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Receptor Expression and Responsiveness of Human  Dendritic 
Cells to a Defined Set of CC and CXC Chemokines’ 

Silvano  Sozzani,** Walter Luini,”  Alessandro  Borsatti,* Nadia Polentarutti,* Dan Zhou,* 
Lorenzo  Piemonti,* Ciovanna D’Amico,*  Christine A. Power,t  Timothy N. C. Wells,t 
Marco Cobbi,* Paola  Allavena,*  and Alberto Mantovani** 

Dendritic cells (DC) are migratory cells that  exhibit complex trafficking properties in vivo. The  present study was  designed to 
characterize receptor expression and responsiveness to chemoattractants of human DC obtained from PBMC by culture with 
granulocyte/macrophage-CSF and 11-1 3. DC expressed appreciable levels of the CCRl, CCR2, and CCR5 receptors for the CC 
chemokines and  the chemokine receptors CXCRI, CXCR2, and CXCR4. DC increased intracellular free calcium and migrated 
in response to the CC chemokines  MCP-3,  MCP-4, RANTES, MIP-1 a, MIP-1 p, and MIP-5/HCC2 and the CXC chemokine SDF-1. 
In contrast, the CC chemokines  MCP-1 and eotaxin had little or  no activity in the concentration range  tested (up to 1 pg/ml). 
IL-8 and Gro-P (CXC) and lymphotactin (C chemokines) were also inactive. DC did not respond to S-HETE, whereas platelet- 
activating  factor was an active agonist.  Selected  chemokines active on DC in terms of migration and calcium fluxes were 
examined for their capacity to modulate endocytosis and Ag presentation. Under conditions in  which TNF-a was active, MCP-1, 
MCP-3, MIP-la, and RANTES did not affect  these two responses.  Thus, among hemopoietic elements, DC respond to a unique 
set of CC and CXC  chemokines, and their responsiveness is  restricted to migration with  no effect on Ag capture and presentation. 
Chemokines  may play a role in the trafficking of DC under resting or stimulated conditions. Chemokine receptors expressed in 
DC are likely to underlie HIV infection of this cell type. Jbelournal of Immundogy, 1997, 159: 1993-2000. 

D endritic cells  (DC)3 are bone marrow-derived leukocytes 
specializing in Ag uptake, processing, and presentation 
to T lymphocytes. DC are most potent among APCs and 

are believed to be indispensable to the initiation of a primary im- 
mune response (1, 2). For their central role in the regulation of 
immunity, DC are considered interesting tools and targets for im- 
munotherapeutic interventions (3, 4). 

DC progenitors from the bone marrow enter the blood and seed 
nonlymphoid tissues, where they develop into immature DC, with 
high ability in Ag uptake and processing, and yet low ability in T 
cell stimulation. DC  are localized in the epithelia, such as skin 
epidermis (Langherans cells), the gastrointestinal and genito-uri- 
nary tracts, airways, and in the interstitial spaces of many solid 
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organs (heart, liver, kidney) (1, 5 , 6 ) .  Locally produced inflamma- 
tory cytokines (e.g., TNF and IL-I) and the encounter with an Ag 
promote the maturation and migration of DC to regional lymph 
nodes via afferent lymphatics and/or blood (6-8). These migratory 
cells undergo maturation from  a “processing” to a “presenting” 
functional phenotype, characterized by the expression of costimu- 
latory molecules, cytokine production, and high ability to stimulate 
T cell proliferation ( 2 ,  8, 9). Thus, migration is required for the 
accomplishment of DC functional activity. 

Information on the signals involved in the recruitment of DC 
into tissues is sparse. Intradermal administration of granulocyte/ 
macrophage (GM)-CSF leads to an increased number of DC within 
the human dermis (1 0). TNF, and possibly other LPS-induced cy- 
tokines, quickly recruit DC in the airway epithelia in a model of 
respiratory infection (1 l), and systemic administration of LPS in- 
duces a profound loss of MHC  class II+ cells from heart and kid- 
ney in the mouse (9). 

