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Amplification of Toll-like receptor-mediated signaling
through spleen tyrosine kinase in human B-cell activation

Shigeru lwata, MD, PhD,? Kunihiro Yamaoka, MD, PhD,? Hiroaki Niiro, MD, PhD,® Kazuhisa Nakano, MD, PhD,?
Sheau-Pey Wang, MS,? Koichi Akashi, MD, PhD,? and Yoshiya Tanaka, MD, PhD?  Kitakyushu and Fukuoka, Japan

Background: B cells are activated by combined signals through
the B-cell receptor (BCR) and CD40. However, the underlying
mechanisms by which BCR signals synergize with Toll-like
receptor (TLR) signaling in human B cells remain unclear.
Objective: We sought to elucidate a role of spleen tyrosine
kinase (Syk), a key molecule of BCR signaling, in TLR-mediated
activation of human B cells.

Methods: Human naive and memory B cells were stimulated
with combinations of anti-BCR, soluble CD40 ligand, and CpG.
Effects of the Syk inhibitors on several B-cell functions and
expression of TLRY, TNF receptor-associated factors (TRAFs),
and phospho-nuclear factor kB in B cells were assessed.
Results: Activation of BCR synergized with CD40- and TLR9Y-
mediated signals in driving robust proliferation, cell-cycle
progression, expression of costimulatory molecules, cytokine
production, and immunoglobulin production of human B-cell
subsets, especially memory B cells. However, the Syk inhibitors
remarkably abrogated these B-cell functions. Notably, after
stimulation through all 3 receptors, B-cell subsets induced marked
expression of TLR9, TRAF6, and phospho—-nuclear factor kB,
which was again significantly abrogated by the Syk inhibitors.
Conclusion: Syk-mediated BCR signaling is a prerequisite for
optimal induction of TLR9 and TRAF6, allowing efficient
propagation of TLR9-mediated signaling in memory B cells.
These results also underscore the role of Syk in aberrant B-cell
activation in patients with autoimmune diseases. (J Allergy Clin
Immunol 2012;EEN:NEE-NEN,)
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B cells play a pivotal role in initiation and perpetuation of
autoimmune diseases, including systemic lupus erythematosus
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Abbreviations used
AICDA: Activation-induced cytidine deaminase
BCR: B-cell receptor
FITC: Fluorescein isothiocyanate
NF-kB: Nuclear factor kB
PI: Propidium iodide
SLE: Systemic lupus erythematosus
Syk: Spleen tyrosine kinase
TLR: Toll-like receptor
TRAF: TNF receptor—associated factor
XBP-1: X-box binding protein 1

(SLE). Activated self-reactive B cells not only are a source of
pathogenic autoantibodies but also exert effector functions,
including antigen presentation, cytokine production, and mod-
ulation of the T-cell repertoire. We recently reported that B-cell
depletion therapy with rituximab for refractory patients with
SLE not only rapidly depleted both naive and memory B cells in
peripheral blood but also rapidly downregulated the expression
levels of CD69, CD40 ligand, and inducible costimulator on
CD4" T cells.! Thus B cells can facilitate autoimmune pro-
cesses in both antibody-dependent and antibody-independent
manners.

B cells are effectively activated by combined signals through
B-cell receptor (BCR) and CD40; however, they require additional
signals for efficient proliferation and differentiation. Accordingly,
when combined with BCR and CD40 stimulation, Toll-like
receptor (TLR) signaling by nucleic acids® induces the most robust
B-cell activation.” In patients with SLE, RNA- or DNA-containing
self-antigens coligate BCRs and TLR7 or TLR9Y, causing activa-
tion, proliferation, and differentiation of self-reactive B cells.
However, the underlying mechanisms by which BCR signals
potentiate TLR signaling in human B cells remain unclear.

