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Fractalkine (FKN, CX3CL1) is a membrane-bound CX3C chemokine induced by primary proin-
flammatory signals in vascular endothelial cells (ECs). Here we examined the role of FKN in polar-
ized Th1 or Th2 responses. Proinflammatory signals, including LPS, IL-1, TNF, and CD40 ligand,
induced FKN, as did IFN-y, which had synergistic activity with TNF. IL-4 and IL-13 did not stimulate
the expression of FKN and markedly reduced induction by TNF and IFN-y. TNF alone or combined
with IFN-y also induced release of soluble FKN, which was inhibited by IL-4 and IL-13. In light of this
differential regulation of FKN by the master cytokines that control polarized responses, we analyzed
the interaction of FKN with natural killer (NK) cells and polarized T-cell populations. NK cells
expressed high levels of the FKN receptor CX3CR1 and responded to FKN. CX3CR1 was preferen-
tially expressed in Th1l compared with Th2 cells. Th1l but not Th2 cells responded to FKN. By
immunohistochemistry, FKN was expressed on ECs in psoriasis, a Th1-dominated skin disorder, but
not in Th2-driven atopic dermatitis. Similarly, ECs in Mycobacterium tuberculosis granulomatous lym-
phadenitis, but not those in reactive lymph node hyperplasia or in Castelman’s disease, showed
immunoreactive FKN. These results indicate that regulated expression of FKN in ECs participates in
an amplification circuit of polarized type I responses.

J. Clin. Invest. 107:1173-1181 (2001).

Introduction
Chemokines are small secreted proteins involved in the
control of leukocyte traffic and inflammation (1-3).
Based on a conserved cysteine motif forming disulphide
bonds, four families, CXC, CC, C, and CX3C, have been
identified. The effects on leukocytes are mediated by
seven-transmembrane domain G protein-coupled
receptors. There are 18 known functional chemokine
receptors that bind multiple chemokines in a subclass-
restricted manner. By binding to their receptors,
chemokines induce cytoskeletal reorganization and
integrin activation followed by migration into tissues.
Fractalkine (FKN, CX3CL1) is a unique, membrane-
bound chemokine, with a transmembrane domain and
the chemokine domain on top of a long mucinlike stalk
(4, 5). FKN shares high homology with the CC family of
chemokines, but presents three amino acids between
the first two cysteine residues (the CX3C structural
motif). The molecule can exist in two forms, membrane-
anchored or shed soluble glycoprotein, after extracellu-
lar proteolysis at a membrane-proximal dibasic cleavage

site, similar to cleavage of syndecans. As for the other
chemokines, FKN recognizes a Pertussis toxin-sensitive
G protein-coupled receptor, CX3CR1 (corresponding
to the orphan receptor previously named V28) (6, 7).
CX3CRl1 is capable of inducing locomotion and mobi-
lization of intracellular calcium and activates the het-
erotrimeric G proteins (6, 8), which mediate both leuko-
cyte migration and adhesion. Firm adhesion is not
inhibited by Pertussis toxin under static and physiolog-
ic flow conditions in monocytes, T cells, and natural
killer (NK) cells (9, 10). FKN was initially described as
being expressed on IL-1- and TNF-activated endothe-
lial cells (ECs) and having a wide mRNA distribution in
human (4) and murine tissues (5).

Chemokines are an important component of polar-
ized type I and type II responses. There is in vitro and
in vivo evidence that monocyte chemoattractant pro-
tein-1 (MCP-1, CCL2) and macrophage inflammato-
ry protein-1o. (MIP-1o, CCL3) are important for the
induction of cytokines involved in polarized respons-
es, such as IL-4 and IL-12 (11-13). Polarized Th1 and
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Th2 populations (characterized by production of
IFN-yand IL-4, respectively) were shown to have a dif-
ferent chemokine receptor repertoire (14-16). For
instance, Thl cells are preferentially attracted by
chemokines of the IP10 (CXCL10) family, which are
induced by IFN-y and interact with CXCR3 (2, 3).
Conversely, the CC chemokines macrophage-derived
chemokine (MDC, CCL22) and thymus and activa-
tion-regulated chemokine (TARC, CCL17) are prefer-
ential attractants for polarized Th2 cells that express
CCR4 (15). MDC production is induced by IL-4 and
IL-13 and inhibited by IFNs and IL-12 (17-21). These
studies have outlined the existence of chemokine-
based circuits that induce and sustain polarized type
I and type II responses (2, 20).

The present investigation was designed to assess how
cytokines (IFN-y, IL-4, IL-13), which induce polarized
Th1 (type I) and Th2 (type II) responses (22), affect
FKN expression in ECs and how NK cells, a crucial
component of Th1 circuits (23, 24), and polarized Th1
and Th2 populations respond to FKN. The results
obtained define a novel FKN-based amplification cir-
cuit of polarized type I responses in vitro and in vivo.

