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as BAL.AN3. Although BAL.AN3 showed no proliferative re-
sponse to BALB/c splenic DCs, BWF.AN3 showed a moderate
proliferative response to BALB/¢ splenic DCs (Fig. 1F). These
results suggest that the BWF1 T cell hyperreactivitiy enables
BWF.AN3 to recognize small amounts of nuclcosomal epitope
presented on BALB/c splenic DCs, but these sinall amounts are
ignored by BAL.AN3. As expected, BWF.AN3 strongly re-
sponded to BWF1 splenic DCs. Proliferative response of
BWF.AN3 in the presence of BALB/c splenic DCs amounted to
~14-18% of that to BWF1 splenic DCs, indicating that the ab-
normal presentation of splenic DCs may contribute more to the
autoreactive response than does T cell hyperreactivity.

To determine the general Ag recognition and reactivity of
NZB/W F, mice, we examined the proliferation of T cells trans-
duced with OVA-specific TCR (DO11.10). Fifty to 60% of the
total CD4™ T cells expressed the introduced DO11.10 TCR, as
determined by the anti-clonotypic Ab KJ1-26. DO11.10-trans-
duced BWFI T cells cultured with DCs plus OVA,,, 54, peptide
exhibited stronger proliferation than BALB/c T cells, again sug-
gesting that BWF1 T cells possess general hyperreactivity. In con-
trast, the OV A peptide-presentation (Fig. 1G) and the whole OVA
presentation (data not shown) of NZB/W F, splenic DCs appeared
to be quite similar to that of BALB/c splenic DCs. Thus, the hy-
perpresentation of DCs seems to be restricted to a certain Ag.

Nucleosome-specific T cells interacted with the autoantigen in
the spleen

DCs in every type of lymphoid tissue may present nucleosomal
epitopes, because nucleosomal Ags are available in every organ.
To investigate this possibility, we fluorescently labeled either
BWF.mock or BWF.AN3 T cells in vitro with CFSE and injected
them into NZB/W F, mice. Two days after the transfer, T cells
from the spleen and those from the peripheral lymph nodes (LNs)
were harvested and analyzed. BWF.mock isolated from the spleen
exhibited a convergent strong fluorescence peak, indicating that
these cells had not proliferated extensively. In contrast, BWF.AN3
isolated from the spleen exhibited several weaker fluorescence
pezks. Moreover, AN3 CD4" T cells underwent multiple divisions
over a 5-day period of the experiment, and mock CD4™ T cells
underwent a very slight progression of cell division (Fig. 24).
These findings suggested that BWF.AN3 encountered the nucleo-
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somal epitope in the spleen. It was of note that both CFSE-labeled
BWF.mock and BWF.AN3 isolated from the peripheral LNs ex-
hibited a strong convergent fluorescence peak, suggesting that
BWF.AN3 encountered the nucleosomal epitope less frequently in
the LNs.

A comparison of the stimulative capacity for BWF.AN3 also
suggested that splenic DCs presented more nucleosomal epitope
than DCs from the peripheral LNs (Fig. 28). The average ratio of
{BWspIDC — cpm)(BWLNDC — cpm) was 2.79 * 0.44 in three
experiments (p < 0.005). These results showed that nucleosome-
specific T cells are stimulated predominantly in the spleen.

Effect of CTLA41g transfer on the nucleosomal response

We next tried to generate nucleosome-specific regulatory cells by
introducing an immunosuppressive molecule, CTLA4Ig, as the
third gene in BWF.AN3 T cells, Long-term administration of
CTLAA4Ig to NZB/W F| mice has been shown to prevent disease
onset for a period of months (29).

We constructed a pMX-CTLA4Ig-IRES-GFP vector (Fig. 14).
We then performed a triple gene transfer of the AN3af and
CTLAA4Ig genes to investigate the effect on CTLA4Ig expression.
The experimental groups consisted of CD4™ T cells transduced
with either AN3 + CTLA4Ig-IRES-GFP(CTLA4Ig), AN3 +
IRES-GFP(IG), pMXW(mock} + CTLA4Ig, or mock + 1G. The
average expression efficiency from several different sets of infec-
tion was 45.2% for V34 and 47.3% for GFP in CD4* cells (Fig.
34). The average expression efficiency is expected to be 45% for
the AN3a gene, and the average percentage of GFP*AN3™ cells
expressing all three gene preducts in CD4™ T cells was estimated
to be ~10% (0.45 X 0.45 X 0.43). As shown in Fig. 3B, the
CTLAA4Ig secreted from T cells blocked the proliferation of the
endogenous T cell population to the nucleosome to a moderaie
degree. The average ratio of (mock + CTLA4Ig with nuc — cpmy/
{mock + 1G with nuc — cpm) was 0.40 = 0.07 in three experi-
ments (p < 0.005). But the T cell stimulation mediated by AN3
TCR was not blocked by CTLA4lg. The average ratio of (AN3 +
1G — cpm)/{mock + IG — cpm) was 7.85 = 1.07 and that of (AN3
+ CTLA4lg — cpm)Y(mock + IG — cpm) was 7.18 = 0.96 in
three experiments. The AN3 + CTLAA4Ig transduced cells showed
the increase of CTLA41g secretion on T cell activation in the pres-
ence of DCs (Fig. 3C).
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Nucleosome-specific regulatory cells suppressed autoimmune CTLAdIg-injected mice at 22 wk of age (Fig. 44). AN3 +
disease CTL.AA4lg-injected mice showed the lowest average titer of anti-

We transferred cell suspensions containing 1 X 10 cells of CD4™* nucleosome Ab, but the titer in this group was not significantly
T cells, calculatedly expressing either AN3 + CTLA4lg, AN3 + different from those in the controls. This inefficient suppression
IG, mock + CTLAA4Ig, or mock + IG into i0-wk-old NZB/W may be due to the fact that autoimmunity to the nucleosome is the

F, mice. driving reaction and that this reaction is stronger than the subse-
The autoantibodics usually found in NZB/W F, mice were meca- quent response.
sured in the sera from the different groups. The elevations of anti- The mice were monitored biweekly for proteinuria. By week 22,

dsDNA and anti-histone Abs were suppressed in AN3 + controi mice that had received PBS, mock + IG, AN3 + IG, or
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FIGURE 4. Effect of adoptively transferred engincered cells on disease progression. 4. Suppression of autoantibody production. The elevation of serum
anti-nucleosome, anti-dsDNA, and anti-histone Abs, measured by ELISA, was suppressed in AN3 + CTLA4lIg-injected mice at 22 wk. Statistically
significant differences between AN3 + CTLA4Ig and control groups are denoted by asterisks (p < 0.05); r = 7 for AN3 + CTLA4Ig, and n = 8 for each
control group. B, Cumulative percentage of mice in each group that developed severe proteinuria (>300 mg/dl). AN3 + CTLA4Ig showed suppressed pro-
gression of proteinuria compared with the control groups. x, PBS; M, mock + 1G; [0, AN3 + IG; @, mock + CTLA4lg; O, AN3 + CTLA4Ig, AN3 +
CTLAA4Ig vs the controls at 30 wk was significant (p < 0.05). C, A T cell-dependent humoral immune response to active immunization of OVA. Mice
transferred with the engincered T cells at 10 wk of age were immunized with OVA in the footpad at 14 wk of age. Anti-OVA 1pG Ab titer was measured
at 17 wk of age. W, PBS; &, mock + IG; E2, AN3 + IG; §, mock + CTLA4Ig; B, AN3 + CTLA4Ig; [, no immunization. n = 6/group. D, Measurement
of serum CTLA4lIg pretein in the experimental groups with ELISA. Only AN3 + CTLA4Ig-transferred mice showed detectable, but low concentration of
CTLAA4Ig protein.
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maock + CTLAA4lg started developing severe nephritis, as diag-
nosed by persistent proteinuria of >300 mg/dl. By 30 wk of age,
89% of the PBS control group, 88% of the mock + IG group, 63%
of the AN3 + IG group, and 75% of the mock + CTLA4lg group
of mice had developed severe proteinuria, whereas none of the
AN3 + CTLA4Ig mice showed excess proteinuria (Fig. 45). How-
ever, the AN3 + CTLA4ig-transferred mice started to develop
severe proteinuria at 32 wk of age. Splenomegaly and an increase
in the CD4:CD8 ratio, usually observed in aged NZB/W F, mice,
were suppressed in AN3 + CTLA4Ig-injected mice {datz not
shown),

The kidneys from the controls and AN3 + CTLA4lg-injected
mice were examined at 30 wk of age (Fig. 5, A-F). Control mice
had severe glomerulonephritis with mesangial proliferation and
thickening of the capillary walls with marked deposition of IgG
and complement. AN3 + CTLA4]g-injected mice had mild glo-
merular lesions and deposition of IgG and complement was only
restricted to the mesangial area. Although mock + CTLA4lg-
transferred mice showed formation of a number of large follicles
with T cell invasion in the spleen, AN3 + CTLA4Ig-transferred
mice showed only a limited mumber of small follicles (Fig. 5, G

and H).

AN3 + CTLA4Ig-treated mice exhibited the normal humoral
immune response upon active immunization ‘

We next examined the T cell-dependent humoral immune response
to active immunization of OVA. Mice transferred with the engi-
neered T cells at 10 wk ‘of age were immunized with OVA (100
pg) with CFA at 14 wk of age and boosted with OVA with IFA at
16 wk of age. The level of anti-OVA [pG Ab titer from 17-wk-old
mice treated with AN3 + CTLA4Ig was not significant]y different
from those of the control mice (Fig. 4C). AN3 + CTLAA4Ig trans-
ferred mice, but not other experimental groups, had low but de-
tectable levels of serum CTLA4Ig (13.4 * 10.1 pg/ml) (Fig. 4D),
findings consistent with in vitro data shown in Fig. 3C. These
results suggest that the engineered regulatory cells are sufficient to
suppress autoimmune disease. However, they are not enough to
induce general immunosuppression, because of the low serum
level of CTLA4Ig in AN3 + CTLA4Ig-transferred mice,

Discussion

In this study, we demonstrated T cell hyperresponsiveness and the
possibility of nucleosomal hyperpresentation of splenic DCs in
NZB/W F, mice. In addition to the involvement of T cell hyper-
responsiveness in Ab-mediated autoimmune disease (30), our re-
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sults strongly suggest that the autoantigen hyperpresentation of
DCs could contribute to the initiation and propagation of the re-
sponse to the autoantigen, thereby resulting in florid autoimmune
disease. This observation is consistent with those from previous
reports indicating that mice with T cell hyperresponsiveness de-
velop only a mild form of lupus-like symptoms (31, 32). Since
hyperpresentation was not observed in the case of an exogenous
Ag, OVA (peptides and whole protein), it is possible that the au-
toantigen hyperpresentation of splenic DCs was not due to the
general hyperpresentation, €.g., excessive costimulatory signals,
but rather to some Ag-restricted phenomenon. These features may
be nucleosome specific, as reported in a previous study demon-
strating that lupus-prone B6.NZMc] mice showed nucleosome re-
activity of T cells without generalized immunological deficits of B
cells and T cells (33).