On BCR ligation by antigens, protein kinases, including Lyn,
an Src family kinase Lyn, and spleen tyrosine kinase (Syk), are
initially activated.* Activation of Syk is a key event for further
propagation of downstream signaling molecules in B cells.” In ad-
dition to BCR, Syk is activated through T-cell receptor and Fc re-
ceptor.6’7 Notably, Syk inhibitors exert potent therapeutic efficacy
against rheumatoid arthritis, as well as bronchial asthma and idi-
opathic thrombocytopenic purpura.g'm Moreover, Syk blockade
prevents the development of skin and kidney lesions in mice
with lupus."""'* Our current understanding of BCR-mediated
Syk activation, however, extrapolates mainly from rodent studies.

In this study we demonstrate that Syk-mediated BCR signaling
is a prerequisite for optimal induction of TLR9, TNF receptor—
associated factor (TRAF) 6, and nuclear factor kB (NF-kB),
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FIG 1. Syk regulates proliferation and cell-cycle progression in B-cell subsets on BCR, CD40, and TLR9
stimulation. A, BCR-induced phosphorylation of Syk (15 minutes). B-D, Tritiated thymidine (*HTdr) incorpo-
ration of human B cells was measured during the last 18 hours of the 72-hour culture. The data are shown as
means = SDs. *P < .05. sCD40L, Soluble CD40 ligand. E, FACS histograms of nuclear DNA content in mem-
ory B cells 24 hours later. Unstim, Before stimulation; 3S, BCR, CD40, and TLR9 stimulation. Results are rep-

resentative of 3 independent experiments.

thereby driving efficient TLRO signaling that is critical for the
proliferation and differentiation of human memory B cells.

METHODS
Reagents

Syk inhibitor I, Syk inhibitor II, Syk inhibitor IV, BAY61-3606, PP1, and
PP2 were purchased from Merck (Darmstadt, Germany). Lyn peptide
inhibitor was purchased from Tocris Bioscience (Ellisville, Mo). PF-956980
(JAK3 kinase inhibitor) was provided from Pfizer, Inc (New York, NY).
Anti-BCR mAbs (anti-Ig\ and anti-Igk), recombinant human IL-2, recom-
binant human CD40 ligand, and phosphorothioate-protected CpG-oligonu-
cleotide 2006 (CpG-ODN 2006; 5'-TCGTCGTTTTGTCGTTTTGTCG
TT-3") were from BD PharMingen (San Diego, Calif), R&D Systems
(Minneapolis, Minn), PeproTec (Rocky Hill, NJ), and Greiner Bio-One

(Tokyo, Japan), respectively.

Isolation, culture, and stimulation of B-cell subsets

This study protocol has been approved by the ethics committee of our
university. PBMCs from 3 healthy donors were isolated with lymphocyte
separation medium (ICN/Cappel Pharmaceuticals, Aurora, Ohio). B cells
were obtained by means of negative selection from PBMCs by using the

memory B-cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany).
CD27" memory B cells were then isolated by means of positive selection from
B cells with CD27 microbeads. The negative fraction of this isolation was as-
signed to CD27 " naive B cells. Purity of naive and memory B cells was greater
than 90% (see Fig El in this article’s Online Repository at www.jacionline.
org). B cells were cultured in RPMI 1640 (Wako Pure Clinical Industries,
Osaka, Japan) supplemented with 10% FCS (Tissue Culture Biologicals, Tu-
lare, Calif), 100 U/mL penicillin, and 100 U/mL streptomycin (Invitrogen,
Carlsbad, Calif). According to a previous study,'> we used the combination
of anti-Igk and anti-Igh mAbs for BCR stimulation and initially ensured
strong induction of Syk phosphorylation by these antibodies (Fig 1, A).
CD40 stimulation with recombinant human CD40 ligand is hereafter referred
to simply as CD40 stimulation. CpG-ODN 2006 is a type B CpG-ODN spe-
cific for human TLRY and mainly activates B cells but only weakly stimulates
IFN-a secretion in plasmacytoid dendritic cells.'*

