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Chapterr 4 

ABSTRACT T 

Protectivee immunity to pathogens depends on efficient immune responses adapted to the type 

off  pathogen and the infected tissue. Dendritic cells (DC) play a pivotal role in directing the 

effectorr T cell response to either a protective T helper (Th) type 1 (Thl) or Th2 phenotype. 

Humann monocyte-derived DC can be differentiated into Thl- (DC1) and Th2-promoting 

(DC2)) DC in vitro upon activation with microbial compounds or cytokines. DC that induce 

bothh Thl or Th2 cells are DCO. Furthermore, host defense is highly dependent on mobile 

leukocytes.. This cell trafficking is largely mediated by interactions of chemokines with their 

specificc G-protein coupled receptors on the surface of leukocytes. The production of 

chemokiness by effector DCO, DC1 or DC2 remains elusive. Here we assess the differential 

productionn of both inflammatory and homeostatic chemokines by monocyte-derived DCO, 

DC1,, or DC2. We show that DCO and DC1, but not DC2, selectively express elevated levels 

off  the inflammatory chemokines CCL2/MCP-1, CCL3/MIP-la, CCL4/MIP-lp and 

CCL5/RANTES,, as well as the homeostatic chemokine CCL19/MIP-3p\ CCL21/6Ckine is 

preferentiallyy expressed by DC2. Production of the Th 1-attracting chemokines, CXCL9/Mig, 

CXCL10/IP-100 and CXCL11/I-TAC, is restricted to DC1. In contrast, the expression of Th2-

associatedd chemokines does not strictly correlate with the DC2 phenotype, except for 

CCL22/MDCC which is preferentially expressed by DC2. Since all the inflammatory 

chemokiness tested are expressed constitutively by mature DC, we propose a novel role for 

maturee DC present in inflamed peripheral tissues in orchestrating the immune response by 

recruitingg appropriate leukocyte populations to the site of pathogen entry. 

INTRODUCTION N 

Chemokiness are small secreted proteins (6-14 kDa) that regulate leukocyte trafficking.1" The 

chemoattractantt signals are integrated by the interaction of chemokines with their specific 7-

transmembranee G-protein-coupled receptors on the surface of leukocytes.3 Specific routes of 

migrationn are thought to be determined by combinatorial expressions of receptors and 

sequentiall  encounters with different chemotactic gradients. 

Chemokiness can be functionally divided into homeostatic and inflammatory 

chemokines.2,55 Homeostatic chemokines are constitutively produced mainly within secondary 

lymphoidd organs in the T or B-cell areas. In the latter, CCL19/M1P-3P and CCL21/6Ckine 

mediatee the encounters between mature dendritic cells (DC) and the rare antigen (Ag)-
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specificc T and B cells.6"7 In addition, homeostatic chemokines arc also produced in discrete 

microenvironmentss of non-lymphoid tissues such as the skin and mucosa. In contrast, 

inflammatoryy chemokines such as CXCLl/growth-related oncogene (GRO)a, 

CXCL2/macrophagee inflammatory protein (MIP)-2a, CXCL8/IL-8, CCL2/monocyte 

chemoattractantt protein (MCP)-l, CCL3/MIP-1P, and CCL5/regulation and activated normal 

TT cell-expressed and -secreted (RANTES) are rapidly induced in peripheral tissues upon 

pathogenicc challenge and regulate the influx of inflammatory cells.4'*  One example is 

neutrophill  infiltration via CXCLl/GROa, CXCL2/MIP-2a, and CXCL8/IL-8 production.9 

Whilee most chemokines fall into either the inflammatory or homeostatic category, some may 

playy a dual role depending on the context in which they are produced. CCL17/thymus and 

activation-regulatedd chemokine (TARC), CCL20/MIP-3a, and CCL22/monocyte-derived 

chemokinee (MDC) are examples of chemokines that are produced both in peripheral tissues 

andd secondary lymphoid organs.4'1 

DCC are professional antigen-presenting cells (APC) that have the unique capacity to 

initiatee specific immune responses.11 Capture of Ag and initiation of immunity are distinct 

andd spatially segregated functions carried-out by DC at different stages of development. 

Thus,, a fundamental aspect of DC function is their capacity to migrate from inflamed tissues 

too the T cell areas of secondary lymphoid organs, i.e. lymph nodes (LN). " DC are a major 

sourcee of chemokines. Immature DC (iDC) constitutively release CCL22/MDC and 

CCL17/TARC.133 At early stages of maturation, DC produce high levels of inflammatory 

chemokines,, such as CCL2/MCP-1, CCL3/MIP-la, CCL4/MIP-lp, CCL5/RANTES, 

CXCL8/IL-8,, and CXCL10/IP-10, that sustain the recruitment of circulating iDC, DC 

precursors,, and T cells to inflamed tissue.1014 Homeostatic chemokines, including 

CCL18/DC-CK1,, CCL19/MIP-3p\ CCL17/TARC, and CCL22/MDC, are produced or 

upregulatedd later during DC maturation,14'1^ providing chemotactic signals for mature DC 

andd for T cells in secondary lymphoid organs. Mature DC-derived CCL18/DC-CK1, 

CCL19/ELC,, CCL22/MDC and CCL17/TARC attract naive, recently activated and central-

memoryy T cells expressing the cognate receptors CCR7 and CCR4. ' '" CXCR5 B 

lymphocytes188 and follicular homing T helper (Th) cells19"20 are attracted by DC-derived 

CXCL13/BB cell-attracting chemokine-1 (BCA-1).21 

Likewise,, T lymphocyte circulation in peripheral tissues is a complex event regulated by 

thee local release of chemotactic stimuli and by differential expression of receptors on distinct 

TT cell subsets. Th type 1 (Thl) cells are rich in CXCR3 and CCR5 receptors, whereas T 
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helperr type 2 (Th2) cells express CCR3, CCR4 and CCR8.8"2-3 Moreover, 

XCLl/lymphotactinn (Lptn) is chemotactic for CD8̂  and CD4' T cells, but only modestly for 

naturall  killer cells.24 The recently identified T regulatory (Tr) cells, producing high amounts 

off  IL-10, coexpress both Thl- and Th2-associated receptors, with high levels of CCR8 and 

moderatee amounts of CCR42'26 responding to the chemokines CCL1/1-309, CCLI7/TARC, 

andd CCL22/MDC.27 

However,, the production of chemokines by DCO, DC1 or DC2 has not yet been addressed. 

