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Pathway-selective suppression of chemokine receptor
signaling in B cells by LPS through downregulation of
PLC-p2

Aiko-Konno Shirakawa', Fang Liao', Hongwei H Zhang', Michael N Hedrick', Satya P Singh', Dianqing Wu?
and Joshua M Farber'

Lymphocyte activation leads to changes in chemokine receptor expression. There are limited data, however, on how lymphocyte
activators can alter chemokine signaling by affecting downstream pathways. We hypothesized that B cell-activating agents might alter
chemokine responses by affecting downstream signal transducers, and that such effects might differ depending on the activator. We
found that activating mouse B cells using either anti-IgM or lipopolysaccharide (LPS) increased the surface expression of CCR6 and
CCR7 with large increases in chemotaxis to their cognate ligands. By contrast, while anti-lgM also led to enhanced calcium responses,
LPS-treated cells showed only small changes in calcium signaling as compared with cells that were freshly isolated. Of particular
interest, we found that LPS caused a reduction in the level of B-cell phospholipase C (PLC)-p2 mRNA and protein. Data obtained using
PLC-p2~'~ mice showed that the p2 isoform mediates close to one-half the chemokine-induced calcium signal in resting and
anti-lgM-activated B cells, and we found that calcium signals in the LPS-treated cells were boosted by increasing the level of PLC-p2
using transfection, consistent with a functional effect of downregulating PLC-B2. Together, our results show activator-specific effects
on responses through B-cell chemokine receptors that are mediated by quantitative changes in a downstream signal-transducing
protein, revealing an activity for LPS as a downregulator of PLC-$2, and a novel mechanism for controlling chemokine-induced signals

in lymphocytes.
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INTRODUCTION

The chemokine system is critical for B-cell development, homeostasis,
activation and effector function. Among the chemokine receptors with
roles in B-cell biology are: CXCR4, important for B-cell lymphopoi-
esis,' proper localization of plasma cells* and the organization of ger-
minal centers;> CXCR5, required for the localization of B cells in B-cell
follicles* and germinal centers;’ CCR7, important for the movement of
activated follicular B cells toward the T-cell zone;> CCR6, CCR9 and
CCR10, important for localization of IgA-secreting cells to intestinal
and/or mammary epithelium;*® and CXCR3, involved in optimal
antibody responses to some pathogens'® and in plasmablast migra-
tion."! Although B-cell responses to chemokines can be regulated in a
straightforward fashion by changes in chemokine receptor expression,
a number of reports from our laboratory and others have described
alterations in responsiveness independent of changes in receptor
levels.'> "¢ These studies have not, however, identified specific changes
in downstream signaling elements responsible for affecting the re-
sponses to chemokines.

Chemokine receptors are members of the superfamily of G protein-
coupled receptors (GPCRs). The pathways that link chemokine recep-
tors with cellular adhesion, polarization and directional migration
begin with G-protein activation and go through multiple downstream
signaling proteins that include, among others, phosphoinositide 3-
kinase (PI3K), phospholipase C (PLC), tyrosine kinases and small
GTPases.'” The contributions of these pathways to cell migration have
been studied primarily in model organisms such as Dictyostelium,
transformed cell lines and neutrophils.'® Information on the roles
for downstream pathways in chemoattractant responses in lympho-
cytes is more limited, and recent data suggest that there may be sig-
nificant differences in chemoattractant-induced
lymphocytes versus neutrophils.'”"

The B-isoforms of phosphoinositide-specific PLC are activated by
the Py-dimers liberated from heterotrimeric G proteins, as well as by
the a-subunits of the Gq family, and are important ‘effector’ elements
of GPCR signaling. PLCs produce inositol 1,4,5-trisphosphate (IP5)
and diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate,
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leading to many downstream events, including increases in intracel-
lular calcium and activation of protein kinase C.*° Of the PLC-B
isoforms, PLC-B1 and PLC-3 have wide tissue distribution, while
PLC-B2 is expressed principally in hematopoietic cells®*! and is the
isoform best-characterized in mediating leukocyte responses to che-
moattractants.”* PLC-Bs have important roles in chemoattractant-
induced integrin activation, affecting cell-substrate adhesion and
migration.'***¢

Through our work on CCR6 on human cells,"* we became inter-
ested in chemokine receptor signaling in B cells, and in particular how
such signaling might be affected by non-GPCR-mediated B-cell
activation. In the current work, we investigated the expression and
activity of the chemokine receptors CCR6, CCR7, CXCR4 and CXCR5
on mouse splenic B cells, either freshly isolated or after in vitro activa-
tion with anti-IgM or lipopolysaccharide (LPS). Our principal finding
was that LPS led to a significant decrease in the level of B-cell PLC-f32,
which was reflected in a muted increase in intracellular calcium in
response to chemokines. These data reveal activator-specific effects
on responses through B-cell chemokine receptors and a novel mech-
anism for controlling chemokine-induced signals in lymphocytes.

