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GPR35/CXCR8 IS THE RECEPTOR OF THE MUCOSAL
CHEMOKINE CXCL17

José L. Maravillas-Montero™!, Amanda M. Burkhardt™!, Peter A. Hevezi*, Christina D.
Carnevale”, Martine J. Smit, and Albert Zlotnik”

"Department of Physiology and Biophysics and Institute for Inmunology, University of California,
Irvine, Irvine, CA 92697 TDivision of Medicinal Chemistry, VU University Amsterdam, De
Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

Abstract

Chemokines are chemotactic cytokines that direct the traffic of leukocytes and other cells in the
body. Chemokines bind to G protein-coupled receptors (GPCRs) expressed on target cells to
initiate signaling cascades and induce chemotaxis. Although the cognate receptors of most
chemokines have been identified, the receptor for the mucosal chemokine CXCL17 is still
undefined. Here we show that GPR35 is the receptor of CXCL17. GPR35 is expressed in mucosal
tissues, in CXCL17-responsive monocytes, and in the THP-1 monocytoid cell line. Transfection of
GPR35 into Ba/F3 cells rendered them responsive to CXCL17 as measured by calcium
mobilization assays. Furthermore, GPR35 expression is downregulated in the lungs of Cxcl17-
mice, which exhibit defects in macrophage recruitment to the lungs. We conclude that GPR35 is a
novel chemokine receptor, and suggest that it should be named chemokine (C-X-C motif) receptor
8 (CXCRS).

INTRODUCTION

Chemokines (chemotactic cytokines) are small-secreted proteins that direct the migration of
various cell types (1). They have been classified as homeostatic or inflammatory depending
on the stimuli that regulate their production (2). Chemokines bind receptors that belong to
the Class A G-protein—coupled receptor (GPCR) superfamily. Binding these receptors
trigger signaling cascades that promote multiple cellular functions (3) through the coupling
of G proteins. The human chemokine superfamily currently includes 48 ligands and 19
receptors. The receptors for most of the ligands have been identified (2), and only two
chemokine ligands remain orphan, that is, their receptors have not been identified (CXCL14
and CXCL17). CXCL17 was the last chemokine described (4), and its expression pattern is
closely associated with mucosal tissues (5-6). Few reports exist on CXCL17, but it is known
to chemoattract macrophages both in vitro (4, 6), and in vivo (7). CXCL17 is also known to
promote angiogenesis (6).
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Here, we show that CXCL17 signals through the orphan G-protein coupled receptor GPR35.
This receptor is not currently known to bind chemokines (8), however, like CXCL17, it also
exhibits a mucosal expression pattern (9). Partly because of this, it has attracted attention as
a potential therapeutic target (9). Since our findings indicate that it represents a novel
chemokine receptor, we suggest it should be named chemokine (C-X-C motif) receptor 8
(CXCRS).

MATERIALS AND METHODS

Cells and reagents

THP-1 leukemia cells and the pro-B-cell line Ba/F3 were maintained in RPMI. Antibodies
used include rabbit 1gG (Jackson ImmunoResearch, West Grove, PA) and polyclonal rabbit
anti-human GPR35 (Cayman Chemicals, Ann Arbor, MlI). A clone encoding human GPR35
was obtained from The Missouri S&T cDNA Resource Center, under Gene bank accession
number AY 275467 (http://www.ncbi.nlm.nih.gov/nuccore/ AY275467).

BIGE database

The BIGE (Body Index of Gene Expression) is a comprehensive database of human gene
expression (5, 10). Data from a probeset (210264 _at) corresponding to GPR35 were used to
determine its expression in the database.

Quantitative real-time PCR analysis

Quantitative real-time PCR (qRT-PCR) data were generated with a Lightcycler 480 (Roche).
cDNA was obtained from total RNA extracted from THP-1 cells using Qiagen kits. Gene-
specific primers and corresponding Universal Probes were used to quantify GPR35 or
control gene transcripts.

Chemotaxis assays
Chemotaxis assays were performed for 18-20 h using 5.0 um-24 transwell migration plates
(Corning, NY), using 200 ng/mL chemokine (R&D Systems) in 600 pl of incomplete RPMI
added to the bottom chambers; 0.5-1.0 x 108 cells per well. Where noted, cells were pre-
treated with 200 ng/mL of Bordetella pertussis toxin (PTX) (Sigma, St. Louis, MO) or 10
UM prostaglandin E, (PGE,) (Sigma) for 24 hours.