Although disease-related increases in the number of splenic DCs
and chemokine production by myeloid DCs have been reported
(34), these abnormalitics have been observed in aged lupus-prone
mice. Our finding of autoantigen hyperpresentation in the splenic
DCs of young mice (10 wk) suggests the significance of the au-
toantigen hyperpresentation of sptenic DCs in the pathogenesis of
lupus.

Autoreactive response of nucleosome-specific T cells was much
more prominent in the spleen than in the LNs. Although the mixed
I-A haplotype of ABz/Aad molecules in NZB/W F; mice (35) may
be associated with autoreactive response of AN3 infectant, the
absence of the autoreactivity to B cells and DCs from peripheral
LNs strongly suggests the requirement of an autoantigen for the
autoreactivity. Differences between the splenic DCs and DCs from
other peripheral lymphoid organs have been reported, including
differences in the expression of chemokines (36) and chemokine
receptors {(37). Otherwise, localization of tissue-specific autoanti-
gen among secondary lymphoid organs may be one explanation.
For example, although DCs in the gastric LNs are known to exhibit
constitutive presentation of gastric parietal cell-specific H* /K™ -
ATPase, peripheral or mesenteric DCs do not {38). Thus, the
spleen could be one of the main sources of nucleosomes. Increased
frequency of splenic apoptosis in SNF1 lupus mice has also been
reported (23). Moreover, an insufficient complement system may
allow apoptotic waste material to accumulate in the spleen (i.c., the
“waste disposal” hypothesis) (39).

In our study, the therapeutic effect with minimal systemic im-
munosuppression was archived by the use of nucleosome-specific
T cells secreting CTLA4Ig. Although elevation of CTLA4Ig pro-
tein was detected in the serum of AN3 + CTLA4Ig mice, the
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FIGURE 5. Histological examination from the AN3 + CTLA4Ip-treated mice compared with control mice. Sections of kidney ftom mock + IG-injected
mice (4, C, and £ and AN3 + CTLA4Ig-injected mice (8, D, and F) subjected to staining with periodic-acid-Schiff solution (4 and 8) or to immuno-
fluorescence staining with anti-IgG (C and D) or anti-C3 (E and F). Immunofluorescence staining of sections from the spleen, from mock + CTLA4Ig-
injected mice (G), and from AN3 + CTLA4Ig-injected mice (H) with Abs to B220 (green), CD4 and CD8 (red), and with peanut agglutinin (blue). A section

from one representative mouse from the indicated group is shown.
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average concentration of CTLA4Ig in AN3 + CTLA4Ig mice is
less than one-tenth of the level of previous systemic CTLA4Ig
treatment with 5 X 10° PFU of adenovirus (27). Although the
systemic adenoviral-CTLA4lg (5 X 10® PFU) treatment exhibited
a therapeutic effect equivalent to that of our experiment, the sys-
temic treatment was accompanied with gencralized immunosup-
pression. Since autoantigen-specific CTLA4lg-secreting T cells
showed normal Ab production on active immunization, this treat-
ment may be superior to systemic CTLA4Ig administration. How-
ever, a systemic effect of a very low level of CTLA4Ig cannot be
excluded and should be investigated further.

It is not surprising that 10%° AN3 + mock cells did not ageravate
the disease, since as many as 4 X 107 origina! L3A clone cells
were needed to accelerate lupus nephritis in young lupus-prone
mice (40). Thus, a relatively small amount of Ag-specific and po-
tentially pathogenic T cells could be used for the immunoctherapy.
Foxp3, a member of the transcription factor family, has been iden-
tified as a key molecule for the development of CD4¥CD25™ reg-
ulatory T cells (41). Retroviral transfer of Foxp3 confers regula-
tory function on CD4™CD25™ T cells. The introduction of such
regulatory molecules with TCR could possibly generate Ag-spe-
cific regulatory T cells.

In a preliminary analysis of the persistence of the transferred
genes in the spleen and LNs from 30-wk-old mice with RT-PCR,
expression of AN3a gene was detected in the spleens from two of
two AN3 + IG™ and AN3 + CTLA4lg -injected mice (data not
shown). These results may suggest the persistence of introduced
genes at 20 wk after the transfer in the spleen,

Although several models of adoptive cell gene therapy have
been reported using T cell hybridomas or lines (42, 43), our
method has the advantage of using autologous lymphocytes for
gene recipients. However, TCR-transduced recipient T cells could
gain heterodimeric TCR consisting of endogenous and exogenous
chains. If such an unexpected TCR recognizes a certain unrelated
self-derived molecule, the transduced T cells may be harmful. We
did not observe evident autoreactivity in singte AN3a or AN33
genes transferred into CD4% T cells (data not shown), and the
tenal disease of AN3 TCR-transferred mice was not accelerated
{Fig. 5B). There was a recent report of tumor rejection mediated by
retrovirally reconstituted Ag-specific T cells without any signifi-
cant autoimmune pathology (44, 45). However, the possibility of
developing autoimmunity should be carefully investigated further
in application of TCR gene transfer.

In the present study, the efficacy of triple gene transfer in pe-
ripheral T cells was demonstrated for the first time. Although sev-
erat improvements of the present method are still necessary, these
findings suggest that the direct engineering of Ag-specific func-
tional cells with multiple gene transfer is a powerful technique for
the development of future Ag-specific therapies,
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Functional haplotypes of PADI4, encoding citrullinating
enzyme peptidylarginine deiminase 4, are associated with
rheumatoid arthritis

Akari Suzuki!, Ryo Yamada!, Xiaotian Chang!, Shinya Tokuhiro!2, Tetsuji Sawada®, Masakatsu Suzuki?,
Miyuki NagasakiZ, Makiko Nakayama-Hamada?, Reimi Kawaida?, Mitsuru Ono?, Masahiko OhtsukiZ,
Hidehiko Furukawa?, Shinichi Yoshino*, Masao Yukioka®, Shigeto Tohma®, Tsukasa Matsubara’,

Shigeyuki Wakitani®, Ryota Teshima®, Yuichi Nishioka!?, Akihiro Sekine!!, Aritoshi Iida!!, Atsushi Takahashi'2,
Tatsuhiko Tsunoda!?, Yusuke Nakamural!'!? & Kazuhiko Yamamoto!?

Individuals with rheumatoid arthritis frequently have autoantibodies to citrullinated peptides, suggesting the involvement of the
peptidylarginine deiminases citrullinating enzymes (encoded by PADY genes) in rheumatoid arthritis. Previous linkage studies
have shown that a susceptibility locus for rheumatoid arthritis includes four PAD! genes but did not establish which PAD! gene
confers susceptibility to rheumatoid arthritis. We used a case-control linkage disequilibrium study to show that PADI type 4 is a

susceptibility locus for rheumatoid arthritis (P = 0.000008). PADI4 was expressed in hematological and rheumatoid arthritis
synovial tissues. We also identified a haplotype of PAD/4 associated with susceptibility to rheumatoid arthritis that affected
stability of transcripts and was associated with levels of antibedy to citrullinated peptide in sera from individuals with
rheumatoid arthritis, Cur results imply that the PADI4 haplotype associated with susceptibility to rheumatoid arthritis increases
production of citruflinated peptides acting as autoantigens, resulting in heightened risk of developing the disease.

Rheumatoid arthritis is one of the most common human systernic
autoimmune diseases. It is characterized by inflammation of synovial
tissues and the formation of rheumatoid pannus, which is capable of
eroding adjacent cartilage and bone and causing subsequent joint
destruction. Previous studies have indicated that risk of the disease in
siblings of affected individuals (A is 2-17 times higher, suggesting the
importance of genetic factors in rheumatoid arthritis!. Multiple genes
are believed to contribute to rheumnatoid arthritis susceptibility, but the
only locus that has been conclusively associated with the condition is the
HLA-DRB locus, which accounts for about one third of the genetic com-
ponent™. Recently, four sibling-pair linkage studies from Europe,
North America and Japan were published®3, Although no common loci
apart from the HLA region were suggested by all the studies, some were
suggested by multiple studies. Chromosome 1p36 represents one such
locus. Cornclis et al’ reported an association between rheumatoid
arthritis and 15228 that identified nucleotides 363,575-363,702 on
NT_004873.12 in a study using 114 sibling pairs (P = 0.0065). Shiozawa
etal® obtained a single-point lod score of 3.58 at D15214 that identified

nucleotides 1,089,077-108,972 on NT_028054.9 and also observed lod
scores of 3.77 as a single-point analysis and 6.13 as a multi-point analy-
sis at D15253 that identified a region 1.5 ¢cM telomeric from D1§214
(located in GB4 map by the International RH Mapping Consortium but
not annotated in the Reference Sequence of genomic DNA by NCBI),
using 41 families, DI15228 and D15214 are located 6.7 Mb apart accord-
ing to the Reference Sequence build 33 from the National Center for
Biotechnology Information,