MATERIAL AND METHODS

Antibodies, LPS and chemokines

For B-cell isolation and flow cytometry, monoclonal antibodies
against mouse CD16/CD32 (Fc Block), CD19, CD43, B220 and
CXCRS5 were from BD Biosciences (San Jose, CA, USA), anti-mouse
CCR7 was from BioLegend (San Diego, CA, USA) and phycoerythrin
(PE)-conjugated F(ab’), goat anti-rabbit IgG (H+L) was from Caltag
Laboratories (now Invitrogen, Carlsbad, CA, USA). Anti-FITC and
CD43 MicroBeads were from Miltenyi Biotec (Auburn, CA, USA). For
activation of B cells, goat anti-mouse IgM F(ab’), was from Cappel
(MP Biomedicals, Aurora, OH, USA), and for B-cell receptor (BCR)
crosslinking in analysis of calcium flux, biotinylated goat anti-
mouse IgM F(ab’), was from Caltag Laboratories. Antibodies against
PLC-B1, PLC-B2, PLC-B3 and PLC-y2, horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG, HRP-conjugated polyclonal goat
anti-actin and cell lysates for controls for western blotting or immu-
noprecipitation were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). LPS from Escherichia coli 0111:B4 and bovine serum albu-
min were from Sigma-Aldrich (St Louis, MO, USA). Normal rabbit
IgG, NeutrAvidin and ECL western blotting substrate were from
Thermo Scientific (Rockford, IL, USA). CXCL12, CCL20 and
CCL21 were from Pepro Tech (Rocky Hill, NJ, USA), and CXCL13
was from R&D systems (Minneapolis, MN, USA).

Mice

TCRB /78"~ mice (B6.129P2-Tcrb™MomTcrd ™MOm 1y yyere from
The Jackson Laboratory (Bar Harbor, ME, USA) and C57BL/6
mice were from the National Cancer Institute (Frederick, MD,
USA). PLC-B2~/~ mice in the C57BL/6 background were produced
as described.?* All mice were bred at the National Institutes of Health.
Animal protocols were approved by the Animal Care and Use
Committee of the National Institute of Allergy and Infectious
Diseases, National Institutes of Health.

Isolation and activation of B cells

For most experiments, splenic B cells were isolated from 2- to 3-
month-old TCRB™/~8/~ mice as described.'® For purifying B cells
from C56BL/6 wild-type and PLC-B2~/~ mice, we used negative
selection with FITC-conjugated anti-mouse CD43 and anti-FITC
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MicroBeads or anti-mouse CD43 directly linked to MicroBeads
according to the manufacturer’s protocol. B-cell purity was generally
>90% as determined by staining for B220 or CDI19. B cells were
cultured in RPMI-1640/10% fetal bovine serum (FBS) supplemented
with 1 mM sodium pyruvate, 100 pM non-essential amino acids,
100 units/ml penicillin-streptomycin and 55 pM 2-mercaptoethanol.
For activation, cells were typically cultured at 1X10° cells/ml in Costar
24- or 6-well plates (Corning, Lowell, MA, USA) with 10 pg/ml anti-
IgM or 50 pg/ml LPS.

Production of antibodies against mouse CCR6

A peptide containing N-terminal residues of mouse CCR6 and a
carboxy-terminal cysteine, NH,-MNSTESYFGTDDYDNTEYYSIP-
PDHGPCSLEEVRNFTKVC-COOH, was conjugated through the
cysteine residue to keyhole limpet hemocyanin and used to immunize
rabbits. Affinity purification of antibodies was performed using the
immunizing peptide coupled to Affi-Gel 15 (Bio-Rad, Hercules, CA,
USA) according to the manufacturer’s protocol. Antibody specificity
was validated using transfected HEK 293 cells expressing mouse CCR6
(data not shown).

Flow cytometry

For staining CCRO, 0.5X10°=1X10° cells were incubated in 100 ul
Dulbecco’s phosphate-buffered saline containing 2% FBS and 0.05%
NaNj; with 1 pg of anti-mouse CD16/CD32 (Fc Block) for 15 min
followed by 1 pg of anti-mouse CCR6 antibody or normal rabbit
IgG for 45 min, washed and stained with PE-conjugated F(ab’), goat
anti-rabbit IgG for 30 min, all at 4 °C. Staining using other antibodies
were done similarly, except that direct conjugates were used and
incubation with a secondary antibody was omitted. Cells were ana-
lyzed using a FACScalibur or LSR II flow cytometer (BD Biosciences).

Assaying for calcium flux

For most experiments, calcium flux was measured as described.”” B
cells were loaded with Fura-2 acetoxymethyl ester, washed and resus-
pended at 2X 10° cells/ml in HBSS with 1.3 mM CaCl,, 1% FBS and
20 mM HEPES, pH 7.3. Chemokines were added at final concentra-
tions of 500-1000 ng/ml. Emission at 510 nm was measured from cells
continuously stirred at room temperature and excited alternately at
340 and 380 nm using a ratio fluorescence spectrometer (Photon
Technology International, Monmouth Junction, NJ, USA). For some
later experiments, calcium flux was measured using a Benchtop
Scanning Fluorometer and Integrated Fluid Transfer Workstation
(FlexStation; Molecular Devices, Sunnyvale, CA, USA). For these
assays, B cells were suspended at 5X 10° cells/ml in HBSS with calcium
and magnesium, 1% FBS and 20 mM HEPES, pH 7.2, and 100 pl of the
cell suspension together with 100 pl of fluorescent dye (FLIPR
Calcium 3 Assay Kit; Molecular Devices) was added to each well.
Cells were incubated for 30 min at 37 °C, and intracellular calcium
measurements were performed in a FlexStation.

Assaying chemotaxis

Chemotaxis assays were performed as described'* using Transwells
with 5 pm pores (Corning). Purified B cells were resuspended at
110 cells/ml in RPMI-1640 containing 0.5% bovine serum albumin
and 10 mM HEPES, pH 8.0 (chemotaxis medium). Inserts containing
100 pl of cell suspension were preincubated in wells containing 600 pil
of chemotaxis medium for 30 min before being transferred to wells
containing either chemotaxis medium alone or chemotaxis medium
containing various concentrations of chemokines, and cells migrating

429

Cellular & Molecular Immunology



LPS affects chemokine signaling in B cells through PLC-2
A-K Shirakawa et al

430

to the lower wells after 2 h were collected and counted. All incubations
were done at 37 °C in 5% CO,.

