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Abstract
Chemokines and their receptors play an important role in cell trafficking and recruitment.

The CCR6 chemokine receptor, selectively expressed on leukocyte populations, has been

shown to play a deleterious role in the pathogenesis of various chronic inflammatory dis-

eases and, as such, may constitute a prime target in the development of immunotherapeutic

treatment. However, to date no neutralizing mouse monoclonal antibodies (mAbs) specific

for this chemokine receptor have been reported, whereas information on small molecules

capable of interfering with the interaction of CCR6 and its ligands is scant. Here, we report

the failure to generate neutralizing mouse mAbs specific for human (hu)CCR6. Immuniza-

tion of mice with peptides mimicking extracellular domains, potentially involved in CCR6

function, failed to induce Abs reactive with the native receptor. Although the use of NIH-3T3

cells expressing huCCR6 resulted in the isolation of mAbs specific for this receptor, they

were not able to block the interaction between huCCR6 and huCCL20. Investigation of the

anti-huCCR6 mAbs generated in the present study, as well as those commercially avail-

able, show that all mAbs invariably recognize a unique, non-neutralizing, immunodominant

region in the first part of its N-terminal domain. Together, these results indicate that the gen-

eration of potential neutralizing anti-huCCR6 mAbs in the mouse is unlikely to succeed and

that alternative techniques, such as the use of other animal species for immunization, might

constitute a better approach to generate such a potentially therapeutic tool for the treatment

of inflammatory disease.
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Introduction
CCR6 (CD196) is a CC chemokine receptor, involved in host defense and inflammation, espe-
cially at epithelial surfaces, that has two specific ligands, the chemokine CCL20 and a non-che-
mokine ligand β-defensin-2, an anti-microbial peptide produced by epithelial cells that line
various organs [1–9]. CCR6 is expressed at the cell surface of CD4+ interleukin-17 (IL-17)-,
IL-22- and TNF-α-producing T lymphocytes, a population with strong pro-inflammatory
properties referred to as Th17 cells [10–12], as well as all circulating, naive and memory, but
not germinal center, B lymphocytes [13]. CCR6 is also expressed by IL-17 and IL-22-producing
innate lymphoid cells [14] and by immature dendritic cells, although its expression on the lat-
ter cells is lost following their maturation [15]. There is compelling evidence from experimental
mouse models, as well as from clinical studies in human, that the CCR6/CCL20/Th17 axis is
involved in the pathogenesis of various chronic inflammatory and autoimmune diseases,
which has been well documented for multiple sclerosis and rheumatoid arthritis. In particular,
myelin-specific T cell infiltration in the brain was reported to positively correlate with the
expression of CCL20 in the choroid plexus of humans with multiple sclerosis or mice with
experimental autoimmune encephalitis [16]. Moreover, Ccr6 deficient mice are resistant to the
induction of disease which is not due to a defect in the differentiation of Th17 cells in brain-
draining lymph-nodes after induction of experimental autoimmune encephalitis, but rather
the consequence of the failure of these cells to migrate into the inflamed central nervous system
[16, 17]. Similar results with respect to lymphocyte migration have been obtained in the SKG
mouse model of spontaneous experimental arthritis in which a preferential recruitment of
Th17 cells to inflamed, CCL20-expressing, synovial joints was observed that could be inhibited
with a neutralizing anti-CCR6 antibody [18], whereas polymorphisms in the CCR6 gene were
reported to be associated with rheumatoid arthritis susceptibility [19, 20].

It is important to note that autoimmune, CCR6-expressing, B cells also play an important
role in the pathology of both multiple sclerosis and rheumatoid arthritis. Current biotherapy,
specifically targeting and depleting B cells from the circulation with the anti-CD20 mAb Ritux-
imab1 was found to result in a reduction of inflammatory brain lesions and clinical relapses in
patients with relapsing-remitting multiple sclerosis [21]. Moreover, treatment of patients with
rheumatoid arthritis with Rituximab1 also leads to a significant improvement of their clinical
signs (Review in [22]). As all functionally mature B cells, like Th17 cells, express CCR6 at their
surface, they are likely to be responsive to the migration-inducing effects of CCL20, strongly
suggesting that the deleterious effect of both cell types in the pathogenesis of in these chronic
inflammatory diseases is linked to the capacity of this receptor and its ligand(s) to control lym-
phocyte migration into inflamed tissue.

Consistent with the molecular mechanisms underlying the involvement of chemokines and
their receptors in lymphocyte trafficking [22], both CCL20 [23] and β-defensin-2 [24] were
reported to induce a conformational modification of the integrin CD11a/CD18 (LFA-1) that,
following its interaction with CD54 (ICAM-1) expressed by inflamed endothelium, results in
the arrest of CCR6-expressing Th17 lymphocytes on the latter cells. Although similar in vitro
data for human B cells are lacking, it is very probable that their trafficking into inflamed tissue,
mediated by CCR6 is orchestrated by the same molecular mechanisms. This chemokine recep-
tor is therefore likely to represent a possible therapeutic target for the treatment of certain
chronic inflammatory diseases.

