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Figure 2. Associations of the AFFT locus with SLE. (A) A chromosomal plot of P-values in GWAS for SLE. (B) A regional plot in the AFF1 locus.
Diamond-shaped data points represent —log,q (P-values) of the SNPs. Large-sized points indicate the P-values of the landmark SNP, rs340630 (green
for the combined study and red for the GWAS). Density of red color represents r? values with r5340630 Blue line represents recombination rates.
Lower part indicates RefSeq genes. Gray dashed horizontal lines represent the threshold of P=5.0x107% The plots were drawn using SNAP, version

2.1 [471. .
doi:10.1371/journal.pgen.1002455.g002

Medical University, the University of Tokyo, and the BioBank
Japan Project [36]. All subjects were of Japanese origin and
provided written informed consent. SLE.cases met the revised
American College of Rheumatology (ACR) criteria for SLE [37].
Control subjects were confirmed to be free of autoimmune
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disease. Some of the SLE cases were included in our previous
studies [38—40]. Details of the subjects are summarized in Table
S1 and S2. This research project was approved by the ethical
committees of the University of Tokyo, RIKEN, and affiliated
medical institutes.
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Table 2. Associations among previously reported SLE-telated loci.

Identified by the

rsID ‘Chr ' Position (bp) Cytoband Gene Allele® Allele 1 freq. OR (95%CH) P eQTLP studies in®
i e s

r52205960 1 171,458, 098 1925 TNFSF4 T/G ‘0.23 0.18 135 (1.19-154)  3.0x107¢ +

r513385731 2 33 555,394 2p22 RASGRP3 (¥4} 090 - 087 1.37 (1.15-1.64) X + +

Bk

r56445975 3 58,345,217 3p14 PXK G/T 0.25 0.23 1.09 (0.96-1.23)  0.18 + +

70,

s

rs1 0036748 5 150 438,339 5933 TNIPT T/C 0.75 0.72 1.16 (1.03-1.31)

143°(127-162)  13x10~

1.42 (1.25-1.61)

rs4963128 11 579,564 11p15 KIAA1542 TC 098 0.97 158 (1.03-244)  0.038 + +

54639966 11 118,078,729 11q23 lntergenlc TC . 032 028 - 122 (1.09-1.36)  7.3x107* +
. o P " 2 . i 213, s 7

)

rs71 97475 16 30 550 368 16p11 Intergenic T/C 0.12 0.0 1.20 (1.02-0.41)  0.031

r51 2949531 17 13,674,531 17p12 Intergenic T/C 0.28 0.27 1.02 (0.91-1.15) 073 +
S o

?Based on forward strand of NCBI Build 36.3.

bDefined using gene expression data measured in lymphoblastoid B cell lines [28].

“Based on the previously reported studies for SLE susceptibility loci [3-18].

SLE, systemic lupus erythematosus; OR, odds ratio; eQTL, expression quantitative trait locus; GWAS, genome-wide association study. -
doi:10.1371/journal.pgen.1002455.t002 '

Genotyping and quality control » : Hap550v3 Genotyping BeadChips (llumina, CA, USA), rcspéc-
In GWAS, 946 SLE cases and 3,477 controls were genotyped tively. After the exclusion of 47 SLE cases and 92 controls with call
using Ilumina HumanHap610-Quad and Illumina Human- rates <0.98, SNPs with call rates <0.99 in SLE cases or controls,

Table 3. Results of combined study for Japanese patients with SLE.

rsiD Chr Position (bp) Cytoband Gene Allele  geage No. subjects Allele 1 freq. QR (95%cCl) . P eQTL?
= T i SO

rs340630 4 88,177,419 4qg21 AFF1 AG GWAS 891 3,383 056  0.51 122 (1.10-1.36)  1.5x107%  +
R

Replication 820 27911 056 - 053 1.14 (1.03-1.26)  0.0094 ~
study 2
-

°Defined using gene expression data measured in lymphoblastoid B cell lines [28].
doi:10.1371/journal.pgen.1002455.t003
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non-autosomal SNPs, and SNPs not shared between SLE casés
and controls, were excluded. We excluded 7 closely related SLE
cases in a st or 2nd degree of kinship based on identity-by-descent
estimated using PLINK version 1.06 [41]. We then excluded 1
SLE cases and 1 controls whose ancestries were estimated to be

distinct from East-Asian populations using PCA performed along .

with the genotype data of Phase II HapMap populations (release
24) [29] using EIGENSTRAT version 2.0 [42]. Subsequently,

@ PLoS Genetics | www.plosgenetics.org

Association of AFF1 with SLE

£ 13

I P=0.012
© 12 .

@ H ’ £

~ 11 } .

@ ? N .

% 1.0+ 3 i
[4)] ‘ A ?

<« e .

w 08~

o g

e

T 0.8

[2 8

cDNA DNA

Tonsil
Lymph Node
Monocyte

. CcDa+
CD8+
CD14+
CD19+

2
£
@
=
o)
c
o
43

Figure 3. Association of rs340630 with AFF! expression. (A) Correlation between rs340630 genotypes and transcript levels of AFF7
(NM_001166693) in EBV-transfected cell lines (n=62) stimulated with PMA. (B) Allele-specific quantification (ASTQ) of AFF1 transcripts. Allele specific-
probes for rs340638 were used for quantification by qPCR. The ratios of A allele over G allele for the amounts of both cDNAs and DNAs were plotted
in log scale for each cell line. (C) AFF1 expression in various tissues. Transcripts levels of AFF1 were quantified by qPCR and were normalized by
GAPDH levels. :

doi:10.1371/journal.pgen.1002455.9003

SNPs with minor allele frequencies <0.01 in SLE cases or
controls, SNPs with exact P-values of Hardy-Weinberg equilibri-
um test <1.0x107® in cantrols, or SNPs with ambiguous cluster
k plots were excluded. Finally, 430,797 SNPs for 891 SLE cases and
3,384 controls were obtained. Genotyping of SNPs in replication
studies was performed using TagMan Assay or Illumina
HumanHap610-Quad Genotyping BeadChip (Illumina, CA,
USA). -
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Association analysis of the SNPs
Association of SNPs in GWAS and replication studies were
tested with Cochran-Armitage’s trend test. Combined analysis was
performed with Mantel-Haenzel method. Associations of previ-
ously reported SLE susceptibility loci [3—18] were evaluated using
the results of the GWAS. Genotype imputation was performed for
non-genotyped SNPs using MACH version 1.0 [43] with Phase II
HapMap East-Asian individuals as references [29], as previously
- described [44]. All imputed SNPs demonstrated nnputauon scores,
Rsg, >0.70.

eQTL study -

We analyzed gene expression data previously measured in
lymphoblastoid B cell lines from Phase II HapMap East-Asian
individuals using Ilumina’s human whole-genome expression
array (WG-6 version 1) (accession number; GSE6536) [28].
Expression data were normalized across the individuals. We used
BLAST to map 47,294 Dlumina array probes onto human
autosomal reference genome sequences (Build 36). We discarded
probes mapped with expectation values smaller than 0.01 to
multiple loci, or for which there was polymorphic HapMap SNP(s)
inside the probe. Then, 19,047 probes with exact matches to a
unique locus with 100% identity and with a mean signal intensity
greater than background were obtained. Genotype data of
HapMap individuals were obtained for SNPs included in the
GWAS. Associations of SNP genotypes (coded as 0, 1, and 2) with
expression levels of each of the cis-eQTL probes (located within
*300 kbp regions of the SNPs) were evaluated using linear
regression assuming additive effects of the genotypes on the
expression levels. Considering the significant overlap between
eQTL and genetic loci responsible for autoimmune diseases [24],
we applied relatively less stringent multiple testing threshold of
FDR Q-values<<0.2 for the definition of eQTL. SNPs that
exhibited this threshold with any of the corresponding cis-eQTL
probes were denoted as eQTL positive. ‘

Selection of SNPs enrolled in the replication studies

In order to select SNPs for further replication studies, we firstly
integrated .the results of GWAS and eQTL study. SNPs that
satisfied P<1.0x10™* in GWAS, or the SNPs that satisfied
1.0x107*<P<1.0x10™% in GWAS and denoted as eQTL

~ positive, were selected. Among these, SNPs most significantly
associated in each of the genomic loci and not included in the
previously reported SLE susceptibility 1001 [3-18] were further
evaluated.

Then, the results of the concurrently proceeding genome-wide
scan for SLE in the Japanese subjects using a pooled DNA
approach were referred (Tahira T et al. Presented at the 59th
Annual Meeting of the American Society of Human Genetics,
October 21, 2009). In the scan, DNA collected from 447 SLE
cases and 680 controls of Japanese origin were pooled respectively,
and genotyped using GeneChip Human Mapping 500K Array Set
(Affymetrix, CA, USA). SNPs were ranked according to the
Silhouette scores estimated based on relative allele scores (RAS)
between SLE cases and controls, and rank-based P-values were
assigned [30]. By referring to association signals in multiple
neighboring SNPs in the pooled analysis, we selected SNPs for
replication study 1. Namely, if the SNP of interest was in LD
(#>0.5) or was located within *100 kbp of SNPs showing
association signals in the pooled analysis (rank-based P<0.01), it
would be selected. SNPs that satisfied P<1.0x107® in the
combined study of GWAS and replication study 1 were further
evaluated in replication study 2 (Figure 1).
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~ Quantification of AFF1 expression

EBV-transformed lymphoblastoid cell lines (2=62) were
established by Pharma SNP Consortium (Tokyo, Japan) using
peripheral blood lymphocytes of Japanese healthy individuals.
Cells were incubated for 2 h in medium alone (RPMI 1640
medium containing 10% FBS, 1% penicillin, and 1% streptomy-
cin) or with 100 ng/ml PMA. Conditions for cell stimulation were
optimized before the experiment as previously described [45].
Cells were then harvested and total RNA was isolated using an
RNeasy Mini Kit (Qjagen) with DNase treatment. Total RNA
(1 pug) was reverse transcribed using TagMan Gold RT-PCR
reagents with random hexamers (Applied Biosystems). Real-time
quantitative PCR was performed in triplicate using an ABI
PRISM 7900 and TagMan gene expression assays (Applied
Biosystems). Specific probes (Hs01089428_ml) for transcript of
AFFI (NM_001166693) were used. Expression of AFFI in various
tissues was also quantified using Premium Total RNA (Clontech).
The data were normalized to GAPDH levels. GUS levels were also
evaluated for internal control, and similar results were obtained.
Correlation coefficient, R?, between rs340630 genotypes and
transcript levels of AFFI was evaluated.

