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Abstract
Chemokines, small proteins that regulate migration via chemokine receptors, are
classified in four groups: CXC, CC, C and CX3C. The signaling of chemokines is
complex since most chemokines can activate different receptor subtypes while most
chemokine receptor subtypes can be activated by multiple chemokines. Generally,
chemokines activate receptors that belong to the same subgroup. The only known
exception so far is CCL21 that, besides CCR7, also activates CXCR3. Recently, it
was demonstrated that murine and human microglia migrate towards CCL21 due to
activation of CXCR3. In contrast, CCL21 induced functional activity of human
CXCR3 expressed in recombinant expression systems has never been demonstrated.
Therefore, the presence of a local factor in human microglia that enables proper
CCL21-induced CXCR3 signaling is suggested. 

The orphan chemokine receptor CCX-CKR binds CCL21 and is expressed in
microglia, making this receptor a candidate that might enable CCL21-signaling in
these cells. In order to investigate the influence of CCX-CKR on CXCR3-mediat-
ed signaling co-expression studies have been performed. It is shown here that CCX-
CKR itself does not induce cellular chemotaxis but co-expression of CCX-CKR and
CXCR3 inhibits CXCR3-mediated chemotaxis in HEK293 cells. Interestingly,
binding of ligands to CXCR3 and CXCR3-surface expression is not influenced by
co-expression with the orphan receptor. Similar results have been obtained in pri-
mary human T-cells where it was observed that presence of CCX-CKR expression
was correlated to a non-responsiveness to CXCR3 ligands. Thus CCX-CKR is a
chemokine-receptor like gene with unusal properties, namely the inhibtion of
chemokine-mediated cellular chemotaxis.
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Introduction
Chemokines are small proteins that regulate cell migration. In the periphery,
chemokines play an important role in the host defense against bacterial and viral
infections by orchestrating immune cell traffic. Moreover, chemokines are involved
in additional physiological processes like angiogenesis, hematopoiesis, cell differen-
tiation and development 15,29. Chemokines and their receptors have been classified
into four different subgroups based on the presence and position of conserved cys-
teine residues i.e.: CXC, CC, C and CX3C families have been identified. The sig-
naling of chemokines is complex since a chemokine can activate different receptor
subtypes while a chemokine receptor subtype can be activated by multiple
chemokines 22.

Chemokine receptors belong to the family of G-protein coupled receptors
(GPCRs) and signal via pertussis toxin sensitive Gαi subunits. Activation of these
receptors results in a decreased formation of the second messenger cyclic AMP and
causes release of calcium from intracellular stores via phospholipase C (PLC)β acti-
vation and subsequent inositol-triphosphate (IP3) generation. Another downstream
event is rearrangement of the cytoskeleton e.g.: polymerization of actin and the for-
mation of protrusions), resulting in cell polarization and chemotactic movement 30,36. 

In general, chemokines activate receptors that belong to the same subgroup. The
only known exception so far is CCL21 that, besides CCR7, also activates CXCR3
35,40. Previously, we demonstrated the presence and functional activity of CXCR3 in
mouse and human astrocytes and microglia 2. Moreover, we have shown that murine
microglia migrate towards CCL21 due to activation of CXCR3 4,25. In addition, we
have recently shown that, also human microglia respond to CCL21 with CXCR3-
mediated chemotaxis 10. The latter finding is surprising since we and others found
no CCL21 induced functional activity of human CXCR3 expressed in recombinant
expression systems 10,16,40. One explanation for this obvious dependence on the local
environment could be the presence of an additional membrane protein that enables
proper CCL21-induced CXCR3 signaling in human microglia. It is known that
dimerization of chemokine receptors can alter their signaling properties 26,27.
Presently, other known receptors for CCL21 are CCR7 and CCX-CKR. CCX-CKR
is a receptor which binds CCL19, CCL21 and CCL25 13. However, this receptor has
recently been disqualified for nomination as chemokine receptor CCR11, as no
functional activity has been observed 21. In contrast to CCR7, CCX-CKR is found
in the brain and is particularly expressed in microglia 11,13, our own unpublished
data). Thus, we were interested whether the presence of CCX-CKR would influence
CXCR3 mediated signaling.

In this study we have generated recombinant HEK293 cell lines that express
human either CXCR3, CCX-CKR or both receptors and subsequently measured
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chemotactic ability. Interestingly, an inhibitory effect of CCX-CKR on CXCR3-
mediated chemotaxis was found in HEK293 cells, but also in human T-cells. These
data implicate an important role of CCX-CKR in the regulation of CXCR3 medi-
ated chemotaxis. Hereby, CCX-CKR might be a future target for intervention of 
T-cell mediated immune responses.     
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Materials and Methods

Cell cultures 

HEK293 and COS-7 cells
All media and supplements were purchased from Life Technologies (Breda, the
Netherlands) unless otherwise stated. For transfection experiments HEK293 and
COS-7 cells were used. HEK293 cell cultures were maintained in DMEM contain-
ing 10% fetal calf serum (FCS) with 0.01% penicillin and 0.01% streptomycin in a
humidified atmosphere (5% CO2) at 37°C. When cells were 70-80% confluent they
were split and approximately 3·105 cells were plated in new culture flasks (Greiner,
The Netherlands). COS-7 cells were grown at 5% CO2 and 37°C in Dulbecco’s
modified Eagle’s medium supplemented with 5% fetal bovine serum (Integro B.V.,
Dieren, The Netherlands), 2 mM L-glutamine, penicillin (50 IU/ml and strepto-
mycin (50 µg/ml). 

