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Human B Cells Become Highly Responsive to
Macrophage-Inflammatory Protein-3�/CC Chemokine
Ligand-20 After Cellular Activation Without Changes in CCR6
Expression or Ligand Binding

Fang Liao,1,2 Aiko-Konno Shirakawa,1 John F. Foley, Ronald L. Rabin, and Joshua M. Farber3

CCR6 is the only known receptor for the chemokine macrophage-inflammatory protein (MIP)-3�/CC chemokine ligand (CCL)20.
We have shown previously that CCR6 is expressed on peripheral blood B cells, but CCR6 activity on these cells is low in in vitro
assays. We report that MIP-3�/CCL20-induced calcium flux and chemotaxis can be enhanced significantly on peripheral blood
and tonsillar B cells after activation by cross-linking surface Ag receptors. Of particular interest is the fact that the enhanced
activity on B cells was not associated with an increase in CCR6 expression as assessed by levels of receptor mRNA, surface staining,
or MIP-3�/CCL20 binding sites, or by a change in the affinity of the receptor for ligand. These data convincingly demonstrate that
responses to a chemokine can be regulated solely by changes in the downstream pathways for signal transduction resulting from
Ag receptor activation, and establish CCR6 as an efficacious receptor on human B cells. The Journal of Immunology, 2002, 168:
4871–4880.

T he chemokine family of chemotactic cytokines and their
seven-transmembrane domain G protein-coupled recep-
tors are increasingly recognized to play critical roles in

lymphocyte trafficking during development, in maintaining ho-
meostasis, and in immune responses (see Ref. 1 for review). Un-
derstanding the specific functions of individual receptors and their
ligands in lymphocyte physiology has been complicated by the
large number of chemokine receptors expressed on lymphocytes
and the heterogeneity of lymphocyte populations. Initial steps to-
ward investigating the functions of particular ligand/receptor pairs
(or groups, in the case of promiscuous ligands and receptors) in-
clude the characterization of the expression and activities of the
proteins in lymphocyte subsets and tissues. Most such studies to
date have focused on T cells.

Although many chemokine receptors expressed on T cells can
also be found on human B cells, such as CXCR4 (2, 3), CXCR5
(4), CXCR3 (5), CCR7 (6), CCR1 (7), and CCR2 (8), in general
less is known about the functions of these receptors and their li-
gands on B cells. Nonetheless, important insights have been gained
from analyses of knockout mice. These experiments have shown
that CXCR5 is necessary for B cell homeostatic trafficking into
follicles (9), that stromal cell-derived factor (SDF)4-1/CXC che-

mokine ligand (CXCL)12 is necessary for B cell lymphopoiesis
(10), and that CCR7 is important for retaining B cells in the splenic
periarteriolar lymphatic sheath (11).

We and others (12, 13) discovered a gene that encodes a human
seven-transmembrane domain G protein-coupled receptor now called
CCR6, and demonstrated that it is the receptor for the chemokine
macrophage-inflammatory protein (MIP)-3�/CC chemokine ligand
(CCL)20 (14–17). CCR6 can also function as a receptor for human
�-defensins (18), members of a family of antimicrobial peptides. The
MIP-3�/CCL20 gene is expressed in lymphoid tissue, in intestinal
epithelium (particularly over Peyer’s patches), and in activated mono-
cytes, endothelial cells, dendritic cells, and fibroblasts (19–22). MIP-
3�/CCL20 has been described as chemotactic for immature dendritic
cells (16, 23) and freshly isolated T cells (21). We have shown that
MIP-3�/CCL20 acts selectively on memory T cells (24), and others
have reported that MIP-3�/CCL20 is able to trigger the adhesion of
memory T cells to ICAM-1-coated glass (25).

Consistent with the activities of MIP-3�/CCL20, the CCR6
mRNA has been found in lymphoid tissue, T and B cells, and
selected populations of dendritic cells (12–14, 16, 17, 23, 26). We
have shown expression of human CCR6 protein on dendritic cells
and freshly isolated memory T cells, including T cells expressing
the cutaneous lymphocyte Ag, which directs T cells to the skin,
and the gut-associated integrin �4�7, and we demonstrated that
CCR6 is fully functional on resting T cells (24). We also found that
CCR6 was expressed on peripheral blood B cells (24) but that,
unlike for T cells, responses of B cells to MIP-3�/CCL20 were
difficult to detect, particularly in assays for chemokine-induced
calcium fluxes. In mice, recent data have shown that CCR6 is
expressed on various populations of freshly isolated, mature, pe-
ripheral B cells, and MIP-3�/CCL20 was shown to have modest
activity as a chemotactic factor for these cells (27). Significantly,
gene-targeted mice lacking CCR6 showed diminished numbers of
cells in lamina propria and Peyer’s patch that produced Ab against
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orally administered Ags (28). Mice lacking CCR6 have also
been reported to have abnormalities in T cell-dependent inflam-
mation (29).

Investigations of chemokine receptor expression and activity on
lymphocytes have revealed profound effects for lymphocyte acti-
vators such as IL-2 (30). Generally, these studies have reported a
correlation between receptor expression and function on a given
cell type. In the studies described below we have found that CCR6
preferentially attracts memory B cells, that CCR6 becomes a par-
ticularly efficacious receptor on human B cells following cellular
activation through Ag receptors, and that this enhancement in
CCR6 function is due to changes in the responsiveness of down-
stream signaling pathways. Our results demonstrate the existence
of mechanisms for amplifying chemokine receptor signals and
suggest that CCR6 is likely to play an important role in B cell
trafficking in humans.

Materials and Methods
Preparation of lymphocytes

Blood products were obtained from normal donors by the Department of
Transfusion Medicine, Clinical Center, National Institutes of Health (Be-
thesda, MD) under a protocol approved by the Institutional Review Board.
For analysis of peripheral blood T cells, PBMC were prepared from buffy
coats by banding on Ficoll-Hypaque (Amersham Pharmacia Biotech, Pis-
cataway, NJ) and cultured in RPMI 1640/10% FBS. Activation of T cells
was done using 5 �g/ml OKT3 (Ortho Biotech, Raritan, NJ) for 3 days.

