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Fig. 3 TFN-y positive or IL-17 positive cells in CD4" SPCs in the IL-17-
deficient and IL-17/TFN-yR-deficient NOD mice. SPCs were prepared,
stimulated with PMA and ionomycin for 5 h, stained for cell surface CD4
and intracellular JFN-y and IL-17, and analysed with flow cytometry (a—
¢). Representative staining of CD4" SPCs for intracellular TFN=y and/or
TL-17. (d,e) Numeration of Th1 and Th17 cells, respectively. The data are
meanstSD (n=5). KO, knockout; ND, not detected

mice of the same age (Fig. 2a). However, such attenuation of
diabetes development by IL-17-deficient diabetogenic T cells
was no longer seen after a similar transfer of the same cells
derived from older non-diabetic or diabetic mice (Fig. 2b,c).
Taken together, the present results suggest that IL-17 partici-
pates in the pathogenesis of the early phase of the develop-
ment of diabetes, but elimination of IL-17 could be readily
dispensable in the late phase of diabetes.

In vitro-polarised Th17 cells derived from BDC2.5 TCR-
Tg NOD mice do not transfer diabetes in newborn NOD
mice but do transfer diabetes in immune-deficient hosts
through conversion into Thl cells or Th1/Th17 cells
coexpressing Thl and Th17 cytokines [23, 24]. We
hypothesised that such a conversion of Th17 into Thl cells
or Th1/Th17 cells may have compensated for the disease
inhibition by IL-17 single deficiency in NOD mice in the
present study. To test our hypothesis, we also evaluated the
impact of the genetic deletion of both IL-17 and IFN-y
signalling in NOD mice to determine whether such a double
deficiency could clearly suppress disease. As hypothesised,
IL-17/IFN-yR double deficiency significantly suppressed
the longstanding incidence of diabetes compared with IL-
17 single deficiency in NOD mice (Fig. 1a). These results
indicate that Thl and Th17 cytokines may synergistically
contribute to the development of diabetes in NOD mice,
since IFN-yR-deficient NOD mice exhibit minimal or no
inhibition of disease [10, 28].

We fortuitously found that IL-17/IFN-yR double-
deficient NOD mice had a severe lymphopenic phenotype.

@ Springer

A previous study demonstrated that wt NOD mice have mild
lymphopenia compared with a non-autoimmune strain, and,
as a result, compensatory homeostatic expansion of T cells
generates anti-islet autoimmunity resulting in the develop-
ment of diabetes [29]. In contrast, NOD mice harbouring a
C57BL/6-derived /dd3 genetic interval (which encodes the
112 and 1I2] genes) (NOD./dd3 mice) are disease-resistant
and not lymphopenic. It has recently been shown that naive
T cells from NOD mice exhibit a greater propensity to
differentiate into Th17 cells than those from NOD./dd3
mice, and IL-21 signalling in antigen-presenting cells plays
a central role in such Th17 cell development [30].

On the other hand, several studies have demonstrated that
diabetes susceptibility and protection in NOD mice correlate
with lymphopenia and homeostatic expansion under a vari-
ety of experimental conditions. Thymectomy at weaning or
treatment with cyclophosphamide, which causes lympho-
cyte apoptosis, accelerates diabetes onset in NOD mice
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mean+SD (n=5), and group differences were analysed by Mann—
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[31, 32]. In contrast, immunisation with complete Freund’s
adjuvant (CFA) increases T cell numbers and protects NOD
mice from diabetes [29, 33]. Mori et al have reported that
[FN-yR deficiency abrogates cyclophosphamide-induced
acceleration of diabetes and CFA-mediated protection in
NOD mice [34, 35]. Thus, Th17 cell development and
IFN-y signalling may play a critical role in diabetes suscep-
tibility mediated by lymphopenia-induced homeostatic ex-
pansion in NOD mice, although the precise kinetics and
mechanisms of severe lymphopenia in these mice are still
being elucidated.

We also found that double-deficient NOD mice had a
preferential increase in Tregs among CD4 " splenic T cells.
Several recent findings highlight the plasticity within the
CD4" Th cell population including Thl, Th2, Th17 and
Tregs, and Th17 cells and Tregs are more plastic than
Th1/Th2 cells [21]. Networks of cytokines are critical for
determining CD4" T cell fates and effector cytokines [36].
For example, Bertin-Maghit et al clearly demonstrated that
systemic overproduction of IL-1f3 in 6- to 16-week-old
NOD mice impairs Treg function and promotes the Treg to
Th17 conversion [37]. A pair of studies showed that Th17
cells generated ex vivo or in vitro can be converted into the
Th1 phenotype by combined IFN-y and IL-12 signalling
through epigenetic processes [38, 39]. As described above,
in vitro-polarised Th17 cells are readily reprogrammed into
other T cell lineages on transfer into lymphopenic hosts [23,
40]. Of note, treatment with cyclophosphamide not only
fails to accelerate diabetes but also confers permanent pro-
tection against diabetes by the preferential generation of
Tregs in IFN-yR-deficient NOD mice [34]. It is possible
that IFN-yR deficiency under lymphopenic conditions in-
hibits such a Th shift from Thl to Th17 or from Tregs to
another Teff lineage, resulting in a preferential increase in
the Treg population and disease resistance in our double-
deficient NOD mice.