T-cell isolation
Peripheral blood cells were obtained form healthy volunteer platelet donors as
described by Borger et al., 1998 5. Briefly, peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Hypaque (Lymphoprep, Nycomed, Oslo, Norway) density-
gradient centrifugation. T-cells were isolated by rosetting with 2-aminoethylisoth-
ioronium bromide treated sheep red blood cells (SRBCs) and an additional step of
density gradient centrifugation. SRBCs were lysed with 155 mmol/L NH4Cl, 10
mmol/L KHCO3 and 0.1 mmol/LEDTA. After isolation cells were cultured in
RPMI containing 5% FCS supplemented with 0.01% penicillin and 0.01% strep-
tomycin in a humidified atmosphere (5% CO2) at 37°C. Part of the isolated T-cells
were stimulated with 2 µg/ml PHA (Biotrading, Mijdrecht, the Netherlands) and
25 U/ml IL-2 (Peprotech, London, UK) to obtain polarized (Th1) T-cells.

Transfection of HEK293 and generation of stable cell lines 
pcDNA3.1 plasmids containing the full length sequence of human CXCR3
(hCXCR3) were a kind gift of C. Tensen and B. Moser 14. Full length human CCX-
CKR (hCCX-CKR) in pcDNA3.1 were provided by R. Nibbs 38. pREP9 contain-
ing full length CX3CR1 8 was kindly provided by P.M. Murphy. One µg of each
plasmid or a combination of two plasmids was transfected with 6 µl FugeneR (Roche
Molecular Biochemicals) in HEK293 cells according to the manufacturer’s instruc-
tions. Stable polyclonal transfected cells were selected with G-418 (Omnilabo,
Breda, The Netherlands ) 500 µg/ml for approx. 2 weeks. Hereafter monoclonal cell
lines were generated and maintained for maximal 15 passages. 
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Transfection of T-cells with CCX-CKR
Stimulated T-cells were transfected with pcDNA3.1 plasmid containing human
CCX-CKR after 5 days in culture. Transfection of 3 µg DNA into 5·106 T-cells was
performed by nucleofection (Amaxa, Köln, Germany), according to the manufac-
turer’s instructions.

Reverse Transcription and Quantitative Real-time Polymerase Chain
Reaction (Q-PCR)
HEK293 and T-cells were lysed in guanidium isothiocyanate/mercaptoethanol
buffer and total RNA was extracted according to Chomczynski and Sacchi, 1987 7

with slight modifications. One µg of total RNA was transcribed into cDNA as
described 3. Real-time PCR, using an iCyclerR (Bio-rad, Veenendaal, The Nether-
lands) and iQ SYBR Green supermixR (Bio-rad), was performed on 4 ng cDNA
from (transfected) HEK293 cultures or T-cells. Gene specific primers (GSPs, see
table 6-1) for Q-PCR, yielding PCR products of approximately 100 base pairs long,
were designed by the Primer Designer program (Scientific and Educational
Software, Version 3.0). PCR reactions with GSPs for human CCR7 (hCCR7),
hCCX-CKR and hCXCR3 were run in parallel with GSPs for the housekeeping
genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine
guanine phosphoribosyl transferase (HPRT1). All primers were purchased from
Genset. Melt-curve analysis was performed immediately following amplification in
order to check primer specificity. For analysis, the comparative Ct method (amount
of target amplicon X in sample S, normalized to a reference R and related to a con-
trol sample C, calculated by 2-{(CtX,S-CtR,S )-(CtX,C-CtR,C)} was used to determine the fold dif-
ference between experimental and control samples. In each experiment samples were
run in duplicate. Results are the averaged data of three independent experiments and
are given as mean ± S.E.M.
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In situ hybridization
mRNA expression at the cellular level in the monoclonal cell lines was detected by
in situ hybridization experiments as described previously 9. Briefly, for in situ
hybridization experiments hCXCR3 and hCCX-CKR PCR products were cloned
into the dual promotor pCRII vector (Invitrogen, Leek, the Netherlands) and lin-
earized. Sense and antisense probes were synthesized by run-off transcription in the
presence of the appropriate RNA polymerase and digoxigenin (DIG)-conjugated
UTP according to the manufactures' protocol (Roche Molecular Biochemicals).

Cultures were fixed in 4% paraformaldehyde (PFA, pH 9.5). After rinsing with
KPBS cultures were permeabilized with 0.7% Triton X-100 in PBS for 20 min. and
subsequently equilibrated in 0.1M triethanolamine (TEA) for 1 min and then acety-
lated in freshly prepared 0.25% acetic anhydride in 0.1M TEA for 10 min. After
rinsing in 2X SSC, the cells were dehydrated and air-dried before hybridization. 