Therefore,, we investigated whether human monocyte-derived DCO, DO, or DC2 display 

differentiall  production of inflammatory and homeostatic chemokines. We show that DC1 and 

DCOO preferentially express the inflammatory chemokines CCL2/MCP-1, CCL3/MIP-1 a, 

CCL4/MlP-lpp and RANTES, and homeostatic chemokinc CCL19/MIP-3p. In contrast, 

CCL22/MDCC and CCL21/6Ckine are preferentially expressed by DC2. We propose a novel 

rolee for mature DC present in peripheral tissues in recruiting appropriate effector leukocyte 

populationss to the site of pathogen entry since all inflammatory chemokines tested were 

expressedd constitutively by mature DC. 

MATERIALL AND METHODS 

Generationn of human monocyte-derived DC from peripheral blood 

Monocytess were isolated from peripheral blood, as previously described.28 To obtain 

immaturee DC, monocytes (2.5x10* cells/well/5 ml) were cultured for 6 days in 6-well plates 

(Costar,, Cambridge, MA) in Iscove's modified Dulbeccos's medium (IMDM; Life 

Technologies,, Paisley, U.K.) containing 1% FCS (HyClone, Logan, UT), supplemented with 

recombinantt human (rhu) GM-CSF (500 U/ml; a gift of Schering-Plough, Uden, The 

Netherlands)) and rhuIL-4 (250 U/ml; Pharma Biotechnologie Hannover (PBH), Hannover, 

Germany)) as described.29"™ At day 6, the cultures consisted of uniformly CD 14', HLA-DR", 

andd CD83" iDC. Cell-surface phenotype was analyzed by flow cytometry, after labelling of 

cellss with appropriate mAb as described.29 ~° 

Inductionn of DC maturation under polarizing conditions 

Too induce DC maturation, day 6 DC were cultured for additional 2 days in the presence of a 

combinationn of LPS (100 ng/mf; Sigma-Aldrich, St. Louis, MA), rhuIL-lp (10 ng/ml; PBH) 

andd rhuTNF-a (50 ng/ml; PBH) (maturation factors, MF) to induce DCO, or a combination of 
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LPS+MFF and IFN-y (103 U/ml; a gift of PH. van der Meide, U-CyTech, Utrecht, The 

Netherlands)) to induce DC1, or polyriboinosinic polyribocytidylic acid (poly I:C) alone (20 

ug/ml;; Sigma-Aldrich) to induce DC1, or a combination of MF and PGE2 (10'6 M; Sigma-

Aldrich)) to induce DC2. 

Inductionn of IL-12p70 production by mature DC with different polarizing 

capacities s 

Onn day 8, mature DC were washed extensively and 2xl04 cells/well were stimulated in 96-

welll  flat-bottom culture plates (Costar) in IMDM containing 10% FCS in a final volume of 

2000 ul with CD40L-transfected J55S cells (2.5xl06 cells/well; a gift of Dr. P. Lane, 

Birmingham,, UK). Supernatants were harvested and the concentrations of IL-12p70 were 

measuredd by ELISA (see next) as previously described.31 

Real-timee PCR 

Differentiallyy matured effector DC were washed extensively and lxlO6 DC were stimulated 

(6-welll  plates, Costar) with irradiated (2500 Gy) L cells transfected with CD40L (a kind gift 

fromm Dr. C. van Kooten, Dept. of Nephrology, LUMC. Leiden, The Netherlands) for 24 h. 

Thee CD40L-stimulated DC were then gently harvested and lyzed. 

Totall  RNA was prepared from cells by a single step extraction method using RNA STAT-

600 (TelTest, Inc) according to the manufacturer's instructions. Each RNA preparation was 

treatedd with Qiagen DNase I. DNase treatment was determined to be complete if the sample 

requiredd at least 38 PCR amplification cycles to reach a threshold level of fluorescence using 

p-22 microglobulin for human samples as an internal amplicon reference. Agarose gel 

electrophoresiss and ethidium bromide staining confirmed the integrity of the RNA samples 

followingg DNase treatment. Complementary DNA was prepared from the RNA sample using 

Multiscribee Reverse Transcription Kit (Applied Biosystems, PE, Norwalk, CT) following the 

manufacturer'ss instructions. A negative control of RNA without reverse transcriptase was 

mockk reverse transcribed for each RNA sample. Gene expression was measured by TaqMan̂  

quantitativee PCR (Applied Biosystems) in cDNA prepared from the cells. PCR Probes and 

primerss were designed utilizing PrimcrExpress software (Applied Biosystems). The designed 

primerr and probe sequences are shown in Table I. Each target gene probe was labelled using 

FAMM (6-carboxyfluorescein). The internal reference probe, human [^-microglobulin (p2u), 
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wass labelled with a different fluorescent dye, VIC. The differentia] labelling of the target 

genee and internal reference gene thus enabled measurement in the same well. Forward and 

reversee primers and the probes for both the internal reference control and the target gene 

weree added to the TaqMan* Universal PCR Master Mix (Applied Biosystems). Each reaction 

containedd 200 nM of forward and reverse primers plus lOOnM probe for p2-microglobulin 

andd 600 nM forward and reverse primers plus 200 nM probe for the gene of interest. 