Methods

Cell culture media and reagents. The following reagents
were used for culture of cells: pyrogen-free saline and
water (S.A.L.F., Bergamo, Italy); E199 medium and
RPMI 1640 (Biochrom KG, Berlin, Germany); and asep-
tically collected FCS (HyClone Laboratories, Logan,
Utah, USA). All reagents contained less than 0.125
endotoxin units per milliliter of endotoxin as checked
by the Limulus Amebocyte Lysate assay (Microbiolog-
ical Associates, Walkersville, Maryland, USA). LPS
(from Escherichia coli strain 055:B5) was from Difco Lab-
oratories (Detroit, Michigan, USA).

Cytokines and antibodies. The following human recom-
binant cytokines were used: IFN-y (Roussel Uclaf, Paris,
France), TNF-o, (BASF Knoll, Ludwighafen, Germany),
IL-1B (Dompe, L’Aquila, Italy), IL-2 (Chiron, Milan,
Italy), IL-4 (Schering-Plough, Kenilworth, New Jersey,
USA), IL-12 (Hoffmann-La Roche Inc., Nutley, New Jer-
sey, USA), IL-13 (Sanofi Recherche, Labége, France), and
FKN (PeproTech EC Ltd., Lo ndon, United Kingdom).
J558L cells transfected with the ligand for CD40 (JS58L-
mCD40L) and appropriate controls were used to induce
CDA40 triggering on ECs (25). The following antibodies
were used: polyclonal goat anti-human FKN (R&D Sys-
tems Inc., Minneapolis, Minnesota, USA); rabbit anti-
human CX3CR1-purified Ig’s (Torrey Pines Biolabs, San
Diego, California, USA); rabbit anti-extracellular sig-
nal-related kinase 2 (anti-ERK2) polyclonal IgG (Santa
Cruz Biotechnology Inc., Santa Cruz, California, USA);
anti-IL-4, anti-CD1a, anti-CD34, and anti-CD154
(Pharmingen, San Diego, California, USA); anti-IL-12
clones 17F7 and 20C2 (kindly provided by M. Gately,
Hoffmann-La Roche Inc.); anti-factor VIII/vWF (DAKO
A/S, Glostrup, Denmark); anti-CD3 and anti-CD4 (Bec-
ton Dickinson, Mountain View, California, USA). Anti-

CD6 (clone T12) was purchased from American Type
Culture Collection (Manassas, Virginia, USA); anti-
CD16 (clone B73.1) was a kind gift of G. Trinchieri
(Schering-Plough Laboratory, Dardilly, France).

Endothelial cells. Human umbilical vein ECs (HUVECS)
were obtained and cultured as described (26). We used
routinely confluent cells at 2nd-6th passage maintained
in E199 medium with 20% FCS, supplemented with
endothelial cell growth supplement (ECGS; 50 ug/ml;
Collaborative Research Inc., Lexington, Massachusetts,
USA) and heparin (100 pg/ml; Sigma Chemical Co., St.
Louis, Missouri, USA). Human iliac artery ECs (h-IAEs)
(27) at 7th passage were grown in E199 medium with
supplements as HUVECs and used when confluent.
Human dermal microvascular ECs (HDMECs) were
obtained from PromoCell GmbH (Heidelberg, Germany)
and cultured following the supplier’s instructions.

Preparation of NK cells. Leukocytes were obtained from
buffy coats of healthy blood donors through the cour-
tesy of Centro Trasfusionale, Ospedale Civile Formalori
(Magenta, Italy) by centrifugation on Ficoll-Hypaque
gradient (Pharmacia Biotech AB, Uppsala, Sweden).
Freshly isolated NK cells were prepared by density gra-
dients on Percoll and purified by depleting CD14* and
CD3* cells with Dynabeads (Dynal AS, Oslo, Norway)
(28). NK cells were expanded in vitro by coculturing
with an irradiated lymphoblastoid cell line, generated
in our laboratory (28). After 1 week, proliferating cells
were depleted of contaminating T lymphocytes by pan-
ning on anti-CD6-coated plastic. The resulting NK
cells were <2% CD3*CD14* and >80% CD16*CDS6".
Expanded NK cells were used either as such (resting),
after activation with IL-2 (500 U/ml), or activated on
anti-CD16-coated plastic.