In the present study, we report the failure to generate neutralizing mouse mAbs specific for
huCCR6. The results show that all such mAbs generated by immunization of mice with huC-
CR6-expressing cells are directed at a single, non-neutralizing, region of the N-terminal
domain of the native huCCR6.
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Materials and Methods

mAbs and reagents
The following anti-huCCR6 mAbs were used in the present study (S1 Table): clone G034E3
(Biolegend), MM0066-3L1 (Abcam), 53103 (R&D Systems) and 11A9 (BD Biosciences). Anti-
huCCR7 clone 150503 (BD Biosciences) was used as irrelevant control antibody. The
pcDNA3.1-CCR6 or pcDNA3.1-CCR2 vectors were obtained from the Missouri S&T cDNA
Resource Center.

Cell culture
CCR6+ and CCR6- T cell lines and clones used in this study were generated as described [25].
T cells were cultured in a feeder cell mixture consisting of irradiated (45 Gy) allogeneic periph-
eral blood mononuclear cells, irradiated (60 Gy) JY cells and 0.1 μg/mL of PHA (Remel Europe
Ltd) in 24-well culture plates, propagated with rIL-2, and were used in experiments between 10
and 14 days after the onset of each propagation, as described [26]. All cultures and experimen-
tal procedures were carried out in Yssel’s medium [27], supplemented with 1% human AB+

serum (Etablissement Français du Sang, Lyon, France). The CHO-K1 and NIH-3T3 cell lines
were transfected with the pcDNA3.1-CCR6 or pcDNA3.1-CCR2 vectors, using JetPEI 9 trans-
fection reagent (Polyplus-Transfection), as described [24]. All cell lines used in this study were
free of Mycoplasma infection as checked by fluorescence microscopy [28].

Peptide synthesis
The peptides were synthesized using solid-phase FastMoc chemistry procedure on an Applied
Biosystems 433A automated peptide synthesizer. Resin and Fmoc-protected amino acids were
purchased fromMerck Chemicals (Novabiochem) and Iris Biotech GMBH, respectively, and sol-
vents from Carlo Erba reagents. Peptide synthesis was carried out as previously described [29].
Fmoc-Cys(Trt)-wang resin LL (0.29 mmol/g), Fmoc-Tyr(OtBu)-wang resin (0.64 mmol/g) and
Fmoc-Leu-wang resin LL (0.3 mmol/g) were used for the synthesis of the following peptides
respectively: CSTFVFNQKYNTQGSDVC (l-PA), representing the second extracellular loop
(ECL-2), as well as MSGESMNFSDVFDSSEDY (N1-18) and FVSVNTYYSVDSEMLLCSLQEV
RQFSRL (N19-47) that represent residues 1–18 and 19–42 of the N-terminal part of the mole-
cule, respectively.

The cyclic c-PA peptide was obtained by the formation of a disulfide bond between Cys-1
and Cys-18 of the purified l-PA by dissolving and stirring the peptide (2 mg/mL) in a dimethyl
sulfoxide/water (1:2 vol/vol) solution for 24 h at room temperature. Both the linear and disul-
fide cyclized peptides were purified by high-performance liquid chromatography and their
molecular masses were determined by MALDI TOF-MS. Mass spectra full scan analysis of the
purified peptides showed a major peak at m/z = 2041.62 for the linear form (l-PA) and a major
peak at m/z = 2039.08 for the cyclized form (c-PA). The observed difference in molecular
weight points corresponds to the formation of a disulfide bridge between the N- and C-termi-
nal cysteine residues.

For the immunization procedure, peptides were coupled to KLH using the Pierce Imject
EDC mcKLH spin kit and the Imject Maleimide activated mcKLH spin kit for c-PA and linear
N19-47 peptides respectively.

Immunization procedures
The two immunization procedures are depicted in Fig 1. For peptide immunization, twelve-
week-old female Balb/c mice (Janvier Laboratories) received three i.p. injections, at a 14 day
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interval, of 10 μg of peptide bound to KLH in Complete Freund’s Adjuvant (first injection) or
Incomplete Freund’s Adjuvant (subsequent injections) (Fig 1A). Blood samples were collected
retro-orbitally on the day of the third injection. Seven days after the last immunization, serum
was collected by centrifugation and anti-peptide Ig titers were determined by ELISA (see
below).