Analysis of RNA

RNA was prepared using the TRIzol reagent according to the manu-
facturer’s protocol (Invitrogen) and Northern analysis, including
detecting the 18S rRNA, was done as described.?® *2P-labeled pro-
bes were prepared from fragments using the Megaprime Kit (GE
Healthcare, Piscataway, NJ, USA). The mouse CXCR4 fragment was
cDNA containing the entire CXCR4 open reading frame, and was a
kind gift from Dr Martin Dorf (Harvard Medical School, Boston, MA,
USA).?’ The mouse CXCR5 fragment (used for data not shown) was
cDNA containing 572-1350 bp in GenBank entry G1:2598563, and the
mouse PLC-B2 fragment was cDNA containing 375-1063 bp in
GeneBank entry GI:61676178. All cDNA clones were prepared by
PCR with reverse transcription from B cell or spleen RNA, and their
identities were verified by sequencing.

Immunoblotting

Washed cells were resuspended in lysis buffer (1% Triton X-100, 1%
sodium deoxycholate, 150 mM NaCl, 20 mM HEPES, 1 mM EDTA,
20 mM NaF, 1 mM sodium orthovanadate, 10 pg/ml leupeptin,
20 pg/ml aprotinin, 1 mM PMSF and 10 pg/ml pepstatin) at 1X10’
cells per 100 pl and incubated for 45 min on ice before removing
insoluble material by centrifugation at 13 000 g for 25 min. Total protein
was measured using Bio-Rad Protein Assay (Bio-Rad). For analysis by
western blot, aliquots of 15-75 ug protein were boiled in sample buffer,
separated under reducing conditions on 6% (Invitrogen) or 4-15%
(Bio-Rad) precast SDS—polyacrylamide gels, and transferred to polyvi-
nylidene fluoride membranes (Millipore, Billerica, MA, USA). Protein
molecular weight standards were Kaleidoscope Prestained Standards or
Precision Plus Proteins WesternC Standards from Bio-Rad. For immu-
noprecipitation (IP), aliquots of 100-130 pg protein were incubated first
with anti-PLC-B2 for 1.5-2 h, followed by protein G agarose
(Invitrogen) for 1.5 h, both at 4 °C. IP samples were washed three times
with lysis buffer at 4 °C, boiled in sample buffer, and separated by SDS—
polyacrylamide gel electrophoresis and transferred as above. Membranes
were preincubated with 5% milk/Tris-buffered saline with 0.1% Tween
20, and then incubated with anti-PLC antibodies followed by HRP-
conjugated anti-rabbit IgG. Immunoreactive proteins were visualized
using ECL Western Blotting Substrate according to the manufacturer’s
protocol.

Expression of PLC-f2 in LPS-activated B cells by transfection

B cells were purified from spleens of C57BL/6 mice and activated as
described above. At 48 h after activation, following Ficoll centrifugation,
B cells were transfected with a vector control (pCEP4; Invitrogen) or
DNAs encoding PLC-32 in pMT2-PLC-B2 (Ref. 21) (a kind gift from
Dr Sue Goo Rhee, Ewha Womans University, Seoul, Korea) using
Amaxa Nucleofector Kit (Lonza, Walkersville, MD, USA) according
to the manufacturer’s instructions. At 24 h post-transfection, following
Ficoll centrifugation, cells were collected for analysis.

RESULTS

B-cell activation by anti-IgM or LPS differentially affects responses
to chemokines and expression of chemokine receptors

In order to investigate how lymphocyte activation might alter chemo-
kine receptor signaling, we analyzed the effects of two B-cell activators,
anti-IgM F(ab’), (shortened to ‘anti-IgM’ in the text below) or LPS, on
chemotaxis and calcium flux in mouse splenic B cells in response to
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chemokines. As measured by incorporation of tritiated thymidine,
both anti-IgM- and LPS-treated cells were proliferating comparably
at 2 days, and as expected for proliferating cells, both anti-IgM- and
LPS-treated cells were larger than the freshly isolated cells, LPS-treated>
anti-IgM-treated>freshly isolated. Viable cells were approximately 85
and 95% of the anti-IgM and LPS cultures, respectively, and anti-IgM
and LPS cultures contained approximately 70 and 120%, respectively,
of starting cell numbers (data not shown). We did not extensively
analyze B cells that had been left in culture for 2 days without activa-
tion, since approximately 95% of the cells cultured in this fashion died
(data not shown), leaving a selected population that we felt could not,
therefore, be meaningfully compared with fresh or activated cells. As
shown in Figure la, after 2 days of treatment with either anti-IgM or
LPS, the B cells showed enhanced chemotaxis to CCL20, CCL21 and
CXCL13, ligands for CCR6, CCR7 and CXCR5, respectively, and no
change in response to CXCL12, the ligand for CXCR4.

We next analyzed chemokine receptor-mediated increases in intra-
cellular calcium. As shown in Figure 1b, freshly isolated cells showed
minimal (although usually detectable when viewed with an expanded
scale (see below) calcium signals, while cells that had been treated with
anti-IgM showed much enhanced calcium responses to CCL20 and
CCL21, similar to findings for chemotaxis in these cells. For CXCL12,
as was the case for chemotaxis, anti-IgM activation did not lead to
significantly enhanced calcium responses, and for CXCL13 good cal-
cium responses could not be obtained reproducibly in any of the B-cell
populations (data not shown). By contrast, responses of the LPS-
treated cells to any of the chemokines tested were either not signifi-
cantly different from (Figure 1b) or only slightly greater than (see
figures below) those in cells assayed immediately after isolation.
Nonetheless, LPS-treated cells were fully able to increase cytosolic
calcium after BCR crosslinking (Figure 1b, right-most panel).