Generation of human Th1 and Th2 cells. Human neona-
tal leukocytes were isolated from freshly collected,
heparinized, neonatal blood by Ficoll-Hypaque densi-
ty gradient centrifugation. Th1 and Th2 cell lines were
generated by stimulating neonatal leukocytes with 2
lg/ml of phytohemagglutinin (PHA) (Wellcome, Beck-
enham, United Kingdom) in the presence of 2 ng/ml of
IL-12 and 200 ng/ml of neutralizing anti-IL-4 anti-
bodies for Thl cultures, or 10 ng/ml of IL-4 and 2
ug/ml of neutralizing anti-IL-12 antibodies 17F7 and
20C2 for Th2 cultures. Cells were washed on day 4 and
expanded in RPMI 1640 with 5% FCS, 2 mM L-gluta-
mine, 1 mM sodium pyruvate, 100 U/ml of penicillin-
streptomycin (complete medium), supplemented with
100 U/ml IL-2. Restimulation and intracellular stain-
ing for IFN-y and IL-4 (15) confirmed acquisition of
the polarized cytokine-production profile. Th1 (ET3.22
and ET3.20) and Th2 (E4.1) clones were generated
from adult subjects allergic to Lolium perenne group 1
antigen and are described in ref. 15.

Flow cytometry analysis. Confluent HUVECs (3 x 10°
in 9.6 cm?) were kept overnight in E199 medium + 20%
FCS + ECGS and heparin. Medium was then discard-
ed and 1 ml of E199 medium + 20% FCS and stimuli
were added. After 24 hours, FKN expression was stud-
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ied by flow cytometry using a FACStar apparatus ana-
lyzing 10,000 events (Becton Dickinson and Co., San
Jose, California, USA) (29).

ELISA for soluble FKN. Soluble FKN was measured in
ELISA, using polyclonal Ab’s from R&D Systems Inc.,
following the instructions of the supplier. The sensi-
tivity was 80 pg/ml. Supernatants were obtained from
HUVECs incubated in the presence or absence of the
different cytokines for 24 hours.

RNA analysis. For Northern blot analysis, total RNA
was extracted by the guanidinium thiocyanate
method, blotted, and hybridized as described (30, 31).
Probes were labeled by Megaprime DNA labeling sys-
tem (Amersham, Buckinghamshire, United Kingdom)
with a 32P-dCTP (3,000 Ci/mmol; Amersham). North-
ern blot analysis was performed according to standard
procedures. Membranes were exposed for 12-24 hours
at -80°C with intensifying screens. RNA transfer to
membranes was checked by ultraviolet irradiation, as
shown in each figure. FKN ¢cDNA was obtained by
amplification with the following oligonucleotides: 5’
ATGGCTCCGATATCTCTGTCGTGGCTG-3" as a forward
primer and S5’-CGCCATTTCGAGTTAGGGCAGCAGC-
CTG-3’ as a backward primer (GIBCO BRL Custom
Primers; Life Technologies, Paisley, United Kingdom).
CX3CR1 probe was a gift from P. Gray (ICOS Corp.,
Bothell, Washington, USA) (32). Densitometric analy-
ses of autoradiographic signals were performed with a
scanning densitometric apparatus (Hoeper, San Fran-
cisco, California, USA). RNase protection assay (RPA)
was performed using the hCR-6 kit, following the
manufacturer’s instructions (Pharmingen).

Chemotaxis assay. Cell migration was evaluated by
using a 48-well microchemotaxis chamber technique
(33) with minor modifications (15, 28). Briefly, the
lower wells of a chemotaxis chamber were filled with
chemoattractant solution or assay medium (RPMI 1640
with 1% FCS). A 5-um pore size polyvinylpyrrolidone-
free polycarbonate membrane (Nucleopore, Pleasanton,
California, USA) coated with fibronectin (10 pg/ml,
Sigma Chemical Co.) was layered over the wells, and
then the cell suspension (2.5 x 106 to 5 X 10%/ml in assay
medium) was seeded in the upper chamber and incu-
bated at 37°C in air with 5% CO, for 2 hours. The non-
migrated cells were washed and scraped from the upper
surface of the filters, migrated cells were fixed in
methanol and stained with Diff-Quik (Dade Behring
SpA, Milan, Italy), and the numbers of migrated cells in
five high-power fields were counted for each well. The
results were expressed as the number of migrated cells
per five high-power fields (mean of triplicates + SD).

Western blot analysis. Th1 and Th2 cells were lysed in 1%
NP-40 lysis buffer (1% NP-40; 10 mM Tris pH 8.0; 150
mM NaCl; 1 mM EDTA; 1 mM PMSF,; 2 ug/ml each of
aprotin, leupeptin, a-1 anti-trypsin, and 10 mM NaF)
and incubated for 15 minutes in ice. Lysates were cen-
trifuged in Eppendorf tubes for 10 minutes at 16,000 g.
Fifty milliliters of cleared lysates (equivalent to 1 x 10°
cells) were boiled for 5 minutes in reducing Laemmli

sample buffer, fractionated by SDS-PAGE, transferred,
and immunoblotted with rabbit anti-human CX3CR1
and rabbit anti-ERK2 antibodies followed by horserad-
ish peroxidase-conjugated protein A (Amersham).
Detection was performed with an enhanced chemilu-
minescence detection system (Amersham).