Recently, it was found that “classical” chemotactic agonists, 
such as fomylated peptides and C5a. as well as some C-C che- 
mokines (RANTES, MIP-I a, and MCP-3), induce directional mi- 
gration of monocyte-derived DC, CD34+ cell-derived DC, and 
Langerhan’s cells in vitro (12-14). Chemokines are a growing su- 
perfamily of low m.w. chemotactic proteins that can be divided 
into four branches according to the position of the first cysteine 
pair (C-X-C or a and C-C or /3 families), the lack of two of the four 
cysteines (C or y) ,  or  the presence of three  spacing amino acids in the 
first cystein tandem (CX3C or S )  (15-19). C-X-C chemokines, of 
which IL-8 is  the  prototype,  are  mainly  active on neutrophils  and T 
lymphocytes. C-C chemokines have a wider  spectrum o f  action, being 
active  on  monocytes, granulocytes, T and B lymphocytes,  NK  cells, 
and DC (15-18). Lymphotactin, the  only C chemokine so far de- 
scribed, is active on T lymphocytes and NK cells (20, 21). Che- 
mokines are produced by multiple cell types, including monocyte/ 
macrophages, endothelial cells, mesothelial cells, fibroblasts, 
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keratinocytes,  and  lymphocytes,  and bind  to  seven transmembrane 
domain, G protein-coupled  receptors ( I  5-1 8. 22, 23). Four  recep- 
tors for C-X-C  chemokines  (CXCRI to 4) and five for  C-C  che- 
mokines  (CCRI to 5 )  were recently cloned.  These  receptors  show 
a promiscuous pattern  of ligand recognition  and are differentially 
expressed  and regulated in leukocytes (23-33). 

The goals of the  present  study  were 1 ) to identify  the chemokine 
receptors present on  DC; 2) to extend  the preliminary character- 
ization of chemokines  active  on DC to the  new, recently  identified 
C-C  chemokines  and  to  proteins of the  C-X-C  and C families;  and 
3 )  t o  investigate  whether  active  chemokines  can  modulate  func- 
tional responses  other than chemotaxis in DC.  The  data  presented 
here  show that in vitro-differentiated, monocyte-derived  DC  ex- 
press both C-X-C  and  C-C  chemokine  receptors  and  migrate  to a 
selected  pattern of chemokines  when  compared with other leuko- 
cyte  populations  (e.g.,  monocytes  and T lymphocytes). In addition, 
two  characteristic  functions of DC,  endocytosis of macromolecules 
and induction of proliferation of allogenic T cells,  were not af- 
fected by active  C-C  chemokines,  suggesting that these  proteins 
act  on DC mainly  as migratory signals. 

Materials and Methods 
Cytokines 

Human  rMCP- I ,  lymphotdctin,  MIP- 1 p. and  eotaxin  were  from  PeproTech 
Inc. (Rocky Hill, NJ).  Human rIL-8 WJ From Dainippon  (Osaka,  Japan), 
Human  rMCP-3 and IL-13 were a kind gdt from Dr. A. Minty (Sanofi Elf 
Bio  Recherches,  Labsge.  France).  Human  rMIP-I  a/LD78  was  from  Dr. L. 
Czaplewski  (British  Bio-technology  Limited,  Cowley, U.K.), and  human 
SDF-I was from  R&D  System  (Minneapolis,  MN).  MCP-4  (34)  was  ex- 
pressed in COS  cells  as  previously  described  (35).  RANTES  and MIP-5/ 
HCC2  were  che ically synthesized  (36).  MIP-S/HCC2  is  a novel human 
CC  chemokine that shows high sequence identity to  MIP-3  (76.770).  MIP-4 
(63.2%).  MIP-la  (75.4%).  and  MIP-Io (66.7%)..' Both the  nucleotide  and 
protein sequence  are  deposited in the GenBank  database  (accession no. 
270292) and in the SwissProt  database  (accession no. Ql6663), respec- 
tively.  Human  recombinant  GM-CSF  and  TNF-a  were  a  generous gift from 
Sandoz  (Basel,  Switzerland),  and  BASF  (Knoll,  Germany). re5pectively. 
Cytokines  were  endotoxin  free  as  assessed by Limulus amebocyte  assay. 
FMLP  and  platelet-activating  factor  (PAF) were from  Sigma  Chemical Co. 
(St.  Louis,  MO). 

DC culture 

Highly  enriched blood monocytes  (>9S% CD14') were  obtained  and  pu- 
rified from bufy coats  (through the courtesy  of  Centro  Trasfusionale, Os- 
pedale  Sal 'I), Milan,  Italy) by Ficoll  and Percoll gradients  and purified by 
panning  on  CD6-coated  plastic  dishes  as  described  (12,  37).  Monocytes 
were  cultured  for  7  days at 1 X 10"/ml in six-well  multiwell tissue culture 
plates  (Falcon: Becton Dickinson,  Lincoln  Park,  NJ) in  RPMI  1640  (Bio- 
chrom,  Berlin,  Germany), 10% FCS  (HyClone,  Logan,  UT)  supplemented 
with SO ng/ml GM-CSF, and 10 ng/ml IL-13. We previously demonstrated 
that monocyte-derived  DC  generated in the presence of GM-CSF + IL- I3 
are  morphologically  and  functionally  identical to DC  cultured with GM- 
CSF + IL-4 (12,  37).  These  cells  were >80% CDla'.  >90%  MHC  class 
H i ,  < I O %  CD14', 12% CD3',  and <4% CD20'. For  some  experi- 
ments,  cells  were  further  depleted ofCD14+ cells (41%- CD14+) by CD- 
14-coated Dynabeads  (Unypath, Milan. Italy). 

