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Leukocyte immunoglobulin-like receptor subfamily B member 1 (LILRB1/LIR1/ILT2) is an inhibitory receptor
broadly expressed on leukocytes and recognizes HLA-class | and human cytomegalovirus UL18. LILRB1 is
encoded within the leukocyte receptor complex on 19q13.4, previously implicated to be a susceptibility
region to systemic lupus erythematosus (SLE). In this study, we screened for polymorphisms of LILRB1
and examined their association with SLE and rheumatoid arthritis (RA). In the 5’ portion of LILRB1, three hap-
lotypes containing four nhon-synonymous substitutions within the ligand-binding domains and two single
nucleotide polymorphisms within the promoter region were identified and designated as PE07-03. In the
3’ portion, two haplotypes (CY01, 02) containing a nhon-synonymous substitution of the cytoplasmic
region were identified. CY07 and 02 did not co-segregate with PE071—-03. Significant association with suscep-
tibility to SLE or RA was not observed; however, among the subjects not carrying RA-associated HLA-DRB1
shared epitope (SE), LILRB1.PE01/01 diplotype was significantly associated with RA (odds ratio 2.05,
P = 0.019 and Pc = 0.038). Gross difference was not observed in the crystal structures, thermostabilities
and binding affinities to HLA-class | ligands among LILRB1.PE01-03 haplotype products; however, surface
expression of LILRB1 was significantly decreased in lymphocytes and monocytes from the carriers of PE0O1
haplotype. These findings demonstrated that LILRB1 is highly polymorphic and is associated with suscepti-
bility to RA in HLA-DRB1 SE negative subjects, possibly by insufficient inhibitory signaling in leukocytes. In
addition, these observations suggested that the polymorphisms of LILR family members may be substan-
tially involved in the diversity of human immune responses.
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INTRODUCTION

Leukocyte immunoglobulin-like receptor [LILR, also known
as LIR, immunoglobulin-like transcript (/LT"), CD&5 or mono-
cyte/macrophage inhibitory receptor (MIR )] family consists of
13 member genes including two pseudogenes (ILT9 and
ILTI10) (1—-4). LILRs can be divided into three classes.
Group A (LILRAL, -A2, -A4, ILT8 and LIR9m/ILT11) deli-
vers positive signals by pairing with the Fc receptor
common v chain, which contains an immunoreceptor tyro-
sine-based activation motif (ITAM). Group B (LILRBI, -B2,
-B3, -B4 and -B5) contains two to four immunoreceptor
tyrosine-based inhibitory motif (ITIM)-like sequences within
the cytoplasmic region and inhibits cell activation by recruit-
ing SHP-1 or SHIP. LILRA3 and LIR9s may be secreted as
soluble receptors. The LILR gene family is located in the leu-
kocyte receptor complex (LRC), which also contains a number
of closely related immunoglobulin-like receptor genes such as
killer cell immunoglobulin-like receptors (K/Rs) and FCAR
on human chromosome 19q13.4 (5—7). This region has been
suggested to be one of the candidate susceptibility regions
for systemic lupus erythematosus (SLE) (8.9).

LILRBI1 is broadly expressed on hematopoietic cells,
including antigen presenting cells (1-3,10), and can bind to
a variety of HLA-class I molecules and to cytomegalovirus
ULI18 through two membrane-distal extracellular domains
(DI and D2) (11-13). Although most KIRs recognize poly-
morphic epitopes within the al and o2 domains of HLA-
class I molecules, the binding site for LILRB1 has been mapped
to HLA-class I heavy chain a3 domain and (3,-microglobulin
(B2m) (13—15). It is consistent with the broad-binding speci-
ficity of LILRBI, because the a3 domain is relatively con-
served among HLA-class I molecules.

In mice, Pira and Pirb represent orthologs of activating and
inhibitory human LILR, respectively (16,17). Mice lacking
Pirb showed impaired dendritic cell maturation and increased
Th2 responses (18). Furthermore, it was recently reported that
both PIR-A and PIR-B proteins bind to various mouse MHC
class I molecules, and Pirb deficient mice showed exacerbated
graft versus host disease (GVHD) (19). These observations
suggest that LILRs may be critically involved in the regulation
of immune system in various aspects.

It has been demonstrated that K/R genes are highly
polymorphic not only in the nucleotide sequences, but also
in the number of loci (20,21). Association with K/R poly-
morphisms has been demonstrated for autoimmune diseases
such as rheumatoid arthritis (RA) (22,23), psoriatic arthritis
(24), type I diabetes (25) and psoriasis (26,27), as well as
for the clinical course of HIV (28) or hepatitis C virus (29)
infection.

It is thus probable that LILR genes are also polymorphic,
and if this is the case, then functional polymorphisms of
LILR genes may substantially be related to the diversity of
immune response among individuals and to the susceptibility
to diseases. To date, systematic screening of LILR polymorph-
isms has not been reported, except for LILRA3 (30) and
LILRB4 (31) genes. In this study, we made an attempt to sys-
tematically screen for the polymorphisms of LILRB1 gene and
to examine whether they are associated with the susceptibility
to RA and SLE.

RESULTS
Identification of LILRB1 polymorphisms and haplotypes

Polymorphism screening of the entire length of LILRBI
revealed 17 single nucleotide polymorphisms (SNPs). Nine
SNPs were within the coding region, six within the introns
and two within the promoter region (Fig. 1). Among the
SNPs in the coding sequence, four encoded non-synonymous
substitutions (L68P, A93T, 1142T and S1551) were found
within the putative ligand-binding domains (D1 and D2) and
the other one (E625K) was found between the two ITIM-
like motifs important for SHP-1 recruitment (32).