Peripheral blood B cells were isolated by negative selection using two
different procedures. For some experiments, cells collected by leukophore-
sis were isolated by banding on Ficoll-Hypaque and processed as described
(31), using L-leucine methyl ester (Sigma-Aldrich, St. Louis, MO) to re-
move monocytes and NK cells and neuraminidase-treated sheep RBCs to
remove T cells. This protocol gave preparations with �85% B cells, which
were used in studies on the flow cytometer where CD19� cells could be
analyzed specifically. To isolate B cells for some experiments, Ficoll-
Hypaque-banded cells were reacted with a B cell-enrichment Ab mixture
and anti-human CD41 tetramer for 15 min at room temperature, and then
incubated with magnetic colloid for an additional 15 min before negative
selection over a magnetized column according to the supplier’s protocol
(StemCell Technologies, Vancouver, Canada). This protocol yielded prep-
arations with �95% B cells. For most experiments, B cells were activated
by culturing in RPMI 1640/10% FBS supplemented with 1 mM sodium
pyruvate, 0.1 mM MEM nonessential amino acids, 55 �M 2-ME (all from
Life Technologies, Gaithersburg, MD), and 10 �g/ml anti-human IgM
F(ab�)2 (ICN Pharmaceuticals, Aurora, OH) for 3 days. For some experi-
ments, B cells were also activated using 5 �g/ml anti-human IgM coupled
to beads (Irvine Scientific, Santa Ana, CA) plus 20 ng/ml IL-4 (BD Phar-
Mingen, San Diego, CA) for 2 days.

Tonsils were obtained as discarded tissue from the Department of Pa-
thology, Children’s Hospital (Washington, D.C.), in accord with institu-
tional policy. Tonsil mononuclear cells were isolated as described (32),
after which preparations were depleted of T cells using sheep RBCs as
above. When indicated, germinal center B cells were removed by using
anti-CD38 Ab (BD PharMingen) followed by anti-mouse IgG Dynal beads
(Dynal Biotech, Lake Success, NY). This protocol yielded preparations
with �95% B cells. To activate naive B cells preferentially, CD38� cells
were cultured in the presence of 10 �g/ml anti-human IgM F(ab�)2 (ICN
Pharmaceuticals) for 3 days. To activate tonsil memory cells, CD38� B
cells were cultured in the presence of 10 �g/ml anti-IgG F(ab�)2 plus 10
�g/ml anti-IgA F(ab�)2 (ICN Pharmaceuticals) for 3 days. For all experi-
ments using activated B cells, dead cells were removed by Ficoll-Hypaque
banding before additional manipulations.

Flow cytometry

The commercial Abs used and their suppliers were as follows: FITC-con-
jugated anti-human IgD or CD5, PE-conjugated anti-human CCR6 (clone
11A9), CD19, CD38, or IgM, Cy5PE-conjugated anti-human CD38, bi-
otin-conjugated anti-human IgD, and unconjugated anti-human Fc�RII
from BD PharMingen; Cy5PE-conjugated anti-human CD19 from Life
Technologies; and FITC- or PE-conjugated affinity-purified F(ab�)2 goat
anti-rabbit IgG from Caltag Laboratories (Burlingame, CA).

For staining human B cells using rabbit Abs against CCR6, one million
cells were resuspended in 100 �l of PBS containing 1% FBS and 10 mM
HEPES (FACS buffer), and were first incubated with the either anti-Fc�RII

(BD PharMingen) or Fab of anti-Fc�RII mAb IV.3 (Medarex, Princeton,
NJ), followed by an incubation for 1 h at 4°C with either 10 �l anti-CCR6
rabbit serum 5146 (24) or preimmune serum, or with 100 �g rabbit IgG
that had been purified from preimmune or from anti-human CCR6 serum
5146 over a protein A column (Pierce, Rockford, IL). Finally, the cells
were stained with FITC- or PE-conjugated F(ab�)2 goat anti-rabbit IgG plus
various Abs to B cell markers (and Cy5PE-conjugated streptavidin (BD
PharMingen) if appropriate), and analyzed for immunofluorescence using
either a FACScan or FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA).

Assaying calcium flux

Calcium flux in lymphocytes was detected using indo-1-loaded cells and a
FACSVantage dual-laser flow cytometer (BD Biosciences) as described
(33). For some experiments, dye-loaded cells were stained with anti-
CD19-PE or anti-CD5-FITC before analysis. Human MIP-3�/CCL20
(Ck�-4) was kindly provided by Human Genome Sciences (Rockville,
MD) or purchased from PeproTech (Rocky Hill, NJ). If required for a
positive control for calcium flux, B cells were treated with biotin-con-
jugated F(ab�)2 goat anti-human IgM (Caltag Laboratories) followed by
NeutrAvidin (Pierce).

Assaying chemotaxis

Chemotaxis assays were performed using the 96-well ChemoTx no. 106-5
microplate (NeuroProbe, Gaithersburg, MD) as previously described (24)
or using Transwell membranes (Costar, Cambridge, MA). For the
ChemoTx no. 106-5 microplates, purified B cells were resuspended in pre-
warmed RPMI 1640 containing 1% FBS and 10 mM HEPES at 2 � 106

cells/ml. Chemokines were prewarmed in the RPMI/FBS/HEPES at a con-
centration of 1 �g/ml. Following a 3.5-h incubation, cells on top of the
filter were removed and cold 0.5 mM EDTA in Dulbecco’s PBS was added
for 20 min at 4°C before centrifugation to dislodge any cells on the filter’s
underside. The migrated cells in the bottom wells were pooled and counted.
For the Transwell assays, purified B cells were resuspended at 107 cells/ml
in RPMI 1640 containing 0.5% BSA and 10 mM HEPES (pH 8). One
hundred microliters of cell suspension was placed in inserts with filters
with 5-�m pores and preincubated in wells containing 600 �l of RPMI/
BSA/HEPES at 37°C for 30 min before the inserts were placed in wells
containing either no chemokine or chemokine at various concentrations,
and cells migrating to the lower well after 2 h were collected, counted, and
stained for flow cytometry as appropriate.