Thus, we have here demonstrated that I1.-17/Th17 par-
ticipates in the development of insulitis and that both IL-17
and IFN-y signalling may synergistically contribute to the
Teff/Treg balance to Teffs during homeostasis expansion
and the subsequent development of diabetes in NOD mice.

From the clinical point of view, the therapeutic efficacy of
the inhibition of Th17 cells in some autoimmune diseases has
been demonstrated [18, 19]. It has been reported that children
with new-onset type 1 diabetes have an increased proportion
of memory CD4" cells that have increased IL-17 secretion,
suggesting that upregulation of Th17 immunity is associated
with human type 1 diabetes [41, 42]. This implies a novel
potential therapeutic strategy for human type 1 diabetes based
on the control of IL-17 immunity. However, the results
presented in the present study indicate that a single blockade
of an effector cytokine such as IL-17 or IFN~-y readily com-
pensates for the Th shift from Tregs to effector Th lineage

through multiple networks of cytokines. The appropriate
timing or therapeutic strategy for inhibiting the Treg/Teff
conversion—such as a combination blockade of multiple
cytokines or transcriptional factors such as the Janus kinase
(JAK)-signal transducers and activator of transcription
(STAT) pathway, Runx3 and IRF-4—should be carefully
considered with the goal of preventing or delaying the
development of type 1 diabetes [36].
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Introduction

Summary

Granzyme B (GzmB) and perforin are proteins, secreted mainly by natural
killer cells and cytotoxic T lymphocytes that are largely responsible for the
induction of apoptosis in target cells. Because type 1 diabetes results from
the selective destruction of P cells and perforin deficiency effectively reduces
diabetes in non-obese diabetic (NOD) mice, it can be deduced that B cell
apoptosis involves the GzmB/perforin pathway. However, the relevance of
GzmB remains totally unknown in non-obese diabetic (NOD) mice. In this
study we have focused on GzmB and examined the consequence of GzmB
deficiency in NOD mice. We found that NOD.GzmB™" mice developed diabe-
tes spontaneously with kinetics similar to those of wild-type NOD (wt-
NOD) mice. Adoptive transfer study with regulatory T cell (T.,)-depleted
splenocytes (SPCs) into NOD-SCID mice or in-vivo T, depletion by anti-
CD25 antibody at 4 weeks of age comparably induced the rapid progression
of diabetes in the NOD.GzmB™ mice and wt-NOD mice. Expression of
GzmA and Fas was enhanced in the islets from pre-diabetic NOD.GzmB™”~
mice. In contrast to spontaneous diabetes, GzmB deficiency suppressed the
development of cyclophosphamide-promoted diabetes in male NOD mice.
Cyclophosphamide treatment led to a significantly lower percentage of
apoptotic CD4%, CD8" and CD4"CD25" T cells in SPCs from NOD.GzmB™"~
mice than those from wi-NOD mice. In conclusion, GzmB, in contrast to
perforin, is not essentially involved in the effector mechanisms for P cell
destruction in NOD mice.

Keywords: apoptosis, NOD mice, transgenic/knock-out mice, type 1 diabetes

mation across the membranes via a Ca*'-dependent mecha-
nism. This pore enables the entry of serine protease

Type 1 diabetes is characterized by progressive autoimmune
destruction of islet B cells with a long prodromal phase [1].
The hallmark of immune-mediated diabetes is T cell-
mediated destruction of the insulin-producing f3 cells in the
islets in both humans and the non-obese diabetic (NOD)
mouse model of type 1 diabetes [2]. The precise mecha-
nisms of B cell destruction leading to diabetes remain
unclear. Many molecules, including Fas ligand (FasL) and
cytokines, such as interleukin (IL)-1B, tumour necrosis
factor (TNF)-o. and interferon (IFN)-y, cause release of
other cytokine mediators that have the potential to damage
the B cells [3]. Granzyme B (GzmB) and perforin have been
shown to induce cytotoxic T lymphocyte (CTL)-mediated
target cell apoptosis [4,5]. Perforin is involved in pore for-

granzymes into the cell, causing the cleavage and activation
of several targets, such as effector caspases and the BH3-
only protein Bid [6]. Some researchers believe that perforin/
granzyme cause the initial B cell insult in diabetes, because
spontaneous diabetes and cyclophosphamide (CYP)-
induced diabetes are suppressed in perforin knock-out
NOD mice [7]. However, the relevance of GzmB remains
totally unknown in the pathogenesis of type 1 diabetes.

This study was therefore conducted to investigate the role
of GzmB in the pathogenesis of a spontaneous type 1 diabe-
tes model studying the NOD mouse whose disease patho-
genesis, specifically in relation to autoimmune-mediated 3
cell destruction, is most probably similar to that in human
type 1 diabetes.

© 2013 British Society for Immunology, Clinical and Experimental Immunology, 173: 411-418 411
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Table 1. Polymorphic markers at known non-obese diabetic (NOD) diabetes susceptibility (idd) loci and genotyping marker of granzyme B (GzmB).