Rather than testing the disease association of every
identified SNP individually, we adopted a study design to
experimentally define the major haplotypes in the Japanese
population based on the segregation patterns in 31 families,
to determine the diplotype configuration of each case and
control by genotyping only the tag SNPs and to examine the
association between the haplotypes and the disease. This
design can greatly reduce the number of statistical compari-
sons involved, if the number of haplotypes is limited when
compared with the number of SNPs.

The segregation patterns indicated that 12 SNPs from
—6344>G in the promoter region to ¢.464G>T (S155I) in
exon 5 constitute three major haplotypes in Japanese, which
were designated as LILRBI.PEOI, LILRBI.PE02 and
LILRBI1.PE0O3 (PE for promoter and extracellular regions)
(Table 1). These three haplotypes could account for all
124 haplotypes of the parents of 31 unrelated families. The
haplotype frequencies among 62 unrelated parents were
LILRB1.PEOI: 47.6%, LILRBI.PE02: 42.7% and LILRBI.
PE03: 9.7%.

In contrast, two SNPs in the exon 15 encoding the cyto-
plasmic region, c¢./866C>T (L622L) and c¢.1873G>A4
(E625K), were completely co-segregated in the families and
designated as LILRBI.CY0! (c.1866C—c.1873G) and
LILRBI.CY02 (c.1866T—c.1873A) (CY for cytoplasmic
region). These haplotypes did not co-segregate with LILRB].
PEOI-03 haplotypes.

Association of LILRBI1 polymorphisms
with rheumatic diseases

We first compared the diplotype frequencies of LILRBI
between patients with RA or SLE and healthy controls. The
diplotype frequencies were compatible with Hardy—Weinberg
equilibrium. Significant association was observed neither in
RA nor in SLE, although a tendency of increase in PE01/01
diplotype was observed in RA [y*=3.26, P=0.071,
Pc = 0.64, odds ratio (OR) = 1.40, 95% confidence interval
(CI): 0.97-2.03. Pc was derived by multiplying the P-value
by 9, because association with RA was tested for six PE diplo-
types and three CY diplotypes] (Table 2).

To detect a minor genetic risk more sensitively, we next
examined the association of LILRBI polymorphisms in indi-
viduals with and without the established susceptibility alleles
of HLA-DRBI separately. As previously described, striking
association of HLA-DRBI shared epitope (SE) with suscepti-
bility to RA was present in our subjects (33). SE encoding
alleles present in the Japanese population are DRBI*0101,
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Figure 1. Genetic variations of LILRBI detected in this study. Twelve SNPs in the solid boxes and two SNPs in a dotted box indicate PE (promoter and extra-
cellular) and CY (cytoplasmic) haplotypes, respectively. Five non-synonymous substitutions are represented in bold. The designations of the variations are based
on the recommendation by Human Genome Variation Society (http:/www.hgvs.org/). SNP IDs in parentheses are according to dbSNP (rs, http:/www.ncbi.nlm.
nih.gov/projects/SNP) or JSNP: a database of common gene variations in the Japanese population (JST, http:/snp.ims.u-tokyo.ac.jp). Other SNPs had not

previously been registered.

0401, 0404, 0405, 0408, 0410, 1001, 1402 and 1406. Thus, the
diplotype frequency of LILRBI.PE0I/0] that was slightly
increased in RA was compared after stratification, according
to the presence or the absence of SE. Significant increase
was observed in the frequency of diplotype LILRB1.PE01/01
in the patients without SE when compared with controls
without SE [y* = 5.51, P =0.019, Pc = 0.038, OR = 2.05,
95% CI: 1.13-3.72. Pc was derived by multiplying the
P-value by 2, because two independent comparisons (group
A versus B and group C versus D) were made] (Table 3).
This difference was not observed in the comparison between
SE-positive RA and controls.

In the case of SLE, neither stratification by HLA-
DRBI*1501, an established susceptibility gene in Japanese
(34,35) nor by the clinical characteristics of SLE (age at onset,
nephropathy, CNS lupus, serositis, hypo-complementemia,
anti-dsDNA and anti-Sm) resulted in a significant association
of LILRBI haplotypes (data not shown).

As LILRB1 molecule interacts with HLA-class I but not
with class IT and HLA-DRBI is in linkage disequilibrium
with HLA-class I, it was possible that primary genetic inter-
action exists between LILRBI and HLA-class I alleles rather
than DRB1. To examine such a possibility, LILRBI haplotype
frequency was examined in combination with HLA-B
alleles. A modest association of LILRBI.PE01/0] with RA
was detected between patients and healthy individuals
without HLA-B54 (x> =3.86, P=10.05, OR = 1.78, 95%
CI: 1.00-3.16), which is in linkage disequilibrium with

HLA-DRBI1*0405, the most frequent allele constituting SE in
Japanese. However, the association was weaker in the subjects
without HLA-DRBI SE, suggesting that HLA-DRBI, rather
than HLA-B, is primarily responsible for the genetic inter-
action with LILRBI. Stratification by other HLA-B alleles
did not reveal significant association with LILRBI with RA.

Structure, stability and HLA-class I binding of
LILRBI1 haplotype products

Because LILRB1.PEOI haplotype associated with RA contains
four non-synonymous substitutions within the ligand-binding
domains (D1D2), among which three (L68, 1142 and S155)
are unique to this haplotype, we postulated that structural
and/or functional changes associated with the amino acid sub-
stitutions may be responsible for the susceptibility to RA. To
test such a hypothesis, we prepared D1D2 polypeptides
encoded by LILRBI.PE(OI, 02 and 03 haplotypes, and crystal
structures, thermostability and binding affinity to an array of
HLA-class I ligands were examined.

