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ABSTRACT T 

Specificc immunity to pathogens is initiated by the activation and maturation of sentinel 

dendriticc cells (DC) upon pathogen recognition by pattern recognition receptors, including 

Toll-lik ee receptors (TLRs). It has been previously reported that subsets of the two distinct 

lineagess of DC, e.g. myeloid CD1 lc/BDCAT DC and plasmacytoid CD1237BDCA4+ DC, 

stronglyy differ in their TLR expression profile, responsiveness to pathogens, and production 

off  cytokines. In the present study we addressed, in comparative assays using these previously 

definedd DC populations, the phenotypical and functional characteristics of a novel subset of 

myeloidd DC expressing high levels of BDCA3 antigen (BDCA3hl DC), a DC population with 

thee lowest frequency in human peripheral blood. We found that, in addition to TLR1 and 

TLR3,, BDCA3hl DC uniquely express TLR10 mRNA, of which the ligands are presently 

unknown.. BDCA3h' DC, cultured in GM-CSF, mature upon stimulation by the combination 

off  IL-I p and TNF-a, or by the TLR3 ligand double-stranded RNA (dsRNA). Upon 

activationn by dsRNA, BDCA3h' produce low levels of IL-12 and IFN-a and acquire the 

capacityy to promote Thl responses, albeit less potently compared to BDCA1+ DC that 

producee higher levels of IL-12 in response to dsRNA. In contrast to BDCA1+ DC, BDCA3hi 

DCC produce no or very low levels of cytokines in response to TLR4 ligand LPS and to SAC. 

Immunohistochemicall  analysis of human tissue sections revealed the presence of BDCA3' 

cellss with dendritic morphology in both lymphoid (tonsil, spleen and thymus) and non-

lymphoidd tissues (skin). In the skin, BDCA3+ cells can be found in both epidermis and 

dermis.. This study suggests that BDCA3hl DC, due to their narrow TLR expression profile, 

hass a limited capacity to recognize pathogens, but are as flexible in their capacity to bias the 

developmentt of Thl/Th2 cells, as other DC subsets. 

INTRODUCTIO N N 

Protectivee immunity to a variety of pathogens depends on immune responses adapted to the 

typee of pathogen. Dendritic cells (DC) play a pivotal role in the initiation of specific immune 

responses.. DC reside in an immature form (iDC) in epithelial tissues where they constantly 

samplee the environment for incoming pathogens.1 Recognition of pathogens is mediated by 

pattern-recognitionn receptors (PRRs) that recognize conserved pathogen-associated 

molecularr patters (PAMP). Toll-like receptors (TLRs) form a major group of PRRs that 

translatee the recognition of a PAMP into activation of the immune system.2J 
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Uponn activation by pathogens, iDC undergo a programme of maturation and migrate 

throughh the lymphatics towards secondary lymphoid organs. During maturation, DC 

upregulatee the expression of MHC class II (HLA-DR) and CD83, and the costimulatory 

molecules,, CD80 and CD86, to become potent immunogenic antigen-presenting cells (APC) 

forr naive T helper (Th) cells.' In the T cell areas of secondary lymphoid organs, mature DC 

activatee naive Th cells and adapt the class of the immune response to the type of invading 

pathogenn by driving the polarization of naive Th cells into effector Th type 1 (Thl) or Th2 

cells.4"66 For example, iDC activated with virus or the viral mimic double-stranded RNA 

(dsRNA)) polyriboinosinic polyribocytidylic acid (poly I:C), develop into a mature DC type 1 

(DC1)) that potently induces the development of Thl cells.7'8 

Twoo distinct lineages of human DC, myeloid DC and plasmacytoid DC (PDC) can be 

distinguished.. These lineages differ in their expression of TLRs, responsiveness to 

pathogens,, and the production of signature molecules that drive the development of Thl or 

Th22 cells.9"10 Myeloid CD1 lc' DC, similar to monocyte-derived DC, express TLR1, 2, 3, 4, 

5,, 6 and 7, whereas CD123+ (IL-3Ra) PDC express TLR6, 7, 8, and 9.9-10 Myeloid DC 

recognizee several bacterial components via TLR1, 2, 4, 5 and 6 " " and viral dsRNA via 

TLR3.166 In contrast, PDC selectively recognize bacterial DNA-containing CpG motifs via 

TLR9177 and are of particular importance in innate immunity against several viruses. While 

IL-122 is produced at high levels by myeloid DC, PDC have the capacity to produce high 

levelss of type I interferons (IFN-a and IFN-p1).9'10 

Peripherall  blood contains several DC subsets19-21 of which the smallest population of DC, 

approximatelyy 2.7% of the MHC class II positive and lineage negative cells (lin\ CD3, 

CD14,, CD16, CD19, CD20, CD34 and CD56), is characterized by the expression of the 

bloodd dendritic cell antigen 3 (BDCA3).21 BDCA3 is a molecule of which the function and 

ligandd are still unknown. The present study describes the phenotypic and functional 

characteristicss of BDCA3hl DC subset and compared them to BDCAT myeloid and BDCA4+ 

plasmacytoidd DC. We isolated this BDCA3h' DC subset from peripheral blood and analyzed 

theirr TLR expression, their capacity to take up antigen, the responsiveness to certain PAMPs, 

theirr cytokine secretion profile and their capacity to induce a particular Thl or Th2 response. 