Idd loci/chromozome Satellite marker

Primer sequence

Idd1/chr17 D17Mit34
Idd2/chr9 DOMit205
Idd3/chr3 D3Mit95
Idd4/chr11 D17Mit34
Idds5/chrl DiMit18
Idd6/chr6 D6Mit339
Idd7/chr7 D7Mit20
1dd8e12/chr14 D14Mit222
Idd9¢»11/chrd D4Mit59
1dd10/chr3 D3Mit103
Idd13/chr2 D2Mitl7
1dd14/chr13 D13Mit61
GzmB/chr14

Mutated GzmB Neo 0013/0014

5"-TGTTGGAGCTGAATACACGC-3’
5-GGTCCTTGTTTATTCCCAGTACC-3
5’AATAGCCTACTCTGGATTCACAGG-3'
5"-TACCTTCTCCTCTTTGGTTTTTG 3’
5"-CTAAAAGCACTAGCAAAGAAAATCA-3'
5-CCTCCACACACATGTCCTTG-3’
5"-ATGAGACCATGCTCCTCCAC-3"
5-TTGTCCTCTGACCTTCACACC-3’
5-TCTGGTTCCAGGCTTGATTC-3’
5’-TCACAAGTGAGGCTCCAGG-3’
5"-ATATCGATTGGCTTCTAAATGTCA-3
5"-GCAGGTTGTCCTCTCACCTC-3"
5-GTGTAGCAATGGTGTCGGTG-3
5"-AAGCCTGCCTCCAGATGTAA-3"
5"-GGTCAGTGAGAAGCCCTGTC-3
5"-GTCTAACTGCTTTTTTGTGGGG-3
5-AGAGTTTGGTCTCTTCCCCTG-3"
5-TATCCAACACATTTATGTCTGCG-3
5-CCAGGGGTGGTGGTCTTAC-3
5-TGTCAGGTGCCCAGGTCT-3"
5"-AGGCAATTACAAGGCCTGG-3’
5"-CACCCATCTCCCTCAGTCAT-3’
5'-TGCTCCAATACAACAAGGTCC-3
5’-CCAGCCAAGGTGTGTTGAC-3’
5’'GGACAAAGGCAGGTGAGTAAGCAA-3
5-TTGATGACTGAGTTTGGGGTGAGG-3"
5 -CTTGGGTGGAGAGGCTATTC-3'
5"-AGGTGAGATGACAGGAGATC-3

Materials and methods

Mice

Female NOD mice and NOD-severe combined immunode-
ficient (SCID) mice were purchased from Clea Japan
(Tokyo, Japan), and C57BL/6-GzmB-deficient mice
(B6:129S2-Gzmb™"®, stock number 002248) were pur-
chased from the Jackson Laboratory (Bar Harbor, ME,
USA); all animals were maintained in the Laboratory
Animal Center for Biomedical Research at Nagasaki Univer-
sity under specific pathogen-free conditions. All animal
experiments described in this study were approved by the
institutional animal experimentation committee and were
conducted in accordance with the Guidelines for Animal
Experimentation.

Establishment of granzyme B-deficient NOD mice

We have established NOD mice with the GzmB gene deleted
by back-crossing C57BL/6-GzmB-deficient mice (B6-129S52-
Gzmb™"'¥) - with. NOD mice. The targeted allele was
introgressed into the NOD background using a marker-
assisted ‘speed congenic’ breeding approach, wherein back-
cross segregants were fixed for homozygosity for NOD

alleles at NOD/B6/129 polymorphic markers at known
NOD diabetes susceptibility (idd) loci (Table 1). We deter-
mined the GzmB knock-out gene utilizing polymerase
chain reaction (PCR) amplification to detect the primer’s
neomycin sequence (Table 1) in the disrupted knock-out
gene. We screened an additional four markers on chromo-
some 14 flanking the GzmB mutation to define the size of
the congenic interval. N4 mice were NOD-derived at all
markers (iddm 1-14) tested across the genome, except for a
congenic interval of less than 5cM flanking the GzmB-
targeted mutation on chromosome 14, thereby excluding
the possibility that the presence of the 12952 genome could
contribute resistance at the Idd8¢+12 locus on that chromo-
some. Homozygous GzmB-deficient NOD background
mice (NOD.GzmB™) were produced by intercrossing
of heterozygotes at NI11, and a permanent line of
NOD.GzmB™ and wild-type (wt-NOD) mice were estab-
lished at N11.

Monitoring for spontaneous diabetes and
cyclophosphamide-promoted diabetes

Blood glucose levels were monitored using One-touch Ultra
(Johnson & Johnson, Tokyo, Japan) every other week start-
ing at 12 weeks of age for spontaneous diabetes. For CYP-

412 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 173: 411-418
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promoted diabetes, 200 mg/kg of CYP (Sigma-Aldrich KK,
Tokyo, Japan) was injected intraperitoneally (i.p.) at 9 and
11 weeks of age, as described previously (7,8]. Blood
glucose levels were monitored at 10 weeks of age and three
times a week, starting at 11 weeks of age.

Mice with blood glucose levels above 250 mg/dl for two
consecutive measurements were considered diabetic.