Northern blot analysis 

DC were  prepared  as  described  above,  and total RNA  was  extracted by the 
guanidinium  thiocyanate  method,  blotted,  and  hybridized  as  described (33). 
Probes were labeled by the Megaprirne  DNA labeling system  (Amersham, 
Buckinghamshire, U.K.) with [a-"PJdCTP  (3000  Ci/mmol,  Amersham). 
Membranes  were  prehybridized at 42°C in Hybrisol  (Oncor,  Inc..  Gaith- 
ersburg.  MD)  and  hybridized  overnight with I X IOh  cpm/ml  of  3LP-la- 
beled probe.  Membranes  were then washed  three  times with 2 X  SSC (I X 
SSC = 0. IS M NaCI. 0.0 I5 M  sodium  citrate, pH 7.0), 0. I % SDS at room 

F. Coulin, C A. Power, S. Alouani, M. C. Peitsch, 1.". Schroedrr, M. Moshlzuki, 
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temperature for I0 min, twice with 2X SSC, I % SDS at 60°C f i r  20  min, 
and then with 0.1 X SSC  for S tnin, before being  autoradiographed using 
Kodak XAR-5 films and intensifier screens at -80°C. CCR2B  cDNA  was 
obtained by PCR amplification of the reported sequence  (33, 38). CCR3. 
CCR4,  CCRS, CXCRI, and  CXCR3  cDNAs  were  obtained  as previously 
described  (25).  CCRI  and  CXCR2  cDNAs  (39) were kindly donated by Dr. 
Ji Ming  Wang  (Science  Applications International Corp. Frederick, Na- 
tional Cancer  Institute,  Frederick.  MD).  CXCR4  cDNA  was  provided by 
Dr. Marc  Parmentier  (IRIBHN,  Bruxelles,  Belgium). 

Receptor binding assays 

Competition  for the binding of '251-labeled  MCP-3 (["'I]MCP-3; sp.  act., 
2200  Cilmmol;  DuPont  de  Nemours,  Dreieich,  Germany), ["I]MCP-3, 
and "'I-labeled IL-8 (~'*slJlL-8; sp. act., 2000 Cilmmol; Amersham)  to 
DC  was  conducted  as  described  previously (40). DC ( I X I Oh/200 pi j in 
binding  medium  (RPMI 1640 with 10 mg/ml BSA, Sigma  Chemical  Co., 
Milan,  Italy)  were  incubated with 0.5 nM labeled chemokine in the pres- 
ence of different concentrations of unlabeled  cytokines at 4°C  for  2  h. At 
the end  of the incubation,  cells  were  pelleted  through  a  cushion  of  silicon 
oil by microcentrifugation.  The  radioactivity  present in  the tip ofthe tubes 
and in the supernatants  was  evaluated using a gamma  counter. 

Migration assay 

Cell migration  was  evaluated using a  chemotaxis  microchamber  technique 
as previously  described  (12).  Twenty-seven  microliters of chemodttractant 
solution or control medium (RPMI  1640 with I %  FCS) were  added to the 
lower wells of  a  chemotaxis  chamber  (Neuroprobe.  Pleasanton, CA). A 
polycarbonate filter (S-wm pore size; Neuroprobe) was layered  onto the 
wells and covered with a silicon  gasket and with the  top  plate. Fifty mi- 
croliters of cell suspension (0.7-1 X lO'/ml) were  seeded in the upper 
chamber.  The  chamber  was  incubated at 37°C in humidified air in the 
presence of 5% CO, for  90 min. At the end of the incubation, filters were 
removed.  stained with Diff-Quik (Baxter  s.p.a.,  Rome,  Italy)  and five high 
power  oil-immersion fields (100X) were counted. Results are  expressed  as 
the mean number of migrated cells in  10 high power  fields.  Each  experi- 
ment was  performed in triplicate. 

Measurement of intracellular Ca2' concentration ([Ca' ' I $  
Changes in [Ca2'"\, were  monitored  using the fluorescent probe  fura-2  as 
previously  described  (40)  according to the technique reported by Grynk- 
iewicz  et al. (41). Briefly, DC (107/ml) were  resuspended in RPMI  1640 
and  incubated with 1 FM fura-2  acetoxymethyl  ester  (Calbiochem,  San 
Diego,  CA) at 37°C  for 20 min. After  incubation,  cells  were  washed  and 
resuspended in HBSS (Biochrom)  containing  1.2 mM CaCI, and kept at 
room  temperature until used.  Fura-2  fluorescence was measured in a Per- 
kin-Elmer LS 50B  spectrophotometer  (Perkin-Elmer  Instruments, Nor- 
walk, CT)  at  37°C with cells (3-5 X IO'/ml) continuously  stirred.  Samples 
were  excited at 340 and 380  nm,  and  emission was continuously recorded 
at 487  nm. 