In an alternative immunization procedure, five-week-old Balb/c mice were injected i.p.
three times with 107 huCCR6-expressing NIH-3T3 cells, in the presence of Alum and CpG at
14 day intervals. For the generation of mAbs, mice received an i.v. boost injection with 107

huCCR6-expressing NIH-3T3 (huCCR6-NIH-3T3) cells two weeks after the last immunization
(Fig 1B). Four days later, the animals were euthanized, their spleen removed and a fusion
between the homogenized splenocytes and X63/Ag8 plasmacytoma cells was performed using
PEG 1500 (Roche Diagnostics). Hybridoma cells were selected with hypoxanthine, aminopterin
and thymidine-containing medium (HATmedia supplement, Sigma), culture supernatants were
screened by flow cytometry as described below. Selected hybridomas were subcloned five times
to obtain stable Ig-producing cells and maintained in culture, as described [30]. The experimental
procedures were approved by the local ethical committee for animal experimentation in Mont-
pellier, France (reference number CEEA-LR-12033).

Identification of mAbs by flow cytometry
CCR6+ or CCR6- CD4+ T cells, as well as CHO and NIH-3T3 cell lines, expressing huCCR6 or
huCCR2, were used to screen sera from immunized mice and/or hybridoma culture superna-
tants for the presence of huCCR6-specific (m)Abs. One hundred thousand cells were incubated
for 30 min with ten-fold steps serial dilutions of serum or undiluted culture supernatant, at
4°C, washed twice in PBS-2% FCS, followed by a 30 min incubation with a PE-conjugated goat

Fig 1. Immunization strategies to generate mouse anti-huCCR6mAb. (A)Mice (n = 4) were injected three times i.p.
at the indicated days with N19-47 or cPA peptides in the presence of Complete (CFA) or Incomplete (IFA) Freund’s
Adjuvant. Serum was collected and the Ab specificity was determined at day 37 after the first immunization. (B)
huCCR6-NIH-3T3 cells were used for two i.p. injections in mice (n = 4) at a 14 day interval and for a final i.v. boost
injection at day 45, 4 days before generation of hybridoma cells.

doi:10.1371/journal.pone.0157740.g001
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anti-mouse Ig (BD Pharmingen) at the concentration of 10 μg/mL and were analyzed by flow
cytometry using a FACSCalibur (BD Biosciences). A total of 10,000 events were acquired and
data were analyzed with CellQuest software (BD Biosciences). Hybridomas producing the rele-
vant mAb were stabilized by repeated subcloning, and mAbs were purified from culture super-
natants using a protein G column by Proteogenix SAS.

ELISA
Sera from immunized mice and purified mAbs were analyzed by ELISA as described [31].
Serially diluted serum or purified mAbs (at 1 μg/mL) in PBS-0.1% BSA-0.1% Tween20 were
incubated for 2 h at room temperature in 96-well plates (Nunc-Immuno Plates Maxisorp), pre-
viously coated with 100 μL/well of peptide solutions at 1 μg/mL. The synthetic peptide derived
from Tetanus toxin, (residues 830–843; Ctr-p: QYIKANSKFIGITE, Bachem), was used as an
irrelevant peptide. After washing, bound IgG were revealed with 1/1,000 dilution of a horserad-
ish-peroxidase (HRP)-conjugated goat anti-mouse IgG antibody (BD Biosciences).

Molecular characterization of mAbs
RNA was extracted from 106 hybridoma cells using Trizol reagent (Ambion, Lifetechnologies),
according to manufacturer’s instructions. Reverse transcription—polymerase chain reaction
(RT-PCR) and amplification of the IgG variable domains was performed as reported in Dorg-
ham et al. [31], using oligonucleotide primers described for the first round PCR. DNA sequenc-
ing of PCR product was performed using an ABI Prism 3100 automatic sequencer (Applied
Biosystems, Thermo Fisher Scientific) using the BigDye Terminator v3.1 Cycle Sequencing Kit
and analyzed with the Sequencher1 v4.7 sequence analysis software (Gene Codes Corpora-
tion). Identification of V, D, J genes and alleles of Ig was performed (S2 Table) with IMGT/
V-QUEST program version: 3.3.5. [32, 33]

Binding and internalization experiments
The binding titration of purified mAbs was carried out by flow cytometry in the presence of
NaN3 to avoid internalization. Cells were incubated for 30 min with mAbs at 4°C in 100 μL of
binding buffer (PBS, supplemented with 0.5% BSA and 0.1% NaN3) at various concentrations.
Medium alone and isotype matched mAb were used as controls. For internalization assay, cells
were incubated with mAbs for 1 hour at 37°C, 5% CO2, in supplemented culture medium.
Cells were washed five times with cold binding buffer and stained for 30 min on ice with PE-
conjugated goat anti-mouse Ig. Cells were washed twice and CCR6 expression was analyzed by
flow cytometry on a FACSCanto with FACSDiva software (BD Biosciences).