To help understand the cells’ responses to chemokines, we analyzed
CCR6, CCR7 and CXCR5 expression by flow cytometry using anti-
bodies that we produced or that were commercially available. For
CXCR4, the antibodies available were not sensitive enough to detect
expression on B cells (data not shown), so we used northern blotting.
As shown in Figure 1c, for CCR6, anti-IgM treatment caused a sig-
nificant increase in expression, with a smaller increase in response to
LPS. For CCR7, both anti-IgM and LPS led to increases, and for
CXCRS5, the activators resulted in relatively small changes in expres-
sion. For CXCR4, both agents resulted in diminished mRNA.

The effects of anti-IgM and LPS on augmenting chemotaxis
(excluding the results for CXCL12/CXCR4) were mediated through
receptors whose expression either increased or stayed the same. In
contrast to the uniform effect of the activators on chemotaxis, only
anti-IgM, but not LPS, led to dramatic increases in chemokine-
induced calcium fluxes as compared with freshly isolated cells. The
muted calcium responses in the LPS-treated cells were evident not
only for signals through CXCR4, which had been downregulated,
but also for CCR6 and CCR7, whose expression had, if anything, been
increased versus the levels on freshly isolated cells. These findings led
us to investigate the mechanisms underlying chemokine-mediated
calcium responses in the freshly isolated and activated B cells, in order
to understand, in particular, why in spite of increases in expression of
some receptors and enhanced chemotaxis in the LPS-treated cells,
calcium signals in these cells remained poor.

Chemokine-induced calcium flux in B cells depends on PLC and
extracellular calcium, and is inhibited by protein kinase A (PKA)
We were interested in identifying the critical components in the sig-
naling pathway leading to chemokine-induced calcium flux in B cells,
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Figure 1 Activation by LPS produces selective effects on chemokine-induced signals in B cells. (a) Migration of mouse splenic B cells, either freshly isolated (1),
or following 2-day incubations with 10 ug/ml anti-IgM F(ab’), (M) or 50 pg/ml LPS ({Z1), was measured in the absence of chemokine (‘medium’) or in response to
250 ng/ml CXCL12 or 1 pg/ml of the other chemokines. Concentrations were chosen that gave maximal chemotaxis based on dose response experiments not shown.
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The data are shown as mean=SD of the percentage of input cells migrating into lower wells done in duplicate for each chemokine. One representative experiment is
shown out of two performed with these doses of chemokines and two in which all chemokines were used at 1000 ng/ml, which gave similar results. (b) Calcium flux in
mouse B cells treated with anti-IlgM F(ab’), or LPS as in (a) was measured in response to additions of CCL20 or CCL21 (indicated by the arrows) or, in the right-most
panel, 5 pg/ml biotinylated anti-IgM (arrow a) followed by 10 pg/ml neutravidin (arrow b). Ratio fluorescence was recorded versus time using B cells loaded with Fura-2
AM. One representative experiment is shown out of three performed. (c) Chemokine receptor expression was analyzed either by flow cytometry (left panels) or northern
blotting (right panel) for mouse B cells treated with anti-IgM F(ab'), or LPS as in (a). Shaded histograms are of cells incubated with normal rabbit IgG or PE-conjugated
isotype control and open histograms are of cells stained with anti-mouse CCR6 or PE-conjugated CCR7 or CXCR5 antibodies. CCR6 was detected using PE-conjugated
F(ab'), goat antirabbit IgG. Analysis was done on an LSR |l flow cytometer (BD Biosciences). Gates show percentages of positive-staining cells as compared to controls.
Mean fluorescent intensities of cells in the open histograms are shown in the upper right corner of each plot. One representative experiment is shown out of two
performed for CCR7, three performed for CXCR5, and multiple experiments performed for CCR6. For Northern analysis, the blot was hybridized first to a radiolabeled
mouse CXCR4 cDNA probe, and subsequently, for determining loading, to a radiolabeled 18S rRNA oligonucleotide probe. Positions of markers are noted. One
representative experiment is shown out of two performed. AM, acetoxymethyl ester; LPS, lipopolysaccharide; PE, phycoerythrin.

since we presumed that one or more of these components would be
affected specifically by LPS treatment. Using anti-IgM-treated cells
and CCL20, the combination giving the largest calcium flux, we found,
not unexpectedly, that the PLC inhibitors U73122 (Figure 2a) and ET-
18-OCH3 (data not shown) completely blocked the calcium response.
Inaddition, U73122 completely eliminated the small signal in the LPS-
treated cells (data not shown). The PI3K inhibitors wortmannin and
LY294002 had no effect.

We next analyzed the contributions of intracellular stores and extra-
cellular calcium to CCL20-induced calcium signals in anti-IgM- ver-
sus LPS-treated cells. As shown in Figure 2b, chelating extracellular
calcium by the addition of EGTA inhibited the majority of the strong
calcium signal in the anti-IgM-treated cells and, as best could be
determined, had a similar effect on the signal in the LPS-treated cells.
The EGTA-resistant calcium signal in the anti-IgM-treated cells could
be eliminated by pre-treatment with thapsigargin, which depletes
intracellular stores. Because of the low EGTA-resistant signal in the
LPS-treated cells, effects of thapsigargin on these cells could not be
assessed. These data demonstrate that both intracellular stores and
extracellular calcium contribute to the CCL20-induced rise in cytoso-
lic calcium, but do not suggest that anti-IgM and LPS affect the con-
tributions from the intracellular and extracellular pools differently.