TaqMan**  experiments were carried out on an ABI PRISM 7700 Sequence Detection System 

(Appliedd Biosystems). The thermal cycler conditions were as follows: hold for 2 min at 50°C 

andd 10 min at 95°C, followed by two-step PCR for 40 cycles of 95°C for 15 sec followed by 

60°CC for 1 min. The PCR cycles needed for FAM and VIC fluorescence to cross a threshold 

wheree a statistically significant increase in change in fluorescence (Ct = Threshold Cycle) 

wass measured using Sequence Detector software (Applied Biosystems) according to their 

recommendations.. Relative target gene expression was determined using the formula Rel Exp 

== 2'<AACT) where AACT = (Ct Target Gene - Ct Internal Reference Control in experimental 

sample)) - (Ct Target Gene - Ct Internal Reference Control in no template control sample). 

Tablee L Primer sequences 

Gene e 

CCL2/MCP-1 1 

CCL3/MIP-1a a 
CCL4/MIP-1p p 
CCU8/DC-CK1 1 

CCL19/MIP-3P P 

CCL2Q/MIP-3a a 
CCL22/MDC C 

CXCL2/MIP-2a a 
CXCLS/Mjg g 
CXCL10JIP-10 0 
CXCLHrt-TAC C 
CXCL13/BCA-1 1 

[!2fi i 

Forwardd primer 

Appliedd Byosystems premade prime/probe mix 

CAACCAGTTCTCTGCATCACTTG G 

TGTTCCTGAGCCACCCTACTG G 
CCTGGAGGCCACCTCTTCTAA CCTGGAGGCCACCTCTTCTAA 
CATCGTGAGGAACTTCCACTACCT T 
TGCTTTGATGTCAGTGCTGCTA A 

TGGCGCTTCAAGCAACTG G 

CAGAAGGMGGAGGAAGCTTATTG G 
CCCCAACACCCCACAGAAG G 
AAAATCGATGCAGTGCTTCCA A 
GTCTTCCTGAATGAATGACAATCAGA A 
CCTAGACGCTTCATTGATCGAAT T 

CACCCCCACTGAAAAAGATGA A 

Reversee primer 

GCCGGGAGGTGTAGCTGAA A 

TGTTTCCTTGGGCATGAAGAG G 

TCAAAATGAAATATGATGCATAAACTAAGAT T 
CCCTCAGTGTGGTGAACACTACAG G 
GTATCCAAGACAGCAGTCAAAGTTG G 
6ACGTAATCACGGCAGCAGA A 

GCTGTGTCTCTCTTTCCTCTTCTGTT T 
GGTTTATTTAAGAGGCAGGACTTGAAC C 
TTGACATATACTCCATGTAGGGAAGTG G 
CGATGGTAACCAGCCTTTCTTAA A 
TTCTTCCAGACTATGATTTCTTTTCnG G 

CTTAACTATCTTGGGCTGTGACAAAG G 

Probe e 

CACGCCGACCGCCTGCTG G 

CCCTCCGCACATCCAATGCTGG G 
TCCCATCTGCTATGCCCAGCCAC C 
CAAGGATGGCTGCAGGGTGCCT T 
TGCTGCTTCTGATTCGCCGCA A 

AGGCCCCTACGGCGCCAACA A 

CCTGAAGGAGGCCCTGCCCTTACA A 

TCCCAATTCATCCTCACTCAGTCCAGC C 
ACCACACAGAGGCTGCCTCTCCCA A 
CCACTGCCCAAAGGAGTCCAGCA A 
TCTTGCCCCGTGGGAATGGTTG G 

ATGCC CTGCCGTGT6AACCACGTG 

Array-basedd ELISAs 

Inn order to measure the levels of various chemokines in mature DC-derived supernatants, we 

usedd a novel technique, array-based ELISA, which allows the simultaneous analysis of 15 

chemokiness in 50 pi of supernatants.32 The limits of detection of each chemokine are as 

follows:: CCLI/I-309, 0.78 pg/ml; CCL2/MCP-1, 0.78 pg/ml; CCL3/MIP-la, 1.56 pg/ml; 

CCL4/MIP-Ip,, 0.78 pg/ml; CCL5/RANTES, 0.39 pg/ml; CCL17/TARC, 0.39 pg/ml; 

CCL19/MIP-3p,, 0.39 pg/ml: CCL20/MIP-3a, 0.50 pg/ml; CCL22/MDC, 0.39 pg/ml; 
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CXCLl/GRO-a,, 0.39 pg/ml; CXCL8/IL-8, 0.39 pg/ml; CXCL9/Mig, 1.56 pg/ml; 

CXCL10/IP-10.. 1.37 pg/ml; CXCL11/I-TAC, 0.55 pg/ml; and XCLl/Lptn, 1.56 pg/ml. 

Stimulationn of iDC with microbial compounds 

Immaturee DC were stimulated at the concentration of 2xl04 cells/200 ul (96-well plates, 

Costar)) and cultured for 48 h in the absence or in the presence of the following stimuli: LPS 

fromm Escherichia coii (250 ng/ml; Sigma-Aldrich), or synthetic dsRNA poly I:C (20 p.g/ml). 

Determinationn of cytokine and chemokine production by ELISA 

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

solid-phasee sandwich ELISA as previously described.31 Measurements of CXCL8/IL-8 were 

performedd by ELISA using pairs of specific mAbs and recombinant standard obtained from 

BioSourcee International (Camarillo, CA). CCL2/MCP-1 was determined using the Ab pair, 

ratt polyclonal 20521D for coating and rabbit polyclonal 20532D for detection and 

recombinantt CCL2/MCP-1 19781T (BD Pharmingen, San Diego, CA). CCL20/MIP-3a was 

determinedd using a DuoSet ELISA purchased by R&D Systems. The limits of detection of 

thesee ELISA are as follows: CXCL8/IL-8, 30 pg/ml; CCL2/MCP-1, 40 pg/ml; and 

CCL20/MIP-3a,, 60 pg/ml. 