Quantitation of chemotaxis by flow cytometry

This protocol was adapted from Proudfoot et.al (11). Briefly, the chemotaxed cells were
resuspended in 200 uL of 1X PBS. Standards were generated through 10-fold dilutions
ranging from 10° to 102 cells/200 uL. The cell counts were number of events in 30 seconds
recorded in a FACSCalibur (Becton Dickinson).

GPR35 transfection asssays

2 x 107 cells/ml Ba/F3 cells were resuspended in 500 pL of cytomix (12) and transferred to
a 0.4 cm electroporation cuvette (USA Scientific). Then, 20 pg of pcDNA3.1+/GPR35 DNA
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were added prior to electroporation using a Bio-Rad system (300 V, 960 uF). Cells were
cultured in RPMI at 37°C for 48 h before performing assays.

Calcium mobilization assays

5 x 107 THP-1 or Ba/F3 cells/mL, were loaded with Calcium green-1-AM and Fura-red-AM
(Life Technologies, Carlsbad, CA) at 10 umol/L for 30 minutes at 37°C. After 30 seconds of
onset of data acquisition, cells were stimulated by human CXCL17 (R&D Systems), or 100
UM lonomycin (Sigma) (as positive control). The Calcium-green versus Fura-red
fluorescence ratio was measured in a FACSCalibur before and after the addition of
activators and analyzed with FlowJo software.

Wild Type and Cxcl177- Mice

Lung tissue was collected from wild type (WT) C57BI/6 or Cxcl177 mice which were
obtained as described (13). All mouse studies were performed under an approved IACUC
protocol.

RESULTS AND DISCUSSION

We report a novel chemokine receptor, GPR35, which we have identified as the receptor of
CXCL17, a chemokine first reported in 2006 (4). CXCL17 is a mucosal chemokine that has
been associated with human diseases including IPF (5) and cancer (14-15). Recently, we
reported that a Cxcl17-- mouse exhibits a paucity of macrophages in the lungs (7), and
conversely, injection of Cxcl17 i.p. induces strong macrophage recruitment in vivo (7). In
vitro, macrophages (including THP-1 cells) chemotax to CXCL17 as well as to CCL2 (data
not shown), a well-known macrophage chemoattractant (16). These data indicate that
CXCL17 is a major macrophage chemoattractant.

CXCL17 induces chemotactic responses in the THP-1 human monocyte cell line (Fig. 1A),
indicating that THP-1 expresses the CXCL17 receptor. The chemotactic response of THP-1
to CXCL17 was amplified by pre-treatment with PGE, (Fig. 1A), as has been shown for
other chemokines (17). These responses are also sensitive to pertussis toxin (PTX) (Fig 1A),
which inhibits G, protein signaling pathways, as observed in other chemokine receptors
(18).

The binding of chemokines to their receptors induces an increase in cytosolic calcium (18).
As shown in Figure 1B, CXCL17 induces a Ca*2 flux in both resting and PGE,-treated cells,
however, as observed with chemotactic responses (Fig. 1A), the Ca*2 fluxes observed in
PGE,-treated THP-1 cells in response to CXCL17 were stronger (Fig. 1B). Both CCL2 and
CXCL17 induced calcium fluxes in THP-1 cells, while CXCL14 did not (data not Shown).

Chemokine receptors can be desensitized for a certain period of time following activation
(19). As shown in Figure 1D, CXCL17 desensitizes itself in THP-1 cells, but it does not
desensitize the Ca*2 flux induced by CCL2 (a chemokine that signals through CCR2) (Fig
1C)(20). Conversely, CCL2 did not desensitize CXCL17-mediated responses, indicating that
these two chemokines signal through different receptors (19).
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Before searching for the CXCL17 receptor, we tested whether CXCL17 bound or activated
other known chemokine receptors. We confirmed that CXCL17 does not bind or signal to
CCR2, CCR5, CXCR2, CXCR3, CXCR4 and CXCRY7 (supplementary tables). Therefore,
we decided to search for orphan GPCRs expressed in macrophages as potential candidates to
be the CXCL17 receptor.