Crystal structures of all three haplotype products were
determined by molecular replacement and did not reveal sub-
stantial difference, except for the polymorphic sites (Fig. 2).
The thermostabilities were also not significantly different
among three haplotype products, with the melting tempera-
tures of 62.4°C (LILRBI1.PEO1), 59.0°C (LILRB1.PE02) and
62.8°C (LILRB1.PE03).
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Table 1. LILRBI haplotypes formed by SNPs within promoter and extracellular regions in Japanese

Position® —634 —179 c¢.—49+17 c34+4+65 <c.52 c71 =90 ¢71 =21 203 ¢c276 ¢277 c425 c464  Haplotype
frequency

Nucleotide A>G G>A G>A G>T A>C C>G C>T T>C T>C G>A T>C G>T (%)
Amino acid RI8R L68P H92H A93T 1142T S1551
LILRBI.PEO1 A G G G A C C T T G T G 59

Leu Ala Tle Ser (47.6)
LILRBI.PE02 G A A T C G T C C A C T 53

Pro Thr Thr Ile (42.7)
LILRBI.PEO3 G A A T C G T C T G C T 12

Pro Ala Thr Ile 9.7)

Non synonymous substitutions are shown in bold and each amino acid residue is described below. These haplotypes can be distinguished by the com-

bination of ¢.2037>C and ¢.277G>A.
“Numbering starts at the ATG translation initiation codon.

Haplotype frequency was calculated from the parents of 31 Japanese families (124 chromosomes).

Table 2. Frequencies of LILRBI haplotypes in Japanese patients with RA, SLE and healthy controls

LILRBI.PE RA (%) SLE (%) Controls (%) LILRBI.CY RA (%) SLE (%) Controls (%)
n=>557 n=169 n=396 n=>557 n=169 n=396

Diplotype frequency
PE01/01 94 (16.9) 17 (10.1) 50 (12.6) CY01/01 464 (83.3) 147 (87.0) 323 (81.6)
PE01/02 228 (40.9) 83 (49.1) 162 (40.9) CY01/02 85 (15.3) 21 (12.4) 66 (16.7)
PE01/03 35(6.3) 9(5.3) 26 (6.6) CY02/02 8(1.4) 1 (0.6) 7 (1.8)
PE02/02 147 (26.4) 45 (26.6) 112 (28.3)
PE02/03 46 (8.3) 14 (8.3) 44 (11.1)
PE03/03 7(1.3) 1 (0.6) 2(0.5)

Haplotype carrier frequency
PEO1+ 357 (64.1) 109 (64.5) 238 (60.1) CYO0l+ 549 (98.6) 168 (99.4) 389 (98.2)
PE02+ 421 (75.6) 142 (84.0) 318 (80.3) CY02+ 93 (16.7) 22 (13.0) 73 (18.4)
PE03+ 88 (15.8) 24 (14.2) 72 (18.2)

Haplotype frequency
PEO1 451 (40.5) 126 (37.3) 288 (36.4) CY01 1013 (90.9) 315(93.2) 712 (89.9)
PE02 568 (51.0) 187 (55.3) 430 (54.3) CY02 101 (9.1) 23 (6.8) 80 (10.1)
PEO3 95 (8.5) 25(7.4) 74 (9.3)

The binding affinities to a wide range of HLA-class I were
examined by means of surface plasmon resonance (SPR),
using HLA-A11, -B35, -Cw4 and -Gl recombinant proteins
as representative ligands of LILRBI1. Substantial differences
in the binding affinities with HLA-class I molecules were
not observed among LILRBI1 haplotype products (Fig. 3;
Table 4). Furthermore, affinities of two different monoclonal
antibodies (mAbs) to LILRB1 were not substantially different
among the haplotype products (Table 4).

Association of surface expression level of LILRB1
with polymorphisms

LILRBI1.PEOI haplotype contains two SNPs in the promoter
region, which are not present in other haplotypes. We there-
fore compared the expression levels of LILRBI1 on the
surface of peripheral blood lymphocytes and monocytes
from 11 healthy individuals carrying LILRB1.PEQI and five
non-carriers of LILRBI.PEOI. Although most of the mono-
cytes were found to express LILRBI, only a proportion of
lymphocytes were stained positive, compatible with the

LILRBI expression on most of the B cells but only a subset
of T and NK cells (3,36). The average mean fluorescence
intensity (MFI) of LILRBI was significantly weaker in the
individuals with LILRBI.PEO! when compared with those
without LILRB1.PEOI, both in the lymphocytes (mean +
SD, MFI 2.96 + 0.19 versus 3.22 + 0.25; P=0.03) and in
the monocytes (mean + SD, MFI 8.36 + 1.65 versus
10.32 + 1.39; P=0.04) (Fig. 4A). This difference was not
caused by weaker affinity of mAb HP-F1 to LILRB1.PEOI
product, because affinity of HP-F1 to LILRB1.PEOIDID2
protein was not weaker in the SPR analysis (Table 4).

To examine whether the reduction of surface expression of
LILRBI is specifically observed in any of the T and B lym-
phocyte subsets, three-color flow cytometric analyses were
conducted using mAbs against CD4, CD8, CD19 and CD27
on eight LILRB1.PEQ! carriers and on five non-carriers. The
representative profiles are shown in Figure 4B. LILRBI
expression was observed in most of the CD19+CD27+
(memory B cells) and CD194-CD27— (naive B cells) with a
comparable intensity (data not shown), as well as in a substan-
tial proportion of CD8+ T cells, but only in a tiny fraction of



Table 3. Association of LILRB1.PE01/0] with RA among HLA-DRBI shared
epitope negative subjects

Group SE LILRBI? RA (%) Controls (%) OR®  95% CI°
(PE0I/0I) n=552 n =296

A + o+ 59(10.7) 18 (6.1) 375 2.16-6.50

B + - 319 (57.8) 99 (33.4) 3.68 2.69-5.04

C - 4 34(62) 19 (6.4) 205 1.13-3.72

D - - 140 (25.4) 160 (54.1) 1.0

+: LILRBI1.PE01/01 and —: other diplotypes of LILRBI.PE.
POR was calculated against individuals in group D.