Allele-specific transcript quantification (ASTQ)

ASTQ of AFFI in PSC cells was performed as previously
described [46]. DNAs were extracted by using a DNeasy Kit
(QIAGEN). RNA extracton and cDNA preparation were
performed as described above. For PSC cells (n=17) that were
heterozygous for both rs340630 (the landmark SNP of GWAS)
and rs340638 (focated in the 5'-untranslated region of AFFI and in
absolute LD with rs340630), expression levels of AFFI were
quantified by gPCR on an ABI Prism 7900 using a custom-made
TagMan MGB-probe set for rs340638. Primer sequences were
5'-CTAACTGTGGCCCGCGTTG-3' and 5'-CCCGGCGCA-
GTTTCTGAG-3". The probe sequences were 5'-VIC-CGAA-
GACCGCCAGCGCCCAAC-TAMRA-3" and 5 -FAM-CGAA-
GACCGCCGGCGCCGCAA-TAMRA-3'. Ct values of VIC and
FAM were obtained for genomic DNA and cDNA. samples after
40 cycles of real-time PCR. We also prepared genomic DNA of
samples homozygous for each allele and mixed them at different
ratios (2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2) to create a standard curve by
plotting Ct values of VIC/FAM against the allelic ratio of VIC/
FAM for each mixture. Using the standard curve, we calculated
the allelic ratios for each genomic DNA and cDNA samples. We
measured each sample in quadruplicate in one assay; tests were

- independently repeated twice.

Web resources

The URLs for data presented herein are as follows.

NCBI GEO, http://www.ncbi.nlm.nih.gov/geo

BioBank Japan Project, http://biobankjp.org

PLINK software, http://pngu.mgh.harvard.edu/~purcell/
plink/index.shtml

International HapMap Pro_]cct hitp:/ /www. hapmap org

EIGENSTRAT software, http:// gcncpath med.harvard.edu/
~reich/Software.htm .

MACH and mach2qtl software, http / /vwww.sph.umich.edu/
csg/abecasis/MACH/index.html

SNAP, http://www. broadmsututc org/mpg/ snap/ index. php

Supportmg Information

Figure S1 Prmc1pal component analysis (PCA) plot of the
subjects. PCA plot of subjects enrolled in the GWAS for SLE. SLE
cases and the controls enrolled in the GWAS are plotted based on
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eigenvectors 1 and 2 obtained from the PCA using EIGEN-
STRAT version 2.0 [42], along with European (CEU), African
(YRI), Japanese (JPT), and Chinese (CHB) individuals obtained
from the Phase II HapMap database (release 22) [29]. Subjects
who were estimated to be outliers in terms of ancestry from East-
Asian (JPT+CHB) clusters and excluded from the study are
indicated by black arrows.

(TIF) _
Figure §2 Quantile-Quantile plot (QQ-plot) of P-values in the
GWAS for SLE. The horizontal axis indicates the expected —logo
(P-values). The vertical axis indicates the observed —logio (P~
values). The QQ-plot for the P-values of all SNPs that passed the
quality control criteria is indicated in blue. The QQ-plot for the P-
values after the removal of SNPs included in the previously
reported SLE susceptibility loci is indicated in black. The gray line
represents »= x. The SNPs for which the P-value was smaller than
1.0x10™"° are indicated at the upper limit of the plot.

(TIF) °

Table S1  Basal charactcnstlcs of cohorts.

DOC)
Table S2
GWAS.

(DOC)
Table 8$3° Distributions of eQTL positivity rates of the SNPs.
(DOC)

Frequency of clinical characteristics of SLE in this
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The Pattern-Recognition Receptor
Nucleotide-Binding Oligomerization Domain—Containing Protein 1
Promotes Production of Inflammatory Mediators in
Rheumatoid Arthritis Synovial Fibroblasts

Kazuhiro Yokota,' Takashi Miyazaki,> Hossein Hemmatazad,' Renate E. Gay,'
Christoph Kolling,> Ursula Fearon,* Hiromichi Suzuki,> Toshihide Mimura,*
Steffen Gay,' and Caroline Ospelt!

Objective. Pattern-recognition receptors (PRRs),
such as Toll-like receptors (TLRs) and nucleotide-
binding oligomerization domain—-containing protein 2
(NOD-2), have been shown to contribute to the patho-
genesis of rheumatoid arthritis (RA). The aim of this
study was to analyze the expression, regulation, and
function of the PRR NOD-1 in RA synovial fibroblasts
(RASFs), and to examine its interaction with other
PRRs.

Methods. Expression of NOD-1 was analyzed by
immunohistochemistry in synovial tissue from RA pa-
tients, psoriatic arthritis patients, gout patients, and
osteoarthritis (QA) patients. RASFs and human
monocyte-derived macrophages (HMDMs) were stimu-
lated with vr-alanyl-y-p-glutamyl-meso-diaminopimelic
acid, palmitoyl-3-cysteine-serine-lysine-4, poly(I-C), lipo-
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polysaccharide, heat-inactivated bacteria, tumor necro-
sis factor & (TNFa), or interleukin-18 (IL-18). Expres-
sion levels of IL-6, CCLS5, matrix metalloproteinases
(MMPs), NODs, and TLRs were measured by real-time
reverse transcription—-polymerase chain reaction and/or
enzyme-linked immunosorbent assay. NOD-1 and
NOD-2 were silenced with target-specific small interfer-
ing RNA. Phosphorylation of IL-1 receptor-associated
kinase 1 (IRAK-1) was measured by Western blotting,

Results. Expression of NOD-1 protein was signif-
icantly increased in RA synovium compared to OA
synovium. The basal expression of NOD-1 was similar
in RASFs, OASFs, healthy control peripheral blood
mononuclear cells, and healthy control HMDMs, Stim-
ulation of RASFs with TLR-3 up-regulated the expres-
sion of NOD-1. Expression of IL-6, CCL5, MMPs,
TLR-2, and NOD-2 was significantly up-regulated in
RASFs by stimulation with the NOD-1 ligand. A syner-
gistic effect on IL-6 production was observed in cells
stimulated with NOD-1 and TLR-2 ligands or NOD-1
and TLR-4 ligands. Silencing of NOD-1, but not NOD-2,
decreased the levels of IL-6 in RASFs after stimulation
with TLR-2 and IL-1p, and blocked the phosphorylation
of IRAK-1.

Conclusion. NOD-1 is strongly expressed in dif-
ferent cell types in the synovial tissue of patients with
RA. These results indicate that NOD-1, either alone or
interacting with other inflammatory mediators, can play
an important role in the chronic and destructive inflam-
mation of the joints in RA.

Although the pathogenesis of rheumatoid arthri-
tis (RA) remains as yet unclear, it has long been
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suggested that activation of the innate immune system
by endogenous or exogenous stimuli plays a role (1,2).
Fungal, bacterial, and viral pathogens, as well as endog-
enous danger signals (e.g., heat-shock proteins), are
recognized by specific pattern-recognition receptors
(PRRs), such as Toll-like receptors (TLRs) and nucleo-
tide-binding oligomerization domain (NOD)-like recep-
tors (NLRs). TLRs are cell-surface or endosomal recep-
tors, whereas NLRs are cytosolic molecules. Both TLRs
and NLRs mediate the production of proinflammatory
mediators via the initiation of the transcription factor
NF-«B and the MAP kinase cascade (3,4).

In previous studies, our group demonstrated that
RA synovial fibroblasts (RASFs) express specific TLRs
and the NLR NOD-2, and that activation of these PRRs
plays a role in the pathogenesis of RA through the
induction of proinflammatory cytokines, chemokines,
and matrix-degrading enzymes (5-7). Together with
NOD-2, NOD-1 belongs to the group of caspase activa-
tion and recruitment domain—containing NLRs and is
known to be expressed in antigen-presenting cells and
epithelial cells (8,9). NOD-1 can sense the peptidoglycan-
related molecule diaminopimelic acid (DAP), which is a
constituent of most gram-negative bacteria and specific
gram-positive bacteria such as Listeria and Bacillus spe-
cies (10).

NOD-1 has been found to be crucial for host
defense against a variety of bacteria, including Helico-
bacter pylori and Chlamydiae (11,12). Accordingly,
NOD-1 was shown to induce an inflammatory response
in many different cell types and to synergize with TLRs
to coordinate the immune defense (9,13,14). Moreover,
a polymorphism in NOD-1 was shown to be associated
with susceptibility to chronic inflammatory diseases such
as asthma and inflammatory bowel disease (15,16).

To clarify the role of NOD-1 in RA and its
possible interaction with other innate immune pathways,
we analyzed its expression in RA synovial tissue and
RASFs, and we characterized its patterns of expression,
regulation, and function in synovial cells. The results
reveal a novel role of NOD-1 in promoting TLR-2
signaling pathways in synovial fibroblasts.