We screened the BIGE database of human gene expression (10) to identify GPCRs
expressed by monocytes. We narrowed the list of possible candidates by selecting orphan
GPCRs that exhibit structural characteristics of chemokine receptors and a tissue expression
pattern similar to CXCL17. The orphan receptor GPR35 is known to be expressed in
mucosal tissues including the gastrointestinal tract (21), and adult lung (22), an expression
profile that strongly correlates with the expression of CXCL17. Importantly, it is also
expressed by monocytes (23). The ImmGen database (www.immgen.org) indicates that
GPR35 is expressed by dendritic cells, macrophages and granulocytes, all of which
chemotax to CXCL17 (4, 24).

To explore the possible ability of CXCL17 to signal through GPR35, we sought to induce a
CXCL17-mediated calcium flux in previously non-responsive cells by transfecting this
receptor into a GPR35 null cell line. We transfected the mouse pro-B cell line Ba/F3 (which
does not express GPR35) (data not shown and (25)). CXCL17 induced a robust calcium flux
in GPR35-transfected BA/F3 cells (Fig. 2A), and exhibited a dose-response pattern with
increasing CXCL17 concentrations (Fig. 2B). Furthermore, transfection of HEK293 cells
also induced a CXCL17-mediated calcium flux (Fig 2C). GPR35 is located in human
chromosome 2 near CXCR7, and a phylogenetic analysis of chemokine receptors indicates
that it is closest to CXCR7, suggesting that these genes may share common ancestor
(Supplementary Figure 1). GPR35 exhibits a DRY box (Fig. 2D), a critical motif shared by
all signaling chemokine receptors that is required for G protein coupling (26). GPR35 also
exhibits a conserved Asp residue, a TxP (Thr-Xaa-Pro) and CWxP (Cys-Trp-Xaa-Pro)
motifs (27). These regions are highly conserved in chemokine receptors (28-29).
Additionally, some specific residues known as “micro-switches”, which are also highly
conserved in chemokine receptors, are also present in GPR35 (27). Taken together, these
structural characteristics are consistent with the conclusion that GPCR35 is a signaling
receptor for CXCL17.

Kynurenic acid, 2-Acyl lysophosphatidic acid (2-acyl-LPA), and Zaprinast have been
reported to be GPR35 agonists (30). However, the responses observed with these ligands are
in the micromolar range. In contrast, CXCL17 induces calcium fluxes in the nanomolar
range (Fig. 2B), within physiologic concentrations of this chemokine in vivo (31).

We were able to increase the responsiveness of THP-1 cells to CXCL17 through
pretreatment with PGE, (Figures 1A and 1B) suggesting that PGE, induces the expression
of the CXCL17 receptor in THP-1 cells. Using qRT-PCR, we confirmed that GPR35
expression is significantly elevated in PGE, treated THP-1 cells (Figure 3A). We recently
reported that a Cxcl17-- mouse exhibits a paucity of macrophages in the lungs (7), and
Cxcl17 chemoattracts macrophages from lungs of WT, but not from Cxcl177- mice (7).
These observations indicate that CXCL17 is a physiologic signal that recruits certain
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macrophage subsets to the lungs, which should express the CXCL17 receptor. This model
predicts that cells expressing the CXCL17 receptor would not be recruited into the lungs of
Cxcl17- mice. To test this prediction, we measured the expression of GPR35 in the lungs of
wild type or Cxcl177- mice. As shown in Figure 3B, GPR35 is robustly expressed in WT
mouse lungs but strongly down-regulated in Cxcl177- mouse lungs. This effect is
macrophage specific, because there is a concurrent decrease in the expression of two lung
macrophage specific markers in the lungs of Cxcl17- mice (7). Taken together, these
observations strongly support the conclusion that GPR35 is the receptor of CXCL17. We
therefore propose renaming GPR35 as chemokine (C-X-C motif) receptor 8 (CXCRS8) in
accordance with the chemokine receptor nomenclature (32).