For inhibitor studies, B cells were incubated in RPMI/BSA/HEPES with
or without the following: pertussis toxin (200 ng/ml), genistein (100 �M),
herbimycin A (10 �M), or wortmannin (1 �M or 100 nM) at 37°C for 30
min to 2 h before the migration assay. Cell viability was not adversely
affected by treatment with any of the compounds or their vehicles (distilled
water; DMSO). Pertussis toxin, 4�,5,7-trihydroxyisoflavone (genistein),
herbimycin A (Streptomyces sp.), and wortmannin (KY 12420) were all
purchased from Calbiochem-Novabiochem (San Diego, CA).

Assaying polymerization of F-actin

One-half million B cells were preincubated in 400 �l HBSS buffer con-
taining 10 mM HEPES plus 1% FBS for 20 min before adding 2.5 �g/ml
MIP-3�/CCL20 or SDF-1�/CXCL12 and incubating for 5, 15, 30, or 60 s.
Cells were then fixed with 4% paraformaldehyde containing 0.5% saponin,
1.7 �g/ml phalloidin, and 132 nM Alexa Fluor 488 phalloidin (Molecular
Probes, Eugene, OR) for 10 min on ice, and washed three times with PBS
containing 0.1% saponin, 1% BSA, and 0.05% azide. Cells were resus-
pended with PBS and analyzed on a FACScan, with mean fluorescence
intensity (MFI) determined for each sample. The percentage of modula-
tion of MFI was calculated for each sample at each time point as follows:
[1 � (MFI before addition of chemokine/MFI after addition of chemo-
kine)] � 100.

Preparation and analysis of RNA

Cells were lysed and RNA was prepared using the TRIzol reagent as spec-
ified by the manufacturer (Life Technologies). Agarose/formaldehyde gel
electrophoresis, transfer of RNA, and hybridizations and washing were
done as described (34). 32P-labeled probes were prepared from fragments
using random nonamers and the Megaprime kit according to the manufac-
turer’s protocol (Amersham, Arlington Heights, IL). The CCR6 probe was
from a 1.2-kb cDNA fragment (13). cDNAs for regulator of G protein
signaling (RGS)1, RGS2, and RGS3 were kind gifts from J. Kehrl (Na-
tional Institute of Allergy and Infectious Diseases, National Institutes of
Health), and their fragments were 1.4, 0.7, and 1.7 kb, respectively. The
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RGS14 cDNA was I.M.A.G.E. Consortium clone ID 25842, which con-
tained an insert of 1.7 kb and was obtained from the American Type Cul-
ture Collection (Manassas, VA). Hybridization using an end-labeled oli-
gonucleotide probe for the 18S rRNA was done as described (35).
Autoradiography/fluorography was done using an intensifying screen.

Assaying MIP-3�/CCL20 binding

Binding sites for MIP-3�/CCL20 were analyzed by displacement of radio-
labeled ligand using B cells freshly isolated from peripheral blood or ac-
tivated with anti-human IgM F(ab�)2 for 3 days. One million B cells were
incubated with 0.1 nM 125I-labeled MIP-3�/CCL20 (2200 Ci/mmol; NEN
Life Science Products, Boston, MA) and varying concentrations of unla-
beled MIP-3�/CCL20 in a total volume of 200 �l of HBSS containing 1%
BSA, 25 mM HEPES, and 0.02% NaN3 for 45 min at room temperature
before being spun through sucrose/PBS. The supernatants were aspirated,
the bottoms of the microfuge tubes were cut, and cell-bound radioactivity
was measured using a Cobra II series Autogamma counting system (Pack-
ard Instrument, Meriden, CT). Measurements in each condition were done
in triplicate and averaged. Background binding was determined from sam-
ples containing 0.1 nM 125I-labeled MIP-3�/CCL20 in the absence of un-
labeled ligand and cells, and was subtracted from each experimental value.
Data analysis was performed using LIGAND (P. Munson, Analytical Bio-
statistics, National Institutes of Health).

Results
MIP-3�/CCL20 produces a calcium flux in activated but not
resting human peripheral blood B cells

The expression of CCR6 that we had detected on peripheral blood
B cells led us to test B cells for responses to MIP-3�/CCL20. As
shown in Fig. 1, in contrast with freshly isolated T cells, resting
peripheral blood B cells failed to flux calcium after treatment with
MIP-3�/CCL20. Nonetheless, these cells showed an appropriate
increase in [Ca]i after the addition of anti-human IgM as a positive
control (data not shown). In contrast with the freshly isolated cells,
following 3 days of activation by cross-linking surface IgM in the
presence of IL-2, B cells were now able to signal in response to
MIP-3�/CCL20. Subsequent experiments, some of which are
shown below, demonstrated that activation through Ag receptors
without the addition of IL-2 was sufficient to confer responsiveness
to MIP-3�/CCL20. A response to MIP-3�/CCL20 was not always
detectable 1 day after cross-linking surface IgM, with donor-to-

donor variability, but was uniformly seen at 2 days (data not
shown) and was higher on day 3.

CCR6 expression is not enhanced by cellular activation

Using the anti-CCR6-specific serum 5146, which we have char-
acterized previously (24), we investigated further the expression of
CCR6 on peripheral blood B cells and on defined populations of B
cells obtained from human tonsils. As shown in Fig. 2, and as was
true in multiple experiments, despite the enhanced signaling of
MIP-3�/CCL20 after in vitro activation of peripheral blood B
cells, activation through surface Ag receptors did not lead to a
noticeable increase in the levels of CCR6. Fig. 3A shows that both
memory and naive tonsillar B cells, like B cells from peripheral
blood, stain homogeneously for CCR6, but that CCR6 was not
detected on germinal center B cells. As shown in Fig. 3B, follow-
ing treatment with anti-IgM, or with anti-IgG and anti-IgA to ac-
tivate preferentially naive or memory cells, respectively, surface
expression of CCR6 on the tonsillar B cells did not change. The
failure of activation to up-regulate CCR6 expression on B cells
was a consistent finding whether we stained cells with antiserum
5146, as in Figs. 2 and 3, or with a commercially available anti-
CCR6 mAb (clone 11A9; BD PharMingen; data not shown; see
Fig. 5). Just as for the cells from peripheral blood, attempts to
demonstrate calcium responses to MIP-3�/CCL20 on resting tonsil
B cells were unsuccessful (data not shown). However, as shown in
Fig. 3B, following treatment with anti-IgM or with anti-IgG and
anti-IgA, the cells now responded to MIP-3�/CCL20 by fluxing
calcium.