Histology

Pancreatic sections were analysed histologically by fixing
tissues in 10% formalin and staining the paraffin-
embedded samples with haematoxylin and eosin. A
minimum of 30 islets from each mouse were observed
microscopically by two different observers for the presence
of insulitis, and the levels of insulitis were scored according
to the following criteria: 0, no lymphocyte infiltration; 1,
islets with lymphocyte infiltration in less than 25% of the
area; 2, 25-50% of the islet infiltrated; 3, 50-75% of the
islet infiltrated; and 4, more than 75% infiltrated or small
retracted islets.

Adoptive transfer experiments

Non-diabetic 12—14-week-old donor mice (NOD.GzmB™”"
or wt-NOD) were killed and their spleens were harvested
under sterile conditions. CD25" T cells were depleted from
12-14-week-old donor mice splenocytes using a CD25
MicroBead Kit (Miltenyi Biotec, Auburn, CA, USA) by
Auto-MACS, according to the manufacturer’s protocol.
CD25" T cell-depleted splenocytes (1-5% 107 per mouse)
were injected 1.p. into 8—12-week-old NOD-SCID recipient
mice. The mice were monitored for blood glucose biweekly
after adoptive transfer.

In-vivo regulatory T cell (T,)-depletion by anti-CD25
antibody (PC61)

Anti-CD25 monoclonal antibody was purified from ascites
of mice injected i.p. with hybridoma PC61 using a
HiTrapTM protein G HP column (Amersham, Piscataway,
NJ, USA), as described previously [9]. Five hundred pg of
anti-CD25 antibody was injected i.p. at 4 weeks and the
blood glucose levels were monitored every week, starting at
10 weeks of age.

Real-time quantitative polymerase chain
reaction (PCR)

Islets were isolated from 20-week-old female mice by pan-
creatic digestion with collagenase (Wako-Pure Chemical
Industries Ltd, Tokyo, Japan). Islets were purified by
Histopaque (Sigma-Aldrich, Tokyo, Japan) density gradient
centrifugation. Isolated islets were stored at —80°C until

Granzyme B does not affect diabetes development

use. Total RNA was extracted from mice islets. cDNA syn-
thesis was performed using primers using the SuperScript
1T First-strand Synthesis System for reverse transcription
(RT)-PCR (Invitrogen, Carlsbad, CA, USA). cDNAs were
used as templates in SYBR green real-time PCR assays on
a LightCycler (Roche Diagnostics, Tokyo, Japan). The
primers used in the PCR reaction for GzmB, granzyme A
(GzmA), granzyme C (GzmC), Fas and perforin were
obtained from SA Biosciences. Sample data were analysed
according to the comparative cycle threshold method and
were normalized by stable reference genes of B-actin and
glyceraldehyde  3-phosphate  dehydrogenase (GAPDH)
selected by geNorm visual basic application (VBA) applet
among three housekeeping genes, including B-actin,
GAPDH and 18S. All results were expressed as a percentage
of the value in control extracts.

Apoptosis

Staining for apoptosis was conducted on single-cell suspen-
sions of splenocytes (5PCs). A total of 1 x 10° SPCs were
incubated for 15min at room temperature with 5 pl
of annexin V-fluorescein isothiocyanate (FITC), 1 ul of
anti-CD4-allophycocyanin  (APC) monoclonal antibody
(mADb), 1l of anti-CD8-APC mAb, 1l of anti-CD25-
phycoerythin (PE) mAb and 5 ul of propidium iodide (PI).
All fluorescein-labelled antibodies were purchased from BD
Pharmingen. The result was calculated based on the differ-
ences in annexin V percentage between CYP-treated cells
and non-CYP-treated cells. All cells were analysed on a
FACSCanto 1T flow cytometry system using FACS Diva soft-
ware (BD Biosciences, Tokyo, Japan).

Statistics analysis

Group differences were analysed by the Mann-Whitney
U-test and Student’s r-test. Differences between Kaplan—
Meier survival curves were estimated by the log-rank test,
with the use of pr spss version 2 for Windows software
(SPSS, Inc., Chicago, IL, USA). P-values less than 0-05 were
considered statistically significant. Insulitis levels were ana-
lysed by Ridit analysis, and levels of ¢ higher than 1-96 or
lower than —1-96 were considered statistically significant.

Results

GzmB deletion did not affect the spontaneous
development of diabetes and insulitis

NOD mice develop diabetes after 12 weeks of age, with a
higher incidence in females than males [10]. In our colony,
75-85% of female and 10~20% of male NOD mice develop
diabetes by age 48 weeks. Using speed congenic techniques
with diabetogenic loci (iddm 1-14), we have established
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Fig. 1. Life-table analysis for the development of spontaneous
diabetes. Blood glucose levels were monitored every week starting

at 12 weeks and every other week from 20 weeks. (a) Female mice.
Squares: wild-type non-obese diabetic (w-NOD) (n = 47). Open
circles: NOD.granzyme B (GzmB)™~ (n = 44). (b) Male mice. Squares:
wt-NOD (1 =27), open circles: NOD.GzmB™ (n=21).