RESULTS S 

Phenotypee of DC0, DC1 and DC2 

Monocyte-derivedd DC0, DC1, and DC2 were generated as previously described.31'33'34 

Monocyte-derivedd iDC were then cultured for 48 h in the presence of TNF-a and IL-i p 

(maturation-induee ing factors: MF) plus LPS to induce DC0, or MF+LPS+IFN-y, or poly 1:C 

too induce DC1, or MF+LPS+PGE? to induce DC2 differentiation. DC maturation was 

comparablee within the different DC groups as analyzed by the upregulation of surface 

expressionn of CD83, and the costimulatory molecules CD80 and CD86 (data not shown). To 

confirmm whether the different effector DC subsets display the phenotype previously 

described,33344 the DC0, DC1 and DC2 were stimulated for 24h with CD40L-transfected 

cells,, thereby mimicking local engagement with T cells (Fig. 1 A). DC0 and poly I:C-induced 

DC11 produced similar levels of bioactive IL-12p70, whereas IFN-y-induced DC1 produced 

higherr levels of IL-12p70. In contrast, DC2 produced low levels of IL-12p70 upon CD40 

ligation. . 
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Ass CCR7 is upregulated during DC maturation.14 the expression of this chemokine 

receptorr was measured by real-time PCR analysis. No differences were found in CCR7 

expressionn levels between the different DC groups (Fig. 1B). 

Figuree 1. Phenotype of DCO, DC I and DC2 
populations.. Monocytc-dcrived iDC were 
culturedd for 48 h in the presence of TNF-a and 
IL-l pp (maturation-inducing factors: Ml') plus 
LPSS (DCO). or MF+LPS-IFN-Y or poly l:C 
(DCI).. or with MF+LPS+PGE2 (DC2). (A) The 
differentt effector DC' types were stimulated for 
24bb with CD40L-transfected cells and IL-12p70 
contentss were analyzed in culture supematants 
byy specific ELISA. Data are expressed as 

DD of triplicate cultures. (B) CCR7 
mRNAA expression levels was analyzed by real-
timee PCR analysis. All the DC groups expressed 
similarr levels of CCR7 mRNA. The data are 
fromm one representative experiment out of three. 

Preferentiall expression of inflammatory chemokines by DCI 

Chemokiness can be divided into two different groups: inflammatory and homeostatic being 

responsiblee for the movement of leukocytes under inflammatory conditions or in the steady 

state,, respectively/' Real-time PCR analysis revealed that the inflammatory chemokines 

CCL2/MCP-1,, CCL3/MIP-la, CCL4/MIP-ip and CXCL2/MIP-2a (Fig. 2A). were 

constitutivclyy expressed by all the mature DC groups and that their expression was 

downregulatedd in response to CD40L. With the exception of CCL20/MIP-3a. which instead 

wass upregulated upon CD40 ligation (Fig. 2A). CCL2/MCP-1. CCL3/MIP-1 a, and 

CCL4/MIP-1(33 were preferentially expressed by DCO and DCI. To verify if protein 

productionn followed the same pattern as the mRNA expression, array-based ELISAs were 

performed,, to simultaneously measure 15 different chemokines. " Fig. 2B shows that the 

inflammatoryy chemokines CCL2/MCP-1, CCL3 MlP-la. CCL4 MIP-1[3. CCL5/RANTES, 

CCL20/MIP-3a,, CXCLl/GROa and CXCL8/1L-8 were produced constitutivcly by the 

differentt mature DC subsets and. with the exception of CCL2/MCP-1, their production was 

enhancedd upon CD40 ligation. In addition. XCL1 lymphotactin production was not affected 

DCOO | MF 

MF+IFN-y y 

DC1 1 

Polyy l:C 

DC22 | MF-fPGE, 

00 1 2 3 4 5 

IL-12p70(ng/ml) ) 

00 200 400 

CCR77 (AU) 
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uponn CD40 ligation. DC2 produced lower levels of CCL2 MCP-1. CCL3/MIP-la, 

CCL4/MIP-ipp and CCL5/RANTES compared to DCO and DC 1, confirming the mRNA data. 

Thee pattern of CXCLI GROa production by the different DC subsets was similar, whereas 

CXCL8/IL-88 production was higher in DCO and IFN-y-matured D O. These data 

demonstratee that the expression profile of inflammatory chemokines. both at the mRNA and 

proteinn level, reflect the microenvironment of DC maturation. 

AA mRNA CCL2/MCP-1 CCL3/MIP-1a CCL4/MIP-1P CCL20/MIP-3a CXCL2/MIP-2a 

00 20 40 60 0 10 20 30 0.001 0.01 0.1 0 5 10 15 0 1 2 3 4 5 

AUU AU AU AU AU 

BB protein CCL2/MCP-1 

DCO O 

CCL3/MIP-1aa CCL4/MIP-1[5 CCL20/MIP-3a a 

II no stimulus 

|CD40L L 

00 10 20 30 40 0 2 4 6 

CCL5/RANTES S CXCL1/GROO -u CXCL8/IL-8 8 

11 2 3 

XCL1/Lptn n 

Figuree 2. DCO and DCi express higher levels of inflammatory chemokines. mRNA expression (A) and protein 
releasee (B) of inflammatory chemokines by DCO. DCI and DC2 following stimulation with CD40L. mRNA 
levelss were measured after 24 h by quantitative real-time PCR analysis and the array-based ELISA was used to 
measuree the amount of chemokine production in culture supernatant. Protein data are expressed as mean of 
duplicatee cultures.The data are from one representative experiment out of three. 
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DCOO and DC1 preferentially express CCL19/MIP-1|3 whereas DC2 preferentially 

expresss CCL21/6Ckine 

Although,, the homeostatic chemokines CCL18/DC-CK1, CCL19/MIP-3p, CCL21 6Ckine 

andd CXCL13 BCA-1 were constitutively expressed by all the DC groups, CCL18 DC-CK1 

wass preferentially expressed by DCO. CCL19/MIP-3P preferentially expressed by DCO and 

