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Liver-Expressed Chemokine/CC Chemokine Ligand 16
Attracts Eosinophils by Interacting with Histamine H4
Receptor?

Takashi Nakayama,* Yoshiko Kato,! Kunio Hieshima,* Daisuke Nagakubo,* Yuichi Kunori,*
Takao Fujisawa,! and Osamu Yoshie?*$

Liver-expressed chemokine (LEC)/CCL16 is a human CC chemokine that Is constitutively expressed by the liver parenchymal cells
and present in the rormal plasma at high concentrations. Previous studies have shown that CCLI16 is a low-affinity ligand for
CCR1, CCR2, CCRS, and CCRS and attracts monocytes and T cells. Recently, a novel histamine receptor termed type 4 (14) has
been identified and shown to be selectively expressed by eosinophils and mast cells. In this study, we demonstrated that CCLI16
induced pertussis toxin-sensitive calcium mobilization and chemotaxis n murine L1.2 cells expressing H4 but not those expressing
histamine receptor type 1 (H1) or type 2 (H2). CCL16 bound to H4 with a K, of 17 nM. By RT-PCR, human and mouse eosinophils

express F4 but not 3. Accordingly, CCL16 induced efficlent mi

gratory responses in human and mouse eosinophils. Farthermore,

the responses of human and mouse eosinophils to CCL16 were effectively suppressed by thioperamide, an antagonist for I3 and
H4, [ntravenous injection of CCL16 into mice induced a rapid mobilization of eosinophils from bone marrow to peripheral blood,
which was alse suppressed by thioperamide, Collectively, CCL16 is a novel functional ligand for H4 and may have a role in
trafficking of eosinophils, The Journaf of Immunology, 2004, 173: 2078-2083.

immunity by inducing directed migration of various

types of leukocytes through interactions with a group of
seven-transmembrane G protein-coupled receptors (GPCRs)® (1)
Liver-expressed chemokine (LEC)/CCL16 (2), also known as
novel CC chemokine 4 (2), human CC chemokine 4 (3), lympho-
cyte and monoeyte chemoattractant (4), and liver-specific CC che-
mokine 1 (5), is selectively expressed in the liver and present in the
normal plasma at high concentrations (6). CCL16 was shown to be
induced in monocytes by IL-10 (3) and chemotactic for monocytes
and lymphocytes (3, 4). In addition, this chemokine was shown to
have a potent myelosuppressive activity comparable to that of
MIP-12/CCL3 (4) and to induce tumor rejection (7). Previously,
we have shown that CCL16 is a low-affinity functional ligand for
CCRI1, CCRZ, and CCRS (6). Separately, Howard et al. (8) re-
ported that CCL16 induced chemotaxis and cell adhesion to matrix
proteins of human monocytes via CCRI and CCRS. However, its
physiological role still remains mostly unknown,

C hemokines play important roles in innate and acquired
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Histamine receptor type 4 (H4) is the most recently identified
subtype of histamine receptors {9, 10). H4 is selectively expressed
by cells such as eosinophils and mast cells and mediates histamine-
induced chemotaxis and calcium mobilization in these types of
cells (11, 12). Chemoattractant receptors including those for che-
mokines often interact with quite diverse molecules, For example,
CCRG, the receptor for CCL20 (1), is also a receptor for B-de-
fensins (13). HIV-1 Tat protein attracts monocytes via CCR2 and
CCR3 (14). Histidyl-tRNA synthetase and asparaginyl-tRNA syn-
thetase, the autoantigens in myosifis, atiract T cells, IL-2-activated
monocytes, and immature dendritic cells via CCRS and CCR3,
respectively (15). Formyl peptide receptor-like 1, the low-affinity
receptor for the bacterial chemotactic peptide fMLF, is also a re-
ceptor for lipoxin A, and acute phase protein serum amyleid A
(16, 17). Given such versatility in the chemoattractant receptors in
terms of ligand-specificity, we tested a large panel of human che-
mokines on histamine receptors H1, H2, and 14 (18). In this study,
we report that CCL16 is a functional ligand for H4 and induces an
efficient migration of human and mouse eosinophils via H4,

Materials and Methods
A!alen’a[s

All recombinant human chemokines were purchased from R&D Systems
(Minneapalis, MN). Histamine and thioperamide were purchased from Sig-
ma-Aldrich (St Louis, MO). Pertussis toxin (PTX) was purchased from
Invitrogen (Carlsbad, CA}. A murine L1.2 pre-B cell line was kindly pro-
vided by E Butcher (Stanford University School of Medicine,
Stanford, CA).

Stable expression of histamine receptors

The ¢oding regions of kuman histamine receplors H1, H2, and H4 were
amplified from a cDNA library generated from PHA-stimulated PRMC by
PCR. The ¢DNAs were cloned into a retroviral vector pMX-IRES/EGFP
(19} 2nd recombinant retroviruses wers obtained. L1.2 cells wera infected
with the recombinant viruses and stable transfectants expressing green flu-
orescence were selected by FACS.,
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Caleium mobilization assay

Cells were suspended at 10° cells/ml in HBSS centaining 1 mg/ml BSA
and 10 mM HEPES (pH 7.4), and loaded with 3 &M Fura 2-AM flucres-
cence dye (Molecular Probes, Bugene, OR). After washing, cells were
placed in F2000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan)
and stimulated with recombinant human chemokines or histamine. Emis-
sion fluorescence at 510 nm was measured upon excitation at 340 and 380
nm to obtain the fluorescence intensity ratio (RI40/380),

Chemotaxis assay

This was conducted using Transwell plates with 5-rem pore polycarbonate
membrane fitters (Costar, Acton, MA) as described previously (20), Mi-
grated cells were quantitated using PicoGreen dsDNA quantitation reagent
(Molecular Prabes) (20),

Binding assay

Recombinant human CCL16 was radiolabelad to a specific activity of
1.2 % 107 cpmipeg by using '?*[-labeled Bolton and Hunter reagent (Am-
ersham Biosciences, Piscataway, NI). For binding experiments, 1 3¢ 108 cells
ware incubated with ‘**I-labeled CCL16 without or with increasing concen-
trations of competitors in 200 ul of RPMI 1640 containing 20 mM HEPES
(pH 7.4) and 0.1% BSA. After incubation at 15°C for 1 h, cells were washed
five times and counted in a gamma counter. The binding data were analyzed
using GraphPad PRISM (GraphPad Software, San Diego, CA).

RT-PCR analysis

This was conducted as described previously (20). In brief, total RNA was
prepared from cells using TRIzol reagent (Life Technologies, Gaithers-
burg, MD) and further purified using RNeasy (Qiagen, Hilden, Germany).
Total RNA samples prepared from human and mouse tissues were also
purchased from BD Biosciences (Mountain View, CA), Total RNA (1 ug)
was reverse transcribed using oligo(dT), primer and SuperScript [1 reverse
transcriptase (Life Technologies). Resulling first-strand DNA (equivalent
to 20 ng of total RNA) and original total RNA (20 ng) were amplified in
a final volume of 20 l containing 10 pmol of each primer and 1 UJ of
Ex-Tag polymeras¢ (Takara Shuzo, Kyoto, Japan). The amplification condi-
tions were denaturation at 94°C for 30 s (5 min for the first cyele), annealing
a1 60°C for 30 s, and extension at 72°C for 30's (5 min for the last cycle) for 36
eycles for buman and mouse H3 and H4 and 27 cycles for human and mouse
GAPDH. The amplification products (10 ul each) were separated by electro-
phoresis oit 2% agarcse and stained with ethidium bromide. The primers used
were: +5-CCACTGTATGTACCCTACGTGCTG-3 and —5'-ATGCTGA
GGTTAAAGAAGGTGACG-3" for human H3; +5"-AGCTATGACCGAT
TCCTGTCAGTC-3 and —5-CCTCTGGATGTTCAGGTAGATGCT-
for mouse H3; +5-ATGCCAGATACTAATAGCY and —5'-TTAAGAAG
ATACTGACCG-3' for human Hé; +5'-TOTOGTGGACAGAAACCTTA,
GACA-3 and ~5"-AAGAATCTGAAGCCAGAATCATCG-3' for mouse
H4; and +3'-GCCAAGGTCATCCATGACAACTTTGG-Y (+) and —5'-
GCCTGCTTCACCACCTTCTTGATGTC3 (~) for human and mouse
GAPDH.

Preparation of human and mouse cosinophils

Human eosinophils were prepared from peripheral blood of healthy vol-
unteers with no history of allergy as previously deseribed (11). In brief,
bufly coat cells were oblained from venous blood by dextran TS00 sedi-
mentation, Eosinophils were isolated by density centrifugation on Percoll
{1.088 g/ml; Pharmacia Biotech, Uppsala, Sweden). The eosinophils were
further purified by negative selection using anti-CDI6-bound micromag-
netic beads and a magnetic-activated cell sorter column (Miltenyi Biotec,
Bergisch Gladbach, Germany). Afier negative selection, the purity of eo-
sinophils was consistently >99%, and their viability was consistently
>95%. Mouse eosinophils were separated from spleens of mice that had
been injected i.m. with DNA of an IL-$ expression plasmid as previously
described (21). In brief, female BALB/: mice, § wk old, were purchased
from CLEA (Tokyo, Japan) and kept in specific pathogen-free conditions
for at least 1 wk before experiments. Mice were injected into the bilateral
scleus muscles with 50 ) of 0.25% bupivacaine (Sigma-Aldrich) using a
disposable insulin syringe. At 3 and 10 days, mice were injected with 75
ug of pCAGGS-IL-5 plasmid DNA in 50 ul of PBS into bupivacaine-
injected sites. Afier 2-3 wk, splenic eosinophils were purified from mice
that had =>50% eosinophils in the blood. Spleen cells were layered onto a
discontinuous Percoll density gradient consisting of 1.06, 1.07, and 1.09
g/m| and were centrifuged at 250 X g for 20 min. Eosinophils were layered
between 1.07 and 1.09 g/ml. Eosinophils were further purified by two times
negative selection using ant-CDS0 (Thy1.2), anti-CD43R (B220), and anti-
CD8a (Ly-2)-bound micromagnetic beads and iMagnet (BD Bicsciences).
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After negative selections, the purity of eosinophils was consistently >90%,
and their viability was consistently >95%.

Eosinophil mobilization in mice

Female BALB/c mice, 6 wk old, were purchased from CLEA and kept in
specific pathogen-free conditions for at least 1 wk before experiments.
Mice were injected iv. with 100 pl of PBS without or with 0.5 nmol of
CCLI6. At various time poinis, mice were given anesthesia by inhalation
of diethyl ether and peripheral blood was collected. After blood collection,
mice were sacrificed by cervical dislocation and femurs were obtained, The
ends of femurs were removed and bone marrow cells were recovered by flush-
ing with 1 ml of PBS. Smears were stained with May-Griinwald and Giemsa
solutions. Differantial cell counts were performed for at least S00 cells/slide,
All animal experiments were petformed in accordance with the guideline of
the Center of Animat Experiments, Kinki University School of Medicine.

Results
CCLIG induces calcium mobilization via H4

Histamine receptors H1, H2, and H4 are variably expressed by
hemopoietic cells, while H3 is selectively expressed by neurons in
the CNS (10-12, 18). To examine whether any chemokines act as an
agonist for the histamine receptors, we performed calcium mobiliza-
tion assays using murine L1.2 pre-B cells stably expressing H1, H2,
or H4 (L12-H1, L12-H2, and L1.2-H4, respectively). Among 32
recombinant human chemokines tested at 100 nM (CC chemokines:
CCLL 2,3,4,5,7,8,11, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 24,
25,26, 27, and 28; CXC chemokines: CXCLA, 8, 9,10, 12,13, and
16; XCLI; CX3CL1), CCL16 was found to induce vigorous calcium
mobilization in L1.2-H4. Fig. 14 shows that, while histamnine induced
calcium mobilization via H1, H2, and H4, CCL16 dose-dependenty
induced calcium mobilization via H4 but not via H1 or H2, Further
more, H4-mediated calcium mobilization induced by CCL16 was
completely suppressed by PTX, supporting that H4 couples with the
Gai class of G proteins (9, 10). Fig. 15 shows that CCL16 dose-
dependently desensitized histamine~induced calcium mobilization via
H4. Conversely, histamine desensitized CCL16-induced calcium mo-
bilization via H4. Furthermore, thicperamide, an antagonist for H3
and H4 (10, 22), completely suppressed CCLI6- and histarmine-
induced calcium mabilization via H4. Collectively, CCL16 is a novel
agonist for H4.