Proliferation assay
Purified B cells were stimulated in 96-well plates (1 X 10° per well) with

anti-BCR mAbDs (anti-Ig\ and anti-Igk, 1 pg/mL each), soluble CD40 ligand
(2 pg/mL), and CpG-ODN (2.5 pg/mL) with or without IL-2 (10 ng/mL).
Cells were cultured for 72 hours and pulsed with 0.5 wCi (18.5 kBq) per
well of tritiated thymidine during the last 18 hours of culture and then har-
vested with a semiautomatic cell harvester (Abe Kagaku, Chiba, Japan), and
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their uptake of tritiated thymidine was determined with a scintillation counter
(Aloka LSC-3500ETM, Tokyo, Japan).

Flow cytometric analysis

After washing, B-cell subsets were incubated in blocking buffer (0.25%
human globulin, 0.5% human albumin [Yoshitomi, Osaka, Japan], and 0.1%
NaNj in PBS) in a 96-well plate at 4°C for 15 minutes. Cells were then sus-
pended in 100 L of FACS solution (0.5% human albumin and 0.1% NaNj3
in PBS) and treated with fluorescein isothiocyanate (FITC)-labeled murine
IgGlk, anti-human CD80 (BD PharMingen, San Diego, Calif), or anti-
human CD86 (Dako Japan, Kyoto, Japan) for 30 minutes at 4°C. Cells were
washed 3 times with FACS solution and analyzed with a FACSCalibur (Bec-
ton—Dickinson, San Jose, Calif) and FlowJo software (Tomy Digital Biology,
Tokyo, Japan). For intracellular staining of phosho-Syk, Blimp-1, TRAF2,
TRAF3, TRAFS5, TRAF6, and phospho-NF-kB, cells were fixed with PBS
containing 1% formaldehyde and permeabilized with saponin-PBS (PBS con-
taining 0.1% saponin, 0.1% BSA, 0.1% NaN3, and 0.01 mol/L HEPES). After
washing, cells were resuspended in saponin-PBS and stained with mouse anti-
human phospho-Syk (pY348) (BD PharMingen), goat anti-human Blimp-
1 (N-20; Santa Cruz Biotechnology, Santa Cruz, Calif), rat anti-human
TRAF2 (MBL), rabbit anti-human TRAF3 (Santa Cruz Biotechnology), rabbit
anti-human TRAFS5 (Santa Cruz Biotechnology), mouse anti-human TRAF6
(Santa Cruz Biotechnology), or rabbit anti-human phospho-NF-kB p65
(Ser 536, 93H1; Cell Signaling Technology, Tokyo, Japan), followed by wash-
ing with saponin-PBS. FITC-labeled donkey anti-goat IgG (Santa Cruz
Biotechnology), phycoerythrin-labeled goat anti-rat (BD PharMingen),
phycoerythrin-labeled goat anti-rabbit (CALTAG), FITC-labeled rat anti-
mouse (BD PharMingen), and FITC-labeled goat anti-rabbit IgG (BD Phar-
Mingen) were used as secondary antibodies. Isotype-matched goat IgG, rat
IgG, rabbit IgG, or mouse IgG controls (all from Sigma-Aldrich, St Louis,
Mo) were used to evaluate the background.

Apoptosis assay

Purified B cells were stimulated for 72 hours in 96-well plates (2 X 10° per
well) with anti-BCR mAbs (anti-Ig\ and anti-Igk, 1 pg/mL each), soluble
CD40 ligand (2 pg/mL), and CpG-ODN (2.5 pg/mL) with or without Syk in-
hibitor IV. After culture, cells were double-stained with FITC-Annexin V and
propidium iodide (PI) in Apoptosis Detection kit I (BD PharMingen). The per-
centage of apoptotic cells was measured by using flow cytometry.