PATIENTS AND METHODS

Collection of synovial tissue and culture of synovial
fibroblasts, peripheral blood mononuclear cells (PBMCs), and
human monocyte-derived macrophages (HMDMs). Samples
of RA synovial tissue and osteoarthritis (OA) synovial tissue
were obtained from patients undergoing joint replacement
surgery at the Schulthess Clinic. In addition, synovial biopsy
tissue was obtained from patients with gout or psoriatic
arthritis (PsA). All patients signed a consent form prior to
sample collection, and permission for the study was provided
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by the local ethics authorities. Patients with RA fulfilled the
American College of Rheumatology revised criteria for the
classification of RA (17).

Synovial fibroblasts were isolated by digestion of the
synovial tissue (150 mg/ml Dispase, at 37°C for 60 minutes),
and then cultured in Dulbecco’s minimum essential medium -
(Gibco Invitrogen) supplemented with 10% fetal calf serum
(FCS), 50 units/ml penicillin/streptomycin, 2 mM L-glutamine,
10 mM HEPES, and 0.2% ampbhotericin B (all from Gibco
Invitrogen). Cell cultures were maintained at 37°C in a humid-
ified incubator (atmosphere of 5% CO,). For these experi-
ments, cultured synovial fibroblasts from passages 4-8 were
used.

PBMC:s were isolated from the blood of healthy donors
using Ficoll-Paque Plus gradient centrifugation. For the gen-
eration of HMDMs, peripheral blood monocytes were isolated
from the healthy control PBMCs with CD14 MACS Micro-
Beads (Miltenyi Biotec), and 15 ng/ml macrophage colony-
stimulating factor (HumanZyme) was added every 48 hours for
7 days. HMDMs and PBMCs were cultured in RPMI 1640
(Gibco Invitrogen) supplemented with 10% FCS, 50 units/ml
penicillin/streptomycin, 2 mM r-glutamine, 10 mM HEPES,
and 0.2% fungicide.

Immunohistochemical analysis. For immunohisto-
chemical analyses, sections from formalin-fixed, paraffin-
embedded synovial tissue were deparaffinized and pretreated
at 80°C for 30 minutes in 10 mAM citrate buffer (pH 6.0) for
antigen retrieval. After washing in H,O, sections were incu-
bated with 3% H,0,. Washing in phosphate buffered saline
(PBS)/0.05% Tween was followed by 1 hour of incubation in
PBS/0.05% Tween/5% goat serum/1% bovine serum albumin
(blocking buffer). The sections were incubated overnight at
4°C with rabbit anti-human NOD-1 antiserum (2 pg/ml; Alpha
Diagnostic). As a negative control, rabbit IgG was used instead
of the primary antibody. To show the binding specificity of the
NOD-1 antibody, additional antibody-blocking experiments
were performed, in which 1 ug antibody was incubated with or
without 50 ug blocking peptide (Alpha Diagnostic) at 37°C for
2 hours, and then at 4°C for 24 hours. The solutions were
centrifuged for 15 minutes at 14,000 revolutions per minute.

After washing, all slides were incubated for 30 minutes
with horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (Jackson ImmunoResearch). Antigen—antibody
complexes were detected with aminoethylcarbazole chromo-
gensubstrate (DakoCytomation) and counterstained with hema-
toxylin. The intensity of the staining was evaluated in the lining
and sublining layers of the synovial tissue by 2 observers (KY
and CO), using a gradual scoring scale, ranging from 0 (no
staining) to 4 (strong staining).

For immunofluorescence double stainings, deparaf-
finized slides were pretreated with 10 mM citrate buffer, as
described above, followed by incubation in 1 mg/ml trypsin
(Sigma-Aldrich) at 37°C for 20 minutes. Nonspecific protein
binding was blocked with blocking buffer for 1 hour. Slides
were incubated with rabbit anti-human NOD-1 antiserum
along with mouse anti-human CD68 (clone PG-MA; DakoCy-
tomation) or mouse anti-human vimentin (DakoCytomation)
at 4°C for 24 hours (all at 2 ug/ml). Rabbit IgG and mouse IgG
(each 2 ug/ml) served as negative controls. Goat anti-rabbit
Texas Red-labeled antibodies and goat anti-mouse Alexa
Fluor 488-labeled antibodies (both from Jackson Immuno-
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Research) were used as secondary antibodies. Nuclei were
stained with DAPIL.

Stimulation experiments. Cells were stimulated with
the following agents: 10 ng/ml L-alanyl-y-D-glutamyl-meso-
diaminopimelic acid (Tri-DAP; InvivoGen), 10 pg/ml
poly(I-C) (PIC; InvivoGen), 100 ng/m! lipopolysaccharide
(LPS) from Esherichia coli (List Biological Laboratories), 300
ng/ml palmitoyl-3-cysteine-serine-lysine-4 (Pam;CSK,; Invivo-
Gen), 1 ng/ml interleukin-1B (IL-18; R&D Systems), 10 ng/ml
tumor necrosis factor @ (TNFa; R&D Systems), 10° cells/ml
heat-inactivated Staphylococcus aureus or heat-inactivated Lis-
teria monocytogenes (InvivoGen), or 5 ng/ml polymyxin B
(Sigma-Aldrich).

Quantitative real-time reverse transcription—
polymerase chain reaction (RT-PCR). Total RNA was isolated
using an RNeasy Mini kit (Qiagen), and complementary DNA
was generated by RT using random hexamers and MultiScribe
reverse transcriptase (Applied Biosystems). Messenger RNA
(mRNA) expression levels were determined by TagMan/
SYBR Green real-time PCR on an ABI Prism 7500 sequence
detection system (Applied Biosystems). The sequences of the
primers and probes used for the detection of matrix metallo-
proteinases (MMPs) and TLRs have been previously described
(6,7). The sequences of the SYBR primers were as follows: for
NOD-1, forward GAG-CAA-AGT-CGT-GGT-CAA-CA and
reverse GCT-GCT-GGG-TAT-ACC-TGC-TC; for NOD-2,
forward TTC-TCC-GGG-TTG-TGA-AAT-GT and reverse
CTC-CTC-TGT-GCC-TGA-AAA-GC; for IL-6, forward
CTC-TTC-AGA-ACG-AAT-TGA-CAA-ACA-A and reverse
GAG-ATG-CCG-TCG-ACG-ATG-TAC; and for CCLS, for-
ward CTC-CCC-ATA-TTC-CTC-GGA-CA and reverse GCG-
GGC-AAT-GTA-GGC-AAA. The expression of the house-
keeping gene 18S was used as an endogenous control. For
calculations of fold changes, the comparative threshold cycle
method was used, as previously described (6).

Silencing of NOD-1, RASFs were transfected using an
Amaxa Basic Nucleofector kit (Lonza) according to the man-
ufacturer’s protocol. Briefly, cells (5 X 10°) were resuspended
in 100 pl of transfection solution, with 2.0 ug of scrambled
control small interfering RNA (siRNA) or NOD-1 siRNA
(Ambion), and transfection was done using a Nucleofector
device (Program U23). After 24 hours of transfection, the
medium was changed and the cells were stimulated. Silencing
of NOD-2 in the cells was done as previously described (7).

Enzyme-linked immunosorbent assays (ELISAs). The
detection of IL-6 protein in cell supernatants was performed
with an OptEIA kit (BD PharMingen) according to the
manufacturer’s instructions. For measurements of CCLS,
MMP-1, and MMP-3, DuoSet ELISA development kits were
used (R&D Systems).

Flow cytometry. Cells were detached using Accutase
(PAA Laboratories) and washed with 1% FCS in PBS. Two
microliters of mouse anti-human TLR-2 antibodies (eBiosci-
ence) or mouse IgG2ax was added to 1 X 10° cells and
incubated for 30 minutes at 4°C. After washing, cells were
treated with 1 pl fluorescein isothiocyanate (FITC)-labeled
goat anti-mouse IgG (Jackson ImmunoResearch) for 30 min-
utes at 4°C. Cells were washed and resuspended in 1% FCS in
PBS and analyzed on a FACSCalibur flow cytometer. Data
were processed using CellQuest software (BD Biosciences).

NOD-1 protein was detected by intracellular staining
using a BD Cytofix/Cytoperm kit (BD PharMingen). Perme-
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abilized cells were incubated for 30 minutes at 4°C with 1
ug/ml of rabbit anti-human NOD-1 antiserum or goat anti-
rabbit IgG as isotype control. Cells were washed with BD
Perm/Wash solution and subsequently incubated for 30 min-
utes at 4°C with 0.5 pg/ml of FITC-labeled goat anti-rabbit IgG
(BD PharMingen). After 2 more washing steps with BD
Perm/Wash solution, cells were resuspended in 1% FCS in
PBS and analyzed on a FACSCalibur flow cytometer. Data
were processed using CellQuest software. To show specificity
of the binding of NOD-1 antibodies, antibody-blocking exper-
iments were performed, using the same methods as described
for immunohistochemistry. The blocking peptide blocked
>90% of NOD-1 staining.

Western blotting. Whole cell lysates were dissolved in
sample buffer (50 mM Tris HCI buffer [pH 6.8], 0.4% sodium
dodecy! sulfate [SDS], 10% glycerol, 1.5% B-mercaptoethanol,
and 0.001% bromphenol biue) and boiled at 95°C for 3
minutes. Proteins were separated in an SDS-polyacrylamide
gel and transferred to nitrocellulose membranes. The mem-
branes were blocked with 5% nonfat dry milk for 1 hour at
room temperature, and then incubated overnight at 4°C with
rabbit anti-human phosphorylated IL-1 receptor-associated
kinase 1 (IRAK-1) antibodies (Thr?%°; Abcam), mouse anti-
human NOD-2 antibodies (clone 2D; Santa Cruz Biotechnol-
ogy), mouse anti-human tubulin antibodies (Sigma-Aldrich),
or mouse anti-human B-actin antibodies (Sigma-Aldrich). The
membranes were washed and then incubated for 45 minutes
with the respective HRP-conjugated secondary antibodies.
After washing, antigen—antibody complexes were detected with
an enhanced chemiluminescence Western blotting kit (GE
Healthcare). Protein levels were analyzed using a Bio-Rad
calibrated densitometer.