The gene region located 3.1 Mb and 9.8 Mb centromeric from
D18228 and D15214, respectively, contains clusters of enzymes that are
functionally associated with the production of rheumatoid
arthritis-specific autoantibodies. These enzymes ave the peptidylargi-
nine deiminases (PADIs), which posttranslationally convert arginine
residues to citrulline. Citrullinated epitopes involved in a peptidic link
are the most specific targets of rheumatoid arthritis-specific autoanti-
bodies. Citrullination is related to two rheumatoid arthritis—specific
autoantibody systems: those directed against perinuclear factor/ker-
atin and against Sa™!%. Assays of antibodies to citrullinated peptide can

1l aboratory fer Rheumnatic Diseases, SNP Research Center, The institute of Physical and Chemica! Research (RIKEN), 1-7-22, Suehiracha, Tsurumi-ku, Yokohama
City, Kanagawa 230-0045, Japan. 2Sankyo, Tokyo, Japan. ?Department of Allergy and Rheumatology, Graduate School of Medicine, the University of Tokyo, Tokya,
Tapan. 4Department of Joint Disease and Rheumnatism, Nippon Medical School, Tokyo, fapan. SYukioka Hospita!, Osaka, Japan. 5National Sagamihara Hospital,
Kanagawa, Japan. ?Matsubara Mayflower Hospital, Hyogo, Japan. 80saka Minami National Hospital, Osaka, Japan. 9Department of Orthopedic Surgery, Tottori
University, Tottori, Japan. '0Yamanashi Prefectural Central Hospital, Yamanashi, Japan. 1} Laboratory for Genotyping and *2Laberatory for Medical Informatics, SNP
Research Center, The Institute of Physicat and Chemical Research (RIKEN}, Kanagawa, Japan. 13Laboratory of Mclecular Medicine, Human Genome Center, Institute
of Medica! Science, University of Tokyo, Tokyo, Japan. Correspondence should be addressed to R.Y. (ryamada@src.riken.go.jp).
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be used as valuable diagnostic tools'™!*, The clinical importance of
measuring antibodies to citrullinated peptide and the specificity of
zutoantibodies suggests a specific role of citrullination and PADIs in
the pathophysiology of rheumatoid arthritis. In addition, the appear-
ance of antibodies to citrullinated peptide in sera from affected indi-
viduals in the very early phase of disease manifestation implies that
citrullination is involved in the triggering phase or the acute phase of
the disease'?, The presence of citrullinated peptides in rheumatoid
arthritis synovial tissue has also been reported, suggesting the involve-
ment of PADIs in the pathomechanisms of rheumatoid arthritis! 16,

We carried out a case-control association study using single-
nucleotide polymorphisms (SNPs) discovered by the Japanese
Millennium Genome Project in the 1p36 region containing the genes
PADI1, PADI2, PADI3 and PADIY4. This study identified a haplotype
associated with susceptibility to theumatoid arthritis in PADI4 but
not in neighboring PADI genes. We confirmed that PADI4 was
expressed in hematological cells by northern-blot hybridization and
in synovial tissue of individuals with rheumatoid arthritis by in situ
RT-PCR and immunochistochemistry. Moreover, the susceptibility
haplotype of PADI4 was related to levels of antibody to citrullinated

filaggrin in sera of individuals with rheuma-
toid arthritis, We also identified a difference

a in mRNA stability between non-susceptibil-
e aorr e pasz oaprt pai e ity and susceptibility variants of PADI4.
ot UN T . !
R — Bt RESULTS
ou  Case-control study using SNPs in
NT_034376.1
b To identify genes associated with susceptibil-
- & 1 ity to theumatoid arthritis, we focused on the
region NT_034376.1 on chromosome 1p36,
I in which we had previously identified the
] SNP strongly associated with rheumatoid
& arthritis. This region contains eight genes
‘?_ {including four PADI genes} that could be
associated with rtheumatoid arthritis accord-
L ing to the data regarding antibodies to citrul-
’ | ﬁ ‘ 1 ‘ \ ﬁ l h linated peptides. We refined the location of
i ill L1 AI L1 H the rheumatoid arthritis susceptibility locus
¢ in a case-control study using 119 SNPs dis-
v o A cazse % tn})uted in genes across contig NT_034376.1
Iz, " - ™ T X (Fig. 1ab and Supplementary Table 1
3 i g uﬁ_) g g g_ E § 2 valve online). The total length we evaluated was
171 . [ | I i | | I_ 445,670 bp, and SNPs were located every 3.7
s ‘ ' - :‘:::‘5 .0-25 -1 kb on average. We predominantly used the
= nsaoner WOS--0.95 Invader assay, which can efficiently detect
- MO85--0.9 D718
sons B0.8085 genotypes of SNPs* 18, and az.ual){zt.ad samples
— 0,75 0.8 from a total of 830 affected individuals and
4 0.7—0.78 736 unaffected controls. Overall success rates
paDi2 06507 of typing assays for cases and controls were
B06--065 96% and 95%, respectively. A SNP in PADI4,
BQ55--0.6 padi4_94 (28017T in intron 3, susceptible;
-— B0.5--0.55 —C, non-susceptible), had the most signifi-
a0t :::1—0(;: cant association with theumatoid arthritis (x*
- 03504 =19.856, P = 0.000008 comparing allele 1 ver-
WO3-035 sus allele 2; odds ratio (OR) = 1.97, 95% confi-
PADI3 02503 dence interval {c.i) = 1,44-2.69 comparing
- F0.2-0.25 susceptible homozygotes versus non-suscepti-
MO.15—-02 ble homozygotes; Table 1 and Fig. 1b). When
FADM O3 Bonferroni’s correction was applied to the
— .0'05“.‘_’-] result we obtained P = 0.00095, and the -
Locisesy o003 Monte Carlo Permutation test gave
- P = 0.00003 with 1 x 10° replications!®, Both

A control

Figure 1 Gene content of NT_034367.1 in chromosome 1p36, case-control association and linkage
disequilibrium. {a} Genomic structure of genes in this region. Ptel, p telomere; Cen, centromere.
(b) Case-control association plots {-log; of P value)) versus location in this region.
SNP showing the strongest association in this region. (c) Pairwise linkage disequitibrium between
SNPs, as measured by A in the case and control populations in this region: upper right triangle, case

population; lower left triangle, control population.

of these results were statistically significant.
We then sequenced all exons of PADIY,
including the 5" and 3" untranslated regions,
from 48 individuals with rheumatoid arthri-
tis to identify SNPs. We identified four new
SNPs and genotyped them in the exons:
padi4_89 (163G-3A in exon 2}, padi¢_90
(245T—C in exon 2}, padi4_92 (335G—Cin

Asterisk indicates the
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Table 1 Summary of association between cases and controls in PADI4
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Genotype of case Genotype of control Allele 1 versus allele 2 Genotype 11 versus genotype 22

SNPID 11 12 22 Sum 11 12 22  Sum %2 Fvalue CR (95% ¢.i.)
padi4_92 le6 416 241 823 102 307 246 655 12.36  0.00046 1.66(1.23-2.25)
padi4_94 167 415 24¢ 822 83 305 252 646 19.86 0.0000084 1.97 (1.44-2.69)
padi4_1042 268 355 116 733 313 358 64 735 12.67 0.00051 2.00(1.41-2.86)P
padi4_95% 131 386 304 821 64 300 281 645 12.29 0.60046 1.89(1.35-2.66)
padi4_97 304 390 131 825 283 305 64 652 12.48 0.00041 1.92(1.35-2.70)
padi4_%9 225 421 181 827 224 331 100  65% 13.72  0.00021 1.82(1.33-2.44)%
padi4_10C 225 418 180 823 216 332 98 646 12.00 0.0C053 1.75 (1.30-2.38)*
padi4_101 222 417 178 817 216 322 95 633 13.62 0.00022 1.82(1.33-2.50)8

Sum of cases > 800; P< 0.001.
Control sample number of this SNP was 736. PFor OR >1, the inverted score is indicated.

exon 3) and padi4_104 (349T—C in exon 4; Table 1 and Fig. 2a,b).
Overall, eight SNPs in NT_034376.1 had significant associations
with rheumatoid arthritis (P < 0.001, Table 1), and all these SNPs
were in PADI4. In the case and control populations, strong linkage
disequilibrium extended only within PADI4 and not to SNPs flank-
ing PADI4 (Fig. 1c). We therefore concluded that the strong associa-
tion detected with SNPs in PADI4 originated from PADI4 itself.
Rheumatoid factor status, sex, age at disease onset and HLA-DRBI
status of affected individuals were not related to PADI4 genotype dis-
tribution (data not shown).

We next undertook full haplotype analysis for 17 SNPs in PADI,
Only 4 of 27 possible haplotypes were estimated to have frequency
>0.02 in both case and control groups using the expectation-maximiza-
tion algorithm. Less frequently occurring haplotypes were not shown,
owing to concern over the accuracy of low frequency alleles in the expec-
tation-maximization algorithm, The most frequently occurring haplo-
type, haplotype 1, and the second most frequently occurring haplotype,
haplotype 2, comprised more than 85% of
total chromosomes both in case and control
groups (Table 2). Among the SNPs that segre- .
gate haplotype 1 and haplotype 2, four were '

and peripheral blood leukocytes, fow levels of expression in spleen
and fetal liver and no expression in other organs (including tiver
and kidney). PADI4 was thus highly expressed in the organs of the
hematological system.

We also confirmed PADI4 expression in hematological cell types,
Quantitative RT-PCR was done using RNA from CD4* and CD8* T
cells, CD197 B cells, CD14% monocytes, polymorphonuclear leuko-
cytes (PMNs), bone marrow and kidney (as a negative contral).
PADI4 was highly expressed in bone marrow, CD14* monocytes and
PMNs but was not expressed in CD4" and CD8* T cells or CD19* B
cells (Fig. 3b).