Phosphorylation by PKA, whose activity depends on cyclic AMP
(cAMP), has been reported to inhibit PLCs.*** We therefore tested
the possibility that differences in PKA-mediated inhibition might be
responsible for differences in calcium signaling among the variously
treated B cells. As shown in Figure 2¢, pre-incubating cells with the
PKA inhibitor H-89 led to increases in the calcium responses to
CCL20 as compared with untreated controls in all three groups of
cells—freshly isolated, anti-IgM- and LPS-treated. Consistent with
these findings, we also detected significantly lower calcium signals
after treating the B cells with 8-(4-chlorophenylthio)-cAMP, a cell-
permeable analog of cAMP (data not shown). Although these data
suggest an inhibitory role for PKA-mediated phosphorylation of
PLC-Bs in limiting the chemokine-induced calcium responses in B
cells, we did not find consistent differences among the three groups
of cells in the fold increase induced by H-89 (data not shown).
Therefore, the poor calcium signals specific to the LPS-treated cells
cannot be explained by a greater level of PKA-mediated inhibition.

LPS downregulates PLC-P2 in B cells

The central role for PLCs in the chemokine receptor-mediated calcium
signals led us to analyze the expression of PLCs in the mouse B cells.
Initially, we analyzed the levels of PLC-B2, which is expressed pre-
ferentially in hematopoietic cells.”' As shown in Figure 3a, the PLC-f2
mRNA is much reduced in the LPS-treated cells as compared with the
fresh B cells and the cells activated with anti-IgM. Analysis of PLC-32
protein by western blot of total cell extracts or by immunoprecipitation,
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as shown in Figure 3b, gave analogous results. Treatment with anti-
IgM-treated cells also tended to reduce levels of PLC-[2 versus the fresh
B cells, but these effects were small as compared with the cells treated
with LPS and were not investigated further. LPS treatment downregu-
lated PLC-B2 not only in cells treated immediately out of the animal,
but also in cells that had been pre-treated with anti-IgM. As shown
in Figure 4a, by 24 h after adding LPS to cells that had been activated for
1 day with anti-IgM, the level of PLC-B2 had fallen significantly. At the
same time, the CCL20-induced calcium flux was much diminished in
the cells treated with anti-IgM and LPS versus those treated with anti-
IgM alone (Figure 4b), although adding LPS had resulted in only a small
decrease in the surface expression of CCR6 on the cells that had been
pre-treated with anti-IgM (Figure 4c). Together, these data demonstrate
that LPS downregulates PLC-2 mRNA and protein in B cells and
suggest that such downregulation may contribute to diminished che-
mokine-induced calcium signals in the LPS-treated cells.

Downregulation of PLC-B2 contributes to the low calcium signals in
LPS-treated B cells

To further investigate the functional significance of downregulating
PLC-B2 in LPS-treated B cells, we analyzed the limiting condition
represented by cells from PLC-B2™/~ mice. We first characterized
the expression of the additional, potentially relevant isoforms of
PLC-B in freshly isolated and activated B cells from wild-type and
PLC—BZf/ ~ mice. As shown in Figure 5a, there were no differences
inlevels of PLC-B1 or PLC-PB3 in the wild-type versus PLC-B2~/~ mice
or in B cells treated with LPS versus anti-IgM. Again, LPS treatment
led to downregulation of PLC-P2 in cells from the wild-type mice, and,
as expected, PLC-P2 was undetectable in PLC-B2~/" cells.

We next analyzed calcium signals in response to CCL20 and CCL21
in B cells from the wild-type and the PLC-B2~/~ mice in order to
establish the contribution of PLC-B2 to chemokine-induced signals.
As shown in Figure 5b, freshly isolated and anti-IgM-activated B cells
isolated from PLC-B2~/~ mice showed a little more than one-half the
increase in cytosolic calcium as compared with the wild-type cells in
response to CCL20 (ratio for PLC-B2 ™/~ /wild-type cells of approxi-
mately 0.6). The low signals in the freshly isolated and LPS-treated
cells limited the value of the quantitative comparisons in these cells.
Analyzing calcium signals after treating cells with CCL21 gave similar
results (data not shown).

In order to provide additional evidence that diminished levels of
PLC-PB2 in the LPS-treated cells could affect signaling, we tested whether
or not by increasing levels of PLC-B2 in the LPS-treated cells we could
boost the chemokine-induced signals in the calcium assay. After cul-
turing for 2 days in LPS, cells were transfected with an expression vector
encoding PLC-P2 and responses to chemokine were measured 1 day
later. As shown in Figure 5c¢, the LPS-treated cells transfected with PLC-
B2 sequences showed an enhanced CCL20-induced calcium response as
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Figure 2 Mediators and sources of chemokine-induced calcium signals in B
cells. (a) Calcium flux in mouse splenic B cells that had been incubated for
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2 days with 10 pg/ml anti-lgM F(ab’), was measured as in Figure 1b in response
to additions of CCL20. Cells were pretreated for 10 min at 37 °C with the concen-
trations of inhibitors as noted, or with 0.2% of DMSO as a vehicle control, the cells
were washed, and chemokine was added (indicated by the arrows). One repre-
sentative experiment is shown out of two performed using all inhibitors. Additional
experiments were done using some of these inhibitors with similar results. (b)
Calcium flux in mouse B cells treated with anti-IgM F(ab’), or LPS as in
Figure 1a was measured as in Figure 1b in response to additions of CCL20 (indi-
cated by the arrows). The top panels show cells in HBSS containing 1.3 mM
calcium. The middle panels show cells in HBSS without calcium to which
1.6 mM EGTA was added (indicated by the arrows) before addition of CCL20.
The bottom panels show cells in HBSS without calcium to which was added
1.6 mM EGTA and either 0.04% DMSO as a vehicle control or 1 uM TG (indicated
by the arrows) before addition of CCL20. One representative experiment is shown
out of two performed. (c) Calcium flux in mouse splenic B cells that had been either
freshly isolated (top panels), or incubated for 2 days with 50 pg/ml LPS (middle
panels) or 10 pg/mlanti-IgM F(ab), (bottom panels) was measured as in Figure 1b
in response to additions of CCL20 following additions of either 0.625% ethanol as a
vehicle control or 25 uM H-89 (indicated by the arrows). Addition of H-89 led to
rising baselines before addition of CCL20. One representative experiment is shown
out of two performed for all conditions. Additional experiments were done for some
conditions with similar results. LPS, lipopolysaccharide; TG, thapsigargin.