Inn addition, we analyzed the distribution of BDCA3+ DC in lymphoid and non-lymphoid 

tissuess by immunohistochernistry. 
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MATERIAL SS AND METHOD S 

Isolationn and cultur e of BDCA1+, BDCA3hi and BDCA4+ DC 

Peripherall  blood mononuclear cells (PBMC) were isolated by density centrifugation with 

Lymphoprepp (Nycomed, Torshov, Norway). Myeloid DC, BDCAl*  and BDCA3", and 

plasmacytoid,, BDCA4* DC were isolated from PBMC by magnetic cell sorting (MACS) 

usingg a high gradient MACS device (Mini-MACS* ; Miltcnyi Biotec, Bergisch-Gladbach, 

Germany).. Briefly, CD19+ B cell-depleted PBMC were incubated with PE-labeled mouse 

monoclonall  antibodies (mAbs) against BDCA1, BDCA3 or BDCA4 (all from Miltenyi 

Biotec)) followed by anti-PE magnetic beads (Miltenyi Biotec). In addition, BDCA3hl DC 

weree isolated with anti-BDCA3 microbeads (Miltenyi Biotec). To analyze the purity of the 

obtainedd BDCAl", BDCA3', BDCA3hi, BDCA4~ DC populations, the cells were incubated 

withh a cocktail of FITC-conjugated mAb specific for CD3, CD 14, CD 16, CD 19, CD20, CD34 

andd CD56 receptors (lineage, lin) (IgGl; BD Biosciences, San Jose, CA). The purity of each 

celll  population was >90%. Purified DC were cultured in Iscove's modified Dulbeccos's 

mediumm (IMDM; Life Technologies, Paisley, U.K.) containing gentamycin (86 ug/1; Duchefa, 

Haarlem,, The Netherlands) and 10% FCS (HyClone, Logan, UT). In addition, DC cultures 

weree supplement with the following growth factors (GF): BDCA1+ and BDCA3hi DC with 

GM-CSFF (500 U/ml; Schering-Plough, Uden, The Netherlands) and BDCA4+ DC with IL-3 

(100 ng/ml, Strathmann Biotech, Hannover, Germany). 

Analysiss of cell surface molecules expression by FACS 

Too analyze the phenotype of circulating DC, cell suspensions (PBMC, isolated BDCAT, 

BDCA3h'' and BDCA4" DC) were incubated with the following mouse mAbs: anti-CD86-

F1TCC (IgGl; BD Pharmingen, San Diego, CA), anti-CD83-allophycocyanin (APC) (IgG2b; 

Caltagg Laboratories, Barlingame, CA), anti-HLA-DR-PerCP (IgG2b; BD Biosciences, San 

Jose,, CA), anti-CDllc-APC (IgGl; BD Biosciences), anti-CD123-biotin (BD Pharmingen), 

streptavidin-PerCPP (BD Biosciences), anti-BDCAl-biotin (Miltenyi Biotec), streptavidin-

APCC (BD Biosciences), anti-BDCA4-APC (Miltenyi Biotec) and anti-lin-FITC (BD 

Pharmingen).. As controls, cells were stained with corresponding isotype matched control 

mAb,, Stained cells were analyzed using a four-color cytometer (FACSCalibur, BD 

Biosciences).. The cells were cultured overnight in medium containing maturation factors 

(MF)) IL-i p (10 ng/ml; Strathmann Biotech) plus TNF-cc (50 ng/ml; Strathmann Biotech), or 
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polyy I:C (20 ug/ml, Sigma-Aldrich, St. Louis, MA) or CpG-oligodeoxynucleotide {ODN) 

20066 (5'-GGGGGGACGATCGTCGGGGGG-3')22 (0.5 uM; Biosource International, 

Nivelles,, Belgium). 

Quantificationn of TLR and p2-microglobuline mRNA levels by real-time PCR 

Inn order to obtain highly purified DC subsets, DC were isolated by MACS as described above 

followedd by further purification using FACS sorting (BD Biosciences). This method yielded 

highlyy purified (>99%) BDCAl\ BDCAhi and BDCA4' DC. Subsequently, purified cells 

weree lyzed and total RNA was purified by using the NucleoSpin*  RNA II kit (Macherey-

Nagel,, Duren, Germany) according to manufacture's instructions. Complementary (c)DNA 

wass generated using the First strand cDNA synthesis kit for RT-PCR (MB1 Fermentas, St 

Leon-Rot,, Germany). To anneal the primer to the RNA, 9 ul of total RNA, 1 ul oligo(dT)18 

andd I (il D(N)6 were added. This mix was then heated for 5 minutes at 94°C. Real-time PCR 

wass performed in a LightCycler {Roche Diagnostics, Mannheim, Germany) based on specific 

primerss (see Table I) and general SYBR green fluorescence detection. PCR products were 

analyzedd on a 1% agarose gel containing ethidium bromide. A 100 bp DNA ladder standard 

(MBII  Fermentas) was used as a size marker. 

Tablee 1. Primer sequences 

Gene e 

TLR1 1 
TLR2 2 
TLR3 3 
TLR4 4 
TLR5 5 
TLR9 9 
TLRR 10 

P2u u 

Forwardd primer 

AAAAGAAGACC CCTGAGGG CC 
AACCCTAGGGGAAACATCTCT T 
AAATTGGGCAAGAACTCACAGG G 
TACAAAATCCCCGACAACCTC C 
TGCATTAAGGGGACTAAGCCTC C 
GTGCCCCACTTCTCCATG G 
TGACCACAATTCATTTGACTACTC C 

AAGATTCAGGTTTACTCACGTC C 

Reversee primer 

TCTGAAGTCCAGCTGACCCT T 
GGAATATGCAGCCTCCGGAT T 
GTGTTTCCAGAGCCGTGCTAA A 
AGCCACCAGCTTCTGTAAACT T 
AAAAGGGAGAACTTTAGGGACT T 
GGCACAGTCATGATGTTGTTG G 
11 1 GAAI AC 1 1 1 IGGGCAAGCACC 

TGATGCTGCTTACATGTCTCG G 

Antigenn uptake assay 

BDCA1\\ BDCA3hl and BDCA4* DC were incubated in culture medium for 30 min at 37°C in 

thee presence of 0.4 ug/ml bovine serum albumin (BSA)-FITC (1:12 molar ratio, Sigma-

Aldrich)) or a-D-mannosylated-BSA-FITC conjugate (Man-BSA, 1:2.5 molar ratio; Sigma-

Aldrich).. Negative controls were incubated with the antigen for 30 min at 4°C. Antigen 
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uptakee was stopped by extensive cold washing and cell surface fluorescence was quenched 

withh trypan blue (Sigma). Antigen uptake was evaluated by flow cytometry. 