CCLIG induces chemolactic responses via H4

We next examined chemotactic responses of L1.2-H1, L1.2-H2,
and L1.2.H4 to CCLI16. As shown in Fig. 24, both CCL16 and
histamine induced vigorous cell migration in 1.1.2-H4 with a typ-
ica] bell-shaped dose-responss curve, In contrast, netther CCL16 nor
histamine induced any significant migration in L1.2-H1 or L1.2-H2,
Thus, thess histamine receptors are not coupled with the Ged class of
G proteins in L1.2 cells. As shown in Fig. 25, thicpemmide, an an-
tagonist for H3 and 14 (10, 22), dose-dependendly suppressed igra-
tory responses of L1.2-H4 to 100 tM CCL16 with an IC,q of 50 gM.
As shown in Fig. 2C, CCL16 and histamine weze additive in inducing
migration of L1.2-H4 cells. As shown in Fig. 2D, a checkerboard-type
analysis confirmed that CCL16 induced mostly chemotaxis, not che-
mokinesis, it L1.2-H4. As shown in Fig, 2E, PTX, the inhibitor of the
Gai class of G protens, suppressed CCL16-induced migratory re-
sponses of L1.2-14,

Specific binding of CCLIG to H4

We next examined binding of CCL16 to H4. As shown in Fig. 34,
1#*]-labeled CCL16 specifically bound to L1.2-H4. Scatchard anal-
ysis revealed a single class of binding sites with a K, of 17 nM and
41,000 sites/eetl (Fig. 3B). Furthermore, binding of '**I-labeled
CCL16 at 10 nM was completely inhibited by unlabeled CCL16,
histamine, and thieperamide with an IC,; of 8.8, 4.1, and 57 nM,
respectively (Fig. 3C).
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FIGURE 1. Induction of calcium mobilization in Hé-expressing L1.2 cells
by CCL16. A, H4-specific calcium mobilization by CCL16. L1.2 cells stably
expressing H1 (L1.2-H1), H2 (L1.2-H2), or 14 (L1.2-H4) were loaded with
Fura 2-AM. Cells (5 X 10%/assay) were stimulated with CCL16 or histamine
at indicated concentrations. Intracellular calcium mobilization was measured
on a fluorescence spectrophotometer. Pretreatment of 1.1.2-H4 cells with PTX
at 500 ng/ml was performed at 37°C for 30 min. Representative results from
three separate experiments are shown. B, Mutual desensitization of CCL16 and
histamine in calcium mobilization via H4. L1.2-H4 cells were loaded with
Fura 2-AM and stimulated with CCLI6 or histamine as indicated, Intracellular
calcium mobilization was measured on a fluorescence spectrophotometer.
Thioperamide was used at 50 uM. Representative results from three separate
experiments are shown,

+ 100 nM hi:

Eosinophil responses to CCL1S

H4 is selectively expressed by eosinophils and mediates eosinophil
migration to histamine (10, 11). By RT-PCR, we confirmed that
human and mouse eosinophils expressed 14 but not H3 (Fig. 44).

CCL16 IS A NOVEL LIGAND FOR HISTAMINE H4 RECEPTOR
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FIGURE 2. Induction of chemotaxis in H4-expressing L1.2 cells by
CCL16, A, Dose-response experiments. Chemotactic responses of L1.2
cells stably expressing H1 (L1.2-H1), H2 (L1.2-H2}, and H4 (L1.2-H4) to
indicated concentrations of histamine and CCL16 were examined. B In-
hibition of CCL]6-induced migration of L1,2-H4 ceils by thioperamide,
Chemotactic responses of L1.2-H4 cells 10 CCL16 at 100 nM were deter-
mined in the presence of indicated concentrations of thioperamide. C, Ad-
ditive effects of histamine and CCL16. Chemotactic responses of L1.2-H4
cells to indicated concentrations of CCL16 without (O or with 10 nM of
histamine (M) were determined. D, A checkerboard-type analysis, In che-
motactic assays using L1.2-H4 cells, CCL16 was added to upper and‘or
lower wells at 100 nM as indicated. E, Inhibition by PTX. L1.2-H4 cells
were pretreated at 37°C for 30 min without or with PTX at $00 ng/ml and
examined for chemedactic responses to CCL16 at 100 nM. All as3ays were
dong in duplicate and numbers of cells migrated to lower wells were ex-
pressed by percent input cells. Results are shown as mean * SEM from
three separate experiments.

We, therefore, examined induction of eosinophil migratory re-
sponses by CCL16. As shown in Fig, 48 (lef), CCL16 dose-de-
pendently induced a highly efficient migration of human eosino-
phils. In fact, many more eosinophils migrated to CCL16 at 100 or
1000 nM than to eotaxin/CCLI11 at its optimal concentration of 10
nM. CCL16 also induced less efficient but stll vigorous migration
in mouse eosinaphils (Fig. 48, righf). Furthermore, thioperamide,
an antagonist for 3 and H4 (10, 22), dose-dependently suppressed
Tnigratory responses of hunan and mouse eosinophils to CCL16 (Fig,
4C). Fig. 4D further shows induction of calcium mobilization i
mouse eosinophils by CCL16 and histamine as well as their mutusl
desensitization. Again, thioperamide completely suppressed CCL16-
induced calcium mobilization in mouse eosinophils.

Eosinophil mobilization from mouse bone marrow b y CCLIG

Expression of H4 was consistently seen in the human, rat, mouse,
and guinea pig bone marrow (Fig. 44) (10, 22). Since CCL16 is
selectively expressed in the liver and present in the normal plasma
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FIGURE 3. Specific binding of CCL16 to H4. 4, Saturable binding of
1#*I-labeled CCL16 to L1.2-H4. Nonspecific bindings were determined in
the presence of 100-fold molar excess unlabeled CCL16 and subiracted
from total bindings. Representative results from thres separate experiments
are shown. 8, Scatchard analysis of the binding data in 4, The calculated
Kyis 17 nM. C, Displacement experiments. 1,1.2-H4 cells were incubated
with '**I-labeled CCL16 at 10 nM in the presence of various concentra-
tions of unlabeled CCL16 {®), histamine (O}, or thioperamide (4). Rep-
resentative results from three separate experiments are shown. The calcu-
lated ICsq is 8.8 nM for CCLIS, 4.1 nM for histamine, and 57 oM for
thioperamide.

at relatively high concentrations (6), it may be involved in mobi-
lization of eosinophils from the bone marrow. To test this possi-
bility, we injected PBS without or with CCL16 into mice via the
tail vein. As shown in Fig. 54 (l¢ff), eosinophil counts but not
those of lymphoeytes or neutrophils in the peripheral blood were
rapidly increased in CCL16-injected mice with a peak at 60 min.
Reciproeally, eosinophil counts but not those of lymphocytes or
neutrophils in the bone marrow were rapidly decreased in CCL16-
injected mice (Fig. 54, righf). Furthermors, thioperamide effec-
tively suppressed CCL16-induced increases in blood eosinophils
and decreases in bone marrow eosinophils, without affecting the
numbers of lymphocytes or neutrophils (Fig. 5B). Collectively,
CCL16 indeed incduced a selective mobilization of eosinophils
from the bone marrow via H4,

Discussion

Histamine is an important biogenic amine and one of the major
products of mast cells. Histamine exerts diverse physiological
functions via four subtypes of histamine receptors, namely, Hi,
H2, H3, and H4, which are all GPCRs (18). These receplors are
differentially expressed in various types of cells and mediate di-
verse effects by coupling with different classes of G proteins (10—
12, 18). For example, H1 triggers responses such as smooth muscle
contraction and vascular permeability and plays an important role
in allergy, while I12 mediates gastric acid secretion. H3 is ex-
pressed in the CNS and controls release of histamine and neuro-
transmitters by neurons (18). Notably, 1, 2, and H3 share less
protein sequence identity with each other than with other biogenic
amine receptor family members, suggesting that they may have
evolved from different ancestral genes (Fig. 6). H4 is the most
recently identified subtype of histamine receptor with an amino
acid identity of ~38% to H3 (9, 10), H4 has been shown to be
primarily expressed by eosinophils and responsible for histamine-
mnduced migration of eosinophils (10, 11). In the present study, we
have demonstrated that CCL16, which is a low-affinity ligand for
CCR1, CCR2, CCRS, and CCRS (6, 8), is also a novel agonist for
H4. CCL16 induced vigorous calcium mobilization and chemo-
taxis through H4 (Figs. | and 2) and specificaily bound to 14 with
a K, of 17 nM (Fig. 3). At the molar basis, CCL16 and histamine
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FIGURE 4. Induction of migration and calcium mobilization in human
and mouse eosinophils by CCL16G via Hd. 4, RT-PCR analysis for expression
of H3 and H4 in human and mouse eosinophils. Human easinophils were
obtained from four donors. ¢cDNA samples from brain and bone marmow
sarved as positive controls for H3 and H4, respectively. Representative resulls
from two separate experiments are shown. B, Chemotaciic responses of human
and mouse eosinophils to CCL16. Chemotactic responses of human (feff) and
mouse (righf) eosinophils to OCLIS at indicated ¢oncentrations (®) and 1o
eotaxit/CCL11 at 10 nM (O) were determined. Each point represents mean *
SEM from four separate experiments, C, Effect of thioperamide on eosinophi!
migration to CCL16, Chemotactic responses of human and mouse e¢osinophils
10 CCLI6 at 100 nM were determined in the presence of indicated concen-
trations of thioperamide. Each point represents mean + SEM from three sep-
arat2 experiments. D, Induction of calcium mobilization in mouss eosinophils
by CCL16. Mouse cosinophils preloaded with Fura 2-AM were stimulaied
with CCL16 or histamine at indicated concentrations (§ X 10% cells/assay).
Intracellular calcium mobilization was measured on a fluorescence spectro-
photometer. Thioperamide was used at 50 ¢M. Representative resulis from
three separate experiments are shown.

are almost equivalent in potency as an agonist for H4 (Figs. 2 and
3). Fig. 6 shows the phylogenic relationships of the chemokine
receptors (for the sake of simplicity, only four members are
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FIGURE 5. Mobilization of mouse bone martow eosinophils by CCL16
via H4, 4, Rapid mobitization of ecsinophils by CCLIG. Mice were in-
Jeeted Lv. with 100 wl of PRS (O) or PBS containing 0.5 mmol of CCL16
(®). At indicated time points, differential cell counts were made for pe-
ripheral blood and bore marrow. Each point represents mean + SEM from
five separate experiments. B, Suppression of CCL16-induced eosinophil
mobilization by thioperamide. Mice were injected Lv. with 160 1l of PBS
(O3}, PBS containing 9.5 nmol of CCL16 (W), or PBS containing 0.5 nmeol
of CCL16 and 250 nmol of thioperamide (). After 60 min, differential cell
counts were made for peripheral blood and bene marrow, Each point rep-
resenls mean * SEM from five separate experiments.

shown) and the histamine receptors. Chemokine receptors are
closely related to GPCRs for peptide ligands, while histarmine re-
ceptors Hi and H2 are the members of GPCRs for biogenic
amines. However, H3 and H4, which are most closely related to
each other, are only remotely related to other biogenic amine re-
ceptors including H1 and H2 and have a closer phylogenic rela-
tionship with GPCRs for peptide ligands than other biogenic amine
receptors. At any rate, this is the first time of a demonstration of an
interaction of a chemokine with a GPCR quite different from the
chemokine receptors. Given the versatility of the GPCR system,
however, such unexpected interactions may be more frequent than
anticipated.

In consistence with the selective expression of H4 in eosinophils
(Fig. 44) (10, 11}, CCL16 induced vigorous migration in hurnan
anid mouse eosinophils in vitro (Fig. 4) and rapid mobilization of
bone marrow eosinophils into peripheral blood in mice (Fig. 5.
Furthermore, thioperamide, an antagonist for H3 and H4 (10, 22),
effectively suppressed all of those responses of eosinophils to
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FIGURE 6. Phylogenic relationships of histamine receptors with other
GPCRs, A phylogenic tree was constructed from the amine acid sequences
of indicated GPCRs. Evolutionary distances were generated using the pro-
gram of Clustal W (htip://clustalw. genome.ad.jp). Histamine receptors H1,
H2, H3, and H4 are undetlined.

CCLI16 (Figs. 4 and 5), H3 is known to be selectively expressed in
the CNS and primarily by neurons (18). By using RT-PCR, we
confirmed that human and mouse eosinophils express H4 but not
H3 (Fig. 44). Furthermore, human eosinophils do not express
CCRI, CCR2, CCRS, or CCRS {23). Thus, it can be safely con-
cluded that H4 mediates eosinophil responses to CCL16. Since
CCL16 is constitutively expressed by the liver parenchymal cells
and present in the normal plasma at relatively high concentrations
{average, 50 ng/ml) (6), CCL16 may have a role in mobilization of
eosinophils from the bone marrow (Fig. 5). In addition, CCL16 is
known to be induced in monocytes by IL-10 (3). Therefore,
CCL16 may be produced by monocytes and tissue macrophages in
Th2-dominant inflammatory conditions and attract eosincphils info
inflammatory sites. Furthermore, CCL16 and histamine, whose ef-
fects on H4 are additive (Fig. 2}, may cooperatively promote eo-
sinophil migration in allergic conditions. CCL16 may also play a
significant role in certain liver diseases such as drug-indueed liver
damages that are known to be associated with liver infiltration of
cosinophils andfor blood eosinophilia (24 -27). Furthermore,
CCLI16 may also play a role in migration of other hemopoiztic
cells such as dendritic cells and mast cells that also express H4 (12,
28). Even though CCL16 is effective only at relatively high con-
centrations, the versatility of CCL16 as a ligand for CCRI1, CCR2,
CCRS5, CCR3, and even H4 may allow it to have a substantial role
in trafficking of various types of hemopoietic cells. These possi-
bilities remain to be seen.
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CC Chemokine Ligands 25 and 28 Play Essential Roles in
Intestinal Extravasation of IgA Antibody-Secreting Cells!

Kunio Hieshima,* Yuri Kawasaki,* Hitoshi Hanamoto," Takashi Nakayama,*
Daisuke Nagakubo,* Akihisa Kanamaru,' and Osamu Yoshie?*!