NOD mice with GzmB deleted. In the established wt~-NOD
mice, 82% (39 of 47) of female mice and 11% (three of 27)
of male mice developed diabetes by age 48 weeks. This
implied that 10-11 back-crossed mice become NOD-
background from a C57BL/6-background. Among female
mice, NOD.GzmB™”~ mice became diabetic starting at 14
weeks of age, and wt-NOD mice became diabetic starting at
12 weeks of age. The incidence of spontaneous diabetes was
essentially identical between these two groups (P=0-46)
(Fig. 1a). In male mice, NOD.GzmB™ mice became diabetic
starting at 23 weeks of age, and wt-NOD mice became dia-
betic starting at 22 weeks of age. As in female mice, the inci-
dence of spontaneous diabetes was essentially identical
between these groups (P=0-91) (Fig. 1b). We next com-
pared the levels of the insulitis between female
NOD.GzmB™ and wt-NOD mice at 12 weeks of age and
found that there were no significant differences between
both groups (Ridit score, T =1-27) (Fig. 2). These results
are consistent with the report by Thomas er al. [11].

GzmB deficiency did not affect the adoptively
transferred diabetes with T.-depleted SPCs or in-vivo
Treg-depletion in the NOD mice

Recent reports indicate that GzmB might be a key molecule
for the suppressive function in CD4"CD25" T, as well as
the function of effector T cells (Ter) for target cell destruc-
tion [12]. To investigate the relevance of GzmB in the func-
tion of Ter and Teg we performed an adoptive transfer
study involving the transfer of T.,-depleted SPCs and
in-vivo Twg-depletion in NOD.GzmB™ mice or wt-NOD
mice. The NOD-SCID mice transferred with T.,-depleted
SPCs from both groups became diabetic starting at 3 weeks
of transfer. The incidence of diabetes was 87-5% in the
NOD.GzmB™ mice and 75% in the wt-NOD mice at 10
weeks after transfer (P> 0-05) (Fig. 3a). We also found that
Ty, depletion by anti-CD25 antibody at 4 weeks of age
accelerated diabetes in the NOD.GzmB™" mice as well as in
wt-NOD mice and that the course of disease development
did not show any significant difference between these
groups (Fig. 3b). Taken together, GzmB does not affect the
disease pathogenesis in relation not only to B cell destruc-
tion by T, but also the suppressive function of T, in
NOD mice.

Expression of GzmA and Fas was enhanced in the islets
from pre-diabetic NOD.GzmB™" mice

We evaluated the expression of GzmB in the islets of pre-
diabetic NOD.GzmB™" mice or wt-NOD mice. As expected,
GzmB was expressed in the islets from pre-diabetic
wi-NOD mice but not in those from NOD.GzmB™ mice or
NOD-SCID mice (Fig. 4). However, there was no significant
alteration in the expression levels of GzmB in islets from
12-week-old wt-NOD mice and 20-week-old pre-diabetic

100%

80% I o No insulitis
o1 (<25%)

60% 2 (25%< <50%)
@ 3 (50%< <75%)

40%
B4 (>75°/o)

20% +

0% ' !

wt-NOD NOD.GzmB™
Fig. 2. Histological analysis for insulitis. Levels of insulitis in
wild-type non-obese diabetic (wt-NOD) mice (n=5) and
NOD.granzyme B (GzmB)™ mice (1= 5) at 12 weeks of age. A level of
T > 1-96 determined by Ridit analysis was regarded as significant. No
significant difference was found between the two groups at 12 weeks
of age (T =1-27).
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Fig. 3. Adoptive transfer study and the development of diabetes
following injection of PC61. (a) CD25*-depleted splenocytes (2 X 107)
from non-obese diabetic.granzyme B (NOD.GzmB)™~ (n= 8 open
circle) and wild-type (wt)-NOD (n = 8 square) mice were transferred
into NOD-SCID mice. (b) Diabetes-free ratios in in-vivo regulatory T
cell (T,)-depleted NOD.GzmB™ (n = 18 open circle) and wt-NOD
(n =16 square) following injection of PC61 at 4 weeks of age.

mice. We also investigated the mRNA expression of other
apoptosis-associated molecules, including GzmA, GzmC,
perforin and Fas in the pre-diabetic wt-NOD mice and
NOD.GzmB™ mice, to evaluate the mechanism of diabetic
induction in NOD.GzmB " mice. Expressions of GzmA
and Fas, but not GzmC, were significantly higher in
NOD.GzmB™" mice than those in wt-NOD mice (GzmA:
P <0-01, Fas: P<0-01). No significant difference in the
expression levels of perforin was observed between these
groups.

GzmB deficiency suppressed the development of
CYP-promoted diabetes in male NOD mice

Injection of CYP induces a rapid rise and high percentage
of diabetes in NOD mice of both sexes [8]. CYP was
injected twice into wi-NOD mice or NOD.GzmB™ mice at 9
and 11 weeks of age. Some of the wt-NOD mice developed
diabetes on days 9-14 before the second injection, but most

Granzyme B does not affect diabetes development

became diabetic only after the second injection of CYP
between days 21 and 25, with incidences of 60% for female
mice and 80% for male mice at 60 days after the first injec-
tion. However, in NOD.GzmB”" mice diabetes occurred
mainly between days 14 and 25, and the incidence was
reduced to 40% for female mice (P =0-32) or 30% for male
mice compared to those of w-NOD mice (P=0-0031)
(Fig. 5a,b).