Stimulationn of BDCA1+, BDCA3hi and BDCA4* DC 

BDCA1\\ BDCA3hl BDCA4* DC were stimulated at the concentration of 2xl04 cells/200 ul 

(96-wclll  plates, Costar, Cambridge, MA) with LPS from Escherichia coli (100 ng/ml; Sigma-

Aldrich),, fixed Staphylococcus aureus Cowan strain I (SAC, 75 jug/ml; Calbiochem, San 

Diego,, CA), polyriboinosinic polyribocytidylic acid (poly I:C, 20 ug/ml; Sigma-Aldrich), 

CpG-ODNN 2006 (0.5 u.M). Culture supernatants were harvested after 24 h and the levels of 

IL-12p70,, IFN-a. TNF-a, IL-6 and IL-10 were measured by ELISA (see below). 

Isolationn of CD4CD45RA+CD4RO naive Th cells (ThN) 

ThNN were isolated from peripheral blood leukocytes with the negative selection human 

CD4TD45RO"" column kit (R&D Systems, Minneapolis, MN). This method yielded highly 

purifiedd (>98%) CD4,CD45RA+CD45RO" ThN as assessed by flow cytometry (data not 

shown). . 

Analysiss of proliferatio n of T cells cocultured with BDCA1+, BDCA3hi or  BDCA4+ 

DCC in a mixed lymphocyte reaction (MLR ) 

IL-ip/TNF-aa (maturation factors, MF)-matured DC subsets where tested for their ability to 

stimulatee allogeneic ThN in a MLR. ThN (2.5x104 cells/200 ul) were cocultured in 96-well 

flat-bottomm culture plates with different concentrations of matured DC. After 5 days, cell 

proliferationn was assessed by the incorporation of [3H]thymidine ([3H]-TdR, Radiochemical 

Centre,, Amersham, Little Chalfont. U.K.) after a pulse with 13 KBq/wcll during the last 16 h, 

ass measured by liquid scintillation spectroscopy. 

Inductionn of Thl or  Th2 cell responses by mature BDCA1+, BDCA3hi or  BDCA4+ 

DC C 

Isolatedd DC subsets (lxlO4 cells/200 ul) were cultured in the presence of MF or poly I:C 

beforee cocultured with ThN (4xl04 cells/200 ul) in 96-well flat-bottom culture plates. After 

244 h. superantigen Staphylococcus aureus enterotoxin B (SEB. 100 pg/mh Sigma-Aldrich) 
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andd naive Th cells were added to DC cultures. On day 5, IL-2 (10 U/ml; Cetus, Emeryville, 

CA)) was added and the cultures were further expanded. After 14 days, resting memory Th 

cellss were harvested, washed, and restimulatcd for 6 h with PMA (10 ng/ml; Sigma-Aldrich) 

andd ionomycin (1 ug/ml; Sigma-Aldrich) in the presence of brefeldin A (10 u.g/ml; Sigma-

Aldrich)) in order to analyze Th cell cytokine production profile at the single cell basis. The 

cellss were fixed in parafolmadehyde (2%; Sigma-Aldrich), permeabilized with saponin (0.5%; 

Sigma-Aldrich),, and labeled with FITC-coupled IFN-y mAb (Becton Dickinson) and PE-

coupledd 1L-4 mAb (Becton Dickinson). The cells were evaluated by FACScan (Becton 

Dickinson). . 

Evaluationn of cytokine production by ELISA 

Determinationn of IL-12p70 concentrations in culture supematants was performed by specific 

solid-phasee sandwich ELISA as previously described.23 Pairs of specific monoclonal 

antibodiess and recombinant cytokine standards were obtained from BioSource International 

(Camarillo,, CA) for determinations of IL-6, TNF-a and IFN-a, and from BD Pharmingen for 

IL-100 determination. The detection limits of these ELISAs are as follows: IL-6, 20 pg/ml, 

TNF-a,, 20 pg/ml, IFN-a, 100 pg/ml, IL-12p70, 3 pg/ml, IL-10, 20 pg/ml. 

Immunohistochemicall  analysis of BDCA1+, BDCA3+ and BDCA4* cells in human 

tissues s 

Forr immunohistochemical staining, tissues specimens of human tonsils, spleen, thymus and 

skin,, were embedded in Tissuc-Tek (Sakura Finetck, Torrance, CA), cryopreserved in liquid 

N:: and stored at -20°C. Acetone-fixed cryosections (6 um) were prepared and incubated writh 

specificc mouse mAbs against BDCA1 (IgG2a), BDCA3 (IgGl) or BDCA4 (IgGl) (1:5, 

Miltenyii  Biotec) for 1 h at 37°C after blocking endogenous peroxidase activity with 0.3% 

H2O22 and 0.1% sodium azide (NaNi). An IgGl isotype mAb was used as negative control. 

Afterr incubation with biotinylated rabbit anti-mouse IgG (Dakopatts, Glostrup, Denmark) for 

11 h at room temperature, skin sections were rinsed with PBS and incubated with streptavidin 

horseradishh peroxidase-conjugated (Central Laboratory of the Netherlands Red Cross Blood 

Transfusionn Service, CLB, Amsterdam, The Netherlands). After washing, 3-amino-9-

ethylcarbazolee (AEC, Sigma-Aldrich) as used as chromogen. With this procedure BDCA1-, 
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BDCA3-- and BDCA4-positive cells stained red. Other cellular elements were counterstained 

withh hematoxylin (Cellpath, Newton Powys, UK). 