Statistical analysis. Values are presented as the
mean *+ SEM. Mann-Whitney U tests or Wilcoxon’s signed
rank tests (for paired samples) were applied to compare 2
groups. Friedman’s nonparametric test followed by Dunn’s test
for multiple comparisons were used for comparisons of more
than 2 groups, and synergistic interaction was calculated by
two-way analysis of variance with replication. P values less than
0.05 were considered significant.

RESULTS

Expression of NOD-1 protein in RA and OA
synovial tissue. We analyzed the expression of NOD-1
by immunohistochemistry in synovial tissue samples
from patients with RA (n = 9) and patients with OA
(n = 6), and found NOD-1 to be strongly expressed in
RA synovial tissue (Figure 1A, left). Scoring of NOD-1
protein expression showed that in RA synovial tissue,
expression of NOD-1 protein was significantly increased
in the lining and sublining areas, when compared to
that in the lining and sublining of OA synovial tissue
(Figure 1A, right). The addition of a synthetic NOD-1~
blocking peptide reduced the antibody staining for
NOD-1 (Figure 1A, inset), thus confirming the specific-
ity of the staining.

To identify the specific cells in the synovium that
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Figure 1. Expression of nucleotide-binding oligomerization domain—
containing protein 1 (NOD-1) in rheumatoid arthritis (RA) syno-
vial tissue. A, Left, NOD-1 expression was detected by immuno-
staining in synovial tissue from patients with RA and patients with
osteoarthritis (OA); as negative controls, NOD-1-blocking peptide
(inset, top) or isotype controls (inset, bottom) were used. Nuclei
were counterstained with hematoxylin. Positive staining appears in
red. Right, Staining intensities in the sublining and lining layers
of RA and OA synovial tissue were scored. Bars show the mean.
* = P < 0.05 by Mann-Whitney U test. B and C, RA synovial tissue
was double stained for detection of NOD-1 (green) along with
CD68 (red) as a marker for macrophages (B) or vimentin (red) as a
marker for mesenchymal cells (C). Nuclei appear in blue (DAPI-
stained). Arrows indicate double-stained cells. Insets show higher-
magnification views (original magnification X 630). D, NOD-1 expres-
sion was assessed by immunostaining in synovial tissue from patients
with gout and patients with psoriatic arthritis (PsA), with strong
staining found in tissue from patients with gout. Insets show negative
controls. In A-D, representative images of samples from individual
patients are shown. Original magnification X 100 in A; X 400 in B and
C; X 200 in D.
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express NOD-1, we performed double stainings for
NOD-1 and used either CD68 as a macrophage marker
or vimentin as a mesenchymal cell marker. Macrophages
as well as synovial fibroblasts and endothelial cells
stained positive for NOD-1 (Figures 1B and C).

NOD-1 expression was also tested in patients
with gout (n = 6) and patients with PsA (n = 4). While
only 1 of 4 PsA synovial tissue samples expressed
NOD-1, all of the gout synovial tissue samples displayed
strong staining for NOD-1 (Figure 1D).

Expression and regulation of NOD-1 in different
cell types. We next examined expression and regulation
of NOD-1 in RASFs, OASFs, healthy control PBMCs,
and healthy control HMDMSs. NOD-1 was expressed by
all of the cell types tested, and there was no significant
difference in the basal expression of NOD-1 mRNA or
protein in the different cell types (Figure 2A). Stimula-
tion experiments showed that the levels of NOD-1 in
RASFs were significantly up-regulated by the TLR-3
ligand PIC, whereas none of the other agents (the
NOD-1 ligand Tri-DAP, the TLR-2 ligand Pam;CSK,,
the TLR-4 ligand LPS, TNF«, or IL-18) had an effect
on NOD-1 transcription (Figure 2B). In contrast, in
HMDMs, neither the mRNA levels nor the protein
levels of NOD-1 were changed by stimulation with any
of the TLR ligands tested (Figure 2C).

Expression of proinflammatory and matrix-
degrading molecules after stimulation with the NOD-1
ligand. To learn more about the function of NOD-1
signaling in synovial fibroblasts, we stimulated RASFs
with the NOD-1 ligand Tri-DAP and measured mRNA
expression of the proinflammatory cytokine IL-6, the
chemokine CCL5 (RANTES), MMPs, and the PRRs
TLR-2, TLR-3, TLR-4, and NOD-2. Expression of IL-6
and CCLS mRNA was significantly up-regulated in
RASFs after 8 hours and 24 hours of stimulation with
Tri-DAP (Figure 3A). The mean increase in the levels of
IL-6 was 4-fold, whereas the levels of CCL5 were
induced to an even greater extent, more than 20-fold, by
NOD-1 activation.

In addition, the expression of MMP-1, MMP-3,
and MMP-13 mRNA was significantly up-regulated by
Tri-DAP (Figure 3B). The strongest effect of Tri-DAP
was seen on MMP-1, which showed a mean 6.2-fold
increase in mRNA levels after 8 hours and a mean
6.6-fold increase after 24 hours. MMP-3 mRNA levels
were significantly increased by 5.3-fold after 24 hours,
and MMP-13 mRNA levels were significantly increased
by 3.6-fold after 8 hours of stimulation. MMP-9 mRNA
expression was increased in some RASFs after stimula-
tion, but the fold change was not statistically significantly
different from that in unstimulated controls.

With regard to the effects of NOD-1 on the
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fibroblasts (RASFs), OA synovial fibroblasts (OASFs), healthy control

peripheral blood mononuclear cells (HC PBMCs), and healthy control
monocyte-derived macrophages (HC MDMs). A, Similar expression
levels of NOD-1 mRNA (n = 4-7) and protein (n = 5-6) were found
in the various cell types tested. Results for mRNA are expressed as the
change in threshold cycle (AC,) for NOD-1 relative to 18S. B, After
stimulation of RASFs (n = 6) with L-alanyl-y-D-glutamyl-meso-
diaminopimelic acid (Tri-DAP [DAP]), palmitoyl-3-cysteine-serine-
lysine-4 (PamyCSK, [Pam3]), poly(I-C) (PIC), lipopolysaccharide
(LPS), tumor necrosis factor a (TNFa), or interleukin-18 (IL-18)
for 24 hours, levels of NOD-1 mRNA significantly increased only in
cells stimulated with PIC (* = P < 0.05 versus unstimulated cells, by
Wilcoxon matched pairs test), and NOD-1 protein levels significantly
increased at 8 hours and 24 hours after stimulation with PIC (* = P <
0.05 by Friedman’s nonparametric test with Dunn’s test for multiple
comparisons). C, NOD-1 mRNA or protein expression in healthy
control MDMs (n = 3) did not change after incubation with Toll-like
receptor ligands or LPS for 24 hours. In B and C, changes in mRNA
are assessed as the fold increase relative to that in unstimulated cells
(broken line), while changes in protein are the induced change in mean
fluorescence intensity (MFI) compared to unstimulated controls (C).
Bars show the mean + SEM. See Figure 1 for other definitions.

PRRs, expression of TLR-3 and TLR-4 was not induced
by the NOD-1 ligand, whereas TLR-2 was up-regulated
6-fold by Tri-DAP after 8 hours of stimulation (Figure
3C). Furthermore, expression of NOD-2 was induced by
NOD-1 signaling, although a significant change was seen
only after 24 hours of stimulation with Tri-DAP (Figure
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Figure 3. Induced production of proinflammatory cytokines, chemo-
kines, matrix-degrading enzymes, and peptidoglycan-sensing pattern-
recognition receptors (PRRs) following stimulation with L-alanyl-
y-D-glutamyl-meso-diaminopimelic acid (Tri-DAP) in RA synovial
fibroblasts (RASFs). Incubation of RASFs (n = 6) with 10 ng/ml
Tri-DAP for 8 hours and 24 hours induced a significant increase
in the mRNA levels of interleukin-6 (IL-6) and CCLS5 at both time
points (A) and a significant increase in matrix metalloproteinases
(MMPs) 1, 3, and 13 (but not MMP-9) at one or both time points (B).
Among the PRRs measured at 8 or 24 hours after stimulation with
Tri-DAP, only the mRNA levels of Toll-like receptor 2 (TLR-2) (n =
8) (C) and NOD-2 (n = 3-8) (D) were significantly changed. Bars
show the mean * SEM fold increase relative to unstimulated controls
(C). * = P < 0.05; #+ = P < 0.01; *++ = P < 0.001 versus unstimulated
controls, by Friedman’s nonparametric test with Dunn’s test for multiple
comparisons. See Figure 1 for other definitions.
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3D). Increased expression of IL-6 (Figure 4A) and
increased levels of CCL5, MMP-1, MMP-3, TLR-2, and
NOD-2 (results not shown) after stimulation of RASFs
with Tti-DAP were also confirmed on the protein level.

Additional time course experiments showed that
stimulation of NOD-1 in RASFs induced proinflamma-
tory mediators and MMPs in a rapid response reaction
(4 hours), whereas the expression of TLR-2 and NOD-2
was up-regulated at later time points (8 hours and 24
hours, respectively) (results not shown). We also exam-
ined whether stimulation with Tri-DAP could induce
TLR ligands in HMDMs (n = 3), but no change in the
expression of TLR-2, TLR-3, and TLR-4 was seen after
24 hours of stimulation with Tri-DAP (results not
shown).

To ensure that the proinflammatory response
seen after stimulation with Tri-DAP was not due to
endotoxin contamination, we added polymyxin B, which
can neutralize the effect of LPS. No difference in the
induction of IL-6 was seen between Tri-DAP-stimulated
cells and Tri-DAP plus polymyxin B-stimulated cells
(Figure 4A), confirming that the preparation of Tri-
DAP was endotoxin-free.