compared to non-transfected or control-transfected cells. Western blot-
ting confirmed an increase in PLC-f2 in the cells transfected with PLC-
B2 sequences.

DISCUSSION

Our initial experiments revealed that activating mouse B cells by cross-
linking surface IgM led to significant enhancement of chemokine-
induced migration and calcium signals (with exception of responses
to CXCL12). However, whereas chemokine-induced migration was
also enhanced in the LPS-treated cells, these cells showed little increase
in calcium flux compared with freshly isolated cells, demonstrating a
significant discordance between changes in migration versus calcium
signaling. Both anti-IgM and LPS led to changes in chemokine recep-
tor expression, ranging from profound downregulation of CXCR4
to, in the anti-IgM-treated cells, dramatic upregulation of CCRé6.
Typically, levels of response to chemokines correlate with levels of
expression of the cognate receptors, and changes in receptor levels
could at least partly explain some of our results, such as the increases
in chemotaxis and calcium signals induced by CCL20 in the anti-IgM-
treated versus the fresh cells. However, changes in receptor levels often
did not correlate with responses to chemokines, such as in the large
increases in chemotaxis to CXCL13 in both anti-IgM- and LPS-treated
cells without a concomitant increase in CXCR5. Little is known either
about the molecular mechanisms regulating chemokine receptor
expression, or how responses to chemokines can be affected by regu-
lating the expression of downstream signaling proteins. In this study
we addressed the latter question by focusing on the anomalously low
chemokine-induced calcium signal in the LPS-activated B cells.

The similar effects of depleting extracellular calcium on the signals
in anti-IgM- and LPS-treated cells suggested that LPS did not have a
selective effect on plasma membrane channels. The demonstration
that BCR-induced calcium signaling was intact following crosslinking
of IgM on the LPS-treated B cells suggested that the limiting step(s) in
the chemokine-induced calcium response would be in the pathway for
generating IP5. In fact, we found a selective decrease in the level of
PLC-B2 and the PLC-2 mRNA in the LPS-treated B cells. PLC- 2 was
downregulated not only during LPS activation of freshly isolated B
cells, but also by LPS treatment of anti-IgM-activated cells. In the latter
case, the downregulation of PLC-B2 was associated with a marked
reduction in the chemokine-mediated calcium signal. Using PLC-
B2~/ mice, we showed that PLC-B2 accounted for approximately
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Figure 3 Activation of B cells with LPS decreases levels of PLC-p2 mRNA and protein. (a) Total RNA was prepared from mouse B cells treated with anti-IgM F(ab’), or
LPS asin Figure 1a. The blot was hybridized first to a radiolabeled mouse PLC-B2 cDNA probe, and subsequently, for determining loading, to a radiolabeled 18S rRNA
oligonucleotide probe. One representative experiment is shown out of two performed. (b) For the left panels, lysates of mouse B cells treated with anti-lgM F(ab’), or
LPS as in Figure 1a were analyzed by western blot with sequential probing using antibodies against mouse PLC-B2 and PLC-y2, and HRP-conjugated goat antirabbit
IgG for detection. Probing for PLC-y2 was for determining loading. Loading was also determined by probing for the clathrin heavy chain, which gave results that
matched those for PLC-v2 (not shown). For the right panel, the lysates were incubated with polyclonal anti-PLC-B2 or rabbit IgG, immune complexes were precipitated
(IP) using protein G agarose, and the precipitates were analyzed by western blot for PLC-B2 as for the left panel. The PLC-B2 band was positioned between protein
markers of 210 kDa (myosin) and 131 kDa (-galactosidase), with an apparent molecular mass of 140 kDa, as reported.?! One representative experiment is shown out
of many (western blotting) or two (IP) performed. IP, immunoprecipitation; LPS, lipopolysaccharide; PLC, phospholipase C.

40% of the chemokine-induced calcium signal in B cells; and we found
that calcium signals in the LPS-treated cells were boosted by increasing
the level of PLC-P2 using transient transfections. Together, these data
show that the chemokine-induced signals were sensitive to levels of
PLC-B2 and are consistent with a functional effect of downregulating
PLC-B2 in the LPS-treated cells. Similar to previous results for mouse
neutrophils®® and T cells,"” our preliminary findings using B cells from
PLC-B2/"PLC-B3~'~ mice show that the remaining chemokine-
induced calcium signals in the PLC-B2™/" cells are mediated by
PLC-B3 (data not shown).