Localization of PADI4 mRNA, protein and citrullinated peptide
To test whether PADI4 was expressed in rheumnatoid arthritis synovial
tissues, we carried out in sity RT-PCR. We observed PADI4 mRNA in
the lining or sublining layers of synovial tissues from all seven indi-
viduals with rheumatoid arthritis that we tested (Fig. 3c).

exonic and three of them involved amino acid = g,
substitutions: padi4_89, padi4_90, padi4_92

and padi4_104, resulting in G555, V82A, T

Gl12A and LI17L, respectively (Fig. 2c). b e
Haplotype 1 was more frequently observed in z

3

B Il
the control group and haplotype 2 in the case : | 'I | :m =-
group. Haplotype 1 and its transcript and pep- *
tide were therefore termed ‘non-susceptible’,
and haplotype 2 and its transcript and peptide
‘susceptible’ Compositions of bases and amino
acids of transcripts and peptides for suscepti- SNP (D W W
ble and non-susceptible types are indicated in 8 ek U0 ped ST padd AL Nomsuscopstie (hopktpe 1) A G € €
Figure 2. E s Bkt fowespuomy 0t o
Expression of PADI4 mRNA N SR - = 1c
To investigate the expression patterns of M5 puede wigen EF han3
PADI4 in tissucs, we carried out northern- ®oHomow L s o J
blot analysis and quantitative real-time Consarved C lnrmirwe

RT-PCR. Northern-blot analysis identified
two PADI4 transcripts, one band at 2.6 kb

Figure 2 Structure of PADI4, (a) Exon-intron structure of PADI4. SNPs in PADI4 are indicated below
the gene. (i) Structure of region including exons 2-5. SNPs in this region are indicated below the gene,

and the other at 4.0 kb (Fig. 3a), as  Thg asterisk marks the same SNP that is indicated in Figare 1b, (¢} Protein structure of PADI4.
described in a previous study®. PADI4 had  Nucleotide numbering starts from start codons of genes. The bracketed region was used to generate the
high levels of expression in bone marrow peptide antibody used in immunohistochemistry.
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Table 2 Haplotype structure and frequency in PADI4

Haplotype fraquency

SNP 1D (as padid_x)

Haplotype 1D Case Contrel 8 90 91 92 93 94 104 65 96 97 93 99 100 101 1G22 103 105
Haplotype 1 0.52 0.60 A ¢ ¢ ¢ ¢ ¢ ¢ 6 T T C A T T € T ¢C
Haplotype 2 0.32 0.25 G T T G A T T C Cc A T G C C C c C
Haplotype 3 0.06 0.04 G T T G A T T C C A T G C c T C C
Haplotype 4 0.06 0.04 ¢ T 7T 6 ¢ T € G 7 T ¢ 6 ¢ ¢ ¢ T ¢

We used sections of synovial tissues for immunohistochemistry with
antibodies to PADI4 and 1o citrulline, In each sample from an individual
with rheumatoid arthritis, PADT4 protein was detected in the sublining
(Fig. 3d). Citrullinated peptide was also detected in the sublining with a
similar pattern (Fig. 3e). These results indicate that PADI4 protein and
citrullinated peptides are localized in rheumatoid arthritis synovia.

Stability of two types of PAD/4 mRNA

To investigate further the association between PADI4 alleles and
rheumatoid arthritis, we tested whether SNPs in cxons affect the sta-
bility of PADI4 mRNA. RNAs from the susceptible and non-suscepti-
ble alleles (Fig. 2c) were transcribed in vitro by modified RNase T1
selection assay?l. Briefly, we mixed RNAs produced by in vitro tran-
scription with extracts of HL-60 cells and observed the degradation of
RNA by endogenous components of the HL-60 cell. Half-lives for sus-
ceptible and non-susceptible PADI4 mRNA were 11.6 min and 2.1
min, respectively. Susceptible mRINA was therefore significantly more
stable than non-susceptible mRNA (after 5 min, P = 0.038; after 10
min, P = 0.017; Fig. 4). Based on this result, mRNA stability seems to
depend on haplotype.

Relationship between SNP and antibody to citrullinated filaggrin
Citrullination in proteins is believed to create epitopes recognized by
rheumatoid arthritis autoantibodies that not enly represent the most
specific serologic markers, but also appear early??, even before clinical
onset of rheumatoid arthritis. Citrullinated filaggrin has been used in
chinical laboratory tests as a possible candidate for citrullinated
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autoantigens?, We therefore examined the relationship between
PAD{4 haplotype and the presence of antibodies to citrullinated filag-
grin in sera from individuals with rheumatoid arthritis. Individuals
homozygous with respect to the susceptible haplotype were more
likely to be positive (87%) for antibody to citrullinated filaggrin than
the other two genotypes, for whom the positive fraction rate was 50%
(Table 3). This tendency was tested using Fisher's exact test and was
marginally significant (Table 4, P = 0.038).

DISCUSSION

A genome-wide association study to identify genes associated with
rheumatoid arthritis is in progress in Japan using a high-throughput
multiplex PCR-Invader assay!’'%. Although the project has not yet
been completed, one candidate locus has been identified in contig
NT_034376.1. Previous sibling-pair linkage studies have also shown
that this region is one of the three strongest susceptibility loci for
rheumatoid arthritis®®. This locus contains all four identified PADI
genes, which encode calcium-dependent enzymes that catalyze the
conversion of arginine to citrulline in peptides. This activity itself
suggested that PADI genes may be involved in rheumatoid arthritis,
and the antibodies are the most specific rheumatoid arthritis-specific
antibodies identified?3-2¢, Although several other genes with func-
tional association to rheumatoid arthritis, including that encoding
tunior necrosis factor receptor 2 (ref. 27), have been localized to 1p36,
PADI genes were considered the most relevant for investigation owing
to the theumatoid arthritis specificity of the autoimmune response to
citrullinated epitopes.

11

Figure 3 Expression of PADI4. (a) Expression of PACI4 mRNA in various normal human tissues. (B) Relative expression level of PADIA mRNA in normal
hurnan tissues and cells. Values represent mean + s.d. of data from triplicate wells. (c) Expression and distribution of PAD/4 mRNA in rheumatoid arthritis
synovial tissue as analyzed by in situ RT-PCR. PADI4 transcript (dark blue) was stained in sublining and lining. Immunohistcchemistry showing expression
patterns of PADI4 (d, red stain) and citruliinated peptides (e, red stain} in rheumatoid arthritis synovium. No nan-rheumnatoid arthritis tissue control was

used, Scale bars: ¢, 250 pm; d, e, 100 pm.
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We identified eight genes in contig NT_034376.1, including four
PADT genes (Fig. 1a). We evaluated the strength of association with
theumatoid arthritis across the region by linkage disequilibrium
mapping of 119 SNPs (Fig. Ib). The association in the region was
definitive (P = 0.000008, OR = 1.97, 95% c.i. = 1.44-2.69) and was
considered to originate in PADIY, rather than any other PADI gene
(Fig. 1c). We observed a similar pattern of linkage disequilibrium in
cases and controls, which is consistent with the association pattern
(Fig. 1c) and provides additional support for PAD4 as the origin.

An OR of 1,97 suggests that the genetic contribution of PADI4 is
not as strong as that of the HLA-DRB locus {OR = 2.60, 95% c.i. =
1.88-3.60; ref. 28) but is nonectheless considerable. The HLA-DRB
locus has been estimated to explain less than or close to half of the
total genetic contribution to rheumatoid arthritis, with the
remainder attributed to multiple non-HLA genes'. We therefore
expect that PADI4 is one of the primary non-HLA genes associated
with rheumatoid arthritis. A genotypic risk ratio for PADI4 is 1.3
(ref. 29), and its population attributable risk is 17.4% (ref. 30),
which seems reasonable for a gene associated with a complex
genetic trait like rheumatoid arthritis. Furthermore, a locus with
this degree of genetic contribution could be detectable in linkage
studics, as was the case for microsatellite markers close to PADI4 in
two linkage studies®F,

Northern-blot analysis indicated that PADI4 was highly expressed
in bone marrow and peripheral blood leukocytes. Quantitative
RT-PCR indicated that PADI4 mRNA is expressed in PMNs, which
include neutrophils and the monocyte lineage, but is not expressed in
lymphocytes. Previous reports have shown high PADI4 expression in
neutrophils, eosinophils and monocytes?®!, PADI4 is therefore
expressed in hematological tissues and cell types, which are known to
be intimately involved in the pathogenesis of rheumatoid arthri-
1is*>3, Although the importance of antigen-specific immune
processes has been emphasized in the investigation of rheumatoid
arthritis, the finding that myeloid leukocytes, rather than lympho-
cytes, are the predominant cell types in which PADI4 is expressed
indicates that more investigation of the roles of myeloid lineages in
rheumatoid arthritis is warranted.

We examined expression of PADI4 in synovial tissues of seven indi-
viduals with rheumatoid arthritis using ## situ RT-PCR and immuno-
histochemistry. Both mRNA and protein were expressed in the
sublining region, and both PADI4 protein and citrullinated peptide
were localized in the sublining region. A previous study reported <it-
rullinated - and B-fibrin in sublining regions of fibroblast- and
macrophage-like mononuclear cells of individuals with rheumatoid
arthritis'*, Peptides in synovial tissues, including fibrins, were pro-
posed to be citrullinated by PADI4 extra- or intracellularly with subse-
quent secretion, behaving as autoantigens recognized by rheumatoid
arthritis—specific antibodies. Lining regions contained PADI4 mRNA
but no protein, The reason for this discrepancy is unclear. Collectively,
these data suggest that citrullination by
PADI4 occurs in the sublining of synovial tis-

sues and that citrullinated peptides behave as ! I
citrullinated filaggrin
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Figure 4 Stability of susceptible and non-susceptible transcripts of PADI4
mRNA measured as degradation rate. Differences were significant (*P <
0.05) after 5 min and 10 min of reaction time. Values represent mean & s.d.
of data from duplicate experiments.