Cell-cycle analysis

For cell-cycle analysis, cells were suspended in PI staining buffer (50 pg/
mL PI, 5 mmol/L EDTA, 1 pg/mL DNase-free RNase, and 0.1% saponin in
PBS). The samples were then incubated for 30 minutes at 37°C, and DNA
content was analyzed by using flow cytometry.

Cytokine production

Levels of IL-6, IL-10, IL-12 p70, and TNF-« in culture were determined by
using the BD Cytometric Bead Array human Flex set, according to the
manufacturer’s instructions (BD PharMingen).

lgG ELISA

For quantification of in vitro IgG secretion, B-cell subsets were cultured with
anti-BCR mAbs, CD40 ligand, and CpG-ODN 2006 in 96-well plates (1 X 10°
per well) for 5 days. IgG levels in culture were determined by using a human
IgG ELISA Quantitation Kit (Bethyl Laboratories, Inc, Montgomery, Ala).

Quantitative real-time PCR

Total RNA was prepared by using the RNeasy Mini Kit (Qiagen, Chats-
worth, Calif). First-strand cDNA was synthesized, and quantitative real-time
PCR was performed in the Step One Plus instrument (Applied Biosystems,
Foster City, Calif) in triplicate wells in 96-well plates. TagMan target

IWATAET AL 3

mixes for X-box binding protein 1 (XBP-1) (Hs00152973-m1), AICDA
(Hs00757808-m1), and TLR9 (Hs00964360-m1) were purchased from Ap-
plied Biosystems. XBP-1, activation-induced cytidine deaminase (AICDA)
and TLR9 mRNA expression levels were normalized to the levels of 18S ribo-
somal RNA (Hs99999901-m1, Applied Biosystems) as an endogenous con-
trol, and the relative quantity compared with the PBMC sample as a
reference was calculated by using the quantification-comparative cycle thresh-
old (AACr) formula. Relative quantity was calculated by using the AACr for-
mula-referenced sample of PBMCs.

Western blot analysis

Raji cells were lysed in an NP-40 buffer containing NaCl, Tris-HCL (pH 8.0),
distilled water, and protease inhibitor. Lysates were then mixed with an equal
volume of sample buffer solution (2-mercaptoethanol; Wako Pure Chemical
Industries) and boiled for 5 minutes. Proteins were separated by means of SDS-
PAGE, transferred onto nitrocellulose membranes (Whatman, Tokyo, Japan),
blocked with 5% skim milk, and immunoblotted with anti-human Syk,
anti-human phospho-Syk (pY348), anti-human TRAF6, anti-human phospho—
NF-kB p65 (Ser 536, 93H1), and horseradish peroxidase—labeled anti-secondary
(#NA931V and #NA934V; GE Healthcare, Osaka, Japan) by using immunore-
action enhancer solution (Can Get Signal; Toyobo, Osaka, Japan). Blots were
developed with ECL Western Blotting Detection Reagents (GE Healthcare) and
visualized with a light-capture instrument (ATTO, Tokyo, Japan).

Statistical analysis

All statistical analyses were performed with JMP version 8.0.2 statistical
software (SAS Institute Inc, Cary, NC). Statistical significance of differences
between the pretreatment and posttreatment values was tested by using the
Wilcoxon test. P values of less than .05 were considered statistically
significant.

RESULTS
Syk is critical for proliferation and cell-cycle
progression in memory B cells