Fluorescence-based competitive binding assay
Competition of mAbs with huCCL20 for binding to huCCR6 was carried out using a competi-
tive binding assay. One hundred thousand huCCR6-CHO cells were pre-incubated, either with
mAb (up to 300 μg/mL) or huCCL20 (8 μg/mL), for 15 minutes at 4°C in 100 μL binding
buffer. Alexa Fluor1 647-(AF647) conjugated huCCL20 (Almac) was added at a concentra-
tion of 80 ng/mL for 30 minutes at 4°C. Competition of huCCR6 with peptide for binding to
mAbs was performed as follow: huCCR6-CHO cells were incubated at 4°C in 100 μL binding
buffer with various concentrations of peptides and in the presence of 0.1 μg mAb. After wash-
ing, cells were stained with PE-conjugated goat anti-mouse Ig. Cells were washed three times
with 1 mL of cold binding buffer and analyzed by flow cytometry, as described above.
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Calcium mobilization assay
Mobilization of Ca2+ from cytoplasmic stores was determined, as described previously [24]
using huCCR6-CHO cells. A volume of 25 μL/well of mAb diluted in assay buffer was added
on dye-loaded cells after 30 s of baseline acquisition to achieve the final indicated concentra-
tions. Agonistic activity was monitored for 150 s using the Flexstation 3 fluorometer system
(Molecular Devices) with excitation, emission and cut-off filter set to 485, 525 and 515 nm,
respectively. To study the antagonist activity, recombinant huCCL20 (Peprotech) was
added after 15 min incubation with the mAb in a volume of 25 μL/well to reach the EC80
(160 μg/mL) determined beforehand. Intracellular Ca2+ concentration was monitored for
150 s, as described above, and agonist and antagonist responses were determined, based on
changes in fluorescence intensity over baseline (peak signal), as quantified using SoftMax
Pro software.

Results

Immunization strategy to generate antibodies targeting the N-terminal
part and the ECL-2 of huCCR6
Both the N-terminal region and the ECL-2 region of chemokine receptors have been identified
as major binding domains for their chemokine ligands (review in [34]). Moreover, molecular
characterization of CCR6 has confirmed the involvement of both regions in ligand binding, as
well as receptor signaling and trafficking [35, 36].

Therefore, based on the structure of CCR5 [37], CXCR4 [38, 39] and CX3CL1 [40], as well
as the reported capacity of cyclic ECL-2-derived peptides to induce the generation of CXCR4-
[41] and CCR5-specific neutralizing antibodies [42], a set of huCCR6-specific peptides was
designed and synthesized for the immunization procedure (Fig 1A).

The ECL-2 domain of huCCR6 is composed of 31 residues (S181 to K211) that create a 16
amino acid arch structure (S181-V196), containing a disulfide bond between C197 and the
C118 residue of the ECL-1 (UniProtKB—P51684: Fig 2A and 2B). The corresponding peptide
(linear Peptidyl Arch: l-PA = 181-STFVFNQKYNTQGSDV-196) was selected and cyclized
(c-PA) by insertion of a cysteine at each extremity to mimic the native conformational region
(Fig 2B).

Immunization of mice with KLH-conjugated c-PA induced high serum titers of peptide-
specific antibodies in all animals, as demonstrated by specific ELISA (S1 Fig). Serum antibodies
were found to bind both c-PA and I-PA, but not a control peptide. However, in flow cytometry
experiments none of the sera recognized huCCR6 expressed by Th17 cells, indicating that the
cyclic synthetic peptide used in the present study, does not seem to share an immunogenic
region with the native ECL-2 motif of this chemokine receptor. Immunization of mice with
this mimetic molecule is therefore unlikely to generate CCR6-specific mAbs and no fusions
were carried out.

Immunization of mice with the first 18 residues of a huCCR6-derived synthetic peptide was
reported to result in the generation of anti-huCCR6 mAbs, indicating that this part of the N-
terminal portion (N1-18) of the chemokine receptor is immunogenic [43]. However, as these
mAbs do not have neutralizing capacity a peptide immunization strategy was envisaged, using
a synthetic peptide (N19-47) spanning the remainder of the N-terminal domain. Immuniza-
tion with the N19-47 peptide also resulted in high, peptide-specific, serum titers (S1 Fig). How-
ever, no serum reactivity with either huCCR6-transfected cells or Th17 cells, could be detected
by flow cytometry. Because of the total lack of reactivity of sera of the hyperimmune mice with
native huCCR6, no fusions were carried out and an alternative strategy was devised.
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Immunization of mice with huCCR6-expressing NIH-3T3 cells
One approach to bypass incorrect presentation or weak expression of a complex epitope struc-
ture is to immunize either with the purified molecule or the receptor in the context of the cell
on which it is expressed. Because of the particular nature of seven-transmembrane domain
receptors and the stringent conditions required of its obtention in purified form, while main-
taining its specific conformational structure, immunization with the biochemically purified or
recombinant CCR6 protein is not feasible. Therefore, mice were immunized with huCCR6--
NIH-3T3 cells resulting in the generation of high serum titers of Abs reactive with the latter
cells, but not with wild type NIH-3T3 cells, as measured by flow cytometry, and a fusion was
carried out. From a total of 2,000 hybridoma supernantants, three mAbs, 2E5, 5G4 and 11E10,
were identified that recognized both huCCR6-CHO and native huCCR6-expressing Th17 cells,
but neither pCDNA3.1-CCR2-transfected cells, nor huCCR6- CD4+ T cells (Fig 3) and were