CCL25 (also known as thymus-expressed chemokine) and CCL28 (also known as mucosae-associated epithelial chemokine) play
important roles in mucosal immunity by recruiting IgA Ab-secreting cells (ASCs) into mucosal lamina propria. However, their
exact roles in vivo still remain to be defined. In this study, we first demonstrated kn mice that IzA ASCs in small intestine expressed
CCR9, CCR10, and CXCR4 on the cell surface and migrated to their respective ligands CCL25, CCL28, and CXCL12 (also known
as stromal cell-derived factor 1), whereas IgA ASCs in colon mainly ¢expressed CCR1{ and CXCR4 and migrated to CCL28 and
CXCL12. Reciprocally, the epithelial cells of small intestine were immunologically positive for CCL25 and CCL28, whereas those

of colon were positive for CCL28 and CXCLI12. Furthermore, the venular endothelial cells in small tntestine were positive for
CCL25 and CCL28, whereas those in colon were positive for CCL28, suggesting their direct roles in extravasation of IgA ASCs,
Consistently, in mice orally tmmunized with cholera toxin {CT), anti-CCL25 suppressed homing of CT-specific IgA ASCs into
small intestine, whereas anti-CCL28 suppressed homing of CT-specific IgA ASCs into both small intestine and colon. Reciprocally,
CT-specific ASCs and IgA titers in the blood were increased in mice treated with anti-CCL25 or anti-CCL28. Anti-CXCL12 had
no snch effects. Finally, both CCL25 and CCL28 were capable of enhancing e, Integrin-dependent adhesion of IgA ASCs to
macosal addressin cell adhesion molecule-1 and VCAM-1. Collectively, CCL25 and CCL28 play essential roles in intestinal homing

of IgA ASCs primarily by mediating their extravasation tnto Intestinal lamina propria.

3668 -3675.

hemokines are a large group of closely related cytokines
‘ and transmembrane proteins that play important roles in

innate and acquired immunity primarily by inducing di-
rected migration of various types of leukocytes through interac-
tions with a group of seven-transmembrane, G protein-coupled re-
ecptors (1). It is now known that chemokines and their receptors
are crucial elements in the trafficking and tissue microenvironmen-
tal localization of various lymphocyte classes and subsets (1-3).
Thus, in accordance with differentiation, activation, and functional
maturation, tymphocytes dynamically change their expression pro-
files of chemokine receptors and shift their migration programs to
a new set of chemokines (1-3).

Plasma cells represent the end stage of B cell differentiation and
function as the factories of Ab production. Upon antigenic stimu-
lation, naive B cells either migrate to the medullary cords, where
they proliferate and rapidly differentiate into short-lived plasma
cells producing low-affinity IgM Abs, or migrate to the B cell
follicles, where they participate in the germinal center reaction,
which leads to differentiation into long-lived plasma cells produc-
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ing high-affinity IgG and IgA Abs (4). Thus, there are roughly two
types of plasma cells, the short-lived ones mostly dying in sitn and
the long-lived ones homing to a wids varicty of organs such as
bone marrow and gastrointestinal tract, Furthermore, plasma cells
producing IgG Abs tend to home to bone marrow, whereas those
producing IgA Abs migrate into lamina propria of gastrointestinal,
Tespiratory, and urogenital tissues (5, 6). Chemokines are likely to
play important roles it the migration and tissue localization of
plasma cells. In this context, Hargreaves et al. (7) reported that
CXCR4 and its ligand CXCLI12 were critically involved in the
localization of plasma cells within the splenic red pulp and lymph
node (LN)Y* medullary cords as well as in their homing to the bone
marrow. Wehtli et al, (8) demonstrated down-regulation of che-
mokine teceptors such as CCR7 and CXCRS in plasmablasts,
which presumably allows their migration from the B cell follicles
to the medullary cords and into efferent lymphatic vessels. Hauser
et al. (9) demonstrated that Ag-specific IgG Ab-sccreting cells
{ASCs), which appeared in the spleen a few days after secondary
immunization and were destined to home to the bone marrow,
selectively migrated to CXCR4 and CXCR3 ligands. Bowman et
al. {10) reported that IgA ASCs, but not IgG or IgM ASCs, in mice
expressed CCRS and efficiently vesponded to its Kgand CCL2s,
which is selectively expressed in the small intestine (11, 12). Pre-
vigusly, we have demonstrated that plasma cells in mouse salivary
glands as well as those in human bene marrow selectively express
CCR10 and respond to its ligand CCL28 (13, 14), which is selec-
tively expressed in certain mucosal tissues and heman bone mar-
tow (13-16). Butcher and coworkers (17, 18) have also demoti-
strated that CCL28 attracts IgA ASCs present in both intestinal and

3 Abbreviations used in this paper: LN, lymph node; ASC, Ab-secreting cell; CT,
cholera toxin; MAJCAM, mucosal addressin cell adhesion molecule; MLN, mesen-
teric LN; PP, Poyer's paich,
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nenintestinal mucosal tissues, while CCL2S only atteacts a sub-
population of IgA ASCs associated with small intestine, These
results suggest that CCL25 and CCL28 play important roles in the
intestinal homing of TgA ASCs. However, their exact roles in hom-
ing of IgA ASCs in intestinal lamina propria still remain to be
defined.

In this study, we have further explored the roles of CCL25 and
CCL28 in intestinal homing of IgA ASCs in mice. As reported
previously, CCL25 and CCL2R are strongly expressed in the small
intestine and colon, respectively (11, 12, 15, 16). We have further
shown that CCL28 is also expressed in mouse small intestine. Fur-
thermore, we have revealed by immunohistochemistry that CCL2S
and CCL28% are present not only in intestinal epithelial cells, but
also in endothelial cells of small venules in intestinal lamina pro-
pria. This suggested direct roles of CCL25 and CCL28 in extrav-
asation of IgA ASCs into intestinal Tamina propria. Consistently,
anti-CCL25 prevented homing of Ag-specific IgA ASCs into small
infestine, whereas anti-CCL28 prevented their homing into both
small intestine and colon. Furthermore, both CCL25 and CCL28
enhanced a, integrin-dependent adhesion of IgA ASCs to mucosal
addressin cell adhesion molecule-1 {MAdCAM-1) and YCAM-1
in vitro. Collectively, CCL25 and CCL28 play essential roles in
intestinal homing of IgA ASCs primarily by promoting their ex-
travasation into intestinal lamina propria.

Materials and Methods
Mice

Female BALB/c mice were purchased from SLC (Hamamatsu, Japan) and
maintained in specific pathogen-free conditions for at least 1 wk before
experiments. All animal experiments in the present study were approved by
the Center of Animal Experiments, Kinki University School of Medicine.

Chemokines and Abs

All recombinani mouse chemokines and human stromal cell-derived fac-
tor-1e/CXCL12 were purchased from R&D Systems (Minneapolis, MN),
Affinity-purified goat-neutralizing Abs against mouse CCL25 (AF-481-
NA), mouse CCL28 (AF533), and human CXCLI2 (AF-310-NA) were
alsc purchased from R&D Systems. Control normal goat IgG was pur-
chased from Genzyme-Techne (Mineapolis, MN). We used goat anti-
hunan CXCL12 for detection and neutralization of mouse CXCLI2 be-
causs human and mouse CXCL12 differ only at a single amino acid residue
(1). We confirmed that anti-human CXCL1Z reacted equally well with both
human and mouse CXCL12 in ELISA and simitarly neutralized both hu-
man and mouse CXCL12 in a standard chemotaxis assay. Specifically, the
reutralizing activities (EDy;) of anti-mouse CCL2S, anti-mouse CCLzZ8,
and anti-hwman/monse CXCLI12 determined against mouse CCL25 at 1
pg/ml, mouse CCL28 at 2 pg/ml, and mouse CXCLI1Z at 2 ng/ml, respec-
tively, in a standard chemotaxis assay were 4-12, 5-25, and 0.2~0.6 g/
ml, respectively, The concentrations of chemokines used in these assays
were the oplimal doses that gave maximal chemotactic tesponses. The
relatively low newiralizing activity of anti-CXCL12 may be in part due to
a very high potency of CXCL12 in comparison with CCL.25 or CCL28,

Real-time PCR analysis

Real-time PCR was performed using TaqMan assay and 7700 Sequence
Detection Sysiem (Applied Biosystems, Foster City, CA). Template cDNAs
were generated from total RNAs extracted from various mouse fissues
using guanidinium isothiocyanate (19). Amplification conditions were
50°C for 2 min, 95°C for 10 min, and 50 cycles of 95°C for 15 3 (dena-
taration) and 60°C for 1 min (arinealing/extension). The primers were as
follows: +5"-AGCACAGGATCAAATGGAATGTT-3" and ~5-GGTT
GCAGCTTCCACTCACTT-3" for CCL2S; +5'-TGAGCCCGGCTOCT
GAA-3' and —5-GCTTGGGAGTGGCTGTCTATAGAS' for CCL27;
+ 5 -CAGOCCGCACAATCGTACT-3' and -35-ACGTTTTCICT GCC
ATTCTTCTTT-3' for CCL28; and + 3'-TGCCCCTGCCGGTTCT-3' and
=3 -TGTTGAGGATTTTCAGATGCTTGA-Y for CXCLI2. The prabes
for chemokines were as follows: +5'-TCCGGCATGCTAGGAATTATC
ACCAGC-3' for CCL25; +5-CTTGCCYCTGCOCTOCAGCACT AGCT-¥
for CCL2%; +5'-TGAAGCAGTGGATGACAGCCTCAGAGGS' for
CCL28; and +5"-OGAGAGCCACATCGCCAGAGCC-3 for CXCL12,
The probes were labeled with the reporter fluorescent dye 6-FAM at the 5

3669

end. The primers and flucrogenic probes for 188 ribosomal RNA were
obtained from TaqMan kit (Applied Biosysterns), Chemckine expression
was quantified by using Sequence Detector System software (Applied
Biosystems).

Isolation of lymphocytes

All tissues were obtained from 8- 1o 12-wk-old female BALR/c tnice.
Lymphocytes were prepared from Peyer's patches (PPs) and mesenteric
LNs (MLNs} by mincing the tissues in RPMI 1640 conlaining 10% FCS$
with scissors and pressing them through a nylon mesh screen with a round-
edged spatula, Lamina propria Iymphocytes were isolated from small jn-
testine and colon, as described previously (10). Briefly, small intestines that
were carefully cleared of PPs and colons were cut open longitudinally, cut
into ~5-mm segments, and washed at room temperature with vigorous
shaking four times in divalent cation-free HBSS supplemented with § mM
EDTA, 25 mM HEPES, 100 Urml penicillin, and 100 ug/m! streptomyein
to remove epithelial cells and intraepithetial Iymphocytes until no more
shedding occurred. Intestinal tissues were washed twice in RPMI 1640
containing 10% FCS, 15 mM HEPES, and antibiotics. Then lamina propria
lymphocytes were released by shaking inlestinal tissues in RPMI 1640
containing 20% FCS, 25 mM HEPES, antibiotics, and 300 U/m] collage-
nase type VIII (Sigma-Aldrich, St Louis, MO) for three 40-min sessions.
At the end of each 40-min incubation, released cells were immediately
washed in RPMI 1640 containing 10% FCS and antibiotics, Isolated lym-
phocytes were resuspended in RPMI 1640 containing 10% FCS and antj-
biotics and incubated in 6-cm dishes a1 37°C in a CO, incubator for 2 hto
remove adherent cells and to allow recovery from potential desensitization
of chemckine responses.

Flow cytometric analysis

Single celis were isolated from various mouse tissues, as described above.
Blood leukocytes were prepared from heparinized blood samples through
osmotic Iysis of RBC. Cells were suspended in ice-cold PBS containing 3%
FCS and 0.1% sodium azide (staining medium). All of the following steps
were conducted on ice. Cells were first treated with PBS containing 0.1%
BSA, 2% normal mouse serum, and 1 pg/ml anti-mouse CD32/16 (Beck-
man Coulter, Marseille, Franee) to block Fe receptors. Afler washing, cells
were incubated with a mixture of FITC-labeled anti-IgA (C10-3} or FITC-
labeted isolype-matched control TaG, PE-labeled anti-CI¥3e, CyChrome-
tabeled anti-B220, and biotinylated anti-C¥38 (all from BD Pharmingen,
Mountain View, CA) for 3¢ min. After washing, cells were incubated with
strepiavidin-allophycocyanin for 30 min, For surface staining of CCRY,
CCRI10, and CXCR4, mouse CCL25-F¢, human CCL27-F¢, mouse
CXCL12-Fc, respectively, and control Fo were used, as described previ-
ously (13). After staining, cells were immediately analyzed on a FACS-
Calibur (BD Biosciences, Mountain View, CA).

Chemotaxis assay

This was performed using 8-gm Transwell plates (Corning Costar, Cam-
bridge, MA), as described previously (13). Briefly, cells were placed in
upper wells (2 X 10%well), while bottom wells contained medium gloze or
medium containing chemokines at concentrations that were predetermined
to be optimal (300 nM for CCL25, 300 aM for CCL28, and 50 M for
CXCL12) (13, 14). After incubation at 37°C for 4 h, migrated cells in
multiple replicate wells (generally 4-5 wells per each condition) were
combined. TgA ASCs in original and migrated ¢ell populations were enu-
merated by ELISPOT,

ELISPOT

Total IgA ASCs and cholera toxin (CT)-specific IgA ASCs were enumer-
ated with ELISPOT following the protocol provided by BD Phanningen
Briefly, nitrocellulose 96-well plates (Multiscreen 96-Well Filtration Plate;
Millipore, Billerica, MA) were coated with 2 tg/ml polyclonal goat anti-
mouse IgA (Kirkegaard & Perry Laboratories, Gaithersburg, MD) or CT
(Sigma-Aldrich) in PBS at 4°C overnight. After washing and blocking with
RPMI 1640 containing 10% FCS, cells suspended in RPMI 1646 contain-
ing 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/m]
siréptomycin were added 1o wells (1 X 10° 10 5 X 10 cells' 100 aliwelly
and incubated at 37°C ovemnight in humidified air with 5% CO,. After
washing with deionized water, each well was added with 100 gl of bio-
tinylated pelyclonal anti-mouse IgA (Kirkegaard & Perry Laborateries) at
100 ng/ml in PBS containing 10% FCS and incubated at room temperature
for 2 h. After washing with PBS containing 10% FCS, each well was added
with 100 ul of streplavidin-HRP in PBS containing 10% FCS and incu-
bated at room temperature for 1 h. After washing thoroughly with PBS
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containing 0.05% Tween 20, each well was added with 100 ul of chro-
mogen substrate containing 0.3 mp/m! 3-amino-9-ethylcarbazole (Sigma-
Aldrich} and 0.015% (v/v) H,0. and incubated for 15-20 min, yielding
reddish spots by ASCs. Numbers of spots per well were counted under an
inverted microscope.