We investigated the effect of BCR, CD40, and TLRY stimu-
lation on the proliferation of B-cell subsets. BCR stimulation
alone remarkably induced Syk phosphorylation; however, it had
only marginal effects on DNA synthesis in B cells (Fig 1, A and
B). Combined stimulation of BCR, CD40, and TLR9 strongly in-
duced DNA synthesis in both naive and memory B cells, although
significantly more so in the latter. This robust proliferation
was inhibited by Syk inhibitor IV (BAY61-3606) in a dose-
dependent manner (Fig 1, B). Similar data were obtained with
another Syk inhibitor (Syk inhibitors I and II; Fig 1, C). In contrast
to these Syk inhibitors, non-Syk inhibitors (PP1, PP2, and JAK in-
hibitor) were not effective, even at high concentrations (Fig 1, D).
Syk inhibitor IV was hereinafter used for further experiments. We
next tested cell-cycle progression in memory B cells after BCR,
CD40, and TLRO stimulation (Fig 1, E). The percentage of cells
in the Go/M phase without stimulation was 37.6%. This value in-
creased further up to 94.2% with combined stimulation of BCR,
CD40, and TLRO. Consistent with our results (Fig 1, B and C),
Syk inhibitor IV significantly inhibited G,/M phase progression
in memory B cells. Together, these results suggest a critical role
for Syk in BCR-, CD40-, and TLR-induced proliferation and
cell-cycle progression in human memory B cells.

Syk regulates expression of costimulatory

molecules and cytokine production in B-cell subsets
We tested expression of the costimulatory molecules CD80 and

CD86 in B cells (Fig 2). Both were only marginally expressed in
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FIG 2. Syk regulates expression of CD80 and CD86 in B-cell subsets on stimulation. Overlay histograms de-
pict relative fluorescence intensities of human naive and memory B cells cultured for 72 hours. Unstim, Be-
fore stimulation; 3S, BCR, CD40, and TLR9 stimulation. Results are representative of 3 independent

experiments.
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FIG 3. Syk regulates cytokine production in B-cell subsets on stimulation. Human peripheral blood naive
and memory B cells were cultured for 72 hours, and supernatants were harvested and assayed by using the
cytometric bead array for IL-6, TNF-«, and IL-10 content. Data are shown as means *= SDs and are
representative of 3 independent experiments. sCD40L, Soluble CD40 ligand.

memory but not naive B cells without stimulation. Combined
stimulation of BCR, CD40, and TLR9 induced significant expres-
sion of CD80/CD86 in memory B cells compared with that seen in
naive cells. Syk inhibitor IV almost completely canceled CD80/
CD86 expression in both subsets, suggesting a role of Syk in ex-
pression of costimulatory molecules in B cells.

We next analyzed cytokine production (IL-6, IL-10, and TNF-
o) by B-cell subsets (Fig 3). Combined stimulation with BCR,
CD40, and TLR9Y induced production of the proinflammatory
cytokines IL-6 and TNF-a in naive and memory cells, although
more markedly in the latter. Syk inhibitor IV clearly inhibited
production of these cytokines in both subsets in a dose-
dependent fashion. In contrast to proinflammatory cytokines,
anti-inflammatory IL-10 production was more pronounced in na-
ive than memory B cells, which is consistent with a recent
study that IL-10-producing B cells are enriched in human
CD27~CD38" B cells."” Again, dose-dependent suppression of
IL-10 production by Syk inhibitor IV was observed in both sub-
sets. We failed to detect IL-12 p70, IL-2, IFN-a, and IFN-y under

any conditions (data not shown). These results suggest the critical
role of Syk in BCR-, CD40-, and TLR-induced cytokine produc-
tion in B-cell subsets and also underscore the therapeutic efficacy
of Syk inhibitors in decreasing the inflammatory consequences of

autoimmune diseases by modulating proinflammatory cytokines,
such as TNF-« and IL-6.

Syk regulates B-cell differentiation on BCR, CD40,
and TLR9 stimulation

On strong stimulation, B cells differentiate to plasma cells and
undergo class-switching along with expression of critical mole-
cules, such as AICDA, XBP-1, and Blimp-1. Both naive and mem-
ory B cells strongly induced expression of AICDA, XBP-1, and
Blimp-1 after BCR, CD40, and TLR9 stimulation, which was
inhibited by Syk inhibitor IV (Fig 4, A and B). In addition, IgG
production induced by BCR, CD40, and TLR9 stimulation, which
was particularly high in memory B cells, was again greatly reduced
by Syk inhibitor IV in a dose-dependent manner (Fig 4, C).
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These results suggest that Syk also regulates B-cell differentiation
induced by BCR, CD40, and TLRO stimulation.

