate of conditioned
pDCs in coculture experiments. The y-secretase enzymatic
complex cleaves single-pass transmembrane proteins at resi-
dues within the transmembrane domain. A sequential process-
ing of the transmembrane chemokines CX3CL1 and CXCL16
by a- and <y-secretases has been reported [46]. As CCL19 is
considered a nontransmembrane chemokine, the involvement
of DAPT in CCL19 secretion is unknown. The induction of
CCL19 (and other genes), not related to the Notch signaling
pathway, points toward additional signaling events between
c¢DCs and pDCs to promote pDC conditioning. Beyond this
observation, the Notch pathway is clearly activated in the re-
ceptor-ligand interaction between pDCs and cDCs, but the fi-
nal consequences of this interaction require further investiga-
tion.
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In summary, to our best knowledge, this is the first study to
show gene and protein activation on conditioned pDCs pro-
moted by TLR-activated ¢cDCs. Importantly, our results also
provide strong evidence for the involvement of Notch recep-
tor-ligand interactions in this communication, suggesting the
Notch signaling pathway as one of the mechanisms involved in
human DC cooperation. This coordination between cDCs and
pDCs may in turn contribute to establish a specific immunos-
timulatory environment, further supporting the view that a
cooperative relationship between human DC subsets may be
important in the induction of the specialized immune re-
sponse to a given danger signal.
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