°95% CI, SE positive group (A versus B): x* = 0.0034, P = 0.95
OR = 1.02 (0.57-1.81), SE negative group (C versus D): x
P =10.019, Pc =0.038, OR = 2.05 (1.13-3.72).

Pc>1,

2551,

CD4+ T cells. The average MFI of LILRBI in the PEO! car-
riers was ~10% lower when compared with the non-carriers in
all subsets (CD19+CD27+, CD19+CD27— and CD8+),
although the difference did not reach statistical significance
probably because of the smaller number of subjects. Never-
theless, these results suggested that the lower expression of
LILRBI1 associated with the genotype is not restricted to any
particular subset of T and B cells.

DISCUSSION

In the present study, we identified a number of SNPs in the
LILRBI gene. Although the KIR loci have been known to be
highly polymorphic (20,21), polymorphism screening has
not previously been performed in most L/LR genes in a sys-
tematic manner. This study demonstrated that LILRBI gene
is also highly polymorphic. We also demonstrated that a hap-
lotype containing four amino acid substitutions within the
ligand-binding domains and two promoter SNPs is associated
with the susceptibility to RA in HLA-DRBI SE negative indi-
viduals. Association of LILRA3 (ILT6) deficiency with mul-
tiple sclerosis has recently been reported (37). Although
disease-associated changes in the expression levels of LILR
family genes in the tissues have been reported in some dis-
eases including RA (38), this is the first study to demonstrate
the role of genomic polymorphisms of L/LR family gene in the
susceptibility to rheumatic diseases.

Because only modest linkage disequilibrium is observed
between polymorphisms of LILRBI and adjacent genes
(unpublished data), the polymorphism of LILRBI appears to
be primarily associated with RA. The crystal structure of
DID2 and binding affinity with HLA-class I molecules of
LILRBI1.PEO] protein did not show substantial difference
when compared with those of LILRB1.PE02 and PEO3 pro-
teins, despite four non-synonymous substitutions in these
domains. This is probably because these amino acid positions
(L68P, A93T, 1142T and S155I) are not in direct contact with
HLA-class I a3 and 2m (13). Essentially, similar affinities to
two different clones of LILRB1 mAbs also support that there
is no gross structural difference among the three haplotype
products. Note that LILRB1.PEOI protein loses a potential
N-linked glycosylation signal (140N-141V-142T) present in
LILRB1.PE02 and LILRBI.PEO3 proteins due to the non-
synonymous substitution of position 142, the effect of which

2473
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LILRB1.01
LILRB1.02
LILRB1.03

Figure 2. Crystal structures of LILRB1.PEO1, PE02 and PE0O3 products. (A)
The crystal structure of the LILRBI-HLA-A2 complex is reported by
Willcox et al. (13). The HLA-A2 heavy chain and 2m are represented in
ribbon model (dark blue: heavy chain, light blue: B2m and yellow stick
model: the peptide). The three amino acids unique to LILRBI1.PEO1 are
shown in green stick model. (B) Structural comparison of MHC binding
domains [N-terminal two domains (D1 and D2)] among LILRBI1.PEO1
(magenta), PE02 (blue) and PEO3 (green). (C—E) The final 2Fo — Fc electron
density maps (blue mesh) of the LILRB1.01 structure in the substitution sites
[residues 68 (C), 142 (D) and 155 (E)] are contoured at lo. The LILRBI1.PEO1
is shown in green stick model with oxygen (red) and nitrogen (blue) atoms.

cannot be addressed in our recombinant protein system. In
addition, LILRBI.PEO1 protein has higher hydrophobicity
than the others. The possibility that these changes might
affect protein—protein interactions in vivo cannot be excluded.
Furthermore, it is theoretically possible that alteration in the
affinity with human cytomegalovirus UL18, or other unidenti-
fied ligands, is somehow involved in the susceptibility to RA.
However, at this point, it is more likely that the decreased
expression level of LILRBI, possibly related to the two
SNPs in the promoter region and/or post-transcriptional regu-
lation, results in insufficient inhibitory signaling and leads to
autoimmunity and inflammation. Such a scenario needs to be
tested in future functional analyses.

The precise regulation of the LILRBI1 cell surface
expression level has been suggested to be important for the
control of immune responses. Mice deficient in Pirb, an ortho-
log of human LILRB1, exhibit augmented Th2 responses after
immunization with T cell-dependent antigens, enhanced IgG
and IgE production (18) and accelerated GVHD after transfer
of allogeneic splenocytes (19). These phenotypes are associ-
ated with augmented activation of dendritic cells and conco-
mitant upregulation of activating PIR-A, which shares its
ligands with PIR-B. These observations suggest that PIR-A
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Figure 3. The affinity of LILRBI D1D2s binding to HLA-class I molecules. (A) Representative data of equilibrium binding of LILRB1 D1D2s to HLA-A11.
Serially diluted LILRB1 D1D2s (from 37.7 to 0.29 wwm for LILRB1.PEOI, from 90.9 to 0.18 M for LILRB1.PE02 and from 68.2 to 0.13 M for LILRB1.PE03)
were injected at a flow rate of 5 pl/min through flow cells with the peptide-HLA-class I complex immobilized to the sensor chip surface. (B) Plots of the equili-
brium binding responses of LILRB1.PEO1 (@), PE02 (M), PE03 (A) versus concentration. The solid lines represent direct non-linear fits of the 1:1 Langmuir
binding isoform to the data. (Insets) Scatchard plots of the same data are shown. The solid lines are linear fits. RU means response units.

and PIR-B play a role in the regulation of the thresholds for
the activation of immune system, and PIR-B prevents exces-
sive immune responses in a constitutive manner. The broad
recognition of MHC class I molecules by LILRB1 might
suggest its role for the maintenance of immunological toler-
ance. Thus, the lower expression level of LILRB1 might
result in the autoimmune response once strong activating
signals were transmitted through the activating receptors into
the immune effector cells.