TRAF6 is a key Syk-regulated molecule in B-cell
subsets on stimulation

Syk is a key downstream signaling molecule of BCR, but not
CD40 or TLRY, in B cells.'®!” Considering that Syk blockade sig-
nificantly abrogates proliferation, cytokine production, and dif-
ferentiation after BCR, CD40, and TLR9 stimulation (Figs 1-4),
we particularly sought to elucidate the mechanisms by which
Syk regulates TLR9 signaling in human B-cell subsets. Given
that TLRO expression is significantly induced in BCR-
stimulated B cells and that TRAFs are the critical downstream
molecules in CD40 and TLRY signaling in B cells,'®'? we rea-
soned that TLR9 and TRAFs were possible candidates. Memory
B cells constitutively expressed more 7LR9 mRNA than naive B
cells (Fig 5, A). On BCR, CD40, and TLRY stimulation, TLR9
mRNA expression was more drastically induced in memory
than naive B cells. Syk inhibitor IV inhibited expression of
TLR9 mRNA in memory B cells to the level seen in unstimulated
naive B cells (Fig 5, A). Among TRAFs, expression of TRAF2,
TRAF3, and TRAFS was constitutively detected; however, their
expression was not affected by BCR stimulation (Fig 5, B). In
contrast, TRAF6 expression was only slightly detected in mem-
ory B cells without stimulation. BCR stimulation alone, however,
potently increased TRAF6 expression in both subsets (Fig 5, B).
TRAF6 expression was further pronounced by additional CD40
and TLRY stimulation, and strong NF-kB phosphorylation was
correlatively observed. Expression of these molecules was
blocked by Syk inhibitor IV (Fig 5, B and C).

Without stimuli, Raji cells exhibit higher basal (tonic) signal-
ing that supports proliferation and survival.? In these cells TLR9
mRNA was expressed at a much higher level than in unstimulated
naive B cells, which was markedly reduced by Syk inhibitor IV
(Fig 6, A). In addition, these cells constitutively exhibited pro-
nounced expression and phosphorylation of Syk. Syk inhibitor
IV clearly inhibited Syk phosphorylation without affecting its
protein levels. Of note, TRAF6 expression and NF-kB phospho-
rylation were strongly reduced as well by Syk inhibitor IV (Fig 6,
B). These suggest that Syk blockade exerts an inhibitory action on
expression of TLR9, TRAF6, and NF-kB phosphorylation, even
in B cells with high basal BCR signaling.

DISCUSSION

In this study we demonstrate that engagement of BCR in
conjunction with ligation of CD40 and TLR9 induces remarkable
proliferation, expression of costimulatory molecules, cytokine
production, and immunoglobulin production in human B cells,
especially the memory subset. Moreover, the Syk inhibitor
suppresses all of these functions to background levels, at least
in part through inhibition of expression of TLR9 and TRAF6,
resulting in decreased phosphorylation of NF-«kB.