Fig 2. Predicted structure of huCCR6. (A) Representation of the serpentine structure of huCCR6 formed at
the top by the extracellular domains consisting of the N-terminal end and three loops (ECL1-3), in the middle
by the horizontal bands and cylinders, symbolizing the cell membrane and the seven transmembrane
domains, respectively, and at the bottom by the intracellular domains consisting of three loops and the C-
terminal end. (B) Representation of the peptidyl arch of the ECL2 of huCCR6 formed by the disulfide bridge
between ECL-1 and ECL-2 (connecting line). Amino acids are listed with a single letter code. The horizontal
line represents the cell membrane. The arch structure consisting of 16 amino acids (S181-V196, grey circles)
was cyclized and used as immunogen.

doi:10.1371/journal.pone.0157740.g002
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further characterized. Both the 2E5 and 5G4 mAbs were of the IgG2a isotype and 11E10 was
an IgG1 mAb, as determined by sandwich ELISA [44]. Sequence analysis of their variable
domains revealed that the 2E5 and 5G4 clones were identical while 11E10 was a different mAb
(S2 Table).

Functional characterization of the generated anti-huCCR6 mAbs
The efficacy of a mAb to exert functional activity on its specific receptor is determined by its
affinity, as well as by its capacity to induce cell activation or to compete with the natural ligand
for binding to this receptor. The binding capacity of 2E5 and 11E10 to huCCR6-expressing
CHO cells was determined by flow cytometry analysis based on a binding titration of the mAbs
at 4°C, in the presence of NaN3 to avoid receptor/antibody complex internalization. Maximal
binding to huCCR6-CHO cells was observed at concentrations of 1 and 5 μg/mL for the 11E10
and 2E5 mAbs, respectively (Fig 4A). To perform receptor internalization analysis, the experi-
ment was repeated by incubating the cells with the mAbs, in the absence of NaN3, at 37°C and

Fig 3. Specificity of mAbs generated by immunization with huCCR6-expressing cells. The specificity of
the 2E5, 5G4 and 11E10 mAbs in the corresponding hybridoma supernatants was determined by flow
cytometry, using (A) CHO-K1 cells, transfected with huCCR6 or huCCR2, respectively and (B) human
CCR6+ and CCR6- CD4+ T cells. The x-axis represents fluorescence (four-decade log scale), and the y-axis
represents the relative cell number. Dark grey histograms from control cells are superimposed over light grey
histograms of huCCR6+ cells. One representative analysis from four independent experiments is shown. The
histogram overlay were performed using Flowing Software vs 2.5.

doi:10.1371/journal.pone.0157740.g003
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5% CO2. The binding titration curve was similar to that obtained at 4°C (S2 Fig), demonstrating
that neither mAb triggers downmodulation of CCR6 expression from the surface of these cells.

To evaluate the capacity of 2E5 and 11E10 to compete with huCCL20 for binding to its
receptor, huCCR6-CHO cells were incubated with various concentrations of the mAbs in the
presence of 80 ng/mL of AF647-conjugated huCCL20. The fluorescence intensity, correspond-
ing to maximum binding of huCCL20 in medium alone, was compared to that obtained in the
presence of each mAb or a control mAb. Both 2E5 and 11E10 were unable to compete with
AF647- conjugated huCCL20 for huCCR6 binding, as compared to the control mAb. Unla-
beled huCCL20, at a concentration of 8 μg/mL, was used as a competitive positive control
(Fig 4B).