Flow cytometric analysis oi CXCRI and CXCRZ expression 

Anti-CXCRI  (5A12-5)  and  -CXCR2  (6C6-IC)  (42)  were kindly provided 
by Dr. C. R. Mackay  (LeukoSite,  Inc.  Cambridge,  MA).  DC  were  incu- 
bated with saturating  amounts ofmAbs and.  after washing with saline, with 
fluorescein-conjugated  F(ab')?  goat  anti-mouse Ig (Techno  Genetics, 
Turin. Italy). Analysis of fluorescence was performed by a FACStar""' 
calibrated with Calibrite  beads  (Becton  Dickinson)  (43). 

Mixed leukocyte  reaction 

DC  were  added  in  graded  doses  to I X IO5 irradiated (3000 rad)  purified 
allogenic T cells in 96-well flat-bottom microtest plates. Responder  cells 
were cord  blood T cell depleted of autologous  APC by passage with CD14- 
and  CD19-coated  Dynabeads  (37).  Each  experimental  group was tested in 
triplicate.  ['HIThymidine (5Ci/~mol;  Amersham)  incorporation  was mea- 
sured  on  day S after  a 16-h pulse. 

Endocytosis of FlTC-dextran 

Endocytosis  was  measured  as the cellular uptake of FITC-dextran and 
quantitate by flow cytometry  (37).  Approximatively  2 X IO5 cells  for  each 
sample were incubated in the  presence  of 1 mg/ml of FITC-dextran  (m.w. 
70,000:  Sigma  Chemical  Co.,  St.  Louis,  MO).  After  incubation,  cells  were 
washed twice with PBS  and tixed with I @h formalin.  FITC-dextran uptake 
of at least 8000 cells  was  evaluated by FACS analysis. 
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Results 
Exprcwion oi chcmokine receptors in DC 

A lirst ohjective o f  the present study was t o  ohtain ;I comprchen- 
sive characterization of the pattern of CC and CXC  chcmokinc 
receptors expressed hy  DC. Figure I shows that. in ;I rnanncr sim- 
ilar t o  monocytes. DC express the transcripts for CCRI. CCRZ. 
oncl  CCRS. In our experirncntal conditions. only a faint signal was 
tletectahlc for CCR3 and CCR4. On thc contrary. CCR3 and CCR4 
nlRNAs wcrc easily detectable in eosinophils and PHA-activated 
T lymphocytes, respectively, DC also express detectable lcvcls of 
InRNA  (or CXCR I and CXCR? (IL-8 receptors A and B. respec- 
tively) and for CXCR4 (formerly LESTR or fusin). No expression 
of CXCR3 was detected (Fig. 2 ) .  I t  is interesting t o  note that a l -  
though DC express the transcripts for MCP- l receptor (CCR?) and 
IL-X receptors. they do not  functionally respond t o  these chemo- 
kincs (Ref. 12 untl Table I ) .  

DC nligr,?tion i n  response  to C-C chcmokincs 

The ahility of  DC to migrate i n  response to ;I variety of chemo- 
tactic signals was investigated using a micromultiwell chemotaxis 
chamher assay. Tahle I summarizes the results ohtained using clas- 
sical chemotactic agonists. C-X-C. C-C. and C chemokines. cyto- 
kincs. and hioactive lipids. In addition t o  CSa. FMLP. MCP-3. 
RANTES. and MIP-la. previously shown t o  he potent DC che- 
monttractants ( 12-14). MIP-I p. MIP-S/HCC?. and MCP-4. three 
recently characterized C-C chemokines. and SDF-I (C-X-C) ap- 
peared t o  be the most active proteins among the stimuli tested (Fig. 
3). The four agonists induced DC chemotaxis in a concentration- 
dependent manner. Peak activity for MIP-Ip and MIP-S/HCC? 
was ohserved a t  the concentration of I O 0  ng/ml. with ;I number of 
cell migrated that was 186 2 20% and 170 t 8 ( I )  = 3) of  that 
observed with 1 0 0  ng/ml o f  MCP-3. used as reference chemokine. 
respectively (Fig. 3A ). DC migration t o  MCP-4 and t o  SDF- I was 
slightly higher than that ohtained with an optimal ( 1 0 0  ng/ml) 