Immunobistochemistry. Six lymph node specimens (two
with reactive hyperplasia, two affected by necrotizing
granulomatous lymphadenitis with alcohol-acid-resist-
ant Mycobacterium tuberculosis, and two with Castle-
man’s disease, obtained from our pathology depart-
ment for routine diagnosis) and skin biopsies, obtained
after informed consent from healthy adult volunteers
(n = 3) and from adult patients with chronic plaque
psoriasis (n = 4) or chronic atopic dermatitis (n = 4),
were used for the immunohistochemical study. Tissue
biopsies were embedded in OCT, snap-frozen in liquid
nitrogen, and stored at -80°C until sectioning. For
lymph nodes, 5-um cryostat sections were fixed in
100% acetone, soaked in methanol 1% H,0O; (30 vol) for
20 minutes at room temperature to quench endoge-
nous peroxidase activity, washed in PBS, preincubated
with goat or rabbit serum for 20 minutes, and sequen-
tially incubated with optimal dilutions of the primary
antibodies anti-human FKN and anti-human CX3CR1
(30 minutes). The primary antibodies were respective-
ly resolved with biotinylated anti-goat followed by
streptavidin-horseradish peroxidase or LSAB kit (all
from DAKO A/S). Each incubation lasted 10 minutes
and was followed by a 10-minute wash with PBS. Sec-
tions were stained with 0.03% H,O, and 0.06%
diaminobenzidine (DAKO A/S) in PBS for 2-3 min-
utes. Single stained sections were then washed in tap
water and lightly counterstained with hematoxylin,
while the sections used for double staining were
washed in PBS for 10 minutes and reincubated with the
second primary antibodies CD34 or CD1a, resolved
with biotinylated anti-mouse and streptavidin-alkaline
phosphatase (AP). Each incubation lasted 30 minutes
and was followed by a 10-minute PBS wash. The AP
enzyme activity was developed using Naphthol AS-BI
phosphate and fast blue RR salt (Sigma Chemical Co.).

For skin biopsies, 4-iim cryostatic sections were kept
at 30°C for 3 hours, fixed with acetone for 10 minutes,
and then treated with 0.3% hydrogen peroxide to
quench endogenous peroxidase activity. Double
immunostaining was performed with a goat polyclonal
anti-FKN antibody (15 pg/ml) and anti-factor
VIII/VWEF (1:25) or anti-CD3 (1:50) monoclonal anti-
body. Sections were also double-stained with a rabbit
anti-CX3CR1 (1:100) and anti-CD3, anti-CD4 (1:50), or
anti-CD1a (1:25). Avidin-biotin-alkaline phosphatase or
avidin-biotin-peroxidase activities (Vector Laboratories,
Burlingame, California, USA) were revealed with Blue
Vector and 3-amino-9-ethylcarbazole chromogens (Vec-
tor Laboratories), respectively. No counterstain was
applied. As negative control, primary antibodies were
omitted or replaced with an irrelevant isotype-matched
antibody or pre immune goat serum.
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Figure 1 a b g

Induction of FKN expression in HUVECs by dif- 3 & s . 5
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exposed for 24 hoursto TNF-o (20 ng/ml),IL1B 8§ 2 X & o o & 88

(5 ng/ml), LPS (100 ng/ml), IFN-y (500 U/ml), TNF-a .-
IL-13 or IL-4 (20 ng/ml), and CD40L (J558-

CD40L-transfected cell line). (b) Monolayers of = o, -

HUVECs were exposed to TNF-0. (20 ng/ml) or 28s - R T TL L

IFN-v (500 U/ml) for different times, as indicat- 185 -

ed. RNA was extracted with guanidinium and run —

in Northern blot analysis. FKN-specific mRNA 28S - -.-.-ﬁ”" 288 -

was detected with cDNA 32P-labeled probe. 188 - u--..f-"‘. 185 -

Below the Northern blot is the ethidium bro- IFN-y -e

mide-stained 1% agarose gel that contained the
total RNA, before blotting analysis for mRNA.

Results are representative of three experiments. 288 -
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Results

Induction of FKN by proinflammatory signals including
CDA40L and IFEN-yand inhibition by IL-4 and IL-13. In a first
series of experiments we examined whether master
cytokines, which activate type I and type II responses
(IFN-y, IL-4, IL-13) (2, 20) and regulate EC function
(34), affect FKN expression in HUVECs. As shown in
Figure 1la — in agreement with previous reports (e.g.,
refs. 4, 5) — LPS, IL-1, and, most prominently, TNF
induced FKN mRNA expression in ECs. These observa-
tions were extended to IFN-yand CD40L that increased
the steady state levels of FKN transcripts (Figure 1a).
J558L control cells did not induce FKN, unlike CDO4L-
bearing cells, and FKN induction by J558L-mCD40L
cells was inhibited in one experiment with anti-CD154
(CD40L) antibodies. In contrast, IL-4 and IL-13 did not
stimulate FKN expression (Figure 1a). It should be
noted that under these conditions IL-4 and IL-13
induced a number of responses in ECs (refs. 35-37 and,
for review, ref. 34), including, for instance, VCAM-1
expression. For all stimuli, the induction of FKN was
time- and dose-dependent (Figure 1b and data not
shown). For instance, with IFN-y an optimal induction
was observed after exposure to 500 U/ml for 24 hours.