DC1,, and CCL21/6Ckine was preferentially expressed by DC2 (Fig. 3A). CD40 ligation 

downregulatedd the expression of CCL18 DC-CK1. CCL21 6Ckine and CXCL13 BCA-1. 

whilee it uprcgulated the expression of CCL19 MIP-3(3. Analysis of the production of 

CCL199 M1P-3P protein, by the different mature DC confirmed the mRNA data (Fig. 3B). 

CCL19/MIP-3(S S CCL21/6Ckine e 

00 100 200 300 400 
AU U 

CXCL13/BCA-1 1 

BB p r o t e i n C-CLl9/MiP-3[i 

DCO O 

DC1 1 

DC2 2 

MF F 

MF+IFN--/ / 

Polyy l:C 

MF+PGE2 2 

C C 

mmmmm mmmmm 

0.55 1.0 1 

ng/ml l 

noo stimulus 

CD40L L 

Figuree 3. Preferential expression of CCLl9MIP-3|3 and CCL2I 6Ckine by DCO and DC'I. and DC2 
respectively.. mRNA and protein release by J558-CD40L-stimulated DCO. DCl and DC2 subsets was performed 
ass indicated above. Protein data arc expressed as mean of duplicate cultures.The data are from one 
representativee experiment out of three. 

Preferentiall  expression of Thl-associated chemokines by DCl 

Thll  and Th2 cells differ in their expression of chemokine receptors allowing them to migrate 

towardd distinct types of chemokine gradients. The receptors CXCR3 and CCR5 are highly 
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expressedd on Thl cells (ligands: CXCL9/Mig, CXCL10/IP-10, CXCL11/I-TAC; and 

CCL5/RANTES,, respectively), whereas CCR3, CCR4, and CCR8 are preferentially 

expressedd by Th2 cells (ligands: CCL11/eotaxin; CCL17/TARC and CCL22/MDC; and 

CCL1/1-309,, respectively).22~3 Therefore, we investigated whether the profile of Thl- and 

Th2-associatedd chemokines produced by DCO, DC1, and DC2 was associated with their 

effectorr phenotype. Indeed, CXCL10/IP-10 and CXCL11/I-TAC were constitutively and 

preferentiallyy expressed by both DC1 subsets. However, CXCL9/Mig was preferentially 

expressedd by IFN-y-matured DC1 (Fig. 4A and 4B). The Th2-associated chemokine 

CCL22/MDCC was constitutively expressed by all the DC groups albeit at higher levels in 

DC2.. Although the expression levels were low (pg/ml), CCL1/1-309, was preferentially 

producedd by DCO and IFN-y-matured DC1. Production of CCL17/TARC was similar in all 

thee DC groups, except for DC1 matured in the presence of IFN-y, which produced lower 

levelss of this chemokine. The pattern of the Th2-associated chemokines CCL1/I-309 and 

CCL17/TARCC did not correlate with the DC effector phenotype except for CCL22/MDC 

(Fig.. 4B). The protein data are in agreement with the mRNA expression, except for the fact 

thatt upon CD40 ligation the production of CXCL9/Mig, CXCL10/IP-10 and CXCL11/I-TAC 

wass not affected or only marginally enhanced. Together, these data demonstrate a strict 

correlationn of expression of Thl-associated chemokines and Thl-promoting effector DC1, 

whilee this link appears to be less stringent for Th2-associated chemokines and DC2. 

Chemokinee production by iDC upon stimulation with different pathogen-

associatedd molecular patterns (PAMPs) 

Ass effector DC1 preferentially express Thl-associated chemokines we asked whether tissue-

typee sentinel DC stimulated with a Thl-eliciting microbial compound, poly I:C, would lead 

too a similar profile of chemokine production. As shown in Fig. 5 both LPS and poly I:C were 

ablee to induce the production of the inflammatory chemokines CCL2/MCP-1 and 

CXCL8/IL-88 by iDC. However, we found that the production of Thl-associated chemokines 

CXCL9/Migg and CXCL10/IP-10 was exclusively induced in poly I:C-activated iDC. These 

findingss confirmed the data obtained with mature DC1 (mature in the presence of 

LPS+MF+IFN-yy or poly I:C) which selectively produced CXCL9/Mig and CXCL10/IP-10. 
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AA mRNA CXCL9/Mig 

DCOO I MF 

CXCL10/1P-10 0 CXCL11/I-TAC C CCL22/MDC C 

1000 200 300 400 500 0 100 200 300 400 0 20 40 60 
AUU AU AU 

B B protein n CXCLMvlig g CXCL10/IP-10 0 CXCL11/I-TAC C 

DCOO | MF 

MF+IFN-» » 

Polyy l:C 

DC22 I MF+PGE 

00 10 20 30 40 0 
ng/ml l 

1500 225 300 

pg/ml l 

10000 2000 3000 4000 
AU U 

; _  no stimulus 

ËHCD40L L 

400 80 120 1 
ng/ml l 

255 50 75 100 

ng/ml l 

Figuree 4. DC'I preferentially express mRNA for Till-associated ehemokines: downregulation by CD40 ligation. 
Thee Th2-associated chemokine CCL22/MDC was constitutively expressed by all the DC groups albeit at higher 
levelss in DC'2. CD40 ligation upregulated CCL22/MDC expression on all DC populations. mRNA and protein 
releasee by J558-CD40L-stimulated DCO. DC'I and DC'2 subsets was performed as indicated above. Protein data 
aree expressed as mean of duplicate cultures. The data are from one representative experiment out of three. 