In the present study, significant association of LILRBI was
only detected in HLA-DRBI SE negative RA patients. HLA-
DRB1 SE is an established risk factor for RA confirmed in
most of the populations and has been estimated to account
for a substantial proportion of the genetic background of RA
(39). The reason for this differential association remains

unclear. One possible explanation is that the contribution of
LILRBI polymorphisms is much weaker than that of HLA-
DRBI SE and becomes apparent only when the genetic
effect of HLA-DRBI SE is excluded. Another possibility is
that LILRBI.PEO] product may interact differentially with
some HLA-class I allele products, which are in linkage dis-
equilibrium with HLA-DRB1. Although differences in the affi-
nity to HLA-A11, -B35, -Cw4 and -G1 among LILRBI allele
products were not detected, possible change in the affinity to
some of other HLA products cannot be excluded. However,
as the LILRB1 binding site on HLA-class I (a3 and B2m) is
conserved among alleles, such a possibility appears unlikely.

In the clinical settings, genetic risk factors for HLA-DRBI
SE negative RA have been largely unknown, although associ-
ation of NRAMP1 (40) and PD-1 (PDCDI) (41) has been



Table 4. Summary of affinity constants between LILRBI1 haplotype products
and HLA-class I molecules or anti-LILRB1 mAbs

Immobilized Injected

LILRB1.PEO1 LILRB1.PE02 LILRB1.PE03
HLA-A11? 4.6 + 0.1 um 53 +02pM 3.4+ 0.1 pm
HLA-B35° 53 + 0.03 um 5.1+02pm 4.0+ 0.3 um
HLA-Cw4® 5.9 + 0.1 pm 5.6 + 0.01 um 42 4 0.1 uM
HLA-G1° 14 + 0.01 pm 1.7 + 0.1 um 13 4+ 0.1 um
HP-F1 mAb® 294 09nm 3.5+ 03nm 3.4 +03nm
KY1 mAb¢ 90.5 nm 97.2 M 98.1 nm

Values indicate Kd at 25°C.

Mean + SD of four independent experiments.

"Mean+ SD of two independent experiments.

“Mean + SD of three independent experiments.

dOwing to the limited availability of the KY1 mAb, only one experiment
was performed.

reported in such a group of patients. Our present observations
may eventually provide valuable information for genetic diag-
nosis or prediction of disease progression in patients with
arthritis lacking HLA-DRB1 SE.

There are some limitations in this study. There was a bias of
sex ratio in the samples examined in the present study.
However, as the frequencies of LILRBI haplotypes were not
significantly different between males and females, the results
are essentially identical after adjustments. The evidence for
association observed in this study is marginal and could
have suffered from genetic heterogeneity of the subjects, if
present. Although the possibility of population stratification
has not been formally excluded for our case—control subjects,
the Japanese population has been shown to be relatively
homogeneous with respect to genetic background from HLA
studies (42), and indeed, in a recently published large-scale
case—control association study in Japanese, where 830
patients with RA and 658 unrelated controls were analyzed
for population stratification using 2069 tag SNPs distributed
in autosomes, no evidence for population stratification was
observed (43). With respect to our case—control cohorts, we
have conducted association studies on more than 20 genes dis-
tributed throughout the genome using partially overlapping
subgroups of RA (rn = 101-382 patients each) and controls
(n=207-304 each) randomly chosen from the same
cohorts, and no significant difference in the genotype frequen-
cies was observed for most of the polymorphic sites (35).
Taken together, it seems unlikely that population stratification
had a substantial impact on our findings. Nevertheless, our
observations need to be confirmed by independent studies in
the future.

Possible roles of LILR genes for human inflammatory or
infectious diseases are beginning to emerge. LILRB2 and
LILRA1 have been reported to recognize HLA-B27 free
heavy chain implicated in seronegative spondylarthropaties
(11). In lepromatous leprosy lesions where Th2 cytokines
are dominantly expressed, LILRs (LILRBS5, -B3, -A2, and
-A3), especially LILRA2, were shown to be upregulated,
suggesting that LILR signaling can regulate Thl/Th2
balance (44). Taken together with our observations indicating
extensive polymorphism and disease association, it is
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suggested that diversity in LILR genes may be profoundly
involved in the regulation of immune responses and also in
the susceptibility to diseases. Studies on the polymorphisms
of other LILR genes are underway.

MATERIALS AND METHODS

Patients and controls

Polymorphism screening was performed on genomic DNA
from 18 unrelated Japanese healthy individuals. To determine
major haplotypes of LILRBI in Japanese, 31 unrelated families
that consist of probands and their parents (93 individuals in
total) were analyzed. Case—control association studies were
carried out on 557 patients with RA (50 males and 507
females, 44.5 + 13.1 years), 169 patients with SLE (12
males and 157 females, 40.1 + 14.3 years) and 396 controls
(211 males and 185 females, 34.1 + 10.4 years). The patients
were recruited from Matsuta Clinic, Juntendo University Hos-
pital and the University of Tokyo Hospital, the healthy con-
trols at the University of Tokyo and Japanese Red Cross
Central and Kanagawa Blood Centers, all from Tokyo and
adjacent areas. The patients were diagnosed according to the
classification criteria of American College of Rheumatology
(45,46). This study was approved by the research ethics
review committees of the participating institutes.