We then examined the effect of cytokine combinations
on FKN expression. As shown in Figure 2a, IFN-y and
TNF had a synergistic effect in inducing FKN expression.
In the experiment shown in Figure 2, densitometric
analysis revealed that IFN-y (50 U/ml) and TNF (2 ng/ml)
induced 4 and 15 densitometric arbitrary units, com-
pared with 63 for the combination. In contrast, IL-13
clearly suppressed FKN induction by IFN-y, TNF, or com-
binations of the two. In a series of three experiments, the
inhibition by IL-13 of FKN expression induced by IFN-y
and TNF was 75 + 3%. IL-13 also blocked LPS-induced
FKN expression (Figure 2a). Similar results were obtained
with IL-4, as shown in Figure 2b.

Effect of cytokines on FKN surface expression and release. We
then examined the effect of cytokines on FKN surface
expression in ECs. A series of four (for IL-13) and two
(for IL-4) experiments was conducted with a polyclonal

188 -

anti-FKN antiserum. As shown in Figure 3, TNF and
IFN-y induced surface expression of FKN. As expected
on the basis of transcript analysis, IFN-y and TNF had
a synergistic action on FKN membrane levels in ECs.
For instance, suboptimal concentrations of TNF (2
ng/ml) and IFN-y (50 U/ml) had a barely detectable
effect per se (not shown), whereas the two combined
induced strong FKN expression (Figure 3). IL-13 (Fig-
ure 3a) and IL-4 (Figure 3b) almost completely inhibit-
ed TNF-induced (20 ng/ml) and IFN-y-induced (500
U/ml) FKN surface expression. The inhibitory activity
was also significant, but not complete, when the
TNF + IFN-y combination was used, particularly when
high doses of the two inducers were used. ECs from iliac
arteries and dermal microvessels (h-IAEs and HDMECs)
were also used in a limited series of experiments. In both
cell preparations, TNF in combination with IFN-y
induced expression of FKN at levels similar to those
seen in HUVECs (data not shown).

FKN is a transmembrane protein that can undergo
proteolytic cleavage with release of a soluble, biological-
ly active form of this chemokine (4). It was therefore
important to assess how individual cytokines, and com-
binations thereof, affected FKN release. As shown in
Table 1, TNF induced appreciable levels of FKN release
(390 + 105 pg/ml/10% ECs in 24 hours at a TNF concen-
tration of 20 ng/ml; mean + SD of four experiments). In
contrast, FKN was undetectable in the supernatant of
IFN-y-stimulated cells (five experiments). As expected on
the basis of FACS analysis, IFN-y, though inactive per se
in inducing FKN release, significantly increased the
TNF-induced shedding (80% mean increase over TNF
alone for 2 ng/ml TNF and 50 U/ml IFN-yin a series of
two experiments). IL-4 and IL-13 completely blocked the
release induced by both concentrations of TNF. When
TNF and IFN-y were combined at a concentration of 20
ng/mland 500 U/ml, IL-4 and IL-13 caused a 48 + 13.9%
(three experiments) and 84.6 + 21.7% (two experiments)
inhibition, respectively.

CX3CRI expression and responsiveness to FKN of NK cells
and polarized Th cells. The differential effects of IFN-yver-
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Figure 2 a
Inhibition of induction of FKN mRNA  TNF-o. = =
expression in HUVECs by IL-13 and IL-4.  |FN-y - -
Monolayers of HUVECs were exposed for — |L-13 = 4
24 hours to the stimuli indicated or their

combination. Cytokine concentrations -
were: |L-13 and IL-4, 20 ng/ml; LPS, 100
ng/ml; TNF-0, 2 (a) and 20 (b) ng/ml;
IFN-y, 50 (a) and 500 (b) U/ml. Results
are representative of three experiments for
IL-13 and two experiments for IL-4.