T cells from CYP-treated GzmB™" mice display
reduced apoptosis

Previous study has shown that in-vivo blockade of the Fas—
Fas ligand pathway also inhibits CYP-promoted diabetes.
Interestingly, this protective effect was not due to suppres-
sion of B cell apoptosis, but rather to the apoptosis resist-
ance in both CD4" and CD8" T cells by the CYP [13]. To
verify whether or not NOD T cells from CYP-treated mice
showed a comparable functional impairment, we isolated
CD4', CD8" and CD4"CD25" T cells 48 h after CYP dosing
and compared them with those cells from untreated
littermate controls. Analysis of the proportions of apoptotic
cells stained by annexin V after CYP treatment showed a
significantly greater percentage of apoptotic CD4*, CD8" or
CD4'CD25" T cells in wt-NOD mice than in NOD.GzmB™
mice (CD4": 23-82 +3-82% versus 436+ 1-99%, P<0-01;
CD8": 11-64 = 6-23% versus 1-94 £ 5-32%, P < 0-05; CD4"
CD25% 7-10 + 4-66% versus 0-32 £ 0-35%, P < 0-05) (Fig. 6).

Discussion

Perforin/granzymes cause the initial § cell insult in diabetes,
as demonstrated by the fact that spontaneous diabetes and

p5-h1 L] o
” r M 6 NOD.GzmB-
_ 20+ °© Awt-NOD
g .l & NOD12w
g 5 = NODSCID
s 10 %
(e}
[
5F A © oa,
0lBhes \om LEALASE 281
GzmB GzmA GzmC Perforin  Fas
*P < 0.05
P < 0.01

Fig. 4. Real-time reverse transcription—polymerase chain reaction
(RT-PCR) analysis of islets in pre-diabetic mice. Real-time RT-PCR
of mouse islets at 20 weeks age in wild-type non-obese diabetic
(wt-NOD) mice, NOD.granzyme B (GzmB)™ mice and NOD-SCID
mice. Values are the means + standard error and are expressed as a
percentage of the mRNA levels in islets isolated from control
12-week-old wt-NOD mice at the same time. wt-NOD (n =5),
NOD.GzmB™ (n=15).
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Fig. 5. Life-table analysis for the development of cyclophosphamide
(CYP)-promoted diabetes; 200 mg/kg of CYP was injected
intraperitoneally (i.p.) at 9 and 11 weeks of age. Blood glucose levels
were monitored three times a week starting at 11 weeks of age.

(a) Female mice. Squares: wild-type non-obese diabetic (w-NOD)

(n = 19). Open circles: NOD.granzyme B (GzmB)™ (n=17). (b) Male
mice. Squares: wt-NOD (n = 24). Open circles: NOD.GzmB™ (n=15).

CYP-induced diabetes were suppressed in perforin knock-
out NOD mice [7] while, in a model of viral infection, it has
been reported that perforin and granzymes have distinct
roles in defensive immunity and immunopathology [14].
We therefore investigated the significance of GzmB on B cell
destruction using GzmB-deficient NOD mice. In contrast to
perforin-deficient NOD mice, GzmB-deficient NOD mice
did not show reduced spontaneous diabetes, consistent with
a recent report by Thomas er al. [11].

The question then arises as to why GzmB-deficient NOD
mice exhibit the distinct phenotype from perforin-deficient
NOD mice. In particular, GzmB, but not perforin, is
reported to affect not only effector function of CTL but also
suppressive function in T [12]. One possible explanation
for the dissociation between GzmB and perforin is that a
reduced suppressive T, function in GzmB-deficient NOD
mice might modify the phenotype of diabetes development.

To evaluate the influence of Ty in our study, we performed
an adoptive transfer study with T.,-depleted SPCs to NOD-
SCID mice and found that the cells derived from
NOD.GzmB™ mice induced rapid progression of diabetes, a
result similar to that of wt~-NOD mice. We also found that
Tree depletion accelerated diabetes in the NOD.GzmB™~ mice
as well as wt-NOD mice. These results emphasized the con-
clusion that GzmB is not essentially involved in the effector
mechanisms for B cell destruction and might not affect the
suppressive function in Ty in the NOD mouse.

Another possible reason for the dissociation is that gene
targeting to GzmB, but not to perforin, causes the compen-
sating mechanisms to induce B cell apoptosis when the gene
is missing. Of the granzyme family of serine proteases,

(@) wt-NOD NOD.GzmB™~
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/ CYP
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Fig. 6. Effects of cyclophosphamide (CYP) on the apoptosis of CD4*
T cells, CD8* T cells and CD4"CD25" T cells. Wild-type non-obese
diabetic (wt-NOD) and NOD.granzyme B (GzmB)™ mice were
treated with 200 mg/kg CYP intraperitoneally (i.p.) at 8-10 weeks of
age, and lymphocytes were prepared from spleens after 48 h for
comparison with untreated littermate controls. CD4* lymphocytes,
CD8* lymphocytes or CD425" lymphocytes were stained with
annexin V™' as described and analysed by flow cytometry.

(a) Staining for apoptosis in CD4" T cells. Cells were gated initially
on forward-scatter (FSC)/side-scatter (SSC) and CD4 expression,
excluding all cells staining positive for PI. The percentage of annexin
V¥ cells was determined as shown in the histogram overlays.