Inmunohistochemistry

Frozen sections were made from small intestine and colon derived from
8-wk-old female BALBic mice and briefly fixed with periodate-lysine-4%
paraformaldehyde. After washing, sections were treated with anti-CD32/16
(Beckman Coulter} supplemented with 10-50% normal rabbit serum, 3%
BSA, 0.25% gelatin, 0.025% Nonidet P-40, and 5 mM EDTA, and further
treated with Bictin Blocking System (DakoCytomation, Kyoto, Japan).
Then sections were reacted with goat anti-mouse CCL25, goat anti-mouse
CCL28, goat anti-human/mouse CXCL12, or normal goat IgG. After wash-
ing. seclions were successively reacted with biotinylated rabbit anti-goat
IgG (Vector Laboratories, Burlingame, CA) and Vectastain ABCYHRP kit
(Vector Laboratories), Chromogenic reactions were performed with dia-
minobenzidine and H,0,, resulting in dark brown reaction produets in
positive cells. Sections were counterstained with hematoxylin, dehydrated,
and mounted in nonaquecus mounting medium.

Inmunization

Immunization of mice with CT (Sigma-Aldrich) was performed, as de-
scribed previously (20). In brief, mice at 8 wk old were inoculated L.p. with
10 ug of CT in 0.2 ml of PBS emulsified with 0.2 ml of CFA. An identical
dose of CT without CFA was given i.p. on day 14. On day 21, mice were
deprived of food for 6 h and given 0.5 ml of an isctonic solution confaining
eight parts HBSS and two parts 7.5% sodium bicarbonate by gastric intu-
bation to neutralize stomach acidity. After 30 min, mice wers given 0.4 ml
of PBS containing 10 ug of CT by gastric intubation, and also given 0.1 m
of PBS containing 10 ug of CT per rectum by intubation. Subsequently,
mice were injected i.p, with 0.2 ml of PBS alone or PBS containing 100 pg
of geat anti-mouse CCL25, goat anti-mouse CCLIS, goat anti-
human/mouse CXCL12, or normal goat IgG. On day 27, mice were sac-
rificed and lamina propria lymphocytes were isolated from small intestine
and colon. Total and CT-specific IgA ASCs were enumerated with ELIS-
POT (see above). In parallel, serum samples and blood leukocytes were
prepared. Serum CT-specific IgA and IgG titers were determined by
ELISA and CT-specific IgA ASCs in blood leukocytes by ELISPOT,

ELISA

ELISA kits for mouse IgA and IgG were purchased from Bathyl Labora-
tories (Montgomery, TX). Serum CT -specific IgA and IgG titers were de-
termined by ELISA wsing micratest plates precoated with T, The end-
point titers were expressed as the reciprocals of the highest serum dilutions
that gave an OD reading above the background level of 0.1.

Cell adhesion assay

Mouse MAACAM-1-Fe and VCAM-1-Fc were purchased from R&D Sys-
tems. Control Fe fragment of human IgG] was generated, as described
previously (13). Cells were prepared from MLNs obtained from BALB/c
mice and resuspended in adhesion medium (DMEM containing 0.5% BSA
and 2 mM MgCL). Cells were preincubated without or with anti-mouse
CD49d or control TgG (both from BD Pharmingen) for 30 min. After wash-
ing, cells were treated without or with CCL25 or CCL28 at 300 nM and
immediately added in triplicate 10 96-well microtest plates (High-binding;
Corning Costar) precoated with § ug/ml Fe, MAACAM-]-Fc, or VCAM-
1-Feat ] X 10° cellsrwell, Plates were centrifuged for 15 s at 400 rpm and
placed at 37°C for 5 min. Unbound cells were removed by genly washing
with DMEM twice. Bound cells were released by incubation in ice-cold
PBS containing 2 mM EDTA. IgA ASCs in original and adherent cell
populations were then enumerated by ELISPOT.

Results
Differential expression of CCL25, CCL27, CCL28, and CXCLI?
in various mouse organs and tissues

Because plasma cells are known to reside in a wide variety of
organs, their immediate precursors, morphologically plasmablasts,
and finctionally ASCs are likely to migrate into varous target
tissues via locally produced chemokines. CCL23, CCL28, and
CXCLI12 are the chemokines known to play pivotal roles in plasma
cell migration (6, 10, 13, 14, 17, 18). Even though the expression
of these chemokines in various mouse tissues was separately ex-
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amined by previous studies (11, 12, 15, 16, 21), we wished to
directly compare their expression levels in various mouse organs
and tissues. Therefore, we performed quantitative real-time PCR
for CCL25, CCL28, and CXCLI12. CCL27 was also sxamined be~
cause it shares CCRI0 with CCL28 (22, 23). The results are shown
in Fig. 1. CCL25 was selectively expressed in thymus, small in-
testine, and PP. CCL27, which is known to be selectively ex-
pressed in the skin (24, 25), was also expressed in thymus and
weakly in brain and axillary LN (a draining LN of skin). CCL28
was strongly expressed in parotid gland, colon, and appendix.
CCL28 was also moderately expressed in small intestine, PP, kid-
ney, and brain. CCL28 was weakly cxpressed in thymus and lung
and totally negative in liver, spleen, axillary LN, and MLN. Un-
expectedly, CCL28 was also totally negative in mouse bone mar-
row, even though CCL28 was clearly shown to be expressed in
human bone marrow (14). This may indicate a species difference in
the role of CCL28 in bone marrow homing of plasma cells. Fi-
nally, CXCL12 was widely expressed in all the tissues examined,
but its expression was very low in parotid gland and small intes-
tine. Collectively, the highly differential expression of plasma cell-
related chemokines in various organs and tissues supports their
differential roles in plasma cell homing.

Surface expression of CCR9, CCRI10, and CXCR4 on Igd ASCs

We next examined surface expression of CCR9, CCR10, and
CXCR4, the receptors for CCL25, CCL28, and CXCL12, respec.
tively, in IgA ASCs present in PP, MLN, small intesting, and colon
{Fig. 2). CCR9, CCR10, and CXCR4 were datected by using che-
mokine-Fe¢ chimera proteins (13). By gating on CD3-negative
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FIGURE 1. Expression of CCL25, CCL27, CCL28, and CXCLI?
mRNA in various mouse organs and tissues, Total RNA samples were
prepared from indicated mouse organs and tissues, Expression of CCL25,
CCL27, CCL28, and CXCL12 mRNA was quantitated by real-time PCR.
For details, see Materfals and Methods. Daia represent mean * SD from
three separale experiments. , p < 0.05 (Student’s £ test),
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FIGURE 2. Flow cytometric analysis on surface expression of CCRY, CCR10, and CXCR4. Single cells prepared from PPs and MLNs were stained for
CD3, B220, CD38, Ig A, and CCRY, CCR10, or CXCRA, Single cells prepared from small intestine and colon were stained for CD3, B220, [gA, and CCRY,
CCR10, or CXCR4. Far surface staining of CCRY, CCR10, and CXCRA4, cells were reacted with CCL25-Fe, CCL27-Fe, and CXCL12-Fc, respectively.

For negative controls, cells were reacted with control Fe. The data were gated on CD3-negative populations. For details, see Marerials and Methods.
Representative results from at least three separate experiments are shown.

cells, CD387B220"#", CD38~B220"%, and CD38~B220™™ frac-
tionts in PP and MLN represented follicular B cells, germinal cen-
ter B cells, and postfollicular B cells including plasma cells, re-
spectively (26-28). Follicular B cells and germinal center B cells
were essentially negative for CCR9 and CCR10 and weakly pos-
itive for CXCR4. In eontrast, postfollicular B eells up-regulated
surface IgA and were strongly positive for CCR9, CCR10, and
CXCRA4. Given a homogeneous expression pattern of surface IgA,
CCRY, CCRI10, and CXCR4 in postfollicular B cells of especially
PP, the majority of these cells were likely to be IgA ASCs caex-
pressing CCR9, CCR10, and CXCR4. In MLN, however, a minor
fraction of postfollicular B cells was negative for CCR9 or CCR10),
This may indicate down-regulation of CCR9 and/or CCR10 in a
fraction of IgA ASCs during migration into MLN. In small intes-
tine. the fraction of IgA*B220'*~ ceils represented the majority
of lymphocytes in the lamina propria and were hemogeneously
positive for CCR9, CCR10, and CXCR4. Similarly, the fraction of
IgA"B226*"~ cells in colon was again mostly posiive for
CCRY, CCR10, and CXCRA. These cells were likely to be IgA
ASCs in the small intestine and colon (10). However, in compar-
ison with IgA* B220"%'~ cells in small intestine, those from eolon

expressed CCRY at much lower levels. This may be in part due to
selective recruitment of IgA ASCs expressing less CCRY in the
colon (17, 18),

Chemotactic responses of Igd ASCs to CCL25, CCL28, and
CXCLI2

We next examined chemotactic responses of IgA ASCs derived
from PP, MLN, small intestine, and colen to CCL25, CCL28, and
CXCL12 (Fig. 3). IgA ASCs were enumerated by ELISPOT. IgA
ASCsin MLN vigorously responded to CCL28 and also to CCL25
and CXCL12. IgA ASCs in PP and small intestine responded to
CCL25, CCL28, and CXCL12 at similar levels. Notably, however,
IgA ASCs in colon responded to CCL28 and CXCL12, but not to
CCL25. This was consistent with their low surface expression of
CCR9 (Fig. 2). Taken together, in accordance with the surface
expression of CCR9, CCR10, and CXCR4 (Fig. 2), IgA ASCsin
these tissues were mosily capable of responding to CCL2S,
CCL28, and CXCL12. Furthermore, the highly efficient responses
of IgA ASCs in MLN to CCL28 may indicate an enhanced sig-
naling function of CCRI0 in migrating IgA ASCs.
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FIGURE 3. Chemotactic responses of IgA ASCs derived from various
mouse fissues to CCL25, CCL28, and CXCL12. Single cells prepared from
PPs, MLNs, small intestine (81}, and colon were examined for chemotactic
Tesponses to CCL25 at 300 nM, CCL28 at 300 nM, and CXCL12 at 50 nM.
TgA-specific ELISPOT assay was performed to enumerate [gA ASCs in
input and migrated cell populations. For details, see Materials and Meth-
ods. Data represent mean % SD from three separate experiments, *, p <
0.05; #=, p < 0.01 (Student’s ¢ test).

Immunchistochemical staining of CCL25, CCL28, and CXCL12

To determine cells producing and/or presenting CCL25, CCL28,
and CXCL12 in the small intestine and colon, we next performed
immunchistochemical staining. As shown in Fig. 44, the epithelial
cells of small intestine were positive for CCL25 and CCL28. In
contrast, the epithelial cells of colon were positive for CCL28 and
CXCLI12. Furthermore, as shown in Fig. 48, the venular endothe-
lial cells in small intestine were positive for CCL25 and CCL28,
while those in colon were positive for CCL28. These results were
highly consistent with the differential expression of CCL25,
CCL28, and CXCL12 mRNA in the small intestine and colon (Fig.
1. Furthermore, the endothelial staining of CCL25 in small intes-
tine and CCL28 in both small intestine and colon may mdicate
their direct roles in extravasation of IgA ASCs by arresling IgA
ASCs on the endothelial cell surface and promoting their transen-
dothelial migration into intestinal lamina propria. In contrast,
CXCL12 may not be direetly involved in extravasation of IgA
ASCs into intestinal lamina propria,

Effects of anti-CCL25, anti-CCL28, and anti-CXCL12 on
intestinal homing of Jed ASCs

To explore the roles of CCL235, CCL28, and CXCL12 in intestinal
homing of plasma cells, we next examined effects of in vivo neu-
tralization of CCL25, CCL28, and CXCLI2 on homing of Ag-
specific IgA ASCs into small intestine and colon in mice immu.
nized with CT. CT-specific IgA ASCs and total IgA ASCs were
enumerated by ELISPOT. As shown in Fig. 54, both anti-CCL25
and anti-CCL28 significantly reduced CT-specific IgA ASCs
among total IgA ASCs in small intestine, No such reduction was
seen with anti-CXCL12 or control IgG. This supported that CCL25
and CCL28, but not CXCLI12, were involved in the extravasation
of newly generaled CT-specific IgA ASCs into small intestine.
Rather unexpectedly, however, the combined treatment with anti-
CCL25 and anti-CCL28 did not further reduce CT-specific IgA
ASCs in small intestine. In the case of colon, only anti-CCL28
sigrificantly reduced CT-specific IgA ASCs among total IgA
ASCs. No such reduction was seen with anti-CCL25, anti-
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FIGURE 4, Immunchistochemistry of CCL23, CCL28, and CXCL12 in
mouse small intestine and colon. Frozen sections of mouse smal! intestine
and colon were fixed with periodate-Tysine-4% paraformaldehyde and
stained for CCL25, CCL28, and CXCL12 using goat anti-mouse CCL25,
goat anti-mouse CCL28, and goat anti-human/mouse CXCL12, respec-
tively. Negative controls were reacted with normal goat 1gG. For details,
see Materials and Methods. Representative results from al least three sep-
arate experiments are shown. 4, Immunoreactivity of epithelial cells. Orig-
inal magnification: X400, B, Immunoreactivity of endothelial cells. Orig-
inal magnifications: wupper panels, X400: lower panels,  X1000.
Arrowheads indicate endothelial cells of microvessels.