Cross-linking Ag receptors enhances CCR6-mediated chemotaxis

Chemotaxis experiments using peripheral blood B cells reproduc-
ibly showed small but detectable specific migration of freshly iso-
lated cells in response to MIP-3�/CCL20, expressed as the per-
centage of input cells migrating to chemokine minus the
percentage migrating in the absence of chemokine. However, in 17
of 22 experiments, similar to our findings with the calcium flux
assay, cellular activation led to increases in B cell chemotaxis to
MIP-3�/CCL20 with a range of �2- to 20-fold more migration for

FIGURE 1. MIP-3�/CCL20 induces calcium flux in both resting and activated T cells, but in B cells only after activation. To detect signals in resting
T cells, PBMC were isolated, loaded with indo-1, and stained with anti-CD5, and responses to MIP-3�/CCL20 were analyzed on the FACSVantage. To
activate T cells, PBMC were cultured in the presence of 5 �g/ml OKT3 for 3 days before being analyzed like the resting cells. Ratio fluorescence was
measured over time and is displayed for CD5� cells. Purified, resting peripheral blood B cells were loaded with indo-1 and stained with anti-CD19. To
activate B cells, the purified cells were cultured in the presence of 10 �g/ml anti-IgM F(ab�)2 plus 2 ng/ml rIL-2 for 3 days before being analyzed like the
resting cells. Ratio fluorescence was measured over time and is displayed for CD19� cells. Additions of buffer alone or 1 �g/ml MIP-3�/CCL20 are
indicated by arrows. T and B cells were obtained from different donors. Multiple additional donors also showed differences in calcium signaling between
resting and activated B cells.
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the activated as compared with resting cells. Applying a paired t
test to the data from all 22 experiments revealed that the increase
in chemotaxis after B cell activation was highly significant, with a
p value of � 0.0001. Fig. 4A shows results with one donor where
the difference was 12-fold. Fig. 4B shows migratory responses of
resting and 3-day-activated peripheral blood B cells from a second
donor, demonstrating that as compared with resting cells the acti-
vated cells responded at lower doses of MIP-3�/CCL20 and also
responded better at optimal concentrations of ligand. The numbers
of cells showing MIP-3�/CCL20-specific migration were signifi-
cantly greater for the activated than for the resting cells at 100,
1000, and 1500 ng/ml MIP-3�/CCL20 ( p � 0.01). As shown in
Fig. 4B, the percentage of input cells migrating spontaneously in
the absence of chemokine was also higher for the activated vs the
freshly isolated cells ( p � 0.02 for the data in Fig. 4B), and the
possible significance of this observation is discussed below. Sur-
face staining was done together with each chemotaxis experiment
and demonstrated no increase in CCR6 expression on activated as
compared with resting cells (data not shown). Analyzing chemo-
taxis to MIP-3�/CCL20 among human tonsillar B cells also re-
vealed enhanced migration in activated as compared with freshly
isolated cells, and this enhancement occurred whether activation
was through cross-linking surface IgM or through IgG plus IgA
(data not shown). Using peripheral blood B cells, we compared the

migration to MIP-3�/CCL20 with migration to other B cell-attract-
ing chemokines at a single dose of chemokine on both resting and
activated cells. As shown in Fig. 4C, the activity of MIP-3�/
CCL20 was comparable to that seen with the other chemokines,
which also showed significantly enhanced activities on activated as
compared with resting cells ( p � 0.01 for all resting/activated
pairs except for SDF-1�/CXCL12).

While this manuscript was under review, Krzysiek et al. (36)
reported that cross-linking B cell Ag receptor (BCR) on human
cells led to down-regulation of both CCR6 expression and function
as measured by flow cytometry and induction of filamentous actin
(F-actin) polymerization. Migratory responses to MIP-3�/CCL20
were not shown. Their activation protocol differed from ours in
using anti-IgM-coated beads instead of soluble anti-IgM F(ab�)2,
and their most dramatic effects were seen when IL-4 was also
added. Fig. 5 shows an experiment where peripheral blood B cells,
either freshly isolated or after activation with soluble anti-IgM
F(ab�)2 or with anti-IgM-coated beads plus IL-4, were analyzed for
CCR6 expression, migration to MIP-3�/CCL20, and MIP-3�/
CCL20-induced F-actin polymerization. As expected, although
soluble anti-IgM F(ab�)2 did not alter CCR6 expression, the mi-
gratory response was increased as compared with resting cells
( p � 0.01). As compared with resting cells, these cells showed no
change in the F-actin polymerization assay. Using the alternative
activation protocol, we found, as reported, that there was a fall
both in CCR6 expression and in the rapid MIP-3�/CCL20-induced
F-actin polymerization. Despite this, specific migration to MIP-
3�/CCL20 was higher than it was for resting cells ( p � 0.01). In
three additional experiments using anti-IgM-coated beads plus
IL-4 where CCR6 expression reproducibly fell, specific migratory
responses to MIP-3�/CCL20 either increased or stayed the same.
In no case did chemotactic responses decrease as compared with
those for freshly isolated cells. These data that receptor function is
either maintained or increased in the face of lower receptor levels
reinforce our finding that responses to MIP-3�/CCL20 are en-
hanced on BCR-activated cells on a per-receptor basis. These data
also demonstrate that assays for chemokine-mediated F-actin poly-
merization do not necessarily vary concordantly with those for
chemotaxis.

Because the efficacy of chemokines can differ between naive
and memory lymphocytes (37), we analyzed the phenotypes of the
peripheral blood B cells migrating to MIP-3�/CCL20. As shown in
Fig. 6, although MIP-3�/CCL20 attracted both naive and memory
B cells, memory cells responded disproportionately.