We show that combined stimulation with BCR and CD40 was
sufficient to activate memory B cells, whereas it had less effect on
naive B cells. However, Additional CpG stimulation caused
potent activation of both subsets, although always more strongly
in the memory subset, suggesting that memory B cells exhibit a
lower threshold for activation compared with naive B cells.
Memory B cells can survive without antigenic stimulation, and
they can be fully activated only by cognate T-cell help and
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was quantified by using real-time PCR (TagMan PCR kit) 24 hours later. RQ, Relative quantity; sCD40L, sol-
uble CD40 ligand. B and C, TRAF2, TRAF3, TRAF5, and TRAF®6 levels (48 hours later) and NF-xB phosphoryl-
ation (p65; 12 hours later) were measured by means of flow cytometry (intracellular staining). Unstim,
Before stimulation; 3S, combination of BCR, CD40, and TLR9 stimulation. Data are representative of 3 inde-
pendent experiments.
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FIG 6. Syk inhibitor exerts marked inhibitory action, even at an activated state of B cells. Raji cells were
cultured with RPMI containing 2% FCS for 48 hours. A, TLR9 mRNA was quantified by means of real-time
PCR. RQ, Relative quantity. B, Expression of Syk, phospho-Syk (Y348), TRAF6, and phospho-NF-kB (p65)
was assessed by means of Western blotting. The intensity of bands was quantified and normalized with re-
spect to those of corresponding B-actin. The resulting values were expressed as the percentage in reference
to that of cells without Syk inhibitor IV. Data are shown as means + SDs and are representative of 3 inde-
pendent experiments. *P < .05. n.s., Not significant.
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cytokines.zl'23 In addition, the costimulatory molecules CD80
and CD86, as well as TLR9 and TRAF®6, are weakly expressed
in memory B cells in the nonstimulated (steady) state (Figs 2
and 5). These findings suggest that a basal BCR tonic signal in

memory B cells is higher than in naive B cells, which might ac-
count for the maintenance of serologic memory.24’25

What signaling molecules are responsible for a basal BCR
tonic signal in memory B cells? We recently showed that without
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BCR stimulation, weak activation of Syk is constitutively
observed in memory B cells.”® Given that Syk activation is a
key event for further propagation of the BCR signaling pathway,”
these findings support our rationale that blockade of Syk activa-
tion regulates the functions of memory B cells. Surprisingly, the
effects of the Syk inhibitor on B-cell functions were more dra-
matic than we had initially expected: it almost completely abro-
gated B-cell proliferation, activation, cytokine production, and
differentiation induced by a combinatorial stimulation of BCR,
CD40, and TLRY (Figs 1-4). We also evaluated B-cell survival
by determining the percentage of apoptotic cells with FITC-An-
nexin V and PI. Consistent with our previous study,”® without
stimuli, a considerable fraction of B cells spontaneously under-
went apoptotic cell death in vitro, and such cell death was not af-
fected by the Syk inhibitor, excluding nonspecific cytotoxic
effects of this inhibitor on B-cell survival (see Fig E2 in this arti-
cle’s Online Repository at www.jacionline.org). On stimulation
with BCR, CD40, and TLRY, apoptotic cell death (Annexin
V*PI™ and AnnexinV PI") was considerably protected. This
protection was indeed abrogated by the Syk inhibitor in a dose-
dependent manner, suggesting that Syk provides survival signals
as well for B cells after stimulation through all 3 receptors (see
Fig E2).

It remains somewhat unclear whether Syk is directly activated
in CD40 and TLR9 signaling pathways in B cells.'®'” Ying et al*’
showed that Syk is synergistically activated in B cells on BCR/
CD40 costimulation, suggesting a role for Syk in CD40 signaling.
Sanjuan et al*® showed, using human monocytic cell lines, that ty-
rosine phosphorylation of TLR9 by the Src family kinases leads to
the recruitment and activation of Syk, suggesting a role for Syk in
TLR9Y signaling. In contrast to these findings, we found that robust
proliferation in memory B cells after CD40, TLR9Y, or both stim-
ulation is not influenced by the Syk inhibitor (data not shown).
Thus other regulatory mechanisms of B-cell activation by the
Syk inhibitor are more likely to exist.