For further confirmation that the measured ef-
fects after stimulation with Tri-DAP were solely medi-
ated by the NOD-1 receptor, we silenced expression of
NOD-1 with siRNA (Figure 4B). Knockdown of the
receptor did indeed abolish the stimulatory effect of
Tri-DAP in RASFs (Figure 4C).

Synergistic activity of NOD-1 with TLR-2 and
TLR-4 in RASFs, and promotion of TLR-2 and IL-1
signaling. Previously, it was reported that NOD-1 can
synergize with TLR-2 and TLR-4 in the production of
IL-6 and IL-1B in human monocytes, dendritic cells, and
PBMCs (9,14). To elucidate a possible cross-talk be-
tween NOD-1 and the TLR pathways in RASFs, co-
stimulation experiments with Tri-DAP and the TLR-2
ligand Pam;CSK,, the TLR-3 ligand PIC, and the TLR-4
ligand LPS were performed. Similar to previously re-
ported results in immune cells, a synergistic effect of
simultaneous stimulation of NOD-1 with TLR-2 and
TLR-4, but not with TLR-3, was found in RASFs
(Figure 5A).

Since observations in mouse studies have sug-
gested a modulating effect of NOD-1 on the TLR-2/
NOD-2 signaling pathways (18), we tested whether
knockdown of NOD-1 would have any influence on the
production of IL-6 after TLR stimulation. Whereas the
absence of NOD-1 in RASFs did not alter the response
to TLR-3 or TLR-4 activation, IL-6 levels were 24%
lower after TLR-2 stimulation when NOD-1 was
knocked down, suggesting that NOD-1 has a promoting
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Figure 4. Specificity of L-alanyl-y-D-glutamyl-meso-diaminopimelic
acid (Tri-DAP [DAP]) in RA synovial fibroblasts (RASFs), and effects
of NOD-1 silencing. A, RASFs (n = 2-6) were stimulated with
Tri-DAP alone or Tri-DAP with polymyxin B (PM), or left unstimu-
lated (control [C]), for 24 hours, and levels of interleukin-6 (IL-6) in
the cell supernatants were measured by enzyme-linked immunosor-
bent assay. B, RASFs (n = 3-4) were transfected with scrambled
control (Sc) small interfering RNA (siRNA) or NOD-1-targeting
siRNA (siNOD1), and expression levels of NOD-1 mRNA and protein
were measured 24 hours and 48 hours after transfection. Results for
mRNA are the fold change relative to scrambled control, while those
for protein are the mean fluorescence intensity (MFI) with or without
gene silencing. C, Twenty-four hours after transfection of RASFs (n =
6) with NOD-1 siRNA or scrambled control siRNA, cells were
stimulated with Tri-DAP for 24 hours, and levels of IL-6 were
measured in the supernatants. * = P < 0.05 by Friedman’s nonpara-
metric test with Dunn’s test for multiple comparisons. Bars show the
mean *+ SEM. See Figure 1 for other definitions.
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Figure 5. Down-regulation of Toll-like receptor 2 (TLR-2) and
interleukin-18 (IL-1B)-induced production of IL-6 by silencing of
NOD-1 in RA synovial fibroblasts (RASFs). A, Two-way analysis of
variance showed synergistic interaction of L-alanyl-y-D-glutamyl-
meso-diaminopimelic acid (Tri-DAP [DAP]) with palmitoyl-3-
cysteine-serine-lysine-4 (Pam;CSK, [Pam3]) and lipopolysaccharide
(LPS), but not with poly(I-C) (PIC), in the induction of IL-6 pro-
duction in RASFs (n = 6). B, Knockdown of NOD-1 with small
interfering RNA (siNOD1) in RASFs (n = 6) led to significantly
decreased levels of IL-6, when compared to those in scrambled control
siRNA (sc)-transfected RASFs, after Pam,CSK, stimulation (left).
Knockdown of NOD-2 did not induce any change in the IL-6 levels
in RASFs (n = 4) after stimulation with Pam,CSK, (right). C, Stimu-
lation with heat-inactivated Staphylococcus aureus (SA) or Listeria mono-
cytogenes (LM) resulted in similar levels of IL-6 in NOD-1 siRNA-
transfected cells and control siRNA-~transfected cells (each n = 6)
(left). After stimulation with Pam;CSK,, TLR-2 mRNA levels were
increased in both NOD-1 siRNA- and control siRNA-transfected
RASFs (each n = 3) (right). D, IL-6 levels were significantly lower in
siNOD-1-transfected cells compared with control siRNA~transfected
cells (each n = 6) after stimulation with IL-18. * = P < 0.05; #x = P <
0.01 versus control, by Wilcoxon’s matched pairs test. In A-C, un-
stimulated cells were used as treatment controls (C). Bars show the
mean * SEM. See Figure 1 for other definitions.

1335

role in TLR-2 signaling (Figure 5B, left). No such effect
was seen when NOD-2 was knocked down, as shown by
the similar levels of IL-6 after TLR-2 stimulation in
control siRNA-transfected cells and siNOD-2-
transfected cells (Figure 5B, right).

We then tested whether the modulating effect of
NOD-1 would still occur if the TLR-2 pathways were not
selectively activated, and whether it must act in combi-
nation with other PRRs. The cell wall of Staphylococcus
aureus contains TLR-2-activating peptidoglycans as well
as NOD-2-activating muramyl dipeptides (MDPs). The
cell wall of Listeria monocytogenes contains, in addition
to these molecules, DAP, and therefore stimulates the
TLR-2, NOD-2, and NOD-1 pathways. Our experiments
with these bacterial agents showed that the double and
triple activation of PRRs overruled the modulating
effect of NOD-1 seen with specific TLR-2 stimulation
alone, and no difference in the production of IL-6 was
observed between NOD-1-silenced and control siRNA~-
transfected RASFs (Figure 5C, left).
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Figure 6. Influence of NOD-1 on interleukin-1 receptor-associated
kinase 1 (IRAK-1) phosphorylation in RA synovial fibroblasts
(RASFs). After stimulation of RASFs with palmitoyl-3-cysteine-
serine-lysine-4 (Pam;CSK, [Pam3]) for 20 minutes, the phosphoryla-
tion of IRAK-1, expressed as the ratio of phospho-IRAK-1 to B-actin,
significantly increased in scrambled control (sc) small interfering RNA
(siRNA)-transfected RASFs, but not in NOD-1 siRNA-transfected
cells (top). Western blots of IRAK-1 phosphorylation in RASFs from
each group are also shown, with B-actin used as a positive control
(bottom). Bars show the mean + SEM of 15 samples per group. * =
P < 0.01 by Wilcoxon’s matched pairs test. See Figure 1 for other
definitions.
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Since this specific effect of NOD-1 silencing on
TLR-2 signaling could be due to the down-regulation of
TLR-2 itself as a result of the knockdown of NOD-1, we
measured TLR-2 transcripts after the silencing of
NOD-1. As described above, the levels of TLR-2 were
strongly increased after incubation of the RASFs with
the TLR-2 ligand. Silencing of NOD-1 had no effect on
the TLR-2 levels in either unstimulated or stimulated
cells (Figure 5C, right).

Among the 3 TLRs analyzed, TLR-2 is the only
one that exclusively signals via the adaptor protein
myeloid differentiation factor 88 (MyD88). Therefore,
we hypothesized that NOD-1 might influence the
MyD88 signaling pathway. If this were the case, then
NOD-1 knockdown should diminish IL-1 signaling, since
MydD88 is also recruited by the IL-1 receptor after
ligand binding. Stimulation of NOD-1-knockdown cells
with IL-13 led to an 18% reduction in the levels of IL-6
when compared to that in IL-1p-stimulated control
siRNA-transfected cells (Figure 5D), corroborating a
modulating role of NOD-1 in the MyD88 pathway.

Activation of MyD88 leads to phosphorylation of
IRAK-1. Accordingly, we found that stimulation of
RASFs with Pam,CSK, for 20 minutes increased the
phosphorylation of IRAK-1 (Figure 6). Knockdown of
NOD-1, however, prevented the phosphorylation of
IRAK-1 after stimulation with Pam;CSK,.

DISCUSSION

In the present study, we have shown that NOD-1
is strongly expressed in RA synovium, and that its
expression can be induced in RASFs by stimulation of
TLR-3. NOD-1 stimulation of RASFs led to a rapid
increase in the production of proinflammatory and
matrix-degrading mediators, followed by up-regulation
of the expression of TLR-2 and NOD-2, and this activity
of NOD-1 synergized with the stimulatory effects of
TLR-2 and TLR-4 in the production of IL-6. Further-
more, knockdown of NOD-1 diminished the production
of 1L-6 after stimulation with Pam;CSK, and I1L-18, and
blocked the phosphorylation of IRAK-1.

As our results show, NOD-1 expression was
increased equally in synovial fibroblasts, macrophages,
and PBMCs. Furthermore, TLR-3 stimulation further
increased the expression of NOD-1 in RASFs. The high
levels of NOD-1 in RA synovial tissue, compared to OA
synovial tissue, can therefore be attributed, most prob-
ably, to the influx of immune cells in the synovium, in
conjunction with the higher NOD-1 expression in
RASFs caused by the activation of TLR-3. It has been

YOKOTA ET AL

shown that endogenous double-stranded RNA from
necrotic cells can activate RASFs via TLR-3, which
might be the mechanism by which expression of NOD-1
is increased in RASFs in vivo (5). The high expression of
NOD-1 observed in the synovial tissue of patients with
gout indicates that NOD-1 may play a pathophysiologic
role in this disease as well. Similar to the NLRP3
inflammasome, which is well known to play an important
role in gout, NOD-1 has been shown to bind to caspase
1 and promote IL-1 secretion (19).

