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Thomas J. Schdll
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of mature (although not immature) DC, and they have beeng

Searching for new receptors of dendritic cell- and T cell-active suggested to control the migration of the newly postulated TZ

chemokines, we used a combination of techniques to interrogate
orphan chemokine receptors. We report here on human CCX
CKR, previously represented only by noncontiguous expressed
sequence tags homologous to bovine PPR1, a putative gustatory
receptor. We employed a two-tiered process of ligand assignment,
where immobilized chemokines constructed on stalks (stalko-
kines) were used as bait for adhesion of cells expressing CCX
CKR. These cells adhered to stalkokines representing ELC, a
chemokine previously thought to bind only CCR7. Adhesion was
abolished in the presence of soluble ELC, SLC (CCR?7 ligands),
and TECK (a CCRO ligand). Complete ligand profiles were fur-
ther determined by radiolabeled ligand binding and competition
with >80 chemokines. ELC, SLC, and TECK comprised high
affinity ligands (IC s, <15 nM); lower affinity ligands include BLC
and vMIP-II (IC 5, <150 nM). With its high affinity for CC che -
mokines and homology to CC receptors, we provisionally desig-
nate this new receptor CCR10. The Journal of Immunology,
2000, 164: 2851-2856.
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tions of ELC, SLC, or CCRY7 result in marked deficiencies in
DC, T and B cell trafficking, as well as morphological disrup- :
tion of secondary lymphoid organ architecture (1-7). CCR?%’
is related to another chemokine receptor, CCR9 (formerly thes
orphan clone GPR9.6), shown to be a receptor for the CC che2
mokine TECK (8-9). The CCR9/TECK pairing has been re- 5
ported to be important for theegulation of thymocytes, as well as &
lymphocytes with intestine-targeted homing patterns (10). To dateg
CCR9 has been the only reported TECK receptor and CCR7 the on@
credible receptor for ELC and SLC, despite contradictory reports§
(11, 12) surrounding SLC binding. 2

A comprehensive map of the constellation of chemokine andz
chemokine receptor interactions requires the assignment of Iigandg
to orphan receptors, i.e., receptors known only by their predictecﬂf
amino acid sequences. However, such ligand assignments ha&
been a major challenge in the study of G protein-coupled receptorg
in general and chemokine receptors in particular. We have develg
oped new technology to address this issue by constructing an arra§

T he chemokines EL&(also called MIP-B) and SLC (also of immobilized chemokines on stalks (which we have designateof
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called 6Ckine), and their cognate receptor, CCR7, haveStalkokines) and interrogating this array with cells stably trans-%
profound effects on the regulation of dendritic cells (DC) fected with orphan chemokine receptor candidates. We have used
and T cells. ELC and SLC have been shown to be major attractant§is methodology to more fully understand the biology of DC- and
T cell-active chemokines such as ELC and SLC.
One such orphan receptor candidate comprises a new human

Divisions of Discovery Biology and Molecular Pharmacology, ChemoCentryx, San

Carlos, CA 94070 sequence which we have identified, CCX CKR, not previously
Received for publication December 15, 1999. Accepted for publication JanuanKNOWN in totality in any of the publicly available databases, but
4, 2000. related to what had been thought to be a bovine gustatory receptor.

The costs of publication of this article were defrayed in part by the payment of paga/Ve detect CCX CKR mRNA expression in human DC, T cells,
charges. This article must therefore be hereby masddertisemenin accordance . "
with 18 U.S.C. Section 1734 solely to indicate this fact, spleen, and lymph node, as well as in several nonhemopoietic or-

1 Address correspondence and reprint requests to Dr. Thomas J. Schall, ChemoCe%ans' Through a Combmatl_on of approaches, we ha\_/e assigned the
tryx, 1539 Industrial Road, San Carlos, CA 94070. E-mail address: tschall@spectrum of ligands that bind to CCX CKR. These include ELC,
chemocentryx.com SLC, and TECK with high affinity, and BLC and vMIP-II with