Cultures were hybridized overnight at 60°C in a solution containing 50% for-
mamide, 0.3M NaCl, 10 mM Tris (pH 8.0), 1 mM EDTA, 1 X Denhardt’s solu-
tion, and 10% dextran sulfate. The final probe concentration was 20 ng/ml
hybridization mixture. After hybridization, the cells were rinsed and treated with
Rnase (10 µg/ml) for 30 minutes at 37°C. Coverslips were then subjected to high-
stringency washes: 50% formamide, 2 X SSC for 30 min, followed by 50% for-
mamide, 1 X SSC for 30 min at 37°C. mRNA expression was detected by a chro-
mogenic detection method, using anti-DIG-AP (Roche; diluted 1:500) followed by
an alkaline phosphatase color reaction (NBT/BCIP). 

Immunocytochemistry and F-actin staining
For immunocytochemistry, HEK293 cells (non-transfected and hCXCR3 and/or
hCCX-CKR-transfected) were plated on poly-L-lysine coated glass coverslips and
fixed in 4% PFA. Background staining was blocked with 10% FCS in PBS con-
taining 0,3% Triton-X100 (PBS+) for 30 min. at room temperature (RT).
Incubation with primary antibodies against hCXCR3 (R&D,1:100) and hCCX-
CKR (Capralogics, 1:400) was performed overnight at 4°C. Hereafter cells were
thoroughly washed with PBS. Subsequently, coverslips were incubated with second-
ary antibodies conjugated with fluorescent labels (Jackson Immuno Research) for 2
hours at RT. Cells were washed, stained with Hoechst nuclear dye and finally
mounted in Vectashield Mounting Media (Vector labs, UK).

For staining of filamentous actin (F-actin), HEK293 cells were plated on poly-L-
lysine coated glass coverslips in 6-well plates. Fresh medium was applied 2 hours
before the experiment. Cells were exposed to a final uniform concentration of 1 nM
CXCL10 for 30 seconds at RT. Hereafter, the medium was quickly removed and
cells were fixed in 4% PFA for 10 minutes. Coverglasses were washed twice in PBS
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and subsequently incubated with 0.1M TRITC-phalloidin (Sigma-Aldrich,
Bornhem, Belgium) in PBS for 30 minutes. Next, cells were washed in PBS and
finally mounted in Vectashield Mounting Media. Stained cells were analyzed by nor-
mal or confocal fluorescence microscopy. 

Chemotaxis assay
Cell migration in response to chemokines was assessed using a 48-well chemotaxis
microchamber (NeuroProbe, Bethesda, MD, USA). Chemokine stock solutions (10
µM CXCL9, CXCL10 or CCL21; R&D) were prepared in sterile PBS and further
diluted in serum-free DMEM for use in the assay. Serum-free DMEM without
chemokines served as a control. Twenty-seven µl of the chemoattractant solution or
control medium was applied to the lower well of the chamber. Upper and lower
chamber were separated by a polyvinylpyrrolidone-free polycarbonate filter (5 or 8
µm pore size for T- and HEK293 cells, respectively). In the upper wells of the cham-
ber, 50 µl cell suspension containing 5·104 T or HEK293 cells was applied. The
chamber was incubated at 37°C, 5% CO2 in a humidified atmosphere for 2 hrs.
Determinations were done in hexaplicate for each group. At the end of incubation
the filter was washed, fixed in methanol and stained with toluidine blue. Migrated
cells were counted with a scored eyepiece (3 fields (1mm2) per well) and migrated
cells per group were calculated. Data are expressed as percentages of control migra-
tion ± SEM.

Binding experiments
Effect of the presence of hCCX-CKR on CXCL10 binding to hCXCR3 was deter-
mined by transient transfection of hCXCR3 and hCCX-CKR in COS-7 cells.
Briefly, 2 µg of pcDEF3-CXCR3, pcDNA3.1-hCCX-CKR or both were transfect-
ed into 1·106 COS-7 cells by the DEAE-dextran method. All transfections were
adjusted to 4 µg DNA with pcDEF3, (a gift from J.A. Langer 12) which was also used
for mock transfections. Binding of 125I-CXCL10 was binding was performed on
whole cells for 4 h at 4°C using 125I–CXCL10 (PerkinElmer Life Sciences, Boston,
MA, USA) (approximately 60 pM) in binding buffer (50 mM HEPES [pH 7.4], 1
mM CaCl2, 5 mM MgCl2, 0.5% BSA). After incubation, cells were washed three
times with ice-cold binding buffer supplemented with 0.5 M NaCl. Subsequently,
cells were lysed and counted in a Wallac Compugamma counter. Nonspecific bind-
ing was determined in the presence of 100 nM unlabeled CXCL10 (PeproTech,
Rocky Hill, NJ, USA) and CXCL11 (R&D systems Inc., Minneapolis, MN, USA). 
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[3H]inositol phosphate production
Accumulation of inositol phosphates (InsP) was determined in transiently transfect-
ed COS-7 cells. Five µg of pcDEF3 or pcDNA3.1-hCCX-CKR was transfected in
1·106 cells using DEAE-dextran. Cells were seeded in a 24-well plate and 24 hours
after transfection they were labeled overnight in MEM Earle’s inositol-free medium
supplemented with myo-[2-3H]inositol (1 µCi/ml) (PerkinElmer Life Sciences,
Boston, MA, USA).