Stimulation of NOD-1 led to the production of a
wide range of proinflammatory mediators and MMPs in
RASFs. In addition, there was a synergistic effect on the
production of IL-6 in RASFs following simultaneous
stimulation of NOD-1 and the TLRs. Surprisingly,
HMDMs reacted to a much lower extent to stimulation
with Tri-DAP than did synovial fibroblasts. Taken to-
gether, these findings highlight the important role of
synovial fibroblasts as cells of the innate immune system
that rapidly integrate and elicit an innate immune re-
sponse. Of note, stimulation of NOD-1 selectively in-
duced the increased expression of other peptidoglycan-
sensing PRRs, namely, TLR-2 and NOD-2, but not
TLR-3 and TLR-4. This indicates that there may be a
directed chain reaction in the mechanisms of proper
immune defense, rather than a general increase in PRRs
after sensing of invading pathogens.

Exogenous ligands for PRRs, such as the NOD-2
ligand MDP, or bacterial peptidoglycans have been
identified in the joints of patients with RA (18,20).
Moreover, the list of endogenous ligands for PRRs
continues to expand, and it has become clear that, in
addition to their role in immune defense, PRRs are
important sensors of tissue damage. No endogenous
ligands for the NLRs NOD-1 and NOD-2 have been
found up to now. In addition, it should be noted that
direct interactions of NOD-1 and NOD-2 with their
respective ligands have also not as yet been demon-
strated. Therefore, the possibility that these NLRs re-
spond to their ligands via an indirect mechanism cannot
be excluded.

The results presented herein suggest that the
presence of NOD-1 is essential for the phosphorylation
of IRAK-1 in RASFs after recruitment in response to
MyD88. This is particularly interesting since NLRP12, a
member of the pyrin domain—containing NLR subfam-
ily, has been shown to bind IRAK-1 and to block its
phosphorylation (21). In general, accumulating evidence
indicates that NLRs tend to associate with other pro-
teins to form large complexes, and that the composition
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of these complexes will determine the biologic function
of the various NLRs (22).

In summary, the results of the present study
demonstrate that the expression of NOD-1 is increased
in the synovial tissue of RA patients, and that RASFs
show a strong proinflammatory response after stimula-
tion of NOD-1 with its ligand, Tri-DAP. Moreover,
down-regulation of NOD-1 leads to reduced levels of
IL-6 in RASFs after stimulation with TLR-2 or IL-18,
and will result in blocked phosphorylation of IRAK-1.
Thus, our findings indicate that NOD-1, either alone or
in interactions with other inflammatory mediators, plays
an important role in the chronic and destructive joint
inflammation in RA.
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Transgenic Overexpression of GSPR That Is Normally
Augmented in Centrocytes Impairs the Enrichment of
High-Affinity Antigen-Specific B Cells, Increases Peritoneal
B-1a Cells, and Induces Autoimmunity in Aged Female Mice

Masahiro Kitabatake,* Teppei Toda,* Kazuhiko Kuwahara,* Hideya Igarashi,*'
Mareki Ohtsuji,” Hiromichi Tsurui,’ Sachiko Hirose,” and Nobuo Sakaguchi*

To investigate signals that control B cell selection, we examined expression of GSPR, a regulatory subunit of the serine/threonine
protein phosphatase 2A, which suppresses JNK phosphorylation. G5PR is upregulated in activated B cells, in Ki67-negative cen-
trocytes at germinal centers (GCs), and in purified B220*Fas*GL7" mature GC B cells following Ag immunization. GSPR rescues
transformed B cells from BCR-mediated activation-induced cell death by suppression of late-phase JNK activation. In G5PR-
transgenic (G5PR”8) mice, G5PR overexpression leads to an augmented generation of GC B cells via an increase in non-Ag-
specific B cells and a consequent reduction in the proportion of Ag-specific B cells and high-affinity Ab production after immu-
nization with nitrophenyl-conjugated chicken y-globulin. G5PR overexpression impaired the affinity-maturation of Ag-specific
B cells, presumably by diluting the numbers of high-affinity B cells. However, aged nonimmunized female G5PR" mice showed an
increase in the numbers of peritoneal B-1a cells and the generation of autoantibodies. GSPR overexpression did not affect the
proliferation of B-1a and B-2 cells but rescued B-1a cells from activation-induced cell death in vitro. GSPR might play a pivotal

role in B cell selection not only for B-2 cells but also for B-1 cells in peripheral lymphoid organs. The Journal of Immunology,

2012, 189: 1193-1201.

ntigen stimulation activates naive B cells expressing Ag-
specific BCRs in peripheral lymphoid organs. Activated

B cells proliferate rapidly and undergo secondary Ig V
region diversification with somatic hypermutation and class-switch
recombination in the germinal center (GC) (1-3). B cells differ-
entiate as proliferating centroblasts in the GC dark zone and are
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found as cell cycle-arrested centrocytes in the GC light zone (4~
6). GC B cells expressing high-affinity and isotype-switched
BCRs are thought to be selected at the centrocyte stage by fol-
licular dendritic cells (FDCs) presenting opsonized Ag complexes
on complement receptors, thus enriching these B cells and al-
lowing for production of high-affinity Abs against the immunizing
Ag (7, 8).

During the maturation of Ag-specific B cells, centrocytes that
properly react with opsonized Ag complex presumably receive
survival signals from follicular Th (Tgg) cells in GCs (8). BCR
stimulation induces either B cell proliferation or activation-
induced cell death (AICD) through various BCR-mediated sig-
naling pathways, including levels of intracellular Ca>* mobiliza-
tion and activation of MAPKs and NF-kB, which are regulated by
the phosphorylation status of various signaling molecules (9-12).
In BCR-mediated MAPK signaling, ERK is involved in cell
proliferation (13, 14), and JNK and p38 are involved in stress
response and cell death (15-17). Many studies have suggested that
B cell selection is attributable to a balanced regulation of activa-
tion strengths between cell survival and apoptotic signals (18-21).
We sought to identify molecules that are expressed or upregulated
selectively at the centrocyte stage and regulate the phosphoryla-
tion status of BCR-mediated signal transduction molecules.

. G5PR, a B"’ regulatory subunit of the serine/threonine protein

phosphatase 2A, is upregulated in mature B cells after BCR
crosslinking via Btk signaling (22, 23). B cell-specific g5pr
knockout mice show impaired B cell maturation, but no apparent
abnormalities in BCR-mediated proliferation and related down-
stream signals, including tyrosine phosphorylation, Ca?* influx,
and MAPX or cyclin D2 activation (22). B cells in these knockout
mice displayed prolonged activation of JNK and an increase in
Bim phosphorylation after BCR crosslinking, resulting in depo-
larization of the mitochondrial membrane and an increased sen-
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sitivity to BCR-mediated apoptosis. These results suggest that
G5PR is necessary to maintain B cells by suppressing BCR-
mediated AICD through regulation of the phosphorylation status
of INK and the proapoptotic molecule Bim.

In this study, we observed that G5PR expression is markedly
augmented in the centrocytes of GCs after immunization with
T cell-dependent Ag (TD-Ag) in mice. Mature GC B cells showed a
marked increase in g5pr transcription in vivo, suggesting a positive
role for G5PR in the selection of B cells in the peripheral lym-
phoid organs. To determine the role of G5PR upregulation in
B cell survival, we generated mice expressing a gSpr transgene
(Tg) (G5PR™®) selectively in B cells and examined the effect of
G5PR overexpression on the generation of high-affinity Ag-specific
B cells.

Materials and Methods
mAb against G5PR

Recombinant G5PR protein with GST (GST-G5PR) was expressed using
an Escherichia coli expression system and purified with Glutathione
Sepharose 4B (GE Healthcare, Buckinghamshire, U.K.) (24). Lewis rats
were immunized with the protein together with Freund’s complete or in-
complete (for boosting) adjuvant. Splenocytes from immunized animals
were fused with P3U1 myeloma cells to generate hybridoma cell lines. A
clonal cell line secreting mAb against G5PR clone (IgG1/k) recognized the
GST-G5PR by ELISA. The specificity of the mAb was confirmed by its
recognition of the G5PR protein (53 kDa) introduced in g5pr-cDNA-
transfected WEHI-231 cells.

Mice and generation of G5PR™® mice

C57BL/6 and New Zealand Black (NZB) mice were purchased from Kyudo
(Fukuoka, Japan). For the Tg vector, g5pr cDNA was inserted into the
BamHI site of p1026x vector (kindly provided by Dr. Satoshi Takaki,
National Center for Global Health and Medicine, Shinjuku-ku, Tokyo),
which contains the murine Ick proximal promoter, immunoglobulin H-
chain gene intronic enhancer, and mutated nontranslational form of human
growth hormone gene (25). G5PR™® mice were established on a C57BL/6
background according to standard procedures (26) and screened by PCR
using primers for the human growth hormone gene: human growth
hormone-Fw, 5'-GTGAGTTTGTGTCGAACTTGC-3"; human growth
hormone-Ryv, 5'-TCTATTCCGACACCCTCCAA-3'. G5PR™® mice and
littermates (8-12 wk) were immunized with the TD-Ag SRBC (Nippon
Biotest Lab., Tokyo, Japan) or nitrophenyl chicken -y-globulin (NP-CGG;
Biosearch Technologies, Novato, CA). All mice were maintained under
specific pathogen-free conditions in the Center for Animal Resources and
Development, Kumamoto University. ‘All procedures were carried out
according to Center for Animal Resources and Development regulations
for animal experimentation care.