Resting and activated B cells express similar levels of CCR6
mRNA and binding sites for MIP-3�/CCL20

To complement the flow cytometry data on CCR6 expression, we
analyzed the levels of CCR6 mRNA in resting and activated ton-
sillar B cells. As shown in Fig. 7 and supporting the results shown
above, Northern analysis showed no significant change in CCR6
mRNA levels in tonsillar B cells after 3 days of activation with
anti-IgM, anti-IgG, and anti-IgA. Finally, we performed compet-
itive binding assays for MIP-3�/CCL20 with peripheral blood B
cells, both freshly isolated and at 3 days after cross-linking surface
IgM. Fig. 8 displays the binding data for the same cells used for the
chemotaxis experiment shown in Fig. 4A. Both the number of
binding sites per cell (�6500) and the affinity of these sites for
MIP-3�/CCL20 (with a Kd of �0.5–1 nM) were unchanged after
cellular activation. These data rule out the possibility that ligand-
receptor interactions could have been altered, for example through
posttranslational modifications of receptors such as glycosylation
or sulfation, or that enhanced responses to MIP-3�/CCL20 on the

FIGURE 2. Cellular activation potentiates responses to MIP-3�/CCL20
on human peripheral blood B cells without up-regulating receptor expres-
sion. A, Peripheral blood B cells, either freshly isolated or after activation
with anti-IgM F(ab�)2 for 3 days, were stained with IgG purified from
preimmune serum (dashed lines) or from anti-CCR6 serum (solid lines)
followed by PE-conjugated F(ab�)2 goat anti-rabbit IgG and Cy5PE-con-
jugated anti-CD19. Staining with the rabbit Abs is shown for the CD19�

cells. B, The activated B cells shown in A were loaded with indo-1 and
analyzed for changes in intracellular calcium on a FACSVantage flow cy-
tometer. Averages of the ratios of fluorescence of the cells are plotted vs
time. Additions of buffer alone or 1 �g/ml MIP-3�/CCL20 are indicated by
arrows. Similar results were found with cells from multiple donors.
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activated cells could have been due to induction of an as yet un-
identified MIP-3�/CCL20 receptor.

More than one change in downstream signaling pathways is
likely responsible for enhanced CCR6-mediated responses in
activated B cells

Our observations that the activated B cells showed enhanced re-
sponses to MIP-3�/CCL20 in both calcium flux and chemotaxis
assays without changes in CCR6 expression or ligand binding, and
that responses mediated by multiple chemokine receptors were po-
tentiated on the activated B cells, suggested that an early signaling
event and one shared by the chemokine receptors could be affected
in the activated cells. Activation of G proteins is the immediate
consequence of chemokine receptor stimulation, and changing G
protein signaling would affect both calcium flux and chemotaxis
and be shared among receptors. G protein function can be altered
by changes in the levels and/or activities of RGS proteins, which
are GTPase-activating proteins (GAPs) for the � subunits of het-
erotrimeric G proteins (reviewed in Refs. 38 and 39), and which
can function as inhibitors of chemokine receptor signaling (40)
(see Discussion). We analyzed levels of mRNAs for a number of
RGS proteins whose expression has been reported in B cells, in-
cluding RGS1, RGS2, RGS3, and RGS14 (41–43). Northern blot
analysis detected minimal signal in freshly isolated peripheral
blood B cells for RGS3 and RGS14, with no significant change
after BCR cross-linking, although samples from B cells stimulated
for 24 h with PMA and Staphylococcus aureus Cowan I bacteria as
positive controls showed bands of the expected mobilities (data not
shown). In contrast, probes for mRNAs for RGS1 and RGS2 re-
vealed expression in the resting cells that was down-regulated after
2 days of stimulation with anti-IgM F(ab�)2, as shown in Fig. 9.

The down-regulation of RGS proteins was consistent with the
enhanced responses to MIP-3�/CCL20 in the activated B cells.
However, careful consideration of the data suggested that changes
in G protein signaling alone might not account for the chemotaxis
component of the enhanced response. Even though significantly
higher numbers of activated vs resting B cells migrated to MIP-
3�/CCL20, as noted above, the numbers of activated cells migrat-
ing without chemokine also rose, so that the chemotactic index
(numbers of cells migrating with chemokine divided by the num-
bers of cells migrating without chemokine) was not increased in
the activated cells (data not shown). This suggested that in the
activated B cells the signals from CCR6 (and other receptors)
might be amplified by shared pathways that were also responsible
for the increased numbers of cells migrating without chemokine.
We investigated this possibility by testing the effects of inhibitors
of signaling molecules on both chemokine-independent and che-
mokine-mediated migration of the activated cells. As shown in
Fig. 10, we found that pertussis toxin inhibited chemokine-medi-
ated migration but not chemokine-independent migration, while
inhibitors of protein tyrosine kinases (genistein and herbimycin)
and phosphoinositide 3-kinases (wortmannin) inhibited both types
of migration on the activated B cells. These data were consistent
with the presumption based on the chemotactic indices that the
activated B cells had up-regulated the activity of common path-
ways responsible for cell migration, and that the enhanced migra-
tion to MIP-3�/CCL20 might be due to amplification of CCR6/Gi

protein-mediated signals using these same pathways. As discussed
below, together with the findings for calcium signaling and the
RGS genes, these data suggest that multiple pathways affecting
chemokine receptor signaling were likely to have been altered in
the activated B cells.