A 
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C 
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- 28s - 18s 

Z P P  

- 28s -" - 18s 

B 

D 

g - c u  
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0 0 0  

. a w - CXCRP 

- 28s 
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g r c u  
I P P  
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I) UD 3 - CXCR4 

concentration of MCP-3. although for SDF- 1. a I -log hiphcr con- 
centration was needed (Fig. 3. H and C). Monocytes and T lym- 
phocytes were previously reported to migrate in response t o  SDF- I 
in a similar concentration range (44-46). Eotaxin (C-C).  lympho- 
tnctin (C). and n l l  of the other  C-X-C chemokines tested were 
inactive (Tahle I ) .  S-HETE. an arachidonic acid metaholite active 
o n  monocytes (47). was inactive: o n  the contrary. PAF. a weak 
chemotactic  factor for phagocytic cells. showed a significant che- 
motactic activity for DC (Tahle I ) .  
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1996 

Table I .  Activity of Chemotactic Agonists on DC” 

Chemoattractants Chemotaxis  Calcium Transientsb 

Classical 
C5a 
fMLP 

C-X-C Chemohines 
IL-8 
Gro-P 
IP-10 
SDF-1 

C-C Chemokines 
MCP-1 
MCP-2 
MCP-3 
MCP-4 
MIP-1 (Y 

MIP-1 P 
MIP-5/HCC2 
RANTES 
Eotaxin 

C  Chemokines 
Lymphotactin 

Lipids 
PAF 
5-HETE 

Cytohines 
CM-CSF 
TN F 

82 2 8 (5)‘ 
92 2 5  (33) 

1.5 ? 0.5 (5) 
nd 

1.4  (2) 
170  (2) 

9.0 2 1.0 (31) 
18 (2) 

100 137) 
145 2 15 (3) 
100 2 10  (18) 
150 2 20 (5) 
132 2 lO(2) 
95 ? 7 (13) 
10 (2) 

1 (2) 

+++ (5) 
0.4  (2) 

0.5  (2) 
. . .. 0.2 (1) nd 

”Chemokines  were used at the  concentration of 100 ndml  wi th the  excep- 
tion of SDF-1 (1 & n l ) .  Negative results were  confirmed  with  higher  concen- 
trations (up to 300 n g h l  for  chemotaxis  and up to 1 pdml for calcium  tran- 
sients). The concentrations  of the other agonists were: 10” M PAF; 3 X 10” M 
5-HETE; 100 ndml CM-CSF; 20 n M  TNFa.  Chemotactic response is expressed as 
YO of activity  using  the  migration  to  MCP-3 as 100%. nd, not  done. 

Changes in  calcium concentrations  (above basal level; 85 ? 20) are ex- 
pressed as: + (e50 nM); + + (50-500 nM);  and + + + (>500 nM1. 

In parenthesis is indicated  the  number of experiments. 

In this study as well as in a previous study conducted by this 
group, we found that MCP-3, unlike MCP-I, is a potent chemoat- 
tractant for DC. MCP-3 interacts with both CCRl and CCR2, 
while MCP-I binds only CCR2 with high affinity. We previously 
reported that MCP-3  acts mainly, if not exclusively, on monocytes 
with CCR2,  a receptor shared with MCP-1 (40). Therefore, it was 
important to better characterize in DC the receptors for MCP-3. 
Figure 4 shows that in DC, displacement of labeled MCP-3 with 
cold MCP-3 resulted in a sigmoidal competition curve with an 
IC,, of 2.7 2 0.6 nM (n = 4). [’251]MCP-3 competition by 
MIP-la and RANTES also resulted in a sigmoidal curve of inhi- 
bition with IC,, values of 29 2 10 nM and 220 ? 80 nM ( n  = 3), 
respectively. Cold IL-8 (C-X-C) and MCP-I (C-C) did not com- 
pete with the binding of [‘251]MCP-3 to DC (Fig. 4). These results 
are consistent with the use of CCRl by MCP-3 in DC. 