4+

sus IL-13 and IL-4 on FKN expression in ECs raised the
possibility that this molecule may attract cells involved
in polarized T-cell responses differentially. To test this
possibility, we first examined expression of the FKN cog-
nate receptor CX3CR1 in NK cells (three experiments)
and polarized CD4* populations (two experiments). As
shown in Figure 4a, CX3CR1 was strongly expressed in
NK cells in agreement with previous results (8, 38). Inter-
estingly, engagement of the activating receptor CD16
caused a drastic downregulation of CX3CR1 expression
in NK cells. CX3CR1 mRNA was also detectable in polat-
ized Th1 cells, though at much lower levels than in NK
cells. Transcript levels were barely detectable in polarized
Th2 cells. Similar results were obtained in polarized anti-
gen-specific clones generated from adult donors (Th1
clones ET3.20 and ET3.22 and Th2 clone E4.1; Figure
4a). Accordingly, FKN receptor was expressed in Th1 but
not in Th2 cells as assessed by Western blotting. As
expected on the basis of receptor expression, a soluble
version of FKN induced migration of NK cells and Th1
cells but not of Th2 cells (Figure 4b).

-+ o+ INF - = + + + +
+ - + LPS - + 4+ IFNy- - - + - +
+ + + 13 = = 4+ -4 = + = = + +
288 - 285 -
188S -
‘ 188 -

Differential expression of FKN in vivo. The results dis-
cussed above suggested that EC-expressed FKN might
be part of an amplification loop of polarized type I
responses. To gain insight into the expression of FKN
in pathologic lesions characterized by a prevalent Th1
or Th2 response, psoriasis and atopic dermatitis lesions
were examined. Psoriasis is a chronic skin disease char-
acterized by hyperproliferation of keratinocytes and the
presence of an inflammatory infiltrate consisting of
activated Th1 cells, dendritic cells, monocytes, and neu-
trophils. The T-cell infiltrate precedes and causes the
epidermal hyperplasia through the release of mediators,
primarily IFN-y (39, 40). Atopic dermatitis is an eczema-
tous skin disease belonging to the atopic disorders,
where initiation of the lesions is associated with a pre-
dominant infiltration of dendritic cells and Th2 lym-
phocytes (41, 42). The anti-FKN antibody marked
intensely the majority of vessels in the papillary dermis
in psoriasis (Figure 5b), whereas only very few vessels
were stained in atopic dermatitis (Figure 5a). Costain-
ing for factor VIII and CD3 confirmed that the anti-

Medium + IL-13

Figure 3 @
Inhibition of induction of FKN 5
surface expression by IL-13 8
and IL-4. Monolayers of

HUVECs were exposed for 24 B
hours to TNF-o. (2 or 20
ng/ml) and IFN-y (50 or 500
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Figure 4

Expression of CX3CR1 and chemotactic responsiveness of NK cells, Th1 cells, and Th2 cells. (a) Upper part: mRNA expression of CX3CR1
evaluated in NK cells and in polarized Th1 and Th2 cells by Northern analysis. The receptor protein was evaluated by Western analysis with
a rabbit polyclonal antibody; ERK2 was detected as described in Methods and served as a loading standard. Lower part: mRNA expression
of CX3CR1 was evaluated in Th1, Th2, and NK cells by Northern analysis. Modulation of mMRNA CX3CR1 in NK evaluated in RPA is shown
in the right part. Results are representative of three experiments for NK cells and of two experiments for polarized Th1/Th2 preparations;
data on adult clones are shown. (b) Chemotactic migration to FKN of Th1, Th2, and NK cells. Results are mean + SD of triplicates; AP < 0.01
vs. medium by Dunnett’s test.

FKN antibody stained ECs, and not the perivascular
lymphocytes. In addition, in both psoriasis and atopic
dermatitis suprabasal keratinocytes showed a uniform
anti-FKN immunoreactivity. Normal skin from healthy
individuals was always negative for FKN in both the der-
mis and the epidermis. To extend these observations to
another Th1-dominated response, lymph nodes affect-
ed by M. tuberculosis granulomatous lymphadenitis were
studied. FKN was expressed by the ECs of the majority
of the vessels of the remaining parenchyma among the
granulomas (Figure 6a). Staining with anti-CD34 con-
firmed the endothelial nature of FKN-positive cells (Fig-
ure 6b). In these nodes, dendritic-like cells of the para-
cortical areas were FKN-positive (Figure 6¢). In human
lymph nodes affected by non-Th1l-dominated diseases
such as reactive hyperplasia or Castleman’s disease, ECs
were negative for FKN and FKN-positive cells were con-
fined to the T cell-dependent paracortical area and had
dendritic morphology (not shown).

A polyclonal anti-CX3CRI1 antiserum was used to

Discussion
The results presented here show that the various signals
that activate ECs, including IFN-y and CD40L, induce
FKN mRNA and protein expression in human ECs.
Therefore the present observations extend to these acti-
vation signals previous findings originally obtained with
IL-1, TNF, and LPS (4, 5, 43). Moreover, when IFN-y was
combined with TNF (or in preliminary experiments with
LPS, not shown), the response observed was more than
additive. In contrast, IL-4 and IL-13 did not induce FKN
expression and suppressed its induction. These results
demonstrate that IFN-y and IL-4/IL-13, which activate
polarized Thl and Th2 responses, respectively, have
divergent effects on FKN expression in ECs.