Immunohistochemical analysis

Spleens were surgically excised from the mice, embedded in O.C.T.
Compound (Sakura Finetech, Tokyo, Japan), and frozen immediately in
liquid nitrogen. The frozen block was sliced info 6-pum-thick sections, using
a Cryotome (Thermo Shandon, Cheshire, U.K.). Sections were fixed with
acetone, blocked with BlockAce (DS Pharma Biomedical, Osaka, Japan),
and then stained with the following reagents: anti-G5PR mAb, biotin-
conjugated (bio)-peanut agglutinin (PNA) (Vector Laboratories, Burlin-
game, CA), anti-IgD mAb, alkaline phosphatase-conjugated anti-rat IgG
(SouthemBiotech, Birmingham, AL), and HRP-conjugated streptavidin
(KPL, Gaithersburg, MD). Signals were developed using a Vector Blue AP
Substrate Kit (Vector Laboratories) and DAB Substrate Kit (Dako, Car-
pinteria, CA) and observed using a BZ-8000 microscope (Keyence, Osaka,
Japan). The area of each GC was calculated as the pixel count of PNA-
positive cells surrounded by IgD-positive cells, using BZ-8000 software.
For immunofluorescence staining, sections were stained with the following
reagents: anti-G5PR mAb, bio-PNA, FITC-anti-Ki67, bio—anti-CD35 (BD
Biosciences, San Jose, CA), bio—anti-CD4, bio—anti-CD11b, bio-anti-CD11c,
bio-anti-IgD, allophycocyanin-conjugated anti-CD4, allophycocyanin-con-
jugated streptavidin (eBioscience, San Diego, CA), allophycocyanin-con-
jugated anti-IgG1, allophycocyanin-conjugated anti-IgD (BioLegend, San
Diego, CA), Alexa 546-conjugated anti-rat IgG, and Alexa 488-conjugated
streptavidin (Invitrogen, Carlsbad, CA). The signal was observed using
a FV500 confocal microscope with Fluoview software (Olympus, Tokyo,

SELECTION OF PERIPHERAL B CELLS

Japan). For the Z-stacks, the digital images were serially captured every 1-
wm slice. For the detection of immune complexes in the kidney, sections
were fixed in 4% paraformaldehyde in PBS for 10 min, blocked with Fc
block (anti-CD16/32 mAb; BD Biosciences), and stained with Alexa 488-
conjugated anti-mouse IgG Ab and anti-C3 mAb.

Flow cytometric analysis and cell sorting

Cell surface staining was performed with various combinations of mAbs
after blocking with anti-CD16/32 mAb (eBioscience). The reagents used
were as follows: FITC-anti-CD11b (BioLegend), FITC—anti-CD3, FITC~
anti-CD4, FITC-anti-B220, PE-anti-CD5, PE-anti-CD19, PE-anti-CD21,
allophycocyanin-conjugated anti-B220, allophycocyanin-conjugated anti-
1gM (eBioscience), FITC-anti-GL7, PE—anti-Fas, PE-anti-PD-1, PECy7~
anti-Fas, bio—anti-CD43, bio—-anti-CXCR5 (BD Biosciences), PE—4-
hydroxy-3-iodo-5-nitrophenylacetyl (NIP; kindly provided by Dr. Toshi-
tada Takemori, Riken Research Center for Allergy and Immunology,
Yokohama City, Kanagawa, Japan), and streptavidin-PerCP-Cy5.5 (BD
Biosciences). After washing, flow cytometric analysis was performed on a
FACSCalibur, using CellQuest software (BD Biosciences), and data were
analyzed with FlowJo software (Tree Star, Ashland, OR). Spleen B-2 cells
were isolated using a mouse B cell isolation kit and an autoMACS sepa-
rator (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s protocol. Cell sorting of peritoneal B-1a (CD5B220%), GC
(B220*Fas*GL7") B cells, non-GC (B220"Fas GL77) B cells, and Ty
(CD4*PD-1*CXCR5") cells was performed using the JSAN Cell Sorter
System (Bay Bioscience, Kobe, Japan).

Cell culture, retroviral infection, and in vitro stimulation

WEHI-231 B cells and primary B-1 and B-2 cells were cultured in RPMI
1640 medium (Invitrogen) supplemented with 10% heat-inactivated FCS
(Thermo Trace, Waltham, MA), 2 mM r-glutamine, 50 pM 2-ME (Wako,
Osaka, Japan), 200 U/ml penicillin G potassium, 100 pg/ml streptomycin
sulfate (Meiji Seika, Tokyo, Japan), and 10 mM HEPES (Invitrogen). For
retroviral infection, g5pr cDNA with a 3xFLAG-tag sequence at the 5'-end
was inserted into the Sall site of a pFB-IRES-GFP retroviral vector
(Agilent Technologies, Santa Clara, CA) and transfected into PLAT-E
ecotropic retrovirus packaging cells (kindly provided by Dr. Toshio Kita-
mura, University of Tokyo, Tokyo, Japan). After 2 d, retrovirus was re-
covered from culture supernatant, combined with 8 pg/ml polybrene
(Sigma-Aldrich, St. Louis, MO), and used to infect WEHI-231 cells. GFP*
cells were sorted using a JSAN Cell Sorter System. For in vitro stimula-
tion, cells were cultured at a density of 2 X 10° cells/ml with 10 pug/ml F
(ab’), fragment of anti-IgM Ab (algM; ICN Biomedicals, Costa Mesa,
CA) and/or 1 pg/ml anti-CD40 mAb («CD40; purified from LB429 cul-
ture supernatant) at several time points. After 24 h stimulation, cultures
were assessed for apoptotic cells by staining with Annexin VF'*C, 7-
aminoactinomycin D (7-AAD), active caspase 3 (BD Biosciences), or
propidium jodide (PI), and flow cytometric analysis was performed on a
FACSCalibur. For the cell proliferation assay, 5 X 10* cells were stimu-
lated with 10 pg/ml oIgM or 5 pg/ml LPS in 96-well plates for 48 h and
pulsed with [3H]-thymidine deoxyribose (TdR) during the last 16 h of the
culture. After stimulation, cells were harvested onto glass fiber filters
(Applied Biosystems), and incorporation of [H]-TdR was measured using
a scintillation counter (MicroBeta 1450; Wallac, Turku, Finland).

Preparation of RNA, RT-PCR, and quantitative RT-PCR

Total RNA was purified using an RNeasy Micro Kit (Qiagen, Hilden,
Germany). The cDNAs were prepared with SuperScript III (Invitrogen) and
then amplified by PCR with Z-taq (Takara Bio, Ohtsu, Japan), using the
primers 5'-GGTTAGCGTCGCCCAACACG-3’ and 5'-GATTCCTCTCG-
TAATTTCTG-3' for g5pr and 5'-CCTAAGGCCAACCGTGAAAAG-3'
and 5'-TCTTCATGGTGCTAGGAGCCA-3' for B-actin. Quantitative RT-
PCR (gRT-PCR) was carried out using TagMan gene expression assays
(bim, Mm00437796; g5pr, MmO01257828; B-actin, Mm00607939; Invi-
trogen) using the ABI7500 and Sequence Detection System software (Life
Technologies, Grand Island, NY). The fold change in the copy number of
the transcripts was calculated using the 2-84C method, with B-actin as the
internal control.

Western blot analysis

Cells were lysed with TNE buffer (1% Nonidet P-40; 150 mM NaCl; 10 mM
Tris-HCl, pH 7.5; 1 mM EDTA) containing a protease inhibitor mixture
(Nacalai tesque, Kyoto, Japan). The lysate was subjected to SDS-PAGE and
then transferred to a nitrocellulose membrane (Protoran, GE Healthcare).
The membrane was blotted with primary Abs against p-ERK, p-p38, p-Akt,
p-IkBa, p-INK, p-c-Jun (Cell Signaling Technology, Danvers, MA), Bim
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FIGURE 1. GS5PR upregulation in centrocytes. (A and B) C57BL/6 mice
were immunized with SRBC for 10 d, and the follicular region of their
spleens was analyzed by immunohistochemistry. (A) Immunohistochem-
istry for G5PR/IgD (a) and immunofluorescent staining for G5PR/IgD/
PNA (b), G5PR/IgD/CD35 (c), GSPR/IgD/CD11b (d), and GS5PR/gD/
CDl1lc (e). (B) The sections were stained for visualization of GSPR/Ki67/
IgD (a, b), G5PR/Ki67/CD35 (¢, d), G5PR/IgD/CDA4 (e, f), and G5PR/
CD35/IgG1 (g, h). Scale bars, 100 jum. The results are representative of
three independent experiments. (C) The GC sections were stained with
G5PR/CD35 and are shown as Z-stack images. (D and E) Measurement of
g5pr transcripts by qRT-PCR. (D) Spleen B cells were stimulated with
oIgM and/or «CD40 for 48 h in vitro. The amount of g5pr transcript was
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(Stressgen Biotechnologies, Victoria, BC, Canada), B-actin (Sigma-
Aldrich), FLAG (Agilent Technologies), or GFP (Nacalai Tesque).

After washing, the membrane was blotted with HRP-conjugated anti-

mouse, anti-rat, or anti-rabbit Ab (Invitrogen), and then proteins were
visualized with ECL Reagent (Millipore, Billerica, MA) using Versadoc
(BioRad, Hercules, CA).

ELISA

Anti-dsDNA Abs were detected by ELISA, as described previously (27).
Briefly, serially diluted sera were incubated for 1 h at room temperature in
96-well plates coated with 250 ng dsDNA (Sigma-Aldrich). After washing,
the captured Ab was reacted with alkaline phosphatase~anti-mouse-IgM
(p~chain specific; Sigma-Aldrich) in combination with p-nitrophenyl
peroxidase substrate (Sigma-Aldrich). The Ag-Ab reaction was measured
by the absorbance at 405 nm, using an ImmunoMini NJ-2300 plate reader
(System Instruments, Tokyo, Japan). An arbitrary unit for anti-dsDNA titer
was defined by the serial dilution of pooled sera from NZB mice (10 mice)
>40 wk of age.