We show here that Syk is a regulator of expression of TLR9 and
TRAF6, both of which are critical for TLR9-induced NF-«B
activation. Consistent with our results, a previous study showed
that TLR9 mRNA is expressed at high levels in memory B cells
and its expression is enhanced by BCR cross-linking,'® although
involvement of Syk in this process was not investigated. NF-kB
activation regulates TLR9 mRNA expression induced by BCR,
CD40, and TLR9 stimulation, suggesting that NF-kB—induced
TLR9 expression forms a novel feed-forward loop in NF-«B acti-
vation in B cells. Blockade of Syk-mediated BCR signaling could
thus shut off this loop, thereby inhibiting NF-kB activation and
TLR9Y expression. Indeed, we found that Syk inhibition reduces
expression of TLR9 mRNA in memory B cells to the levels
seen in unstimulated, steady-state naive B cells (Fig 5, A).

TRAFG6 plays a pivotal role in TLR9-induced c-Jun N-terminal
kinase activation, CD80 expression,30 and IL-6 production.31 B
cell-specific disruption of TRAF6 results in a lower number of
mature B cells, as well as inhibition of antibody class-switching
and impaired differentiation to plasma cells.*> We found that
BCR stimulation alone strongly induces TRAF6 expression,
which is further enhanced by additional CD40 and TLR9 stimu-
lation (Fig 5, B). TRAFG6 expression, as well as NF-kB phospho-
rylation, on B-cell activation is markedly inhibited by Syk
blockade. These findings clearly suggest that Syk-mediated
BCR signaling is a prerequisite for optimal induction of
TRAF®6, allowing efficient propagation of TLRY signaling.
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Our current findings provide a novel insight into B-cell
aberrations in patients with SLE. The prevailing hypothesis of
B cell-mediated autoimmunity is that both autoantigen-triggered
BCR signals and costimulatory signals are required for activation
of autoreactive (pathogenic) B cells, which are particularly
enriched in the memory subset. However, recent studies showed
that TLR7 and TLRO can recognize self-derived RNA and DNA,
respectively, and that TLR signaling is necessary for autoantibody
production in mice with lupus.**-** BCR-induced calcium mobi-
lization and protein tyrosine phosphorylation were both pro-
nounced in B cells from mice with SLE,35 indicating that
alterations in B-cell signaling already occur at the proximity of
the BCR. We here demonstrate that Syk-mediated BCR signaling
is a prerequisite for optimal induction of TLR9 and TRAF®6,
thereby allowing efficient propagation of CD40 and TLR9Y signal-
ing, which are critical for the proliferation and differentiation of
human memory B cells. Our current findings also underscore
the potential role of Syk in B cell-mediated pathologic processes
in patients with autoimmune diseases, namely Syk-mediated
BCR signaling, could be already activated probably by autoanti-
gens and that Syk inhibitors have potential as new drugs in the
treatment of autoimmune diseases, including SLE and RA.

We thank Ms T. Adachi, Ms N. Sakaguchi, and Ms K. Noda for their
excellent technical assistance.

Clinical implications: Syk inhibitors might be promising for
controlling the aberrant TLRY signaling that is related to the

proliferation and differentiation of pathogenic memory B cells
in patients with autoimmune diseases, including SLE and RA.
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FIG E1. Phenotypic analysis of B-cell subsets in human peripheral blood. B cells were obtained by means of
negative selection from PBMCs. CD27* memory B cells were then isolated by using positive selection from
B cells with CD27 microbeads. The negative fraction of this isolation was assigned to CD27 " naive B cells.
The purity of naive and memory B cells was greater than 90% (x-axis, CD19; y-axis, CD27).
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FIG E2. Syk provides survival signals for B cells after stimulation through all 3 receptors. B cells (2 X 10° per
well) were cultured in triplicate in 96-well plates with anti-Ig\ and anti-Igk antibodies (1 pg/mL), soluble
CD40 ligand (sCD40L; 2 ng/mL), and CpG-ODN 2006 (2.5 pg/mL) with or without Syk inhibitor IV for 72 hours.
The percentage of apoptotic B cells was assessed by means of double-staining with FITC-Annexin V and PI

(x-axis, Pl; y-axis, Annexin V).
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