Immaturee DC CCL2/MCP-1 CXCL8/IL-8 8 CXCL9/Mig g CXCL10/IP-10 0 

Figuree 5. Chemokine production iDC upon stimulation with different microbial compounds. Monocyte-
derived-iDCC were stimulated for 48 h in the absence or in the presence of LPS or poly l:C' and the contents of 
thee different ehemokines in culture supernatants was assessed by commercial ELISAs. Data arc expressed as 

DD of triplicate cultures. The data are from one representative experiment out of three. 

DISCUSSION N 

Thee present study demonstrates that Th 1-promoting (DC1) and Th2-promoting (DC2) 

effectorr DC constitutively express distinct patterns of inflammatory ehemokines. Moreover. 
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thee expression of Thl-attracting chemokines is strictly restricted to the DCO and DC1 

populations.. The homeostatic chemokines CCL19/MIP-3[3 and CCL21/6Ckine were 

preferentiallyy expressed by the polarized DC1 and DC2, respectively. 

DCC are highly specialized APC that recognize pathogens, or their products, and mature 

intoo potent inducers of T cell immunity. A critical event in the initiation of specific immune 

responsess is DC migration from the infected peripheral tissue to secondary lymphoid 

organs.11"355 In the T cell areas of LN or spleen, mature DC not only present pathogen-derived 

peptidess to naive T cells, but also adapt the class of immune response to the type of invading 

pathogenn by driving the development of appropriate effector Th cell subsets,36,37 To what 

extentt chemokines produced by mature DC contribute to the development and/or 

maintenancee of Thl or Th2 responses remains unknown. We demonstrate that Thl-

promotingg effector DC (DC1) are the main producers of inflammatory chemokines such as 

CCL2/MCP-1,, CCL3/MIP-la, CCL4/MIP-lf3 and CCL5/RANTES. The production of these 

chemokiness may sustain the recruitment of circulating CCR1-, CCR2-, CCR5- and CXCR1-

positivee iDC, and DC precursors to inflamed tissues important to replenish the loss of 

maturingg DC due to their mobilization and migration to the LN.10'14 In addition, the selective 

expressionn of the CCR5 ligands CCL3/MIP-la, CCL4/MIP-lp and CCL5/RANTES by DC1 

iss in agreement with the preferential attraction of CCR5* Thl cells by these chemokines. 

However,, our data provide the first evidence that DC1 themselves may recruit Thl effector 

cellss to inflamed tissues. Since mature DC-derived inflammatory chemokines are 

downregulatedd upon CD40 ligation, it may point at a primary role to support ongoing Thl 

responsess in peripheral tissues while inflammatory chemokines should not be expressed in 

lymphoidd organs where mature DC interact and activate naive T cells. 

AA prerequisite for efficient Ag presentation to naive T cells is the swift migration of 

maturee DC into the draining LN. Effective activation of the rare Ag-specific T cell may be 

furtherr promoted by the expression of T cell-attracting chemokines by the mature DC 

themselvess once they are positioned in the T cell are of the LN. To this extent, expression of 

CCL19/MIP-3(33 and CCL21/6Ckine (CCR7 ligands) and CCL18/DC-CK1 have been 

detectedd on a fraction of DC in human LN.14J5 In agreement with this hypothesis, we could 

detectt the homeostatic chemokines CCL18/DC-CK1, CCL19/MIP-3p, CCL21/6Ckine and 

CXCL13/BCA-11 in all mature DC populations analyzed. These chemokines regulate the 

encounterss between DC, T and B cells in secondary lymphoid organs.6 To our surprise, 

CCL19/MIP-3J33 was preferentially expressed by DCO and DC1, whereas DC2 expressed 
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higherr levels of CCL21/6Ckine. CCR7-positive cells entering the draining LN, e.g. mature 

DCC and naive T cells, move into the T cell area in response to CCL19/MIP-3fi and 

CCL21/6Ckine.. Our data provide evidence that production of these chemokines by mature 

DCC may amplify the CCR7-mediated chemotactic response in an autocrine fashion. 

However,, it is interesting to note that DC1 and DC2 take preferentially advantage of 

CCL19/MIP-3pp and CCL21/6Ckine production, respectively. 

Activatedd effector T cells are characterized by their responsiveness to numerous 

inflammatoryy chemokines that are produced at the site of pathogen entry and tissue injury.4 

Thee expression patterns of chemokines and their receptors determine the selective 

recruitmentt of Thl and Th2 cells.23940 Our study demonstrates the selective production of 

thee Thl-attracting chemokines, CXCL9/Mig, CXCL10/IP-10 and CXCL11/1-TAC, by Thl-

promotingg effector DC. Secretion of these chemokines by mature DC may contribute to the 

attractionn of CXCR3' Thl cells to the inflammatory site prior to DC mobilization into 

afferentt lymphatics. Alternatively, it may point at a new function for mature DC that fail to 

leavee the inflamed tissue in sustaining the appropriate (or pathologic) polarized Thl response 

inn the periphery. This is corroborated by the observation that only 30% of epidermal 

Langerhanss cells migrate to the draining LN after chemical (contact allergen),41 cytokine42 or 

pathogenicc challenge. " On the other hand, upregulation of expression of these chemokines in 

responsee to CD40 ligation may also support the DC:T-cell interaction in lymphoid organs. 