Subsequently, medium was removed and cells were washed for 10 min. with
DMEM containing 25 mM Hepes (pH 7.4) and 20 mM LiCl. Cells were incubat-
ed for 2 hrs in the same medium. Next, the medium was aspirated, ice-cold 10 mM
formic acid was added and cells were incubated for 90 min. on ice. Inositol phos-
phates were isolated by anion-exchange chromatography (Dowex AG1-X8 columns,
Biorad) and counted by liquid scintillation.

Reporter Gene (NF-κB) Assay
COS-7 (1·106) cells were transiently co-transfected with 5 µg pNF-κB-Luc
(Stratagene, La Jolla, CA, USA) and increasing amounts of pcDNA3.1-hCCX-CKR
or 2 µg of pcDEF3 containing the Kaposi’s sarcoma associated herpes virus-encoded
constitutively active GPCR ORF74 (GenBankTM accession number U71368 with a
silent G->T mutation at position 927, a gift from T. Schwartz) using DEAE-dex-
tran. In addition, mock transfection was done with pcDEF3 and all transfections
were adjusted to 5 µg with pcDEF3. Transfected cells were incubated in the presence
or absence of pertussis toxin (PTX, 100 ng/ml) (Sigma, St. Louis, MO, USA). After
48 hrs NF-κB-driven luciferase expression was measured by aspiration of the medi-
um and the addition of 25 µl/well luciferase assay reagent (0.83 mM ATP, 0.83 mM
D-luciferin (Duchefa Biochemie B.V., Haarlem, The Netherlands), 18.7 mM
MgCl2, 0.78 µM Na2H2P2O7, 38.9 mM Tris (pH 7.8), 0.39% (v/v) glycerol, 0.03%
(v/v) Triton X-100, and 2.6 µM dithiothreitol). Luminescence was measured for 
3 s in a Wallac Victor (PerkinElmer Life Sciences).

Statistical analysis
Data were analyzed with student’s t-test (InsP accumulation) or one-way ANOVA
followed by Tukey’s post hoc multiple comparison. All statistical tests were per-
formed in SPSS (SPSS 10.07, SPSS Inc., Chicago, IL, USA) and p levels ≤ 0.05 were
considered significant. 
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Results

Expression of hCXCR3 and hCCX-CKR mRNA in transfected 
HEK293 cells
After generation of stably transfected HEK293 cells, the presence of receptor
mRNAs was examined. Table 6-2 depicts the threshold cycle number for CXCR3,
CCX-CKR and the housekeeping gene GAPDH for all HEK293 cell lines. As
expected, hCXCR3 and hCCX-CKR are expressed in respectively hCXCR3 and
hCCX-CKR transfected HEK293 cells, but not in untransfected cells. In addition,
mRNA for both receptors was found in hCXCR3+hCCX-CKR transfected cells. 

The presence of hCXCR3 and hCCX-CKR mRNAs in transfected HEK293 was
further examined by in situ hybridization experiments. Figure 6-1 shows the pres-
ence of both hCXCR3 (fig. 6-1C and E) and hCCX-CKR (fig. 6-1D and F) in
monoclonal hCXCR3+hCCX-CKR stably transfected cells. Cells hybridized with
sense probes for hCXCR3 (fig. 6-1A) and hCCX-CKR (fig. 6-1B) did not show
staining, indicating the specificity of both probes.

Presence of hCXCR3 and hCCX-CKR protein in stably transfected
HEK293 cells
Expression of hCXCR3 and hCCX-CKR was also examined at the protein level.
Staining for both receptors in all cell lines is depicted in figure 6-2. We found no
staining for hCXCR3 (green signal) and hCCX-CKR (red signal) in non-transfect-
ed HEK293 cells (fig. 6-2B). Staining for hCXCR3 was observed in both hCXCR3-
transfected (fig. 6-2D) and hCXCR3+hCCX-CKR transfected HEK293 cells (fig.
6-2H (normal fluorescent microscopy) and 6-2I (confocal fluorescent microscopy).
Similarly, staining for hCCX-CKR was found in both hCCX-CKR and
hCXCR3+hCCX-CKR transfected HEK293 cells (fig. 6-2F; normal fluorescent
microscopy and 6-2J; confocal fluorescent microscopy). 
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Figure 6-1 In situ hybridization visualizing hCXCR3 and hCCX-CKR mRNA expression in HEK293 cells sta-

bly transfected with hCXCR3+hCCX-CKR.