Induction of calcium transients in DC 

Chemotactic agonists induce a rapid, PTox-sensitive, and transient 
rise of [Ca2+Ii in target cells (18,48). In a previous study, we have 
shown that chemoattractants also stimulate calcium fluxes in DC 
( 12) and that this response was completely blocked by PTox (data 
not shown). Figure 5A shows that MIP-1/3, at chemotactic con- 
centrations, increased [Ca2+Ii in DC. MIP-1P induced a partial 
heterologous desensitization to a subsequent challenge with 
MIP- 1 a (Fig. 5A). Conversely, RANTES cross-desensitized for 
MIP-IP (Fig. 5B).  These results are consistent with the interaction 
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FlCURE 3. Chemotactic  activity of  MfP-lP, MIP-5/HCC2, MCP-4, 
and SDF-1 for DC. DC (1 X 106/ml)  were tested for  their  ability  to 
migrate across a 5-pm pore-size  polycarbonate  filter in response to 
different concentrations of chemokines.  At  the  end  of the incubation 
(90  min),  the  number  of  cells  in  five  high  power  microscope-immer- 
sion fields was evaluated. Results of  one  experiment  (performed in 
triplicate  and representative of at  least three  independent experiments) 
are shown.  Numbers are corrected  for basal migration (against me- 
dium;  24 ? 3).  Chemotaxis  to  MCP-4 is expressed as monocyte  che- 
motactic  units ( I  U = the dilution  providing  50%  maximal  chemotac- 
tic response of  human  monocytes).  MCP-3 was used as a reference 
chemohine at the concentration of 100 n g h l  (6 U). 

of MIP-1P with CCR5 (30, 49).  MIP-YHCC2 was also active in 
increasing [Ca2+Ii in DC  and cross-desensitized for a subsequent 
stimulation with MCP-3 (Fig. 5Dj  and MIP-lP (Fig. 5F) .  On the 
contrary, MCP-3 did not affect a subsequent stimulation with MIP- 
5/HCC2 (Fig. 5E),  and MIP-Ij3 only partially reduced MIP- 
5HCC2 response (Fig. 5F) .  These results, although indirect, sug- 
gest that MIP-S/HCC2 activates DC through the interaction with 
two receptors: CCR1, as previously described4 (50), and CCRS. 
Three other agonists active in terms of chemotaxis, SDF-1, 
MCP-4, and PAF, induced a rise in [Ca2+Ji (Fig. 5C). None of the 
inactive chemotactic agents induced a significant and reproducible 
increase of [Ca2+li (Table I). 
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FIGURE 4. Displacement of ['251]MCP-3 binding  to DC by unla- 
beled MCP-3, MIP-1 a, RANTES, MCP-1, and IL-8. Duplicate samples 
of 1 X 106/ml DC in  200 pI of binding  medium  were  incubated  with 
0.5 n M  ['251]MCP-3 in the presence of increasing quantities of unla- 
beled cytokines. After incubation  at 4°C for 2 h, the  cells  were cen- 
trifuged  through a silicon  oil cushion, and the radioactivity in the pel- 
lets and in the supernatants was measured. The  average  values of three 
independent experiments are shown. 

Effect of C-C chemokines on  endocytic  activity and M L R  

It has been shown that chemokines can play a role in the differ- 
entiation of hemopoietic precursors and in the activation of  NK 
cells (51-53). Monocyte-derived DC cultured with GM-CSF and 
IL-4/IL-13 show high endocytic activity, measured as uptake of 
FITC-dextran, and potent ability to stimulate proliferation of allo- 
genic T  cells  (37, 54). Therefore,  it was of interest to investigate 
whether active chemokines could modulate, in DC, biologic func- 
tions other than chemotaxis. Figure 6A shows that a 30-min pre- 
incubation of differentiated DC with an optimal concentration (100 
nglml) of MIP-la, RANTES,  MCP-3, or MCP-I did not signifi- 
cantly change FITC-dextran uptake by DC. Similar negative re- 
sults were observed with a longer (24 h) preincubation with che- 
mokines (data not shown). On the contrary, in the same assay 
conditions,  cells incubated with TNF-a for 24 h showed a de- 
creased endocytic activity, as previously reported (54). Similarly, 
active C-C chemokines did not affect the ability of DC to stimulate 
a MLR using cord blood T lymphocytes (Fig. 68). 

Discussion 
To initiate primary T cell-dependent immune responses, DC mi- 
grate from nonlymphoid organs into lymph nodes and spleen. The 
signals responsible for  DC mobilization in vitro and in vivo are 
still largely unknown (1,2, 8). In a previous report, we showed that 
MCP-3, RANTES, and MIP-la, three C-C chemokines, were ac- 
tive in inducing chemotaxis and calcium fluxes in DC in vitro. On 
the contrary, IL-8 and IP-10, two members of the C-X-C  chemo- 
kines, were inactive (12).The present study confirms and extends 
the previous observations to new proteins of the chemokine family 
and to other chemotactic agonists, some of which have only re- 
cently been described. MIP-lP, MIP-YHCC2,  MCP-4  (C-C), and 
SDF-1 (C-X-C) were able to induce directional migration and cal- 
cium fluxes in DC (Figs.  3 and 5) ,  while eotaxin (C-C), lympho- 
tactin (C), and Gro-P (C-X-C) were inactive in the range of con- 
centrations tested (up to 1  Fglml;  Table I). PAF,  a weak 
chemotactic factor  for neutrophils and monocytes, efficiently in- 
duced chemotaxis (Table I) and calcium transients in DC (Fig. 
5C). On the contrary, 5-HETE induced neither chemotaxis nor 
calcium fluxes (Table I).  Thus, DC can be activated by a select 
number of C-C chemokines, by SDF-1, a C-X-C chemokine, and 
by PAF,  a bioactive phospholipid. This spectrum of action over- 