Affinity measurement of anti—4-hydroxy-3-nitrophenyl acetyl
Abs

To detect 4-hydroxy-3-nitrophenyl acetyl (NP)-specific Abs, serially diluted -
sera were incubated in 96-well plates coated with 10 pg/ml NP,-BSA or

NP,5s-BSA (Bioresearch). After washing, the captured Ab was incubated
with alkaline phosphatase~anti-mouse-IgG (y-chain specific; Sigma-Aldrich)
in combination with p-nitrophenyl peroxidase substrate. The Ag—Ab re-
action was calculated by measuring the absorbance at 405 nm, using an
ImmunoMini NJ-2300 plate reader. Relative anti-NP Ab titers were defined
by the serial dilution of sera from wild-type (WT) mice. The relative af-
finity of the anti-NP Ab was estimated by calculating the ratio of the
ELISA measurements as anti-NP»/anti-NP,s.

Immunofluorescence analysis for anti-nuclear Abs

Anti-nuclear Ab was detected using an ANA-HEp-2 Immunofiuorescence
Kit (ORGENTEC Diagnostika, Mainz, Germany), according to the man-
ufacturer’s protocol. Briefly, 80-fold diluted sera were reacted with HEp2
cells on the slide for 30 min at room temperature. After washing with PBS,
Ag—Ab complex was detected with Alexa 488-conjugated anti-mouse IgG
Ab. The signal was observed using a fluorescence microscope BZ-8000.

Statistical analysis

Data are presented as the mean *+ SD. Statistical analysis was performed by
Student 7 test. A p value < 0.05 was considered statistically significant.

Results
Upregulation of G5PR expression in GC B cells

We prepared a mAb against G5PR for immunohistochemical
staining and analyzed the location of G5PR™ cells in the spleen after
immunization with SRBC. We observed G5PR™ cells in the fol-
licular region, which contained PNA* GC B cells surrounded by
IgD* B cells (Fig. 1Aa, Fig. 1Ab), and in the GC region, which
contained a CD35"* FDC network (Fig. 1 Ac), but not in the splenic
white pulp area containing CD11b* macrophages and CD11c*
dendritic cells (Fig. 1Ad, Fig. 1Ae). G5PR* B cells could be dis-
tinguished from IgD* B cells and Ki67" proliferating centroblasts in
GCs (Fig. 1Ba, Fig. 1Bb) but could be seen interacting with CD35*
FDCs (Fig. 1Bc, Fig. 1Bd). G5PR* cells seem to attach to the CD4*
T cells in the follicular region (Fig. 1Be and Fig. 1Bf). Some
G5PR” cells coexpressed IgG1 in GCs (Fig. 1Bg and Fig. 1Bh) and
interacted with FDCs, as shown in the tricolor image (white). To
confirm the interaction further, two-color imaging of the inter-
actions between G5PR™ cells and FDCs (shown by a merged yellow
signal) was demonstrated clearly by Z-stack analysis (Fig. 1C).

compared with that of unstimulated B cells. (E) C57BL/6 mice were im-
munized with SRBC for 14 d. B220*Fas*GL7" GC B cells were sorted as
described in Supplemental Fig. 1. The amount of g5pr transcript was
compared with that of B220"Fas”GL7™ B cells. Results are shown as the
mean * SD of three independent experiments. *p < 0.05. )
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‘We next examined GSPR upregulation in splenic B cells cultured
invitro by qRT-PCR. B cells stimulated with aIgM showed a modest
increase in g5pr transcription (Fig. 1D), which was further increased
by costimulation with IgM and anti-CD40 mAb. B220*Fas*GL7*
mature GC B cells purified from SRBC-immunized mice (Supple-
mental Fig. 1) showed significantly higher g5pr transcription,
compared with B220"Fas"GL7~ B cells (Fig. 1E). Thus, G5PR is
‘expressed at a high level in centrocytes that have undergone isotype
maturation and are closely interacting with FDCs in GCs.

Effect of G5PR upregulation upon BCR-mediated AICD in
a B cell line

To assess the effect of G5PR upregulation on B cell survival, we
transfected WEHI-231 B cells with a FLAG-tagged G5PR vector
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coexpressing enhanced GFP using a bicistronic retroviral expres-
sion system and compared between cells transduced with this vector
and enhanced GFP-only vector (Fig. 2A). The control and G5PR

transfectants were examined for sensitivity to BCR-mediated AICD.
Increased expression of G5PR significantly enhanced cell survival,
as analyzed by PI staining (Fig. 2B).

Effect of G5PR upregulation on BCR-mediated signal
transduction

The activation of various BCR-mediated signal transduction mole-
cules was examined in G5PR transfectants. Phosphorylation
of ERK, p38, Akt, or IkBa was not affected by G5PR expression
(Fig. 2C). INK phosphorylation was similar in control and GSPR
transfectants at 5 min after stimulation, but enhanced JNK de-
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FIGURE 2. Effect of G5PR upregulation on BCR-mediated AICD and signal transduction in WEHI-231 cells. (A) A schematic of the g5pr Tg construct.
WEHI-231 cells were transfected with gfp (Ctrl) or flag-gSpr-ires-gfp (G5PR) constructs using a retroviral system, and GFP* cells were sorted (purity >
90%). Expression of the introduced genes was analyzed by Western blotting against FLAG and GFP. 3-Actin was used for loading controls. (B) Cell death
of G5PR transfectants by BCR crosslinking. Cells were stimulated with aIgM for 24 h, and apoptotic cells in the control or GSPR transfectants were
identified by PI staining and flow cytometric analysis. Results are shown as the mean * SD of five independent experiments. **p < 0.01. (C~F) BCR-
mediated activation of signal transduction molecules. Whole-cell lysates from control or G5PR transfectants stimulated with «IgM at the indicated time
were blotted using Ab against p-ERK, p-p38, p-Akt, p-IxkBa (C), p-JNK (D), Bim (E), and p-c-Jun (F). B-Actin was used for loading controls. Results are
representative of three independent experiments. (G) Expression of bim transcripts. Control or GSPR transfectants were stimulated with oIgM for 12 h, and
bim transcripts were measured by qRT-PCR. Results are shown as the mean = SD of three independent experiments. *p < 0.05.
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phosphorylation was seen at 60 min in the G5PR transfectants
(Fig. 2D). Among the Bcl-2 family molecules, the expression of
antiapoptotic molecules Bcl-2 and Bcl-xL, was not altered after
stimulation of cells transfected with either vector (data not
shown), but G5PR transfectants showed a reduced level of Bim-
EL expression at 12 h after «IgM stimulation (Fig. 2E). The
phosphorylation of c-Jun, a downstream molecule of INK, was
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FIGURE 3. BCR-mediated apoptosis of B-2 cells in GSPR"® mice. (A)
A schematic diagram of the vector construct of the Tg used to generate
G5PR™® mice. Full-length g5pr cDNA was inserted into a pl026x vector
containing an Lck proximal promoter and an Ep enhancer. Spleen B cells
were purified from WT and G5PR™® mice. Tg expression was analyzed by
RT-PCR for gSpr transcripts and by Western blotting for GSPR protein.
Results are representative of two independent experiments. (B) Activation
of INK in splenic B cells. Splenic B cells of WT and GSPR™ mice were
stimulated with aIgM for the indicated times. Whole-cell lysates were
subjected to SDS-PAGE and analyzed by immunoblotting with anti-p-JNK
Ab. Anti—B-actin mAb was used as the internal control. Results are rep-
resentative of two independent experiments. (C and D) BCR-mediated
AICD of splenic B cells. Splenic B cells of female WT or G5PR™® mice (12
wk after birth) were stimulated with oIgM for 24 h. Apoptotic cells were
analyzed by induction of active caspase 3 (C) or Annexin VF'C and 7-
AAD (D) staining by flow cytometry. (E) Proliferation of splenic B cells.
Splenic B cells from female WT or GS5PR™® mice (12 wk after birth) were
stimulated with «IgM or LPS for 48 h. Incorporation of [3H]-TdR was
measured using a scintillation counter. Results are representative of three
independent experiments.
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also lower at 6 h after aIgM stimulation in G5PR transfectants
(Fig. 2F). gPCR analysis showed that G5PR overexpression sup-
pressed the augmentation of bim transcription caused by aIgM
stimulation (Fig. 2G). Thus, although G5PR upregulation only
modestly rescued B cells from rapid BCR-mediated apoptosis, it
significantly altered BCR-mediated INK-c-Jun activation, leadmg
to altered transcription of target bim.

Effect of increased G5PR expression on B cells in vivo

To explore the effect of G5PR upregulation in B cells of peripheral
lymphoid organs, we developed GSPR™® mice that overexpress
&5pr transcripts in lymphoid cells under the lck promoter, IgH-
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FIGURE 4. GC formation and B cell selection in G5PR™ mice. (A)
Generation of GC B cells after immunization. The G5PR™® mice and lit-
termates (n = 4) were immunized with SRBC for 10 d, and the spleen
sections were analyzed by immunohistochemistry with PNA and IgD
staining. Left panel shows the size of each GC by méasuring the area of
PNA staining. Scale bars, 100 pm. Result is shown as the median * SD.
(B-D) The G5PR™® mice (n = 7) and littermates (n = 6) were immunized
with NP-CGG in alum for 14 d, and spleen GC B cells were characterized
by flow cytometry. The frequencies of B220*Fas*GL7* GC B cells (B) and
NIP* GC B cells (C) were compared. NP-specific IgG titers were measured
by ELISA plates coated with NP,-BSA (high-affinity) or NP,5s-BSA (low-
affinity), and the relative affinity for NP-specific IgG was calculated by

NP,/NP,s. Results are shown as the mean *+ SD. *p < 0.05, **p < 0.01.
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