Stably transfected HEK293 cells were hybridized with sense hCXCR3 (A, 200X magnification) or hCCX-CKR

(B, 200X magnification) probes to determine background staining. Antisense probes for both hCXCR3 (C,

200X magnification and E, 400X magnification) and hCCX-CKR (D, 200X magnification and F, 400X magnifi-

cation) revealed perinuclear mRNA accumulation.

Figure 6-2 Immunocytochemistry visualizing hCXCR3 and hCCX-CKR protein expression in HEK cells sta-

bly transfected with hCXCR3 and/or hCCX-CKR.

Immunocytochemical stainings for hCXCR3 and hCCX-CKR were performed in HEK293 (A and B), hCXCR3

transfected HEK293 (C and D), hCCX-CKR transfected HEK293 (E and F) and hCXCR3+hCCX-CKR trans-

fected HEK293 (G-K). Negative control stainings were performed in the absence of primary antibodies (A,

C, E and G). For hCXCR3+hCCX-CKR transfected cells, additional confocal microscopy was performed to

reveal co-localization of hCXCR3 and hCCX-CKR (I-K, K is overlay). Magnification: A-H: 400X, I-K: 1000X.
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Figure 6-2



Expression of hCCX-CKR abolishes chemotaxis in hCXCR3 
expressing HEK293 cells
We previously demonstrated that human microglia show chemotaxis towards
hCCL21, which is mediated by CXCR3 10. However, when expressed in a recombi-
nant expression system, hCXCR3 does not bind and respond to hCCL21 10,16,40.
Therefore, local factors must account for hCCL21-CXCR3 induced chemotaxis in
microglia. Since hCCX-CKR binds hCCL21 and microglia express CCX-CKR we
hypothesized that hCCX-CKR might influence hCXCR3-hCCL21 signaling.

Migration in response to CXCL9, CXCL10 and CCL21 was examined in
HEK293 cells stably expressing hCXCR3, hCCX-CKR and hCXCR3+hCCX-
CKR, respectively (fig. 6-3A). HEK293 cells expressing hCXCR3 responded to
hCXCL9 and hCXCL10 but not to hCCL21. hCCX-CKR expressing cells did not
migrate to any of the tested ligands similar to HEK293 cells that expressed both
receptors. This was further verified with concentration-response curves in HEK293
cells expressing either hCXCR3 or hCXCR3+hCCX-CKR using the CXCR3 lig-
ands CXCL9 (fig. 6-3B) and CXCL10 (fig. 6-3C). Whereas hCXCR3 expressing
HEK293 cells displayed typical chemotaxis towards CXCL9 and CXCL10,
HEK293 cells expressing both CXCR3 and CCX-CKR failed to migrate in response
to these two chemokines at all concentrations tested. The inability of co-transfected
cells to migrate could have been due to an artifact as a result of the transfection pro-
cedure. In order to exclude this possibility, we transfected CXCR3 expressing
HEK293 cells with another chemokine receptor; CX3CR1, and examined migra-
tion in response to CXCL10 as well as to the CX3CR1 ligand CX3CL1. After trans-
fection, these HEK293 cells responded both to CXCL10 and CX3CL1 (fig. 6-3D).
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Figure 6-3 Chemotaxis of transfected HEK293 cells.

A) Measurements of migratory responses of HEK293 cells expressing hCXCR3, hCCX-CKR and

hCXCR3+hCCX-CKR towards the CXCR3 ligands CXCL9, CXCL10 and CCL21. B) Concentration-

dependent migration of hCXCR3 and hCXCR3+hCCX-CKR expressing cells in response to CXCL9. C:

Concentration-dependent migration of hCXCR3 and hCXCR3+hCCX-CKR expressing cells in response to

CXCL9. C: Concentration-dependent migration of hCXCR3 and hCXCR3+hCCX-CKR expressing cells in

response to CXCL10. D: Concentration-dependent migration of hCXCR3+hCX3CR1 expressing cells in

response to CXCL10 or CX3CL1. Data are typical results of one (out of three) experiment and are pre-

sented as means ± S.E.M., statistical significance was tested by means of multiple comparison ANOVA and

Tukey’s post hoc analysis, asterisks indicate p ≤ 0.05.



Effect hCCX-CKR on actin polymerization 
Reorganization of the actin cytoskeleton e.g. polarization of F-actin, is a major
event in chemotaxis. Because absence of migration was observed in HEK293 cells
expressing the combination hCXCR3+hCCX-CKR, distribution of F-actin in
transfected HEK293 cells was examined. Untransfected HEK293 cells (fig. 6-4A
and B) showed few cell protrusions and filopodia under control conditions and
after 30 sec of CXCL10 stimulation. Unstimulated stably hCXCR3 expressing
HEK293 cells resembled untransfected HEK293 cells (fig. 6-4C), whereas 30 sec
of CXCL10 stimulation, resulted in dense F-actin accumulation at the celmem-
brane and formation of multiple filopodia (fig. 6-4D, arrowheads). HEK293
expressing hCCX-CKR (fig. 6-4E and F) or hCCX-CKR+hCXCR3 (fig. 6-4G and
H) revealed very different staining patterns of F-actin. Both celltypes appeared to
contain less F-actin and showed few filopodia when compared to untransfected and
hCXCR3 transfected HEK293 cells. Stimulation with CXCL10 did not induce vis-
ible changes in F-actin distribution in hCCX-CKR (fig. 6-4F) or
hCXCR3+hCCX-CKR (fig. 6-4H) transfected cells. 