2 Abbreviations used in this paper: ELC, EBI1 ligand chemokine; EST, expresseqower affinity. The identification of this new receptor, provisionally
sequence tag; MIP, macrophage-inflammatory protein; ORF, open reading frame; DC

dendritic cell; SLC, secondary lymphoid tissue chemokine; BLC, B lymphocyte che-designated CCR10, may reveal characteristics for potential cross-

moattractant; CKR, chemokine receptor; CCX, chemocentryx; BLAST, basic localover binding of CXC and CC ligands and adds to the understand-
alignment search tool; TECK, thymus-expressed chemokine; HEK293, human e . : _
bryonic kidney 293 cells; v, viral; -SK, -stalkokines; HHV8, human Kaposi's sarcom;ﬂmg of the molecular mechanisms of action for DC and T cell

herpesvirus. active chemokines.

Copyright © 2000 by The American Association of Immunologists 0022-1767/00/$02.00
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Materials and Methods fragments of new chemokine receptor-like sequences from various
Reagents and cells sources, including searches of the EST database of the National

Human, viral, and murine recombinant chemokines were obtained fromCenter for Biotechnology Information. BLAST analysis of known
R&D S)’,stem’s (Minneapolis, MN)-23-labeled ELC and TECK were eb chemokine receptors identified a related bovine receptor, PPR1,

tained from Amersham Pharmacia Biotech U.K (Buckinghamshire, U.K.).Previously identified as a gustatory receptor. The bovine sequence
Full length CCX CKR expression constructs were made in pIRESpurowas used to search a human EST database; this yielded two non-

l(aésfsgg%nK;/eCTgf (C:Ont§0h3 Pallo Alto, CA) wgh a FLAGdepitOPe tag contiguous ESTs: H67224 (Band Al131555 (3. To obtain a full
and prolactin signal sequence and were used to generat :
stable transfectants in human embryonic kidney 293 (HEK293) cells. Tran(?ength clone for the human receptor, we first tested whether the

sient and stable transfections for CCX CKR and stalkokines were dondW0 ESTS were part of a single ORF. Primers were designed
using Superfect reagent (Qiagen, Valencia, CA) following the manufac-against the 5end of EST H67224 and in the reverse orientation
turer’s protocol. Stables'were genera_ted by selectingug/anl puromycin for the 3-end of EST AlI131555. Using these complementary
for 7 days, and e?“l):fi(sg'ol\;l‘l"‘g Conf'ém‘f_d by F’\/A*S)S ?i’;:éy_s's of theP'ELAGprimers in PCR, we obtained a single 855-bp amplification product
epitope using anti- igma, St. Louis, andadti-mouse . NP
conjugate (Coulter Immunotech, Miami, FL). from human genomic DNA (not shown), |_nd|cat|ng that the two
EST likely represented segments of a single gene. The 855-bp
PCR; screening of cDNA libraries fragment product was used to design additional primers for use in

BLAST analysis of known chemokine receptors identified a related bovinel ancholre'd PCR screen of a humqn spleen “b."aW- This yielded a
receptor, PPR1, designated as a gustatory receptor. A search of the humlamger, still incomplete fragment, which was radiolabeled and used
EST database using PPR1 resulted in two noncontiguous ESTs: H67224s a probe to screen a human genomic DNA library to isolate and

(5") and AI131555 (3. Primers were designed against theebhd of =
H67224 (3-AAT TTG GCT GTA GCA GAT TTA CTC C-3) and in the construct the complete ORF. The sequence of the full lengths

reverse orientation for the’@nd of Al131555 (5GCT AAA AGT ACT cDNA and its predicted protein, which we initially designated
GGT TGG C-3), and used in PCR (5% DMSO, annealing 58°C) of CCX CKR, suggested that it was the human homologue of boviney

genomic DNA isolated from human buffy coats. The reaction resulted in aPPR1, because they are nearly 80% identical (not shown). Thé
855-bp product containing the ESTs and connecting sequences. A Rapigredicted CCX CKR protein sequence is shown in Fiy.aligned g