laps, but is distinct from, that of all the other leukocyte populations 
(15, 18). Recently, we reported that macrophage-derived chemo- 
kine (MDC), a new C-C chemokine, preferentially activates DC 
(two logs more potent on DC than on mononuclear cells) (55).  It 
is interesting to note that DC can produce chemokines (e.g., IL-8 
(56), MIP-ly (57), MDC ( 5 3 ,  MCP-1, RANTES, and MIP-la; 
S. Sozzani, unpublished observations) as well as respond to che- 
mokines. MIP-ly, MIP-YHCC2, MDC, and SDF-I are constitu- 
tively produced in different tissues4 (46, 55, 57, 58),  and it is 
tempting to speculate that they might play a role in DC localization 
in nonlymphatic tissues. 

Chemokines bind to seven-transmembrane domain receptors as- 
sociated with PTox-sensitive G proteins (22, 23). Consistent with 
this general rule, active chemokines induced a rise of [Ca2+l, (Fig. 
5 )  and were inhibited by FTox (data not shown). It was found by 
Northern blot analysis that DC express high levels of mRNA for 
CCRI, CCR2, and CCR5 receptors (Fig. 1). CCRI is a promiscu- 
ous receptor for RANTES, MIP-la, and MCP-3 (59,  60), three 
active agonists for DC (12). Accordingly, DC possess specific 
binding sites for [1251]MCP-3, and labeled MCP-3 is displaced by 
cold MCP-3, MIP-la, and RANTES (Fig. 4). CCR2 is a receptor 
shared by MCP-I and MCP-3 (39, 61), and CCR5 is the receptor 
for  MIP-IP,  MIP-la, and RANTES (30, 62). CCR3 and CCR4 
were detectable only after prolonged exposure of the autoradio- 
graphs (several days vs hours for  CCR1, CCR2, and CCR5). 
Among the C-X-C chemokine receptors investigated, CXCRI, 
CXCR2 (formerly IL-8A and -8B receptors) (63, 64), and CXCR4 
(also known as LESTR or fusin) (29) were also found expressed in 
DC  (Fig.  2).  The C-C chemokine receptors expressed by DC fully 
account for the biologic activity observed with the different ligands 
tested with the exception of CCR2, the MCP-I receptor, and 
CXCRl and CXCR2, the IL-8 receptors. In all of the experiments 
performed, MCP-1 did not induce activation of DC in terms of 
calcium transients and chemotaxis (Table I), and these results were 
recently extended to DC originated from CD34+ cells (S. Sozzani, 
unpublished observations). Recently, it was reported that CD34+- 
derived DC possess specific binding sites for MCP-1 and migrate 
in response to this chemokine, although less efficiently than to 
MCP-3  (13). Transgenic mice that express MCP-1 in the basal 
layer of epidermis under the control of the K14 promoter showed 
local accumulation of CD45+,  I-A+ cells that assumed a dendritic 
morphology in situ (65). The reason for this discrepancy is un- 
known. The DC used in this study showed low but detectable 
levels of ['251]MCP-l-specific binding sites (data not shown). Sim- 
ilarly, DC express the mRNA for CXCRl and CXCR2 (Fig. 2), 
possess specific binding sites for [1251]IL-8 (4500 cpm and 1500 
cpm using 0.35 nM [1251]IL-8 in the absence or presence, respec- 
tively, of 100-fold excess unlabeled protein) (13), and stain with 
specific mAb for CXCRl and CXCR2 (S. Sozzani, unpublished 
observations). However, they do not biologically respond to IL-8 
and Gro-/3 (Table I and refs. 12, 13). Similarly, monocytes express 
CXCRl and CXCR2 (Fig. 2) but do not respond to IL-8 or other 
CXCR2 ligands (15-18). Thus, as previously reported for  a num- 
ber of cell types including HL-60 and THP-1 cells (66, 67) as well 
as  CD34-DC  (13), chemokine surface receptor expression and 
function can  exist in an uncoupled state from second messenger 
activation. 