The identification of CXCRS8 is an important addition to the chemokine field (33).
Importantly, GPR35 has already been identified as a target for gastrointestinal diseases (21).
Genome wide association studies (GWAS) have linked GPR35 to primary sclerosing
cholangitis and ulcerative colitis (34). In the respiratory system, CXCL17 is upregulated in
IPF (5). Given the importance of macrophages in inflammation, and the strong expression of
both CXCL17 (5) and GPR35/CXCR8 in mucosal tissues (21-22), we hypothesize that the
CXCL17/CXCRS axis is an important player in mucosal inflammation and in the pathology
of various human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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== GPR35 transfected + CXCL17 (100 nM)
GPR35 transfected + CXCL17 (250 nM)
== GPR35 transfected + CXCL17 (500 nM)
D M1
CCR1 METP------ -NTTEDYDTT T---EFDYGD ATPCQKVNER AFGAQLLPPL Y¥SLVFVIGLV GNILVVLVLV QYKRLKN 67
CCR2 MLSTSRSRFI RNTNESGEEV TTFFDYDY-- GAPCHKFDVK QIGAQLLPPL YSLVFIFGFV GNMLVVLILI NCKKLKC 75
CCR5 M----=---- ----- DYQVS SPIYDINYYT SEPCQKINVK QIAARLLPPL YSLVFIFGFV GNMLVILILI NCKRLKS 63
CXCR4 MEGISIY--- --TSDNYTEE MGSGDYD-SM KEPCFREENA NFNKIFLPTI YSIIFLTGIV GNGLVILVMG YQKKLRS 71
CXCR?7 MDLHLFDYSE PGNFSDISWP CNSSDCIVVD TVMCPNMPNK SVLLYTLSFI YIFIFVIGMI ANSVVVWVNI QAKTTGY 77
GPR35 M----=----- ----NGTYNT CGSSDLTW-- -PPAIKLGFY AYLGVLL--- ----- VLGLL LNSLALWVFC CRMQQWT 53

M2 M3 +*
CCR1 MTSI¥LLNLA ISDLLFLATL PFWIDYKLK- DDWVFGDAME KILSGFYYTG LYSEIFFIIL LTIPRYLAIV| HAVFALR 143
CCR2 LTDIYLLNLA ISDLLFLIfTL PLWAHSAAN- E-WVFGNAMC KLFTGLYHIG YFGGIFFIIL LTIPRYLAIV| HAVFALK 150
CCRS MTDI¥LLNLA ISDLFFLUTV PFWAHYAAA- Q-WDFGNTMC QLLTGLYFIG FFSGIFFIIL LTIDRYLAVV] HAVFALK 138
P
-]

CXCR4 MTDKY¥RLHLS VADLLFVHTL FWAVDAVA- N-WYFGNFLEC KAVHVIYTVN LYSSVLILAF ISLDRYLAI HATNSQR 146
CXCR7 DTHCYILNLA I1ADLWVVLUTI VWVVSLVQH NQWPMGELTC KVTHLIFSIN LFGSIFFLTC MSVDRYLSIT| YFTNTPS 154
GPR35 ETRI¥MTNLA VADLCLLGTL PFVLHSLRDT SDTP----LC QLSQGIYLTN RYMSISLVTA |AVDRYVAVR] HPLRARG 126

TxP motif DRY box

IM4 IMS
CCR1 ARTVTFGVIT SII1IWALAIL ASMPGLYFSK T--QWEFTHH TCSLHFPHES LREWKLFQAL KLNLFGLVLP LLVMIIC 218
CCR2 ARTVTFGVVT SVITWLVAVF ASVPGIIFTK C--QKEDSVY VCGPYFPRG- ---WNNFHTI! MRNILGLVLP LLIMVIC 221
CCR5 ARTVTFGVVT SVITWVVAVF ASLPGIIFTR S--QKEGLHY TCSSHFPYSQ YQFWKNFQTL KIVILGLVLP LLVMVIC 213
CXCR4 PRKLLAEKVV YVGVWIPALL LTIPDFIFAN V--SEADDRY ICDRFYPND- --LWVVVFQF QHIMVGLILP GIVILSC 218
CXCR7 SRKKMVRRVV CILVWLLAFC VSLPDTYYLK TVTSASNNET YCRSFYPEHS IKEWLIGMEL VSVVLGFAVP FSIVAVF 231
GPR35 LRSPRQAAAV CAVLWVLVI- ----GSLVAR WLLGIQEGGF -CFRSTRHN- ------ FNSM AFPLLGFYLP LAVVVFC 190