To investigate the relationship between pathogenesis of rheuma-
toid arthritis and haplotypes comprising the four SNPs in PADI4
mRNA (Fig. 2¢), we examined whether these SNPs affect PADI4
mRNA stability. The mRNA of the susceptible haplotype was more
stable than that of the non-susceptible haplotype (Fig. 4). In previ-
ous studies, SNPs in mRNA or one-base deletions in coding regions
have been associated with transcript stability***3. The present result
also suggests that SNPs in mRNA contribute to mRNA stability.
Susceptible-haplotype mRNA probably accumulates to higher levels
than non-susceptible mRNA, resulting in higher levels of PADI4
protein. Stable PADI4 mRNA may increase PADI4 proteins in syn-
ovial tissues, neutrophils and monocytes, increasing production of
the citrullinated peptides that serve as autoantigens. Apart from sta-
bility of transcripts, evaluation of the effects of substitution of
amino acids on the enzyme is important and further investigation
should be directed at such analyses. Although SNPs in exons were
systematically searched and the effect of coding SNPs analyzed in
this report, involvement of other polymorphisms in non-coding
regions is possible?>. Further investigation in intron regions and
other regulatory areas is therefore desirable.

The relationship between PADI4 and rheumatoid arthritis is fur-
ther supported by the fact that the positive fraction of antibodies to
citrullinated peptides was significantty higher in individuals homozy-
gous with respect to the susceptible haplotype than in those of other
genotypes (P = 0.038, Table 4). The present study yielded statistically
significant results only in comparing susceptible homozygotes with
others and not in comparing non-susceptible homozygotes with oth-
ers. The absence of a significant difference in the latter comparison
might be due to the small number of samples or the mixture of indi-
viduals with positive results irrelevant to rheumatoid arthritis—related
PADI activity, as should be observed in healthy controls using a test
with sensitivity of 75.6%. Previous reports that antibodies to citrulli-
nated peptide are specific to rheumatoid arthritis and are detectable
in the early phases of the disease®® suggest that citrullination by

Table 3 Distribution of individuals of each genctype that were positive for antibody to

antigens for rheumatoid arthritis—specific

autoantibodies. Although the detection of  gnp genctype

PADI4 expression in rheumatoid arthritis

synovial tissue without comparison to non-  Antibady to citzullinated filaggrin Susceptible Heterczygotes Non-susceptible
rheumatoid arthritis controls does not imply homozygotes homozygotes
that expression and activity o_fPADM arespe-  pocitive 26 (30%) 40 (45%) 22 (25%)
cificto rhe;ma;oi:.arthrli:ls.]litsllfre;ence dO'e; Negative 4(11%) 20{57%) 11011%)
support other findings that link rheumatoi — :

arthritis and PADI4. Positive fraction 0.87 0.50 0.50
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Table 4 Association test between genotype and antibody positivity

Comparison pattern Pvalue*
Susceptible homozygotes versus others 0.038
Non-susceptible homozygotes versus others 0.468

* P yalye was calgulated by Fisher's exact test (two-tailed).

PADI4 should be closely linked to onset of rheumatoid arthritis or
might represent a disease-triggering event in itself.

To investigate the precise role of PADI4 in rheumatoid arthritis, we
evaluated the mouse homolog of PADI4, Padi4, in a collagen-
induced arthritis (CIA) mouse model. Expression of Padi4 was
quantified (Supplementary Fig. 1 online), We induced expression of
Padi4 in inflamed synovial tissues and spleen in mice with CIA. In
humans, genotype with respect to PADI4 was associated with
rheumatoid arthritis, presence of PADI4 in affected joints was
detected and antibody to citrullinated peptide was detected in sera.
In mice, expression of Padi4 increased with appearance of CIA, but
antibody to citrullinated peptide was not detected in scra (data not
shown). The primary difference between human rheumatoid arthri-
tis and mouse CIA is that the former is characterized by breakdown
of self-tolerance and continuity of destructive arthritis with accom-
panying autoimmune phenomena to various autoantigens including
antibody to citrullinated proteins, whereas the latter shares the
inflammatory component related to immune response to collagen
type I with rheumatoid arthritis, but specificity of its immunoreac-
tion is higher and breakage of tolerance to citrullinated antigens does
not seem to be involved. Given the results of the present study, we
consider citrullination by PADI4 or Padi4 as one of the processes in
early phase arthritis, and that, in human rheumatoid arthritis,
immunological tolerance breaks down somehow with the appear-
ance of autoantibody recognizing citrullinated peptide, followed by
the autoimmune disease process characterized for rheumatoid
arthritis. In mouse CIA, however, expression of Padid increases with
a probable increase in citrullination of self-peptides, but tolerance to
citrullinated-antigens does not seem to break. Even with these differ-
ences in mechanisms between human rheumatoid arthritis and
mouse CIA, further investigation of PADI4 in human rheumatoid
arthritis and Padi4 in the mouse model scems warranted.

In conclusion, we identified PADI4 as a susceptibility gene for
theumatoid arthritis using a case-control study with SNPs. The
present findings imply that the rheumatoid arthritis susceptibility
haplotype in PADI4 produces a more stable transcript and is associ-
ated with higher levels of antibody to citrullinated peptide in sera
of individuals with rheumatoid arthritis. Given the polygenic
nature of rheumatoid arthritis, this independent susceptibility gene
could have a most important role in rheumatoid arthritis patho-
genesis by increasing citrullination of proteins in rheumatoid
arthritis synovial tissues, leading, in a cytokine-rich milieu, to a
break in tolerance to citrullinated peptides processed and pre-
sented in the appropriate HLA context.

METHODS

Subjects with theumatoid arthritis and unaffected subjects. We recruited a
total of 830 individuals affected with rheumatoid arthritis and 736 unaffected
controls for collection of genomic DNA and sera through several medical
institutes in Japan. We sampled pathological joint synovial tissues from seven
individuals with rheumatoid arthritis who underwent arthroplasty surgery.
All theumatoid arthritis cases met the revised criteria of the American College

of Rheumatology for rheumatoid arthritis¥. The mean age of the 830 case
individuals with rheumatoid arthritis was 64.3 y (range, 28-92 y). Most case
subjects were female {83.7%), and 75% were positive for theumatoid factor.
Control subjects comprised 736 individuals from the general population,
57.4% females, with mean age of 48.6 ¥ (range, 3-92 y), We obtained informed
consent from each subject, with parental authority in the case of minors, as
approved by the ethical committee of the SNP Research Center of The Institute
of Physical and Chemical Research (RIKEN).

SNPs. We identified four SNPs in exons of PADI4 and 14 SNPs in LOC148695
by direct sequencing of DNA from 48 case individuals. We selected the other
101 SNPs, which were located in genes (promoter, exon and intron) in
NT_034376.1 (gi: 22043311) from the JST database.

Genotyping. We extracted genomic DNA from peripheral blood leukocytes
using standard protocols!”. We genctyped SNPs using the Invader assay,
TagMan assay or direct sequencing. For Invader assay, we amplified DNA
with PCR primers designed to include one or more SNPs, as previously
described!®3¥, Third Wave Technologies designed probe sets for each locus.
In TagMan assay, we carried out PCR using TagMan Universal Master Mix
{Applied Biosystems), 8 ng DNA, 1 pM of each primer and 200 nM of probe
in 15-ul reactions. Each 96-well plate contained 94 samples of unknown
genotype and 2 no-DNA control samples. Thermal cycle conditions were 50
“C for 2 min, 95 °C for 10 min, 50 cycles of 92°C for 15 s and 58 °C for 1 min.
Thermal cycling was done on an ABl PRISM 7700 Sequence Detector
Systems (Applied Biosystems). We undertook direct sequencing of PCR
products using ABI3700 capillary sequencers (Applied Biosysterns} accord-
ing to standard procedures.

Northern-blot hybridization. We hybridized human multiple tissue northern
(MTN) blots (Clontech) with a PADI4 probe labeled with digoxigenin, We gen-
erated digoxigenin-labeled PADI4 probes using a PCR digoxigenin probe syn-
thesis kit {Roche Diagnostics} according to the manufacturer’s instructions,
using the primers to generate a 335-bp product. Hybridization and detection
were also done according to the manufacturer’s instructions. Blots were
stripped of probe and te-hybridized with a ¢DNA probe for ACTB (Roche
Diagnostics) ta assess RNA loading. Primer sequences are available on request.

RNA extraction and cDNA synthesis. We separated PMNs using Mono-Poly
resolving solution {Dainippon Pharmaceuticals) and extracted RNA from
PMNs using ISOGEN (Nippon Gene). We stored the resulting RNA at —80
°C until use. We quantified RNAs of other normal tissues using Premium
total RNA {Clontech). We reverse-transcribed total RNA (1 ug) using a First
Strand cDNA synthesis kit {Amersham Pharmacia) according to the manu-
facturer’s instructions,

Quantification of PADI4 expression by real-time RT-PCR. We carried out
real-time PCR on the ABI PRISM 7000 (Applied Biosystems) using
QuantiTect SYBR Green PCR {QIAGEN) according to the manufacturer’s
instructions. Each oligonucleotide primer set was added to a final concentra-
tion of 0.3-0.5 pM for ACTB (product size, 219 bp) and PADI4 (product size,
207 bp). We generated a standard curve from data of amplification of PADI4
primers using a dilution series of bone marrow mRNA as templates and nor-
malized 10 ACTB. Primer sequences are available on request.

In situ RT-PCR. We carried out one-step in situ RT-PCR by adding Pro STAR
HF {Stratagene), and reactions were done using an Omnislide thermal cycler
(Hybaid) as follows: (i) 42 °C for 30 min; (ii) 94 °C for 2 min, 53 °C for45sand
68 °C for 2 min; and (iii) 25 cycles at 94 °C for 45 5, 55°C for 45 s and 68 °C for
2 min. Reactions were maintained at 4 °C after amplification, After PCR, we
washed slides twice with Tris-buffered saline for 5 min. Specific primers
amplified their specific target sequences, yielding a 335-bp product.

We generated digoxigenin-labeled internal probes by PCR using the PCR
digoxigenin probe synthesis kit according to the manufacturer’s specification
with minor modifications, We added primers to a final concentration of 0,34
WM. We covered slides with pre-hybridization solution at 37 °C for 1 h. After
pre-hybridization, we replaced pre-hybridization solution with hybridization
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solution containing probe. Probes were denatured at 94 °C for 5 min. We car-
ried out hybridization for 12 h at 37 °C. After washing, we visualized incorpo-
rated PCR fragments using a digoxigenin detection kit {Roche Diagnostics).