Forr double immunostainings, tonsil and skin sections were incubated first with normal goat 

serumm (10%; Dakopatts) for 15 min followed by anti-BDCAl mAb (IgG2a, 1:5; Miltenyi 

Biotec)) for 1 h at 37°C. Thereafter, FITC-coupled goat Ffab1): anti-mouse IgG and IgM 

(Jacksonn ImmunoResearch Laboratories, West Grove, PA) was added to the sections followed 

byy an incubation with rabbit anti-FlTC (Dakopatts) and by an incubation with alkaline 

phosphatasee (AP)-conjugated goat anti-rabbit IgG (Dakopatts); all incubation were performed 

forr 30 min at 37°C. Next, normal mouse serum (10%, Dakopatts) was added to the sections, 

followedd by biotin-conjugated BDCA3 mAb (IgGl, 1:5; Miltenyi Biotec) overnight at 4°C. 

Thenn the sections were incubated with streptavidin horseradish peroxidase-conjugated (CLB). 

APP staining was developed using naphtol AS-MX phosphate (20 mg, Sigma-Aldrich) plus 

levamisolee (15 mg, Sigma-Aldrich) plus Fast blue BB salt (1 mg, Sigma-Aldrich) in 100 mM 

Tris-HCC buffer, pH 8.5. With this procedure BDCAT DC stained blue. AEC staining was 

performedd as stated above. With this procedure BDCA3' DC stained red. The sections were 

driedd and mounted with glycerol/gelatin. Slides were analyzed with a wide field upright 

microscopee (Leica DMRA, Wetzlar, Germany) coupled to a CCD camera and Image-Pro Plus 

softwaree (Media Cybernetics, Dutch Vision Components, Breda, The Netherlands). 

RESULTS S 

Peripherall  blood contains several subsets of DC that express BDCA3 antigen 

Althoughh BDCA3" DC were previously reported to occur in human blood,"0'"1 it is unclear 

whetherr BDCA3 expression is heterogeneous or restricted to one subset. Therefore, PBMC 

weree stained with PE-labellcd antibodies directed against BDCA3 antigen in combination 

withh FITC-labeled mAbs against lineage (CD3, CD14, CD16, CD19, CD20, CD56, CD34) 

andd anti-CD 123-biotin (followed by streptavidin-PerCP), or anti-CD 1 lc-APC, or anti-

BDCAl-biotinn (followed by streptavidin-APC). As shown in Figure IA, BDCA3 antigen is 

expressedd on lineage-negative cells at two different intensities, BDCA31" and BDCA3h' 

expression.. The BDCA3 ° DC population consists of a mixed population of subsets of both 

plasmacytoidd CD123~ and myeloid CDllc*  DC, as demonstrated by the coexpression of 

CD1233 or CDllc and, BDCA4 or BDCA1, respectively. In contrast, the BDCA3hl DC 

populationn is homogenous and does not express CD 123, BDCA1 or BDCA4, and is 

characterizedd by CD11c expression (Fig. 1A). 
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B B 

AA 31% 

91% % 

CD123 3 

Figuree 1. Peripheral blood contains several subsets of DC that express BDCA3 antigen. (A) PBMC were stained 
withh anti-BDCA3-PE and anti-Lin-FITC mAbs in combination with anti-CD 123-biotin (followed by 
streptavidin-PcrCP)) or anti-CD 1 lc-APC or BDCAI-biolin (followed by streptavin-APC) or BDCA4-APC 
mAbs.. Cells were analyzed using a four-color flow cytometry. The gates were set on Lin 7BDCA3 ' and Lin 
BDCA3'""  and the expression of CD123, CD! lc. BDCA1 and BDCA4 are depicted. (B) BDCA3̂  cell isolation 
withh anti-BDCA3-PE mAb yielded two populations that express the BDCA3 antigen. BDCA3h' and BDCA31". 
Thee BDCA3"'-expressing population expresses CDlIc but not CD123. whereas the BDCA3"-expressing 
populationn expresses both CDlIc and CDI23. (C) BDCA3 isolation with anti-BDCA3 microbcads yielded a 
singlee BDCA3h'-expressing population characterized by CDllc expression but not CD123. These results are 
fromm a representative experiment out of five. 
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Next,, BDCA3' DC were purified by using two different methods, with PE-labeled BDCA3 

mAbb (Fig. IB) or with anti-BDCA3 microbeads (Fig. 1C). Figure IB shows that the isolation 

PE-labeledd BDCA3 mAb leads to a mixed population of DC. In contrast, a single population 

off  BDCA31" DC was obtained using anti-BDCA3 microbeads (Fig. 1C). Therefore, for the 

nextt set of experiments this last methodology was used. 

BDCA3hii DC show flui d phase but not mannose receptor-mediated endocytosis 

Ass the uptake of antigens in peripheral tissues is a prerequisite of the antigen-presenting cell 

functionn of DC.1 we studied the endocytic capacity of the BDCA31" DC subset and compared 

too BDCAT and BDCA4' DC subsets. To this aim. the different BDCA subsets were 

incubatedd with cither FITC-labeled bovine serum albumin (BSA) or with FITC-labeled 

mannosylatedd BSA (Man-BSA) at 37°C or. at 4°C as a negative control. After 30 min, the 

capacityy of the antigen uptake was measured by flow cytometry. As shown in Fig 2.. 