CXCLI12, or control IgG. No further reduction was seen by the
combined treatment with anti-CCL25 and anti-CCL28 either. If
these results indicated that intestinal extravasation of newly gen-
erated CT-specific IgA ASCs was blocked in mice treated with
antj-CCL25 or anti-CCL28, there would be reciprocal increases in
CT-specific IgA ASCs and titers in the blood of these mice. This
was indeed the case. As shown in Fig. 5B, mice treated with anti-
CCL25 or anti-CCL28, but not those treated with anti-CXCL12,
showed significant increases in CT-specific IgA ASCs in the
blood. We were unable to compare CT-specific IgG ASCs because
of their very low numbers in the blood of these mice (data not
shown). Furthermore, as shown in Fig. 5C, serum CT-specific [gA
titers, but not CT-specific IgG tters, were significantly increased
in mice kreated with anti-CCL25 or anti-CCL28, but not in mice
treated with anti-CXCL12. In both parameters, no further increases
were seen by the combined treatment with anti-CCL25 and anij-
CCL28. Rather unexpectedly, however, thers were no significant
differences in increase of CT-specific 1 £A ASCs and titers between
mice treated with anti-CCL25 and those treated with anti-CCL28,
even though the latter would be expected to block extravasation of
CT-specific IgA ASCs in both small intestine and colon. This was
probably due in part to the vast numerieal dominance (~~10 times)
of total CT-specific IgA ASCs horting into small intestine over
those homing into colon (data not shown), Collectively, these data
supported that CCL25 and CCL28 play a direct role in the extrav-
asation of IgA ASCs in small intestine (CCL25 and CCL28) and
colon (CCL23).
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FIGURE 5. Effects of blocking CCL25, CCL28, and CXCL12 on in-
testinal homing of Ag-specific IgA ASCs. BALB/c mice primed with CT
were immunized orally and per rectura with CT and also injected i.p. with
PBS, nonmal goat IyG, goat anti-mouse CCL25, goat anti-mouse CCL2S,
or goat anti-human/mouse CXCL12, as indicated. Afler 6 days, lympho-
cytes were prepared from lamina propria of small infestine and colan,
Serum samples and blood leukocytes were also prepared. Fach group con-
sisted of at least five mice. Statistical analysis was done with Student's ¢
test. 4, Intestinal homing of CT-specific IgA ASCs. Cells were prepared
from lamina propria of small intestine and colon. Cl-specific IgA ASCs
and total JgA ASCs were enumerated by ELISPQT. For details, see Ma-
fertuls and Methods. Data represent mean * SD from four separate ex-
periments. #, p < 0.05. 8, CT-specific IgA ASCs in peripheral blood.
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CCL2S and CCL28 induce o, integrin-dependent adhesion of
Igd ASCs to MAdCAM-1 and VCAM-1

Plasma cells homing to intestine are known to express the mucosal
homing receptor a3, integrin (29), whereas its ligand MAJCAM-1
is predominantly expressed by postcapillary venules in intestinal
mucesal tissues (30). In mice lacking 8., plasma cell numbers in
the intestinal lamina propria were greatly reduced (31). Further-
more, VCAM-1, which i3 another ligand of «,8, integrin, is ex-
pressed on the endothelium of nonintestinal mucosal tissues that
also express CCL28 (5). Given the presumed roles of CCL25 and
CCL28 in extravasation of IgA ASCs in intestinal tissues, we next
asked whether these chemokines were capable of mducing fim
adhesion of IgA ASCs to MAACAM-1 and VCAM-1 in vitro. We
tested IgA ASCs in MLN as responding cells because MLN con-
tained IgA ASCs vigorously responding to CCL25 and CCL28 in
chemotaxis assays (Fig. 3). Cell adhesion assays were performed
under static conditions, and total and bound IgA ASCs were en-
metated with IgA-specific ELISPOT. As shown in Fig. 6, both
CCL25 and CCL28 significantly enhanced adhesion of [gA ASCs
to MAJCAM-1 and VCAM-1, with CCL28 being more cfficient
than CCL25. Furthermore, anti-e, (CD49d), but not control 182G,
effectively blocked CCL25- and CCL28-induced adhesion of IgA
ASCs to MAJCAM-1 and VCAM-1, confirming activation of
@, B, integrin expressed on IgA ASCs by CCL25 and CCL28.

Discussion

IgA plasma cells play pivotal roles in mucosal immunity against
invading microorganisms. Although IgA plasma cells generated in
small intestine and colon preferentially home into small intestine
and colon, respectively (32), those generated by immunization via
nasal cavity preferentially home into nasopharyngeal and respica-
tory mucosal tissues, but not into intestinal tissues (33, 34). Such
differential migratory properties of IgA plasma cells in accordance
with their fissue origin are likely to be explained in part by their
expression of a ditferent set of chemokine receptors (5). Recently,
Butcher and his coworkers (10, 17, 18) have elegantly demon-
strated the differential roles of CCL25 and CCL28 in the mucosal
immunity. Although CCL25 is selectively expressed in the small
intesting, its receptor CCRY is expressed by almost all T cells in
the small intestine and a fraction of IgA ASCs. In contrast, CCL28
is widely expressed in intestinal and nonintestinal mucosal tissues,
and its teceptor CCR10 is expressed by almost all IgA ASCs.
Notably, however, T cells homing to intestinal tissues hardly ex-
press CCRIO. In fact, T cells expressing CCRI0 are CLAY mem-
oryfeffector T ¢ells, which preferentially migrate to skin where
epidermal keratinacytes produce CCL27, another ligand of CCR10
(18, 24, 35). Thus, the CCL25/CCR? axis may play a specific role
in small intestine by attracting memory/effector T cells and a frac-
tion of [gA ASCs directed to small intestine, whersas the CCL28/
CCRI10 axis may play a more wnifying role in the common mu-
cosal immune system by recruiting IgA ASCs to a wide variety of
mucosal tissues (10, 17, 18).

In the present work, we have further explored the roles of che-
mokines in intostinal homing of IgA plasma cells. First, we have
demonstrated highly differontial expression of CCL2S, CCL27,
CCL28, and CXCL12 mRNA in various mouse Hssues, including

CT-specific IgA ASCs in periphera] blood teukocytes were enumerated by
ELISPOT. For details, see Materials and Methads. Data represent mean %
SID from three separate experiments. *, p < 0.05. C, Serum CT-specific
TG ard IgA titers. CT-specific IgG titers () and IgA titers (M) were
determined with ELISA. For details, see Matertals and Methods. Dala
represent mean % 8D from four separale experiments. #, p < 0.05,
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small intestine and colon (Fig. 1). Second, we have demonstrated
that IgA ASCs in PP, MLN, small intestine, and colon mostly
coexpress CCR9, CCR10, and CXCR4 on their cell surface (Fig.
2) and are mostly capable of responding to CCL2S, CCL28, and
CXCLI12 in chemotaxis assays (Fig. 3). Thus, IgA ASCs in these
tissues can be guided by any of these chemokines alone or in
combination. However, given the highly differential expression of
CCL25, CCL28, and CXCLI12 in tissues such as PP, MLN, small
infestine, and colon (Fig. 1), itis likely that [gA ASCs entering into
MLN are mainly guided by CXCL12, whereas those homing into
small intestine are guided by CCL25 and CCL28, and yet those
homing into colon are guided by CCL28 and CXCL12. Consis-
tently, IgA ASCs in the colon expressed CCR at low levels (Fig.
2) and poorly responded to CCL25 in chemotaxis assays (Fig. 3)
(10,17, 18). Thus, a subset of IgA ASCs, possibly generated in the
colon, may express CCRY only at low levels, Third, we have im-
munologically demonstrated the presence of CCL25 in the epithe-
lial cells of small intestine, CCL28 in the epithelial cells of both
small intestine and colon, and CXCLI12 in the epithelial cells of
colon (Fig. 44). CCL25 was reported to be localized in the crypts of
Lieberkiihn in human small intestine (12). In mouse small intestine,
however, we detected CCL25 more widely in villus epithelial cells
and within the villi. Thus, in mice, CCL25 may be produced by most
villus epithelial cells and secreted into subepithelial tissue spaces. As
noted previously in human small intesting (12), we have also dem-
onstrated the presence of CCL25 on the venular endothelium of
mouse small intestine, Furthermore, we have demonstrated for the
first time the presence of CCL28 on the venular endothelivn of both
small mtestine and colon in mice (Fig. 45).

The above mentioned results strongly suggested that CCL2S
plays a direct role in extravasation of IgA ASCs in small intestine,
while CCL28 does so tn both small intestine and colon. We have
indeed demonstrated that goat anti-CCL25 dramatically reduced
homing of Ag-specific IgA ASCs into small intestine, whereas
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goat anti-CCL28 reduced homing of Ag-specific IgA ASCs into
both small intestine and colon (Fig. 54). In confrast, no such re-
duction in homing of Ag-specific IgA ASCs was seen in mice
treated with goat anti-CXCL12. Reciprocally, there were sclective
increases in Ag-specific IgA ASCs and Ag-specific IgA titers in
the blood of mice treated with anti-CCL25 or anti-CCL28 (Fig. 5,
8 and C). Furthermore, we confirmed that both CCL25 and CCL28
were capable of inducing adhesion of freshly isolated | gA ASCsto
MAACAM-1 and VCAM-1 via activation of o, B, integrin (Fig. 6).
These results strongly support the notion that the extravasation of
IgA ASCs into small intesting is mediated by both CCL25 and
CCL28, whereas the exiravasation of IgA ASCs into colon by
CCL28. Collectively, CCL25 and CCL28 are likely to play essen-
tial roles in intestinal homing of IgA ASCs primarily by promoting
their extravasation from small venules into intestinal lamina pro-
pria. After that, CCL25 and CCL28 produced by epithelial cells of
small intestine may further navigate IgA ASCs within lamina pro-
pria of small intestine, whereas CCL28 and CXCLI12 produced by
epithelial cells of colon may guide IgA ASCs within lamina pro-
pria of colon (Fig. 44). Because of a relatively low neutralizing
potency of anti-CXCL12 in comparison with those of anti-C:CL25
and anti-CCL28 (see Materials and Methods), however, we could
not formally exclude a role of CXCL12 in extravasation of IgA
ASCs, especially in the colon. Furthermore, we could not formally
exclude some nonspecific effects of injected goat Abs on the ho-
meostatic regulation of IgA ASCs via Fe receptors and/or com-
plement receptors. Thus, generation of mice with targeted distup-
tion of CCL25 and CCL28 genes would be necessary to further
define their roles in the intestinal homing of IgA ASCs.

By using 24-h in vivo homing assays, Reiss et al. (36) demon-
strated that either CCL27 (a CCR10 ligand selectively expressed
by epidermal keratinocytes) or CCR4 {probably via its ligand
CCLI7 selectively expressed by cutaneous microvascular endo-
thelial cells) was sufficient for recruitment of skin-homing memory
T eells into inflamed skin. Thus, CCL27 and CCR4 apparenily
play a redundant role in recruitment of activated memory T eells in
inflamed skin. In this study, in contrast, blocking of either CCL25
or CCL28 similarly reduced homing of Ag-specific IgA ASCsin
small intestine., Thus, CCL25 and CCL28 appear to play a nonre-
dundant role in recruitment of IgA ASCs into small intestine, This
may be in part due to their relatively low levels of expression in
small intestine (Fig. I).

Recently, by using CCR9-deficient mice, Pabst et al, (37) have
also demonstrated that CCRS contributes to the localization of
plasma cells to the small intestine. In these mutant mice, IgA
plasma cells in lamina propria were reduced by ~50% in small
intestine, but not in colon. Thus, their observations were highly
consistent with our findings and also support that CCL28/CCR10
signals do not completely compensate for CCL25/CCRS signals in
homing of IgA ASCs in small intestine. In CCR9-deficient mice,
however, serum OVA-speeific IgA fiters were barely elevated even
after Tepeated oral immunization with OVA (37). This suggests
that not only homing of IgA plasma cells, but also T cell-depen-
dent immune responses in small intestine were severely impaired
in CCRY-deficient mice. In this study, however, we demonstrated
increases in CT-specific IgA titers and IgA ASCs in the blood of
mice treated with anti-CCL25 or anti-CCL2§ (Fig. 5, B and C).
This suggests that immune responses to orally administered CT
were mostly intact, but homing of CT-specific IgA ASCs into
small intestine and/or colon was acutely impaired in these mice,
Unexpectedly, the combined traatment with anti-CCL25 and anti-
CCL28 did rot further reduce homing of Ag-specific IgA ASCsin
small intestine (Fig. 54). Homing of IgA ASCs was also only
partially blocked by anti-CCL2$ in colon (Fig. 54). Even though
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we could not exclude incomplete neutralization of CCL25 or
CCL28 in mice treated with anti-CCL25 or anti-CCL28, these re-
sults might indicate the presence of long-lived CT-specific IgA
ASCs in these mice that were systematically preimmunized with
CT. Another possibility may be that some JgA ASCs are still ca-
pable of entering into intestinal tissues by responding to other che-
motactic factors. These possibilities remain fo be seen.