Screen arrayed spleen cDNA library (Origene, Rockville, MD) was then, . . . >
screened using PCR, yielding &-&tended clone; this clone was finally with the human chemokine receptors likely to be most closely relatedg

used to screen a human genomic library by filter hybridization. The full CCR7 and CCR9. Multiple sequence alignment of the protein en
length cDNA sequence was determined by sequence analysis of genom@oded by CCX CKR with these and other human chemokine receptog.
clones using reverse primer from thé-equence of the Origene clone, sequences showed amino acid identities ranging from 29 to 35%. &
PCR with proofreadind’fu (Stratagene, La Jolla, CA) enzyme and then

reconstituted full length predicted open reading frame (ORF) cloned into . . . .
pIRESpuro expression vector (Clontech) with a FLAG epitope tag andEXPression of CCX CKR in leukocytes and various tissues

prolactin signal sequence. Sequence was confirmed on several clones. The expression of CCX CKR mRNA was determined by PCR 2
Orphan receptor interrogation by adhesion to stalkokines analysis of human cDNAs as well as by RT-PCR of RNAs isolatedg

Technology was developed to identify ligands for orphan chemokine refrom various tissues. First, CCX CKR expression in hemopoieticg
- . . . . S
ceptors via adhesion. Briefly, immobilized native chemokines alone arece“S, a,nd tissues was In\{estlgated. Receptor expression was appg'
incapable of capturing cells bearing cognate receptors (13). We have d&nt in immature DC (derived from monocytes after treatment with &
veloped non-native chemokine structures, stalkokines, comprising chemdsM-CSF and IL-4), in primary T cells from two of three donors,
kine moieties engineered as N-terminal attachments to extended modifiegihd in spleen and lymph node tissue (Fig).1Additionally, ex-
mucins (14), details of which will be published elsewhere (Z. Maio et al"gfression was detected in nonlymphoid tissues such as heart, kicg

manuscript in preparation). Stalkokines, harvested in the supernatants . .
HEK293 cells after transient transfection, are anchored to solid substratdd€y’ placenta, trachea, and brain; unfractionated leukocytes on the

via Abs against carrier domains (e.g., poly(His) epitopes) engineered to thgame panel were also positive (Fig)1Control PCR products for
carboxyl terminus, leaving the chemokine domain free to interact withGAPDH confirmed the integrity of all starting RNA. The observed
candidate orphan receptors. Stalkokines were interrogated using 8'Weﬂattern of CCX CKR overlaps with and complements the distri-

chamber slides coated first with anti-His anchoring Ab (&fml in PBS . . . -
overnight at room temperature), which were washed and “blocked” (z%butlon of human EST in the National Center for Biotechnology

FBS/0.5% BSA in PBS); treated with 250 HEK293 cell stalkokine su- Information databases, which have been isolated from kidney, fetag
pernatants (1 h at 37°C), and incubated with 500,000 HEK293-CCX CKRheart, olfactory epithelium, and tonsillar B cells. Thus, CCX CKR =
transfectants (1.5 h at room temperature). Inhibition of adhesion by comseems expressed in motile cells in the periphery, as well as irg
petition with sqluble chemoklnes was done by incubating cells with 5'10Iymphoid and nonlymphoid tissues.

rg/ml recombinant chemokines. In all cases, nonadherent cells were re?
moved by washing in PBS; remaining adherent cells were fixed with 1%
glutaraldehyde, photoimaged, and counted. Stable expression of CCX CKR protein
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Binding analysis To assess the functional properties of the protein encoded by the