BDCA3""  DC are capable of taking up BSA. however, not as efficiënt as BDCAT DC. In 

contrast,, BDCA4" DC are not able to take up BSA. All three DC subsets did not take up Man-

BSA,, which is in accordance with the observation that these blood-derived DC subsets do not 

expresss the mannose receptor or DC-SIGN (data not shown). 

BSA A Man-BSA A 

BDCATDC C 

BDCA3h 'DC C 

BDCA4** DC 

Figuree 2. BDCA31" DC show Huid phase but not mannose receptor-mediated endocytosis. BDCA1 . BDCA3hl 

andd BDCA4" DC subsets were incubated with BSA-FITC or Man-BSA-FITC for 30 min at 30'C (grey profiles) 
orr at 4C (open profiles) as negative control. Surface binding of BSA or Man-BSA was quenched with trypan 
Blue.. Cells were analyzed by flow cytometry. One representative experiment out of three is shown. 
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BDCA3hii DC selectively express TLR1, TLR3 and TLR10 

DCC are able to recognize different PAMPs using highly conserved PRRs, which include the 

TLRs.. To date, 10 TLRs have been described (TLR1-10) and studies with human DC subsets 

havee shown that plasmacytoid DC express TLR7, 8 and 9. In contrast, myeloid DC express 

TLR1,, 2, 3, 4, 5, 6 and 7.9,10 Therefore, we questioned whether BDCA3hi DC show a 

particularr TLR expression profile. To this aim, highly purified (FACS-sorted, >99% pure) 

freshlyy isolated BDCA1', BDCA3hl and BDCA4' DC were analyzed for their expression of 

TLR1,, 2, 3, 4, 5, 9 and 10 by real-time PCR. Figure 3 shows that BDCA3hi DC selectively 

expressedd TLR1, 3 and 10. In addition BDCA1+ DC selectively expressed TLR1. 2, 3, 4 and 5 

mRNA.. BDCA4 DC selectively express TLR9, confirming previous reports. " 

oo " o 
OO O Q 
++ '£ * 
T-- m *t << < < 
OO O O oo o o 
COO CD 00 

TLRII  mm 

TLR2 2 

TLR33 " " " * 

TLR44 ( : 

TLR55 WÊB 

TLR9 9 

TLR10 0 

B2uu mmm* *i Mi

Figuree 3. BDCA3hi DC selectively express TLRI. TLR3 and TLRI0 mRNA. BDCAl'. BDCA3hl and BDCA4~ 
DCC subsets were isolated with MACS followed by FACS-sorting in order to obtain highly purified (>99%) DC 
populations.. After lysis. RNA was extracted and mRNA for TLRI. 2, 3. 4. 5. 9. and 10 was detected by real-time 
PCRR using a Light Cycler. PCR products were visualized on a l% agarose gel containing ethidium bromide. 

BDCA3hii DC mature after  culture, stimulation with TNF-a/IL-l p poly I:C 

Uponn stimulation by pathogens or pathogen-induced tissue factors, DC undergo a process of 

maturationn that is characterized by the enhanced expression of the costimulatory molecules 

CD800 and CD86. HLA-DR, CD40 and CD83.' To study the capacity of BDCA3hi DC to 
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mature,, the expression of CD86, HLA-DR and CD83 was analyzed direetly after isolation of 

thee cells, as well as after overnight (o/n) culture in the presence of growth factors (GF) GM-

CSFF (for BDCAT and BDCA31" DC) or IL-3 (for BDCA4 DC), or with maturation factors 

IL-ip/TNF-aa (MF), or with poly I:C. BDCA4* DC were additionally stimulated with the 

TLR99 ligand CpG-ODN. Culture of BDCA31" DC readily upregulates CD86 and CD83 

expressionn (Fig. 4B). However, additional priming with MF or poly I:C resulted in higher 

levelss of CD86 and CD83 (Fig. 4C and D). The same expression pattern was observed in 

BDCATT DC (Fig. 4). In contrast, additional priming with MF or poly I:C in BDCA4* DC did 

nott result in higher levels of CD86 and CD83 expression. However, priming with CpG-ODN 

20066 did induce the upregulation of CD86 (Fig. 4E). All DC subsets expressed high levels of 

HLA-DRR directly after isolation and no further upregulation was observed after culture either 

inn the absence or in the presence of GF or stimuli (data not shown). 

AA B C D E 
Afterr isolatton o/ninGF o/ninGF-MF o/n in GF-Poly I C o/mnGF-CpG 

CD866 CD83 CD86 CD83 C086 CD83 CD86 CD83 CD86 CD83 

Figuree 4. BDCA31" DC mature after culture, stimulation with IL-lp7TNF-a or with poly 1:C. BDCA1 . 
BDCA31""  and BDCA4~ DC subsets were analyzed for their expression of CD86 and CD83 by How cytometry 
directlyy after isolation (A), after overnight (o/n) culture in their respective GF, GM-CSF (500 U ml) for BDCA1 
andd BDCA31" cells and IL-3 (10 ng/ml) for BDCA4' cells (B). or with GF plus maturation factors (MF) IL-l p 
(100 ng/ml) and TNF-a (50 ng/ml) (C) or with GF and poly I:C (20 ug/ml) (D). Additionally, BDCA4' DC were 
stimulatedd with CpG-ODN 2006 (0.5 pM) (E). One representative experiment out of four is shown. 

BDCA3hii DC have the capacity to induce naive T cell proliferatio n 

Sincee the stimulation of BDCA3h' DC resulted in the upregulation of CD86 and CD83. we 

nextt analyzed to what extent these cells are potent activators of naive Th cell proliferation. To 

thiss aim. BDCA1, BDCA3hi and BDCA4̂  DC were matured with MF for 24 h and 

subsequentlyy cocultured with allogeneic naive Th cells. After 5 days the proliferation of the 

Thh cells was measured by 11-thymidine incorporation. As shown in Fig. 5. both BDCA1 and 

BDCA33 ' DC have the capacity to induce proliferation in naive Th cell precursors. In contrast. 
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BDCA4++ DC and control monocytes were poor naive Th cell stimulators. As expected, freshly 

isolatedd BDCAl', BDCA3hl, or BDCA4+ DC did not induce naive Th cell proliferation, 

probablyy since they express low levels of costimulatory molecules (data not shown). 