Finally, we observed some mononuclear cells strongly positive
for CCL28 in PPs and lamina propria of small intestine (Fig. 48).
The identity of these cells remains to be seen. It also remains to be
seen whether CCL25 and/or CCL28 are dircetly produced by en-
dothelial cells in the small intestine and colon or are produced by
epithelial cells, transported to endotheliat cells in the lamina pro-
pria, and presented on their cell surface. We have also demon-
strated a highly restricted expression of CCRY and CCR10 in post-
follicular B cells in PP and MLN (Fig. 2). Thus, CCR9 and CCR10
are expressed only at the terminal stages of B cell differentiation,
The molecular mechanisms of restricted expression of CCR9 and
CCRI10 in the plasma cell stage remain to be scen. It also remains
to be seen how and to what extent CCR9 and CCRI0 are restricted
to IgA plasma cells than those producing other classes of Ig. Fur-
thermore, the signaling functions of CCR9, CCR10, and CXCR4
may also be dynamically regulated along the process of plasma
cell differentiation and homing (Fig. 3) (8). These possibilities re-
main to be addressed.
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P-selectin glycoprotein ligand-1 (PSGL-1), a sialomu-
cin expressed on leukocytes, is a major ligand for P-
selectin and mediates leukocyte rolling on the endothe.
lium. Here we show that human PSGL-1 interacts with
CCL27 (CTACK/ALC/ESkine), a skin-associated chemo-
kine that attracts skin-homing T lymphocytes. A recom-
binant soluble form of PSGL-1 (rPSGL-Ig) preferentially
bound CCL27 among several chemokines tested, This
interaction was abrogated by arylsulfatase treatment of
rPSGL-Ig, suggesting that sulfated tyrosines play a crit-
ical role. In contrast, removal of either N-glycans or
O-glycans by glycosidase treatment of rPSGL-Ig did not
affect the interaction. The binding of CCL27 to a recom-
binant PSGE-1 synthesized in the presence of a sulfation
inhibitor was lower than that produced in normal me-
dium. Moreover, mutation of the tyrosines at the amino
terminus of PSGL-1 to phenylalanine abolished the
binding, further supporting the role of sulfated ty-
rosines in the CCL27-PSGL-1 interaction. Functionally,
rPSGL-Ig reduced the chemotaxis of L1.2 cells express-
ing CCR10, the receptor for CCL27. In addition, the ex-
pression of human PSGL-1 on CCRI10-expressing L1.2
cells resulted in reduced chemotaxis to CCL27. These
findings suggest a role for PSGL-1 in regulating chemo-
kine-mediated responses, in addition to its role as a
selectin ligand.

Leukocyte migration from the blood to tissues is initiated by
transient and reversible interactions that capture leukocytes
from flowing blood and allow them to roll on the surface of
endothelial cells under blood flow. These interactions are pri-
marily mediated by selectins, a family consisting of three cell
adhesion melecules: L-selectin (CD62L), which is expressed ocn
most leukocytes, and E-selectin (CD62E) and P-selectin
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(CD62P), which are expressed on activated vascular endothe-
Lium (1, 2). The rolling cells sense activating factors such as
chemokines presented on the endothelium, which induce the
activation of leukocyte integrins, leading to stable cell attach.
ment and the subsequent transmigration of leukocytes into
tissues (3).

P-selectin glycoprotein-1 (PSGL-11; CD162) has been identi-
fied as the major ligand for P-selectin on myeloid cells and
subsets of activated T cells (4). PSGL-1 mediates P-selectin-
mediated neutrophil rolling and migration in vive (5) as well a3
T cell migration into inflamed skin (6, 7). Besides being a
P-selectin ligand, PSGL-1 functions as a ligand for E-selectin
and L-selectin in vivo (7-9). To bind selectins, PSGL-1 must be
madified by specific core-2-type O-glycans contaj ning the sialyl
Lewis™ (sLe') molety, which is synthesized by multiple glyco-
syltransferases, including core 2 {3-1,6-N-acetylglucosaminyl-
transferase I (C2GleNAeT-I} and a-1,3-fucosyltransferase VII
(FucT-VII) (10). In human skin-homing T cells, the PSGL-1
glycans carry the cutaneous lymphocyte-associated antigen, a
sLe™-related carbohydrate epitope defined by the monoclonal
antibody (mAb) HECA-452 (11), In addition to O-glycans,
PSGL-1 also requires sulfated tyrosines at its amino terminus
to bind P-selectin and L-selectin (12-15).

A recombinant PSGL-1 in a selectin-binding glycoform
(rPSGL-1g), eonsisting of the amino-terminal region of human
PSGL-1 fused to the Fc portion of human Ig(G1, has been
developed (12), and it has been shown to have anti-inflamma-
tory effects in various models of inflammation (16-19). Al-
though the effects of rPSGL-Ig have been attributed to its
ability to bind selectins, a recent report suggests that it has
additional functions, including the ability te bind the murine
chemokine KC (20).

Chemokines regulate leukocyte traffic throughout the body
during immune swrveillance and inflammation. Chemokines
presented on the endothelium induce the firn adhesion of
rolling leukoeytes through the activation of integrins. Cheine-
kines also direct the migration of leukocytes into specific mi-
croenvironments within tissues. Recent data reveal that che-
mokines and their receptors play important roles in controlling
the specificity of lymphoeyte subsets for certain sites 21%. In

! The abbreviations used are: PSGL-1, P-selectin glycoprotein li-
gand-1; sLe*, sialyl Lewis®; C2GIcNACT-I, core 2 f-1,6-N-acelylglu-
cosaminyltransferase I; FueT-VII, o-1,3-fucosyltransferase VII; mab,
monoclonal antibody; OSGE, (-sialoglycoprotein endopeptidase; FCS,
fetal calf serum; BSA, bovine serum albumin; ELISA, enzyme-linked
immuncsorbent assay.
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inflamed skin, the expression of several chemokines, including
CCL17 (TARC) and CCL27 (CTACKALC/ESkine), is up-regu-
lated (22, 23). CCL27 is expressed exclusively in the skin and
attracts cutaneous lymphocyte-associated antigen-positive T
cells (24), which express CCR10, the receptor for CCL27 (25,
26), indicating that CCL27 is a skin-associated chemokine that,
mediates T cell migration into the skin.

Several chemokine receptors, such as CCR5, CCR2b,
CX3CR1, and CXCR4, are modified in the amino-terminal re-
gion by tyrosine sulfation (27-30). In addition, CCR5 is modi-
fied by O-glycosylation in the amino-terminal region, which,
together with tyrosine sulfation, contributes to its high affinity
binding to chemokines (31). Chemokines also bind sulfated
glycosamineglyeans, such as heparan sulfate, that are thought
to anchor the chemokine for recognition by a receptor-bearing
cell, further suggesting the role of sulfation in chemokine bind-
ing (32, 33). It is well established that tyrosine sulfation and
O-glycosylation are the post-translational modifications of
PSGL-1 required for selectin binding,

Based on the similar struetural requirements of PSGL-1 and
some chemokine receptors to bind their ligands with high af
finity, we investigated the interaction of rPSGL-Ig with che-
mokines. Here we show that rPSGL-Ig preferentially bound
CCL27, among the various chemokines examined. Our results
show that sulfated tyrosines were critical for PSGL-1 binding
to CCL27, whereas neither O-glycans nor N-glycans contrib-
uted to the binding. Moreover, rPSGL-Iz and cell surface-ex-
pressed PSGL-1 partially inhibited the chemotaxis of L1.2 cells
expressing CCR10. Thus, in addition to its well characterized
role as a selectin ligand, these results support a role for PSGL-1
in binding certain chemokines and thereby regulating cell re-
sponses to those chemokines.

EXPERIMENTAL PROCEDURES

Heagents—The rPSGL-lg was a kind gift from Wyeth Research
(Cambridge, MA), Tt was develaped by linking a truncated human
PSGL-1 to the Fc portion of human IgG1 and produced in Chinose
hamster ovary cells that had been engineered to express FucT-VII and
C2GLNACT-I (19). Two hinge-proximal amino ncidg at posilions 234
and 237 within the IgG1 Fe portion are mutated to alanine to reduce
complement activation and Fe receptor binding. The chemokine-Fe
chimeric protein CCL27-Fc and control Fe were prepared as described
previously (34), Human chemokines CCL1 (1-309), CCL2 (MCP-1),
CCL3 (MIP-1a), CCLA (MIP-18), CCL5 (RANTES), CCL7 (MCP.3),
CCL8 (MCP-2), CXCL1 (GRO-n), CXCL4 (PF-4), CXCL5 (ENA-78),
CXCLS (IL-8), CXCL10 (IP-10), and CXCL12 (SDF-1P8) were purchased
from Peprotech; CCL21 {SLC) was from DakoCytomation; and CCL27
and CCL28 (MEC)were from R & D Systems. CCL17, CCL18 (PARC),
CCL19 (ELC), CCL20 (LARC), XCL1 (SCM-1a), and XCL2 (SCM-18)
were kindly provided by Shionogi (Osaka, J apan). Recombinant human
P-gelectin, E-selectin, biotinylated anti-P-selectin, biotinylated anti-
CCL27, and biotinylated anti-CCL28 were purchased from R & D Sys-
tems; biotinylated anti-CCL21 was from DakeCytomation; peroxidase-
conjugated anti-human IgG, peroxidase-conjugated anti-rabbit IgG,
and peroxidase-conjugated anti-mouse IgG+M were from American
Qualex; and peroxidase-conjugated streptavidin was from Zymed Lab-
oratories Inc.. Polyclonal antj-PSGL-1 antibodies prepared using a syn-
thetic peptide (QATEYEYLDYDFLPETEPP) based on residues 42-60
of human PSGL-1 were kindly provided by Dr. Bruce Furie (Harvard
Medical School, Boston, MA). The anti-PSGL-1 mAbs PL1 and KPL1
were purchased from Immunotech and BD Biosciences, respectively.

Cells—COS-T cells were maintained in Dulbecco’s medifted Eagle’s
medivm containing 10% fetal calf serum (FCS). A mouge pre-B cell line
L1.2 was kindly provided by Dr. Eugene Butcher (Stanford University,
Stanford, CA) and maintained in RPM] 1640 containing 10% FCS. L1.2
cells expressing human CCR10 were maintained in RPMI 1640 contain-
ing 10% FCS and 0.8 mg/ml G418 (Sigma) (34). L1.2 cells coexpressing
chemokine receptor and human PSGL-1 wera maintained in RPMI
1840 containing 10% FCS, 0.8 mg/ml G418, and 20 ug/mj blasticidin
(Invitrogen).

Generation of Wild-type and Mutant hPSGL-Fe Proteins—To
generate the hPSGL-Fc and hPSGL-long-Fe constructs, a fragnient
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corresponding o the first 47 amino acids or the entire extracellular
domain of mature human PSGL-1 was amplified by PCR using the 5'
primer CGGGAGCTAGCACAGGCCACCCGAATATGAG and the ¥
primer GTAGGATCCCTTGCAGCAGGOTCCACAGTG or CAGCGGa-
TCCTGCTTCACAGAGATGTGGTC. The amplified fragment was dig-
ested with Nhel and BamHI and ligated into the CD5 leader-IgGl
vector, provided by Dr. Brian Seed (Massachusetts General Hospital,
Boston, MA), at the Nhel and BamH] sites. To generate the hPSGL-Fe
constructs with mutations in tyrosines, the following 5 primers {with
the mulated nucleotides underlined) were used: FFF mutant, CGGG-
AGCTAGCACAGGCCACCGAATI’I‘GAG'I‘ECCTAGATTITGATTTC-
CTG; FYY mutant, CGGCGAGCTAGCACAGGCCACCGAATTTGAGTA-
CCTAGATTATGATTTCCTG; YFY mutant, CGGGAGCTAGCACAGG-
CCACCGAATATGAG'I‘ICCTAGA'I"I‘ATGA’I"I"I‘CCTG; YYF mutant,
CGGGAGGTAGCACAGGCCACCGAATATGAGTACCTAGA’['I'ITGA-
TTTCCTG; FFY mutant, CGGGAGCTAGCACAGGCCACCGAA’I‘J_’I‘G-
AGTICCTAGATTATGATTTCCTC, FYF mutant, CGGGAGCTAGCA.
CAGGCCACCGAATITGAG’I‘ACCTAGA’I'I‘ITGA’I'I‘TCCTG; and YFF
mutant, CGGGAGCTAGCACAGGCCACCGAATATGAGTICCTAGAT—
TITGATTTCCTG, COS-7 cells were transfected with the consiructs
using DEAE dextran. In some experiments, COS-7 cells were cotrans-
fected with hPSGL-F¢ constructs and expression plasmids for FueT-VII
and N-acetylglucosamine-6-0-sulfotransferase GST-3 (also called LSST
or HEC-GlIcNABST) (35, 36). The culture supernatants were harvested
§ days after transfection and applied to a protein A-Sepharese column.
The chimeric proteins were eluted with 4 u imidazole (pH 8.0) and
dialyzed against phosphate-buffered saline (37). The protein eoncentra-
tion was measured by a BOA protein assay kit (Pierce).