(b) Graphs represent the arithmetic means and values for each
individual mouse for the percentage of annexin V* CD4* T cells,
annexin V* CD8" T cells and annexin V¥ CD47CD25" T cells in
wt-NOD (n =5 each), NOD.GzmB™ (n =5 each).
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GzmA and GzmB are the most common in humans and
mice. Other granzymes, including H, K and M in humans
and C,D,E, F G, K, I, M and N in mice, are less well char-
acterized [15]. GzmB in vitro and GzmA in-situ analysis has
shown that GzmB and GzmA play important roles in 3 cell
destruction [16,17]. In a previous study using 8-3 T cell
receptor (TCR)-transgenic NOD mice, perforin gene
knock-out did not alter the development of diabetes [18].
The results of another study indicated that T cells from 83
TCR-transgenic NOD mice use both perforin and Fas path-
ways and that Fas compensates for the B cell killing only
when perforin is missing [16]. In our NOD.GzmB™” mice,
the mRNA expressions of GzmA and Fas were up-regulated
significantly compared to wt-NOD mice, indicating that
there might be pathways to induce  cell death that can
compensate fully for each other when GzmB, but not
perforin, is removed in wt-NOD mice.

In contrast to spontaneous diabetes development, GzmB
deficiency suppressed the incidence of CYP-promoted dia-
betes in NOD mice. In particular, male NOD.GzmB™” mice
were significantly less likely and female NOD.GzmB™ mice
showed a tendency to be less likely to develop diabetes com-
pared to wit-NOD mice. Previous reports indicated that
acceleration of diabetes by CYP was associated with a sig-
nificant T cell depletion, especially with preferential reduc-
tion in CD4’CD25"forkhead box protein 3 (Foxp3)" T
populations following injection [19,20]. In our study, both
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Phenotypic changes of lymphocyte
in a patient with IgG4-related
disease after corticosteroid therapy

Immunoglobulin G4-related disease (IgG4RD) is a novel clinical
disease entity characterised by elevated serum IgG4 and tissue
infiltration by IgG4-positive plasma cells." ? Interleukin 4 (IL-4)
and IL-10, which were detected with B cells in the salivary
gland in this disease,” direct naive B cells to switch to IgG4 pro-
duction.® B cells are therefore considered to be important for
the pathogenesis of IgG4RD. However, the phenotype of B
cells in patients with IgG4RD remains elusive. In this report
we show the phenotypic changes of peripheral blood B cells in
a patient with IgG4RD analysed by flow cytometry during
treatment with a corticosteroid.

In January 2011 a 53-year-old man presented with symmet-
rical swelling of the lachrymal glands and a tumour located
in the left junction of the renal pelvis and ureter, serum IgG4
>135 mg/dl and IgG4+/IgG+ cells >40% with significant
invasion of lymphocytes and plasma cells, typical tissue fibro-
sis and sclerosis in the salivary gland. He was diagnosed with
IgG4RD based on the guidelines for diagnosis.” Treatment
with corticosteroid 40 mg (0.6 mg/kg) was started. One year
later the bilateral renal pelvic tumour had disappeared and
serum IgG (IgG4) decreased from 1692 (341) mg/dl to 969
(61.5) mg/dl despite tapering of the corticosteroid dose to 2
mg/day.

Meanwhile, before treatment, memory B cells (CD19 gated
IgD-CD27 or CD27+ CD838-) and plasmablasts (CD19 gated
CD27MebCD3ghieh  or  IgD-CD278R  CD19°vCDaghieh)
increased in a patient with IgG4RD compared with healthy
donors in peripheral blood. Moreover, the expression levels of
the costimulatory molecules CD80 were upregulated. Spleen
tyrosine kinase (Syk) is a tyrosine kinase expressed in various
immunocompetent cells including B cells. We have reported
that the engagement of immune receptor phosphorylates Syk,
resulting in proliferation and cytokine production on B cells. It
is noteworthy that Syk phosphorylation was also markedly
increased in CD19 cells in the patient compared with those in
healthy donors.

However, CD27"8CD38M8" plasmablasts in the patient
decreased at 1 month and disappeared 6 months after treat-
ment with corticosteroid, whereas the percentage of memory B
cells almost did not change. Although he remained in low
disease activity after tapering of the corticosteroid dose, the
expression levels of CD80 and phospho-Syk on CD19 cells did
not change until 1 year later (figure 1).