) - . CCX CKR cDNA, including its potential chemokine-binding pro-
We have recently developed a technique for global profiling of chemoklnegI tructed . | id ding CCX CKR with
receptor/chemokine ligand interactions, designated DisplaceMax. Thi lle, we cons rucg expression Pasm' s_enco Ing W'
technology uses expanded, efficiency-maximized radioligand binding usingn added N-terminal FLAG epitope. This allowed for detection
filtration protocols (15). In these assays, DisplaceMax used the simultaand selection, using an anti-FLAG mAb, of the most highly ex-
neous interrogation of CCX CKR transfectants b0 distinct purified pressing stable transfectants. HEK293 cells stably expressing the

chemokines in the ability to displace radiolabeled ELC or TECK, by the . ~ .
protocol described (15). The competition dose-response curves were analszdl FLAG epitope-tagged CCX CKR were confirmed by FACS

using GraphPad Prism software (San Diego, CA) to determiggJélues. ?Fig. 1C) and were selected for further analysis.
Additionally, a Scatchard transformation using WaveMetrics Igor software

(Lake Oswego, OR) was used to estimate the receptor sites per cell. Adhesion of CCX CKR transfectants to ELC stalkokines

. . HEK293-CCX CKR cells were used to interrogate chemokine
Resp_lts _and D|SCU_SS|On stalkokines, i.e., molecules in which discrete chemokine domains
dentification and cloning of CCX CKR were engineered to be tethered to the end of an extended stalk
In an attempt to map comprehensively the receptors relating to thstructure. Stalkokines were immobilized to glass slides via an Ab
biology of DC and T cell-active chemokines, we have searched fospecific to an anchoring domain, leaving the chemokine domain
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FIGURE 1. CCX CKR sequence,
tissue expression, and stable cell line
generation.A, Sequence homology
of the CCX CKR coding region with
other chemokine receptors. The de-
duced amino acid sequence encoded
by the CCX CKR cDNA was com-
pared with other human chemokine
receptors using the sequence align-
ment program CLUSTAL (Gene-
Works). Shown is the CCX CKR
amino acid sequence aligned with
the human CCR7 and CCR9. The
positions of the predicted hydropho-
bic membrane spanning regions
TM1 to TM7 are indicated by bars
above the sequence. Amino acids
identical between CCX CKR and
other chemokine receptors are
boxed.B, Cells and tissues express-
ing CCX CKR RNA, as analyzed
RT-PCR of cytoplasmic RNA from
cultured primary cells and whole tis-
sues from various organs as indi-
cated.C, Stable cell surface expres-
sion of CCX CKR protein. Shown is
a selected population of transfected
HEK293 cells stably expressing
CCX CKR protein containing an N-
terminal FLAG epitope, comparing
intensity of anti-FLAG mAb stain-
ing relative to wild-type HEK293
cells. GenBank accession no. AF
233281.
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free to interact with candidate receptors on the surface of transhere to the stalkokine representing that orphan receptor’s cognate
fected cells. The presumption was that interactions of sufficientigand. As a primary screen this adhesion would reveal putative

affinity would cause cells bearing a given orphan receptor to adreceptor-ligand interactions. CCX CKR cells adhered well to ELC
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A
FIGURE 2. Screening for ligands for
CCX CKR by adhesion to stalkokines,
Interrogation of immobilized stalkokine
(SK) by HEK293-CCX CKR cells,

where control= background adhesion of Control (-)
HEK293-CCX CKR cells to wells con-

taining no stalkokine (anchoring Abs
alone are present); ELC-SK strong ad-
hesion of HEK293-CCX CKR cells to lo-
cations containing ELC-SKs immobi-
lized via anchoring Abs; ELC-SK+
soluble ELC, soluble TECK, or soluble