Controls included several different samples, substituting water for primer
in the PCR reaction, omitting reverse transcription in the case of mRNA and
omitting prebe in hybridization solutions (X.C. et al., manuscript in prepara-
tion). Primer sequences are available on request,

Preparation and purification of antiserum against PADI4, We synthesized
PAD!4-derived peptides (Sp-PAD1: PAKKK STGSS TWP-Cys), purified and
immunized in rabbits (Kitayama-Labes, Nagano, Japan). We purified anti-
serum by alfinity chromatography on a histidine-1agged PADI4 column {Bio-
Gate), We confirmed specificity of purified polyclonal antibody to PADI4 with
western blotting using a transient expression system in the HEK293 cell line
(data not shown},

Immunochistochemistry, We incubated paraffin sections of synovial tissues at
4°C for 12 h with rabbit polyclonal antibody to PADI4 or with rabbit antibody
to citrulline (Biogenesis), diluted at 1:1,000. We washed and incubated sec-
tions at room temperature with Simple Stain MAX-PO (Nichirei) for 20 min
and then added Simple Stain AEC (Nichirei). We incubated sections for 5-20
min until the reaction was obviously visible under light microscopy. All sec-
tions were counterstained with hematoxylin. In all cases, negative controls
omitted the specific antibody and used normal mouse and rabbit antiserum.

Measurement of antibody to citrullinated filaggrin, We measured levels of
antibody to citrullinated filaggrin using an ELISA kit (MBL) according to the
manufacturer’s instructions. Sensitivity was 75.6% and specificity was 83.2%
for testing subjects with and without rheumatoid arthritis n clinical settings at
a cutoff levet of 9 (K. Suzuki ef al., manuscript accepted).

In vitro RNA stability assay. We amplified genes encoding two PADI{ variants
by PCR from cD'NAs that were synthesized using a first-strand cDNA synthesis
kit {Amersham Pharmacia) with bone marrow total RNA (Clontech), We then
cloned these genes into the pDONR201 vector (Invitrogen). We also con-
structed the cDNA into pDEST14 (Invitrogen), which has a T7 premoter, and
sequenced both strands of the resulting expression vector. Vectors were digested
using Clal, and both types of PADI4 were expressed using RiboMax Large Scale
RNA Production System-T17 (Promega} and purified according to the manu-
facturer’s instructions. To prepare whole-cell extract, we washed HL-60 cells in
phosphate-buffered saline and re-suspended them in extraction buffer (0.5%
Nontidet P-40; 20 mM HEPES buffer, pH 8.0; 20% glycerol (v/v); 400 mM Na(l,
0.5 mM dithiothreitol; 0.2 mM EDTA and 1% protease inhibitor cocktail
{Nacalai)). After incubation on ice for 3¢ min and microcentrifugation at 4 °C,
we transferred supernatants to new tubes and stored thern at =80 °C until use.

We mixed and incubated each 5 ug of synthesized RNA and diluted whole-
cell extract {1:1,000) at room temperature. The reaction was stopped with the
addition of formamide dye, and the samples were then heated at 68 °C. After
the reaction, we detected RNA using northern-blot hybridization. We scanned
results on a DocuCentre Color 500cp (Fuji-Xerox) and measured signal inten-
sities of full-length RNAs using Adobe Photoshop 6.0.

Statistical analysis. We estimated haplotype frequencies using the expecta-
tion-maximization algorithm?®. We calculated linkage disequilibrium index, A
(ref, 40}, and drew Figure 1¢ with an application created by our group with the
assistance of Excel (Microsoft). Associations between phenotypes were esti-
mated by %2 test. Antibody to citrullinated filaggrin titer and genotypes were
tested using Fisher’s exact test on Statistica software (StatSoft), and mRNA sta-
bility data and quantitative RT-PCR data were tested using Student’s t-test.

URLs. The National Center for Biotechnology Information can be found at
http:/fwww.ncbi.nlm.nih.gov/. The International RH Mapping Consortium can
be found at http://wwwornchinlin nih gov/genemap99/. The expectation-maxi-
mization program can be found at http://linkage.rockefeller.edu/ott/eh.htm.

GenBank accession numbers. PADI4, NM_012387: LOCI48695, XM_
088976; Pardi4, NM_011061.
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Note: Supplementary information is available on the Nature Genetics website.
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Significance of Valine/Leucine**” Polymorphism of
B,-Glycoprotein I in Antiphospholipid Syndrome

Increased Reactivity of Anti—S3,-Glycoprotein 1 Autoantibodies
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Objeciive. To clarify the consegoences of the
valing/lcucine polvmorphism at position 247 of the
Ba-glycoprotein 1 (3,GPI) gene in patients with an-
tiphospholipid syndrome (APS), by investigating the
corrclation between genotypes and the presence of anti-
{3:GPI antibody. The reactivity of anti- $,GP1 antibodics
was characterized vsing recombinant Val** and Lew™
$3.GPL

Methods, Sixty-five Japanese paticats with APS
and/or systemic lupus erythematosos who were positive
for antiphospholipid antibodies and 61 controls were
anulyzed for the presence of the \’al/Lcuz'”_ polymor-
phism of 5,GPL. Polymaorphism assignment was deter-
mined hy polyvmcrase chain reaction followed by restric-
tion cnzyme digestion. Recombinant Val*? and Len™?
$3.GP1 were established te compare the reactivity of
anti-3:GP1 antibodics to .G’ hetween these variants,
The variants were prepared on polyoxygenated plates or
cardiolipin-coated plates, and the reactivity of a series
of anti-B,GPl antibodics {immunized anti-human
$:GPt muenoclonal antibodies |Cof-19-21) and auto-
immune anti-f,GPl monoclonal antibodies |EYICS,
EY2C9, and TMI1G2)]) and 12Gs purified from patient
sera was investigated.
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Results. A positive corrclation hetween the Val*™’

allele and the presence of anti-B.GPl antibodies was
observed in the patient group. Human moooclonal/
polyclonal anti-B;GPI1 autoantibodies showed higher
binding 10 recombinant Va¥ B,GPI than 1o Lew™?
B.GP), althongh no difference in the reactivity of the
immunized anti-3.GP1 hetween these variants was ob-
served. Conformational optimization showed that the
replacement of Lew™™ by Val*¥? ted (o o significan
alteration in the tertiary structure of domain ¥ and/or
the domain IV-V interaction,

Conclusion. The Vat™7 3.GP allele was associ-
ated with hath a high frequency of anti-f3. GPI antibod-
ics and stronger reactivity with anti-$3,GP1 antibodics
compared with the Lev™™ 8,GPt allele, suggesting that
the Val**? $,GPl alicle may be one of the genctic risk
factors for development of APS.

The antiphospholipid syndrome (APS} is charuac-
terized by arterial/ivenous thrombosis and pregnancy
morbidity in the presence of antiphospholipid antibodics
(aPL) (1-3). Among the targets of aPL. fs-glveoprotein
1 (£-GPI1), which bears epitopes for anticardiolipin an-
tibodies {4CL). has been extensively studied (4-6).
APS-related aCL do not recognize free S-GPL but do
recognize 5-GPI when it is complexed with phospholip-
ids or negatively charged surfaces. by exposure of crvptic
epitopes {7) or increment of antigen density (8).

The significance of anmigen pelymorphism in the
production of autoantibodies or the development of
autoimmune discases is now being widely discossed. 1t is
speculated that amino scid substitution in antigens can
lead to differences in amigenic epiopes of a given
protein. In particolar. $-GPI undergoes conformational



VALINE™™ .GPl ALLELE AND RISK OF APS

alteration upon interaction with phospholipids (9).
B-GP1 polymorphism on or near the phospholipid bind-
mg site can affect the binding or production of aCL
{anti-B-GPI avtoantibodies). the result being allered
development of APS. Polymorphism near the antigenic
site, or which leads 1o alteration of the tertiary structure
of the whole molecule, may affect the binding of auto-
antibodics. Five different gene polvmorphisms of 8.GPI
attributable 10 a single-nucleotide mutation have been
described: 4 are a single amino acid substitution at
positions 88, 247, 306, and 316 (10). and the other is a
frameshift mutation associated with 8-GP1 deficiency
found in the Japancse population (11). In particular, the
Val/Leu™ polymorphism locates in domain V of £GP,
between the phospholipid binding site in domain V and
the potential epitopes of anti-B.GPI antibodies in do-
main 1V, as we reported previously (12). Although
anti-B-GPY antibodies are reported to direet to domain
1{13) or domain V (14) as well, it should be considered
that a certain polymorphism aliers the conformation of
the molecule, affecting function or antibody binding &1 a
distant site.

We previously reported that, in a group of British
Caucasian subjccts. the Val™* allele was significantly
maore frequent in primary APS paticnts with ant-,GPI
antibedies than in controls or in primary APS patients
without antj-B-GPl antibodies (15). but the importance
of the Val™ allele in patiems with APS is still contro-
versial. In this study, we analyzed the correlation be-
tween the 8.GPI Val™* allele and umi-g.GPl antibodies
in the Japancse population. We alko investigated the
reactivity of anti-B-GPl antibodies 10 recombinant
Val™” B.GPI and Lew™ B.GPL using a scrics of
monoclonal anti-B-GP1 antibodies and 1gGs purified
[rom sera of patients with APS. Finally, 1o investigate
the difference in anti-B-GPI binding 10 those variants.
we conformationally oplimized to domain V and the
domain 1V=-V complex of 8-GP1 variants a1 position 247,
referring the ervstal structure of 3.GPL

PATIENTS AND METHODS

Paticnts and controls. The swudy group comprised 65
patients (median age 38 years |range 18-74 years]; 57 women
and 8 men) who atended the Hokkaido University Hospial.
all of whoun were positive for aPL (J2G. J2A. or 1gM class aCL.
and/or lupus anticoagulant). Thiny-four patients hud APS (16
had primary APS. and 18 had sccondary APS). and 31 patients
Jdid not have APS (24 had systemic lupus erythematosus [SLE]
and 7 had ether rheumatic diseases). Among all subjects. 19
hud o history of arterial thromhasis, and 6 had venous throm-
basis. Of the 31 putients with o history of pregnancy, §

ta
"

experienced pregnuncy complications (Some paticnts had more
than 1 manifestation of pregnuancy morbidity). Ami-g-GPl
antibodies were detected by enzyme-linked immunosorbent
assay (ELISA) as S.GPl-dependem aCL (16). 1eG. JgA. or
1eM class B.GPI-dependent aCL were found in 30, 14, and 21
patients, respectively (some patients had > 1 isotype). and 34
patients had at least ) of 1those isotypes. Lupus anticoxgulant,
detected by 3 standard methods deseribed previously (17), was
found in 51 patients, The diagnoses of APS and SLE. respec-
tively, were based on the preliminary classification erfieria for
definite APS (18) and the American College of Rheumatology
criteria for the classification of SLE {19). Informed consent
was obtained from cach patient or control subject. The control
group comprised 6} healihy individuals with po history of
autoimmme, thrombotic, or notable infectious disease.