Genomic DNA was purified from the peripheral blood leu-
kocytes from the patients and healthy individuals, using a
QIAamp DNA blood mini kit (Qiagen, Hilden, Germany).

Polymorphism screening and haplotype determination

Polymorphism screening and haplotype determination were
performed using Japanese family samples by polymerase
chain reaction (PCR)-direct sequencing method. The primers
were designed according to the genomic DNA sequence of
human LILRB1 (GenBank accession no. AF189277). Because
the genomic DNA sequences of LILR family genes are highly
homologous, nested PCR was employed to achieve specific
amplification of LILRBI. The entire length of LILRBI gene
(— 820 upstream from the translation start site to +528 down-
stream of the 3’ end of exon 15) was amplified as two over-
lapping fragments by means of a long PCR using two
primer sets. One primer set was placed within the promoter
region (LILRBI-longlF: 5-CTGCTCATGACATTGATGCT
CTG-3) and exon 4 (LILRBIl-longlR: 5-CGCTACCAT
AGTAACAGCGATAC-3') and the other was placed within
exon 4 (LILRBI1-long2F: 5-GTATCGCTGTTACTATGGTA
GCG-3) and at 3’ flanking region of LILRBI (LILRBI-
long2R:  5-ATTACAGGCACTGCCACCACAT-3'). Both
PCRs were performed in 25 pl reaction mixtures containing
2.5U of LA Taq DNA polymerase (TAKARA, Otsu, Shiga,
Japan), using a T-GRADIENT Thermocycler (Biometra
GmbH, Géttingen, Germany). The amplification procedure
consisted of initial denaturation at 96°C for 3 min, 35 cycles
of denaturation at 96°C for 30 s, annealing at 56°C for 30 s
and extension at 72°C for 2 min or 5 min 30 s for each frag-
ment, followed by the last extension at 72°C for 7 min.

Each first PCR product was divided into several overlapping
segments for second PCR followed by direct sequencing. The
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Figure 4. Association of LILRBI.PE(0! haplotype with reduced LILRB1 expression levels on peripheral blood lymphocytes and monocytes. (A) Cell surface
LILRBI expression levels on peripheral blood lymphocytes (left panel) and monocytes (right panel) from healthy donors with (» = 11) and without (n = 5)
LILRBI.PE(I haplotype. Values represent MFI of the cells stained for LILRBI, gated as shown in (A). Individuals carrying LILRB1.PE(O] haplotype exhibited
significantly lower MFI both in lymphocytes (P = 0.03) and in monocytes (P = 0.04). The mean + SD of each group is indicated below. (B) Representative flow
cytometric profiles of healthy individuals with and without LILRBI1.PE0] showing the surface expression intensity of LILRBI in a proportion of CD8+ T cells
(upper panel) and B cells (lower panel). The horizontal dashed lines represent MFI of LILRBI in the CD8+LILRBI1+ (upper panel) and CD19+4LILRBI1+
subsets (lower panel) of the LILRB1.PEOI negative individual (left panel), provided for reference.

second amplification was performed using the primer sets
described in Table 5. Each second PCR was performed in
25 wl reaction mixture containing 1 U of AmpliTaq Gold
DNA polymerase (Perkin-Elmer Applied Biosystems, Foster
City, CA, USA), using a T-GRADIENT Thermocycler or a
GeneAmp PCR system 9700 (Perkin-Elmer Applied Bio-
systems). The amplification condition consisted of initial
denaturation at 96°C for 10 min, 35 cycles of denaturation at
96°C for 30 s, annealing at 56°C for 30 s and extension at
72°C for 40s, followed by the last extension at 72°C for
4 min. Fluorescence-based automated cycle sequencing of
PCR products was performed using ABI 377, 310 or 3100
sequencer (ABI PRISM, Applied Biosystems) with the
dye-terminator method, according to the manufacture’s
instructions (ABI PRISM dRhodamine Terminator Cycle

Sequencing-Ready Reaction Kit or BigDye ver3.1 Cycle
Sequencing-Ready Reaction Kit).

Haplotypes were determined from the segregation patterns of
detected polymorphisms among family members. Although the
population-based analysis can only statistically elucidate the
haplotype structure, this method can definitely determine
the haplotypes from genotyping data of the families.