Our data naturally raise the issue of the roles for PLC-B2 and its
products, and their downstream effects, in the cells’ physiological
responses to chemokines. Firstly, it is important to note that assaying
for a global rise in intracellular calcium in response to high, uniform
concentrations of chemokines as is commonly done, and as done in
this study, is non-physiological. Although these assays are good tools
for evaluating PLC-dependent pathways and mechanisms underlying
calcium flux per se, the assays do not mimic the way calcium signals are
occurring in vivo where chemokines fixed on cell surfaces and/or
extracellular matrix, often in concentration gradients, produce intra-
cellular gradients and changes in calcium concentrations that are
highly localized and evolving with time and cell movement.**?> In
fact, chemoattractant-induced calcium fluxes have been implicated
in a number of processes important for cell migration, including inte-
grin activation through CalDAG-GEFI, Rapl and RAPL'****% and
de-adhesion/uropod release through effects on integrin trafficking,*
myosin light chain kinase/myosin-II activation®” and synaptotagmin-
mediated lysosome fusion.”® Nonetheless, controversy remains as to
whether or not calcium flux is required for chemotaxis. Mouse neu-
trophils lacking both PLC-2 and PLC-f3 showed no chemoattractant-
induced increase in intracellular calcium, yet migrated the same
or better than wild-type cells,’® and human T cells migrated well to
CCR4 agonists after calcium flux was blocked using an inhibitor of IP5-
mediated calcium release.>® However, PLC-Bs and calcium flux have
both been shown to be important in the chemotaxis of mouse T cells."®
Contradictory findings may reflect limitations and/or differences in
calcium assays, methods for blocking calcium signals, and assays of cell
migration, as well as real differences among cell types.
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An increase in intracellular calcium is only one of the effects of
activating PLCs. The other principal result of PLC activity is DAG,
which has been implicated in chemoattractant-mediated adhesion and/
or migration, either directly through interactions with CalDAG-GEFI*°
and the Racl GTPase-activating protein, f2-chimaerin,*" or indirectly
through activation of protein kinase C isoforms.’>** Targeting the
PLC-B2 gene specifically has revealed a critical function in neutrophil
responses to chemoattractants in calcium flux, superoxide production
and expression of the oy B, integrin.”* Some of the relevant signaling
pathways centered on PLCs are diagrammed in Figure 6. Although we
have shown in this report that LPS can downregulate the PLC-f32
isoform in B cells with effects on calcium signaling, it is clear that
any resulting negative consequences for chemotaxis are more than
compensated for by other changes in these cells, at least in our in vitro
assays. The large differences in chemokine-induced calcium flux
between the anti-IgM- and LPS-treated cells, despite only modest dif-
ferences in their abilities to migrate, reflect, likely for some of the
reasons discussed above, what is often a poor correlation between
assays for calcium flux and chemotaxis.

Regarding previous information on factors influencing expression
of PLC-fs, there are reports of changes in levels of PLC-f2 during
granulocyte differentiation®® and reports of changes in levels of other
PLC-B isoforms in cardiac muscle associated with hypertrophy** or
ischemia,* and in brain*® and smooth muscle*” induced by dexa-
methasone. While the current manuscript was being prepared for
submission, Grinberg et al., in a collaborative study with one of us
(DW), reported that LPS could downregulate PLC-f1 and PLC-f2 in
mouse macrophages, and that suppression of PLC-f32 was important
for the effects of the adenosine A, receptor in mediating a switch in
macrophage phenotype from inflammatory to angiogenic.*® These
data suggest that the effects that we observed of LPS on PLC-f2 may
extend well beyond B cells. Unlike in Grinberg et al., however, we
found no LPS-induced downregulation of PLC-B1 in B cells, suggest-
ing that effects on this isoform may be cell-type specific.

Of particular relevance for our findings is a report of a human-
inherited disorder in platelet function characterized by impaired
GPCR-induced calcium signals due to a selective decrease in expres-
sion of PLC-B2,* supporting our data that the level of PLC-B2
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Figure 4 LPS downregulates the level of PLC-B2 and chemokine-induced cal-
cium signals in B cells that had been activated with anti-IlgM. (a) Lysates of
mouse B cells treated with anti-IlgM F(ab'), or LPS as in Figure 1a, or after a
1-day incubation with 10 pg/ml anti-IgM F(ab'), followed by a 1-day incubation
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with 50 ug/ml LPS were analyzed by western blot as in Figure 3b. A lysate of the
RAW 264.7 mouse macrophage cell line was included as a positive control/
marker for detecting PLC-B2. The amounts of protein loaded for the RAW
264.7 cells were not matched to the B-cell samples. Probing for PLC-y2 was
for determining loading of B-cell samples. The PLC-B2 band was positioned
between protein markers of 210 kDa (myosin) and 131 kDa (B-galactosidase),
with an apparent molecular mass, on this gel, of 150 kDa. (b) Calcium flux for the
same B cells as in (a) was measured as in Figure 1b in response to additions of
CCL20 (indicated by the arrows). (c) Surface expression of CCR6 is shown for the
same B cells as in (a). Shaded histograms are of cells incubated with normal
rabbit IgG and open histograms are of cells stained with antimouse CCR6. CCR6
was detected using PE-conjugated F(ab'), goat anti-rabbit 1gG. Analysis was
done on a FACSCalibur flow cytometer (BD Biosciences). One representative
experiment is shown out of two performed. LPS, lipopolysaccharide; PE, phy-
coerythrin; PLC, phospholipase C.

can determine the magnitude of the calcium signal mediated by
GPCRs.

In comparing the LPS-treated versus freshly isolated B cells, it is
plausible that the downregulation of PLC-B2 contributed to the
absence of significantly enhanced CCL20- and CCL21-induced cal-
cium signals in the LPS-treated cells. In this case, there were only little
increases in calcium signaling despite increases in chemokine receptor
expression. However, in comparing the 2-day LPS-treated versus anti-
IgM-treated B cells for responses through CCR7, or in comparing the
cells treated for 1 day with anti-IgM followed by 1 day with LPS versus
cells treated for 2 days with anti-IgM for responses through CCRé, it
would seem that the changes we have identified in levels of PLC-B2 are
not sufficient to explain the large differences in calcium signals
between anti-IgM- and LPS-treated B cells—since approximately
60% of the calcium signal in the anti-IgM-treated cells was not
mediated through PLC-f32. Experiments using cDNA microarrays to
compare levels of mRNAs encoding relevant signaling proteins in anti-
IgM versus LPS-treated B cells did not reveal any additional, obvious
differences that could explain our findings with respect to chemokine
receptor signaling (data not shown), and identifying such differences
awaits further investigation.