To generate unsulfated hPSGL-Fe protein, COS-T cells transfected
with the hPSGL-Fe construct were eultured for § days in sulfate-free
medium (Invitrogen) containing 10 mm sedium chlorate. The chimeric
protein was purified as deseribed above,

Enzyme Treatment of rPSGL-Ig—To remove sialic acids, rPSGL-Ig
was incubated with 1 unit/ml neuraminidase from Clostridium perfrin.
gens (Sigma) in 50 mM sodium phosphate (pH 5.0} at 87°C for 1 h. To
remove O-glyean chains, the rPSGL-1g was treated with a mixture of
enzymes consisting of 1 unit/m! neuraminidase, 0.15 unjt/ml £-1,4-galac-
tosidase (Prozyme), 2 unitsnl B-N-acetylglucosaminidase (Prozyme), and
50 milliunits/ml endo-o-N-acetylgalactosaminidase {O-Glycanase; Glyko)
in 50 mM sodium phosphate {pH 7.0} at 37°C overnight. To remove
N-glycan chains, the rPSGL-lg was treated with 250 units/m| NN-Glycosi.
dase F (Calbiochem) in 50 ma sodium phosphate (pH 7.5) at 37 °C over-
night. For sulfatase treatment, the rPSGL-Ig was incubated with 1
unit/ml sulfatase from abalone entrails (Sigma) in 100 my sodium acetate
(pH 5.0) at 37 °C for 1 h. Control samples were incubated in the same
buffor under the sama conditions without engzyme.

Dot Blot Assays—To study the binding of PSGL-1 to chemokines,
various chemokines and selecting were spotted onto nitrocellulose mem-
branes {Hybond-C; Amersham Biosciences). The membrane was
blocked in phosphate-buffered saline containing 3% bovine serum alby-
min (BSA) and incubated with 4 pgfm! rPSGL-Ig or contro! human IgG
(Sigma) for 1 h. The membrane was then washed and incubated with a
1: 60,000 dilution of peroxidase-conjugated anti-human IgG. The mem-
brane was washed and exposed to ECL reagents {(Amersham Bio-
sciences). In some experiments, rPSGL-Ig and control human IgG,
untreated or treated with glycosidases or sulfatases, and various prep-
arations of hPSGL-Fe were spotted onto a membrane, The membrane
was blocked as described above and incubated with 0.3 #g/ml CCL27 for
1 h. The bound ¢hemokine was detected using a biotinylated anti-
CCL27 antibody followed by peroxidase-conjugated streptavidin.

Enzyme-linked Immunosorbent Assay (ELISA)-like Binding Assays—
rPSGL-Ig, control human IgG, or various preparations of hPSGL-Fe¢ (10
#g/ml) were immobilized on Sumilon H plates (10 pg/ml, 50 uliwell} at
37°C for 2 b, and the plates were blocked with 3% BSA in phosphate-
buffered saline at 4 °C overnight. The plates were washed and incu-
bated with CCL27, P-gelectin, or a polyclonal anti-PSGQL-1 antibody
(0~3 pg/ml) for 1 h at room temperature, then washed again, and
incubated with 0.1 pghnl bictinylated anti-CCL27, biotinylated anti-P-
selectin, or biotinylated anti-rabbit 1gG for 1 h at room temperature.
The plates were further incubated with a 1:5000 dilution of peroxidase-
labeled streptavidin for 1 h at rmom temperature. To quantify the
reaction, o-phenylenediamine was added, and the optical density was
read at 490 nm on an Immuno Mini NJ-2300 micreplate reader
(InterMed).

ELISA—Various preparations of hPSGL-Fe (10 pgfml} were immo-
bilized on Costar 3690 plates (10 pg/ml, 25 pliwvelD at 37 °C for 2 h, and
the plates were blocked with 3% BSA in phosphate-buffered saline at
4 °C overnight, The plates were washed and incubated with a polyclonal
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anti-PSGL-1 antibody, CSLEX-1 (BD Biosciences), G72 (38), or 2H5 (39)
for 1 h at room temperature. The plates were washed and then incu-
bated with peroxidase-labeled anti-rabbit 1gG or anti-mouse IgG+M for
1 h at room temperature,

Flow Cytometry—To examine the PSGL-1 expression on transfected
L1.2 cells, the cells were stained with phycoeryihrin-labeled anti-
F3GL-1 KPL-1 (BD Biosciences) or nonlabeled PL-2 {Imnyunetech) fol
lowed by fluorescein isothiocyanate-labeled anti-mouse IgG. For CCR10
staining, the cella were incubated with goat anti-CCR10} (ImmunoDe-
tect) followed by Alexa Fluor 488-labeled anti-goat IgG (Molecular
Probes). Stained cells were analyzed using an EPICS XL flow cytometer
(Beckman Coulter). To assess the chemokine binding by flow cytometry,
the cells were incubated with CCL27-Fe or control Fc for 30 min at 4 °C,
then washed, incubated with bietinylated goat anti-human IgG (Cap-
pel}, and stained with streptavidin-phycoerythrin (BD Biosciences). In
some experiments, the cells were treated with 120 agfml O-sialoglyco-
protein endopeptidase (OSGE; Cedarlane) at 87 °C for 1 h and washed
Lefore gtaining. To examine whether anti-PSGL-1 mAbs affect CCL27
binding, the cells were preincubated with 20 sg/m! PL1, KPL1, or
control mouse Ig(i before staining. CCL27-Fe¢ binding waa detected
using biotinylated goat anti-human IgC+ adsorbed against mouse IgG
using mouse [yG-agarose (Sigma) and sireptavidin-phycoerythrin,

Generation of L1.2 or L1.2-CCRI0 Cells Expressing Human PSGL.
I—To generate the human PSGL-1 expression plasmid, the entire
coding region was amplified by PCR from HL-60 cDINA using the
following  primers: GCTGGATCCGGTGGTGCCATGCCTCTRCAAC
and AGTGAATTCAGGGAGGAAGCTGTGCAGGGTG. The amplified
product was digested with BamHI and FeoRI and ligated into
peDNA/Myc-His (Invitrogen) at the BamHI and EcoRI sites. Stable L12
or L1.2-CCR10 cell lines expressing human PSGL-1 were made by the
transfection of L1.2 or L1.2-CCR10 cells with the PSGI-1 plasmid and
selection with 20 pg/ml blasticidin.

Chemotaxis Assay—Chemotaxis assays were performed using the
ChemoTx system (NeuroProbe). The cells were suspended at 5 X 108
celle/ml in RPMI 1640 containing 0.5% BSA and 10 ms HEPES. Che-
mokine at the indicated concentrations were placed in the lower cham-
ber, and a filter with a 5-pm pore size was placed on fop. In some
experiments, rPSGL-Ig was also added to the lower chamber. Aliquots
of 1.25 X 10° celtswell were applied to the top surface of the filter, and
the plates were incubated at 37 °C in 5% CO; for 4 h. The cells that
migrated {o the bottom were collected and counted on a FACSCatibur
{Beckten Dickenson).

RESULTS

PSGL-1 Binds CCL27—To investigate the interaction be-
tween chemokines and PSGL-1, we first examined the binding
of rPSGL-1g, a recombinant soluble form of PSGL-1, to chemo-
kines immobilized on a nitrocellulose membrane. rPSGL-Ig
consists of the 47 amino-terminal amine acids of mature hu-
man PSGL-1, fused to 2 mutated hinge region of human IeG1
that has reduced complement binding and Fe receptor binding
(19). rPSGL-Ig is produced in Chinese hamster ovary cells that
have been engineered to express FueT-V1{ and C2GIcNACT-,
so it carries the glycans required for binding to P-selectin, In
agreement with previous results (12), rPSGL-Ig, which con-
tains only the first 47 amino acids of PSGL-1, bound to -
selectin but not detectably to E-selectin immobilized on the
membrane (Fig. 1A). Among the human chemokines tested
(CCL1, CCL2, CCL3, CCL4, CCL5, CCL7, CCL8, CCL17,
CCL18, CCL19, CCL20, CCLy1, CCL27, CCL28, CXCL1,
CXCL4, CXCL5, CXCL8, CXCL10, CXCL12, XCL1, and XCL2),
rPSGL-1g preferentially bound to CCL2 1, CCL27, and CCL28,
whereas control human IgG did not bind to these chemokines
{Fig. 1A). The binding of rPSGL-Ig to the other chemokines was
either undetectable or very weak, We next examined the bind-
ing of chemokines to rPSGL-Ig and control human IgG immo-
bilized on the membrane. CCL27 bound to rPSGI.Ig but not to
control IgG (Fig. 1B). Incubation of the membrane with second-
ary reagents without prier incubation with CCL27 did not
result in any binding (data not shown), confirming that the
signals represented CCL27 binding. Although rPSCGL-Ig had
bound to CCL21 and CCL28 when these chemokines were
immobilized on the membrane, specifie binding of CCL21 and
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Fi6. 1. PSGL-1 binds to CCL27. A, binding of rPSGL-Ig to chemo-
kines immobilized on a membrane, Selecting, chemokines, and BSA
were spotted onto a nitrocellulose membrane. The membrane was in-
cubated with rPSGL-Ig or control human IgG followed by peroxidase-
conjugated goat anti-human TgG. Representative blots are shown. B,
binding of CCL27 to rPSGL-Ig immobilized on a membrane. rPSGL-Ig,
control human IgQG, and BSA were spotted onto a membrane. The
membrane was ineubated with CCL27 followed by biotinylated anti-

CCL27 and then peroxidase-conjugated streptavidin. A representative
blot is shown. C, binding of CCL27 to rPSGL-Ig or control human IgG:
immobilized on a microtiter plate. rPSGL-Ig or human Ig( was immo-
bilized on the wells of a microtiter plate. The plate was incubated with
the indicated concentrations of CCL27. The bound CCL27 was detecied
by biotinylated anti-CCL27 and peroxidase-conjugated streptavidin,
The data points are the means from duplicate wells. One of three
similar experiments is shown.

CCL28 to irnmobilized rPSGL-Ig was difficult to detect because
of high background binding of these chemokines to the mem.
brane, and thus PSGL-1 interaction with these chemokines
was not investigated further in this study, CCL27 also bound to
rPSGL-Ig immobilized on a microtiter plate in a dose-depend-
ent manner (Fig. 1C). These results indicate that the amino-
terminal region of PSGL-1 binds CCL27.

PSGL-1 Glycans Are Not Involved in CCL27 Binding—
PSGL-1 i3 modified by sialylated and fucosylated glycans,
which are required for its binding to selectins. To study the role
of sialylated glycans in PSGL-1 binding to CCL27, we exam-
ined the effect of removing the sialic acids from the rPSGL-Ig
glycans on the CCL27 binding. Treatment of rPSGL-Ig with
sialidase from C. perfringens, which hydrolyzes the -2,3, «-2,5,
and «-2,8 glycosidic linkages of terminal sialie residues, did not
affect the CCL27 binding, whereas it completely abrogated
P-selectin binding (Fig. 24). We next investigated the role of
the O-glycan chains in rPSGL-Ig binding te CCL27. rPSGL-Ig
was treated with a combination of glycosidases that removed
O-glycan chains. As expected, no binding of P-selectin to
TPSGL-lg was observed after this treatment. In contrast,
CCL27 bound to the O-deglycosylated rP5GL-1-1g, suggesting
that O-glycans are not required for the CCL27 binding (Fig,
24). Because PSGL-1 is also N-glycosylated, the role of N-
glycan chains was also examined by treating rPSGL-Ig with
N-glycosidase. P-selectin bound to the N-deglycosylated
rPSGL-Ig, confirming the previous results that N-glyeans are
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F10. 2. Glycosidase treatment of rPSGL-Ig does not abolish
CCL27 binding. A, binding of CCL27 and P-selectin to glycosidase-
treated rPSGL-Ig. rPSGL-Ig or control human IgG was treated with
sialidase, a mixture of enzymes that together cleave O-glycans or N-
glycosidase. Untreated samples were incubated in the same buffer
without the enzyme. These samples were spotied onto 2 membrane, and
CCL27 binding and P-selectin binding were examined. B, effect of
glycosidase treatment on migration on SDS-PAGE. rPSGL-Ig, un-
treated or treated with the enzymes, was separated by SDS-PAGE, and
the gel was subjected to silver staining. C, binding of CCL27 to
hP3GL-Fe and hPSGL-long-Te proteins, The samples were spoited onto
a membrane, and CCL27 binding was examined.

not required for P-selectin binding (40). CCL27 also bound to
the N-deglycosylated rPSGL-1g (Fig. 24). In these experiments,
each treatment of rPSGL-Ig led to a shift in its migration on
SDS-PAGE (Fig. 2B), confirming the effectivencss of the en-
zymes. The treatment of rPSGL-lg with a combination of en-
zymes that removed both the O-glyean and N-glycan chains did
not abrogate the CCL27 binding (data not shown). These re-
sults suggest that neither the O-glycan nor the N-glyean chains
on rPSGL-Ig are required for CCL27 binding.

rPSGL-Ig contains only the amino-terminal region of
P3GL-1. The remaining extracellular region of PSGL-1 con-
tains & mucin domain with many putative Q-glycosylation
sites. To examine the role of glycans attached to this region, we
generated constructs that contained either the same amino-
terminal region as rPSGL-Ig, here termed hPSGL-Fe, or the
entire extracellular domain of mature human PSGL-1, termed
hPSGL-long-Fe; both were fused to the hinge region of human
IgG1. These constructs were introduced into COS-7 cells that
enrdogenously express C2GleNAcT but not FueT-Vil, As shown
in Fig. 2C, CCL27 bound similarly to the hPSGL-long-Fe pro-
tein and the hPSGL-Fe protein, suggesting that the mucin
domain does not play a role in CCL27 binding to PSGL-1. The
cotransfection of COS-7 cells with a plasmid expressing FueT-
Vi, which enables the chimerie proteins to bind P-selectin, did
not significantly affect the CCL27 binding (data not shown).