. IMG x N
CCR1 YTGIIKILLR RP----- NEK KS-KAVRLIF VIMIIFFLFW TRYNLTILIS VFQDFLFTHE -CEQSRHLDL AVQVTEV 288
CCR2 YSGILKTLLR CR----- NEK KRHRAVRVIF TIMIVYFLFW TRIYNIVILLN TFQEFFGLSN -CESTSQLDQ ATQVTET 292
CCR5 YSGILKTLLR CR----- NEK KRHRAVRLIF TIMIVYFLFW APIYNIVLLLN TFQEFFGLNN -CSSSNRLDQ AMQVTET 284
CXCR4 ¥YCI |1 |1SKLSH SK==--=-= GHQ KR-KALKTTV ILILAFF W LPIYYIGISID SFILLEIIKQ GCEFENTVHK WISITEA 289
CXCR7 YF-LLARAIS AS----- SDQ EKHSSRKIIF SYVVVFLVCW LPYHVAVLLD IFSILHYIPF TCRLEHALFT ALHVTQC 302
GPR35 SLKVVTALAQ RPPTDVGQAE ATRKAARMVW ANLLVFVVICF LPILHVGLTVR LAVGW----N ACALLETIRR ALYITSK 263

t CWxP motif

A

CCR1 IAYTHCCVNP VIYAFVGERF RKYLRQLFHR RVAVHLVKWL PFLSVDRLER VSST-SPS-T GEHELSA--- -GF 355
CCR2 LGMTHECINP | IYAFVGEKF RRYLSVFFRK HITKRFCKQC PVFYRETVDG VTSTNTPS-T GEQEVSA--- -GL 360
CCR5 LGMTHCCINP | IYAFVGEKF RNYLLVFFQK HIAKRFCKCC SIFQQEAPER ASSVYTRS-T GEQEISV--- -GL 352
CXCR4 LAFFHCCLNP |LYAFLGAKF KTSAQ-- -HA LTSVSRGSSL KILSKGKRGG HSSVSTES-E SSSFHSS- - - - - - 352
CXCR7 LSLVHCCVNP VLYSFINRNY RYELMKAF-- ---------- - IFKYSAKTG LTKLIDASRYV SETEYSALEQ STK 3862
GPR35 LSDANEBELDA ICEYYMAKEF QF------- ---coon-fme ----R--k EA SALAVAPSAK AHKSQDSLCV TLA 309

Figure 2. GPR35 isthe CXCL 17 chemokine r eceptor
A. CXCL17 (100 nM) induces a calcium flux in GPR35-transfected BA/F3 cells loaded with

Ca2+ sensitive dyes. Representative experiment (N=6). B. Dose response of CXCL17-
induced calcium flux in GPR35-transfected cells. Representative Experiment N=2. C.
CXCL17 (100nM) induces a calcium flux in GPR35-transfected HEK293 cells.
(Representative experiment n=2). D. GPR35 exhibits structural characteristics typical of
chemokine receptors. Alignment of protein sequences of CCR1, CCR2, CCR5, CXCR4,
CXCRTY and GPR35. Conserved residues are shown as darker gray shades in the background
of each amino acid. The seven transmembrane (TM) domains are shown. The boxes
highlight the DRY box, the TxP and CWxP motifs; the arrow heads indicate the conserved
aspartic acid at the second TM region and the conserved leucine/phenylalanine at the fifth
TM region; the stars indicate the position of the conserved micro-switches.
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Figure 3. GPR35 expression in macrophages
A. GPR35 expression is induced by PGE, treatment in THP-1 cells. THP-1 cells were

treated with PGE, for 24 h and then tested for GPR35 expression by qRT-PCR. The data
were normalized with the relative expression of GAPDH in the samples. Representative
experiment (n=3). B. GPR35 expression is reduced in lungs of CXCL17"~ mice. Lungs were
obtained from either WT or CXCL177- mice and GPR35 expression was measured by qRT-
PCR and normalized to GAPDH. (Mean+/-SD of lungs from 4 mice per group)(p<0.04).
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