Indeed,, it was demonstrated that DC-derived CXCL10/IP-10 regulates DC-Thl cell cluster 

formationn and retention of CD4~ T lymphocytes during their polarization towards Thl in the 

TT cell areas of draining LN.44 This concept of Thl retention may provide a new insight into 

thee mechanism of polarized effector T cell generation.44 In addition, the data obtained with 

iDCC stimulated with different microbial compounds confirm the notion that the preferential 

productionn of the Thl-associated chemokines CXCL9/Mig and CXCL10/IP-10 is associated 

withh a Th 1 -eliciting microbial compound, namely poly I:C. 

Inn contrast to chemokines linked to Thl immunity, the expression of Th2-associated 

chemokiness was not strictly associated with the Th2-promoting effector DC phenotype. 

Exceptt for CCL22/MDC that was preferentially and constitutivcly expressed by mature DC2. 

Inn agreement with previous reports, its expression was upregulated upon CD40 ligation.1' 

CCL22/MDC-expressingg DC with a mature phenotype have been detected in situ in 

peripherall  tissues, such as the skin.45 Together with our data these studies suggest a role for 

maturee DC2-derived chemokines in maintaining Th2 responses locally in the periphery. 
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Thee current findings suggest that diverse DC populations produce different repertoires of 

homeostaticc and inflammatory chemokines. The production of inflammatory chemokines by 

maturee DC, and its downregulation upon CD40 ligation, led us to propose a novel role for 

maturee DC that are present in peripheral tissues in recruiting appropriate effector leukocyte 

populationss to the site of pathogen entry. 

ACKWOLEDGMENTS S 

Thiss work was supported by Fundacao para a Ciência e a Tecnologia, Lisbon, Portugal (grant 

no.. PRAXIS XXI/BD/13678/97 to M.C.L.). ECJ was financially supported by Haarlems 

Allergcnenn Laboratorium (HAL) BV. 

REFERENCES S 

1.. Butcher EC. Picker LJ. Lymphocyte homing and homeostasis. Science. 1996;272:360-66. 
2.. Zlotnik A, Yoshie O. Chemokines: a new classification system and their role in immunity. Immunity. 
2000;12:121-127. . 
3.. Premack BA, Schall TJ. Chemokine receptors: gateways to inflammation and infection. N Engl J Med. 
1996;2:1174-1178. . 
4.. Moser B, Loetscher P. Lymphocyte traffic control by chemokines. Nat Immunol. 2001;2:123-128, 
5.. Gerard C. Rollins BJ. Chemokines and disease. Nat Immunol. 2001;2:108-115. 
6.. Cyster JG. Chemokines and cell migration in secondary lymphoid organs. Science. 1999;286:2098-2102. 
7.. Sallusto F, Lanzavecchia A. Understanding dendritic cell and T-lymphocyte traffic through the analysis of 
chemokinee receptor expression. Immunol Rev. 2000;177:134-140. 
8.. Sallusto F, Mackay CR, Lanzavecchia A. The role of chemokine receptors in primary, effector, and 
memoryy immune responses. Annu Rev Immunol. 2000;18:593-620. 
9.. Mukaida N. Interleukin-8: an expanding universe beyond neutrophil chemotaxis and activation. Int J 
Hematol.. 2000;72:391-398. 
10.. Sallusto F, Maekay CR, Lanzavecchia A. The role of chemokine receptors in primary, effector, and 
memoryy immune responses. Annu Rev Immunol. 2000;18:593-620. 
11.11. Banchereau J. Steinman RM. Dendritic cells and the control of immunity. Nature. 1998;392:245-252. 
12.. Foxman EF, Campbell JJ. Butcher EC. Multistep navigation and the combinatorial control of leukocyte 
chemotaxis.. J Cell Biol. 1997; 139:1349-1360. 
13.. Vulcano M, Albanesi C, Stoppacciaro A et al. Dendritic cells as a major source of macrophage-derived 
chemokine/CCL222 in vitro and in vivo. Eur J Immunol. 2001;31:812-822. 
14.. Sallusto F, Palermo B, Lenig D et al. Distinct patterns and kinetics of chemokine production regulate 
dendriticc cell function. EurJ Immunol. 1999;29:1617-1625. 
15.. Vissers JLM, Hartgers FC, Lindhout E et al. Quantitative analysis of chemokine expression by dendritic 
celll  subsets in vitro and in vivo. J Leukoc Biol. 2001;69:785-793. 
16.. Adema GL Hartgers F, Verstraten R et ai. A dendritic-cell-derived C-C chemokine that preferentially 
attractss naive T cells. Nature. 1997:387:713-717. 
17.. Tang HL, Cyster JG. Chemokine up-regulation and activated T cell attraction by maturing dendritic cells. 
Science.. 1999;284:819-822. 
18.. Legler DF, Loetscher M, Roos RS et al. B cell-attracting chemokine 1, a human CXC chemokine expressed 
inn lymphoid tissues, selectively attracts B lymphocytes via BLR1/CXCR5. J Exp Med. 1998;187:655-660. 
19.. Breitfeld D, Ohl L, Kremmer E et al. Follicular B helper T cells express CXC chemokine receptor 5, 
localizee to B cell follicles, and support immunoglobulin production. J Exp Med. 2000:192:1545-1552. 
20.. Hawiger D, Inaba K, Dorsett Y et al. Dendritic cells induce peripheral T cell unresponsiveness under steady 
statee conditions in vivo. J Exp Med. 2001;194:769-779. 
21.. Vissers JL. Hartgers FC, Lindhout E, Figdor CG. Adema GJ. BLC (CXCL13) is expressed by different 
dendriticc cell subsets in vitro and in vivo. Eur J Immunol. 2001 ;31:1544-1549. 