Cytokinee production by BDCA3hi DC 

Ann important function of DC is the activation and polarization of naive Th cells.1 Several DC-

derivedd cytokines may promote the development of Thl or Th2 cells. In particular, the 

cytokiness IL-12p70 and IFN-a are potent inducers of Thl development.24 Previously, it has 

beenn demonstrated that myeloid BDCAl*  DC are the main producers of IL-12p70, whereas 

plasmacytoidd BDCA4* DC predominantly produce IFN-a.1025 Therefore, wc addressed the 

questionn whether BDCA3h' DC as well show a particular cytokine secretion profile in 

responsee to the PAMPs e.g. the TLR4 ligand LPS, the TLR3 ligand dsRNA (poly I:C) or the 

TLR99 ligand CpG-ODN 2006. Although the TLR specificity is unknown, fixed 

StaphylococcusStaphylococcus aureus Cowan strain (SAC) was included in these experiments, since 

preliminaryy experiments have shown that SAC potently activates both BDCAl*  and BDCA4* 

DC.. Whereas BDCAl*  DC are the main producers of IL-I2p70, 1L-6, TNF-a and IL-10 and 

BDCA4**  DC produce high levels of IL-6 and IFN-a, BDCA3hl DC produce IL-6 and only 

loww levels of IL-12p70 in response to dsRNA (Fig. 6). Similar low levels of IL-6 and TNF-a 

weree detected in BDCA3h' DC in response to LPS or SAC, whereas no cytokines were 

producedd in response to CpG-ODN. Strikingly, BDCA4+ DC, which do not express TLR3 

(Fig.. 3), produce in response to the TLR3 ligand poly 1:C high levels of IFN-a and IL-6 (Fig. 

6).. In addition, both SAC and CpG-ODN 2006 stimulation of BDCA4+ DC induced the 

productionn of IFN-a, IL-6 and TNF-a at various levels. LPS-stimulated BDCA4T DC 

producee low levels of IL-6 and TNF-a, but no IFN-a (Fig. 6). IL-10 is selectively produced 

byy BDCAl*  DC in response to LPS, SAC or poly I:C (Fig. 6). Except for 1L10, the cytokine 

secretionn pattern of BDCA3h' DC in response to the different PAMPs tested is comparable to 

thee secretion pattern observed in BDCAlT DC, albeit the cytokines are produced at lower 

levels. . 
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Figuree 5. BDCA3" DC have the capacity to induce naive T cell proliferation. To analyze the capacity of the 
threee DC subsels and monocytes (used as negative control) to induce proliferation in allogeneic naive Th cells, 
thee different DC subsets were cultured for 24 h in MF (IL-lp , 10 ng ml and TNF-ct, 50 ng ml). Subsequently. 
thee DC subsets and monocytes were cocultured at different numbers with naive Th cells (25.000 cells/well). 
Afterr 5 days, the cells were pulsed during the last 16 h with [3H]thymidine ([ H]-TdR). Data are expressed as 
countss per minute (cpm). One representative experiment out of two is shown. 

BDCA3h i DCC have the capacity to polarize naive Th cells 

Itt  has been proposed that distinct DC lineages differentially induce Thl and Th2 cell 

responsess in default conditions, e.g. in the absence of pathogen- or tissue-derived molecules 

thatt affect the Th cell-polarizing capacity of DC."1" However, the functions of these DC 

lineagess are rather flexible, since their ability to induce the development of particular Th cell 

subsetss may depend on, amongst others, the microenvironment and on the type of invading 

pathogen.. ' Therefore, we determined which Th cell cytokine profile is induced by BDCA3" 

DCC matured in response to MF or poly I:C. As reported before."' priming of BDCA1 DC in 

defaultt maturation conditions (in the present experiments priming by MF). compared to 

primingg of BDCA4 DC. results in the predominant development of IFN-y-producing Th cells 

(Fig.. 7). Interestingly. MF-primed BDCA3" drive an intermediate Thl/Th2 cell profile. 

Thee priming of the three DC subsets with poly I:C always resulted in the development of 

DCC that promote the development of IFN-y-producing Thl cells, although the frequency of 

thee Thl cells is different. BDCA1 DC is the most potent inducer of Thl responses, followed 

byy BDCA31" DC and BDCA4 DC (Fig. 7). The DC-derived factors responsible for the 

observedd Thl development arc currently being investigated. 
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Figuree 6. Cytokine production by BDCA1 . BDCA3'" unci BDCA4" DC subsets in response to various stimuli. 
BDCA11 . BDCA3'" and BDCA4 DC were left unstimulated or stimulated with LPS (100 ng/ml), SAC (75 
ugg ml), poly l:C (20 Lig/ml or CpG-ODN (0.5 uM). After 24 h, supernatants were harvested and analyzed for the 
presencee of IL-12p70. IL-6. TNF-a, IFN-a and IL-10 by specific ELISAs. Results are from a representative 
experimentt out of four. 