ECs express a non-y chain containing IL-4/IL-13
receptor complex, and these cytokines activate a dis-

Table 1
Modulation of soluble FKN release by IL-4 and IL-13 in HUVECs

examine receptor expression in lesional skin. CX3CR1  Treatment Soluble FKN (pg/ml)
immunostaining was localized in a limited fraction Medium IL-4 IL-13
(10-20%) of dermal infiltrating cells in both psoriatic  Control Undetec.  Undetec. Undetec.
and atopic dermatitis lesions. No substantial differ- TNF.o (20 ng/ml) 240+ 40  Undetec. Undetec.
ences in the number and distribution of CX3CR1* cells  IFN-y (500 U/ml) Undetec.  Undetec. Undetec.
were observed between the two diseases. CX3CR1 stain- V- (20) * IFN-y(500) 78070 395z 10° 240 £ 104
ing colocalized with a small fraction of CD4* and CD3* lTF'?’\‘FYOz é(z) B%/mnT ;) U2r? 3 e:ei 3:3:2 B:jzizz
T cells and not with CD1a* dendritic cells (Figure 5,  TNF-o.(2) + IFN-y(50) 250+ 1 105 £ 14 Undetec.

e-g, and data not shown). CX3CR1" cells were absent
in control skin from healthy donors. Immunostaining
with anti-CX3CR1 of the parenchymal area among the
granulomas of M. tuberculosis lymph nodes showed
staining of cells with macrophage-like morphology and
some lymphocyte-like cells (Figure 6d).

Confluent HUVECs were cultured for 24 hours with medium or with the differ-
ent cytokine combination reported. IL-4 and IL-13 were used at 20 ng/ml. Sol-
uble FKN was measured in a sandwich ELISA assay; the sensitivity was 80 pg/ml.
Results are presented as mean + SD of triplicate samples and are representative
of three experiments for 20 ng/ml TNF-o. and 500 U/ml IFN-yand of two exper-
iments for 2 ng/ml TNF-ot and 50 U/ml IFN-y. Undetec., undetectable, <80
pg/ml. AP < 0.01 by Dunnett’s test vs. cells treated with TNF-ot and IFN-y.
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Figure 6

FKN and CX3CR1 immunostaining in M. tuber-
culosis granulomatous lymphadenitis. (a) Anti-
FKN immunostaining is confined to blood ves-
sels and to a few scattered large dendritic-like
cells of the paracortex. A faint staining is present
also in scattered macrophages close to the
necrotic area of the granuloma. (b) Double
staining with CD34 (brown) shows that FKN
(blue) is expressed by the ECs of a large number
of paracortical vessels. (c) The large dendritic-
like FKN-positive cells (blue) scattered in the

tinct functional program in vascular cells (34). This
includes induction or costimulation of IL-6 and of
chemokines, such as MCP-1 (CCL2) and eotaxin
(CCL11), as well as induction of the adhesion molecule
VCAM-1 with concomitant suppression of E-selectin
and ICAM-1 (34-37). FKN is a transmembrane
chemokine that can be released by proteolytic cleavage.
In addition, FKN can bind its cognate receptor
CX3CR1 and act as an adhesion molecule independ-
ently of post-receptor signaling events (2, 6, 10). The
results presented here show that inhibition of FKN is
part of the differential regulation by IL-4/IL-13 of
adhesion molecules and chemokines in ECs.

FKN can be shed after extracellular proteolysis at a
membrane-proximal dibasic cleavage site (4). TNF
induced membrane expression and shedding of FKN,
whereas IFN-v, at comparable levels of surface expres-
sion, caused little or no shedding. IL-4 and IL-13 inhib-
ited FKN release as they did for surface expression. The
capacity of TNF, but not of IFN-y, to cause FKN release
is reminiscent of its capacity to induce matrix metallo-
proteinase-mediated shedding of other membrane
receptors, such as the TNF receptors themselves and
the IL-1 type II decoy receptor (44, 45). The relative
importance of membrane-bound versus released FKN
in leukocyte recruitment remains to be determined.