85 5 



Chapterr 4 

22.. Bonecchi R, Bianchi G, Bordignon PP et al. Differential expression of chemokine receptors and 
chemotacticc responsiveness of type 1 T helper cells (This) and Th2s. J Exp Med, 1998;187:129-134. 
23.. D'Ambrosio D, Icllem A, Bonecchi R et al. Selective up-regu!ation of chemokine receptors CCR4 and 
CCR88 upon activation of polarized human type 2 Th cells. J Immunol. 1998; 161:5111-5115. 
24.. Hedrick JA, Zlotnik A. Lymphotactin. Clin Immunol Immunopathol. 1998:87:218-222. 
25.. Cavani A. Nasorri F, Prezzi C et al. Human CD4" T lymphocytes with remarkable regulatory functions on 
dendriticc cells and nickel-specific Thl immune responses. J Invest Dermatol. 2000;14:295-302. 
26.. Sebastiani S, Allavena P, Albanesi C et al. Chemokine receptor expression and function in CD4" T 
lymphocytess with regulatory activity. J Immunol. 2001:166:996-1002. 
27.. lellem A, Mariani M, Lang R et al. Unique chemotactic response profile and specific expression of 
chemokinee receptors CCR4 and CCR8 by CD4TD25* regulatory T cells. J Exp Med. 2001 ;194:847-853. 
28.. Kalitiski P. Hilkens CMU, Snijders A, Snijdewint FGM, Kapsenberg ML. IL-12-deficient dendritic cells, 
generatedd in the presence of prostaglandin E2, promote type 2 cytokine production in maturing huamn naive T 
helperr cells. J Immunol. 1997; 159:28-35. 
29.. Hilkens CMU, Kalitiski P, de Boer M, Kapsenberg ML. Human dendritic cells require exogenous 
interleukin-12-inducingg factors to direct the development of naive T-helper cells towards the Thl phenotype. 
Blood.. 1997;90:1920. 
30.. Kalihski P. Schuitemaker JHN. Hilkens CMU. Wiercnga EA. Kapsenberg ML. Final maturation of 
dendriticc cells is associated with impaired responsiveness to IFN-y and to bacterial IL-12 inducers: decreased 
abilityy of mature dendritic cells to produce IL-12 during the interaction with Th cells. J Immunol, 
1999;162:3231-3236. . 
31.. Kalinski P. Schuitemaker JHN. Hilkens CMU, Kapsenberg ML. Prostaglandin E2 induces the final 
maturationn of IL-12-deficient CDla~CD83* dendritic cells: the levels of IL-12 are determined during the final 
dendriticc cell maturation and are resistant to further modulation. J Immunol. 1998;161:2804-2809, 
32.. Moody MD, Van Arsdell SW, Murphy KP, Orencole SF, Burns C. Array-based ELISAs for high-
throughputt analysis of human cytokines. Biotechniques. 2001;31:186-194. 
33.. Vieira PL. de Jong EC, Wierenga EA, Kapsenberg ML, Kalinski P. Development of Thl-inducing capacity 
inn myeloid dendritic cells requires environmental instruction. J Immunol. 2000;164:4507-4512. 
34.. de Jong EC, Vieira PL, Kalihski P et al. Microbial compounds selectively induce Thl cell-promoting or 
Th22 cell-promoting dendritic cells in vitro with diverse Th cell-polarizing signals. J Immunol. 2002; 168:1704-
1709. . 
35.. Sallusto F, Lanzavecchia A. Mobilizing dendritic cells for tolerance, priming, and chronic inflammation. J 
Expp Med. 1999;189:611-614. 
36.. Kalinski P, Hilkens CMU, Wierenga EA, Kapsenberg ML. Type 1 and type 2 polarized DC; one more 
messagee for naive Th cells? Immunol Today. 1999;20:561 -567. 
37.. Liu Y-J, Kanzler H, Soumetis V, Gilliet M. Dendritic cell lineage, plasticity and cross regulation. Nat 
Immunol.Immunol. 2001:2:585-589. 
38.. Loetscher P. Uguccioni M, Bordoli L et al. CCR5 is characteristic of Thl lymphocytes. Nature. 
1998;391:344-345, , 
39.. Sallusto F. Lanzavecchia A. Mackay CR. Chemokines and chemokine receptors in T-cell priming and 
Thl/Th2-mediatedd responses. Immunol Today. 1998:19:568-574. 
40.. Imai T, Nagira M, Takagi S et al. Selective recruitment of CCR4-bearing Th2 cells toward antigen-
presentingg cells by the CC chemokines thymus and activation-regulated chemokine and macrophage-derived 
chemokine.. Int Immunol. 1999; 11:81 -88. 
41.. Won YH, Sauder DN, McKenzie RC. Cyclosporin A inhibits keratinocyte cytokine gene expression. Br J 
Dermatol.. 1994;130:312-319. 
42.. Cumberbatch M, Dearman RJ, Kimber I. Stimulation of Langerhans cell migration in mice by tumour 
necrosiss factor alpha and interleukin I beta. Adv Exp Med Biol. 1997;417:121-124. 
43.. Moll H, Fuchs H, Blank C, Rollinghoff M. Langerhans cells transport Leishmania major from the infected 
skinn to the draining lymph node for presentation to antigen-specific T cells. Eur J Immunol. 1993;23:1595-
1601. . 
44.. Yoneyama IL Narumi S, Zhang Y et al. Pivotal role of dendritic cell-derived CXCL10 in the retention of T 
helperr cell 1 lymphocytes in secondary lymph nodes. J Exp Med. 2002;195:1257-1266. 
45.. Katou F, Ohtani H, Nakayama T et al. Macrophage-derived chemokine (MDC/CCL22) and CCR4 are 
involvedd in the formation of T lymphocyte-dendritic eel! clusters in human inflamed skin and secondary 
lymphoidd tissue. Am J Pathol. 2001 ;158:1263-1270. 

86 6 