PSGL-1 Interaction with CCL27

Together, these results suggest that no glycosylation of PSGL-1
is required for its binding to CCL27.

Sulfuted Tyrosines Are Required for CCL27 Binding to
PSGL-I—It has been shown that in addition to O-glycosyla-
tion, tyrosine sulfation of the amino-terminal region of PSGL-1
is requjred for its high affinity binding to P-selectin. Treatment
of rPSGL-Ig with sulfatase from abalone entrails, which re-
moves sulfates from tyrosines, not only abrogated the P-selec-
tin binding but also the CCL27 binding (Fig. 3A). Sulfatase
treatment did not alter the efficienecy of immobilization of
rPSGl-Ig onto the membrane as shown by an anti-IgG blot
(Fig. 34). This treatment did not alter the migration pattern of
rPSGL-Ig on SDS-PAGE (Fig. 3B). In an ELISA-like binding
assay where plate-immobilized rPSGL-Ig was treated with sul-
fatase or left untreated, the binding of both CCL27 and P-
selectin to the sulfatasetreated rPSGL-Ig was reduced,
whereas a polyclonal antibody that recognizes the smino-ter-
minal region of PSGL-1 bound similarly to the untreated and
sulfatase-treated rPSGL-Ig proteins (Fig. 3C). These results
suggest that the tyrosine sulfation of PSGL-1 plays an impor-
tant role in its binding to CCL27.

To further define the role of tyrosine sulfation in the CCL27-
PSGL-1 interaction, we examined the effect of sodium chlorate,
which is an inhibiter of sulfation. COS-7 cells were transfected
with the hPSGL-Fc construct and incubated in sulfate-free
medium containing sodium chlorate. The unsulfated hPSGL-Fe
protein prepared in the presence of sodium chlorate and the
hPSGL-Fe prepared from cells grown in regular medium did
not differ significantly in the amount secreted into the culture
medium or in their migration pattern on SDS.PACE {data not
shown). Although CCL27 bound to hPSGL-Fe prepared in the
presence of sulfate, it did not detectably bind to unsulfated
hPSGL-Fe in a dot blot assay (Fig. 44), In this experiment,
these hPSGL-Fc¢ preparations were similarly immobilized on
the membrane (Fig. 44). The reduced binding of CCL27 to
unsulfated hPSGL-Fe was also observed in an ELISA-like bind-
ing assay (Fig. 4B). In contrast, a polyclonal anti-PSGL-1 an-
tibody similarly bound to the sulfated and unsulfated
hPSGL-Fe proteins (Fig. 4B). These results, together with the
effect of sulfatase treatment, strongly indicate that sulfation en
tyrosines is eritical for PSGL-1 binding to CCL27.

Sulfation of PSGL-1 Glycans Does Not Enhance CCL27
Binding—Sulfation can oceur not only on tyrosines but also on
glycan chains. To investigate whether sulfation on the PSGL-1
glycans would enhance the CCL27 binding, we transfected
COS-7 cells with the hPSGL-Fe consbruct together with a plas-
mid for N-acetylglucosamine-6.0Q-sulfotransferase GST-3,
which can sulfate the N-acetylglucosamines in glycans. To com-
pare the CCL27 binding with P-selectin binding, the COS-7
cells were cotransfected with the FucT-VII-expressing plasmid
and the hPSGL-Fe and GST-3 constructs. As shown in Fig. 54,
CCL27 binding to the hPSGL-Fe protein was not enhanced
when GST-3 was cotransfected. Similar results were obtained
when the hPSGL long-Fe construct was used for transfection
instead of the hPSGL Fe construct (data not shown). The
hPSGL-Fe protein produced in the presence of (GST-3 was
shown to react with the mAb G72, which recognizes sialyl
G-sulfo LacNAe¢, confirming that the hPSGL-Fe glycan was
sulfated (Fig. 5B). In contrast, P-selectin binding to the
hPSGL-Fe protein prepared in the presence of GST-3 and
FueT-VII appeared to be slight] y enhanced, compared with that
produced in the presence of FucT-VII alone (Fig. 5A). The
generation of the fucosylated glyean was confirmed by reactiv-
ity with the mAb CSLEX-1, which recognizes sLe®, and the
mAb 2HS5, which recognizes sLe* as well as 6-sulfo sLe* Fig.
5B). All of the hPSGL-Fe preparations were similarly recog-
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F10. 4. Treatment of COS-7 cells with sodium chlorate reduces
CCL27 binding to PSGL-1. A, hPSGL-Fe waa preduced in COS-7 cells
in the regular medium or sulfate-free medium containing sodium chlo-
rate. Purified samples were spotied onte a membrane, and CCL27 binding
was examined. The membrane was also blotted with anti-IgG to show
equivalent binding of the samples. B, hFSGL-Fe preparations werse im-
mobilized on a microtiter plate, and CCL27 binding and anti-PSGL-1
antibody binding were examined. The values are the means from dupli-
cate welly, The results represent one of three similar experiments.

nized by an anti-PSGL-1 antibody {Fig. 58). Thus, the sulfation
of glycans on PSGL-1 by GST-3 did not play a significant role in
CCL27 binding.

All Three Tyrosines in the Amino-terminal Region of PSCL-1
Are Important for CCL27 Binding—There are three tyrosine
residues in the amino-terminal region of human PSGL-1 that
can be sulfated. To examine which tyrosine residue is impor-
tant for CCL27 binding, hPSGL-1-Fe mutants with alterations
in one or more of the tyrosines at positions 46, 48, and 51 were
generated (Fig. 64). To evaluate the P-selectin binding, wild-
type and mutant hPSGL-Fe proteins were also prepared from
COS-7 cells cotransfected with the FucT-VIl-expressing plas-
mid. As shown in Fig. 6B, CCL27 binding to the hPSGL-Fe
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Fig, 5. Sulfation of the PSGL-1 glycan does not affect COLIT
binding. A, binding of CCL27 and P-selectin to hPSGL-Fe modified by
GST-3. COS-7 cells were transfected with the hPSGL-Fe construct with
or without the constructs for FucT-VII and GST-3, and the proteins
were purified from the eulture supernatants. Purified satnples wera
apotted onto a membrane, and CCL27 binding and P-selectin binding
were examined, B, reactivity of hPSGL-Fe preparations with antibodies
against sLe®-related epitopes, hPSGI-Fc preparations were immobi-
lized on a micretiter plate and assayed for the binding of anti-PSGL-1,
G72 (anti-sialyl 6-sulfo LacNAc), CSLEX-1 (anti-sLe®), or 2H5 {anti-
sLe™/i-sulfo sLe®), The values are the means from duplicate wells, The
results represent one of three similar experiments.

protein was dramatically reduced when even one tyrosine was
mutated to phenylalanine. In contrast, P-selectin bound to the
FYY, YYF, and FYF mutants. Thus, although tyrosine sulfa-
tion plays an important role in both the PSGL-1-P-selectin and
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Fia. 6. CCL27 does not bind to hPSGL-1-Fe with tyrosine muta-
tions. A, sequences of the tyrosine-mutated hPSGL-Fe constructs. Mu-
tant hPSGL-Fe constructs were generated in which one or more tyrosine
residues in the amino-terminal region of PSGL-1 were mutated Lo phe-
nylalanine. B, binding of CCL27 and P-selectin to the tyrosine-mutated
hPSGL-Fe proteins. Tyrosine-mutated hPSGL-Fe proteins wers apotted
onto a membrane, and CCL27 binding and P-selectin binding were exam-
ined. The blots shown are from one of three similar experiments.

PSGL-1-CCL27 interactions, the relative contribution of each
tyrosine to the binding is different in each case. The results
suggest that all three tyrosines are required for CCL27 bind-
ing, whereas the tyrosine at position 48 plays a dominant role
in P-selectin binding.

PSGL-1 Affects CCL27-induced Chemotuxis—To investigate
whether PSGL-1 affected CCL27 function, we examined the
effect of rPSGL-Ig on the chemotaxis of L1.2 cells expressing
human CCR10. rPSGL-Ig reduced the CCL27-induced chemo-
taxis in a dose-dependent manner, whereas control human
1gG1 Fe did not (Fig. 74). The inhibition was observed when
rPSGL-Ig was added at 30-100 pg/ml (a molar ratio of 1:3-10).
These results suggest that PSGL-1 binding to CCL27 may
regulate the chemokine-mediated responses of cells.

We next examined whether cell surface-expressed PSGL-1
would bind CCL27 and affect cell responses to CCL27, The
interaction of CCL27 with cell surface-expressed PSGL-1 was
studied by examining the binding of a CCL27-Fe chimeric
protein to L1.2 cells expressing human PSGL-1. CCL27-Fe
bound to L.1.2 clones expressing human PSGL-1 more strongly
than to the parental L1.2 cells that do not express human
PSGL-1(Fig. 7B). The binding of CCL27-F¢ to these clones was
reduced by treating the cells with OSGE, which cleaves O-
sialoglycoproteins such as PSGL-1 (Fig. 7B). A decrease in
CCL27-Fe binding to parental L1.2 cells by treatment with
OSGE was smaller compared with L1.2 clones expressing hu-
man PSGL-1. There was no alteration in the control Fe binding
to any of these cells by this treatinent. These results suggest
that human PSGL-1 expressed on the cell surface may bind
CCL27. We next tested whether anti-PSGL-1 mAbs that inhibit
P-selectin binding would affect CCL27 binding, Neither PL1
nor KPL1 affected the binding of CCL27-Fe¢ to L1.2 clones
expressing human PSGT.-1 (Fig. 7C). PL1 and KPL1 also fuiled
to inhibit the CCL27 binding to rPSGL-Tz immobilized on an

PSGL-1I Interaction with CCL27

ELISA plate (data not shewn). These results suggest that the
CCL27 binding site on PSGL-1 may not exactly overlap with
the epitopes recognized by these antibodies.

We next prepared L1.2 cells expressing both human CCRI0
and human PSGL-1 and assayed these cells for the CCL27-
induced chemotaxis. The chemotaxis of [,1.2 clones expressing
both human CCR10 and PSGL-1 was significantly reduced
compared with that of L1.2 cells expressing CCR10 alone (Figz.
7D). The level of CCR10 expression was similar for all these
clones (data mot shown). Together, these results support the
hypothesis that cell surface-expressed human PSGL-1 binds
CCL27 and thereby regulates cell responses to CCL27.

DISCUSSION

In the present study, we investigated the interaction of
PSGL-1 with chemokines. We demonstrated that PSGL-1 can
bind several chemokines including CCL27. Our data showed
that the PSGL-1 interaction with CCL27 is dependent on tyro-
sine sulfation but not the glycosylation of PSGL-1, All three
tyrosines positioned at the amino terminus of PSGL-1 are
required for the CCL27 binding. In addition, we showed that
PSGI-1 is able to modulate the CCL27-induced response of
CCR10-bearing cells.

Tyrosine sulfation i3 a late post-translational medification
that oceurs in the trans-Golgi network and is found in a num-
ber of secreted and membrane proteins (41), It plays an impor-
tant role in various protein-protein interactions. Tyrosine sul-
fation of the amino tetminus of PSGL-1 plays an essential role
in P-selectin binding (12-14). Recently, sulfation of amino-
terminal tyrosine residues of several G protein-coupled recep-
tors, including chemokine and chemeattractant receptors as
well as glycoprotein hormane receptors, has been demonstrated
(27-30, 42). In these receptors, tyrosine sulfation contributes to
the high affinity binding of their lgands, Our data showed that
mutation in any one of the tyrosines in the amino terminus of
PSGL-1 abrogated the CCL27 binding, indicating that all three
tyrosines are required for this binding. Electrostatic interac
tions are likely to play a role in the binding of the negatively
charged region of PSGL-1 generated by sulfated tyrosines to
€©CL27, which has several basic residues. The requirement of
all three tyrosines for CCL27 binding is in contrast to the
binding of P-selectin, which was retained to some extent even
when tyrosine 46 or 51 was mutated. These findings are in
agreement with the results of erystallographic studies show-
ing tyrosine 48 as an important component of the high affin-
ity interaction of PSGL-1 with P-selectin (43). The require-
ment of all three tyrosines for CCL27 binding might explain
why mouse PSGL-1, which has only two tyrosines at its
amino terminus, does not bind CCL27 in our assays (data not
shown).

Although CCL27 interacts with tyrosine-sulfated PSGL-1, it
is unclear whether the binding of CCL27 to its receptor CCR10
requires sulfation of the receptor. Human CCR10 has three
tyrosine residues at positions 14, 22, and 32 from the amino
terminus, but the Sulfinator, a software tool that predicts
tyrosine sulfation sites in protein sequences (44), does not
predict the sulfation of any of these tyrosines. The Sulfinator
also does not predict tyrosine sulfation in mouse CCR19,
which has four tyrosine residues at positions 14, 17, 22, and
32 in the amino-terminal region, It should be experimentally
verified whether these tyrosines located in the amino-
terminal region of CCR10 are sulfated and contribute to
CCL27 binding to CCR10.

Ovur data also showed that the CCL27 binding to PSGL-1 is
not dependent on the glycosylation of PSGL-1. This is in con-
trast to the selectin binding, which requires sialylated and
fucosylated O-glycans of PSGL-1. Sialylated O-glycans of CCR5