Active chemotactic agonists induced a transient rise of  [Ca"], 
(Fig. 5).  Cross-deactivation of calcium transients has been used in 
the past to gain insights into chemokine receptors cross-utilization 
(22, 23). Calcium cross-deactivation studies in DC have provided 
results consistent with the presence of functional CCR 1, CCR5 and 
CXCR4  (Fig. 5) .  

 by guest on July 25, 2017
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


1998 CHEMOKINES  AND  DENDRITIC CELLS 

FIGURE 5. Measurement of [Ca2+1i in DC 
stimulated with chemotactic agonists. DC 
(107/ml), loaded  with 1 pM iura-2 AM, were 
stimulated  with 100 ngml  MIP-la,  MIP-10, 
RANTES, MCP-3, MIP-5/HCC2, or SDF-1 (1 
and 0.3 pghl) or PAF (10" M). Traces from 
one  experiment representative of at least four 
are shown. Results are expressed as the ratio of 
fluorescence at two  excitation wavelengths 
(340 and 380 nm)  and emission at 487 nm. 
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It has long been known that DC are highly motile in  vitro and in 
vivo (1, 2). Attraction of immature DC precursors to peripheral 
tissues and migration of Ag-carrying DC to lymph nodes is essen- 
tial for the induction of the immune response. Migration patterns 
of DC in experimental animals have been extensively studied (5- 
1 I ) .  These studies have shown that DC migrate from nonlymphoid 
tissues to T cell areas of lymph organs and that LPS, GM-CSF, 
IL-I, and TNF are involved in their mobilization. However, the 
simultaneous injection of anti-TNF  Ab and LPS did not prevent 
DC migration in vivo, suggesting that additional factors induced 
by LPS might be involved in DC mobility (9). Chemokines are 
produced by several cell types in response to all the agonists so far 
described as active in inducing DC mobilization in vivo (15, 18). 
Thus, it is possible the at least some of the chemokines found 
active in vitro might play a role in DC distribution in vivo. In this 
context, it is also interesting to note that RANTES, MIP-la, and 
MIP-lP are locally produced in the lymph nodes of healthy indi- 
viduals and that their levels are increased in HIVf subjects (68). 
HIV infects DC, and this cell type, strategically located at mucosal 
surfaces, may play an important role in the spreading of infection 
to CD4+ T cells (69, 70). The chemokine receptors CCR5 and 
CXCR4 act has major fusion coreceptors for monocytotropic, duo- 
tropic, and Iymphotropic HIV strains (71 ). These receptors are 
expressed in DC (Figs. 1 and 2) and very likely play a role in the 
infection of DC located at the virus port of entry and, subse- 
quently, in the spreading of the virus to CD4+ cells. 

Migratory DC traveling between nonlymphoid and secondary 
lymphoid tissues are considered to undergo a maturation process, 
moving from  a processing to a presenting stage (8). The same 
signals that are active in vivo (e.g., LPS,  GM-CSF, TNF, and IL-I) 
also induce maturation of DC in vitro (54). On the contrary, che- 
mokines failed to increase DC Ag-presenting ability and FITC- 
dextran endocytosis (Fig. 6). In preliminary experiments, it was 
also found that chemokines (MIP-la and MCP-3) are unable to 
interfere with the differentiation of monocytes to DC in vitro (data 
not shown). Thus, at least in vitro, maturation of DC and induction 
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FIGURE 6 .  Effect of  chemokines  on FITC-dextran uptake  and acces- 
sory function  of DC. A, Cells were exposed to  chemokines (1 00 ng/ml) 
for 30  min and  then  incubated with 1 rng/ml FITC-dextran for different 
amounts of times. In the  appropriate group, cells  were  incubated with 
20 ngml of  TNF-a  for 24 h. FITC-dextran uptake was analyzed by 
FACS, and  the results are expressed as mean  channel fluorescence 
(MCF). One experiment representative of  two is  shown. B, DC were 
incubated  with 100 ng/ml of MIP-7 c1 or MCP-3 for 1 h. Responder cells 
were  cord  blood  T  lymphocyte-depleted  of  monocytes  and B lyrnpho- 
cytes. 13H]Tdr was added  during  the last 18 h  of a 5-day  experiment. 
One experiment representative of  two is shown. 
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of chemotaxis appear to be two dissociated processes caused by 
different classes of activators. 

In conclusion, DC generated from peripheral blood precursors 
express receptors for and respond to a unique set of CC and CXC 
chemokines and lipid chemoattractants. It is likely that these che- 
moattractants play a crucial role in the accumulation in tissues and 
in the complex trafficking pattern of DC in vivo. Because of their 
essential role in the induction of immune responses, DC  are now 
considered promising tools and targets for immunotherapy (3, 4). 
The results reported here identify molecular tools useful to direct 
DC traffic that can be exploited in the context of immunization 
strategies. 
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