With regard to our data on the anti-IgM-treated cells, one question
is how our findings for changes in chemokine receptor activity and
expression fit within the programmed movements of follicular B cells
following their activation. Elegant in vivo studies™° have investigated
the migration of follicular B cells after encountering antigen, and the
roles of chemokines in directing these movements. Within hours after
the injection of antigen, antigen-binding follicular B cells show
enhanced motility, a modest increase in expression of CCR7, and
directed migration to and accumulation at the boundary between
the follicle and the interfollicular (T cell) region (B/T boundary).
Subsequently, in the presence of sufficient numbers of antigen-specific
CD4" T cells, the B cells form clusters within the interfollicular
region. The enhanced response that we found to CCR7 ligands would
contribute directly to migration of cells up the gradient of CCL21°° to
the B/T boundary. For CXCR5, given the reasonably uniform expres-
sion of CXCL13 in the B-cell follicle and the drop-off in CXCL13
expression in the T-cell zone,” the enhanced activity of CXCR5 would
not be expected to impede B-cell movement through the follicle, but
might serve to prevent movement down the CXCL13 gradient, thereby
arresting cells at the B/T, i.e., the CXCL13/CCL21 boundary. In data
not shown, we found that treatment with anti-IgM led to a fall in Cxcr5
mRNA, even though we did not detect a change in surface CXCR5 in
the anti-IgM-treated cells. Because decreases in response to CXCL13
are presumably necessary for B cells to move subsequently to the
interfollicular regions, the fall in receptor mRNA may be preparatory
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Figure 5 Levels of PLC-B2 affect calcium signaling in LPS-treated B cells. (a) Lysates of B cells from C57BL/6 wild-type or PLC-B2~'~ mice treated with anti-IgM
F(ab’), or LPS as in Figure 1a were analyzed by western blot with sequential probing using antibodies against mouse PLC-f1, PLC-2, PLC-B3 and PLC-y2, and HRP-
conjugated goat antirabbit 1gG for detection. Lysates of cell lines were included as positive controls/markers for PLC-B1 and PLC-B3 (NIH/3T3), and PLC-B2 (RAW
264.7). Probing for PLC-y2 was for determining loading of B-cell samples. The arrow indicates the weak band for PLC-B1. The amounts of protein loaded for the RAW
264.7 and NIH/3T3 cells were not matched to the B-cell samples. The PLC bands were positioned between protein markers of 210 kDa (myosin) and 131 kDa (B-
galactosidase), with apparent molecular masses of 150, 140, 155 and 155 kDa for PLC-B1, PLC-B2, PLC-B3 and PLC-y2, respectively. One representative experiment
is shown out of two performed. (b) Calcium flux in B cells from C57BL/6 wild-type or PLC-B2~/~ mice that had been treated with anti-lgM F(ab'), or LPS as in Figure 1a
was measured as in Figure 1b in response to additions of CCL20 (indicated by the arrows). One representative experiment is shown out of four performed. (c) B cells
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from C57BL/6 mice were treated with LPS as in Figure 1a and at 2 days, some cells were transfected either with control DNA or with DNA-encoding PLC-B2. In the left
panel, calcium flux was measured 1 day after transfections in non-transfected (LPS alone), control-transfected (LPS, control) and PLC-B2-transfected (LPS, PLC-p2)
cells in response to CCL20 using a FlexStation (see the section on ‘Material and methods’). Baselines of each tracing were overlaid for purposes of comparison. In the
right panel, cell lysates were analyzed by western blot with sequential probing using antibodies against PLC-B2 and actin. The PLC-B2 band was positioned between
protein markers of 150 and 100 kDa, with an apparent molecular mass of 140 kDa. One experiment is shown out of seven where calcium signals were measured. All
seven experiments showed an increase in calcium flux in the PLC-B2-transfected cells. In three of the seven experiments, like the one shown, samples were also
analyzed by western blot. HRP, horseradish peroxidase; LPS, lipopolysaccharide; PLC, phospholipase C; WT, wild-type.
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trisphosphate; IP3R, inositol trisphosphate receptor; LPS, lipopolysaccharide; MLCK, myosin light chain kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol 3,4,5-trisphosphate; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; RYR3, ryanodine
receptor 3; STIM1, stromal interaction molecule 1; TLR, Toll-like receptor.
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for the changes in receptor level and signaling which, acting in concert,
will selectively downregulate CXCL13 responses.

To our knowledge, our data contain the first demonstrations that
levels of a PLC-B—and GPCR-induced PLC-B-mediated signals—can
be altered in lymphocytes by activating stimuli, and more generally that
lymphocyte responses to chemokines can be regulated by activation-
induced changes in the level of a downstream signaling ‘effector’ pro-
tein. It is of interest that certain B-cell activators can also lead to
induction of negative regulators of G protein signaling, namely, the
RGS proteins.'” The molecular mechanisms of downregulation of
PLC-B2 by LPS warrant additional study, as do the possible conse-
quences of this downregulation during exposure to LPS in vivo. In vivo,
LPS has profound effects on B cells—not only on proliferation and
antibody production, but also on the integrin-mediated localization of
B-cell subsets,” which would be predicted to be affected by changes in
chemoattractant-induced, PLC-B-dependent signals.
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