FIGURE 3. CCR6 is expressed on both memory and
naive tonsillar B cells, and cellular activation potentiates
responses to MIP-3�/CCL20 on these cells without up-
regulating CCR6 expression. A, Expression of CCR6 on
tonsillar B cells. Purified tonsillar B cells, all of which
were CD19� (data not shown), were stained with preim-
mune serum (dashed lines) or anti-CCR6 serum (solid
lines) plus biotin-conjugated anti-human IgD followed by
FITC-conjugated F(ab�)2 goat anti-rabbit IgG, Cy5PE-
conjugated streptavidin, and PE-conjugated anti-human
CD38. CCR6 immunofluorescence is shown for naive
(IgD�CD38�), memory (IgD�CD38�), and germinal
center (IgD�CD38�) cells. B, Expression and signaling
through CCR6 on naive and memory B cells after acti-
vation. Left panel, Tonsillar B cells were depleted of ger-
minal center cells and stained with Ab purified from pre-
immune serum (dashed lines) or anti-CCR6 serum (solid
lines) followed by FITC-conjugated anti-IgD and PE-con-
jugated F(ab�)2 goat anti-rabbit IgG. Naive cells and
memory cells were identified based on their expression of
IgD. To activate preferentially tonsillar naive or memory
B cells, the germinal center-depleted tonsillar B cells
were cultured in the presence of anti-IgM F(ab�)2, or in
the presence of anti-IgG F(ab�)2 plus anti-IgA F(ab�)2,
respectively, for 3 days before staining with the rabbit
Abs as described for the fresh cells. Right panel, The
activated B cells shown in left panel were loaded with
indo-1 and analyzed for changes in intracellular calcium
as described for Fig. 2. Data for staining and calcium flux
of differentially activated tonsillar cells are shown for
cells from one of three donors that gave similar results.
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Discussion
Our data provide evidence for two major points: 1) that CCR6 is
an efficacious chemokine receptor on human peripheral blood and
tonsillar B cells, particularly after cellular activation, and 2) that
responses to MIP-3�/CCL20 can be enhanced by cellular activa-
tion without changes in CCR6 expression or ligand binding.

Using B cells from peripheral blood and tonsils we showed that
on resting cells CCR6 preferentially attracts the memory subset
and that CCR6-mediated calcium flux and chemotaxis can be up-
regulated by activating naive cells through surface IgM, or mem-
ory cells through surface IgG and IgA. In our previous work, we
described that CCR6 is expressed and active on resting memory T
cells expressing both skin-homing and gut-homing surface mark-
ers (24). A number of laboratories have described the expression of
CCR6 on human dendritic cells (16, 17, 23, 24, 44), particularly on
immature cells (23, 44). These dendritic cells are able to process
Ag and activate memory T cells at peripheral sites (44).

Our finding that B cell activation through BCR led to enhanced
responses to MIP-3�/CCL20 raises the possibility that CCR6 may
have a role particularly on Ag-activated B cells. Although germi-
nal center cells from tonsils did not stain for the receptor, it is
possible that CCR6 functions on other populations of activated B
cells in vivo. These would include naive follicular cells or mar-
ginal zone B cells in the initial stages after contact with Ag, and
other noncentroblast B lymphoblasts, including memory B cells
that may be activated in situ. High levels of expression of MIP-
3�/CCL20 have been found in the epithelium overlying human
tonsils (44), and the tissue adjacent to the epithelium is rich in
memory/activated B cells (45, 46). Taken together, the data sug-
gest that MIP-3�/CCL20 and CCR6 may be important in humans
for initiating anamnestic responses by recruiting and/or positioning
memory T cells, memory/activated B cells, and immature dendritic
cells in tissue, particularly at mucosal sites.

Our data on the effects of B cell activation on CCR6-mediated
responses demonstrate changes in postreceptor signaling path-
ways, and thereby convincingly establish a receptor-independent
mechanism for up-regulating responses to chemokines in activated
lymphocytes. A priori, a parsimonious explanation for our findings
that both chemotaxis and calcium responses were enhanced would
be increased activity of heterotrimeric G proteins, the proximal
components shared between the signaling pathways (see Ref. 47
for review).

RGS proteins are factors that could modify the outcome of G
protein activation through their ability to function as GTPase ac-
tivators (GAPs) for the � subunits of the Gi, Gq, and G12/13 sub-
families (reviewed in Refs. 38, 39, and 48). In their function as
GAPs, the RGS proteins are able to shorten the t1/2 of the acti-
vated, GTP-bound G� subunit. Although genes for RGS proteins

Peripheral blood B cells from a single donor, either freshly isolated or 3
days after activation with anti-IgM F(ab�)2, were assayed for chemotaxis as
in A with 1 �g/ml MIP-3�/CCL20, SDF-1�/CXCL12, MIP-3�/CCL19,
secondary lymphoid tissue chemoattractant/CCL21, B cell-attracting che-
mokine-1/CXCL13, or no chemokine in the bottom wells. The number of
cells migrating in the absence of chemokine (0.14% for freshly isolated
cells and 4.7% for activated cells) was subtracted to yield chemokine-
dependent migration, and the values shown are the means from duplicate
wells along with SDs. Open bars represent values for freshly isolated cells;
filled bars represent values for activated cells. Differences between freshly
isolated and activated cells were significant for all chemokines (p � 0.01)
except for SDF-1�/CXCL12. Similar results were found in another com-
plete experiment and in several additional experiments where subsets of
these chemokines were tested.

FIGURE 4. MIP-3�/CCL20 preferentially induces chemotaxis of acti-
vated, as compared with resting, B cells. A, Chemotaxis of peripheral blood
B cells. One million B cells, either freshly isolated or after 3 days of
activation with anti-IgM F(ab�)2, were placed in a Transwell insert with a
membrane having 5-�m pores, and cells migrating into the lower chamber
containing 1 �g/ml MIP-3�/CCL20 were counted following a 2-h incuba-
tion. The number of cells migrating in the absence of MIP-3�/CCL20
(0.25% for freshly isolated cells and 7.4% for activated cells) was sub-
tracted to yield chemokine-dependent migration, and the values shown are
the means from duplicate wells along with SDs. The difference between
resting and activated cells was significant, with a value of p � 0.0006. Data
are for cells from 1 of 22 experiments. See text for details. B, Chemotaxis
of resting and activated B cells to varying doses of MIP-3�/CCL20. Pe-
ripheral blood B cells from a single donor, either freshly isolated or 3 days
after activation with anti-IgM F(ab�)2, were assayed for chemotaxis as in A
with 0, 10, 100, 1000, and 1500 ng/ml MIP-3�/CCL20 in the bottom wells.
Values are displayed without subtraction of the numbers of cells migrating
in the absence of chemokine. Error bars are too small to be seen. The
numbers of cells showing specific migration to MIP-3�/CCL20 (calculated
by subtracting the numbers of cells migrating without chemokine) were
significantly greater for the activated than for the resting cells at 100, 1000,
and 1500 ng/ml MIP-3�/CCL20 (p � 0.01). The numbers of cells migrat-
ing in the absence of chemokine was also greater for the activated vs
resting cells (p � 0.02). Cells from a second donor gave similar results. C,
Chemotaxis of resting and activated B cells to B cell active chemokines.
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have generally been found to be induced after lymphocyte activa-
tion (40, 42, 43, 49), we found that mRNAs for RGS1 and RGS2
were in fact down-regulated at 2 days after BCR cross-linking,
similar to what has been reported for RGS3 in mouse B cells (43).
Diminished expression of RGS proteins would be expected to up-
regulate signals from chemokine receptors. RGS1 is a GAP for Gi�

and Gq� and has been shown to inhibit calcium and chemotactic
responses mediated by a number of chemoattractant receptors (40,
42, 43, 50). RGS2 has been reported to serve as a GAP for Gi� and
Gq�, although preferential activity for Gq� has been reported (51).
Gq� is an efficient activator of phospholipase C (PLC)-�, which
produces inositol 1,4,5-trisphosphate and triggers a rise in intra-
cellular calcium, but a role for Gq proteins in cell migration, at
least as assayed in chemotaxis assays in vitro, is less clear. Con-
sistent with a preference for Gq� over Gi�, transfection of RGS2

into cell lines had either no or modest activity in inhibiting che-
mokine-mediated chemotaxis (43, 50).

Despite the appeal of attributing our findings to RGS-mediated
changes in G protein signaling, the chemotaxis data suggest that
this is unlikely to be the sole mechanism for the enhanced re-
sponses in the activated cells. In addition to the increase in the
percentage of the activated B cells migrating to chemokine, the
number of these cells migrating across the filters in the absence of
chemokine was also elevated, so that the ratio of chemokine-di-
rected vs spontaneously migrating cells (chemotactic index) was
not increased (see Fig. 4B). This does not mean that increased

FIGURE 6. MIP-3�/CCL20 preferentially attracts the memory subset
of resting peripheral blood B cells. The freshly isolated peripheral blood B
cells from the chemotaxis experiment shown in Fig. 4A were used to de-
termine migration of naive and memory subsets. The starting population
and cells migrating to four lower wells containing MIP-3�/CCL20 were
stained with Cy5PE-conjugated anti-human CD19 and FITC-conjugated
anti-human IgD and analyzed by flow cytometry. Histograms show inten-
sities of staining for IgD on CD19� cells to identify naive (IgD�) vs mem-
ory (IgD�) B cells. Two additional experiments gave similar results.

FIGURE 7. Levels of CCR6 mRNA do not differ between resting and
activated tonsillar B cells. Total RNA was prepared from tonsillar B cells
from a single donor, either freshly isolated or after 3 days of activation with
anti-IgM F(ab�)2, anti-IgG F(ab�)2, and anti-IgA F(ab�)2. Seven-microgram
samples of RNA were fractionated in a 1.2% agarose-formaldehyde gel,
transferred to supported nitrocellulose, and hybridized first to a radiola-
beled CCR6 cDNA probe and subsequently, to demonstrate equal loading,
to a radiolabeled 18S rRNA oligonucleotide probe. The CCR6 band ran at
the predicted position slightly below the 28S rRNA. Analysis of RNA
prepared from cells from a second donor also showed no difference in
CCR6 mRNA between freshly isolated and activated cells.

FIGURE 5. Chemotaxis to MIP-3�/CCL20 can be
enhanced in B cells activated by a protocol that de-
creases expression of CCR6. Peripheral blood B cells
from a single donor were analyzed at the time of iso-
lation or 2 days after being activated with anti-IgM
F(ab�)2 alone or with anti-IgM-coated beads plus
IL-4. A, Cells were stained with PE-conjugated iso-
type control (dashed lines) or PE-conjugated anti-
CCR6 Ab, clone 11A9 (BD PharMingen) (solid
lines). B, Cells were assayed for chemotaxis as de-
scribed for Fig. 4A. The number of cells migrating in
the absence of MIP-3�/CCL20 (0.1% for freshly iso-
lated cells, 6.2% for cells activated with anti-IgM
alone, and 4.1% for cells activated with anti-
IgM-coated beads plus IL-4) was subtracted to yield
chemokine-specific migration, and the values shown
are the means from duplicate wells along with SDs.
The values for resting cells vs cells after activation
with anti-IgM alone or with anti-IgM-coated beads
plus IL-4 were significantly different (p � 0.01 in
each case). C, Cells were treated with or without 2.5
�g/ml MIP-3�/CCL20 and assayed for changes in
polymerization of F-actin using Alexa Fluor phalloi-
din at the times shown. Changes in intracellular poly-
merized F-actin were calculated as described in Ma-
terials and Methods.
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migration to MIP-3�/CCL20 was due simply to the increase in the
numbers of cells migrating spontaneously, because we showed that
chemokine-specific migration, which was calculated by subtract-
ing the numbers of spontaneously migrating cells from those mi-
grating to chemokine, was increased after B cell activation. Rather,
our data suggested that while chemokine-independent signals and
chemokine-induced signals resulted in much different numbers of
cells migrating, these signals were being amplified to similar ex-
tents as a consequence of B cell activation. The simplest explana-
tion for these findings is that chemokine-independent and chemo-
kine-dependent migration were being amplified through shared
pathways.

We investigated this possibility using genistein, herbimycin,
wortmannin, and pertussis toxin, inhibitors of protein tyrosine ki-
nases, phosphoinositide 3-kinases, and receptor-mediated activa-
tion of Gi proteins, to determine whether we could separate the
enhanced chemokine-independent and chemokine-dependent mi-
gration by blocking the former without eliminating the latter. We
could not. Inhibitors of the two classes of kinases blocked both
chemokine-independent and chemokine-dependent migration, and
although pertussis toxin eliminated the latter it had no effect on the
former, consistent with the supposition that although chemokine-
induced signals required receptor activation of Gi proteins, both

sorts of migration were amplified through common pathways. The
results with pertussis toxin ruled out the possibility that the in-
creased spontaneous migration of the activated cells was due to Gi

protein-coupled receptor activation through autocrine or paracrine
factors, although this is a phenomenon for which there is prece-
dence (52, 53).