Cells other than ECs express FKN either constitu-
tively or upon stimulation (46-49). Papadopoulos et al.
analyzed normal human skin for FKN expression and
found that many CD1a* cells (Langerhans cells) were
also FKN-positive (46). In addition, melanocytes, pres-
ent along the basement membrane zone, were stained
by the anti-FKN antibody. In contrast to these results,
we did not observe FKN-positive cells within the epi-
dermis of normal human skin, a finding probably relat-
ed to the different antibody used. By immunohisto-
chemistry we found that FKN was prominently
expressed by dendritic cells in lymph nodes. Moreover,

hro

cells. (d) The positivity for CX3CR1 is present in
the epithelioid macrophages of the granuloma
and in cells with macrophage-like morphology
and some lymphocyte-like cells in the paracor- Ly
tex. Double stained sections were not counter-

stained. (a, b, and d) x250; (¢) x400.
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Detection of FKN and CX3CR1 in chronic lesions from psoriasis
and atopic dermatitis. Sections from atopic dermatitis (a and e)
and psoriasis (b, d, f, g) lesions and normal skin of healthy sub-
jects (c) were double-stained for FKN (blue) and factor VIII (red-
brown) (a-c) or CD3 (red-brown) (d), or for CX3CR1 (red-
brown) and CD4 (blue) (e-g). Arrows in e-g indicate the
CX3CR1/CD4 double-positive cells; asterisks indicate FKN-posi-
tive vessels. Bars = 40 um.
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FKN was also detected in monocyte-derived dendritic
cells in vitro (data not shown), thus extending previous
reports (46, 47). Whether dendritic cell-expressed FKN
is released and recruits other leukocytes or plays a role
in lymphocyte-dendritic cell physical interactions
remains to be ascertained.

The finding that IFN-yand IL-4/IL-13 have divergent
effects on FKN expression in ECs prompted us to inves-
tigate the effect of FKN on NK cells and polarized
CD4* T-cell populations. Previous studies have shown
that the FKN receptor CX3CR1 is expressed on mono-
cytes, T lymphocytes (naive and CD8* cells, mainly),
and NK cells (6-9, 38). In a recent study, Foussat et al.
(50) have examined the expression of CX3CR1 in T-cell
populations in terms of binding of FKN-polyhistidine-
tagged recombinant protein, revealed with an anti-
polyhistidine mAb. They found that, among CD4*
cells, it was expressed mainly in CD45RO" T cells as a
functional receptor. Here we report that CX3CR1 is
strongly expressed in NK cells and, at lower levels, in
polarized Th1 cells, which respond chemotactically to
FKN;, unlike Th2 populations. Interestingly, engage-
ment of the NK cell-activating receptor CD16 down-
regulated CX3CR1 expression. Along the same line,
downregulation of mRNA CX3CR1 expression has
been observed in CD3* lymphocytes exposed to PHA
(6) and in one preliminary experiment with Th1 cells
stimulated with mAb’s to CD3/CD28 (data not
shown). Hence, low expression of CX3CR1 in tissue-
infiltrating cells may reflect downregulation in
response to local activation signals. NK cells, by
responding to IL-12 and producing IFN-y, take partin
polarized Th1 responses (23, 24). Therefore the pattern
of CX3CR1 expression and responsiveness in polarized
T-cell populations and in NK cells mirrors the differ-
ential regulation of agonist (FKN) production in ECs
by the polarizing cytokines IFN-yand IL-4/IL-13.

Polarized T-cell populations have different repet-
toires of chemokine receptors. Polarized Thl cells
express high levels of CCRS5 and functional CXCR3. In
contrast, CCR4 and CCR8 are preferentially present on
polarized Th2 cells (14-16, 20, 21). This distinction is
not absolute. For instance, T-cell activation induces
CCR4 in polarized Th1 cells (20). The regulation of
agonist production reflects the differential distribution
of receptors. So, for instance, CXCR3 ligands are
induced by IFN-v (3). Reciprocally, MDC is induced by
IL-4/IL-13 and blocked by IFN-y (19). On this basis, it
was hypothesized that chemokine-based circuits are
important in the regulation of polarized responses (2,
20). The results reported here show that IFN-yand IL-
4/IL-13 have divergent effects on FKN expression and
release in ECs and that, reciprocally, functional
CX3CR1 is expressed strongly in NK cells and prefer-
entially in polarized Th1l compared with Th2 cells.
These observations suggest that FKN and its cognate
receptor CX3CR1 are part of the chemokine-based
amplification and orientation circuits of polarized Th1
responses. It may therefore represent a valuable target

for blocking Thl-mediated responses such as acute
allograft rejection, consistent with the recently report-
ed increase in cardiac allograft survival in mice treated
with antibodies to CX3CR1 (51).

It has been observed that HIV-infected patients
homozygous for the CX3CR1 1-249 M280 allele show
rapid progression to AIDS (52). The CX3CR1 I-249
M280 haplotype is associated with reduced affinity
and surface expression of the receptor. Given the pro-
tective role of polarized Th1 responses against many
opportunistic pathogens and HIV itself; it is tempting
to speculate that the rapid progression to AIDS of
CX3CR11-249 M280 homozygous individuals might
depend on a defective capacity to mount fully effec-
tive type I responses.
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