SLC = ablation of adhesion in the pres- ELC-SK + soluble TECK C-SK + soluble MCP-3
ence of excess concentrations of soluble

recombinant “native form” chemokines
as shown; ELC-Skt+ soluble MCP-3= B C
no diminution in adhesion in the pres-
ence of MCP-3 as representative of many
noncompeting chemokines. Wild-type
(wt) HEK293 cells showed no adhesion
to any of the sites (not showri}, Quan-
titation of adhesion of HEK293-CCX
CKR cells to ELC-SK in the absence and
presence of soluble chemokines from a
representative experimen€, Homolo-
gous competition binding assay using ra-
diolabeled ELC in the presence of in-
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stalkokines (ELC-SK; Fig. &), but not other stalkokines tested *?3-labeled-ELC or**%-TECK to CCX CKR-stable transfectants,
(not shown). Furthermore, ELC-SK-mediated adhesion was abolehemokine specificity for the new receptor was exhaustively de<
ished in the presence of soluble native ELC as a competitor (Figtermined. Approximately 80 distinct purified chemokines and che-g
2A, top). We also observed a significant reduction in ELC-SK- mokine variants were used as cold competitors (initially at a sat-g
mediated adhesion of HEK293-CCX CKR cells in the presence ofurating final concentration of 200 nM), agairi€fi-labeled ELC
soluble SLC, as well as soluble TECK, but not soluble MCP-3(Fig. 3) or **3-TECK (not shown) in binding experiments; the
(Fig. 2A, botton). These experiments were performed and quan-esults were comparable for each. The radiolabeled ligand binding
titated over several independent trials, an example of which iglisplacement data confirmed that CCX CKR bound well to humany
given in Fig. B, and were found to be highly reproducible. More- and murine ELC, SLC, TECK, and moderately to mMIp-(al- ®
over, radiolabeled ELC was used in a traditional homologous comthough its human homologue did not bind). Moreover, other po-
petition assay in the presence of increasing concentrations of urtential lower affinity chemokine ligands were revealed including
labeled ELC. The results revealed significant binding of ELC tothe CXC chemokine BLC, and the virally encoded vMIP-II from
HEK293-CCX CKR cells, but not to wild-type HEK293 cells (Fig. the human Kaposi's sarcoma herpesvirus HHV8 (Fig. 3). All other
2C). Nearly identical results were obtained in homologous com-chemokines tested failed to compete consistently with
petition of radiolabeled TECK with cold TECK (not shown). radiolabeled ELC.

Taken together, the stalkokine-based adhesion and radiolabeled o o

ligand binding/nomologous competition assays suggested thd?etermination of binding constants

CCX CKR represented a new chemokine receptor that bound &he binding interactions identified in the primary screen were ex-
novel complement of chemokines. amined quantitatively by extensive radioligand binding competi-
tion to CCX CKR stable transfectants (Fig. 3 and Table I). The
results confirmed the high affinity binding of human ELC, SLC,
To rapidly and thoroughly define the ligand binding fingerprint of and TECK with affinities (IGy) between~5 and 15 nM. In each

a given chemokine receptor, we have established an approach tase, the murine versions of these chemokines also bound, and
comprehensively profile chemokine receptors using a large arrawith even greater affinity; the I§g values are listed in Table I.

of purified chemokines and chemokine variants (15). We used thigntriguingly, the CC chemokine BLC, although of lesser affinity,
approach independently to confirm the interaction of ELC andalso bound well, showing a steeply inflected competition curve.
other chemokines with CCX CKR. We used radioligand binding of The viral chemokine vMIP-1I showed moderate to low affinity and

P!