InIn vivo localization of BDCA3* cells: preliminar y data 

Althoughh BDCA3h' DC arc present in peripheral blood in low frequencies.21 the localization 

off  these cells in lymphoid and peripheral tissues remains to be established. Therefore, we 

analyzedd the distribution of the three DC subsets by immunohistochemistry of human tonsils, 

spleen,, thymus and skin by using specific antibodies directed against BDCA1. BDCA3 and 

BDCA44 antigens. As show in Figure 8A (upper panel). BDCA3' DC are present close to the 

mantlee zone (MZ) of the tonsil follicles in contact with the B cell area, but the staining pattern 

doess not clearly reveal a dendritic morphology. Brightly stained BDCA1 cells with dendritic 

morphologyy are located in the T cell-rich interfollicular areas (Fig. KA. upper panel). 

BDCA4""  cells with dendritic morphology are detected in human tonsils as well, in a scattered 

patternn in the T cell-rich interfollicular areas (Fig. 8A, upper panel), as previously described 

forr BDCA2 cells.26 However, their exact distribution is difficult to establish, since high 

endotheliall  venules are stained with BDCA4 antigen as well (HEV and see arrows, Fig. HA, 

upperr panel). 

Inn the spleen, BDCA1 expression was mainly found in the B cell area, although some 

stainingg was detected in the periarteriolcar lymphoid sheath (PALS. Fig. 8A. middle panel). 

Inn contrast, chain-like patterns of BDCA3 cells were found in the PALS, as well as near the 

marginall  zone around the B cell area. In addition, similar patterns of intensive BDCA3 
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stainingg were detected in the red pulp (RP) where the sinuses arc (Fig. 8A. middle panel). 

BDCA44 staining was detected in the PALS and near the marginal zone (Fig. 8A, middle 

panel).. Negative controls using isotypc control antibodies resulted in negative staining (data 

nott shown). 

Al ll  three BDCA antigens are also detected in the thymus, and again different staining 

patternss are observed. Scattered BDCA1 cells were found within the inner medulla of the 

lobuli.. which contains the mature T cells. In addition, intensive staining was detected in the 

outerr cortex, in a pattern that suggests the weak staining of the immature thymocytes and the 

brightt staining of occasional DC (Fig. 8A, lower panel). Occasional BDCAT cells were 

foundd in the connective tissue between the lobuli of the thymus as well (Fig. 8A, lower 

panel),, which may represent true DC. In contrast to the widely spread BDCA1 antigen 

expression,, only few BDCA3 DC with dendritic morphology arc found in the thymus. These 

cellss are located both in the connective tissue between the lobuli and within the lobuli (Fig. 

8A.. lower panel). BDCA4 antigen was expressed in a similar pattern, albeit that higher 

numberss of cells were found (Fig. 8A, lower panel). No red staining was found in sections 

stainedd with control mAb (data not shown). 

BDCA1*DCC BDCA3h'DC BDCA4'DC 

11 0 5 4 12 2 

TNF-«/IL-1(! ! 

IFN--

Figuree 7. BDCA31" DC have the capacity to polarize naive Th cells. MF or poly l:C-malurc BDCA subsets 
(lxl 044 cells well) were loaded with SEB (100 pg ml) and coeultured with naive Th cells (4xl04). After 14 days, 
restingg memory Th cells were stimulated for 6 h with PMA (10 ng ml) and ionomycin (1 pg ml) in the presence 
off  brefeldin A (10 ug nil). The expression of IL-4 and IFN-y was assessed by intracellular staining. Results are 
expressedd as the percentage of cells in each population. Data are representative of three independent 
experiments. . 

Analysiss of the three BDCA antigens in human skin revealed that BDCA1 and BDCA3 

cellss are present in both the epidermis and in the dermis (Fig. 8B). By contrast. BDCA4 cells 
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aree only detected in the dermis. Double staining of BDCA1 (in blue) and BDCA3 (in red) 

antigenss in human tonsils and skin clearly shows that these two antigens are not expressed on 

thee same cell and distinguish two different cell populations (Fig. 8C). 

Furtherr identification of the BDCA* cells as genuine DC is currently performed by double 

stainingg using antibodies against langerin, HLA-DR and the myeloid marker CDllc and the 

plasmacytoidd marker IL-3Ra. 

DISCUSSION N 

Humann peripheral blood contains several subsets of DC.19'21 While myeloid BDCA1 + and 

plasmacytoidd BDCA4+ DC subsets have been extensively studied,910 the function of the other 

subsetss remains elusive. Here, we describe the functional characteristics of the blood myeloid 

DCC subset with a high expression of BDCA3 antigen (BDCA3hl), and compared this subset to 

thee characteristics of BDCA1+ and BDCA4+ DC. We show that BDCA3hl DC selectively 

expresss mRNA for TLR1, 3 and 10, they have the capacity to mature in response to poly I:C 

andd TNF-a/IL-ip (MF), and produce only low levels of IL-12p70 and IFN-a in response to 

polyy I:C. When matured in neutral conditions, BDCA3b' DC do not bias the development 

ofThl/Th22 cells. In contrast, when they are primed by poly I:C, they promote Thl responses, 

indicatingg their flexibility to adopt a Thl-polarizing phenotype. In addition, a preliminary 

immunohistochemicall  analysis demonstrated the presence of BDCA3" cells with dendritic 

morphologyy in both lymphoid as non-lymphoid tissues. However, in the thymus only few 

BDCA3**  cells could be detected. In human skin, BDCA3+ cells were found in both epidermis 

andd dermis. 
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BDCA11 BDCA3 BDCA4 

Figuree 8. In vivo localization of BDCA3 cells. Cryosections of human tonsil, spleen, thymus (A) and skin (B) 

(secc next page) were stained with mAb directed against BDCAl. BDCA3 and BDCA4 antigens. Staining was 

detectedd by AEC and counterstained by hematoxylin. (C) (see next page) Double staining of BDCAl (in blue) 

andd BDCA3 (in red). The magnifications used are indicated in the respective figures. GC. germinal center: HEV. 

highh endothelial venules: PALS, periarteriolar lymphoid sheath; B. B cell area: RP. red pulp: *. central arteriole; 

IM.. inner medulla; OC, outer cortex. Sec next page tor Figures B and C. ( - page 162). 
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Figuree 8. In vivo localization of BDCA3' cells (cont.)- Cryosections of human tonsil, spleen, thymus (A) (see 
previouss page) and skin (B) were stained with mAb directed against BDCAI. BDCA3 and BDCA4 antigens. 
Stainingg was detected by AEC and counterstained by hematoxylin. (C) Double staining of BDCAI (in blue) and 
BDCA33 (in red). The magnifications used are indicated in the respective figures. GC. germinal center: HF.V, 
highh endothelial venules: PALS, periarteriolar lymphoid sheath: B. B cell area: RP. red pulp: *. central arteriole: 
IM.. inner medulla: OC. outer cortex. (-" page 163). 