Fig 4. Functional characterization of anti-huCCR6mAbs. (A) Binding titration of the 2E5 and 11E10 mAbs on huCCR6-CHO and
huCCR2-CHO cells, analyzed by flow cytometry assay. After plotting the data (log(agonist) vs. normalized response, GraphPad Prism
software), the EC50 was 1.911 μM for 2E5 and 0.6708 μM for 11E10. Mean values ± SEM of duplicate samples are shown in the graph. One
representative analysis in duplicate from two independent experiments is shown. (B) Competitive binding of AF647-CCL20 (80 ng/mL) on
huCCR6-CHO cells in presence of anti-CCR6mAbs or a control mAb (Ctr-mAb) (300 μg/mL) or huCCL20 (8 μg/mL)). Maximum binding
(without competitor) was used as 100% for normalization with GraphPad Prism software. Mean values ± SEM of pooled data from two
independent experiments are shown in the graph. (C,D) Kinetics of calciummobilization from internal stores in huCCR6-CHO cells following
stimulation with (C)mAbs (100 μg/mL) or huCCL20 (80 ng/mL) and (D) inhibition of huCCL20-mediated Ca2+ flux (160 ng/mL) after an
incubation for 15 min of the cells with mAbs (300 μg/mL) or huCCL20 (80 ng/mL). Maximum peak signal (without competitor) was used as
100% for normalization with GraphPad Prism software. One representative analysis of three independent experiments. Curves represent the
mean values of triplicate measurements.

doi:10.1371/journal.pone.0157740.g004
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Following its specific interaction with the molecule to which it has been raised, a mAb may
exert agonistic or antagonistic activity or, alternatively, no functional activity at all. To discrimi-
nate between these possibilities, the capacity of the 2E5 and 11E10 mAbs to elicit mobilization of
Ca2+ from internal stores or to inhibit huCCL20-mediated Ca2+ flux in CCR6-expressing cells
was determined. The addition of 2E5 or 11E10, even at a concentration of 100 μg/mL, did not
induce a Ca2+ flux in huCCR6-CHO cells (Fig 4C), showing that neither mAb has agonistic activ-
ity, contrary to huCCL20 that, at a concentration of 80 ng/mL, induced a strong Ca2+ response.
The capacity of both mAbs to inhibit the huCCL20-induced Ca2+ flux was also determined at
various concentrations. Pre-incubation of the cells with 80 ng/mL huCCL20 effectively reduced
the peak fluorescence signal obtained in the absence of the ligand, demonstrating the desensitiza-
tion of the receptor (Fig 4D). In contrast, the presence of either mAb, at a concentration as high
as 300 μg/mL, did not affect the peak fluorescence signal which was comparable to that observed
in the presence of a control mAb.

Characterization of the immunogenic region of huCCR6
Both mAbs 2E5 and 11E10 bind human CCR6 at the cell membrane as shown by flow cytome-
try (Fig 4A) pointing to their interaction with an extracellular domain. However, their inability
to neutralize CCL20 binding and signaling (Fig 4B–4D) demonstrates that they bind a non-
neutralizing region. The N-terminal part and the ECL-2 of huCCR6 are the major domains
exposed outside the cell membrane with a 47 and 31 amino acid long sequence, respectively.
2E5 and 11E10 reactivity against the N-terminal domain (peptide N1-18 and N19-47) and the
ECL-2 (peptide cPA) was tested by ELISA. Both mAbs showed a high level of binding with N1-
18, but not with N19-47, nor cPA, similar to the mAb 11A9 (Fig 5A), generated against the N-
terminal domain. Based on the finding that both 2E5 and 11E10, although harboring different

Fig 5. Characterization of the immunogenic region of huCCR6. The reactivity of the anti-huCCR6mAbs
(A) 2E5, 11E10 and 11A9 or (B) 53103, MM0066, G034E3 and 11A9 was compared to those of a control
mAb (Ctr-mAb) by ELISA using plate-adsorbed N1-18, N19-47 and c-PA peptides. One representative
analysis of three independent experiments carried out in duplicate.

doi:10.1371/journal.pone.0157740.g005
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variable domains, recognize the same region on huCCR6, it was hypothesized that all mAbs
generated in the mouse with cells expressing native huCCR6, are specific for the N1-18 region.

Indeed, among all the available mAbs generated in this manner, irrespective of the nature of
the huCCR6-expressing transfectant cells used as the immunogen (S1 Table), each was found
to specifically bind the N1-18, but not the N19-47 sequence, neither ECL-2 (Fig 5B). The linear
N1-18 peptide is therefore predicted to be the likely antibody-binding site on the native recep-
tor. This finding was confirmed by the capacity of the N1-18 peptide to displace, in a dose-
dependent manner, the binding of each mAb to huCCR6-CHO cells (Fig 6). These results
unambiguously demonstrate that N1-18 is the one and only region on native huCCR6 that is
recognized by these mouse-derived mAbs.

Discussion
The CCR6 chemokine receptor is selectively expressed on leukocytes populations that are
involved in the pathogenesis of various chronic inflammatory diseases which is, in part, deter-
mined by the capacity of these cells to be recruited to inflamed tissue. Because of the pivotal
role of CCR6 in this trafficking process, this chemokine receptor might constitute a prime tar-
get for the development of novel immunotherapeutic treatment for such diseases.