Determination of #,GP1 gene polymaorphism.
Genomic DNA was extracted from peripheral blood mono-
nuclear cells (PBMCS) using a standurd phenol-chloroform
extraction procedure or the DnaQuick kit (Dainippon. Osaka,
Japan). Polymorphism assignment was determined by poly-
merase chain reaction (PCR) followed by allele-specilic re-
striction enzyme digestion (PCR-restriction fragmoent length
polymorphism) vsing Rsa 1 (Promega. Southampton, UK) as
described previously (15).

Purification of patiemt TeG. Sera from 1} patients
positive for 1pG class B.GP1-dependent aCL were colfected.
The mean {£S8D) titer of aCL 12G from these paticnis was
290 % 21.5 12G phospholipid {GPL) vnits (runge 12.4 10 =98
GPL unitg). 12G was purified from these sera using a protein G
column and the MAbTrap G111 12G purification kit (Pharmacia
Biotech, Freiburg, Germany), as recommended by the manu-
facturer.

Munoclonal anti-B,GPI antibodics. Two 1ypes of anti-
B-GPI monaclonal antihodies were used. Cof-19. Cof-2(). and
Cof-21 are mouse monodonal anti-human B-GPT antibodics
obtained from immunized BALB/c mice., directed to domains
V. 111, and 1V of B-GPL respectively. These monoclonal
amibodies recognize the pative structure of human ByGPl
(12).

EYICS. EY2CY. and TMIG2 are 1gM class auto-
immune monoclonal amibadies established from patients with
APS (20). These antibedies bind 10 domain IV of g.GPL. b
only after interaction with solid-phase phospholipids or witlh a
polvosygenated polystvrene surlace. EYICS and EY2CY were
cstablished {rom a patient whose genotype of B8.GPl was
heterazyoous Tor Val/Leu™, The genotype of the paticnt with
TMIG2 was not determined.

Preparation of recombinant $.GPL. As previously
reparied, genes were expressed in Spodoprera faiperda S1Y
insect cells infected with recombinant baculoviruses (12). A
full-length complementary DNA of human .GP1 coding
Vul?'" was originally obtained from Hep-G2 cells (21}, and the
valine residue was repluced by lencine. using 1he GeneEditor
in vitro Site-Directed Mutagenesis System (Promega, Mudi-
son, W1). The sequence of the primers for o mutamt
Val? " —Len  {GTA—=TTA) is as follows: 5'-
GCATCTTGTAAAITACCTGTGAAAAAAG-3'. A DNA
sequence of the mutint was verified by analysis using Al)
Prism madel 310 (PE Applied Biosystems, Foster City, CA).




Binding assays of monoclonal anti-,GP1 antibudies
and purificd IgGs fo the recombinant B.GP1 (cardiolipin-
coated plaie). The reactivity of a series of monaclonal anti-
B>GPI antibodies and 1gG fractions (purified {from the sera of
APS patients positive for 1¢G class anti-B.GP1) aguinat 2
B-GPI variants was investigated using an ELISA. ELISAs were
performed using a cardiolipin-coated plate as previously re-
poned (16} but with a slight modification. Briefty. the wells of
Sumilon Type § microtiter plates {Sumitome Bakelite, Tokvo.
Japan) were filled with 30wl of 50 pg/m! cardiolipin (Sigma,
St. Lovis. MO) and dricd overnigin at 4°C. Afer blocking with
2% gelatin i phosphate buiTered saline (PRS) for 2 hours and
washing 3 times with 0.05% PBS-Tween, 50 ul of 10 painl
recombinant B.GP) and controls were distributed and incu-
bated for 34 minutes at room temperature, Wells were filled
with 80 pd of serial dilutions of monocional antibodies {Cof-
1921, EYICS and EY2CY. and TMI1G2) or purified patient
IeG (100 pgiml), followed by incubation for 30 minutes ot
room temperature. Aler washing 3 tmes, 50 gl of ulkaline
phosphatase—conjugated  anti-mouse 1eG (1:3.000), anti-
human TgM (1:3,000), or anti-human 1gG (1:6.000) was distrib-
uted and incubated for 1 hour an room temperature. The plates
were washed 4 times, and 100 ) of 1 mg/m! p-nitrophenyd
phosphute disodivm (Sigmu ) in 1A diethanolamine buffer (pH
Y.8) was distributed. Optical density (OD) was read at 405 nm,
with reference at 620 nm. One percent fatty acid-free hovine
serum ulbumin (BSA) (A-6003; Sigmu)-PBS was uvsed as
sample ditvent and control.

Binding assays of monoclonal anti-B,G P antibodics
fo recombinant $3,GPE (polyoxygenated plate). Anti-B.GP]
antibady  detection assay osing polvoxvpenated plates was
performed as previously reported (22). with minor madifica-
tions. Bricfly. the wells of polyaxygenated MuxiSorp microtiter
plates (Nalge Nunc International, Roskilde, Denmark) were
coated with 50 ul of 1 pe/m) recombinant B,GP1 in PBS and
incubated overnight at 4°C. After blocking with 3% gelutin-
PBS it 37°C for 1 hour and washing 3 times with PBS-Tween,
S50 ul of monoclonal antibadies, dilued with 1% BSA-PBS.
were distributed and incubated for 1 hour at room tempera-
ture. The following s1eps were taken, in 2 similar manner.

Conformational wptimization of domain V and the
domain JV-V complex in human $.GP] variants at position
247. A conformation of domain V in the valine variant wt
position 247 was first constructed from the erystal strocture of
the leucine variont (implemented in Protein Data Bank: 1C1Z)
(23). Replacement of leucine by valine a1 position 247 was
performed vsing the Quanta system (Moleculur Sinlations.
Sun Dicgo. CA). and the model was optimized by 500 eycles of
energy minimization hy the CHARMm program (24). with
hydrophilic hydrogen atoms and TIP3 water molecoles (25}
Maolecular dyvnamics simulation (5 psec) of the model was then
performed with 0.002 psec time steps. The catoff distance for
nonbhonded mteractions was set 1o 15A, and the dielectric
constant was 1.0. A nanbonded pair list was updated every 1)
steps. The most siable structure of each domain in the
dynamics ilersions was then optimized by 500 ¢vcles of energy
minimization. The final structures of domain V consisted of
2,616 atoms, including 603 T1P3 water molecules, and had a
totul energy of —1.63 X J0? keal/mole with a root-mean-square
force of 1.869 keul/maole.

Maolecular models of o domain 1V-VY complex (leucine
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and valine variants wt position 247) were further constructed by
considering the location of the oligasaccharide attachment site
in domain 1V, the location of epitopic regions of the Cof-8 and
Cof-20 monoclonal antibodies. 1he function between domaing
IV and V. and molecular surface charges of both domains.
These models were again optimized by moeleculur dynamics
simulation and by energy minimizution as described above.
The final structores of the complex in the leucine and valine
variants consisted of 3773 and 3778 aoms. respectively.
including hydrophilic hydrogen atoms and 06 and 808 TIP3
water molecules. respectively. und had 1otal energy of =2.07 %
104 and —2.03 X 104 keal/mole with a root-mean-square force
of L.U85 and 0.979 keal/mole, respectively.

Statistical analysis. Correlations between the allele
frequencies and dlinical festures such as the positiveness o
3.GFPl-dependent aCL were expressed as odds ratios (ORs)
and 95% confidence intervals {95% Cls). P values were
determined by chi-square 1est with Yates™ correction, 2 values
less than or equat to Q.05 were considered significant.

RESULTS

Val/Len™ polymorphism of 8,601 and the pres-
enee of B.GPI-dependent aCL. As shown in Table 1. the
Lew™ allele was dominant in the population of healthy
Japanese individuals, compared with Cavcasians, which
is consistent willh a previous report (26). Jupancse
patients with anti-8.GPI had a significantly increascd
frequency of the Val™" allele. compared with Japancse
patients without anti-B.GP1 (P = 0.0107) or Japunese
controls (F = 0.0209).

The-binding of auvteimmune anti-B,.GP1 to re-
combinant Val™*? and Leu™ B,GPL. Representative
binding curves wsing cardiolipin-coated plates and
polyoxygenated plates are shown in Figure 1. Regardless
of the type of plates. Cof-20 hound equally 10 valine and
leucine variants of .GPI (Figures la and ¢). in any
concentration of Cof-20. The hinding curves of Cof-19
and Cof-2]1 were similar 1o that of Cof-20 (results not

Table 1. Frequency of the Val'f allele of #,GP1 in patients with
ADPS*

British
Caucasians
4856 (85705
39558 (67.2)
35778 (T3

Group Japunese

Puticnts with anti-g.0G1°)
Patients without anti-f.GI'
Controls

2368 (338
9162 (14.5)
23122 (189

* Values are the number (% ). B,GPl - prgheoprotein 1 APS -
antiphosphelipid syndrome.

TP = L versus patients without anti- 3 GPE (odds ratio [OR] 3.01.
953% confidence imerval [95% C1] 1.26-7.161. and P = (L0209 versus
controls, by chi-square test {(OR 205, 95% C1 L(K-4.23).