Presence of hCCX-CKR does not affect CXCL10 binding to CXCR3
Putative reduced affinity of hCXCR3 for its ligands, mediated by hCCX-CKR,
could possibly explain the inhibition of hCXCR3-mediated migration. In order to
investigate this possibility, we studied the affinity of CXCL10 in cells expressing
hCXCR3 or the combination hCXCR3+hCCX-CKR. COS-7 cells transiently
transfected with hCCX-CKR did not bind CXCL10. In contrast, cells transfected
with hCXCR3 or a combination of both receptors showed similar specific binding
of CXCL10 (fig. 6-5A). Binding of 125I-CXCL10 was specific, since unlabeled
CXCL10 and CXCL11 diminished 125I-CXCL10 binding to levels as seen in
MOCK transfected cells (fig 6-5B). 
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Figure 6-4 F-actin distribution in transfected HEK293 cells.

Phalloidin staining of F-actin was performed on unstimulated and CXCL10-stimulated HEK293 cells that

were non-transfected (A and B) or transfected with hCXCR3 (C and D), hCCX-CKR (E and F) or both

hCXCR3 and hCCX-CKR (G and H). Arrowheads in D indicate the formation of dense filopodia patches.

(A-H) Magnification 630X.
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Figure 6-5 Expression of hCCC-CKR does not affect binding of CXCL10 to CXCR3.

COS-7 cells were transiently transfected with empty vector, hCXCR3, hCCX-CKR or both. 48 h after

transfection, 125I-CXCL10 binding was determined (A). Binding specificity was determined in the presence

of unlabeled CXCL10 and CXCL11 (B). Data are shown as mean ± SEM, * indicates significantly different

from MOCK control, # indicates signifcantly different from total binding.



hCCX-CKR does not constitutively increase InsP or activate NF-κB
It has been reported that some GPCRs exhibit constitutive activity e.g. these receptors
signal without the agonist 32. Since CCX-CKR has, besides CCL21, no affinity for
CXCR3 ligands 13, we hypothesized that constitutive activity of hCCX-CKR could
provide an explanation for the inhibition of CXCR3 mediated chemotaxis in
hCXCR3+hCCX-CKR transfected HEK293. Constitutive activity of hCCX-CKR
was tested by measuring accumulation of InsPs in hCCX-CKR transfected COS-7
cells (fig. 6-6A). COS-7 cells transfected with pcDNA3.1-hCCX-CKR did not display
higher levels of InsP accumulation when compared to MOCK (pcDEF3) transfected
cells. In an additional study, activation of NF-κB was examined as another measure for
possible constitutive activity of hCCX-CKR (fig. 6-6B). Here, NF-κB-driven expres-
sion of luciferase was determined in transiently transfected COS-7 cells. As a control
experiment, NF-kB activation in COS-7 cells transfected with the constitutively active
-virus-encoded- chemokine receptor ORF74 31,34, was determined in parallel. Whereas
cells transfected with ORF74 exhibited PTX-sensitive constitutive activation of 
NF-κB, transfection with pcDNA3.1-hCCX-CKR resulted in activation levels com-
parable to MOCK transfected cells at all amounts of transfected receptor. 

CXCR3 and CCX-CKR mRNA expression in human T-cells
T-cells are known to express specific chemokine receptors that direct them towards
places of infection and inflammation. Among these receptors, CXCR3 is expressed in
naïve (CD8+) and activated (CD4+) T-cells 19,24,33. Since we observed total absence of
CXCR3-mediated migration in recombinant HEK293 cells expressing the combina-
tion of hCXCR3 and hCCX-CKR, we were interested in expression levels of hCCX-
CKR in unstimulated and stimulated T-cells and its effect on chemotactic ability. 

Q-PCR experiments were performed using cDNA-samples obtained from unstim-
ulated T-cells and T-cells that were previously activated by PHA /IL-2. In figure 6-7A
changes in expression levels of hCXCR3 and hCCX-CKR mRNAs after PHA/IL-2
stimulation are shown. The decrease in CCR7 mRNA levels induced by T-cell activa-
tion was determined as a control parameter. T-cell activation caused a significant
decrease in CCR7 mRNA expression, which is consistent with previously described
findings 37. Whereas expression levels of CXCR3 mRNA were not significantly altered
after T-cell activation, a pronounced reduction in hCCX-CKR mRNA expression level
was observed. 