Althoughh BDCA3* DC are also of myeloid origin"1 the preliminary data show that this 

subsett is characterized by a distinct anatomical localization, suggesting a distinct function. 

Suchh a different function was underscored by the fact that these cells express a TLR profile 
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differentt from the other DC subsets, indicating a specialized role in the defense against 

invadingg pathogens. The exclusive expression of TLR10, of which the ligands arc unknown,27 

byy BDCA3h' DC is intriguing. The identification of TLR10 ligands will offer the opportunity 

too selectively target BDCA3h' DC without affecting other myeloid or plasmacytoid DC. 

Stimulationn of BDCA3hl DC with poly I:C resulted in high levels of IL-6, indicating a normal 

susceptibilityy of these cells to poly I:C, but only low levels of IL-12, IFN-a and TNF-a. The 

patternn of cytokine production is in real contrast to the pattern of cytokines produced by 

BDCATT DC, that these cells readily produce high levels of IL-10, whereas no IL-10 could be 

detectedd in BDCA3hl DC. Since only BDCAT DC are capable of producing high levels of IL-

100 in response to the stimuli tested, it may be speculated that these cells have a role in the IL-

10-dependentt maintenance of peripheral tolerance by regulatory T cells.2K It should be noted 

heree that, while IL-10 may have a role in the maintenance of tolerance, IL-10 is probably not 

thee major factor in the induction of regulatory T cells29 (and H.H. Smits et ai, unpublished 

observations),, allowing BDCA1 + DC to be very efficient in the induction of protective Thl or 

Th22 cells. A surprising finding in these comparative experiments was that the TLR3 ligand 

polyy I:C could induce considerable levels of IL-6 and IFN-a production in BDCA4+ DC, 

whereass these cells lack the expression of TLR39'10 (and Fig. 3), suggesting that poly I:C may 

signall  via other PRR, at least in this DC subset. 

Stimulationn of BDCA3h! DC with poly I:C resulted in their development into effector DC1 

thatt potently promote the development of IFN-y-producing Th cells from naive Th precursors. 

Thesee data indicate that BDCA3h' DC may express Thl-promoting factors, depending on the 

wayy they have been primed. The DC-derived factors that may drive these Thl responses are 

currentlyy being investigated and may be IL-12,24 IFN-a,10 IL-18,3i IL-2332 or ICAM-1." 

sincee they all have been implicated in inducing Thl responses. 

Previouslyy it has been proposed that a bias to the development of Thl or Th2 responses 

mayy also depend on the DC lineage.34 In this respect, myeloid DC promote the development 

off  Thl cells whereas plasmacytoid DC promote the development of Th2 cells when tested in 

conditionss of default maturation, i.e. maturation induced by non-polarizing compounds. Here 

wee show that BDCA3hl DC maturing in neutral conditions initiate an Th cell response that is 

onlyy slightly Thl-biased, when compared to their myeloid counterpart, the BDCA1' DC. In a 

recentt report, the differences in the capacity of these DC subsets in default conditions to bias 

thee Thl/Th2 development could be related to their capacity to present antigen, since their Th 

celll  polarizing capacity was equalized by adjusting the antigen dose.35 Both myeloid and 
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plasmacytoidd DC are highly plastic in their responses to infection and soluble factors.4 58 

Uponn maturation by poly I:C also the BDCA3 ' DC subset show an enhanced induction of 

Thll  responses as well, indicating a similar plasticity for this DC subset. However, in these 

primingg conditions, the percentages of IFN-y-producing Th cells are lower in BDCA3h' DC 

comparedd to BDCA1+ DC. This data is in line with the lower capacity of BDCA3h' DC to 

producee IL-12 and IFN-ct compared to BDCA1+ and BDCA4+ DC respectively. 

Thee observation that both BDCAT and BDCA3+ DC are present in both epidermis and 

dermiss during steady-state conditions suggests that both subsets play a role in immune 

surveillance.. It is tempting to speculate that BDCA1 + and BDCA3+ DC present in the dermis 

mayy represent a pool of LC in steady-state conditions, as recently described,36 or two distinct 

dermall  DC populations. It would be interesting to know whether the culture of these two 

myeloidd subsets in the presence of TGF-p19 or IL-1537 will lead to the acquisition LC 

characteristics,, such as the expression of langerin.3fi This issue is currently being investigated. 

BDCA4++ DC were also detected in the skin but exclusively in the dermal compartment. 

Altogether,, these observations suggest the existence of three subsets of dermal DC that may 

bee important in cutaneous immune responses. 

Inn summary, the present comparative study suggests that BDCA3hl DC, due to their narrow 

TLRR expression profile, has a more limited capacity to recognize pathogens, but are as 

flexiblee in their capacity to bias the development of Thl/Th2 cells. Their tissue distribution, 

whichh is probably slightly different from the distribution of the other DC subsets, may further 

supportt a distinct role in the protection against invading pathogens and the maintenance of 

homeostasis. . 
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