6] U0 IS

Complete ligand binding fingerprint of CCX CKR
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percent inhibition Table I. 1C5, values of chemokines that bind to CCR10
of '25-ELC binding
0% 100% ICs0 (NM)
mTECK
hIAESH Human chemokines
"h.itg affh,:?t';J hELC* 6
ELC
W) gae hSLC 12
b BLC medium ] hTECK 7
HHVzv:::gl hBLC-1 140
- e~ ==
h RANTES = little or -I HHV8 vMIP-II 90
s S —— no affinity, Murigﬁéhemokines 1
hF cK I m
oMV voxon = ' mSLC 4
h MCP-3 ) 1 mMTECK 2
h MIP-Sha’I:JFh‘: ey ! mMIP-1y 70
h MDC ey
h Met-RANTES = 2h, human; m, murine.
h leukotactin ==
m SDF-1 =
h SDF-1 beta ==
m Eotaxin —
rat MIP-3 alpha —
h MCP-4 = o]
T =5 CKR protein at>250,000 sites per cell (not shown). Also, in pre- £
h ITAC = liminary chemotaxis analyses, the CCX CKR transfectants showe@
m IP-10/CRG-2 E= 3
... = moderate migration in response to ELC and SLC, but not to che<
NP i = mokines having no binding activity (not shown). Taken together, 3
i LENATO % these data suggest that the physiologically relevant spectrum ok
h SDF-1 alpha = ligands for CCX CKR includes ELC, SLC, and TECK, with pos- =
newars [ sible lower affinity interactions with the CXC chemokine BLC and 3
h MCP-1 . . =
h P10 0 the viral chemokine vMIP-II. %
) I3
Wi ] In summary, this report describes a novel combination of ap-5
(EC) H y p P
et g proaches used to match chemokine ligands and orphan recepto@.
e i The study focuses on one such chemokine receptor clone, CC%
e 1 CKR, previously unknown in humans and related to an apparently&
e Binding Competition erroneously assigned bovine gustatory receptor candidate. Usmg%
s A Dose Response novel adhesion-interrogation screen coupled with radiolabeled li€
NErmm—— E = e o gand binding, we have assigned a unique complement of Ilgand§
nWPreots § 100 | . =" that bind with high affinity to CCX CKR. These ligands include the &
RO g i = DC- and T cell-active chemokines ELC, SLC, and TECK, previ- &
h Eotaxin-2 S T ously reported to bind monogamously to CCR7 and CCR9, re-§
h MPIF-1 form | . . . g .
Wev ool o "g’ spectively. We have also identified a class of potential lower af-&
mwptapa = 8 50 finity CXC and viral chemokine ligands for CCX CKR. The §
hGROam [ £ - g&g expression of CCX CKR is found in T cells, immature DC, spleen, 2
e = ° = hTECK and lymph nodes, as well as nonlymphoid tissues, and it may reg=
e = Y i ulate the migration of transfected cells expressing it. Thus, weg
e = 045 hwmers provisionally designate this receptor CCR10. The identification of&
- T I T . .
hore % 10 & 8 7 5 CCR10 extends and refines the understanding of ELC, SLC, ané
h MIP-1 alpha
e o= e G TECK chemokines, potentially providing new perspectives on the>

biology of DC and T cell regulation.

FIGURE 3. Ligand binding fingerprint of CCR10. Definition of CCX Note added in proof. An orphan receptor termed D6 was at one
CKR protein as CCR10, as indicated by usiig-ELC against a compre . o . . .
time erroneously given the chemokine receptor designations CCR9

hensive array of viral, human (h), and murine (m) chemokines in binding i )
competition. The percent inhibition of specific binding3600 cpm total @nd CCR10 (16, 17). Although D6 interacts with a number of

bound;~350 cpm nonspecific bound) is shown as a bar graph to emphasizeh€mokines of the CC family, these designations have since been

that chemokines can be classed in categories as potential high affinity (ré@scinded. The CCR9 designation now refers to the chemokine

bars), potential medium affinity (blue bars), or little or no affinity (open receptor previously termed GPR9.6 that has TECK as its primary

bars). The results are means of three determinations; the SEM in all caséiggand (8—10). CCR10 now refers to CCX CKR and should not be

is =20%; error bars are omitted for clarity. Because intraassay experimenconfused with D6.

tal error was+ ~20%, determinations within this range to the left or right

of the 0% meridian are not likely to be statistically significant. Rank order

of high affinity CCR10 ligand binding. Multipoint determination reflecting ACknOWIGdgmentS

the competition of unlabeled chemokines agaitft-ELC binding to We thank Zheng Wei for technical assistance with migration assays, An-

CCR10. drea Fan for isolation of primary cells and generation of dendritic cells,
Brian McMaster for supplying activated T cells, and Brett Belvedere Prem-
ack for useful discussions and invaluable insights.
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