Gi protein signals are the primary (but not the only (see Ref. 54))
class of G protein signals with a role in cell migration (55, 56);
thus, given the evidence for shared pathways for chemokine-inde-
pendent and chemokine-dependent migration, the failure of per-
tussis toxin to inhibit chemokine-independent migration would ar-
gue against increased activity of G proteins, and by implication a
fall in RGS proteins, as responsible for the enhanced migration of
the activated B cells. Therefore, these considerations favor the pos-
sibility that the enhanced motility of the activated cells was due to
effects on any of a number of downstream points in the signaling
pathway, such as on one or more of the protein tyrosine kinases
that we have shown are necessary, as a class, for chemokine-de-
pendent and chemokine-independent migration. Both the src and
the syk families of protein tyrosine kinases have been shown to be
in the pathway of chemokine-induced signals important for migra-
tion (57, 58). That said, it is possible, however, for Gi (or other G)
proteins to be activated by factors acting independently of recep-
tors, such as by the activators of G protein signaling (AGS) pro-
teins (59), which would not be sensitive to inhibition by pertussis
toxin. Gi� turned on in the activated cells by a receptor-indepen-
dent mechanism such as AGS1 (59) could in turn enhance cell
motility and could be regulated by RGS1 or other RGS proteins, as
has in fact been reported (60). However, there is as yet little in-
formation on the biological roles of the AGS proteins.

Regarding the enhanced calcium signals in the activated B cells,
although it is possible that downstream pathways such as those we
have implicated in the chemotaxis responses could be contributory,
the well-established pathway for chemokine receptor-induced in-
creases in intracellular calcium is through direct activation of
PLC-� by Gq� or the �� dimer (61). Taken together, the data

FIGURE 9. mRNAs for RGS1 and RGS2 are down-regulated in prep-
arations of peripheral blood B cells after activation with anti-IgM. Total
RNA was prepared from peripheral blood B cells from a single donor,
either freshly isolated or after 2 days of activation with anti-IgM F(ab�)2.
Fifteen-microgram samples of RNA were fractionated in a 1.2% agarose-
formaldehyde gel, transferred to supported nitrocellulose, and hybridized
first to radiolabeled RGS1 or RGS2 cDNA probes and subsequently, to
demonstrate equal loading, to a radiolabeled 18S rRNA oligonucleotide
probe. The RGS1 and RGS2 mRNAs demonstrated their expected mobil-
ities as shown. Analysis of RNA prepared from 2-day-activated cells from
a second donor and from 1-day-activated cells from a third donor gave
similar results.

FIGURE 8. Binding sites for MIP-3�/CCL20 do not differ between
resting and activated B cells. The freshly isolated and 3-day-activated B
cells used for the chemotaxis experiment shown in Fig. 4A were analyzed
for MIP-3�/CCL20 binding using a radiolabeled ligand displacement as-
say. Measurements in each condition were done in triplicate and averaged.
Data analysis was performed using LIGAND. B, T, and F represent bound,
total, and free ligand, respectively. Two other experiments also showed no
significant differences in Kd or in binding sites per cell for the freshly
isolated vs activated B cells.
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suggest that enhanced responses to chemokines in the activated B
cells may be due to changes in multiple signaling components,
with RGS effects on Gq/Gi proteins potentially contributing to in-
creases in PLC-�-dependent calcium signals, and changes in
downstream pathways that depend on protein tyrosine kinases and
phosphoinositide 3-kinases being primarily responsible for in-
creases in cell migration. Additional work will be needed to clarify
the contributions of each component to the specific outcomes of
receptor activation in these different cellular contexts.

At the time this manuscript was submitted and subsequent to its
submission, a number of papers have appeared addressing the roles
of CCR6 on human or mouse B cells. Brandes et al. (62) reported
no enhancement of migration to MIP-3�/CCL20 after B cell acti-
vation, possibly because they activated cells with LPS or anti-
CD40 and IL-4 and not through BCR. Krzysiek et al. (36) reported
findings similar to ours on the expression pattern of CCR6 on
tonsillar B cells and the preferential activity of MIP-3�/CCL20 on
memory B cells from peripheral blood. However, they found that
both CCR6 expression and function, as assayed by MIP-3�/
CCL20-induced F-actin polymerization, were diminished after ac-
tivation through BCR. When we activated B cells using precisely
their protocol, as discussed in Results and shown in Fig. 5, we

reproduced their findings. However, while following their proce-
dure we measured migration to MIP-3�/CCL20, which they did
not report, and here we found that, despite a fall in CCR6 expres-
sion, chemotaxis either increased or stayed the same, depending on
the donor, on the activated as compared with the freshly isolated
cells. In no case did migration to MIP-3�/CCL20 diminish, despite
a significant fall in CCR6 expression induced by their activation
protocol, demonstrating in every case that per receptor the chemo-
tactic response to MIP-3�/CCL20 was enhanced in the activated B
cells. Our data also demonstrate a discordance between changes in
the assays for F-actin polymerization and chemotaxis, consistent
with the complexity and divergence in the pathways regulating
these responses (47). Finally, Bowman et al. (27) reported that
cells from germinal centers of Peyer’s patches from C57BL/6 (but
not BALB/c) mice expressed low levels of CCR6 yet responded to
MIP-3�/CCL20 better than the brighter-staining follicular B cells,
again consistent with our observations that activated B cells can
have enhanced responses to MIP-3�/CCL20 independently of
CCR6 expression.

In mice, targeted disruption/deletion of the CCR6 gene has re-
sulted in diminished numbers of Peyer’s patch and lamina propria
cells producing specific Ab as part of a primary response to orally
administered Ags, and in diminished production of secreted IgA
against a virus (28), and serum IgG2b against a protein Ag (29).
Our data suggest that the deficits in B cell function in these mice
might be the direct result of the absence of CCR6 on B cells. Taken
together, the available data suggest an important role for CCR6 in
trafficking and/or other aspects of the physiology of activated B
cells in both mice and humans.
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