Next, chemotaxis of unstimulated and stimulated T-cells in response to CXCL10
was examined (fig. 6-7B). Whereas unstimulated T-cells did not show migration in
response to CXCL10 at all concentrations tested, a typical migration curve was
observed in PHA/IL-2 activated T-cells, with a peak migratory response at 1 nM
[CXCL10].  
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Figure 6-6 hCCX-CKR is not constitutively activating PLC or NF-κB.

COS-7 cells were transiently transfected with 5 µg cDNA encoding hCCX-CKR or empty vector. 48 h after

transfection, inositol phosphates accumulation was determined (A). COS-7 cells were transiently transfect-

ed with increasing amounts of cDNA encoding hCCX-CKR, 2 µg cDNA encoding ORF74 and 5 µg pNF-κB-

Luc and incubated in the presence or absence of PTX (100 ng/ml). 48 h after transfection NF-κB-driven

luciferase expression was determined (B). Asterisks indicate significant different (p ≤ 0.05) from MOCK

control or PTX treated cells.
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Figure 6-7 Expression of chemokine receptor mRNA and chemotaxis in naïve and PHA/IL-2 activated 

T-cells. A) Q-PCR analysis of hCCR7, hCXCR3 and hCCX-CKR in PHA/IL-2 activated human T-cells. Data

are presented as relative expression levels, compared to levels in non-activated T-cell and related to expres-

sion levels of the housekeeping gene HPRT1 under both conditions. B) Chemotaxis of naïve and PHA/IL-2

stimulated T-cells towards CXCL10. Data are the average of three independent experiments and are given

as mean ± S.E.M. Statistical significance was tested by means of multiple comparison ANOVA and Tukey’s

post hoc analysis, asterisks indicate p ≤ 0.05.



Discussion
Chemokines and their receptors are key players in regulating immune responses by
orchestrating directed migration of leukocytes. Generally, chemokines activate
receptors that belong to the same subgroup. Nevertheless, an exception to this rule
is the CC- chemokine CCL21, which activates the CC- receptor CCR7 and, albeit
with lower affinity, the CXC- receptor CXCR3 4,22,25,35,40. Because recombinant sys-
tems expressing the human CXCR3 version do not exhibit functional activity in
response to CCL21, activation of CXCR3 by CCL21 was thought to be a mouse-
specific phenomenon 16,40. However, we recently demonstrated CXCR3-mediated
chemotaxis of human microglia towards CCL21 10. Thus, activation of CXCR3 by
CCL21 also occurs in primary human microglia and therefore seems to depend on
the cellular background and local factors that regulate CXCR3 activity. We hypoth-
esized that one of these factors might be the “required” presence of another
chemokine receptor affecting the signaling properties of CXCR3. For instance, it
has been shown that natural interferon producing cells express CXCR3, but only
respond to CXCR3 ligands when another chemokine receptor, CXCR4 is engaged
with its ligand, CXCL12 17. Moreover, it is known that GPCRs, including
chemokine receptors can form heterodimers that exhibit altered intracellular signal-
ing properties 26,27. In this study we examined CCX-CKR as a possible candidate
receptor altering CXCR3 activity in response to CCL21 since first: CCX-CKR is a
chemokine binding receptor with high affinity for CCL21 13 and second: CCX-
CKR is expressed in brain cells 13 including microglia 11, own unpublished findings
for both murine and human microglia).

Our initial experiments involved transfections of HEK293 cells with CXCR3,
CCX-CKR or both receptors. We hypothesized that CCX-CKR might affect
CCL21-CXCR3 signaling and render CXCR3+CCX-CKR transfected HEK293
cells responsive to CCL21. Yet, in all different cell lines no migration towards
CCL21 was observed. Surprisingly, positive control experiments for CXCR3 medi-
ated migration revealed that, co-expression of CCX-CKR abolished CXCR3 -medi-
ated migratory responses towards CXCL9 and CXCL10. An effect that was not due
to a transfection artifact, as co-expression of CXCR3 and CX3CR1 resulted in
chemotaxis towards both CXCL10 and CX3CL1, respectively. In addition, calcium-
imaging experiments in a different cell line (L929), revealed that co-transfection
with CCX-CKR did not influence CXCR3-mediated calcium signaling (data not
shown). Most likely, the signaling pathways that raise intracellular calcium concen-
tration and lead to chemotaxis are separate cascades, which is also suggested by the
fact that chemotaxis, in contrast to calcium release, is not dependent on activation
of the PLCβ 18. Therefore CCX-CKR co-transfection probably affects only the path-
way leading to migration. 
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Cell movement and chemotaxis is associated with rearrangement of the actin
cytoskeleton. Changes in the actin cytoskeleton include on one hand polymerization
of actin and formation of filopodia structures at the leading edges 6. On the other
hand migrating cells detach from the extracellular substratum by breaking down
focal adhesion complexes and reducing actin stress fibers 41. hCCX-CKR or
hCXCR3+hCCX-CKR transfected HEK293 showed a marked difference in F-actin
distribution characterized by less F-actin accumulations and filopodia compared to
CXCR3 transfected cells. This indicates a diminished mobile state and is in line with
the observed absence of chemotaxis in these cells. 