Taken together, although corticosteroid therapy effectively
decreased peripheral plasmablasts, activated memory B cells
were resistant to treatment in IgG4RD. These results are sup-
ported by those of Khosroshahi et al who demonstrated that B
cell depletion therapy by rituximab was effective in some
patients with IgG4RD refractory to corticosteroid.” The present
data could therefore partly explain why IgG4RD is difficult to
maintain in remission after reduction in the dose of corticoster-
oid. The results also indicate that the combined use of immu-
nosuppressants, B cell-targeted therapies or Syk inhibitors may
be considered for the treatment of IgG4RD, as shown in sys-
temic lupus erythematosus, rheumatoid arthritis and idiopathic
thrombocytopenic purpura.®?® However, further analysis of a
large sample of patients is needed.
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Figure 1 Phenotypic changes of B cells in a patient with IgG4-related

disease before treatment, 1 month and 6 months after treatment with
corticosteroid therapy. In the upper 10 contour line graphs, peripheral
blood mononuclear cell (PBMCs) were gated on CD19-positive cells and
further separated with CD27 and IgD, or CD38 and CD27. In the former, the
left quadrant identified plasma cells (IgD-CD27"%") and class-switched
memory B cells {IgD-CD27+). The right upper quadrant identified IgM
memory B cells (lgD+CD27). The right lower quadrant identified naive B
cells (IgD+CD27+). In the latter, CD27—-CD38 + identified naive B cells,
CD27+ CD38— identified memory B cells and CD27"9"CD38M9" identified
plasmablasts and plasma cells. In the lower four line graphs, PBMC were
double-stained by CD19 (x-axis) and IgG isotype control, CD38, CD4Q,
CD80 and Syk phosphorylation, respectively (y-axis). CD19°CD3g"e"
identified plasmablasts and plasma cells.
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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,b 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 TLR9, TNF receptor-associated factors
(TRAFs), and phospho-nuclear factor kB in B cells were
assessed.

Results: Activation of BCR synergized with CD40- and TLR9-
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 TLRY and TRAFG, 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;129:1594-601.)

Key words: Syk, Toll-like receptor 9, TNF receptor-associated
factor 6, B cells

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 addi-
tional 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
TLRY, causing activation, 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.%” Notably, Syk inhibitors exert potent therapeutic efficacy
against rheumatoid arthritis, as well as bronchial asthma and idi-
opathic thrombocytopenic purpura.®'® 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 ro-
dent 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-«B),
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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; 35, BCR, CD40, and TLRS stimulation. Results are rep-

resentative of 3 independent experiments.

thereby driving efficient TLR9 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, NI), 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 celis
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 E1 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-IgA mAbs for BCR stimulation and initially ensured
strong induction of Syk phosphorylation by these antibodies (Fig 1, A).
CDA40 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 TLR9 and mainly activates B cells but only weakly stimulates
IFN-« secretion in plasmacytoid dendritic cells.™*

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

anti-BCR mAbs (anti-Igh and anti-Igk, 1 pg/mL each), soluble CD40 ligand
(2 pg/mL), and CpG-ODN (2.5 pug/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 pL of FACS solution (0.5% human albumin and 0.1% NaN,
in PBS) and treated with fluorescein isothiocyanate (FITC)-labeled murine
IgG1k, 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, TRAFS, 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 I1gG, 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-Igh 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 Vand
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 invitro 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
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mixes for X-box binding protein 1 (XBP-1) (Hs00152973-m1), AICDA
(Hs00757808-m1), and TLRY (Hs00964360-m1) were purchased from Ap-
plied Biosystems. XBP-/, activation-induced cytidine deaminase (AICDA)
and 7LR9 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 (AACy) 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 TRAFG6, anti-human phospho—
NF-«B p65 (Ser 536, 93H1), and horseradish peroxidase-labeled anti-secondary
(#NA931V and #NA934V; GE Heaithcare, 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 IT; 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 G,/M phase without stimulation was 37.6%. This value in-
creased further up to 94.2% with combined stimulation of BCR,
CD40, and TLR9. 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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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-
a) by B-cell subsets (Fig 3). Combined stimulation with BCR,
CD40, and TLR9Y induced production of the proinflammatory
cytokines IL-6 and TNF-« 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-a 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 TLRO stimulation, which
was particularly high in memory B cells, was again greatly reduced
by Syk inhibitor IV in a dose-dependent manner (Fig 4, O).
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These results suggest that Syk also regulates B-cell differentiation
induced by BCR, CD40, and TLR9 stimulation.

TRAF®6 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 TLR signaling in human B-cell subsets. Given
that TLRY expression is significantly induced in BCR-
stimulated B cells and that TRAFs are the critical downstream
molecules in CD40 and TLRO signaling in B cells,’®'® we rea-
soned that TLR9 and TRAFs were possible candidates. Memory
B cells constitutively expressed more TLR9 mRNA than naive B
cells (Fig 5, A). On BCR, CD40, and TLR9 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 TRAFG expression in both subsets (Fig 5, B).
TRAFG6 expression was further pronounced by additional CD40
and TLRO 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 TRAF®6,
resulting in decreased phosphorylation of NF-«B.

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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in the nonstimulated (steady) state (Figs 2
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memory B cells is higher than in naive B cells, which might ac-
count for the maintenance of serologic memory.

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 TLRO (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 TLR9, 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 TLRY signaling pathways in B cells.'®'” Ying et al*’
showed that Syk is synergistically activated in B cells on BCR/
CDA40 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
TLRY signaling. In contrast to these findings, we found that robust
proliferation in memory B cells after CD40, TLRY, 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-«kB
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-«xB
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
TLR9 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).

TRAF6 plays a pivotal role in TLR9-induced c-Jun N-terminal
kinase activation, CD80 expression,’® and IL-6 production.®’ 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). TRAF6 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 TLR9 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> 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 TLRY and TRAF6,
thereby allowing efficient propagation of CD40 and TLR9 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.
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