Genotyping

The three major haplotypes identified within the promoter and
extracellular regions (LILRB1.PE0OI, 02 and 03) could be deter-
mined from the combination of two SNPs (¢.2037>C and
¢.277G>A). These ‘tag SNPs’ were genotyped by direct
sequencing of the E fragment (LILRBI1-EF-LILRBI1-ER).
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Table 5. Primers for PCR-direct sequencing used in this study
Fragment Name Primer” Position
A LILRBI1-AF TGACATTGATGCTCTGGG Promoter
LILRBI-AR ACCTCAATCCCTGTTCAACG Promoter
B LILRBI1-BF CCAACTCCCCAAATCAAAGC Promoter
LILRB1-BR GGTCCTTACCATGGCAGTC ex1—intl
C LILRBI1-CF CAGCATGGACCTGGGTCTT exl
LILRBI-CR CCTGCTCTGTGGATGGATG ex2
D LILRBI1-DF CATCCATCCACAGAGCAGG ex2
LILRBI1-DR CCTGGAAGGAAATCAGGAGT int3—ex4
E LILRBI1-EF TTGGGTGGGAAATGAGTTAG int3
LILRBI-ER CCATAGTAACAGCGATACCG ex4
1 LILRBIspecificF GTATCGCTGTTACTATGGTAGCG ex4
LILRBI1-1R GAATTTCTCACCTAGGACCAGGA ex5—int5
2 LILRBI-2F GGTGCTATGCTTATGACTCG ex5
LILRBI-2R GGTTGTGTGCACCGTAGCAT ex6
3 LILRBI-3F TCCCAGGCCAACTTCACCCT ex6
LILRB1-R TGACTGACACAGCAGGGTCAC ex7
4 LILRBI1-4F AGGACAGTTCTATGACAGAG int6—ex7
LILRB1-4R GAGCTGAGACTTTGAGCTCA int7
5 LILRBI-5F TGGAGCTCGTGGTCTCAGG ex7—int7
LILRBI1-5R GACTCACCAGATGTGGAGGT ex8—int8
6 LILRBI-6F TCTTTTACCCAGGACCGTCT int7—ex8
LILRBI1-6R GACTGAACCTAGGACAGAAC int9
7 LILRBI-7F GTGGTGAGTGACGGGCTCT ex9—int9
LILRBI-7R TGACCTGCAGCCCTTGTTC int9
8 LILRB1-8F GAAGAGTCATGGTTCAGGAC int9
LILRBI1-8R CCATTCCCTACTCACTCGAT ex10—int10
9 LILRB1-9F CCTCATCCTCCGACATCGA ex10
LILRBI-9R GGAAGAAGGACAGAGCCTC int10
10 LILRBI-10F GAACATGGAGGCAGGAGTGT int10
LILRBI1-10R TGAGATGATCTCACCCTGAG intl2
11 LILRBI-11F TGAGAGGAAGAGGTGACCAG intl2
LILRBI1-11R CCACCGTGACGATGCTGAG intl3
12 LILRBI-12F TCCTGGTGCCAGATCTAATC intl3
LILRB1-12R GTTCCTTACAGCACGTTGCA intl3
13 LILRBI1-13F CCTGAGCTCACCTCGTGG intl3
LILRBI1-13R GTCAATTTTCCTCACTGTTCC intl3
14 LILRBI-14F GATTCCATCGGGAAAGGGAT intl3
LILRBI1-14R TTCCAGACTCCATGGAGTGT ex15
15 LILRBI1-15F TCTACGCCACTCTGGCCATC ex15
LILRBI-15R AGGCACTGCCACCACATCCA 3’ gene flanking

ex, exon; int, intron.

*The primers were designed according to the genomic DNA sequence of human LILRBI (GenBank accession no. AF189277).

Determination of the haplotypes encompassing the cyto-
plasmic region, LILRBI.CY0l (c.1866C—c.1873G) and
LILRBI1.CY02 (c.1866T—c.18734), was performed using
PCR-single strand conformation polymorphism (SSCP)
method. A 289 bp fragment (forward primer: 5-GACAGGC
AGATGGACACTGAGG-3" and reverse primer: 5'-TTCC
AGACTCCATGGAGTGT-3) containing both polymorphic
sites was amplified, and then, 1 pl of solution containing
the PCR product mixed with 7 ul of denaturing solution
(95% formamide, 20 mm EDTA, 0.05% bromphenol blue,
0.05% xylene cyanol FF) was applied to polyacrylamide gel
(acrylamide: bisacrylamide = 49:1) after denaturation and
immediate cooling on ice. Electrophoresis was carried out
in 0.5 x BE [45mMm Tris-borate (pH 8.0), 1 mm EDTA]
under constant current of 20 mA/gel, 20°C for 90 min in
10% polyacrylamide gel using a minigel electrophoresis
apparatus with a constant temperature control system
(90 x 80 x 1 mm>, AE-8450, AB-1600 and AE-6370; ATTO,
Tokyo, Japan). Single-strand DNA fragments in the gel were

visualized by silver staining (Daiichi Chemicals, Tokyo,
Japan).

Association was statistically analyzed using StatView-J5.0
(SAS Institute Inc., Cary, NC, USA). y’-tests were used to
analyze association of the LILRBI polymorphisms with sus-
ceptibility to RA and SLE. Hardy—Weinberg equilibrium
was estimated from typing results using the EH program
(47,48). P-values were corrected for multiple testing by Bon-
ferroni correction. Specifically, for the association of LILRBI
diplotype frequencies with RA (Table 2), the P-value was
multiplied by 9, because independent tests were performed
for six PE and three CY diplotypes. For the analysis of
LILRBI.PE01/01 diplotype with RA stratified by HLA-
DRBI1 SE (Table 3), the P-value was multiplied by 2,
because two comparisons (LILRBI.PE0I/0l+ versus — in
HLA-DRBI SE carriers, LILRBI.PE01/01 + versus — in
HLA-DRBI1 SE non-carriers) were performed.

HLA-DRBI and HLA-B allele typing was performed using
PCR-microtiter plate hybridization assay (33,49).
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Preparation of recombinant soluble LILRB1 haplotype
products and HLA-class I proteins

The recombinant soluble polypeptide representing the ligand-
binding site (D1 and D2, amino acid residues 1-197) of
LILRBI1 was produced in our previous study and was desig-
nated as ILT2D1D2 (15). Briefly, D1D2 was expressed by
Escherichia coli as inclusion bodies, solubilized in denaturant
solution containing 6 M GuHCI, refolded by diluting into
refolding buffer containing 0.4 M L-arginine and stirred for
48 h at 4°C. Then, the refolding mixture was concentrated
with a VIVA-FLOWS50 system (Viascience, Hanover,
Germany) and Amicon Ultra (Millipore, Billerica, MA,
USA), and the D1D2 polypeptide was purified with Superdex
75 26/60 (Amersham Biosciences, Piscataway, NJ, USA).