CCX-CKR mediated inhibition of migration is not due to scavenging of CXCR3
ligands, as CXCL9 and CXCL10 have no affinity for CCX-CKR 13. Therefore, addi-
tional experiments in recombinant COS-7 cells were performed to elucidate the
underlying mechanism. Reduction of CXCR3 mediated chemotaxis was not caused
by a decrease in CXCL10 binding to CXCR3, since no effect of CCX-CKR co-
transfection on CXCR3 expression and CXCL10 binding was observed. 

The presence of CCX-CKR abolished CXCR3-mediated chemotaxis and resulted
in changes in F-actin distribution, without the presence of a CCX-CKR ligand
(CCL19, CCL21 or CCL25). For this reason it was examined whether CCX-CKR
exhibits constitutive activity. In the last decade, constitutive activity of GPCRs, e.g.
the ability of a GPCR to adopt an active conformation in the absence of agonists,
has been recognized for multiple GPCRs including chemokine receptors 32. In this
study we performed two experiments to investigate possible constitutive activity of
CCX-CKR. Accumulation of InsP and activation of NF-κB are both observed in
cells expressing the (virus-encoded) constitutively active chemokine receptor
ORF74 31,34. Since no influence on InsP levels or NF-κB activation was observed in
hCCX-CKR expressing cells, a constitutive activation of these signaling cascades can
be excluded. However, additional measurements for other effectors in the chemo-
taxis signaling cascade should be performed in future to further address this issue. 

T-cells represent an important population of chemokine receptor expressing cells
in the immune system and existing literature describes expression of CXCR3 in
naïve CD8+ and activated CD4+ T-cells 19,24,33. We therefore examined CCX-CKR
expression and CXCR3-mediated chemotaxis in isolated human T-cells. First,
expression of different chemokine receptor mRNAs in non- and PHA/IL-2 activat-
ed human T-cells was explored. In accordance with previous findings by Gosling et
al. (2000) a profound decrease in CCX-CKR mRNA expression was observed in
activated human T-cells, whereas CXCR3 mRNA expression levels remained unal-
tered. Examining the migratory capacity of T-cells, unstimulated T-cells did not
migrate in response to CXCL10. In contrast, activated T-cells showed typical
chemotaxis. The inability of unactivated T-cells, expressing both CXCR3 and CCX-
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CKR mRNAs, to migrate in response to CXCL10 thus resembled the abolished
migration in co-transfected HEK293 cells. It is therefore suggested that CCX-CKR
might play a key role in the regulation of CXCR3 mediated migration of T-cells, by
retaining the cells in secondary lymphnodes until activation. Moreover, since T-cells
are main effector cells in inflammatory processes, CCX-CKR may represent a novel
target for therapeutic intervention in inflammatory disease. Interestingly, Gosling
and colleagues described a similar decrease in CCX-CKR mRNA expression for
maturing dendritic cells 13, suggesting that CCX-CKR, by inhibiting migration,
might also be involved in retaining immature dendritic cells in peripheral tissues. It
would thus be worthwhile to examine the expression of CCX-CKR in immune cells
under healthy and disease/inflammatory conditions.

Most research on cell migration is currently focused on activation and initiation
of migration, e.g. the starting signals. Far less studies address mechanisms that stop
or prevent migration towards chemokines. Well known mechanisms involved in
arrest of migration are chemoattractant receptor desensitization (uncoupling from
G-proteins) and receptor internalization. Internalization of various chemokine
receptors has been observed after exposure to high, above optimum level, concen-
trations 1,20,28. Chemotaxis occurs within a certain chemokine concentration range,
with maximum migration at ~ 1-10 nM, which varies among different chemokines
and celltypes. In vitro, it is commonly observed that cells fail to migrate towards very
high (> 100 nM) chemokine concentrations. In one study active movement of T-
cells away, from high concentrations (100 nM) of CXCL12 has been reported. The
same study also demonstrated different signaling cascades involved in cell movement
towards (via tyrosine kinases) and away (cAMP mediated) from CXCL12 23. In the
developing CNS it has been shown that CXCL1, produced in spinal cord white
matter, inhibits migration of oligodendrocyte precursors via activation of CXCR2.
Also in this study, the inhibition was concentration-dependent 39. Thus, inhibition
of migration by chemokines, very likely plays an important role in immune regula-
tion and development 

Taken together, in this study we have revealed a mechanism by which CXCR3-
mediated migration is regulated by the expression of the chemokine receptor-like
protein CCX-CKR. Although the exact underlying signaling cascade is still unclear,
changes in actin distribution are most likely to be involved. In addition to its’ effect
in recombinant expression systems, CCX-CKR also seems to play a role in the reg-
ulation of CXCR3-mediated migration in T-cells and therefore represents a poten-
tial target for therapeutic intervention in inflammation-related pathology. It is now
also clear that the presence of CCX-CKR in human microglia, does not explain the
CXCR3 mediated activity in response to CCL21 as CCX-CKR obviously does not
induce CXCR3 responsiveness to CCL21.
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