FP = 0204 versus patients without anti-.GP1 (OR 292, 959 (1
1.16-7.39) and £ = 10396 versus controls, by chi-square test (OR
251.05% C1 LI3-6.13).
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Figure 1. Representative hinding curves of monoclonal anti-gx-glycoprotein 1 (anti-
13.GP) antibodies to recombinant valingAeucine™” 3-GPL a, Binding curve of Cof-20
using curdiolipin-couted plate. b, Binding-curve of EY2C9 using cardiolipin-coated
plate. ¢, Binding curve of Cof-200 using polyosygenated plute. &, Binding curve of
EY2C9 using polyoxypenated plate. Binding 1o VaF*" 5.GP) and Lew™ [31GPI are
indicated with dinmonds and squares. respectively, OD = optical density.
shown). In contrast, EY2CY showed stronger binding 1o Val™? B.GPL Figurc 24 shows the hinding of the
ok brl i . . » . . . .
Val™? 8.GPI than 1o Lev™7 B.GPI (Figures 1b and d). monoclonal antibodies. on cardiolipin-coated plates. in
EYICS and TMIG2 also showed stronger binding 1o the following concentrations: for Cof-19-21. 100 ngiml;

Gof 19 Gof 20 Cof 71 EYICE EY209 THIGZ

Gof 10 Cof 20 Cof 21 EVICE  EVZCS  THIGZ
a i b

Figure 2. Reactivity of anti-pe-glvcoprotein 1 (anti-5.GP1) antibodies 1o 5GP
variants. a, The hinding of monaclonul anti-#2GP1 antibodies to the recomhinant
valineJeucine™ 3.GP1 was investigited uking enzyme-linked immunosorbent assay
{ELISA) on cardivlipin-coated plutes, Concentrations of antipens and antihodics
were as follows: for recombinant -GPL. 10 pa‘ml; for Cof-19- 21, )10 ng/ml; for
EYICS and EY2C9, 2 peiml; for TMIG2. 5 pem) b, The hinding of monoclonal
anti-f-G P antihodies 1o the recombinant Val/Leu™” 3.GP1 was investigated using
ELISA an polyoxygenated plates. Concentrations of antigens and antibodies were as
follows: for recombinant [5,GPI, | ppml; for Cof-19-21. 50 ng'ml: for EYICR and
EY2€9. 2 pgmk; for TMIG2. 5 pg'ml. Results were presented as the optical density
(0D} at 405 nm. Open columns indicate hinding activity to 12u™ B.GPL and solid
columns indicate hinding activity to Val™* B.GP1. Bars show the mean and $D.
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Figure 3. Reuctivity of purified 12G from patients (300 pg'mli 10
recombinant Val’Lew™ pa-glvcoprotein § (#.GPI) (10 p2oeml). pre-
sented as the optical density (OD) w305 nn. Squares, circles. and
triungles indicute patients homozygous for the Leu™ allele. homozy-
sous for the Val' allele. und heterorypous for the Val/lLeu™ ™ allele.
respectvely. Dinmonds indicute pativnts whose genotypes were not
awvailahle.

for EY1C8 and EY2CY. 1 pe/ml: and for TMI1G2
2.5pe/ml. In contrast with the close reactivity of Cof-19,
Cof-20. and Cof-21 hetween Val™? B-GPl and Leu™"?
B>GPL. autoimmune monoclonal untibodies (EY1CS,
EY2CY. and TMI1G2) showed higher binding to Val™’
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B-GPI than to Leu™*’ B.GPL The autoimmune mono-
clonal antibodies also showed a higher binding 10 Val**’
B-GP1 direcily coated on polyoxygenated plates (Figure
2b). 12G in sera collected from 11 paticnts (100 pg/ml)
also showed higher binding 10 Val**" B.GPI than 1o
Lew™" B.GPl1 on cardiolipin-coated plates, regardless of
the patients’ genotypes {Figure 3). ’

Conformatioral alteration by Jeucine replace.
ment by valine at position 247, Each domain V confor-
mation in 2 variants at position 247 is shown in Figure
da. The root-mean-square deviations for mutching hack-
bone atoms and equivalent atoms in the leucine and
valine variants were 0.76 and 1.11 A. respectively. The
largest shift was observed a1 Val™, one of the residucs
located on the backbone neighboring position 247. The
shift seemed 1o he cavsed by weak {lexibility of side
chains comsisting of Val™, Pro™", und Val** and the
clectrostatic interactions between Lys™™, Lys™!, Glu™”,
and Lys™™,

The molecular models of the 1V-V complex in
leucine and valine varlants are shown in Figure 4b. The
root-mean-square deviations for matching these hack-
bone atoms and cquivalent atoms were 1.72 and 2.03 A,
respectively. Electrostatic interactions and hvdrogen
bonds between Asp’™ and Lys™/Lys™™, Ap®* and
Lys™, and Glu™ and Lys™™ appeared in the 1V=V
complex, but the interaction between Glu™ and Lys™™
was disrupted by the lewcine replacement by valine.
becavse direction of the Lys™™ side chain was signifi-
cantly changed in the complex. As & resull, Trp™ of
domain 1V, located on the contact surface with domain

V. was slightly shifted.

Figure 4. Conformational alterations in domain V (A and in the domain 1V-V complex (B). replacing leucine by valine at position 247, Structure
of the valine (light blue) and lewcine (white ) variunts was shown by a ribbon representation with the secondury structure.
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DISCUSSION

This study shows the positive correlation between
the Val*" B.GPI allele and anti-B-GPI antibody pro-
duction in 4 Japanese population, confirming the corre-
lation observed in a British Caucasian population in our
previous report {15). A positive correlation between the
Val*7 allele and the presence of anti-B.GPI antibodies
was also reported in Asian American (26) and Mexican
patients (27). However, this correlation was notl ob-
served in other American populations (26) or in patients
with thrombosis or pregnancy complications in the UK
(28). This discrepancy may be the result of the difference
in the frequency of the Val™ allele among races, or the
difference in the background of investigated patients.
Another possibility is that the relationship between the
Val*? allele and thrombosis in Caucasians may be
controversial due 10 underpowered studies or to differ-
ences in the procedore used to detect ani-BS.GFPl anti-
bodics, Methods for the detection of anti-8.GP] anti-
bodies differ among Jaboratories. For example.
cardiolipin-coated plates or oxyvgenated plates are used
in some methods, whereas vnoxygenated plates are vsed
in others. In addition. bovine 8.GPI is used instead of
human £.GPI1 in some assays, The antibodies used for
standardization also differ, although monoclonal anti-
bodies such as EY2CY and HCAL (29) have been
proposed as international slandards of calibration mate-
rials,

B-GPI is a major targel antigen for aCLl, and,
according o our previous investigation. B cell epitopes
reside in domain IV and are considered 10 be cryptic and
1o appear only when B.GPl interacts with nceatively
charged surfaces such as cardiolipin. phosphatidylserine,
or polvoxyeenated polystyrene surface (7), although
other stucies indicate that the B cell epitopes are ocated
on domain 1 (13) or domain V (14). According 10
another interpretation for the specificity of aCL. incre-
ment of the loca) antigen density on the negatively
charged surface also contributes to anti-5.GPI detection
in ELISA (8.30). Studies on the crystal structore of
human B-GPI revealed that the lysine-rich site and an
extended C-terminal loop region on domain V are
crucial for phospholipid binding. Position 247 is located
al the N-terminal side of domain V. and, around this
position, Lys™, Ala™, and Ser™™ were suggested to
play a role in the interaction between domains IV and V
(9.23.31).

Although the Val/Leu™7 polymorphism may not
he very critical for the avtoantibody binding, the amino
acid substitution a1 this point was revealed 10 affect the

a7

affinity of monoclonal aCL esiablished {roms patiems
with APS and that of purified 1gG from patients positive
for B-GPl-dependent aCL. We conformationally opti-
mized lo domain V and the domain IV-VY complex of
B-GP1 variants at position 247. referring the crystal
structure of 3-GPL 1aG aCL was screcned -using ihe
standardized aCL ELISA. in which both the Leu™ and .
the Val™ allele of B.GPI are contained as antigen,
Although biochemical characteristics and structure are
similar between valine and leucine, the replacement of
Leu™? by Val™7 leads 10 a significant alteration in the
tertiary structure of domain V and/or the domain V-V
interaction (Figure 4). It is Jikely that the structural
alleration affects the affinity between anii-3-GPI auto-
antibodies and the epitope(s) present on its molecule.
One explanation for this phenomenon is that this B.GFI
polymorphism affects the electrostatic interaction be-
tween domain 1V and domain V or the protein—-protein
interaction. resulting in differences in the accessibility of
the recognition site hy the autoantibodics, or the Jocal
density of B.GPL

Another possible explanation of the correlation
between the Val/Leu™ polvmorphism of B-GPI and
anti-3-GPI antibodies is T cell reactivity. Ito et 4l (32)
investigated T celt epitopes of patients with anti-3.GP]
autoantibodies by stinwlating patients™ PBMCs with a
peplide library that covers the B2GPI sequence. Four of
7 established CD4+ T cell clones reacted 10 peptide
fragments that include amino acid position 244-264,
then position 247 is included among the candidate
epitopes. Arai et al (33) found preferred recognition of
peptide position 276290 by T cell clones from patients
with APS. They also found high reactivity to peptide
247-261 in one patient. We speculate that a small
aleration in the conformation arising from the valine/
leucine substitution at position 247 may alfect the sus-
ceptibility 10 generate autoreactive T cell clones in
patients with APS.

Qur results in this study indicate that the Val/
Leuv™” polymorphism affects the antigenicity of $.GPI
for anti-B.GPI autoantibodies, and that the Val®" allele
can be a risk factor for having autoantibodics against this
molecule. Therefore, the Val/Len™" variation of 8.GP}
may be crucial for autoimmune reactivity against S-GPL
We further show the significance of the VallLen™’
polymarphism of B-GPI in the strength of the binding
between S.GPl and anti-B.GPl auvtoantibodies. The
significance of anligen polymorphisms in the production
of autoamibodics or in the development of autoimmune
diseases is not well understood. To our knowledge, this
report is the first 10 present a genetic polvmorphism of
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autoantigen directly affecting its interaction with auto-

antibodies.
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