CCR6, as most 7-transmembrane domain receptors, contains relatively few extracellular
residues and therefore has only a limited number of immunogenic sequences in the N-terminal
portion and the three extracellular loops. Its particular nature renders it impossible to generate
soluble recombinant proteins or native protein complexes for immunization purposes without
losing its conformational structure that is associated with functional activity. Moreover, unlike
other chemokine receptors, CCR6 is not easily amenable to the inhibitory effects of small

Fig 6. Competition by mAbs for binding to huCCR6. Binding of anti-huCCR6 mAbs (1μg/mL) to
huCCR6-CHO cells, in the absence (light grey histograms) or the presence of N1-18 peptide, at the
concentration of 0.1 μg/mL (dark grey histograms) or 1 μg/mL (black histogram) was determined by flow
cytometry. The x-axis represents fluorescence (four-decade log scale), and the y-axis represents the relative
cell number. Histograms of cells stained with a control mAb (white histograms, nearest the y-axis) are
superimposed over histograms of cells stained with the indicated anti-huCCR6 mAbs. One representative
analysis from three independent experiments is shown. The histogram overlay were performed using Flowing
Software vs 2.5.

doi:10.1371/journal.pone.0157740.g006
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molecules [45] and therefore other therapeutic approaches, in particular the development of
neutralizing Abs, have to be explored. The present study reports various unsuccessful strategies
to generate such a function-blocking mAb. Although not mentioned in the result section, it is
of note that in addition to immunization with CCR6-derived peptides and the huCCR6-expres-
sing NIH-3T3 transfectant, other methods have been explored, including immunization of
Balb/C mice with native CCR6-expressing Th17 cells and the use of in vivo huCCR6 cDNA
immunization and electroporation. These techniques have also been applied using CCR6-defi-
cient mice, as well as mice on a C57/BL6 background, but did not yield satisfactory results. The
obtention of the few mAbs specific for the huCCR6 using the hybridoma technique by us and
others has involved the screening of several thousands of culture supernatants which suggests
that this chemokine receptor is a rather weak immunogen in the mouse. Moreover, the results
of the present study unequivocally lead to the conclusion that any mAb specific for native
huCCR6, generated in the mouse, will interact with the N1-18 domain of this receptor. How-
ever, given the non-neutralizing activity of such mAbs, determination of the miminal epitope
(s) that they recognize within this region does not provide additional and useful information.
As to the question why these mAbs do not possess neutralizing activity, it is worth mentioning
that a general model for a two-site mechanism has been proposed to describe the binding of
chemokines with their cognate receptors [46]. The specific recognition is initiated by the inter-
action between the N-loop of the chemokine and the N-terminal domain of the chemokine
receptor (site 1), followed by the engagement of the flexible N-terminal domain of the chemo-
kine with the transmembrane domain of the chemokine receptor (site 2). Binding of mAbs to
the N1-18 domain inhibits neither CCL20 binding nor receptor signaling, suggesting that this
part of huCCR6 is not engaged in the recognition site of its chemokine ligand.

The molecular mechanism that is responsible for this bias in the immune response of the
mouse against huCCR6 is unclear at present. It can be hypothesized that the entire N-terminal
domain, as well as the ECL-2, are less accessible as a result of the conformation of huCCR6 at
the surface of the cells used as an immunogen. In this respect, it has to be noted that the N-ter-
minus of mouse CCR6 lacks the N1-5 and N19-21 residues, as compared to its human counter-
part [47], resulting in a degree of homology of only 46% between the respective N-terminal
portions of these chemokine receptors. This species difference is likely to result in an altered
configuration, and thus a different presentation, of the molecule that might explain the
observed unilateral immune response. This notion is underscored by our finding that immuni-
zation of mice with the N19-47 peptide resulted in the generation of mAbs that recognize the
immunizing peptide but not native huCCR6. These results could be explained by the existence
of a putative glycosylation site at residue N23 of huCCR6 that might interfere with the binding
of these mouse Abs. Nonetheless, polyclonal Abs generated in goat with the synthetic peptide
18–46 reportedly react in a huCCR6-dependent manner on tissue sections [48, 49], however
no information about their possible neutralizing activity and binding to the native molecule is
available. In the same vein, none of the sera of mice immunized, in the present study, with
peptides specific for the ECL-2 of huCCR6 reacted with native huCCR6. In addition, other
huCCR6 polyclonal Abs generated against the same ECL-2-derived peptide in rabbits (LS-A356
and TA316610 Abs from LSbio and Origene, respectively) react with huCCR6 exclusively on tis-
sue sections. These observations indicate that both sequences seem to be accessible only following
denaturation of huCCR6 caused by fixation of tissue, raising the possibility that they might be
masked on the native receptor by the outermost N-terminal part of the molecule. This interpreta-
tion could also explain the impediment to select small molecules to antagonize this receptor [45].
Although the company ChemoCentryx has presented promising results in preclinical models of
arthritis and psoriasis, using a selective small molecule (CCX9664), these have not yet been asso-
ciated with a scientific publication or beneficial results from clinical trials.
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Taken together, the data from the present study indicate that the mouse humoral response
against native huCCR6 is invariably directed at its N1-18 domain. However, mAbs derived
from hyperimmune mice have no neutralizing activity, which leads to the postulate that this
species is not suitable to develop this type of therapeutic tools to interfere with huCCR6-ligand
interactions. It is of note that two recents patents described the isolation of neutralizing anti-
huCCR6 antibodies, one from phage display human antibody libraries selected against
huCCR6-presenting proteoliposomes [50], and the other from SD rats immunized with
huCCR6-CHO cells [51]. As only rare function-blocking anti-huCCR6 antibodies have been
described in other species, future attempts to generate such tools in mice, must rely on other
strategies to expose critical regions [52]. In this respect, mutation or truncation of the immuno-
dominant epitope of the N-terminus of the receptor might display unmasked and potentially
neutralizing epitopes. This strategy was, for instance, reported to successfully generate broadly
neutralizing antibodies against HIV-1 by removing glycans on the envelope glycoproteins
[53, 54].