As the amino acid sequence of the ILT2D1D2 turned out to
be the LILRBI.PE0O3 haplotype product, expression vectors of
LILRBI1.PEOIDID2 and LILRB1.PE02D1D2 were prepared
from pGEMILT2DI1D2 vector using ordinary mutagenesis
methods. Then, the LILRBIDID2 proteins were expressed
and purified as described earlier.

Soluble  biotinylated HLA-A*1101  (with  peptide
AIFQSSMTK), HLA-B*3501 (with peptide IPLTEEAEL),
HLA-Cw*0401 (with peptidle QYDDAVYKL) and HLA-GI
(with peptide RITPRHLQL) were prepared as described (15).

Crystallization and data collection

The LILRBI1.PEOI and LILRB1.PE02 DID2 proteins were
crystallized from the mixture of 2 pl of the protein (~5 mg/ml)
and 1 pl of 0.595M sodium potassium tartrate, 0.085 m
Tris—HCI (pH 8.5) and 15% ethylene glycol at 20°C by
hanging drop method. Data were collected at 100 K at
SPring-8 BL38B2 and BL41XU. The LILRB1.PEO!I crystals
belong to the space group of P2; with the cell dimension of
a=41.0A,b=932A,c=57.8 Aand B = 107.8° [two mole-
cules per asymmetric unit (a.u.)]. The LILRB1.PE02 crystals
belong to the space group of P2,2,2 with the cell dimension
ofa=364A,b=103.4 A and c = 53.0 A (one molecule per
a.u.). Data were processed and scaled with HKL program
package (50). The structures were determined by molecular
replacement with the initial model of LILRB1.PE0O3 structure
(PDB accession no. 1UFU) (unpublished data). The
LILRBI.PEO1 and LILRB1.PE02 DID2 structures were
refined using CNS (51) with 20.0-2.75 and 8.0—1.8 A reflec-
tions, respectively. The Rge. and Ryo of the final models
were 29.5 and 25.0% for LILRB1.PEOI and 23.9 and 20.5%
for LILRB1.PE02, respectively. The PDB accession nos for
LILRBI1.PEO] and LILRB1.PE02 D1D2 structures are 1VDG
and 1UGN, respectively.

Surface plasmon resonance

In order to examine the interactions between recombinant
LILRBI DI1D2 proteins and MHC class I complexes, SPR
experiments were performed using a BIAcore2000 (BIAcore
AB, St Albans, UK).

The biotinylated HLA-class I molecules and control biotiny-
lated bovine serum albumin (BSA) were immobilized on the
research-grade CMS5 chip (BIAcore), onto which streptavidin
was covalently coupled. Soluble DID2 protein of each

haplotype, after its buffer was exchanged to HBS-EP [10 mm
HEPES (pH 7.4), 150 mm NacCl, 3.4 mm EDTA, 0.005% sur-
factant P20], was injected over the chip at 25°C. The binding
response at each concentration was calculated by subtracting
the equilibrium response measured in the control flow cell
from the response in the HLA-class I flow cell.

Kinetic constants were derived by using the curve-fitting
facility of the BIAEVALUATION 3.0 program (BIAcore) to
fit rate equations derived from the simple 1:1 Langmuir
binding model (4 4+ B <> AB). Other curve fittings were per-
formed by ORIGIN 5 (Microcal Software, Northampton,
MA, USA). Affinity constants (Kd ) were derived by Scatchard
analysis or by non-linear curve fitting of the standard Lang-
muir binding isotherm.

Binding affinity assays between LILRBI1D1D?2 proteins and
anti-LILRB1 (CD85j/ILT2) mAbs, HP-F1 (Beckman Coulter,
Fullerton, CA, USA) and KY'1 (36) were performed similarly,
except that the mAbs and control BSA were immobilized onto
the CMS5 chip directly.

Circular dichroism

Recombinant LILRB1 D1D2 proteins were diluted to 10 wm
in phosphate-buffered saline. In order to compare the thermo-
stability of each LILRB1 D1D2 protein, circular dichroism
(CD) spectroscopy was performed with JASCO-J720 spectro-
polarimeter (Jasco, Tokyo, Japan). The thermostabilities of the
LILRB1 DID2 proteins were analyzed by monitoring the
change in the CD value at 217 nm as a function of temperature
determined by preliminary experiment. During the alteration
of temperature from 30 to 90°C at a constant heating rate
(0.25°C/min), the changes of the secondary structure of
LILRBI (mainly (-sheet) are detected as CD values.

Flow cytometric analysis

Surface expression intensity of LILRB1 in peripheral blood
leukocytes was examined in 16 healthy controls (11 with
LILRBI.PEOI and five without LILRBI.PEO!), using PE-
conjugated anti-LILIRB1, HP-F1 (Beckman Coulter). Diffe-
rences in the MFIs of LILRBI1-expressing lymphocytes and
monocytes were compared between individuals with and
without LILRBI.PEOI haplotype. In order to examine the
LILRBI expression level on the subsets of T and B lympho-
cytes, three-color analyses were performed using FITC-
conjugated anti-CD19, PC5-conjugated anti-CD27 mAbs for
B cells and FITC-conjugated anti-CD4, PC5-conjugated anti-
CD8 mAbs for T cells (Beckman Coulter). The differences
were statistically analyzed using Mann—Whitney’s U-test
and Student’s z-test.
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