An alternative to the use of function-neutralizing mAbs directed at huCCR6 might be the
engineering of chimerized or humanized mAbs based on the variable domains of available
non-blocking mouse mAbs. For this type of mAbs, the human Fc portion will serve as a func-
tional domain to delete CCR6-expressing cells by antibody-dependent cell-mediated cytotoxic-
ity and/or complement-dependant cytotoxicity. Specific deletion of CCR6-expressing cells for
the treatment of inflammatory disease might be a reasonable approach which is underscored
by the observation that CCR6-deficient mice do not show developmental anomalies, neither of
organs or tissue, nor of major leukocyte populations [4]. One specific alteration in CCR6-defi-
cient mice is the generation of a defective secondary humoral immune reponse, most likely
due to the disruption of the normal CCL20-dependent anatomic distribution in the spleen,
although primary humoral responses, as well as the generation and maintenance of antigen-
specific B cells, are normal in these animals [55]. Thus, suppression of antigen-specific B cells
by targeting CCR6 does not seem to have major consequences. In fact, depletion of circulating
B cells as a therapeutic strategy has already been successfully developed for the treatment of
leukemia or rheumatoid arthritis by the use of Rituximab that targets the CD20 molecule at the
B-cell surface [56–58]. Nevertheless, a definite in vivo demonstration of this concept with
respect to CCR6 remains difficult, using the existing mAbs, as the latter are specific for
huCCR6, without crossreactivity for other species usually used in experimental animal models
of inflammatory diease.

Another strategy to block CCR6 function is the development of neutralizing mAbs directed
at its chemokine ligand CCL20. Recently, a humanized anti-huCCL20 mAb has been evaluated
in a phase 1 clinical trial (ClinicalTrials.gov Identifier: NCT01984047). It is of note however
that CCR6 has other, non-chemokine, ligands, including at least two antimicrobial β-defensins
[9, 24]. In this respect, neutralization of huCCL20 might not be enough to completely inhibit
CCR6 function.

In fine, the results from the present study contribute to a better understanding of the reason
as to why twenty years after the original description of CCR6, no neutralizing mouse mAbs
have been reported, neither in the literature, nor commercially available and furthermore indi-
cate that none one of the proposed strategies to raise a blocking antibody against CCR6 in the
mouse is likely to be successful.
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S1 Fig. Serum antibody response in mice immunized with huCCR6-derived peptides.
Serum antibody titers of mice, immunized with (A) c-PA or (B) N19-47 peptides was
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determined by ELISA using plate-adsorbed peptides, as indicated by the different colored bars.
Results represent the values (mean ± SD) from sera of four mice measured in duplicate. Ctr-p:
Control peptide.
(TIFF)

S2 Fig. Internalization assay with the 2E5 and 11E10 mAbs.HuCCR6-CHO cells were incu-
bated for 1 hour at 37°C, 5% CO2, in supplemented culture medium with various concentra-
tions of mAbs and analyzed by flow cytometry assay. After plotting the data (log(agonist) vs.
normalized response, GraphPad Prism software), the EC50 was 1.2 μM for 2E5 and 0.8 μM for
11E10. One representative analysis in duplicate from two independent experiments is shown.
(TIFF)

S1 Table. Description of the anti-huCCR6 mAbs used in this study.
(TIFF)

S2 Table. Molecular characterization of the generated anti-huCCR6 mAbs.
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